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PREFACE

Volume Two

The physics of the oxide-coated cathode must of necessity be based

on foundations which are much wider in scope than those for

cathodes consisting simply of metals. This is due to the fact that

the oxide cathode is an ionic solid and that for investigating the

mechanism of its electron emission it is necessary also to take into

account the phenomena of electrical conduction and diffusion in

such solids. A separate review of the physics of the oxide cathode

seems therefore justified.

When work on such a review was started, it was thought that it

could be confined to a discussion of experimental work and its

theoretical interpretation on oxide cathodes alone. It was soon

realized, however, that an adequate knowledge of some of the

fundamentals which had to be used could not be assumed in the

case of every reader. There were few up-to-date reviews of such

fundamentals which could be relied upon and many controversial

points requiring clarification. The subject matter of the book had

therefore to be extended to the discussion of these fundamentals,

which are presented under the main headings of “Thermal Emis-

sion” and “Phenomena in Ionic Solids.” In addition to these two

subjects a special chapter has been devoted to a critical discussion

of the methods for measuring the work function of electron emitters.

As these basic ideas make up about one-half of the present volume,

the sub-title “Thermal Emission from Metals and Semi-Con-

ductors” has been chosen for it.

When discussing thermal emission in general a choice had to be

made between two possible ways of attacking this problem, namely,

by thermodynamical or by statistical methods. It was felt to be

impracticable to use both methods simultaneously or even alter-

nately in different sections. The statistical method was chosen

because it allows a clear visualization of the behaviour of the

emitting electrons. No inference, however, should be drawn
from this choice on the suitability of the thermodynamical method,

which, as is well known, has the advantage of giving more universal

results.

When dealing with the physics of the oxide cathode itself, a
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PREFACE

model of its fundamental mechanism had to be adopted. The
so-called semi-conductor model, which has come into the fore-

ground during the last fifteen years, seemed to be the most suitable

for this purpose, and it has been attempted to prove that this model

gives a reliable basis for further investigations. A special chapter

has been devoted to this end where all secondary phenomena such

as effects of core metals and residual gases have been deliberately

neglected. The use of the term “secondary” for these phenomena
only refers to their connection with the mechanism of emission and

bears no relation to their practical importance. It is fully recog-

nized that it is in fact these phenomena which inhibit the applica-

tion of oxide cathodes in practice, and a detailed discussion of them

has therefore been given in the two concluding chapters.

Naturally, the treatment of the subject matter had to be rather

broad owing to the large number of investigations and to the in-

consistencies of some of the results. It was thought to be necessary

to discuss, or at least to mention, every work on oxide cathodes which

has been published, and it is hoped that such a treatment will be of

advantage not only to the newcomer on the field but also to those

who have been working on it for many years. The literature has

been covered up to the beginning of 1950.

The units generally used in this book are Giorgi's rationalized

M.K.S. units (meter, kilogram, and second and the appropriate

electrical units, volt, ampere, etc.). Only in a few cases was the

application of these units felt to be unsuitable, as, for instance, when
using densities. Densities (of mass) have been given as usual in

g./cm.^, current densities in amp./cm. 2
, and electron densities have

generally been referred to 1 cm.^ as the unit volume. However,

wherever units other than the rationalized ones have been em-
ployed, this has been explicitly stated.

The translator again wishes to express his appreciation to all

those mentioned in the first volume who assisted in preparing the

translation. He is also much indebted to Messrs. Chapman and

Hall, Ltd. for the willingness with which they have met all his

wishes concerning the publication of this work.

G. Herrmann
S. Wagener

January, 1951
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CHAPTER 1

THE THERMAL EMISSION OF ELECTRONS
FROM METALS

1. The Fermi-Dirac Distribution of Energy of the Electrons in

a Metal

The problems of electron emission may be approached either by

the thermodynamical or by the statistical method. As already

discussed in the preface, only one of these methods will be employed

in this work for reasons of lucidity. The statistical method was
chosen, as it allows the behaviour of electrons to be more clearly

visualized in any particular emission problem. This is accom-

plished by assuming the energy of the electrons to be entirely

electrostatic and by combining plots of the appropriate potential

with the statistical calculus. When applying this method, the

concepts of the quantum theory will be used from the beginning

and the classical laws will only be discussed when necessary for

completeness of understanding.

The first problem to be considered is that of emission from the

surface of a clean metal. The laws valid for this emission must be

derived from the distribution of the electrons in the interior of the

metal. Such a metal is built up from a geometrical configuration

of identical atoms. According to Bohr, the positive nucleus of such

an atom, carrying Z elementary charges, is surrounded by Z
electrons. Each of these electrons possesses a definite energy

depending on the state of the atom at that particular time. It is

the essence of Bohr’s theory that there is only a number of discrete

energy values which are possible for every electron. These energy

values may be derived from the various spectra of the atom. They
can be conveniently represented by energy levels, the separation of

which corresponds to the difference between the respective energies.

A typical example is given in Fig. 1. The levels are classified into

groups which are distinguished by arabic numbers, the number 1

referring to the group of lowest energy. These numbers are called

principal quantum numbers. The levels within a particular group

are assigned small letters in the sequence s, p, d, /, g, etc., called

azimuthal quantum numbers. The number of levels belonging to

1 1



1. 1 THE OXIDE-COATED CATHODE

any one group is equal to the principal quantum number of the

group. The scheme therefore takes the following form

:

1^; 2s\ 2p\ 3^; 3/?; 3d\ etc.

The energy levels converge with increasing values towards an upper

limit corresponding to the series limit of the spectrum. If the

electron exceeds this energy limit then it becomes detached and the

atom is ionized.

In practice the absolute values of the energy levels are less

important than the differences between them. These differences

Fig. 1.—Schematic. Fig. 2.—For Sodium (outer Electrons).

Figs. 1-2.—^Energy Levels of the Electrons of an Atom.

determine the^change of energy experienced by the electron when it

passes from one level to another. The absolute value of the levels

may therefore be fixed in any arbitrary and convenient manner.

The magnitude of the energy differences is measured in watt sec. or

electron-volts, one electron-volt (abbreviated eV) corresponding to

the energy change of an electron passing through a potential

difference of 1 volt. In general, energies measured in electron-

volts will be denoted by the later Greek letters, e.g. (j>y

whilst corresponding energies measured in watt sec. will take the

form E^, etc. Then if the charge of the electron is denoted

by e :

E^=e<j>

£’^(watt sec.)= 1-60 xlO-i9<^(eV) . ... (1)

2



THERMAL EMISSION OF ELECTRONS FROM METALS 1 . 1

Fig. 2 shows as an example the values of the differences between

the energy levels of sodium from the third group, expressed in eV.

The method of representing the energy of the electrons by means
of energy levels has given rise to a pictorial mode of expression,

using the electrons instead of the energy levels. It is said, for

instance, that an energy level is occupied by an electron, meaning
that its energy has a value corresponding to the level concerned.

In the same manner one speaks of the passing of an electron from
one energy level to another—meaning that its energy has changed

from that corresponding to the first level to that corresponding to

the second level. This conversion will be frequently employed on

account of its clarity, but its figurative meaning must be borne in

mind.

The distribution of the Z electrons on the energy levels is given

by the Pauli Principle. According to this a definite energy level

of an isolated system, e.g. a metal atom, may be occupied by a

definite number of electrons only. This number, called their

occupation number or occupancy G, depends on the azimuthal

quantum number according to the following scheme

:

Azimuthal

quantum number Occupancy G
s 2

P 6

d 10

/ 14

An ^-state can therefore only be occupied by two electrons, a

/;-state by 6 electrons, etc. This occupancy results from the fact

that the electron possesses an angular momentum, the electron spin.

This angular momentum, together with the momentum belonging

to the electron orbit concerned, has only a definite number of

positions in a magnetic field. This number of possible positions is

equal to the occupancy G given above.

If the atoms are considered in the “ground” state in which the

electrons have their least possible energy values, then a definite

distribution of electrons on the energy levels is obtained for every

atomic number Z by means of the Pauli Principle. This distribu-

tion has been compiled for the second row of the periodic system in

Table I on next page.

When a large number N of individual metallic atoms coalesce to

form a solid, they do so in a regular geometric manner forming up

3



1 . 1 THE OXIDE-COATED CATHODE

into the so-called crystal lattice. What happens to the energies of

the electrons during the formation of this lattice? According to

the Pauli Principle, which is also valid for the system of the lattice,

it is not possible for all the electrons on the same energy levels of

the single atoms and denoted by a definite quantum number, to

occupy the same energy level in the metal lattice. As the occupa-

tion number of an energy level is limited by the number G, the

energy levels of the atoms which are of equal magnitude before

crystallization, have to be different after crystallization. For a

state of definite principal and azimuthal quantum number of the

solid metal there will therefore appear a large number N of energy

levels lying close together and forming an energy band in place of

the one sharp level of the single atom. The conditions resulting

are shown schematically in Fig. 3. Instead of the plot of sharp

energy levels for the single atom (cf. Fig. 1) a corresponding plot

of energy bands, becoming wider with increasing principal quantum
number, is now obtained. Little knowledge exists of the exact

position of the bands, but the separation and width of the outer-

most bands are of the order of some electron-volts.

Table I

Element
Number of electrons in the energy level

Is 2s 2p 3^* Zp

^ Na 2 2 6 1

Mg 2 2 6 2 — —
Al 2 2 6 2 1

—
Si 2 2 6 2 2 —
P 2 2 6 2 3 —
S 2 2 6 2 4 —
Cl 2 2 6 2 5 —
Ar 2 2 6 2 6 —

In Fig. 3, valid for sodium, only one-half of the highest occupied

energy band—the 3^-band—is filled by electrons. This is due to

the fact that Na has only one 3^ electron, whereas the occupancy of

the 3.y-band is (7=2. This incomplete occupation of the 35-band

gives the reason for the electrical conductivity of Na, i.e. for the

mobility of its electrons in an applied electric field. The explana-

tion is most easily approached by first considering an element whose

highest energy band is completely filled. According to Pauli, the

occupancy of each level is fixed by the number G and cannot be

4



THERMAL EMISSION OF ELECTRONS FROM METALS 1.1

exceeded. Since each level is filled, then motion of an electron

from one level to another must involve the equal and opposite

motion of another electron. Any general motion of electrons in a

fixed direction is therefore impossible. A completely filled band
cannot therefore support electronic conduction. For a partially

filled band such as exists in the case of sodium, the conditions are

very different. Electrons which are near the boundary of the

occupied part of the 3.s'-band may have their energies raised by an

applied electric field and pass to unoccupied levels above the

boundary. The vacated levels may then be occupied by lower

energy electrons moving in under the influence of the same applied

field. A directed flow thus arises and the phenomenon of

Fig. 3.—Sodium. Fig. 4.—Magnesium.

Figs. 3-4.—The Energy Bands of a Metal.

electronic conduction is observed. Such a conduction is therefore

only possible in the case of elements whose highest energy band is

partially filled. Elements with only completely filled bands must

be insulators.

Ifmagnesium, the element following sodium in the periodic table,

is considered it will be found that a difficulty arises. The second

3^-electron, absent in sodium, is present in magnesium and it

would appear that the highest energy band is likely to be filled

—

and electronic conduction impossible. This is not in accordance

with fact and steps must be taken to explain the contradiction. The
difficulty is overcome by assuming that in this and similar cases, the

higher energy bands overlap as shown in Fig. 4. The upper limit

of the 35-band is higher than the lower limit of the 3/>-band, and
there is consequently a series of energy levels in the two bands

which have nearly the same height. Because a state with the lowest

energy is always the most stable, the electrons in the ground state

will occupy the two energy bands up to a level of common height

-—corresponding to the dashed line in Fig. 3. Parts of the two

5



THE OXIDE-COATED CATHODE1- 1

overlapping bands therefore remain unoccupied and electronic

conduction becomes possible.

So far the atom has been considered in its “ground” state or

state ofminimum energy. This state is associated with the absolute

zero of temperature and results in all the lower levels being com-
pletely occupied up to a certain limiting level determined by the

total number of electrons. For metals this limiting level lies in the

interior of an energy band (cf. Figs. 3 and 4).

What are the conditions when we leave the absolute zero of

temperature? A number of electrons gain additional energy and

pass to higher levels than those occupied for the state at r=0. The
distribution that the electrons take up on the levels as a result of

increasing temperature is governed by one of the three forms of

quantum statistics, the so-called Fermi-Dirac system, named after

its discoverers. This system, which contains the classical Boltz-

mann system as a special case, involves two of the later principles of

the quantum theory. The first of these is the Exclusion Principle

of PauU which has already been considered in connection with the

occupancy of levels. The second is the Principle of Indistin-

guishability introduced by Bose and Einstein. According to this

principle an electron can only be distinguished by its energy and

position, and not by characteristic personal to its individual self.

Consequently two electron distributions which are obtained from

each other by a mere exchange of electrons must be considered as

identical in physics and statistics. Let us consider, for example,

the Na-atom shown in Fig. 2, in a state in which one electron is on

the 35^-level and another one on the 3/?-leveL Then this state

cannot be distinguished by means of experimental physics from

the opposite state in which the two electrons have exchanged their

places. The two states therefore must be considered as a single

one in the Fermi statistics contrary to the statistics previously

employed.

The required distribution function is derived in the. following

manner. All possible distributions are first considered and then the

most probable one selected according to the rules of the probability

calculus. For this purpose we consider for each electron the three

position co-ordinates qi{i—x, y, z) and the three associated momen-
tum co-ordinates pi—mxdqijdt, which are obtained by differentia-

ting the position co-ordinates. The totality of six co-ordinates of

position and momentum together constitute a 6-dimensional space

—the so-called phase space. Every value of energy corresponds to

6



THERMAL EMISSION OF ELECTRONS FROM METALS 1.1

a definite group of values of Pi and qi and therefore to a definite

position in phase space. Consequently every possible distribution

ofelectrons on an energy basis may be represented by a correspond-

ing distribution on a position basis in phase space.

According to Heisenberg’s Uncertainty Principle not all of the

values of position and momentum can be known exactly at any

one time. The uncertainties Api and Aqi for a pair of these values

have a lower limit,

ApiXAqi>h

where h is Planck’s Quantum Number. As there are three values

for each of the pi and qt in the case considered, the lower limit for

the product of the uncertainties of all six co-ordinates will have the

Fig. 5.—Fermi’s Distribution Function f{E).

value If, therefore, phase space is divided into cells of magni-

tude then the position of an electron in phase space can only be

located as within the confines ofsuch a cell. Due to the Uncertainty

Principle, precision of location has been lost and the positional point

replaced by the positional ‘‘cell” of magnitude A^.

By means of the probability calculus the so-called distribution

function f{E) is derived, giving the probability that a cell in the

energy interval E and E-^-dE is occupied by an electron at tem-

perature T: *

~
j

If the behaviour off(E) (cf Fig. 5) is first considered for T=0, it

will be found that /(£)= ! for all values of E lower than E^, and
that the associated cell is definitely occupied by an electron for this

For the details cf. M. Born, Atomic Physics^ London, 1944, p. 226.

7



THE OXIDE-COATED CATHODELI

range of energy values. If, however, E>E^, then /(E)=0 and the

respective cell is unoccupied. This behaviour of f{E) corresponds

with the considerations set out above. The energy is called the

‘‘limiting energy” or the “Fermi-level,” this name also being

employed for temperatures other than zero.

If temperatures r>0 are considered, the distribution function

and the probability that a cell is occupied remain equal to 1 for

small values of E. When approaching the value of E^, however,

the distribution function falls exponentially and approaches zero

for very large values of E. The fall of the function near E^ occurs

progressively more gradually as the temperature increases. If

E=E^, the probability/(E) is always

By means of the distribution function /(E), which gives the

probability for the occupation of the cells, the number N{E)dE
of electrons existing in the energy interval between E and E+dE
may be calculated. To achieve this, /(E) must be multiplied by the

number of cells n(E) existing in the energy interval, and by the

occupancy G which gives the number of electrons occupying one

cell. Then

N(E)dE=G X n{E) xf(E)dE=^^^ . . (3)

The calculation of n(E)dE is difficult, as it is dependent on the

computation of the energy bands. It is possible, however, to

compute n(E) in a relatively simple manner if only the highest and
partly occupied energy band of the metal is considered, and if the

electrons in this band are assumed to be completely free. This

assumption infers that the influence of the potential of the indi-

vidual ions in the interior of the metal may be neglected. The
assumption is justified on account of the relatively great distance

existing between the energy band of the free electrons and the next

energy band below. The zero point of the energy scale is laid to

the lower limit of the highest energy band and all energy values,

as for example E^, are related to this zero point.

The energy of free electrons is purely kinetic. Hence if

P=Px^+Py^+Pz^ denotes the total momentum of the electrons,

then

E= (4)

The cells in the energy interval E and E+dE make up a spherical

shell in the phase space. The volume dV oi this spherical shell is

8



THERMAL EMISSION OF ELECTRONS FROM METALS 1.1

equal to the product of the volume of the metal concerned and of a

spherical shell in the space of the momentum co-ordinates, limited

by the radii p and p+dp. Therefore, if the unit volume of the

metal is considered

and with

:

dV=4np2dp (5)

p=(2mEy/^ and dp=(^^y^ dE . ... (6)

dy=4TTV2mi'2Ei'2dE . (7)

As the size of the cells is the number of cells in the energy

interval is obtained by dividing dVhy h^:

n{E)dE=4TT^2l-m‘^l^E^l^dE .... (8)

Introducing this into (3) gives the number of free electrons in the

energy interval

;

N(,E)dE=4TT^2
G m^‘2E^i2dE

^ig(E-Ei)ikr^l
• . (9)

This equation is called Fermi’s distribution law. Only the

limiting energy E^ in it is unknown and must be determined. The
value of £{ may be obtained from the condition that the total

number of all the free electrons must have a definite value N. An
integration of (9) over all energy values from zero to infinity

therefore gives the equation

;

N(E)dE=47rV2^mi<2 =N . (10)

J 0

After introduction of the abbreviation w=Elkt, this condition may
be written as follows:

J(Ed =
w^'^dw N

gw-
1 ~4iT^2 ^ G ^ • ( 11 )

The integral J can be calculated for two different cases in a

relatively simple manner, at first for large positive and secondly for

large negative values of E^. The conditions for the two cases are:

( 12)
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It will easily be seen that the integral J has very large values in

case (a) and very small values in case (b), i.e.

:

hi N
(a)J=

ib) J=

47t^2G

4n^2G imkT)il2

>1
1

<1
(13)

Case (a) is realized for a high electron densityN and for low tempera-

tures T; and case (b) for small density and high temperatures.

The two cases are separated by a critical temperature Tk for which

/= 1 . According to (1 1)

:

and for electrons

(14)

n=5-lxl0-”|^j^'^

{N referring to 1 cm.^).

The distribution function belonging to (a) is valid for temperatures

which are small compared with the temperature Tk, while the

distribution function belonging to {b) is valid for temperatures

which are large compared with Tk.

The approximate calculation of / in the two cases will not be

dealt with here. If the value obtained for J is introduced into (1 1),

the following two equations for are obtained :
*

Case (a)

:

hi I 'iNyi Tfi 2m{kT)i MttGXm
^ 2m\4nGl 12 hi \3A/

Let Ei=E^ for T=0. Then

:

E
2»i\47tG/

and

£=£’co[i
{kT)i

12 E,
Co

. (15)

. (16)

. (17)

The further terms, which are not given, may be neglected. Accord-

ing to (16) the total number of electrons per unit volume is:

* For the details cf. R. H. Fowler, E. A. Guggenheim, Statistical Thermo-
dynamicSy 1939, p. 456.

10
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and introducing this into (9) gives the relative number of electrons

in the energy interval E to E+dE\

N(E)dE_ 3 ^ E^i^dE

N
Case (b)

:

In this case

J(^E^)=l^y-eE^lkT (19)

and therefore from (1 1) ;

(27rmkT)~^^^

This value may be introduced directly into the distribution law (9)

and the unity value in the denominator may be neglected, since the

exponential function takes very high values in this case. Therefore

:

2
_ (20)

This equation is the well-known distribution law of Maxwell, which

was originally obtained by means of the classical Boltzmann

statistics and which occurs here as a special case of the Fermi-

Dirac statistics. It is valid for temperatures which are large com-
pared with the critical temperature Tk given by (14).

If Tk is to be calculated numerically the number N of the elec-

trons per unit volume must be known. If Ay, is the atomic weight

of the metal, 8 its density (in g./cm.^), t] the number of free electrons

per atom and L LoschmidFs number (number of atoms in Ay, gram
of the metal), the number of electrons per cm.^ is

:

N=-q4-Lcmr^ (21)
Ayy

The number of free electrons per atom is certainly a small number,

being of the order of the occupancy G. We may put r) = l as an

estimate. Then with G=2, with an average atom weight ^>*,= 100

and an average density 8= 10, N=6 x 10^^ x 10/100=6 x 10^2

electrons/cm. ^ and from (14) 50,000'’ K. are obtained. Hence
case (a) is always valid for the electrons in the interior of a metal,

if the temperature is in the normal range between 0 and some 1000

degrees.

Case (b) occurs if the electrons are in a vacuum, e.g. in a dis-

charge tube. The electron density N then is considerably smaller

than in the interior of the metal and Maxwell’s distribution law is

11
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therefore valid. This law is also valid for gas molecules. If

hydrogen is considered as an example, then because of the smaller

density (at 273" K. A^=6 x 1023/22-4X 103=2*7 x lO^^ cm.'^) and

the larger mass (m= 3 *3 x kg.) of the hydrogen molecules

K. Thus the gases also belong to case {b) at normal

temperatures and therefore have an energy distribution according

to Maxwell.

The two energy distributions, the Fermi distribution itself

according to (18) and the Maxwell distribution according to (20),

are plotted in Fig. 6 for £’^0 = 1 eV andrf£=0*01 eV. The con-

siderable difference between the two distribution laws will be seen.

Only if the energy values are very high (£>£^), the fall of the

Fermi distribution curve corresponds to that according to Maxwell

^ Fermi distribution

MaxweH distribution

Fig. 6.—Energy Distributions according to Fermi and to Maxwell.

with close approximation. In the case of the Maxwell distribution

the maximum of the relative number of electrons N{E)IN^ which is

obtained by differentiating (20), is Emax^^l^kT.
As stated above, the energies of the electrons in the interior of a

metal are always distributed according to Fermi’s law, represented

in Fig. 6. Equation (9), for this distribution law is exactly valid for

the ideal case of completely free electrons, while in reality there will

be differences from the ideal case which may alter the factor of (9).

A statement of the magnitude of these differences cannot be made
here. The limiting energy is according to (16), if (7=2 (cor-

responding to an 5-band)

:

^ 0= 26-1 (22)

The value of in this equation is equal to the volume of a

gram-atom and is called the atomic volume. In addition to this

atomic volume, the number rj of free electrons per atom must be

12
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known, if the limiting energy is to be calculated. As exact

values for r/ are not available, only the values of are given

for some metals in Table No. 11. As will be seen from this table,

the limiting energy Co is of the order of 1 to 10 eV, if r] is small, as is

normally the case.

Table II

The Limiting Energy of some Metals

Li 4-7 eV
Na 3-2 „
K 21 „
Rb 1-8 „
Cs L5 „
Cu 7 0 „
Ag 5*5 „ 1

Au 5-5 „

Be 9*0 eV
Mg 4-5 „
Ca 3*0 „
Sr 2‘5 ,,

Ba 24 „
Al 5*6 „

Th 3*5 eV
Ta 5*3 „
Mo 5*8 „W 5*8 „
Fe 7*1 „
Ni 74 „
Pd 6*1 „
Pt 6*0 „

* 7;=number of free electrons per atom.

The temperature-dependence of ^ is produced at first by the

correction term in the square brackets of equation (17) and secondly

by the temperature-dependence ofN due to the increase of volume
with increasing T. The influence of the correction term may be

neglected in practice. Therefore if a linear coefficient of thermal

expansion h is assumed and K= Kq (1 +hTy the following equation

is obtained from (16) and (17):

er=^o(l-“2/?r) (23)

With an average value A= 1 x lO"^, for example, it is ^iooo=0'98^o-

As shown by Sun Nien Tai and Band ^ and by Wohlfahrt,^ the

temperature dependence of the Fermi level will be different from
that given by (23) if the highest energy bands are overlapped (cf.

Fig. 4) and if the Fermi level is very close to the top or bottom of

the respective bands. The difference then obtained is due to the

transfer of electrons from one band to the other with rising tem-

perature. For the case of nickel a positive temperature dependence

of I instead of the negative one given by (23) has been calculated.

2. The Potential Barrier at the Surface of a Metal

In Sec. 1 it was assumed that the metal under consideration was a

crystal lattice of infinite extent, but when discussing thermal electron

emission, that is, the emission of electrons from hot bodies, it will

13
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be necessary to consider the boundaries of the lattice. In so doing

the problem will be simplified by neglecting the potential differences

produced by the individual metal ions and by assuming an^average

constant potential for every electron in the interior of the metal.

It is then clear that the potential of an electron, moving from the

interior of the metal towards a metal-vacuum boundary, must rise

as the boundary is crossed. If no such increase in potential occurs,

electrons would leave the metal in great numbers even at absolute

zero temperature by virtue of their energy at that temperature, and

the metal lattice would eventually disintegrate. Considerations of

stability make it necessary therefore to conclude that a potential

barrier exists at the metal-

vacuum boundary opposing the

emission of electrons into the

vacuum.

The height of the potential

barrier at the boundary of the

metal will be greater than the

limiting energy This may
be appreciated from the fact

that no detectable electron

emission occurs at room tem-

peratures in spite of the energy

of some of the electrons being

greater than Z at such tem-

peratures. If a cross-section is

taken through the metal, the

potential distribution in the interior and at the boundary may be

represented by the potential box shown in Fig. 7. The bottom of

this box corresponds to the lower limit of the energy band of the

free electrons, while the sides of the box represent the relatively

steep rise of the potential at the boundary between metal and

vacuum. The height represented by the broken line is equal to the

limiting or maximum energy ^ of the electrons at absolute zero.

The total potential barrier r at the boundary can be conveni-

ently divided into two parts, one part which corresponds to the

limiting energy and a second part, denoted by which is equal

Strictly speaking it is necessary to distinguish between the potential

energy of an electron in eV and its potential in volts. As both have the same
numerical value, however, it is possible for the sake of simplicity to denote
them by the same Greek letter without risk of confusion.

14

Fig, 7.—Potential Variation at the Sur-

face of a Metal, represented by “the

potential box”.
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to the difference between the potential values r and C- This

potential difference:

^— r— C (24)

when multiplied by the electron charge e, is equal to the work
necessary to remove any electron from the metal by means of, for

example, increase of temperature. The value of this potential

difference, expressed in electron-volts, is called the work function.

On the other hand, when an electron enters the metal from the

vacuum an equal amount of energy ei/f is gained.

In the plot in Fig. 7 showing the potential of the electrons at the

metal surface, the sign of the potential has been chosen opposite

to that generally used. In most cases, as, for example, in the

theory of electricity, an increase in the potential energy of the

electrons is associated with a decrease in potential, owing to their

negative charge. The potential in Fig. 7, however, increases with

the potential energy of the negative electrons. This convention is

regarded as being more suitable, as it makes clear visualization of

the phenomena possible, and it will therefore be used throughout.

It is possible to imagine two physical causes for the origin of the

potential barrier at the boundary of a metal. One cause supposes

the existence of an electrical double layer at the boundary produced

by the polarization of the metal ions near the boundary due to the

inward direction of the electric field. Such a double layer, as is

well known, would produce a potential barrier of the required form.

The second possible cause is the image force which arises in the

following manner. If an electron is emitted from a metal and is

at a distance z from the surface, it induces a charge of equal magni-

tude but opposite sign in the interior of the metal. This induced

charge is located, using the optical analogy, at the position of the

mirror image of the emitted electron in the metal surface. The
induced charge, at a distance z from the surface, attracts the emitted

electron with a force determined in accordance with Coulomb’s law

and known as the image force. An image potential may be asso-

ciated with this image force which increases as the electron leaves

the boundary of the metal and which contributes to the total

barrier r.

The image potential was first calculated by Schottky.^ Accord-

ing to Coulomb’s law the image force is

:

47r6o(2z)2

15
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and consequently the field strength corresponding to this image

force:

E/
e

167reoZ^
(26)

The absolute value of the image force potential associated with

E/, is defined in such a way that it tends to zero as z approaches

infinity. Then

:

Vi=
—e

167T€qZ
(27)

The equation for Vi (cf. Fig. 8), giving an infinite potential for

z=0, can only be valid for values of z which are different from zero.

This can easily be explained. Equation (27) was calculated for a

uniform distribution of charge, but in the limit z=0, as the

surface is approached, the influence of the discrete ionic charges

cannot be neglected. The shape of the image potential curve as

z tends to zero may be approximated, using a suggestion made by

Schottky, by constructing the tangent to the potential curve valid

for larger values of z from the point Vi=ip on the ordinate axis.

In this way the part of the total potential barrier r corresponding

to the work function tp is obtained by using the conception of the

image force. The potential is linear from z=0 to the tangential

point z=Zo of the curve given by equation (27). From this point

to higher values of z the potential is represented by equation (27).

A relation between the work function and the critical distance zo

can be derived by dividing the work function, i.e. the energy neces-

sary to take the electron to infinity, into two parts. The first of

these parts refers to the distance from z=0 to z=zo and is equal to

the constant field strength e/l67r€QZo^ multiplied by the electronic

16
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charge e and by the distance z. The second part, appropriate to

the distance from z=zo to z= oo, is determined by equation (27)

and equals cxe/167rceZo- Therefore the work function expressed

as the sum of the two parts is

:

E^=~— watt sec (28)
OTreoZo

or expressed in electron-volts:

SttcoZo

7*2x10-10—— eV
-e:o

(29)

The critical distance zo, defining the lower limit for the validity

of equation (27) for the image force potential, will be of the order

of inter-atomic distances, i.e. of some 10“® cm. It is only within

such a small distance that the image force potential will be in-

fluenced by the discrete ionic charges. Consequently the value of

iff obtained from the above equation will be of the order of a few

electron-volts and will therefore be in good correspondence with

the measured values (cf. Table V, p. 97). If zo is put equal to

the lattice spacing d of the crystal lattice of the metal concerned,

the value of the work function so obtained will be nearly propor-

tional to I Id, This relation is also in reasonable agreement with

experiment. The alkali metals, for instance, have a large lattice

spacing and a small work function (for Cs, d=6‘05 A, and ^= 1 *9

eV), while the heavy metals have a small lattice spacing and a large

work function (for W, ^/=3*16A. and i/^=4’5 eV). It may be

concluded that Schottky’s assumptions mentioned above are

justified by the relatively good agreement between the experimental

results and the equation for the work function derived from the

image force potential.

Calculations of the work function using the methods of wave
mechanics have been carried out by Tamm and Blochinzew,i

Mrowka and Recknagel,^ Bartelink,i Wigner and Bardeen, ^

Bardeen ^ and Hellmann and Kossatotschkin.^ The methods used

are always based on calculations of the energy of the metal lattice

with all electrons included and of the respective energy which is

obtained with one electron excluded. The difference between these

two energies then gives the value of the work function. The above

calculations confirm the proportionalty between tp and the reciprocal

of the lattice spacing. The later calculations also give a relatively

good correspondence between theory and experiment for the

alkali metals.

2 17
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The experimental methods used for the measurement of the work

function are discussed in a later chapter (Chapter 2) and exact

values for the work function of different metals are given there

(cf. Table V).

Of the other two potential barriers occurring at the metal-

vacuum boundary, only the total potential barrier r can be measured

by application of electron diffraction methods. In accordance

with the theory of wave mechanics a wave property or electron wave

is associated with every electron. These electron waves, when
impinging upon a crystal lattice, are diffracted and the position of

the diffraction maxima is influenced by the coefficient of diffraction

of the waves:

{E being the energy of the electrons outside the crystal). From the

position of these diffraction maxima it is therefore possible to

calculate the coefficient of diffraction and the potential r. Accord-

ing to Davisson and Germer ^ and Bethe ^ the value t= 14*8 eV is

obtained for nickel. With a measured work function ifi equal to 4*9

eV (cf. Table V), the value ^=9-9 eV is obtained. The value

obtained for 1 from Table II, if the number of free electrons per

atom, is put equal to unity, is ^=7-4 eV. This degree of cor-

respondence may be regarded as good in view of uncertainty in the

exact value of r].

The work function of a metal is not constant, but depends, as will

be seen in detail later, on the temperature of the metal concerned,

on the magnitude of the electrical field existing outside the surface

of the metal, and on the orientation of the surface to the crystal

lattice of the metal.

The existence of a temperature-dependence of the work function

ip can be concluded from the fact that the Fermi level ^ is tempera-

ture dependent. (Herzfeld,! Reimann *) If the total potential

barrier r were independent of temperature the sign of the tempera-

ture coefficient of xp would be opposite to that of the coefficient of

An increase of work function with temperature would then be

obtained in most cases. The total potential barrier, however,

depends on the distance between the ions of the metal lattice and will

therefore also depend on temperature. Calculations of this latter

dependence as undertaken by Seeley,^ Wigner ^ and Herring and
Nichols, 1 show that the temperature coefficient of r is negative and

of the same order as that of the Fermi level The calculations are

18
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as yet not accurate enough to allow more quantitative conclusions.

The temperature- dependence of ^ will be indicated by a subscript,

if/T denoting the work function at temperature T and tffQ the work
function at T =0.
The dependence of the work function on the magnitude of the

external electrical field may be seen from the potential curves in

Fig. 9. The external field is in such a direction as to attract elec-

trons from the surface of the metal. Under these circumstances the

potential due to this external field of strength is superimposed on

the image force potential corresponding to the work function.

The superposition of the two potentials results in a potential

maximum existing at a finite distance from the surface. The
height of this potential maximum, which replaces the continuously

Fig. 9.—Superposition of Image Potential and External Potential.

(a) Potential due to Image Force.

lb) Potential due to External Field.

(c) Resulting Potential.

rising image potential, is less than the potential rise due to the image

force alone. In the presence of an external field, the work function,

i.e. the work necessary to extract an electron from the metal, will

therefore be equal to the height of this potential maximum. Since

this height depends on the magnitude of the external field, the work
function will also depend on the magnitude of this field. The depend-

ence of the work function on the external field may be indicated by

a superscript, denoting the work function with zero external field.

The fact that the total field strength, the sum of image field and
external field, is equal to zero at the potential maximum may be

used for the derivation of the numerical relation between work
function and external field. Using equation (26) we then have:
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Solving this equation for z gives the position of the potential

maximum

:

According to this equation for

= 100 volt/cm., Zm =2 X 10“5 cm.

Ee= 10,000 volt/cm., Zm=2 X 10"^ cm.

The distance between the potential maximum and the metal surface

is therefore of the order of 10“^ or 10“^ cm.

The total potential is derived by adding the potential correspond-

ing to the external field,

K = -EeZ (32)

to the image force potential given by equation (27). Then:

nz)=Tf^-^eZ (33)
lOTTeoZ

From this equation the value of the potential at the maximum is

obtained as:

Finally we know that the work function with an external field is

equal to the height of the potential maximum and consequently will

be obtained by adding the value found for Kt to the work function

without external field. Therefore

:

3*78. 10-5. VE, .... (35)

According to this equation the work function is dependent on the

square root of the external field strength.

The work function of a metal surface depends on the orientation

of this surface to the crystal lattice of the metal as well as on tem-

perature and external field. This fact was first observed when the

electron emission of multicrystalline metal surfaces was examined

by means of the electron microscope. It can be seen from the

electron images that the single crystals lying in the surface emit

electrons with different intensities (cf. Fig. 10). These differences

in electron emission can be explained on the assumption that crystal

areas with different orientations have different work functions.

Other investigations were made by Martin, ^ who examined single

hemispherical crystals of tungsten by means of the electron micro-

scope. Parts of these hemispheres with different orientations to

20
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the crystal lattice emitted with different intensities (cf. Fig. 11).

The conclusion that the work function has different values for areas

of difl'erent orientation was confirmed by direct measurements of

the work functions of single crystals (for methods of measurement
cf. Chapter 2). According to Mendenhall and de Voe ^ the work
function of tungsten is 4*35 eV for a (013)-plane and 4-50 eV for

a (l]2)-plane, while according to Nichols^ the work function of

tungsten lies between a lowest value of 4*35 eV for a (lll)-plane

and a highest value of 4-66 eV for a (112)-plane. There is not

complete agreement between these results.

Fig. 10.— Malticrystalline Tung- Fig. 1 1.—A Hemispherical Single

sten Cathode (Brueche -). Crystal of Tungsten (Martin f).

Figs. 10-11.—FJectron Microscope Images.

A theoretical explanation of the influence of the orientation on

the work function was tried by Mrowka,^ Mueller,^ Smoluchowski,^

and Stranski-Suhrmann.^ In the two latter investigations a good

correspondence was found between the results of the calculation

and the values measured by Nichols. ^ In further discussion we
shall initially neglect the differences between the work functions of

parts of the surface having different orientations and assume a

uniform value. The influence of these differences in work function

on observed phenomena will be discussed in Sec. 6.

3. The Passage of the Electrons across the Metal-Vacuum
Boundary

After the preparatory work of the first two sections we can now
proceed to derive the laws for thermal electron emission from pure

metals; that is, for the emission of electrons from such metals due

21
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to increasing temperature. The conditions may be visualized by

re-examination of the potential box (Fig. 7). At a temperature

different from zero some of the electrons are on energy levels above

the limiting energy and the number of these electrons increases

with increasing temperature according to the distribution law. Of

these electrons only the few whose energy exceeds the total potential

barrier can leave the metal, i.e. can be emitted. The process can

be made clear, according to Schottky,*^ if the electrons are repre-

sented by balls which run along the bottom of the box and up its

sloping walls, the latter representing the total potential barrier r.

The distribution of the velocities of the balls is assumed to cor-

respond to Fermi’s law. Under these conditions most of the balls

will run up the walls to a certain height and will then return, because

their velocity is not sufficient for reaching and surpassing the rim of

the walls. Only very few of the balls, whose velocity is especially

large, will reach the rim, leave the box with a residual velocity and

thus represent the emitted electrons. An increase in temperature

of the metal is represented by an increase in the velocities of all the

balls. In this way many more balls are enabled to leave the box

and the increase of electron emission with increasing temperature is

demonstrated.

Let ^2 denote the velocity component of the electrons in the

direction z perpendicular to the metal surface and let denote the

energy associated with this component. Then at a definite tem-

perature T of the metal, those electrons are emitted whose velocities

are large enough to overcome the potential barrier existing at the

surface. The condition for emission is therefore:

1 2m
(36)

In order to calculate the number of emitted electrons the distribu-

tion law (9) must be written in terms of the momentum co-ordinates

Px, Py^ Pz‘ The value of the phase volume dV in (9), which results

from (7), has therefore to be replaced by the phase volume dpxy

dpyy dpz, referring to the momentum co-ordinates. Accordingly

equation (9) must be divided by (7) and multiplied by dpxy dpy, dpz,

and the new form of distribution law is obtained

:

N(p)dpx dpy dpz =
G dpx dpy dpz

(37)

Equation (37) is integrated over all possible values of px and Pz,
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thus giving the number of electrons whose momentum co-ordinate

Pz lies between Pz and Pz+dpz:

N<j)ddPz=jjdPz

' +00 + 00

dpxdpy
^[ipx^+py^+in^){ltn~E^ykT

J

(38)

This integral may be calculated by the introduction of polar co-

ordinates. If the energy resulting from (36) is introduced

instead of Pz, the integration gives the number of electrons whose
energy in the direction z is between and ;

7V(£‘"V£:'"' y In (1 (39)

Multiplying this equation by Vz— \/(2E^”^lm) gives the number of

electrons with energies between E^'"^ and E^'^^+dE^"^ striking the

unit area of the surface in a second

:

In (I . (40)

For the electrons emerging from the surface > E^ according to

(36), and therefore £’^)//tr>0. Instead of (40) the approxi-

mate formula:

A^(£:'"V^'”^— • • • (41)
h

will therefore be used for the emerging electrons with:

lirmh= 1 *801 X 10^^ m.“2 degree"^ (41a)

This universal constant C will be found frequently in the calculations

referring to phenomena of emission and conductivity.

Equation (41) may be considered as the distribution law for the

energy of the emerging electrons. It is similar to Maxwell’s distri-

bution law (20), as the term E^^'^ in that law may be neglected.

From this it follows that the emerging electrons are distributed

according to Maxwell’s law.

The mean value of the energy of the emerging electrons (in the

direction of the normal) may be derived from (41):

pin) _
”^ ~ E^)lkT^pin)

Er
. (42)
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The kinetic energy of the electrons after emission is obtained by

subtracting from the above value. Hence the mean value of the

kinetic energy is

:

Et''=kT

or

kT
l-bx 10-19

= 8-61xl0-5r eV (43)

Accordingly the mean kinetic energy of the emerging electrons at

r=1000° is 0086 eV.

In order to obtain the total number of emerging electrons,

equation (41) has to be integrated for all values of The
number so obtained is not, however, directly equal to the number of

emitted electrons, as another fact, not previously mentioned, must

be taken into consideration. The electron waves associated with

the electrons may be reflected from regions in which a high potential

gradient exists, in the same manner as light waves are reflected

from regions in which there is a sudden change in the refractive

index. Such reflection of electron waves, and therefore of the

electrons themselves, will be possible at the surface since the

potential barrier there represents a very high potential gradient.

Consequently it will be possible for a certain fraction of those

electrons impinging upon the metal surface, and possessing sufficient

energy for emission, to be reflected back into the metal. Only the

remaining fraction, given by a coefficient of transmissivity De, will

pass the metal surface.

Using the coefficient of transmissivity, the total number of emitted

electrons is obtained by integration of (41):

. . . (44)
A

This inte^al may be calculated if a mean coefficient of trans-

missivity A is introduced. Then:

.... (45)
h

Multiplication by the electronic charge e gives the emission current

per unit area of the metal surface

:

j\=GeC5e^T2e-(^r-Ei)l>‘T
h
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This equation, in which the term in the exponent is equal

to the work function Elf,, is Richardson’s well-known emission

equation. It was at first obtained in a slightly different form,

containing the factor instead of It has not been found

possible to carry out an experimental proof which would dis-

tinguish between the older law and the law derived here,

the reason being the overriding magnitude of the exponential

function and the consequent fact that the precision of the

measurements is not sufficient for distinguishing between the

two T-terms. The law was derived by Dushman, v. Laue,

Richardson, Schottky and H. A. Wilson by means of thermo-

dynamical methods
;
the statistical derivation shown here was given

by Sommerfeld ^ and Nordheim,^ The factor G in the emission

equation and the fixing of the energy levels E^ and E^, as described

above, were the new results of the statistical derivation.

The mean coefficient of transmissivity De has to be calculated by
means of wave mechanics. The calculation carried out by Nord-

heim 1 and MacColl,i assuming a continuous variation of the

potential at the metal surface, gives A— 1* Making this sub-

stitution, the emission equation for a surface area S has the form

:

. . . (47)

In this equation :

k
Ao=GeC- =Gx60 amps./cm.^ degree . . . (48)

h

The factor Ac^m the emission equation is called the emission con-

stant. The occupation number G in is usually put equal to 2, as

the highest occupied energy band is an 5-band in the case of almost

all the metals used in practice for electron emission. Values of the

occupation number G differing from 2 are, however, also possible

on account of the overlapping of the highest energy bands in some
metais as discussed above.

With G=2, y4o= 120 amps./cm. ^ degree. Deviations' from this

value may be due not only to an occupation number G^l^ but

also to a coefficient of transmissivity De different from 1 in excep-

tional cases. Further deviations may be caused if the electrons,

contrary to our previous supposition, cannot be regarded as com-

pletely free. In this case the variation of the emission constant

would result from a corresponding variation of the factor in the

distribution law (9) or (37).
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THERMAL EMISSION OF ELECTRONS FROM METALS 1.3

The emission current given by equation (47) can only be measured

if all the electrons emitted by the cathode are drawn away from it

by an adequate positive field. In this case the emission current is

termed saturated and will be denoted by 4. Because of the

exponential function in (47) the magnitude of the saturated current

depends on the values of work function and temperature to a high

degree. The nature of this dependence in the ranges of work
function and temperature which apply in practice may be seen from

the diagram in Fig. 12 giving js=IslS as a function of T with the

work function as a parameter.

Finally it is possible to determine the velocity distribution of the

05
%
04

N(xj)

Ne 03

02

0-1

0 100 200 300 400 500 km/sec.

Fig. 13.—Maxwellian Velocity Distribution of the emitted Electrons.

emitted electrons. The energy of these electrons is obtained from

equation (41), which gives, on division by equation (45):

iv. ~kT^

The velocity in the direction of the normal after emission is obtained

from:

Converting to v as variable gives:

(49)NekT
The distribution of the velocities of the emitted electrons resulting

from the above equation is of Maxwellian form and is plotted in

Fig. 13 for two different temperatures r=1000° and 7=2500° and

for dv=l km./sec.
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The mean velocity of the emitted electrons is obtained from (43).

The mean square of the velocity is

:

v2=^f:^=^=Z0 5T (km./sec.)2
m m

and therefore

:

Vv^=5^53\/T km./sec. . . .

Hence for r=1000°:

Vv2=\JS km./sec.

(50)

4. The Characteristics of a Diode

Only the source of emitted electrons, the cathode, has been con-

sidered in the previous sections. If the emission current is to be

Fig. 14.—The three Ranges of the Characteristics. Emission Densities je as a
Function of Anode Voltage for different Temperatures of the Cathode (Work
Function of the Cathode about 1 *4 eV).

measured or used, at least one other electrode, the collecting

electrode or anode, will be needed in addition to the cathode. The
saturated current h given by (47), in such a diode system only flows

if an adequate positive voltage Va is applied to the anode. If the
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anode voltage is not sufficient for saturation, the emission current

depends on the magnitude of the anode voltage to a higher degree

than can be explained by the dependence of the work function on

the external field according to (35). Plotting the emission current

le as a function of the anode voltage Va in the region of small anode

voltages gives what are known as the diode characteristics of the

system. These characteristics, which are an important feature of

electron emission, are shown in Fig. 14 for different temperatures

of a cathode with a work function of about 1 *4 eV. Three different

ranges of these characteristics can be distinguished according to the

magnitude of the anode voltage, the saturation range, the retarding

field range and the space-charge range. A special equation is valid

and must be derived for each of these three ranges. While the

emission current increases slowly with increasing anode voltage

under saturated conditions (on the right-hand side of Fig. 14),

under retarding field conditions the logarithm of the current is

represented by a steeply rising straight line (left-hand side of Fig. 14).

The space-charge range, lying between the two former ones, be-

comes narrower with decreasing temperature and disappears en-

tirely for sufficiently low temperatures where the emission current

passes directly from the retarding field to the saturation range.

Before discussing the laws valid for the three different ranges we
have to consider the potential distribution existing in the diode

system if the electrodes are connected together, i.e. if no voltage is

applied between them.

4.1. Galvani and contact potential

Fig. 15 shows the variation of potential in the diode system for

the simplest case in which the two electrode metals I and II have

two plane parallel surfaces of infinite extent with the vacuum in

between. When equilibrium has been reached, as many electrons

must cross the junction between the two metals from metal I to

metal II as cross in the opposite direction from metal II to metal I.

This equilibrium is realized if the two Fermi levels, h and ^2 have

the same height, which implies a potential difference —
existing at the junction between the two metals. This potential

difference is called the galvani potential.

The galvani potential is of little practical importance. The
potential difference, however, which exists in the vacuum between

the two points X and F, delimiting the region of the image force in

front of the metal surfaces, is important. This potential difference
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1 . 4A THE OXIDE-COATED CATHODE

is called the contact potential f/] 2 * Its magnitude is, as can be

seen directly from Fig. 1 5

:

Ul2=-(‘p2-‘pl)=>pl-h .... (51)

The contact potential, so defined, always arises if the work functions

of the two metals are different, and it is equal to the difference of the

two work functions.

Equation (51) for the contact potential is exactly valid only in the

case when the two electrodes have the same temperature. If the

temperatures of the electrodes are different, additional thermo-

voltages occur which add to the contact potential and which can be

accounted for by a corresponding correction term in (51). The
thermo-voltages of metals are, however, only of the order of some
millivolts, while the contact potential normally has a value of some

Fig. 15.—Potential Variation between two Directly Connected Metal Electrodes.

tenths of a volt or even of some volts. Consequently the thermo-

voltage correction term may be neglected in most cases.

The contact potential, sometimes termed the volta potential,

must not be confused with the potential resulting from the contact

between metals and ionic conductors, which is also and more fre-

quently called the volta potential or, alternatively, the standard

electrode potential. There is no direct connection between this

electrochemical phenomenon and the contact potential described

above (Gysae and Wagener The experimental proofs for the

validity of equation (51) relating contact potential and work func-

tion are discussed later on, when the methods for measuring the

contact potential are dealt with (cf. Sec. 10).

The potential variations associated with the contact potential

may be clearly visualized if each metal is again represented by a

potential box. At r=0 the two boxes representing the electrodes

are filled with electrons up to a height and ^2 respectively. An
equilibrium can only exist if the surfaces of the two boxes filled by
electrons are at the same height. Hence the bottom of one box
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must be higher than the bottom of the other by an amount equal

to the galvani potential (cf. Fig. 15). The walls of the two boxes

which bound the vacuum are then connected by a sloping plane,

corresponding to the potential in the vacuum. The dilference

between the heights of the ends of this sloping plane corresponds

to the value of the contact potential.

After this preparatory work the three ranges of the characteristics

may be discussed in detail. According to the classification given

above the emission current in these ranges will be called retarding

field current, space-charge current, and saturated current respec-

tively, and the equations for these different currents will be derived

now.

4.2. Equation for the retarding field current

As the electrons leave the cathode with definite velocities, dis-

tributed according to equation (41), they can travel some distance

K
A

x' > \

-
1 ^

f Ia

I

Fig. 16.—Variation of Potential in the Retarding Field Range.

against the opposition of a negative (retarding) potential applied

between cathode and anode. Those electrons whose velocities are

large enough will overcome the retarding field and reach the anode

with a corresponding loss in velocity. The current, consisting of

these electrons, is called retarding field current, and the potential

distribution, existing between cathode and anode in this case, is

shown in Fig. 16 (for two different work functions of the cathode

iffc and i/rc). If the potential distribution is described by means of

potential boxes, the bottom of the box, representing the anode, must

be lifted by an amount which is equal to the negative voltage Va

applied to the anode. Then the level of the limiting energy Ca is

also higher than the corresponding level of the cathode by an

amount
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The anode voltage Va and all other voltages must take a negative

sign in our potential diagram. This will be understood from the

fact that a positive voltage increases the energy of the electrons and

thus acts in the opposite manner to a potential barrier, having a

positive sign in the diagram. On the other hand a negative voltage

has the same effect as a potential barrier.

The electrons emerging from the cathode may again be visualized

as rolling balls. In order to reach the anode, they must have

sufficient energy to pass the point X at the rim of the cathode box

and to run up the sloping plane towards the point Y in front of the

anode. Only if this point Y is reached can the electrons fall over

the rim of the anode box on to the surface of4he anode, and so once

more gain energy. The total potential difference which has to be

overcome by the electrons when passing to the anode is equal to

the difference between the potential of the point Y and the potential

corresponding to the energy level The value of this difference,

which may be seen directly from Fig. 16, is equal to

If this total potential is put into the emission equation (4?) instead

of the work function the electron current passing to the anode,

i.e. the retarding field current, is obtained:

(52)

Another way of representing the retarding field current can be

found by introducing the effective voltage F* which is applied

between the two points X and Y (cf. Fig. 16) :

V^=V^ + UcA ...... (53)

The contact potential in this equation may be replaced by the value

UcA=^c—^A from (51) and the work function of the cathode may
be taken from the emission equation (47). Then

^ ^ ^ (54)

The value of the retarding field current, as given by (54) for

different temperatures and effective voltages, can be obtained from

the nomographic chart in Fig. 17.

Plotting the logarithm of the retarding field current as a function

of the voltage must give a straight line, according to both (52)

and (54). On the other hand, the confirmation of such a linear

dependence will be a proof that the electrons in vacuum have a

Maxwellian distribution. This proof was given for example by

Schottky ^ and Germer.^

It will be seen from equation (52) that the retarding field current
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Fig. 17.—Nomographic Chart for Evaluation of the Retarding Field Current h.

only depends on the temperature of the cathode and on the voltage

and work function of the anode, and that this current is independent

of the work function of the cathode. This fact, which is clearly

indicated in Fig. 16, was recognized by Davisson.^
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1.4.2 THE OXIDE-COATED CATHODE

The equations given above are only valid for plane, parallel

electrodes. The calculation of the

retarding field current in a system of

coaxial cylindrical electrodes is more
difficult, as in such a system the

tangential component of the electron

velocity has to be considered in

addition to the normal component.

The solution was given by Schottky,^

who showed that the logarithmic plot

of the retarding field current in a

cylindrical system gives a straight line

if the applied negative voltages are

sufficiently high. This line is slightly
CO

Fig. 18.— Calculated Retarding
Field Current in a Cylindrical
(full line) and a Plane Field

(dashed line). (Rothe-Kleen,
Vol. I, Fig. 5.)

shifted towards negative voltages

compared with the line for the plane

system. Fig. 18 shows a curve from

which the retarding field current 4
flowing in a cylindrical field may be

determined as a function of the ratio V*/co.

-pz -o-e 0 0’6 PI pe voits

Fig. 19.—Theoretical Retarding FieldICurves (Becker 5).

(1, 2, 3) Pure Tungsten at Different Temperatures.

(4) Tungsten Thorium, J0=O'5 eV\ Same Temperatures as

(5) Tungsten Thorium, = 1 -0 eV J with 1

.

............. Plane Field

Cylindrical Field.
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The retarding field current also is independent of the work func-

tion of the cathode in the cylindrical field as shown in Fig. 19, the

full curves representing the cylindrical system and the dashed

curves representing the plane system. The curves 1, 2 and 3 refer

to pure tungsten at three different temperatures, while curves 4 and 5

refer to tungsten contaminated by thorium, the contaminated

tungsten having a smaller work function than pure tungsten (cf.

Sec. 5). The lower parts of the curves 1, 4 and 5 which have been

obtained for the same temperature are identical in spite of the con-

siderable differences in work function. Differences between these

curves are only obtained if the retarding field current approaches the

saturated current.

4.3. Equation for the space-charge current

As the anode voltage becomes less negative, the number of

electrons entering the interspace between cathode and anode

Fig. 20.—Variation of Potential in the Space-charge Range.

increases and finally a negative space-charge of detectable density

is formed in front of the cathode. This space-charge causes an

increase in potential in front of the cathode, adding to the potential

barrier corresponding to the work function. The potential dis-

tribution thus resulting is plotted in Fig. 20 in the usual way,

assuming that the anode voltage is now positive. The additional

potential barrier produced by the space-charge (full line) is super-

imposed on the fall in potential which exists without space-charge

(dashed line). Tf denotes the height of the potential barrier due

to space-charge, then the electrons emerging from the cathode have

to overcome the total potential barrier i
/jc
— in order to reach
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the anode. Only the faster electrons can do this, while the slower

ones will overcome the work function, but will have to return

to the cathode after having penetrated some distance into the

vacuum.

The effect of the space-charge is, in fact, noticed at small negative

anode voltages (from an effective voltage K* of about —1 volt).

The electron current passing to the anode—now called space-

charge current—will be smaller than that corresponding to equation

(54) for the retarding field current. Therefore, the curve obtained

in the logarithmic plot of the emission current deviates from the

straight line representing the retarding field current, as shown by

Fig. 14. The exact voltage at which the equation for the retarding

field current becomes invalid can only be calculated approximately.

Such approximate formulae have been given by Schottky ^ and

Moeller and Detels.^ In a plane field the maximum current for

which equation (52) or (54) is valid is

:

ym«^=6x amp./cm.2. . . (55)

(J= distance between cathode and anode in mm.). According

to this equation the influence of the space-charge begins at

10"5 amp./cm.2 for the usual distances d of the order of 1 mm.
If the cathode temperature is so low that the saturated current

does not exceed 10~5 amp./cm.^, the emission current passes

directly from the region of the retarding field to that of the

saturated current.

The existence of a space-charge and of the additional potential

barrier due to space-charge has been proved experimentally by

Wehnelt and Bley.^ In these experiments an electron beam passing

between cathode and anode was diverted by the space-charge.

The height Vm of the additional potential barrier is obtained if the

space-charge current h, is considered as a retarding field current

flowing against the voltage Vm. Accordingly Vm is derived from

equation (54) for the retarding field current Ir=Isp and for K*=

kT T I
In 7==- 1-98x10-47 log . . (56)

e Is Lp

The potential Vm is of the order of some tenths of a volt for the

temperatures between 1000° and 2000° normally used.

The dependence of the space-charge current on anode voltage V^

can be calculated by means of Poisson’s equation which, for a

36



THERMAL EMISSION OF ELECTRONS FROM METALS 1.43

co-ordinate z perpendicular to the surfaces of cathode and anode,

may be written

:

d^V_P
dz^ ^0

(57)

(/)= density of space-charge). The relation between the density p
of the space-charge occurring in this equation and the space-charge

current is given by the well-known equation

:

Isp —Spv (58)

V denoting the velocity of the electrons. The solution of the prob-

lem is relatively simple if the initial velocities of the electrons are

neglected. Then:

^ntv^=eV

and by means of (57) and (58):

dz^ €o S€(yV S€Q^/[{2e|m)V]

This is a differential equation of the second order for the function

F(z). The boundary conditions are V (0)=0 and \-y~\ =0.
\dZ ) z= Q

The second condition is obtained because the potential barrier due

to space-charge is located directly at the cathode surface, if the

initial velocities are neglected.

The differential equation above can be integrated twice without

difficulty. The result is

:

yV4-{ 9 1/2

XZ

from which, for z equal to the distance d between cathode and anode

the equation

:

/-5^=0 2335i^"mA . . (60)
9 aJ m d^ d^

is derived (5 in cm .

d

in mm.). This equation, according to

which the space-charge current depends on the 3/2th power of the

anode voltage, is called Child’s law. This law, only with other

constants, is valid for every configuration of electrodes, e.g. cylin-

drical and spherical configurations (cf. Langmuir and Compton ^).

As the initial velocities of the electrons are neglected in (60), this

equation only gives a rough approximation. The exact calculation,

making use of Maxwell’s velocity distribution of the emerging
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electrons, is more difficult and was carried out by Schottky,>> ^

Epstein,! i g^d Langmuir. i Only the result of this calculation,

which is obtained from the first two terms of a series development

of an integral, can be given here. Let Zm denote the position of the

maximum of the potential barrier due to space-charge (cf. Fig. 20).

Then, if the effective voltage V* defined by (53) is used, the

space-charge current for plane electrodes is, with an error of 2|%
for V*-V„>1 volt:

_L^_4V2.o U
S 9 (d-Zr.y

2-66

V[(elkT)(V*-Vrr.)]

The term V* in this equation is different from the anode voltage

Vm, while Vm depends again on the space-charge current hp accord-

ing to (56). If the values (53) and (51) for V* and (56) for Vm

Fig, 21.—^Factor F, necessary for Evaluation of the Distance between Cathode
and Potential Barrier due to Space Charge.

are used and the work function 0c is calculated by means of equa-

tion (47)

:

V*-Vm=VA->PA + >P*(T,jsp) .... (62)

with

i2xiO!!(r/iooo)^

j^p

(63)

(Jsp in mA/cm.2).

is given by:

Furthermore, the distance Zm occurring in (61)

(r/iooo)!'-!
Zm= X mm (64)

VJsp

(jps in mA/cm.2). In this equation the factor F, depending on the

ratio of space-charge current to saturated current, can be taken

from Fig. 21.
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If the value of V*—Vm in (62) is used, an equation better

suited for a calculation of the space-charge current can be obtained
from (61):

(

+

4)}
The value of the percentage increase

:

T/IOOP \o,

VA-^A+r)
(66)

represents the increase of the space-charge current when the initial

velocities are taken into account. In addition to this percentage

Fig. 22.—Density jgj, of Space-charge Current as a Function of the Difference

Va—^Pa between Anode Voltage and Work Function of the Anode (Distance
d between Cathode and Anode as Parameter) (Liebmann 0-

increase there are two more differences between the approximate

equation (60) and the more exact equation (65). The distance

between cathode and anode is replaced by the distance between

potential barrier and anode, and the anode voltage is replaced by

the term (62) representing the effective potential difference between

potential barrier and anode. We see by a comparison of equations

(63) and (47) that the function i/^*(r, represents the value of the

work function of the cathode which would exist at the cathode, if

the space-charge current were a saturated current. Hence the value

of may be determined easily by means of the curves in Fig. 12.
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A chart allowing a general evaluation of equations (64)-(66) for

the space charge current has been given by Ferris. *

For the special values r=1050°K. and y*=l amp./cm.^ the

space-charge current can be obtained from Fig. 22, as a function of

the difference Va —^a between anode voltage and work function of

the anode.

Comparisons between theoretical values of the space-charge

current, based on (60) or (65), and experimental values were carried

mA

^sp

yp/ts

Fig. 23.—Comparison of Measured and Calculated Values of the Space-charge
Current. 1. Calculated according to (65). 2. Calculated according to (60).

3. Calculated according to (65), the correction term d being neglected (Kleen i).

out by Kleen * and Ferris. ^ A good correspondence between the

space-charge characteristic calculated by means of the exact

formula (65) and the measured values was found. The values

obtained from the approximate equation (60) gave considerable

deviations (cf. Fig. 23).

The equation for the space-charge current in a cylindrical

system is:

l^^0-233^{yA->/>M+r(T.Jsp)P^TnA . (67)
Jfrir2
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ri denoting the radius of the cathode, 1*2 that of the anode. In

this equation a small correcting term has been neglected. The
term B depending on has been calculated by Langmuir and
Blodgett^; its value can be taken from Fig. 24. For 1 ^rilr

it is approximately (with 10% maximum error):

Then:

2

s _ s ^r2_S .jrilri)

Britz (r2-riy n
(67a)

d again denoting the cathode-anode distance. In this special case,

which holds for most in-

directly heated cathodes,

equation (67) changes

into equation (60) valid

for the plane system, the

difference being that the

surface area S of the

cathode has to be re-

placed by the surface

area Sxr2lri of the

anode.

In two publications

by Page and Adams
another solution for the

space-charge current in a

cylindrical system has been given which is especially suitable for

large values of

The dependence of the space-charge current on temperature

according to equations (65) or (67) is chiefly determined by the

function (/r*(T, 7%), while the influence of the factor \/T in (66)

and the temperature-dependence of Zm according to (64) may be

neglected in practice. Hence, applying (63)

:

IdVA

I 8T
1-2x10>i(7’/1000)2

Fig. 24.—The Constant B in Equation (67) for the
Space-charge Current as Function of ri/n.

= 1-98x10-4 log
Jsp

+ 1-72x10-4 (68)

For temperatures between 800° and 1200° K. and currents between

1 and 100 mA values for between 1 -9 x 10“^ and 24 x 10~^
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are obtained. The space-charge characteristic therefore is shifted

to negative voltages by about 0-2 volt for an increase in temperature

of 100". For the variation of the space-charge current with

constant anode voltage the value:

(^\ =_(^]
\dT / const. \^Va) T= const. \^T) = const. dT

(69)

is derived, Ga denoting the anode conductance of the anode-

cathode system.

Finally it will be interesting to consider if and by how much the

space-charge current is influenced by the magnitude of the work
function of the cath-

ode. As can be seen

from equations (65) and

(67), the work function

doesnot directly occur in

these equations. Apart

from a special case to

be discussed later on,

the space-charge current

win thereforenot depend

on the work function of

the cathode. This fact,

which was confirmed by

an experiment of Gysae
and Wagener,2 may be

visualized by consider-

ing the potential distri-

bution between cathode and anode shown in Fig. 25. The total

potential barrier in front of the cathode which must be overcome

by the electrons has the value

:

Fig. 25.—^Variation of Potential in the Space-charge
Range, assuming two Different Values for the

Work Function of the Cathode.

—
=«A*(7^./v) . • . (70)

^ *sp

according to equations (47), (56), and (63), and is therefore inde-

pendent of the work function of the cathode. This independence

can be explained in the following manner. If the work function of

the cathode is decreased, more electrons will emerge from the

surface of the cathode, but these electrons increase the space-charge,

and hence the height of the potential barrier due to space-charge,

by an amount which exactly compensates for the decrease of the
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work function. Consequently the current passing the potential

barrier remains the same in spite of the increased number of

electrons emerging from the cathode.

The influence of the distance Zm, between potential barrier and

cathode surface, on the magnitude of the space-charge current has

not been considered yet. Zm may have relatively large values for

small space-charge currents; for example, for jsp=l mA/cm.^,

r=1000'' K. and 4^ 100 4^, ^^=015 mm. Because of the factor F
in equation (64) depends on the saturated current 4 and there-

fore on the work function of the cathode. Consequently Zm

increases with decreasing work function. Considerable variations

of Zm (niore than 10 /o) only occur, ho^veve^, if the saturated current

is smaller than ten times the space-charge current. In this case

alone, provided the distance d between cathode and anode is

small (<1 mm.), can the magnitude of the denominator of equation

(65), and consequently the magnitude of the space-charge current,

be influenced by variations of the work function of the cathode.

Apart from this special case the position of the (retarding field

and space-charge current) characteristic in a diode system with

unvarying emitting surface is determined solely by the configuration

of the system, by the temperature of the cathode, and by the work
function of the anode.

If the valve system contains one or several grids in addition to

the anode, the equivalent voltage resulting from the anode and grid

voltages has to be introduced into the equations for the charac-

teristics given above, in place of the anode voltage.* In this case

the statements relating to the influence of the anode work function

refer to a mean value of the work functions of the anode and the grids

which has to be determined in the same way as the equivalent vol-

tage. The details may be obtained from the appropriate sources.f

Finally it may be pointed out that the formulae given for both the

retarding field and the space-charge current are only valid on the

supposition that the cathode has a uniform temperature and that

there is no potential drop along the cathode due to heater current,

i.e. that the cathode is indirectly heated. If these two suppositions

* Cf. K. R. Spangenberg, Vacuum tubes, MacGraw-Hill Comp., 1948; or
H. Rothe, W. Kleen, Grundlagen und Kemlinien der Elektronenrdhren
(Fundamentals and Characteristics of Electronic Valves), Leipzig, 1948.

t An exception to the rule stating that the characteristic is independent of
the cathode work function is obtained in the case of valves with grids if the

retarding field current flowing to anode or positive outer grids is considered
(Adam i).

43



1 . 4.4 THE OXIDE-COATED CATHODE

are not fulfilled, the real characteristic is obtained by a super-

position of a series of characteristics, valid for the different tem-

peratures and voltages of the discrete parts of the cathode. If this

is done the real characteristics no longer have the simple shape

resulting from the equations given above.

4.4. Equation for the saturated current

Proceeding to higher anode voltages, we come to the saturation

range, in which the potential barrier due to space-charge disappears

and all electrons emerging from the cathode surface reach the

anode. As can be seen from Fig. 14, the characteristic passes into

the saturated current region gradually without any marked dis-

continuity. The increase of the current with increasing anode

voltage becomes less, but a slight increase remains, even when the

space-charge has disappeared, owing to the dependence of the work

function on the external field according to equation (35).

If the conditions in the saturation range are also described by

means of potential boxes, the dependence of the saturated current

on the external field may be visualized in the following manner (cf.

Fig. 26). With increasing external field (or anode voltage) the rim

of the potential box representing the cathode will be bent down more

and more. Consequently the rolling balls, representing the

electrons, will need a lower minimum velocity to reach the rim and
will thus arrive at the rim in larger numbers. This increased

number of balls will all roll towards the anode over the sloping

plane representing the external field. The potential distribution in

the saturation range may be compared with the corresponding

distributions in the other ranges by comparing Fig. 26 with the

Figs. 15, 16, 20, and 25.

The numerical relation between saturated current and anode

voltage is obtained by introducing the value (35) for the work
function into the emission equation (47). The saturated current

flowing with external field strength zero may be denoted by

although it cannot be measured directly. Then for plane electrodes

and with Ee=VAld the saturated current Is flowing with anode

voltage Va is:

^ X 3-78 xlO-WiVA ’d)

\ogU=\ogl}‘>^ +^^VVA .... (71)

id in mm.).
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According to this equation, formulated by Schottky ^ and there-

fore called the Schottky law, the logarithm of the saturated current

plotted as a function of the square root of the anode voltage gives a

straight line, the Schottky line. An exact experimental check of this

equation is difficult, as the ideal conditions of perfectly plane sur-

faces assumed for the derivation of the equation do not exist in

reality. As the surface of the cathode is always rough to a certain

Fig. 26.—Variation of Potential in the Saturation Range for two different

Work Functions of the Cathode.

degree, there are regions in which the field strength is larger than the

value dVjdz calculated from the applied anode voltage and the

geometric configuration. Because of this influence of the rough-

ness, which cannot be calculated exactly, the saturated current

obtained in experiments will always be larger than the current

calculated from (71). In addition to this, the fact that the work
function is not the same over all regions of the surface area must be

taken into consideration, for differences in work function also

produce deviations from Schottky’s law (cf. Sec. 6).

For tungsten Schottky obtained a correspondence to within 20%
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between measured and calculated saturated currents, if the anode

voltages were more than TOO volt (corresponding to a field strength

of about 10,000 volt/cm.). The result obtained by Nottingham ^

shown in Fig. 27 is similar. In this case also deviations from the

law are obtained for smaller field strengths which are chiefly due to

the differences in work function over the surface as discussed above.

With higher field strengths the measured values in a logarithmic

plot show the linear dependence demanded by equation (71).

—
/o/ts

50 WO 200 500 rooo

V?S7fi

Fig. 27.—Measured and Calculated Values of the Saturated Current as a
Function of Anode Voltage (r=1434° K.) (Nottingham i).

An additional effect is observed with field strengths of more than

5x10^ volt/cm. According to Seifert and Phipps, ^ Turnbull and

Phipps, 1 Mott“Smith 1 and Guth and Mullin,i» ^ deviations from

the Schottky line are then obtained which are periodic in \/Ee or

^/VA and which are explained by reflection of the electron waves

associated with the emitted electrons at the potential barrier in

front of the cathode.

Finally it may be mentioned that an entirely new effect, the so-

called tunnel effect of wave mechanics, occurs with very high field

strengths. In this case the potential barrier in front of the cathode

becomes so narrow that the electrons can pass through unimpeded.

Consequently with these very high field strengths there is electron
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emission even at room temperatures, termed either cold emission

or field emission.

The potential distribution in the three ranges of the charac-

teristics discussed above may be characterized in the following

manner:

In the retarding field range (cf. Fig. 16) the height of the total

potential barrier to be overcome by the electrons is equal to the

difference between the work function of the anode ipA and the anode

voltage Va (having due regard to sign).

In the space-charge range (cf. Fig. 20) the height is equal to a

value which is obtained from equation (70) and which only depends

on the temperature T of the cathode and on the magnitude of the

space-charge current Isp*

In the saturation range (cf. Fig. 26) the height is equal to that

given by equation (35), its magnitude being determined only by the

work function of the cathode for zero external field and by the

external field strength.

The maximum of the potential barrier lies closely in front of the

surface of the anode under retarding field conditions, at about 10“5

to 10“^ cm. distance from the surface of the cathode under satura-

tion conditions, while it may occupy any point of the anode-

cathode region under space-charge conditions.

5, The Influence of Adsorbed Foreign Materials on Electron

Emission from Metals

5.1. Influence of foreign materials on the work function

The emission properties of a pure metal are considerably changed

if atoms or ions of any other material are adsorbed at the emitting

surface of the metal. The phenomena occurring are of technical

importance, as the emission current can be greatly increased and the

heater power which is necessary for obtaining a certain emission can

be as much decreased by a suitable selection of the foreign material.

Adsorption is also important in the case of the oxide-coated cathode,

and it will therefore be necessary to discuss some of the details,

especially the physics of the adsorption process, which is essential

for clearly understanding the effect of adsorption on emission.

Adsorption at metal surfaces may take place in different ways,

and these will be discussed first

:

(a) Adsorption of ions .—If an ion—assumed to be charged

positively—^is near a metal surface it will be attracted by an image
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force in the same way as an electron (cf. Sec. 2). Image force

attraction may again be visualized by a potential curve. For

convenience the sign of the potential in this curve will be chosen

opposite to that used in the case of the electron. A reduction in

the energy of the ion as it approaches the metal surface will then

correspond to a falling potential

curve (cf. Fig. 28). The potential

falls continuously, during the

approach to the surface, until

the electron clouds of the ion and

of the surface atoms penetrate

each other and the repulsive

forces between the respective

electrons prevent a further ap-

proach. The superposition of

these repulsive forces and of the

image force give a potential mini-

mum which determines the final

minimum distance z, between ion and metal surface. The adsorption

energy set free during the process is then obtained from equation (27)

for the image force potential and, for a single charged ion, is:

Fig. 28,—^Potential Curve for the Adsorp-
tion of an Ion at a Metal Surface
(J. H. de Boer, Electron Emission and
Adsorption Phenomena, 1935).

3-6xlO-'o

47reo X AZi
eV. . (72)

(b) Adsorption ofdipoles. In this case distinction has to be made
between permanent and induced dipoles. Permanent dipoles can

only consist of molecules, for in an undisturbed atom the centres of

gravity of positive and negative charges are the same, lying together

in the nucleus, and the formation of a dipole is therefore not

possible. Induced dipoles are more important. They are produced

by an inducing electrical field which removes the electrons of the

clouds, together with their centre of gravity, from their normal

places. In the latter case the induced dipole moment M is deter-

mined by the field strength E by using a proportionality factor called

polarization constant

:

M=aE (73)

(c) Adsorption by van der WaaVs forces. If an atom is not

ionized and if there is no electrical field to induce a dipole, the atom

can nevertheless be adsorbed by means of van der Waals’ forces,

acting between normal atoms. These van der Waals’ forces result

from the continually varying field of the electrons of the one atom
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producing a continually varying dipole in the other atom. The

interaction between the two dipoles thus produced gives, as a mean
value, an attractive force between the two atoms in spite of the

average complete electrical symmetry.

Considering the last two cases of adsorption by dipoles and

adsorption by van der Waals’ forces, potential curves may be

plotted in the same way as for the adsorption

of ions, provided the potential energy of the

adsorbed atom, expressed in electron-volts,

is plotted as a function of the distance from

the metal surface.

The adsorption of ions and dipoles always

produces an electrical double layer at the

surface of the metal. In the first case this

double layer consists of adsorbed ions on

the one side and of charges induced in the

metal on the other side, while in the second

case the double layer is formed by the

adsorbed dipoles themselves. The effect of

such a double layer on the work function of

the metal concerned can be determined. Let M denote the dipole

moment and ^ the surface density of the dipoles, i.e. their number
per cm.^. Then the electric double layer gives a jump in potential

the magnitude of which is

:

(74)

(cf. Fig. 29).

If adsorption of dipoles is considered, the dipole moment results

from (73). In case of adsorption of ions, however, the fact that the

charges induced by these ions lie in the interior of the metal must

be taken into account. As a potential difference cannot exist in

the interior of the metal, only those parts of the dipoles, of length

Z/, lying outside the metal will be effective.

It is quite clear that the work function of the metal concerned is

changed by the amount A V. The work function is decreased if the

positive pole of the double layer is directed to the outside, while it is

increased if the negative pole is outside. If the work function of

the pure metal is denoted by ijjM and the work function of the metal

plus double layer by then according to (74)

:

I
M

I
(75)

^0

Fig. 29.— The Potential

Jump produced by an
Electric Double Layer.
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1.5.2 THE OXIDE-COATED CATHODE

We shall now consider in detail some different types of cathodes

having such an adsorbed film consisting of foreign material.

Tungsten is mainly used as a basic material for all these atomic

film cathodes, as it can be heated to the highest temperatures and
can consequently be most efficiently cleaned from other undesirable

contaminations. The atomic film cathodes will be denoted by a

symbol M-A, the chemical symbol of the basic material being

given first and the symbol of the material of the adsorbed film

second.

5.2. Adsorption of cxsium (W-Cs)

The first experiments with this film cathode, the one on which

most investigations have been made, were carried out by Langmuir
and Kingdon/^ ^ They measured the emission of a tungsten wire

in a valve containing a certain quantity of caesium. As the vapour

pressure of caesium at room temperature is about 5 x mm.
mercury, a detectable quantity of caesium vapour will be present in

such a valve. Langmuir and Kingdon ^ measured a maximum
emission current of the tungsten wire of 8 *8 x 10“5 amp./cm.^ for a

temperature of the wire of 690° K. and a temperature of the valve

of 30° C. In contradiction to this the corresponding saturated

current of pure tungsten in a high vacuum is calculated from the

emission equation as 3 -6 x lO'^fi amp./cm.^. Hence the emission of

the tungsten wire has been increased by the very considerable factor

10^1 by the caesium vapour present in the valve.

If the emission of this W-Cs cathode is measured as a function of

the temperature of the cathode at sufficiently low temperatures, an

increase of emission according to Richardson’s equation (47) is

found, giving a nearly straight line in the logarithmic plot of emis-

sion as a function of l/T owing to the exponential function in (47)

(cf. Fig. 30).

If, however, the temperature of the cathode is increased to a

certain value depending on the vapour pressure and therefore on the

temperature of the valve, the curve bends, reaches a maximum, and

subsequently drops suddenly until the emission of pure tungsten is

reached. The work function of the W-Cs cathode was deter-

mined by Langmuir and Kingdoii from the straight rise on the

right-hand side in Fig. 30 (cf. Sec. 8). The value obtained was

1*38 eV, which means that the work function of pure tungsten

(4 -54 eV) has been decreased by about 3 2 eV, and that a very large

increase in emission has been produced in this way. Langmuir
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and Kingdon explained the observed decrease of the work function

by assuming an electrical double layer on the tungsten surface

consisting of adsorbed casium ions as discussed above. The
adsorbed ions evaporate from the cathode at higher temperatures,

Fig. 30.—Electron Emission of the W-Cs Cathode as a Function of Temperature
(Temperature of the Valve as Parameter) (Langmuir and Taylor 8).

thus producing the deviation from the straight line and the final

decrease of the emission with increasing temperature.

The origin of the ions may be explained by realizing that the

caesium has an ionization voltage of ^cs=3 -88 eV, which is 0*66 eV
lower than the work function of pure tungsten (4‘54 eV, cf. Table V).

If, therefore, a caesium atom is near a tungsten surface an energy of

3*88 eV is necessary for its ionization, while, on the other hand, an

energy of 4*54 eV, corresponding to the work function of tungsten,
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1.5.2 THE OXIDE-COATED CATHODE

is set free, when the electron resulting from the ionization enters the

tungsten. Thus an energy of i/iw—^cs=0'66 eV is gained during

the total process, which is therefore possible without any supply of

energy from outside. The proof that ions are in fact adsorbed at

the tungsten surface was given, by applying a negative voltage to

the anode of the valve and by detecting a current of positive ions

evaporating from the tungsten cathode.

These investigations were completed by experiments of Becker,*

who examined the relation between the emission current and the

fraction 6 of the tungsten

^ surface covered by cajsium.

The tungsten cathode was at

A first cleaned by heating it to

a high temperature, and then

L1-^ "
8^“ an activation curve was taken

JT^' by measuring the emission

r / I 11 r>
current as a function of time

jf
jf 11

1

at a definite temperature of

I
cathode. The result of

f 1

1

such measurements is shown
—h

jj
in Fig. 31 with the cathode

/ if~\ temperature as parameter.

^ 89^
j

I \ At low temperatures (up to

J
II \ 625° K.) when the caesium

I
\ atoms impinging upon the

I I I I tungsten do not re-evapo-
0 40 80 720 160 200 240 rate, a maximum emission is—»- 1 oec.

, . . ...
reached in a certain time

Fig. 31.—^Activation ofaW-Cs Cathode (Cath- u- u • • ^ ^ r 4.u
ode Temperature as Parameter) (Becker which IS independent of the

magnitude of the tempera-

ture. The time tm only depends on the value of the vapour pressure

p of the caesium, the product pxtm being constant according to

Becker’s measurements. As the number of the impinging caesium

atoms is proportional to this result means that the maximum
of the emission is reached at a definite density of caesium atoms

on the surface, this density being independent of the temperature.

Let denote the fraction of the surface covered with caesium for

maximum emission, then for smaller fractions

1 =1
tm

By means of this relation the emission and the decrease in work
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function can be plotted as a function of (cf. Fig. 32). A
maximum variation of the work function is obtained for 6= 6m, and

a decrease of the variation for 6^6m, the value of 6m being so far

unknown.

More detailed ideas of the mechanism of the W-Cs cathode were

given by Langmuir and Taylor ^ and de Boer and Veenemans.b 2 ,

3

,

4

The latter authors specially examined the variation of potential in

front of the cathode surface during the adsorption of the caesium

ions (cf. Fig. 27). As these investigations are beyond the scope of

this work, they cannot be dealt with here. It may be pointed out

that according to these investigations only that part of the caesium

which is first deposited is adsorbed as ions, while the rest is ad-

sorbed as uncharged atoms. If

the methods developed by Lang-

muir and Taylor and de Boer and
^

Veenemans are applied, the value
^

of the covering fraction 6m corre-
^ /

spending to maximum emission ^ /
can be calculated . For the W-Cs /
cathode a value of ^m==0*67 is q o-2 o^4 o-6 os 10 ^2
obtained, from which it is seen —

6/q^

that two-thirds of the total tung- Fig. 32.—Variation A4, of the Work

sten surface is covered with Function of a W-Cs Cathode as a
sien suriace is coverea wim

Function of the Fraction i9 covered with
caesium at maximum emission. Caesium (Langmuir and Taylor »).

In an investigation of Stran-

sky and Suhrmann ^ it is assumed that the Cs is adsorbed as atoms

only, but an experimental decision between this new idea and the

idea of adsorption mainly by ions generally accepted before, is still

outstanding.

Function of a W-Cs Cathode as a
Function of the Fraction 6 covered with
Caesium (Langmuir and Taylor 8).

5.3. Adsorption of barium (W-Ba)

This type of atomic film cathode is obtained by evaporating

barium from some source in the experimental valve (e.g. a barium

getter) on to a previously cleaned tungsten wire. Such a cathode

was experimentally examined by Becker, ^ and the phenomena
observed are mainly the same as for W-Cs. Fig. 33 shows the

emission current of the W-Ba cathode as a function of the fraction 6,

covered with barium, for r=1100'" K. (The ratio of the emission

current of W-Ba and of pure W has been plotted.)

As barium can be either singly or doubly ionized it has to be

decided whether the single or the double-charged ion is adsorbed
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at the tungsten surface. This question can be answered by means
of calculations based on potential curves similar to those of Fig. 28.

The result of such calculations, the details of which cannot be given

here, shows that barium is adsorbed as a double-charged ion, in the

initial stage of adsorption. Furthermore, the relative density of

the barium on tungsten corresponding to maximum emission is

obtained as ^^,=0 *29 in a similar manner as in the case of the W-Cs
cathode.*

Fig. 33.—Emission Current of a W-Ba Cathode as a Function of the Fraction 6

covered with Barium (Becker ^).

5.4. Adsorption of thorium (W-Th)

This type of cathode was first investigated by Langmuir,^ when
examining tungsten wires containing about 1% Th02 which are

used for the manufacture of incandescent lamps owing to their

superior recrystallization properties. The ThOi is reduced to

thorium by the tungsten at temperatures above 2600° K. The

thorium, thus produced, diffuses to the surface and forms there a

dipole layer which decreases the work function. The cathodes

obtained in this way are of considerable technical importance.

Contrary to the case of the W-Ba cathode, the thorium when
evaporated can be replaced by diffusion and the cathode can thus

* Cf. J. H. de Boer, Electron Emission and Adsorption Phenomena^ 1935,

pp. 100-104.
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be regenerated. In addition to this the emission of the W-Th
cathode is not influenced by variations of the vapour pressure and

of the temperature of the valve, as is, for example, the W-Cs
cathode.

The mechanism of the emission of the W-Th cathode is exactly

the same as that of the W-Cs
be seen from experiments of

Brattain and Becker, i who
evaporated the thorium from
a wire containing thorium on

to a second wire which was at

first completely pure. In this

way a thorium film was pro-

duced on the second wire, and
its emission was measured as a

function of the relative density

d of the thorium. Fig. 34

shows the result of the ex-

periments. Apart from the

absolute values, the relation

between emission current and
density is the same as for the

W-Ba cathode (cf. Fig. 33).

It may be concluded from this

that the mechanism of the

emission is the same for both

cathodes. The final value of the emission current of W-Th obtained

for large values of Bjd^ is the same as the emission current measured

for pure thorium metal.

5.5* Adsorption of oxygen (W-O)

Adsorption of oxygen is obtained by exposing the cathode to an

atmosphere of oxygen. As oxygen preferably forms negative ions,

such negative ions will be adsorbed at the metal surface establishing

a dipole layer with a dipole moment the negative pole of which is

directed outwards, contrary to the cases considered before. Hence
the work function of the metal is increased in this case and the

emission decreased correspondingly; the cathode is poisoned by the

oxygen. The processes occurring during the adsorption of the

oxygen atoms have been discussed in detail by Vervey and de Boer.i

For chemical reasons they assume that a surface oxide is formed
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Fig. 34.—Electron Emission of the W-Th
Cathode as a Function of the Fraction 0
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during this adsorption. The surface oxide consists of a mono-
molecular layer of metal oxide molecules, forming permanent

dipoles, the negative poles of which are directed outwards as men-
tioned above (cf. Fig. 35).

Fig. 35.—Formation of a Surface Oxide on a Metal Surface (J. H. de Boer,
Elektronen emission und Adsorptions erscheinungen (1937)).

5.6. Adsorption of several materials (W-O-Cs, W-O-Ba, W-Ba-O)

When examining the emission of a tungsten wire in caesium

vapour, the emission may be increased by using a tungsten wire pre-

viously poisoned with oxygen instead of the pure tungsten. This

phenomenon was observed first by Langmuir and Kingdon.^* ^

The tungsten wire in their experiments was first exposed to oxygen,

and then caesium was adsorbed in the same manner as discussed

under subsection 2. If the wire was then heated at a temperature of

1600° K. for a short time a considerable increase of the emission was

observed, giving up to 10^ times the emission current of a normal

W-Cs cathode. Thus by the adsorption of both oxygen and

caesium on tungsten a new type of cathode is obtained which has a

work function still lower than that of the pure W-Cs cathode, and

which will be denoted by the symbol W-O-Cs. Apart from the

absolute magnitudes the emission of this W-O-Cs cathode depends

on the temperature of the cathode and on the vapour pressure of

the csesium in quite the same way as does the emission of the pure

W-Cs cathode. Emission values of W-O-Cs are shown in Fig. 36

as a function of temperature and are compared there with the

emission of the other types of cathodes discussed before.

In order to explain the mechanism of the W-O-Cs cathode,

de Boer* assumed that the heating of the cathode carried out at

1600° produces the distribution of the adsorbed Cs-ions which is

* J. H, de Boer, Electron Emission and Adsorption Phenomena, 1935,

pp. 156-158.
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shown in Fig. 37. According to this the Cs-ions are deposited

beside the metal oxide dipoles and are thus more tightly bound than

— yj- x/o^
0‘4 0^6 0-8 VO ' V2 74 7$ 78 20

Fig, 36.—Electron Emission of different Atomic Film Cathodes as a Function
of Temperature.

by simple adsorption at the pure metal surface in the case of the

W-Cs cathode. The energy of adsorption therefore is larger than

in the case of the W-Cs cathode,

and more Cs-ions can be adsorbed

than on pure tungsten, a lower

work function being thereby pro-

duced.

Because of the stronger binding

between the Cs-ions and the oxide

dipoles, the evaporation of these

ions is less than from pure W-Cs,

and consequently higher tempera-

tures can be reached without

decreasing the optimum density of the ions (cf. Fig. 36). As
measured by Langmuir and Kingdon,^ the maximum emission
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Fig, 37.—Arrangement of the Cs-ions
on the Surface of a W-O-Cs Cathode
(J. H. de Boer, Elektronen emission
iwd Adsorptions erscheinungeHy 1937).
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current of W-O-Cs occurs at a temperature of 1000° K., the value

of the current being 0 35 amp./cm.^ (valve temperature 30° C.).

The meiximum emission of W-Cs (cf. p. 50) is thus increased by a

factor 4 x 10^ by the additional adsorption of oxygen.

Barium can also be adsorbed together with oxygen, and an

increase of the emission of the pure W-Ba cathode can thus be

obtained, according to Ryde and Harris.* The phenomena ob-

served in this case change considerably if the cathode is exposed to

oxygen not before but after depositing the barium, a decrease of the

emission instead of an increase being then obtained. Obviously the

oxygen ions are then deposited on top of the barium ions previously

adsorbed, and the work function of the W-Ba cathode is increased

by the negative dipole moment of the oxygen layer on top. Such a

cathode is denoted by the symbol W-Ba-O. Similar phenomena
may also be observed with W-Cs (for the work function of these

cathodes cf. Table VII).

Concluding this section, we may state that the work function of

atomic film cathodes such as W-Ba, W-Cs, etc., can be both de-

creased and increased by the adsorption of oxygen, and that the

position of the oxygen relative to the other adsorbed material is

decisive in determining the effect.

6. The Surface Fields and their Influence on the Work
Function

It has been tacitly assumed in the previous section that the foreign

atoms which are absorbed on an atomic film cathode exist in the

same density over all parts of the surface. This assumption, how-

ever, is refuted by some well-known investigations which have been

carried out by means of the electron microscope. The electron

images obtained in the electron microscope given an exact magni-

fied picture of the distribution of the electron emission over the

surface of the cathode. The brightness of each area in the image

is a measure of the intensity of the emission in the corresponding

area of the cathode surface. Fig. 38 shows some of these images

which were taken by Brueche and Mahl ^ during the activation of a

W-Th cathode. One sees from these images that the emission is

limited to small emission patches in the early stages of activation,

and that these patches spread over the surface as the activation

proceeds. Obviously the thorium moves from these patches over

* Cf. A. L. Reimann, Thermionic Emission, 1934, p. 159.
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the surface until the whole surface is covered by thorium and emits

nearly uniformly when the activation is finished. A similar move-

ment of the activating material on the surface of the basic metal

can be observed with barium on tungsten according to Becker and
Moore. ^

The differences in emission observed in the electron images can

be explained by assuming that the density of the adsorbed atoms or

ions (either the absolute density s or the relative density 0) varies

Fig. 38.—Electron Images of a W-Th Cathode, taken at different Stages of
Activation (Brueche and Mahl).

over the surface of the cathode and is a function .s (x, y) or 0 (x, y)

of the co-ordinates on this surface. This assumption must be

made for all atomic film cathodes, as can be seen from the electron

images in Figs. 39 and 40 showing the distribution of the emission

of a Ni-Cs and a Ni-Ba cathode.

The considerations of the previous section^ assuming a constant

density 0 over the entire surface, are therefore only valid for small

areas of the cathode. The work function in these small areas can

no longer be calculated directly from equation (75), because this

equation is only valid for surfaces of infinite extent with uniform
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density of the adsorbed materiah Because of the differences in

density the potential jump zl V resulting from (74) will have different

values in different surface areas. Consequently there will be

potential differences between these surface areas, and the potential

differences are connected with additional electrical fields in front of

the surface of the cathode, which are called surface fields. These

surface fields are superposed on the image force field and on the

external field and they will influence the work function in the same

manner as the external field influences the work function in the

Schottky-effect.

The surface fields to a certain extent also exist with pure metals

where the emission patches are formed by crystal planes of different

Fig. 39.—Electron Images of
a Ni-Cs Cathode (mag.
x5) (Brueche 2).

Fig. 40.—Electron Images of a

Ni-Ba Cathode (mag, x60)
(Brueche 2).

orientations (cf. Fig. 10/11). On account of this general importance
the phenomena produced by surface fields will be discussed in

more detail. The effect of the surface fields may be calculated in

the same way as the effect of the external field on the work function

was calculated before (cf. Sec. 2). The resulting potential which
exists in front of a definite area of the surface will again be plotted

as a function of the distance z from the surface. If the surface

field and the image force field are taken together as one field, the

internal field, the conditions are mainly the same as in Fig. 9, It is

only necessary to replace the curve for the image force potential by
the curve representing the appropriate potential of the internal field,

while the external field is again represented by a straight line falling

with increasing z. The superposition of the two curves again gives

a potential maximum, the position of which being once more
denoted by
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The potential V resulting from the superposition is calculated as

the sum of the potential belonging to the internal field:

and of the external potential given by equation (32),

. . (76)

Hence:

. . (77)

By means of this value the work function existing in the case con-

sidered can be related to the work function existing without

external field and without any surface fields, i.e. for a completely

uniform density. This is done by adding to the value of the

potential V at the position of the potential maximum where z=Zm,
thus giving:

V^=0(O)+ f"E,<z)rfz-E,z^ .... (78)

Differentiation of this equation gives:

dijf

Cl^e CiEie

On the other hand, the internal field is equal to the negative of the

external field for z=Zm. Hence, if the external field is calculated

from the anode voltage Va on the assumption of a plane system,

then:

E((z„,)=-E,=-
â

From the last two equations the following equation for the work
function is obtained (Becker and Mueller 2)

:

Jf,—^ <™>

If the work function is known as a function of the anode voltage

applied, the distance Zm from the surface at which internal and

external field are equal can be ascertained by means of (79). Then
the external field at the position z=Zm, being equal to the internal

field at the same position, is known too. If the anode voltage is

suitably varied, it will therefore be possible to determine the internal

field E, as a function of the distance z. The only supposition is that

the external field can be calculated from the geometric con-

figuration of the electrode system with sufficient accuracy, i.e.
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assuming that the influence of the roughness of the surface is not

too large. Apart from this the field strength must not be so large

that cold emission occurs.

In Fig. 41 the internal field is given as a function of the distance

z from the surface in a logarithmic plot according to measurements

by Linford ‘ carried out with W-Th cathodes. The straight line in

this figure represents the field strength appropriate to the image force

according to equation (26). In the medium range between 10“5

and 10““* cm. the measured values of the internal field strength are

considerably larger than the image force field on account of the

Fig. 41.—The Internal Field £« as a Function of the distance z from the

Surface (Linford O-

surface fields. For example, at z=10“'‘ cm. the internal field

amounts to about 1000 volts/cm., while the field strength appro-

priate to the image force at the same position is only 3 -5 volts/cm.

according to (26).

As the surface fields extend considerably further outwards from

the surface than the image force field, they are influenced sub-

stantially more by the magnitude of the external field. This may
be visualized by means of Fig. 42 showing potential curves in front

of the surface of a metal for the two cases with or without surface

fields. The full curves always represent the potential of the internal

field only, while the dashed curves represent the potential resulting

from the superposition of this internal field and an external field.
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The large influence of the external field on the potential in front of

a cathode with surface fields (curves c and d) will be seen from

Fig. 42. Consequently the work function and the saturated current

of atomic film cathodes depend more on the magnitude of the

external field than do those of pure metal cathodes which have

surface fields of a smaller intensity.

The saturated current of an atomic film cathode may be plotted

on a logarithmic scale as a function of the square root of the anode

voltage in the same way as for pure metals (cf. Sec. 4.4). In such

a plot considerable deviations from the Schottky line, which is

Fig. 42.—Schematic Plot of the Potential of an Electron in front of a Metal
Surface

(a) Without Surface Field and Without External Field.

(b) Without Surface Field and With External Field.

(c) With Surface Field and Without External Field.

(d) With Surface Field and With External Field,

valid for cathodes without differences in work function, are ob-

tained with small anode voltages (cf. Fig. 43, in which C is an

appropriate factor chosen in such manner that the different curves

ultimately coincide at a definite voltage). Only at very high field

strengths (>10,000 volts/cm.), strong enough to remove most of the

surface fields, do the observed curves approach the Schottky line.

The deviations from the Schottky line are largest for medium
densities of the absorbed material (values of 0/6^)^ due to the fact

that the differences in density are also large in this case (cf. the

electron images, Fig, 38).

If the relation between saturated current and anode voltage

observed in Fig. 43 is to be computed, it is necessary to make a

suitable assumption for the distribution of the density s of the

foreign material over the surface. The accuracy of this assumption,

which will be more or less schematic, can only be decided by the
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correspondence between the result of the calculation and the

experimental result. A relatively good correspondence is obtained

by Becker’s ^ assumption of a chequerboard distribution of density,

introducing the density s within each chequerboard square as the

product of two cosine functions of the two edges of the squares.

The details of Becker’s calculations cannot be discussed here and

only the result can be given. According to this the calculated

relation between saturated current and external field corresponds

best to the experimental curves (cf. Fig. 43), if the length / of the

chequerboard squares is assumed to be between 10“^ and 10“^ cm.

and if the maximum variation Aip of the work function is between

Fig. 43.—Saturated Current of a W-Th Cathode as a Function of Square Root of
the Applied Field Strength for Different Densities of Adsorbed Material (Becker 5).

0 *5 and 1 eV. The values thus obtained for the dimensions of the

squares correspond with the size of the emission centres observed

in the electron images. Also the variation of the work function is

of the right order, as Becker and Ahearn ^ measured differences in

work function up to 0*6 eV with a W-Th cathode, while according

to Morgulis and Djatlowizka ^ differences can even be as much as

1-9 eV. If the internal field strength E/(z) is computed using the

values calculated for / and a curve is obtained which corresponds

well with Linford’s measured values in Fig. 41.

The existence of emission patches also influences the velocity

distribution of the emitted electrons, because the slow electrons will

preferentially be prevented from overcoming the surface fields. In

agreement with this Nottingham ^ when examining the emission of

W-Th cathodes, observed a deficiency in slow electrons. A
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quantitative explanation of this effect has, however, not been given

yet.

On the basis of the above considerations the work function of the

atomic film cathode will be a function ^ (jc, y) of the co-ordinates

X and y of the surface, and this function will depend on the external

field and on the temperature. A suitable formula for this function

is given by

:

ipix,y)=^+^ cos'^cos'^ . . . . (80)

according to Becker,^ King ^ and Gysae and Wagener.^ In this

formula ^ is the arithmetic mean value of the work function, given

by the equation

:

^ ^JJ

This arithmetic mean value is not important so far as the emission

current of the cathode is concerned. Because of the exponential

function in the emission equation, the emission current is obtained

using quite another form of mean value. This mean value of the

work function, which is reaUy decisive in determining the emission

current may be denoted by and is obtained as a solution of the

emission equation, written with this mean value inserted:

Is=-SAoT2e-^^^^^ (82)

This equation, in which Is denotes the total saturated current and

S the total surface of the cathode, defines the emissive mean value.

In order to find a relation between this emissive mean value and

the individual values of the work function, the emission equation

may be written for a single surface element dxdy :

dJs(x,y)=AoT^e-^^^^^y^^^^dxdy . . . . (83)

From this equation the total saturated current is obtained by an
integration over the whole cathode surface:

Is=AoT2jje-^<-^->’^i'‘^dxdy .... (84)

By equating (82) to (84) the following equation for the mean value

ifi of the work function is derived

;

• • • •
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When taking the arithmetic mean value, all the individual values

of the work function over the surface have equal weight, but in

determining the emissive mean the low values of the work function

predominate due to the exponential function in the denominator

of (85). It may be assumed for the purpose of calculation that only

two values ^Is^ax and of the work function exist at the cathode

surface. Let Smax and Smin denote the fractions of the surface

2 3 4 5 678 07 1 3 4 5678 /
^ ^min.js

Fig. 44.—Difference between the Mean Value xjt of the Work Function and the

smallest Work Function as a Function of the Fraction SmiJS of Highly
Emitting Surface (Heinze and Wagener i).

appropriate to these work functions. Then the following formula

is derived from (85) for the difference between the mean value ip and
the smallest value tpmin of the work function

:

kT 1

^p-^min= In + . (86)
e S

The differences tp— ^min calculated from this equation are plotted in

Fig. 44 as a function of the ratio SminlS and for different values of

^max ^min* The .difference between the mean value and the lowest

value of the work function is small, even for infinite differences

>pmax
— in work function and for small values SmnIS of the highly

emitting part of the surface. We see from this that the areas with

smallest work function contribute most to the emission of a cathode

of non-uniform work function.
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As can be seen from equation (85), the mean value if varies with

temperature, even if the individual work functions ip (x, y) are

independent of temperature for all areas of the surface. This

temperature-dependence results from the fact that the surface

areas with large work function

contribute to the emission

relatively more at high tem-

peratures than at low tempera-

tures, as can be observed from

the emission equation.

The magnitude of this tem-

perature-dependence was esti-

mated by Gysae and Wagener,^

the formula (80) fox the work
function being used. The
result obtained for r=1000°
is set out in Fig. 45, from

which it is seen that the tem-

perature coefficient dfjdT is of

the order lO'^eV/degree. This

temperature coefficient is only

due to the differences in work function and it exists even if the

work function xfs (x, y) of the surface elements of the cathode is

entirely independent of temperature. A temperature coefficient

of iji (x, y) and of the arithmetic mean value ^ would add to the

temperature coefficient of the emissive mean value discussed above.

Fig. 45.—^Temperature Coefficient dtjidT of
the Emissive Mean Value of Work
Function as a Function of the Maxi-
mum Variation Aip of Work Function.
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CHAPTER 2

METHODS OF MEASURING THE WORK
FUNCTION OF METALS

7. Importance and Fundamentals of the Measurement of the

Work Function

When utilizing electron emission, one of the objects is to find

suitable materials for the cathode which give the largest possible

emission at the lowest possible temperature and heater power.

For comparison of different materials measurements may be made
of the saturated currents of these materials at the same temperatures.

Such a procedure, however, is not satisfactory to the physicist, and

he will therefore try to measure the physical constant which deter-

mines the emission, namely the work function of the material con-

cerned. Apart from this a measurement of the work function under

different conditions will give information of the mechanism upon
which the electron emission of the examined material is based. As
pointed out in the previous chapter, the work function ifi depends on

temperature and external field. Ideally one would expect the method

to give the value of iji at the operating temperature. However this

is not always so and it is therefore important to know the suitability

of the various methods and their limitations. For this reason the

existing methods will be discussed critically and in full detail.

Thin filaments or ribbons of metal are normally used for measur-

ing the work function, the same as are employed for the cathodes of

commercial valves. The anode of the electrode system is best made
of three parts (guard ring structure), as shown in Fig. 46. The two

outer anodes of this assembly which are connected together, cover

the ends of the cathode, which are at a lower temperature because

of the heat conduction towards the ends, while the centre anode with

a separate lead is located over the centre part of the cathode with

uniform temperature. The three anodes are connected to the same
voltage supply, but only the emission current flowing to the centre

anode is measured. Effects of non-uniformity of the potential field

and of differences in the cathode temperature which would produce

faulty results are thus avoided.

It may, moreover, be pointed out that all the known means of

70



MEASURING THE WORK FUNCTION OF METALS 2.7

vacuum technique must be applied when carrying out the measure-

ment of the work function, in order to obtain a metal surface which

is really pure and free from undesired foreign materials. According

to the discussion in Sec. 5 it is quite clear that slight traces of foreign

materials on the surface which only form fractions of a monatomic
layer may considerably influence the value obtained for the work
function. Consequently all foreign materials which may exist on
the surface of the cathode to be examined must be removed before

the measurement. A good pumping equipment

with diffusion pumps of large exhaustion speed

and with wide connecting tubes which do not

reduce the exhaustion speed is necessary for this.

The glass vessel used for the measurement has

to be baked at temperatures between 400"" and
600° C., depending on the type of glass, in order

to remove water vapour. The metal parts of the

measuring system must consist of metals which

can be heated to a temperature of at least 1000° C.,

either by eddy current or by electron bombard-

ment, without melting and evaporating. For

improving the vacuum the well-known barium-

and other getters should be employed, a selection of

these getters with respect to their vapour pressure,

and their position relative to the cathode, being of

considerable importance. Many of the earlier

investigators did not pay sufficient attention to

these points and the results they obtained must Fig. 46.—Assembly

therefore be open to doubt. Measurement

If directly heated cathodes are employed, the Function,

potential in the electrode system is non-uniform

due to the potential drop along the cathode produced by the heater

current (cf. the remark at the end of Sec. 4.3). This non-uniformity,

whose influence on the result is difficult to account for, can be

avoided if the switching circuit of Germer ^ and Demski,^ shown
in Fig. 47, is used. The cathode in this circuit is heated by inter-

rupted D.C. which is generated from an A.C. source by means of

a half-wave rectifier. This heater current produces across a blocking

resistor in the heater circuit a large potential drop which drives the

anode negative during the heating period and which thus cuts off

the flow of the emission current during this period. Consequently

the emission current can only flow during the times when the heater
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2.7 THE OXIDE-COATED CATHODE

current is interrupted, and when there is no disturbing potential

drop along the cathode.

Precise values of the work function can be obtained without

special methods of preparation only for such refractory metals as

W, ^o, Nb, Ta. Only these metals can be degassed sufficiently

without evaporating and melting. Metals with low melting point

can be produced in vacuum by evaporating them from a special

source on to a suitable base. By this procedure, which was first

carried out with barium by Anderson,^ a cathode is obtained which

is extremely free from foreign material. Surfaces with a similar

good purity are obtained by splitting a single crystal in vacuum and

by using the cleavage planes thus produced as the emitting surface,

yal\^e to be according to Kluge i and

Klugeand Steyskal.2 Finally

it may be noted that platinum

which is difficult to degas

was successfully degassed by

Oatley ^ by a bombardment
with argon ions.

The measurement of the

work function of atomic film
Fig. 47.—Switching Circuit for the Examina-

tion of Directly Heated Cathodes.
cathodes is certain to be less

accurate than the measure-

ments with pure metals. The atomic films are only stable in a

definite range of temperatures, while above this range the foreign

material evaporates and the emission qualities are changed. The

temperature range over which measurements can be taken therefore

is small, being limited at the upper end by the evaporation of the

material and at the lower end by the fact that the emission current

becomes too small to be measured. Hence the accuracy of the

measurements will also be small. As the work function of such a

cathode varies considerably along the surface any method used for

measuring ^ must give one of the mean values derived in Sec. 6,

either the emissive mean value or the arithmetic mean value. When
the special methods are dealt with, it will be discussed which of

these mean values is obtained in each special case.

8. Richardson Line Method

The simplest way of determining the work function is by measur-

ing the saturated current 4 at a definite temperature T and by

calculating the work function from the emission equation (47)
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using these two values of Is and T and Aq= \20. But as there were

many doubts if the emission constant is really equal to the theo-

retical value 120, this simple method has only rarely been employed.

The Woubts originally resulted from the simultaneous existence of

two emission equations, the ^nd the equations. They were

increased by the uncertainty of the exact values of the coefficient of

transmissivity De and of the occupation number G, occurring in

equation (48) for the emission constant Aq. On account of these

doubts a method for determining the work function has mostly

been used which gives the value of the emission constant in addition

to that of the work function. This is the so-called Richardson line

method.

According to equation (47) for the saturated current:

log ^=5040^1+ log ^ 0^ .... (87)

If, therefore, log is plotted against 1 /T, a straight line with

the slope — 5040i/f/r and the intersection logAoS on the ordinate

axis is obtained. Such a Richardson line, measured for tungsten, is

shown in Fig. 48. The work function required can be ascertained

from the slope of this line.

The accuracy of the work function measured by this method is

determined by the following aspects

:

(a) If the saturated current L measured for a definite anode

voltage is introduced in equation (87), the value of the work function

obtained corresponds to the same voltage. The value of the

work function belonging to zero external field can be determined by

introducing into (87) the saturated current 7/®^ belonging to zero

field. This current, however, cannot directly be measured but must

be derived from saturated currents measured for higher field

strengths. Such a derivation is possible for pure metals by an

extrapolation by means of the Schottky line. This Schottky line,

however, does not precisely correspond to the conditions existing

on account of the influence of surface roughness and differences in

work function discussed in Sec. 4.4. Hence the extrapolation will

not be very accurate, and the work function for zero external field

will be obtained with some error. If atomic film cathodes are

examined, a simple procedure for determining the work function

belonging to zero field cannot be given (cf. Sec. 6).

(b) When determining the work function, account must be taken

of the fact that it may depend on the temperature (cf. Schottky, ^
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Becker and Brattain,^ Wigner i). If assuming a linear dependence
as a first approximation, then

</'r=</'o+^r (88)

and by introducing this value into the emission equation

:

4 'r2^-e^o!kT

Fig. 48.—Richardson Line for Tungsten.

If this equation is plotted as a Richardson line, the slope of this line

gives the work function at zero temperature and the intersection on

the ordinate the value

:

(39)

This value may be considerably different from the theoretical value

Ao=120, if the temperature-dependence of the work function is

large, the details being shown by Fig. 49. As the measured value of

A is influenced by many experimental errors, it is, however, not

possible to derive the temperature coefficient dtpjdT by means of

(89). Consequently, when using the Richardson line, only the
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value of the work function existing at 7'=0 and not the value for the

operating temperature can be obtained. Furthermore, it will be

practically impossible to recognize a temperature dependence of

the work function, if this dependence is only linear.

(c) The differences in work function, which have been discussed

in detail in the previous section, also exist on the surface of pure

metals due to the dependence of the work function on the orienta-

tion of the emitting crystal plane. Strictly speaking, the integral

equation (84) is therefore

valid instead of the emission
equation (47). This integral

equation, when plotted on a
logarithmic scale, gives in-

stead ofa straight line a curve
whose curvature of course is

too small to be determinable
within the spread of the
measured values. Hence the
straight line, drawn through
the measured points for the

evaluation, is really the tan-

gent to the curve concerned.

Application ofthe Richard-

Amps.

son method then eives the 49.—Measured Value A of the Emission

. .
- ° Constant as a Function ofthe Temperature

emissive mean i/r of the work Coefficient d^jdToUhQ Work Function,

function which is related to

the individual work functions of the patches by equation (85).* The

relation between this emissive mean ifj and the experimental curve

is obtained by differentiating (82)

:

e a{\ jT) e al

For (/r the term “apparent work function” has also been used.

In Table III some values measured for the metals tungsten and

molybdenum by means of the Richardson method are given. Only

the values measured since 1930, which are more reliable than the

earlier ones, are quoted. These values are calculated for zero

external field and they are valid for 7=0 according to the above.

* Footnote added duringproofreading

:

It may be noted that the Richardson

method gives «/fo,Jhe emissive mean value at zero temperature, whilst equa-

tion (85) defines ipTy the value at temperature T.
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Table III

Values of the Work Function of Tungsten and Molybdenum, measured by Means
of the Richardson Method {since 1930)

Material Year of
measure-
ment

Measured by Work
function

(eV)

A

W 1933 Aheam i 4-58

W 1934 Freitage and Krueger i 4*53 22
w 1936 Wahlin and Whitney ^ 4*63 212
w 1937 Johnson and Vick i 4-55 90
w 1937 Reimann 2 4-52 84
w 1939 Seifert and Phipps 1 4-54 —
Mo 1932 Du Bridge and Roehr ^ 4*15 55
Mo 1933 Ahearn t 4*32 —
Mo 1934 Freitage and Krueger 1 4-33 24*6

Mo 1935 Wahlin and Reynolds 2 4*17 51

4*30 96
4-38 175

Mo 1937 Grover ^ 4*19 —
Mo 1941 Wright 1 4*20 55

The table shows that the values of the work function measured

for the same metal by different authors correspond fairly welL A
much better correspondence cannot be expected because only a

mean value of work function is obtained due to the dependence of

the work function on crystal orientation. The magnitude of this

mean value will therefore depend on the crystal planes and on the

individual values of the work function which preferably exist at the

surface of the multi-crystalline cathode.

On the other hand, as seen from Table III, considerable differences

exist between the values A, measured for the emission constant and

its theoretical value y4o= 120. There are several possible explana-

tions for these differences which, having a bearing on the accuracy

of the work function, will be discussed now

:

{a) Firstly the method of measuring A is in itself not accurate.

Only the error in A due to the error in determining the temperature

will be considered. The temperature can be measured to 1 % ; then,

for dTIT='0l \
ijj=5 eV; and r=1000'', equation (50) gives:

dAIA=eiPlkTxdTIT=0 5S .... (90)

Accordingly the emission constant can only be ascertained with an

error of about ±50%.
(b) For determining A from the intercept in the Richardson plot

the total emitting surface S must be known. This surface area is
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larger than the geometric surface due to the roughness of the surface

and is only known for a few special cases (cf. Tonks ^ and R. P.

Johnson 0- In general the uncertainty in S does not allow to be

measured very accurately.

(c) According to the above considerations the temperature-

dependence of the work function enters into the value of A and
hence a value ofA different from 120 is to be expected.

(d) The curvature of the Richardson line produced by the differ-

ences in work function also influences the value of A which is

reduced by this influence (cf Recknagel 0.*

(e) The value ^^0= 120 is obtained from the simplifying assump-

tions made on page 25 (coefficient of transmissivity 1, occupancy

G=2y existence of completely free electrons). If these assumptions

are not correct then Aq will differ from the calculated value.

For all these reasons an accurate determination of the emission

constant seems hardly possible. For the same reasons it is not

possible to derive from measurements of the emission constant A
accurate values of the temperature dependence of the work function.

Also since A cannot be measured accurately, knowledge of the trans-

mission coefficient De or of the occupancy G cannot be derived.

It was previously assumed that for atomic film cathodes the

coefficient of transmissivity De would be very different from 1 and

that consequently the value of A q would be much smaller for these

cathodes than for pure metals (cf Nordheim i). This assumption

is disproved by an experiment of Gysae and Wagener,^ based on
equation (65) for the space-charge characteristic. As the right-

hand side of this equation according to (63) contains the term

kTje X log Aq^ every variation of Aq will shift the characteristic along

the voltage axis. In the experiment of Gysae and Wagener,

therefore, the space-charge characteristic was measured twice in the

same assembly, the cathode consisting of pure tungsten during the

first and of the same tungsten covered with a film of barium during

the second measurement. No shift of the characteristic could be

found within the accuracy of the measurements. Hence it must be

concluded that tungsten, covered with a barium film (W-Ba), has

the same value >4o as pure tungsten. For an estimate, therefore,

a calculation of the work function from the emission equation may
be sufficient in many cases (cf King 0- Exact examinations, how-
ever, have to rely on the Richardson method or on the other methods

to be discussed later on.

* Footnote added during proof reading : For further details see Arizumi.^
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Concluding this section, the values measured for the work func-

tion and the emission constant of platinum are given as an example

for the considerable spread which is produced by bad vacuum con-

ditions. Platinum is especially difficult to degas, and the values

given in Table IV show that particularly the results of the earlier

investigations spread considerably and that only by gradually

improving vacuum technique could accurate and reproducible

values be obtained.

Table IV

Work Function ofPt in Chronological Order

Year Author eV A

1908 H. A. Wilson i 218 107x104
1908 H. A. Wilson i 545 366
1908 H. A. Wilson i 600 620
1913 Langmuir i 6-62 10-7x106
1921 Richardson i 410 39-8

1921 Richardson i 5-65 265
1928 Du Bridge i 4-69 11-5

1928 Du Bridge i 5 ‘60 235
1928 Du Bridge i 6-20 6450
1928 Du Bridge ^ 6-30 8130
1928 Du Bridge i 640 14000
1928 Du Bridge 2 6-27 17000
1933 Van Velzer 1 5 40 170
1936 Whitney 1 5-32 132

9. Calorimetric Measurement of the Work Function

The discussions in the previous section show the importance of a

method by which the work function can be measured at the operating

temperature of the cathode. Such a method is given by the cooling

effect, which is based on the following phenomenon.

When an electron is emitted, a certain energy is required which

enables the electron to overcome the work function and to leave the

surface with the initial velocity. This energy has to be taken from

the heater power. When the anode voltage is applied the cathode

cools, the decrease in the amount of heat radiated being equal to the

energy necessary for electron emission.

On the supposition that the emission current is saturated, the

magnitude of this cooling effect is only determined by the work

function and by the energy given to the emitted electrons as initial

velocity. The emitted electrons have a Maxwellian energy dis-

tribution, the normal component having an energy E^=kT, while
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the energy of the two tangential components is kTjl each. The

total energy associated with the initial velocity of emission is

kT+lxkTjl—lkT and hence the total energy required for the

emission of one electron is:

E^E^+lkT (91)

A more detailed thermodynamical investigation shows that on

the right-hand side of this equation an additional term must be

added which accounts for the amount of heat convected from the

interior to the surface by the current (cf. Wagner,^ Herring 0*

This additional term which contains the Thomson coefficient of the

metal concerned is estimated to amount to a few hundredths of a

volt and is therefore negligible in most cases.

The cooling power which is equal to the decrease of the energy

irradiated from the cathode per unit time is obtained from

equation (91) by multiplying with the electron current 4:

kT
Pcooi^Isi/^ +2E- watt (92)

e

Accordingly the work function 0 can be ascertained from the

cooling power Pcooh the value for ip being:

JO-47’ ev .... (93)

In this manner a method has been found which allows the measure-

ment of the work function at only one definite temperature, which,

for instance, may be the operating temperature.

The influence of the emission patches on equation (93), relating

work function and cooling power, has been investigated by Herring. ^

It was shown that ip in (93) can be replaced by the mean value ip,

provided a correction term is introduced the magnitude of which is

about 1/10 eV.

Many experimental difficulties arise if the cooling power, Pcooi is

to be measured directly from the decrease of the cathode tempera-

ture. The radiation law for the cathode is normally not well known
and has to be used in the calculation. Also the result has to be

corrected for the heat conduction through the support wires and

this varies with temperature. Such a direct measurement was at

first carried out by Davisson and Germer,h2 who compared this

calorimetric measurement with the Richardson line method. The
values of Davisson and Germer were obtained by means of the

old emission law and neglected the correction term IkT/e in
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equation (92). If they are converted to the law and the correc-
tion term taken into account the appropriate values are:

Richardson line Calorimetric method
^/-“=4-55eV ^'1=4-52 eV

This agreement is very good, and the temperature-dependence of the
work function of tungsten can only be very small.

Another method for measuring the cooling effect was given by
Wehnelt and Jentzsch.i They equalized the decrease in tempera-
ture, obtained after switching on the emission current, by a cor-

responding increase in heater

power. Then the cooling power
is directly equal to the amount by

which the heater power must be

increased, in order to establish

the same cathode temperature as

existing before switching on the

emission. The criterion for the

equality of the temperature before

and after switching is given by

the electrical resistance of the

cathode, which can be adjusted

in a Wheatstone bridge.

When carrying out such a de-

termination of the work function,

it will be convenient to employ

A.C. for the measurement of the

resistance (cf. Rothe 2 ,

3)^ ^nd to

adjust the equilibrium in the

bridge for the minimum in a receiver in the usual way. A suitable

blocking of the detector arm will then prevent the emission current

superposing on the measuring current (cf. the circuit in Fig. 50).

If the measurement is carried out with all these refinements, accord-

ing to Heinze,^ the resistance and the temperature of the cathode

can be kept constant to 5 x 10“^%.

The following possible errors must be accounted for during the

measurement of the cooling effect by the bridge method :

{a) After applying the anode voltage, the cathode, due to its

Ohmic resistance, is heated by the emission current, and this

heating effect opposes the cooling effect. The heating effect can

be eliminated by minor modifications to the circuit, for instance by
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centre tapping the cathode and so producing a symmetric distribu-

tion of the emission current on the two halves of the cathode.

The residual heating effect can then be accounted for by modifying

the formulae (cf. the special papers).

(b) The anode is heated by the bombarding emission current, and

this heating influences the temperature of the cathode by radiation.

Consequently the anode has to be cooled.

(c) The plate resistance of the diode system cathode-anode is

parallel to a part of the cathode and is therefore measured in the

bridge after switching on the emission current. As the saturated

current increases with increasing anode voltage, this plate resistance

is not infinite. If the resistance is measured with A.C. the shunting

effect of the plate resistance can be avoided by inserting an adequate

choke in the anode circuit.

Some authors tried to utilize the cooling effect in the space-charge

range for a measurement of the work function. The following

discussion shows that this is not possible.

The electrons in the space-charge range have to overcome the

potential barrier due to space-charge, in addition to the work
function ip (cf. Sec. 4.3). Hence the value of the total barrier

iff— Vmy must be put into equation (93) instead of the work function tp.

In this manner the equation;

^=^'-l-72xlO-*T+V„, .... (94)
Jsp

is obtained for the space-charge region. In the investigations

quoted above equation (94) has been used for the calculation of ip,

but it has not been taken into consideration that Vm also depends

on ip according to (70). If the value for from (70) is introduced

into the equation above, we have

:

^=^'-0-86xl0-‘‘7’(ln^^^^^+2]+'A . . (95)
hp \ Jsp /

The work function can be cancelled from the equation thus ob-

tained and can therefore not be calculated by means of that equation.

The reason for this fact may be seen by reference to Fig. 25,

showing the potential distribution in the space-charge range. The
total potential barrier ip— Vm to be seen in front of the cathode in

this figure only depends on the temperature and on the magnitude

of the space-chaxge current according to (70) and is independent

of the magnitude of the work function. Consequently, when
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measuring the cooling power in the space-charge range, that is

the energy necessary for overcoming the total potential barrier,

a value is obtained which is completely independent of the work
function and which can therefore not be used for calculating the

work function. If, however, determination of the work function

is attempted employing equation (94), the term Vm in this equation

has to be ascertained by measuring the saturated current and using

equation (56). Then the work function, obtained from (94) with

that value of is only apparently determined by the cooling

power, but really derived from the emission equation by means of

the saturated current which was measured for ascertaining Fm.

10. Measurement of the Work Function by Means of the

Contact Potential

A further method for measuring the work function is obtained if

equation (51) is used, according to which the contact potential

between cathode and anode is equal to the difference of the work
functions of these two electrodes. Accordingly, if the work func-

tion of the one electrode is known, the work function of the other

electrode can be ascertained by measuring the contact potential, or

if the work function of the one electrode is constant, variations of

the work function of the other one can be detected and measured.

The methods resulting in this manner, which can also be carried

out at one definite temperature, correspond with the methods

existing for measuring the contact potential. Hence the latter

methods are to be discussed now, but only the most important of

them will be.dealt with.*

Before discussing the methods in detail, it may be pointed out

that the reference electrode whose work function is supposed to be

known or constant must consist of a refractory metal (the best being

tungsten). Only such a metal can be sufficiently degassed and

freed from contaminating layers influencing the work function, but

nevertheless it will never be absolutely certain that a completely

pure metal surface is produced by such a treatment and that the

value of the work function, measured for this surface by other

authors, has been obtained. Consequently the methods using the

contact potential are more suitable for measuring variations of the

work function, produced either by variations of temperature or by

a contamination of the cathode to be examined. In this case the

* For a compilation of all these methods cf. Gericke.^
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absolute values need not be known. If absolute measurements are

to be carried out by means of the contact potential, it will be neces-

sary to determine the work function of the reference electrode by

one of the other methods. In this case, of course, using the contact

potential method will only be worth while for such (non-metallic)

cathodes which are difficult to be measured by other methods.

10.1. Kelvin’s method

The principal idea of this, the earliest method for measuring the

contact potential, is as follows. The contact potential, as every

other potential, will be produced by an electrical charge whose

magnitude results from the capacity of the condenser formed by the

two electrodes (cf. Fig. 16), Consequently a decrease of capacity.

Fig. 51.—Circuit for Measuring Fig. 52.—Potential Distribution During
the Contact Potential accord- the Measurement according to Lord
ing to Lord Kelvin (Gericke ^). Kelvin.

produced by removing the two electrodes from one another, will

increase the contact potential, if the charge remains unchanged.

When using the circuit shown in Fig. 51, the one electrode is con-

nected to earth by a potentiometer, while the second one is con-

nected to an electrometer whose second pair of quadrants is earthed

too. If after opening the earth switch S, one of the two electrodes

is removed, the increase of the potential produced by the decrease

in capacity is detected by the electrometer. The magnitude of the

detected potential depends on the magnitude of the voltage adjusted

at the potentiometer tap. If in a special case this voltage is equal

to the contact potential, the potential distribution in the condenser

formed by the two electrodes is as shown in Fig. 52. There is no
potential drop across the condenser. In this case and this case only

there will be no deflection of the electrometer on removing one of

the electrodes. The value of the potentiometer voltage is then equal

to the contact potential.
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The agreement between the differences in work function obtained

by this and by other methods has been proved experimentally by

Glasoe ^ and by Farnsworth and Winch. ^ They measured the

difference in work function between Fe and Ni, or between the

(100)- and the (lll)-plane of a single crystal consisting of silver.

The second method, used for checking the contact potential

method, was the method of the frequency limit of photo-electrons

(cf. Sec. 11.1).

A refinement of the Kelvin method was given by Meyerhof and

Miller. 1 By making the electrodes approach each other quickly, a

voltage pulse was produced which was made visible by means of an

electrometer valve, an amplifier, and a cathode-ray tube. In this

manner an accuracy of 0*01 volt could be obtained for a surface area

of 2 mm. 2 of the electrodes.

10.2. Zisman^s method

Zisman ^ mounted the two electrodes, consisting of two parallel

metal sheets, inside a valve envelope and vibrated the one with

respect to the other. Instead of a D.C. potential being produced as

before, an alternating voltage whose frequency is that of the vibra-

tion is so developed between the electrodes. This frequency can

be amplified and detected in a receiver. As before, an adjustable

voltage is applied to one electrode and when this is equal to the

contact potential no oscillation is heard in the receiver. According

to Zisman the contact potential can be measured to an accuracy of

1/1000 of a volt in a few seconds. This method has, for instance,

been used to measure the temperature-dependence of the work

function of tungsten (cf. Sec. 12).

10.3. Intersection method

This method, which was given by Rothe ^ and Germer,^ uses

equation (52) for the retarding field current in a plane field which

by taking the logarithm is given by:

\og Ir=~ {VA -4>a) +\ogSA^T^ . . . (96)

If the logarithm is also taken of equation (47) for the saturated

current, we get

:

yogI. = ~4ic+\ogSAaT^ .... (97)

where the work function ipc of the cathode may depend on the anode

voltage.
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If a logarithmic plot is made of the retarding field current and the

saturated current against the anode voltage as abscissa, the former

is represented by a straight and the latter by a slightly curved line.

The value of the anode voltage at the intersection of the two curves,

i.e. when Ir=Is, is:

Vi=4>A-^c=UAc (98)

Thus the contact potential may be determined from the abscissa of

the intersection point and, if the work function of the anode is

known, the work function of the cathode can be

ascertained (cf. Fig. 54).

If the electrode system is not plane but cylindrical,

the logarithmic plot also gives a straight line for the

retarding field current provided the anode voltage is

sufficiently low. This line has to be extended to

intersect the curve representing the saturated current.

The inter-section point obtained in this manner
has, however, to be corrected using the equation

for the retarding field current in a cylindrical field

(cf. Fig. 18).

The method discussed is in practice limited to

plane or cylindrical electrode configurations, as

explicit equations for the retarding field current are

only known for these configurations. The deter-

mination or the elimination of the work function

of the anode may be carried out in two different

ways.

{a) According to Heinze and Wagener ^ (cf.

Fig. 53), a cathode, consisting of a tungsten wire W,
is attached to the cathode C to be examined. The
anode of the experimental design, consisting of three Fig. 53.—Experi-

cylindrical parts, can be moved along the axis of the
fbr^\he^nTe?^

two cathodes. This special arrangement allows the section Method

measurement of the two contact potentials between
wagener^)^"^

the anode and both the cathode C to be examined

and the tungsten cathode W. If the two measurements of the

contact potential are carried out, the following values for the

abscissae of the intersection points are obtained according to (98);

vT=^a-^w J
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The work function of the cathode to be examined is derived from

this as

;

= .... (99)

As the work function ifjw of tungsten can be determined by the

Richardson method the work function iffc of the cathode to be

examined may be ascertained, without knowing the work function

of the anode. This method therefore is especially suitable for

measurements of the absolute value of the work function, as

opposed to the methods for measuring the contact potential dis-

cussed before.

The Richardson method gives the value of for r=0 while its

\/o/ts

Fig. 54.—Determination of the Contact Potential by the Intersection Method
(Heinze and Wagener 3).

value at the measuring temperature has to be used in equation (99).

The difference between these two values, resulting from the tem-

perature-dependence of the work function of tungsten, must be

accounted for by an appropriate correction, if accurate values are

desired. A practical example for carrying out this method is given

by Fig. 54.

(6) A way for determining the work function of the anode was

given by Sano,i who measured the retarding field current at different

temperatures of the cathode. If, then, equation (96) is written in

the following manner:

\og^=5m{VA~rPA)^-+\ogSAa . . . (100)

the left-hand side of this equation will give a straight line, when
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plotted as a function of XjT for fixed values of the voltage Va> The
desired value of ijtA can be derived from the slope of that line.

The agreement of the work function obtained by the inter-

section method with values obtained by the Richardson method
was checked by Heinze.^ The examined cathode was a tantalum

wire whose work function could also be measured by the Richard-

son method. The maximum deviation between the two methods

was only 1/100 eV.

When applying the intersection method to cathodes with emis-

sion patches (in particular atomic film cathodes), the shape of the

curve representing the retarding field current is not altered by the

differences in work function, as the retarding field current is in-

dependent of the work function of the cathode (cf. Sec. 4.2).

Hence equation (96) for the logarithm of the retarding field current

is valid for atomic film cathodes too. If the logarithm of the

emission equation (82) is taken and if the right-hand side of the

equation thus obtained is put equal to the right-hand side of (96),

the abscissa of the intersection point is

:

V^a=^a-^c (101 )

This value exactly corresponds to the value obtained for pure

metals, with the only difference that the work function which is

assumed to be constant over all the surface is replaced by the mean
value ifc of work function. The latter can therefore be ascertained

by means of the intersection method in the same manner as the

work function of pure metals.* The only difference results from

the fact that extrapolating the saturated current to the intersection

with the line representing the retarding field current will be more
difficult for atomic film cathodes. However, by introducing the

saturated current, valid for anode voltages greater than zero, the

mean value of the work function corresponding to that anode

voltage can be obtained.

10.4. Displacement of the characteristic

This method, which was much used, utilizes equations (52) or

(65) for the retarding field or space-charge characteristic respec-

tively. Both equations contain the work function of the anode

in addition to the anode voltage, and a variation of this work
function will therefore shift the characteristic along the voltage

* Footnote added during proof reading: It may be pointed out that the

intersection method gives the value at the jneasuring temperature as

opposed to the Richardson method which gives (cf Arizumi -).
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axis. Hence such a variation of the work function of the anode
can be ascertained from the shift, the variation being directly

equal to the magnitude of the shift.

This method in itself does not belong to the contact potential

methods, as it provides no direct way for determining the contact

potential. It only gives the variation of the work function of the

anode, but for historical reasons it will be discussed here. Before it

was known that the characteristics are independent of the work
function of the cathode it was assumed that the position of the

characteristics would be determined directly by the contact poten-

tial. In early investigations, therefore, special arrangements were

made for keeping the work function of the cathode constant in order

to avoid the influence of variations of this work function. Such

arrangements are really not necessary, for the reasons discussed

above. Only the temperature and the emitting surface of the

cathode have to be kept constant during the measurement, as only

these influence the position of the characteristic in addition to the

work function of the anode.

The method has been checked experimentally by Gysae and

Wagener,2 who measured the characteristic between a revolving

cathode, consisting of a tungsten wire, and two different anodes, a

tungsten and a tantalum wire. The two characteristics obtained in

this manner will be displaced against another by an amount which

is equal to the difference between the work function of tungsten and

tantalum. A good correspondence between the shift of the charac-

teristics and the difference in the work functions was found in the

experiment mentioned.

In addition to this Moench ^ showed by suitable experiments that

the results of this method correspond with those obtained according

to Kelvin. The deviation between the result of the two methods

was only 1/100 volt, which was within the experimental error.

When applying this method to atomic film cathodes it must be

remembered that then the cathode to be examined forms the anode

of the experimental arrangement. Consequently the value

measured for the work function is determined by quite another

manner of taking the mean as with the methods discussed before.

This manner of taking the mean was examined experimentally by

Gysae and Wagener.^ The anodes of their valves were split into a

number of parts insulated from each other, and a variable voltage

could be applied between the different parts of the anode. In this

manner an anode with patches of different work functions and
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different contact potentials between them could be roughly imitated.

The result was that the arithmetic mean value of the work func-

tion, defined by equation (81), is measured by the displacement of

the characteristic. In the same manner the arithmetic mean value

of the work function will be measured by the specific contact

potential methods given by Kelvin and Zisman which have been

discussed above.

10.5. Magnetic method

Another method for measuring the contact potential which has

not been used much is connected with the well-known principle of

the magnetron. An electrode system consisting of a cylindrical

cathode (e.g. a tungsten wire) and a concentric cylindrical anode is

brought into an axial magnetic field. The emitted electrons are

deviated from their paths to the anode and travel spirally round the

cathode. If the magnetic field is increased gradually, the electrons

eventually are diverted from their normal path so much that they

are no longer able to reach the anode, and in the same moment,
when a critical value Ho of the field strength is reached, the emission

current is suddenly cut off. This critical field strength Ho depends

on the magnitude of the anode voltage Va and on the contact

potential Uca. There is a relation between these three values, and

the contact potential can be calculated from the critical field

strength by means of this relation which accounts for the initial

velocities of the electrons by a correction term.

The method was given by Oatley,^ and the details may be found

in his paper. Oatley employed the method for determining the

work function of molybdenum, a value ^mo= 4*1 eV being found

(using i/^tungsten =4*54 eV, cf. Table V). The main disadvantage of

this method is that a very exact concentric assembly is needed in

order to fulfil the equation between critical field strength, anode

voltage, and contact potential.

11. Application of Photo- or Field-Emission

Other methods for determining the work function are obtained,

if the electrons are emitted not by an increased temperature but by

irradiation of light on the surface of the cathode. In this case the

energy necessary for overcoming the work function is supplied by

impinging photons instead of by the increased temperature. The

energy of these photons is partly absorbed by the electrons, thus

enabling them to leave the metal over the potential barrier at the
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surface (cf. the potential box. Fig. 8). The irradiation by light thus

produces an electron current, the photo-electric or photo-current

which may already flow at the lowest temperatures.

If V denotes the frequency of the light, the energy of the photons,

as is well known, is Av. The energy which can be given to the

electrons by the photons therefore decreases with decreasing

frequency. Finally a frequency limit vq is reached at which the

energy of a photon is just sufficient to lift an electron over the

potential barrier representing the work function. Hence in this

case:

or

hvQ= E^=e\li (102)

he 1

e Ao

F239

Ao(m)
eV . . . . (103)

c denoting the velocity of light and Aq the limiting wavelength

belonging to the frequency and measured in /x. For a work func-

tion of 1 eV the limiting wavelength Aq is about 1 -2 /x, i.e. lying in

the infra-red, while for a work function of 5 eV Aq is about 0*25 /x,

which is in the far ultraviolet.

If the frequency of the impinging light is greater than vq, the

photons have an excess energy which gives a certain initial velocity

to the electrons. This initial velocity is not the same for all the

emitted electrons, as for frequencies v>vo not only those electrons

can be detached whose energy is exactly equal to the limiting energy,

but also some of those which have a lower energy and which have to

be considered as in lower regions of the potential box. The latter

electrons, when leaving the metal, have to overcome a larger

opposing potential and consequently their initial velocities, result-

ing from the energy excess, will be smaller. The equation for the

maximum initial velocity is, similar to (102):

hv=E^+lmv^ax^ (104)

Hence it is

:

\mvrrtax^=h{v—v^ (105)

The distribution of the initial velocities may be determined ex-

perimentally by measuring the photo-electric current as a function

of a negative voltage applied to the anode. If this negative (re-

tarding) voltage is gradually increased, at first only the slowest of

the emitted electrons and later on also the faster ones are prevented

from reaching the anode. In this manner a curve for the photo-

electric current as a function of the negative voltage is obtained
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which is schematically given in Fig. 55. The current gradually falls

until at a definite negative voltage, the stopping voltage Kr, the

fastest electrons can no longer reach the anode. The distribution

of the energies of the emitted electrons may be obtained by differ-

entiating the retarding field curve shown in Fig. 55.

As already mentioned, electrons with an energy which is smaller

than the limiting energy can be emitted

if the employed frequency is higher than

the frequency limit. Consequently the

number of electrons which may be

emitted and the probability for an elec-

tron to be emitted increases with in-

creasing frequency. Hence the photo-

electric current also increases with

increasing, frequency or decreasing wave-
length. This increase is shown by Fig. 56 t

for three different metals. I

h
t

-b
'CA 0

^ Voltage

Fig. 55.—Photo-electric Current as a Function
of a Retarding Voltage (Schematic).

The laws which are valid for the photo-electric emission give a

number of different methods for determining the work function.

Only the three most important of these methods will be discussed

here.

11.1. Measurement of the frequency limit of photo-electrons

If the photo-electric emission is measured as a function of fre-

quency and the frequency limit vq is determined by extrapolating

the emission measured for higher frequencies, the work function ijj
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can be ascertained from this frequency limit by means of equation

(103). The determination of in this simple way is rather difficult,

as the temperature of the cathode is usually different from zero and

some of the electrons are then in energy levels above the limiting

energy. These electrons can be emitted by photons whose fre-

quency is less than the limiting frequency Consequently the

limiting frequency is not very sharp at these temperatures and an

exact determination of the work function is made difficult.

Fig. 57.—^Plot of the Photo-electric Current according to Fowler (Du Bridge
and Roehr 3).

For temperatures greater than zero an exact equation for the

photo-electric emission has been derived by Fowler ^ of the form:

log /p/7’2 .... (106)

where Jp is the photo-electric current, A" is a constant, and the last

term is a complicated function of {hv—hv^jkT (cf. Fig. 57). If Jp

is measured experimentally as a function of v and then plotted as a

function of hvjkT a curve is obtained which has the same shape as

that of Fig. 57. It is, however, displaced and the amount of the

displacement between the two curves in the hv direction is equal to

hvQjkT. The value of vq can be found in this way and hence ifj, the

work function.

When applying this method to atomic film cathodes, the mean
value obtained for the work function is quite different from the

emissive mean value on account of the difference between the

Fowler law (106) and the emission equation (47). It must therefore

be assumed that a mean value which is interesting for the thermionic
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emission cannot be ascertained by this photo-electric method. This

assumption was confirmed by both experiment and calculation by

King 1 and Farnsworth and Winch.

^

11.2. Measurement of the stopping potential

An equation for the stopping potential Vst which stops photo-

electrons from reaching the anode (cf. Fig. 55) can easily be derived

by using Fig. 16. If the electrons are to reach the anode with zero

velocity the quantity of photoelectric energy to be supplied must be

equal to the height of the arrow indicated by hv in Fig. 16. As is

seen from this figure, the relation

or

Vst=-(hv-iPA) (107)

then holds. By measuring the stopping voltage Vst and using

the above equation, the work function ifjA of the anode can be

determined.

11.3. The photo-electric line

When applying this method, the cathode is irradiated by a black

body of the variable temperature Ts. Then the energy of the

photons impinging upon the cathode surface is distributed accord-

ing to Planck’s law for black body radiation, and the energy of the

electrons in the irradiated cathode, after having absorbed the pho-

tons, will be distributed in the same manner. Planck’s radiation

law, for the energy distribution of the photons, is

:

2.7T/»/»f3/2 fri;2

N(E)dE=^^x^^^ . . . (108)

Neglecting an unessential factor, this law differs from Fermi’s

distribution law (9) only in two details. The + 1 in the denominator

of (9) is replaced by 1 and the limiting energy in the exponent

of (9) is missing. These differences are unimportant if only the

higher energies which are needed to overcome the potential barrier

are considered. For these energies the two distribution laws

degenerate into Maxwell’s distribution law. Hence the electrons in

the metal, irradiated by the black body of the temperature Ts, will

have the same energies as they would have if the cathode were

heated to the temperature Ts. Consequently the number of

emitted electrons will be the same in both cases and is given by
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2. 11.3 THE OXIDE-COATED CATHODE

Richardson’s emission equation, in which the temperature of the

cathode must be replaced by the temperature Ts of the black body.

The emission current thus obtained, which is called the total photo-

electric emission, is:

= (109)

This equation differs from Richardson’s law for the thermionic

emission only in the constant A\ This constant is different from

the emission constant Aq, as the probability for the absorption of a

photon by an electron (quantum yield) occurs in it. A value for

A' which is generally valid therefore cannot be given.

Equation (109) was confirmed experimentally by Suhrmann,i

who found that the index of Ts was slightly different from 2. As
pointed out by Herring and Nichols ^ such deviations from the

index in (109) are to be expected because the quantum yield occur-

ring in will be dependent on temperature to a considerable extent.

The work function can be determined from equation (109) in the

same manner as from Richardson’s equation, by measuring the

current Ip as a function of the temperature Ts and by plotting

the Richardson line. This method has the advantage that the

temperature of the cathode need not be varied during a series of

measurements. Any temperature-dependence of the work function

can therefore be detected and measured which is not possible with

Richardson’s method.

The method can also be adapted to other sources of radiation

instead of the black body, provided the difference between the

spectral distributions of the two radiations is duly taken into

account (cf. Suhrmann O-

If the method is applied to atomic film cathodes, the emissive

mean value of the work function is measured in the same manner as

with Richardson’s and the intersection method. This can be under-

stood from the fact that the only difference between the Richardson

method and the method discussed now is the manner of supplying

the energy, while the electrons leave all areas of the cathode in

exactly the same way with both methods. The photo-electric line

was used by Suhrmann and v. Eichborn ^ for measuring the work
function of a Pt-Ba cathode as a function of the external field.

11.4. Application of field emission

The field emission, mentioned at the end of Sec. 4, can also be

used for determining the work function. The electron current
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which is emitted, if a field strength of more than volt/cm. is

applied, is given by

;

/f=6 -2 x 10-65
1/2

E2g-6'85 X 107^J«/E
( 110)

In this equation a small correction term, taking account of the

image force field, has been neglected. If, corresponding to Richard-

son’s method, log /f/E^ is plotted against 1 /E, the work function can

be ascertained from the slope of the straight line obtained in this

way. This method was checked experimentally by Haefer.' It

Fig* 58.—Potential Distribution in the Experimental Set of Goss and
Henderson. 1

gives the value of the work function at the measuring temperature,

but this temperature must not be very high, as the thermionic

emission must be small compared with the field emission.

Another method, using the field emission, was given by Goss and

Henderson. 1 They used the material to be examined as a collector

for field electrons which were accelerated by an auxiliary electrode.

Fig. 58 shows the potential distribution in their experimental set.

As the field electrons pass through the potential barrier, representing

the work function, they leave the cathode with an energy equal to

the limiting energy and without any initial velocity. If the

voltage between cathode and collector is varied from zero to

positive values, the electrons will only be able to meet the collector

if they reach the point Y immediately in front of the anode surface

with at least zero velocity. It is therefore necessary that the
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collector voltage is at least equal to the work function of the collector

(cf. Fig. 58). When the collector voltage has reached this value, the

field emission current rises suddenly. This behaviour is quite

contrary to thermionic and photo-electric emission, which rise

gradually with increasing voltage, because the electron velocities in

these cases are distributed according to Maxwell (cf. Fig. 55). This

may be understood as a proof that the field emission is really pro-

duced by electrons passing through the potential barrier (cf.

Henderson and Dahlstrom i). It is quite clear that the work

function of the collector material can be determined by measuring

the voltage of the sudden rise of the field emission current.

When applying the methods using field emission to atomic film

cathodes, the two different methods discussed must be distinguished.

If equation (1 10) for the field emission is used, a different mean value

which is unimportant for the thermionic emission is obtained, in a

similar manner as when ascertaining the work function by the

frequency limit. There are two reasons for this, the difference

between the equations for field emission and thermionic emission

and the fact that the surface fields are considerably altered by the

strong field which is applied for field emission. The second

method, however, in which the work function of the anode is

measured, gives the arithmetic mean value of the work function in

the same manner as the displacement of the characteristic.

12. Experimental Values of the Work Function and

Dependence on Temperature

The most reliable values of the work function measured by the

methods discussed above have been compiled in the following

tables. Table V gives the values for pure metals and Table VII

for metals covered with atomic films. Only values which have been

obtained with multicrystalline surfaces have been taken, and all the

measurements before 1930, which mostly are less reliable, have been

omitted. The values given are valid for zero external field and those

by the Richardson and the calorimetric method refer to zero tem-

perature (the values by the calorimetric method were extrapolated

to r=0). The values obtained by contact potential, photo- and

field-emission methods refer to room temperature.

The work functions of the heavy metals, to be seen from Table V,

are between 3^ and 5^ eV, the highest known value is that of

platinum. The alkaline earth metals have values between 2^ and
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4 eV, while the alkali metals with about 2 eV have the lowest values

of all metals. In Table VI the mean values of the work function of

pure metals are given in the order of their magnitude together with

the corresponding values for the ionization potential and the atomic

volume {Ajb). It is seen from this table that roughly, apart from
some deviations, the ionization potential increases and the atomic

volume decreases in the same direction.

The figures given for atomic film cathodes in Table VII are not

complete, because the scrutiny of the numerous measured values is

beyond the scope of this book. The table only gives an idea of the

magnitude of the work functions concerned. The values given in

Table VII for the work functions of W-Cs and W-O-Cs are con-

siderably higher than those measured in earlier experiments where

values under 1 eV were obtained. But if the values in Table VII are

introduced into the emission equation, the saturated currents ob-

tained correspond well with the emission currents measured directly

by Langmuir and Kingdon ^ and Langmuir and Taylor. ^ The
values of the work function given here, therefore, are likely to be

more accurate than the lower values obtained in the earlier experi-

ments.

Table V

Work Functions i/i ofPure Metals

(arranged in columns of the periodic system)

Material Year of
measure-
ment

Method Measured by <!> 0) (eV)

Li 1949 contact potential

(displacement of
characteristic).

Anderson ^ 2 '48 t

Na 1937
1940

photo-electric

photo-electric

Mann and du Bridge i

Maurer i

mean value

2-29
2-28

228

K 1937
1940

photo-electric

field emission
Mayer i

Haefer i

mean value

2-26
2*18

2-22

Cs 1938 photo-electric

field emission
Mayer 2

Haefer 1

mean value

1-94

1*92

1 93

Cu 1949 contact potential

(displacement of
characteristic).

Anderson ? 4 *45 t

t For^=2-51eV.
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Table V—continued

Material Year of
measure-

Method Measured by ^(0) (eV)

merit

Ag 1931 photo-electric Fowler i 4*75

1936 contact potential Anderson 2 4'45t
(displacement
characteristic).

of

1941 Anderson 5 4-46t

Au 1931 photo-electric Fowler 1 4-89

Be 1934 photo-electric Suhrmann and 3-32

Schallmanach ^

1937 photo-electric Mann and Du 3*92

Bridge ^

Mg 1937 photo-electric Mann and Du 3-68

Bridge 1

1938 photo-electric Cashman 1 3*67

1938 contact potential Anderson ^ 3 -661

(displacement
characteristic).

of
mean value 3 67

Ca 1932 photo-electric Rentschler 1 3*20

1936 photo-electric Jamison and 2-71

Cashman 1

Ba 1933 1 photo-electric (total Suhrmann and 2-70

emission). Deponte 2

2-43*1935 contact potential Anderson 1

(displacement
characteristic).

of

1936 photo-electric Jamison and Gas- 2-51

man 1

1939 photo-electric Cashman and 2 51

1 Bassoe 2 2-49

1940 field emission Haefer 1 2-45

1940 photo-electric Maurer 2-48

mean value 251

Zn 1940
1

contact potential Anderson ^ 4-27t
(displacement
characteristic).

of

1944 photo-electric Suhrmann and 4-31

Pietrzik 5

mean value 429

Cd 1944 photo-electric Suhrmann and 410
Pietrzik.5

Al 1944 photo-electric Suhrmann and 4 20

1

Pietrzik.

5

Ce 1932 photo-electric Rentschler 1 2-84

* Fori/iw=4-54eV.

t For^B.=2-51 eV.
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Table V—continued

Material

1

Year of
measure-
ment

Method Measured by (eV)

Zr 1932 photo-electric Rentschler ^

1

3*73

Th 1932
1

photo-electric Rentschler ^ 3-38

Ct 1938 Richardson method Reimann ^ 4-34

1947 Richardson method Braun and Busch ^ 4-39

1949 Richardson method Glockler and
Sausville.i

4-35

1949 Richardson method Ivey 1 4*60

Sit 1947 Richardson method Braun and Busch i 3-59

Nb 1934 Richardson method Wahlin and Sordahl i 3-96

Ta 1931 photo-electric Cardwell ^ 415
1931 photo-electric Fowler i 4-13

1932 photo-electric Rentschler ^ 412
1935 Richardson method Cardwell ^ 410
1935 photo-electric Cardwell ^ 4 13

1935 cooling effect Krueger and
Stabenow i

4 08

1942 Richardson method Fiske 1

mean value

4-19

4 13

Bi 1934 photo-electric Suhrmann and
Schallmanach.3

4-48

1941 photo-electric Jupnik 1 4-24

Cr 1948 Richardson method Wahlin ^ 4-60

Mo 1932 Richardson method Du Bridge and
Roehr.^

4 15

1932 photo-electric Du Bridge and
Roehr.4

4-14

1933 Richardson method Ahearn i 4-32
1934 Richardson method Freitag and Krueger i 4-33

1

1935 Richardson method Wahlin and Rey-
nolds .

2

4-17

4-30
4-38

i

1935 cooling effect Krueger and
Stabenow 1

4-40

1936 contact potential

(magnetic).

Oatley 1 4I0*

1937 Richardson method Grover ^ 4-19

i

1941 Richardson method

1

Wright 1

mean value

4-20

4 24

* For 0w =4*54 eV.

t C and Si are probably semi-conductors, but as their properties are closely con-
nected to those of metals they are quoted here.
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Table V—continued

Material Year of
measure-

Method Measured by (eV)

ment

W 1931 photo-electric Warner ^ 4*54

1932 photo-electric Rentschler ‘ 4-60

1933 Richardson method Ahearn i 4*58

1934 Richardson method Freitag and Krueger i 4*53

1935 cooling effect Krueger and 4*44

Stabenow a

1935 Richardson method Nottingham ^ 4-52

1936 Richardson method Wahl in and Whitney 4*63

1937 Richardson method Johnson and Vick a 4*55

1937 Richardson method Reimann 2 4-52

1939 Richardson method Seifert and Phipps * 4*54

1940 cooling effect Fleming and Hender- 4 63§
son 1

1948 photo-electric Apker, Taft and 4*49

Dickey 1

mean value 454

u 1932 photo-electric Rentschler * 3*63

1939 photo-electric Hole and Wright i 3*27

Fe 1931 photo-electric Glasoe ^ 4*77

(a) 1942 Richardson method Wahlin 5 4*23

(3) 1942 Richardson method Wahlin 5 4*48

mean value 4 49

Co 1942 Richardson method Wahlin 5 4*41

Ni 1931 photo-electric Glasoe ^ 5*01

1933 Richardson method Fox and Bowie 1 5*03

1939 contact potential Bosworth 1 4*94*

(displacement of
characteristic).

1942 Richardson method Wahlin 5 4 61

1949 Richardson method Cardwell ^ 5-24

1949 photo-electric Cardwell ^ 5*05

mean value 4 96

Rh 1931 Richardson method Dixon ^ 4-58

1938 Richardson method Wahlin and 4-80
Whitney.*^

Pd 1932 photo-electric Du Bridge and 4*99

Roehr ^

1932 photo-electric Du Bridge and 4 96
Roehr ^

mean value 4 98

Pt 1933 Richardson method Van Velzer ^
I

5*40

1936 Richardson method Whitney ^
1

5*32

1939 contact potential Oatley ~
,

5*36

(magnetic).
mean value 5 36

* For v5'w= 4-54 eV. § Measured at r=1800^
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Table VI

Work Function^ Ionization Potential and Atomic Volume of Metals

Work function

Ionization potential

Atomic volume at
7=0° K.

Cs K Na Li Ba Ce Th Mg

1-93

3-86

66

2-22

4-32

43 4

2*28

5*09

23

2*48
5*37

12*5

2 51
5*21

37*3

2*84
6*54

20*4

3*38

19*7

3*67
7*63

13*8

Work function
Ionization potential

Atomic volume at
7=0° K.

Zr Nb Cd Ta A1 Mo Zn Co

3-73
6-92

13-9

3 96

10-9

4 10
8*94

12*7

4*13

10 7

4*20
5*94
9*9

4*24
7*20
9*4

4 29
9*37

8*97

4*41
7*8

6*58

Work function
Ionization potential

Atomic volume at
7=0° K.

Cu W Fe Cr Au Ni Pd Pt

445
7-67

7 05

4*54

9 49

4*49
7*83

7 05

4*60
6*7

7*2

4*89
9*20
10*12

4*96
7*60
6*55

4*98
8*30
8*78

5*36
8*80
8*99

All the methods discussed, except the Richardson method, can

be used for determining the temperature-dependence of the work
function. Until now measurements with pure metals have been

carried out by the cooling effect, the Zisman method, the displace-

ment of the characteristic, the photo-electric frequency limit (Fowler

method) and the photo-electric line. The Zisman method, being

used by Waterman and Potter ^ and Potter,^ is especially suitable.

If the two electrodes of a diode system are made of the material to

be examined and the temperature of only one of these electrodes is

varied, the temperature coefficient of the work function results

directly from the contact potential measured between the two

electrodes. The values measured for the temperature-dependence of

the work function by different authors are compiled in Table VIII

;

they correspond very well. In addition to this Fig. 59 shows two

series of measurements for tungsten and tantalum which were

obtained by Krueger and Stabenow ^ by means of the cooling

effect.

The experimental values obtained for the temperature coefficient

of the work function have been compared with theoretical ones by

Seeley.^ Such a comparison, however, appears to be premature

in view of the uncertainty about the temperature coefficient of

the total potential barrier r (cf. p. 18). Furthermore, as discussed
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in Sec. 6, the differences in work function between crystal areas

of different orientation will give rise to an additional temperature

coefficient, the coefficient of the emissive mean ^ which must be

taken into account (Nottinglmm

While the emissive mean if always depends on temperature due

to the manner of taking the mean, the arithmetic mean valued,

defined by (81) only depends on temperature if the work function

if (x, y) at the individual surface elements of the cathode is tempera-

ture-dependent. Such a temperature-dependence may be produced

either by the work function of the basic metal or, if atomic film

cathodes are concerned, by the dipole moment M of the atomic film,

2000 2WO 2200 2300 2400 2500 2600 2700 2600

Fig. 59.—Temperature Dependence of the Work Functions ^ of Tungsten
and Tantalum (Krueger and Stabenow 2).

occurring in equation (75) for the work function of these cathodes.

Zwikker ^ assumed such a temperature-dependence and gave some
theoretical reasons for it.

The measurements of the temperature coefficient which have been

carried out for atomic film cathodes have been discussed in Retail

by Gysae and Wagener.^ The temperature coefficient of if was

determined by direct calculation from the emission equation

(King 1 for W-Th) and by means of the photo-electric line

(Suhrmann and Deponte ^ for Ni-Ba). A temperature coefficient

difldT of some 10"^ eV/degree was obtained, which is of the order

of the temperature coefficient, due to taking the mean, which was

calculated by Gysae and Wagener ^ (cf. Sec. 6). The temperature

coefficient of the arithmetic mean value if was measured several

times by the displacement of the characteristic, always for W-Th
(D. B. Langmuir,! Reimann,^ and Gysae !). The results of these
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Table VII

Work Functions 0 of Atomic Film Cathodes

Cathode Year of
Measure
ment

Method
1

j

Measured by 0(eV) A

W-Cs 1929 contact potential

(displacement of
characteristic).

Langmuir and
Kingdon ^

1-74

1

1933 calculated from the

ratio W-Cs-emis-
sion by W-emis-
sion.

Langmuir and
Taylor 3

1-64

1938 photo-electric Mayer 2 1-70

—

1940 field emission Haefer 1

1

1-50 —
W-Ba 1932 Richardson method Becker 1 2 07

1934 Richardson method Ryde and Harris * L56 L5
1940 field emission Haefer ^ L63 —

W-Th 1927 Richardson method Dushman and
Ewald 1

2-62 3 0

1929 contact potential

(displacement of
characteristic).

Langmuir and
Kingdon 2

3 08

1933 Richardson method Brattain and
Becker 1

2-86 15*5

1937 Richardson method Reimann 2 2-77 6*5

1937 contact potential

(displacement of
characteristic).

Reimann 2 2-86

Ta-Th 1944 Richardson method Gallagher * 2-52 --

W-O 1929

1

contact potential

(displacement of
characteristic).

Langmuir and
Kingdon 2

(5-34) —

1935 contact potential

(displacement of
characteristic).

Reimann ^ 6-24

Pt-O 1939 contact potential

(magnetic
method).

Oatley 2 6-55

Ni-O 1939 contact potential

(displacement of
characteristic).

Bosworth > 6-34

W-O-Cs 1929 contact potential

(displacement of
characteristic).

Langmuir and
Kingdon 2

L44 —

W-O-Ba 1934 Richardson method Ryde and Harris * L34 0*18

W-Ba-O 1934 Richardson method Ryde and Harris *
1 ‘9-2’5

* Cf. A. L. Reimann, Thermionic Emission, 1934, p. 159.
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experiments do not correspond at all; they not only differ in the

absolute value, but also in the sign. Further measurements must

therefore be carried out in order to find out if the arithmetic mean
value ip and the individual values of the work function are more
dependent on temperature than the work functions of pure metals.

Table VIII

Temperature Coefficient dtj/ldT of the Work Function ofPure Metals

Material Year of
measure-
ment

Method Measured by Temperature
range (° K.)

dihldT
(eV/

degree)

Be 1934 photo-electric line Suhrmann and
Schall-

manach.3

80-300" 1 X 10-4

Bi 1934 photo-electric line Suhrmann and
Schall-

manach.5

80-300" I X 10-4

Mo 1932 photo-electric fre-

quency limit.

Du Bridge and
Roehr 3

300"-900" 6 X 10-5

Pd 1932 photo-electric fre-

quency limit.

Du Bridge and
Roehr 3

300"-1100" l-3x
10-5

Ta 1931 photo-electric fre-

quency limit.

Fowler i 300"-1000" 7x10-5

1935 photo-electric fre-

quency limit.

Cardwell 2 300°-1000° 7x10-5

1935 cooling elfect Krueger and
Stabenow 1

2000"-
2600"

6x10-5

W 1935 cooling effect Krueger and
Stabenow 1

2100"-
2700"

6 X 10-5

1937 Zisman method Waterman and
Potter 1

300°-950" 6 X 10-5

1937 displacement of
characteristic.

Reimann 2 300°-l 100" 6x10-5

1940 Zisman method Potter 1 300"-950" 6-3 X
10-5
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CHAPTER 3

PHENOMENA IN IONIC SOLIDS

In the previous two chapters thermionic emission from metals,

which is of fundamental importance for the physics of the oxide-

coated cathode, has been discussed in detail. As the oxide cathode,

however, is not a metal but an ionic solid, many phenomena, only

observed with such solids, are also of importance. These phe-

nomena will now be dealt with.*

13. Formation of Ionic Solids and Lattice Defects in such

Solids

The best example to use in our discussion is sodium chloride,

which has been the subject of most investigations. The two com-

ponents of this compound, considered as independent atoms, have

the following electron configuration (cf. Table I):

2s Ip is 3p 3d

Na 2 2 6 1 — —
Cl 2 2 6 2 5 —

In order to calculate the formation of the NaCl crystal lattice

from the atoms concerned, it will be convenient to consider one

sodium and one chlorine atom at an infinite distance from each

other. It may be assumed that these two atoms are at first ionized.

During this ionization the S^’-electron of the Na passes into the

3/>-level of the Cl, and the highest energy levels of the resulting two

ions will therefore be fully occupied as are the corresponding levels

in a rare gas atom. The two oppositely charged ions attract each

other according to Coulomb’s law, and they will approach up to a

distance of half the lattice constant d. During this process the

energy e'^Udll) is gained for every pair of ions. The sum of this

energy for all the pairs of ions forming the NaCl crystal gives

the so-called lattice energy which is gained during the formation

Only the fundamentals of some of these phenomena can be given here.

Details are obtained from Electronic Processes in Ionic Crystals^ N. F. Mott,
R. W. Gurney, Oxford, 1940.
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PHENOMENA IN IONIC SOLIDS 3.13

of the whole NaCl crystal lattice. If the sum is calculated for the

sodium chloride lattice and the result related to one pair of ions, the

value 1 'ISe^Kcijl) is obtained.*

This value is only a first approximation, as the ions should not be

considered as inelastic balls with the radius dj4. The approach of

the ions to a distance of less than djl is prevented by repulsive

forces between the electrons of the two ions, which are the exchange

forces of wave mechanics. When the equilibrium distance djl is

reached, these repulsive forces are as large as the attracting Coulomb
force and prevent a further approach. The energy Erep which must

be supplied for overcoming these repulsive forces must be deducted

from the energy which is gained due to the Coulomb force. A more
accurate value of the lattice energy therefore is

:

EL=\-15^-Erep (Ill)
djl

As the repulsive forces are only effective for very small distances

between the two ions and as they decrease rapidly with increasing

distance, the work Erep which must be done against these forces is

relatively small. Exact calculations show that this work amounts to

only 10% of the total lattice energy. For sodium chloride, for

instance (rf=5*628 A.), the first term in (111) gives 8-9 eV, while

the work Erep only amounts to 1 0 eV, giving a total lattice energy

£L=7-9eV.
It has been assumed so far that the crystal lattice considered is

ideal, which means that all ions are bound to sites determined by

the geometry of the lattice. But really such an ideal lattice will only

exist at zero temperature. As was first pointed out by Wagner and

Schottky,^ a crystal lattice at higher temperatures will show devia-

tions from the ideal array which are due to the thermal vibrations of

the ions. These vibrations are statistically distributed and in some

cases are so large that the ions concerned can gain the energy which

is necessary for escape from their normal sites.

By such a removal a so-called lattice defect is produced and the

two main possibilities for such a defect are illustrated for a com-

pound AB in Figs. 60 and 61 . As shown in Fig. 60, the ions may
move into the interstices of the crystal lattice, leaving a vacancy in

the lattice behind them. Such a defect, consisting of a vacancy and

an interstitial ion, is called a Frenkel defect. The second possibility,

* The details of this calculation may be obtained from F. Seitz, The
Modern Theory of Solids^ 1940.

109



3. 13 THE OXIDE“COATED CATHODE

shown in Fig. 61, is that some ions leave the crystal lattice com-
pletely, and that only a corresponding number of vacancies remain.

The stoechiometric equilibrium in this case can only be maintained

A B A B A B

B Q B A B A

A B A B n B

B A B A B A

A B Q B A B

B A B A B A
Fig. 60.—Frenkel Defects.

A B A B A B

B B A B A

A B A A B

B B A A

A B B A B

B A B A A

Fig. 61 .—Schottky Defects.

Figs. 60-61.—The Different Possibilities for Lattice Defects.

if equal numbers of vacancies in the lattice of A-ions and in the

lattice of B-ions are formed. An appropriate pair of vacancies is

then called a Schottky defect.

As Wagner and Schottky ^ showed, there is a thermodynamical

equilibrium between the ions in

normal positions and the ions

which have moved from their

normal positions and have so

given rise to the formation of

defects. For estimating the num-
ber of defects the Frenkel type

(Fig. 60) may be considered first.

The passage of an ion from its

normal place to an interstice can

be connected with a potential

variation, which is shown in

Fig. 62. According to this figure,

E^. denotes the total change in

the potential energy of the ion

as it passes from a normal place to an interstice, while the

potential barrier, which must be assumed to exist in front of the

interstice, is denoted by £=•. Then the number of ions passing

Fig. 62.—Potential Variation for the
Passage of an Ion from a Normal
Lattice Site to an Interstice.

no



PHENOMENA IN IONIC SOLIDS 3. 13

from normal places to interstices per unit time will be proportional

to the total number n of the ions and to the number of those ions

whose kinetic energy is larger than £’
2^.

+£'
5 . As this latter number

is proportional to exp[(E^.+'E^lkT] according to Maxwell’s

distribution law, is given by:

ni=n (112)

The number ni of ions passing from an interstice to a normal

lattice site will be proportional to the number m of interstices

occupied, to the probability nijn of finding a normal lattice site

unoccupied, and to the number of those ions in the interstices

whose kinetic energy is larger than £?* Hence

:

(113)
n

If an equilibrium is established the number of ions passing in the

two directions must be the same, or From this and the

two above equations it follows

:

(114)

where y is called the degree of disorder. According to this equation

the degree of disorder depends exponentially on the energy £^,

named energy of disorder.

If considering the Schottky defects, let £^7, denote the energy

which must be supplied for producing a pair of vacancies (one at

an A-lattice site and one at a B-lattice site, cf. Fig. 61). Then
according to Schottky ^ the degree of disorder y^rijn^ where

denotes the number of pairs of vacancies, is also given by an

equation similar to ( 1 14)

:

(115)
n

The calculation of £^« in this case was carried out by Schottky ^

and Mott and Littleton. ^ Only a brief outline of the method of

calculation will be given here. The removal of a positive ion from

its normal place in the crystal lattice to infinity is considered first.

The energy necessary for this removal would be equal to the lattice

energy El if the variation of the electrical field inside the crystal,

produced by the removal, could be neglected. This variation,

however, cannot be neglected. The electrical field produced by
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the absence of the ion polarizes the medium surrounding the vacant

ion site. As the energy of the polarization field is of the same

order as the lattice energy, the former must be taken into account

when calculating Let E^,or denote the polarization energy at

the vacant positive ion site. Then the energy necessary for bringing

the positive ion to infinity will be El—Epoi^. The value of the

polarization energy Epoi is:

(116)

where € denotes the dielectric constant and referring to the

extension of the polarization field in the crystal, is of the order of the

interatomic distance.

An amount of energy corresponding to that given above must be

supplied for removing a negative ion from its normal place. Ulti-

mately the two ions must be brought from infinity to the surface of

the crystal and placed there. The energy gained during this latter

process is equal to the lattice energy, and the total energy necessary

for producing a pair of vacancies will be

:

E^^= 2El — Epoi^ —EpoC —El
or E^^-El—Epoi^ —EpoC (117)

If now a special compound is considered, the type of defect which

requires the smallest energy will have the highest degree of dis-

order and will be preferred. The calculation of the respective

energies, therefore, gives a means for discriminating between the

different types of lattice defects. In this manner Schottky ^ found

that the type shown in Fig. 61 (Schottky type) is realized for sodium

chloride.

Table IX

The Energy of Disorder and its Constituents for Different Alkali Halides
{Mott and Littleton i)

Material NaCl KCl KBr

3-32 2'71 2-68
2-76 2'39 2-31

Ez 7-94 748 6-91

Er 1'86 2 08 1-92

The value of the energy calculated for NaCl is 17^=1*86 eV.

The values of the individual terms in equation (117) as calculated
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by Mott and Littleton ^ for different alkali halides are given in

Table IX. The number of pairs of vacancies calculated from
equation (1 1 5) for sodium chloride is shown by Fig. 63.

The question as to which type of defect predominates may also be

roughly decided from geometrical considerations. If, for instance,

one of the ions in the lattices is small compared with the other, these

small ions will readily fit into the interstices, and Frenkel defects

Fig. 63.—Number of Pairs of Vacancies in Sodium Chloride as a Function of
Temperature.

will be preferred. If, on the other hand, the two types of ions are

of about the same size, the Schottky defects will have a higher

probability.

14. Diffusion *

The interstitial ions and the vacancies have not fixed positions in

the crystal lattice but can move through the lattice with a certain

mobility. This mobility of interstitial ions and vacancies is im-

portant if the thermodynamical equilibrium between ions in normal

places and interstitial ions or vacancies is to be rearranged due to

variations of temperature. Let us consider a crystal lattice with

vacancies and assume that the temperature is increased. Then the

For the details of diffusion phenomena see R. M. Barrer, Diffusion in and
through Solids^ Cambridge, 1941.
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3. 14 THE OXIDE-COATED CATHODE

equilibrium in the crystal must be adjusted to the new temperature

by additional vacancies which can primarily only be formed at the

boundaries of the crystal. Such a new vacancy, formed at the

surface, will subsequently be occupied by an ion which is located in

the layer below and a new vacancy will be produced at the position

of such an ion. If this process is repeated many times, the vacancy

gradually moves inwards, and the equilibrium can thus be adjusted

to the value corresponding to the new temperature. A certain time

will be necessary for this adjustment, and this time will depend on

the mobility of the vacancies.

Furthermore, the mobility of the vacancies is important for

equalizing differences in the concentration of different parts of the

B A' B A B A B A B A

A A B A B n B A B

B A B B A
\

A B B A A B ®
A B A A B B A

A B B A A B A B

Fig. 64.—A Crystal Lattice AB with a Difference in Composition between the

Two Sides.

crystal. Let us consider a compound AB whose composition is

stoechiometric on the one side (left-hand side of Fig. 64) while on

the other side there is a stoechiometric excess of B-ions due to an

increased number of vacancies in the lattice of the A-ions (right-

hand side of Fig. 64). Consequently there is a difference in the

concentration of both the A- and B-ions between the right- and the

left-hand side of the compound AB, and this difference in concen-

tration will be equalized with a speed depending on temperature.

This equalizing may be done by the A-ions moving over the vacancies

from left to right or—expressed in another manner—by the vacan-

cies in the lattice of the A-ions travelling from right to left. A
possible path for the A-ions has been marked by arrows in Fig. 64.

The process thus resulting is called diffusion. In the case con-

sidered the A-atoms diffuse from left to right, so removing the

difference in concentration and establishing the stoechiometric
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equilibrium again. An example of such a diffusion is given by the

tarnishing reactions which are observed during the formation of thin

oxide layers at the surface of metals, e.g. iron. In this case the

A-ion in Fig. 64 corresponds to iron and the B-ion to oxygen. The
pure iron must be imagined on the left- and the oxidizing atmosphere

on the right-hand side of the figure.

Similar diffusion phenomena are observed with metals. For

example, when two metals make contact at sufficiently high tem-

peratures one metal may diffuse into the other and a mixed crystal

may be produced. Another example of these phenomena is given

by the diffusion of nitrogen and carbon in iron. In this case the

diffusion is not produced by the formation of vacancies but by

N- or C-atoms built into the interstices of the Fe-lattice.

A short mathematical analysis of the diffusion phenomena may
be given here. Let us denote the concentration of the excess

material (B in Fig. 64) by r, the cross section of the material in

which the diffusion occurs by q, and the amount of diffusing material

moving through this cross section in the x-direction per second

by Sx^ Then the fundamental equation for the diffusion is:

S,= -Dq~ (118)

The proportionality factor D in this equation is called the diffusion

coefficient and is normally measured in cm.^ sec.“^

The relation between diffusion flow, diffusion constant, and con-

centration gradient given by equation (118) is of the same form as

the relation between heat flow, heat conductivity, and temperature

gradient. Apart from the symbols the same differential equation is

therefore valid:

(119)

A main.supposition for this equation is that the diffusion coefficient

must be independent of concentration; this supposition is not

always fulfilled. If the concentration varies not only with x but

with all three co-ordinates, the second differential coefficient on the

right-hand side of equation (119) is replaced by Laplace’s operator.

The solution of equation (119), taking account of any special

boundary conditions, gives the distribution c (x) of the concentra-

tion as a function of time t with the diffusion coefficient Z) as a

parameter.
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3. 14 THE OXIDE-COATED CATHODE

If the diffusion coefficient D is to be ascertained, the distribution

of the concentration must be computed for the experimental con-

figuration and the values obtained must be compared with the

measured distribution. In order to simplify calculations and

measurements, the experimental configuration will be made as

simple as possible. The concentration may be measured at differ-

ent places of the material by the usual methods of chemical analysis.

If the measurement needs to be more sensitive, either spectographic

analysis or radioactive methods, using radioactive tracers as

T

Fig. 65.—Diffusion Coefficient D of PbCb and Pbla as a Function of
Temperature (Hevesey and Seith,^ Seith^).

diffusing material, can be employed. If the diffusion of thin

surface layers into a basic material is examined, these layers

can be detected by measuring their lattice spacing by electron

diffraction.

The diffusion coefficient depends on temperature to a high degree.

The law for this temperature-dependence is obtained by using

equation (114) for the degree of disorder as a function of tempera-

ture. If the Frenkel type of lattice defect is considered, the number

of diffusing ions is proportional firstly to the total number m of the

ions in the interstices resulting from (114) and secondly to the

number of ions of this total which can pass from the interstices to

the vacancies. As this latter number is proportional to
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the number of diffusing ions and the diffusion coefficient Z), accord-

ing to (118), is given by:

(J20)

Accordingly the diffusion coefficient depends on temperature by an

exponential function which may be written in a shorter form:

(121 )

The energy Er is called activation energy.

If the logarithm of the diffusion coefficient is plotted against l/T

in the usual manner, a straight line will be obtained and the activa-

tion energy can be calculated from the slope of this line. Experi-

ments confirm this result, as shown by Fig. 65 for the diffusion of

Pb"^"^ ions in PbCl2 and Pbla measured by Hevesey and Seith ^

and Seith ^ by means of radioactive lead. The activation energies

calculated for the two above cases are 1-55 eV for Pb++ in PbCla

and 1*3 eV for Pb”^"^ in Pbla; the corresponding values for i>o are

7*8 and 4*0 respectively.

15. Ionic Conduction

The motion of ions in a crystal lattice cannot only be brought

about by differences in concentration but also by applying an

electrical field to the crystal. Ionic conduction is then produced

which is measured by the ionic conductivity /c/. The principal laws

for ionic conduction in solids are similar to those for conduction in

liquids (electrolytes) and are the following:

{a) Faraday’s law is valid, according to which an electrical charge

of the amount L^=96,500 coulomb is needed for depositing at

the electrodes a gram-equivalent of the ions concerned, i.e. the

quantity AI& (i9'=valency).

(b) The velocity of the ions per unit electrical field is called the

ionic mobility Ui. The density ji of the ionic current is then obtained

in the usual way as the product of electrical charge and velocity:

ji—n&eUiE (122)

n denoting the number of ions per unit volume. Using Ohms’ law

:

the relationship

:

7/=/</E (123)

cm.2 sec."Wolt~^ .... (124)
nv'e

is derived (« referring to a cm.^, ki in f3~^cm.“i)*
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This equation is valid if the ionic conduction is produced by only

one type of ions, otherwise the transport number, characterizing

the share of the particular type of ion in the total ionic conductivity,

must be introduced on the right-hand side of the equation.

(c) There will be a relation between the mobility m and the diffu-

sion coefficient D, as both are produced by ions travelling by means
of lattice defects. This relation was thermodynamically derived for

solids by Wagner. ^ Only the result of this derivation will be given

here, which is

:

Z)=^„,=^x10-57’m, cm.2sec-i . . (125)
v'e XT

The validity of this equation was proved experimentally by

Tubandt, Reinhold, and lost ^ and by Seith,^ who found correspond-

ence to within 25% between the experimental and theoretical values.

If equations (124) and (125) are combined, the following relation

between the diffusion coefficient and the ionic conductivity is

obtained

:

D=
5‘38xl0i^

Tki (126)

By means of this equation derivation of the diffusion coefficient

may be reduced to a measurement of the ionic conductivity and

vice versa.

The main difference between ionic and electronic conduction re-

sults from the fact that the composition of the conducting material is

altered by the deposition of ions. The products of deposition accu-

mulate at the electrodes and produce an electromotive force which

is directed against the primary voltage and is called the polarization

voltage. When measuring with D.C. this polarization voltage must

be overcome, and ionic current only flows when this voltage has

been exceeded. When the current is switched off, the polarization

electromotive voltage remains and drops gradually.

The best method of measuring the ionic conductivity is by means

of an A.C. bridge, as the polarization voltages are then avoided.

If the measurement is carried out with D.C., attention must be paid

to the polarization phenomena and to variations of chemical

composition produced by electrolytic dissociation. In many cases

polarization phenomena can be used for distinguishing between

ionic and electronic conduction. On the other hand, the absence

of polarization voltages is no proof of the non-existence of ionic

conduction, because the processes at the electrodes may mask the
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polarization phenomena. The most exact proof for the existence

of ionic conduction is obtained by establishing Faraday’s law.

On account of equation (126) the ionic conductivity depends on

temperature in a similar way to the diffusion coefficient, i.e.

:

. ( 127)

This equation is to be replaced by a sum of two exponential

functions if both ions participate in the ionic conduction, but the

experimental evidence shows that in most cases only one exponential

function is obtained and that usually one type of ion predominates

in the phenomenon. Table XI gives conductivity values which were

measured by Lehfeldt ^ for different alkali halides and for silver

halides. These values have been extrapolated to the melting point

of the materials concerned and the values so obtained together with

the appropriate melting points are also included for comparison.

The last row of the table gives the values for lead iodide measured

by Seith.i It will be seen that the activation energy measured for

ionic conduction in this case corresponds very well with the activa-

tion energy measured for diffusion in Pbl2 as given above.

Table X

Ionic Conductivities and Activation Energies of Ionic Solids

Material Activation
energy
(eV)

A*
cni.“i)

Melting
point

CK.)

at

melting point
cm.“i)

NaF 2*25 1 5x106 1265 1*7x10-3
NaCl ‘ 1-90 1 X106 1075 1 *3 X 10-3

NaBr 1-78 1 Xl06 1010 1 3x10-3
Nal 1-42 1*5x105 935 4 0xl0“3
KF 2-35 3x107 1130 9x10-4
KCl 2 06 2x106 1040 2x10-4
KBr 1*97 1*5x106 1015 2x10-4
KI 1-77 3X105 955 1 5x10-4
AgCI 090 1 Xl05 730 0 6x10-1
AgBr 0*66 6*3x103 700 1 X 10-1

Pbl2 1-30 1*2x105 685 3 X 10-5

When ionic conductivity or diffusion is measured over a wide

range of temperatures, the logarithmic plot of the measured values

against IIT often gives not one but two straight lines (cf. Fig. 66).

Only the one of these straight lines which lies at higher temperatures

is reproducible. The other one, lying at lower temperatures, has
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always the same slope, but its height depends on the preceding

treatment of the material in question (cf. Lehfeldt 0-

For explaining this phenomenon it is assumed that the thermo-

dynamical equilibrium of the lattice defects freezes in below a

definite temperature 7}, because the time necessary for reaching the

equilibrium increases more and more with decreasing temperature.

Hence the degree of disorder will become constant below 7}. Then
the factor expi^E^ijkT) in equations (120) and (127) also becomes

constant and the ionic conductivity (or diffusion coefficient) is

given by

:

(128)

Fig. 66.—Ionic Conductivity as a Function of
Temperature (Schematically)

A plot of the ionic conductivity below T/ will therefore give a

I I

straight line with a smaller

Ny slope which only results

from the energy Es, cor-

responding to the poten-

barrier in Fig. 62.

. I
The fact that the ionic

I I
conductivity below T/ de-

I

pends on the preceding

j ^ treatment may be ex-

[
* plained by assuming this

^ '^7" treatment to influence the
Fig. 66.—Ionic Conductivity as a Function of number of lattice defects

Temperature (Schematically) ^ ,

freezing in. Hence the

constant A varies with the preceding treatment, while the potential

barrier 3, determining the slope of the straight line in the con-

ductivity plot, remains the same. Furthermore, ionic conductivity

and diffusion in this temperature range are influenced by excess

atoms or by atoms of foreign materials which may be built into the

crystal lattice. Ionic conductivity and diffusion are therefore

called “structure-sensitive” in the range below the temperature 7}

which marks the beginning of freezing in, while these phenomena

are called “structure-insensitive” in the range above 7/ which is

determined by the thermodynamical equilibrium. The “ tempera-

ture of freezing in 7/” which separates the two ranges may have

completely different values for different samples of the same

material.

The above considerations refer to ionic solids consisting of single

crystals. The phenomena observed are, of course, more involved
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if agglomerations of many small crystals are investigated, as

diffusion and ionic conduction may also occur along the grain

boundaries in this case. It is, however, not possible at the present

time to give reliable data on these additional phenomena.

16. Electronic Conduction

The solids considered so far were mainly halides in which ionic

conduction is predominant. Conduction by electrons, however, is

chiefly observed in compounds showing a small ionic conductivity,

for instance in metal oxides. These compounds will be dealt with

in this chapter, but for the sake of simplicity alkali halides such as

Fig. 67.—Variation of the Potential of the Electrons during the Formation
of Sodium Chloride (Schematic).

sodium chloride will also be discussed, as their composition is

better known than that of the metal oxides which behave in an

analogous manner.

In Sec. 13 the formation of the crystal lattice of sodium chloride

has been discussed in detail by considering the gradual approach of

sodium and chlorine ions. During this approach the potential of

the electrons of the positive sodium ion will increase by an amount
equal to the lattice energy, while the potential of the electrons of the

negative chlorine ion decreases by the same amount. The variation

of potential which is thus obtained for the electrons of the two

approaching ions is shown in Fig. 67.

The permissible energy levels of the electrons of the sodium and
chlorine atoms, as given by the quantum rules (Figs. 1 and 2), will

all be displaced by a similar amount. When the solid is formed

these discrete energy levels widen into bands in the same manner as

discussed for metals in Sec. 1. Two groups of energy bands are

obtained, one associated with the sodium ion and the other with

the chlorine ion. The sodium ion bands are on the average 7*9 eV
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higher than the electron levels of a sodium atom, and the chlorine

ion bands are depressed by a similar amount from the levels of a

chlorine atom.

The configuration of the energy bands of the NaCl lattice resulting

in this manner was calculated by Slater, ^ Shockley ^ and Fisher ^

and is shown in Fig. 68 for a cross section in the 100-direction of the

NaCl crystal. As can be seen from this diagram, the 3s and 3p

energy bands of Cl are still higher than the highest occupied band of

Na in spite of the energy bands of Na being lifted by 7 *9 eV during

the formation of the lattice. As distinct from pure Na and pure Cl,

all the energy bands are either fully occupied or empty, because as

mentioned in Sec. 13, the 3.y electron of Na has entered and filled

the 3/?-band of Cl. Conduction of electrons in the NaCl lattice is

therefore not possible according to the considerations of Sec. 1,

and hence sodium chloride is an insulator.

The same conditions as shown for NaCl exist for all saturated

ionic solids in which the valencies of the constituent ions are

mutually bound. All these saturated solids are therefore insulators.

On the other hand, if unsaturated valencies which are not claimed

chemically, exist, electronic conduction occurs (Friederich i). The
electrons appropriate to these unclaimed valencies then only partly

fill the highest energy band and can move in this band if an electrical

field is applied. Some examples of this are quoted in Table XI,

which shows that the electrical conductivity of TiO, TiN, and VC is

of the same order as that of metals due to the existence of unclaimed

valencies. The saturated compounds TiOa, AIN, and AI4C3, how-

ever, having no unclaimed valencies, are insulators.*

Table XI

Conductivity and Valency of Chemical Compounds ( Weise i)

Compound Valency electrons of the metal Conductivity
at 293° K.

cm.-i)

Existing Claimed Free

Ti02 4 4 0 <10-12
TiO 4 2 2 ^^2500
AIN 3 3 0 <10-12
TiN 4 3 1 —8000
AI 4C3 12 12 0 <10-12
VC 5 4 1 —11000

* For exceptions from this rule and for their explanation, cf. Meyer.-'^
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Returning to the saturated ionic compounds, electronic conduc-

tion would be possible if electrons in the full 3;?-Cl-band could be

lifted into the empty 3^-Na-band (Fig. 68). These electrons would
be free to move under an applied field, thus producing electronic

conductivity. Such a transference of electrons is theoretically

possible at sufficiently high temperatures. The number of electrons

lifted into the empty band and consequently the conductivity would
then considerably increase with increasing temperature, contrary to

metals which show a slight decrease in conductivity with increasing

temperature. Such a conductor, which is practically an insulator

at low temperatures but the conductivity of which becomes high at

sufficiently high temperatures, is called a semi-conductor.

Fig. 68.—Energy Bands of Sodium Chloride.

In the case of sodium chloride, of course, the energy difference

of about 7 eV between the upper limit of the 3p-Cl-band and the

lower limit of the 3.s-Na-band is so large that temperatures of about

100,000° would be necessary in order to lift an adequate number of

electrons into the empty band. This type of electronic conduction

therefore cannot be observed with NaCl, and the experimental

evidence shows that there are only a few solids in which the

difference between the two energy bands concerned is small enough

to enable the electrons to reach the empty band at temperatures

below the melting point. The phenomenon of semi-conduction

when observed in compounds is usually produced by a slight devia-

tion from the stoechiometric composition of the compound con-

cerned. For understanding this we must consider in detail the
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Structure of chemical compounds whose composition is not exactly

equal to the molecular proportions (non-stoechiometric).

When discussing the defects in crystal lattices in Sec. 13, it was

assumed that the lattice was composed stoechiometrically. This

supposition will now be dropped and in this manner two possibilities

for producing a deviation from stoechiometric composition will be

obtained from the two different types of defect considered in Sec. 13,

The two possibilities are as follows

:

(a) The interspersion of one type of the constituent ions, for

instance B, into the interstices (cf. Fig. 69). An excess of B-ions or

atoms is produced in this way.

(b) The formation of vacancies at the sites of only one type of the

constituent ions, for instance A in Fig. 70. A defect of A-ions or,

what is the same, an excess of B-ions or atoms is so obtained.

A B A B A B

B A B A B A

A B A B A B

B A B A B A

A B A B A B

B ® A B A

A B A B
I ^

(b)

® Q B A B A

Fig. 69.—Interspersion into the Fig. 70.—Formation of Vacancies.
Interstices.

Figs. 69-70.—Possibilities for Building Excess Atoms into a Crystal Lattice

(Excess Atoms marked by a Circle).

The existence of this latter case was proved experimentally for

iron oxide by Jette and Foote ^ who investigated FeO containing

an excess of oxygen. The lattice constant d of this FeO which

crystallizes in the cubic system was determined by taking an X-ray

pattern, and the density S was measured too. Then the volume

M/SL (M=molecular weight) appropriate to one molecule FeO
could be calculated from the density. It was found that this volume

was larger than the elementary cell of the crystal lattice of FeO,

which can only be explained by the existence of vacancies in the

crystal lattice.

The two examples illustrated by Figs. 69 and 70 have been highly

generalized, by assuming that the lattice defects are restricted to

one of the constituent ions only. Actually there will always be

defects for both constituents given by a thermodynamical equili-
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brium, and the stoechiometric excess will be produced by the

predominance of the defects for one constituent. Considering the

formation of defects by vacancies, the conditions are shown by the

right-hand side of Fig. 64, where there is a certain number (4) of

vacancies at A-lattice sites and a smaller number (2) at B-sites,

resulting in an excess in the component B.

The formation of excess atoms due to the existence of additional

vacancies in the crystal lattice is especially important for the oxide-

coated cathode. Another example is sodium chloride, in which,

as pointed out in Sec. 13, vacancies are the preferred type of lattice

defect. If a crystal of sodium chloride is heated in sodium vapour,

an excess of sodium is produced in the crystal, this excess being

recognized by a variation in the optical properties of the crystal.

Na+ Cl- Na+ ci- Cl- Na+ Cl-

ci- Na+ ci- Na+ Cl- Na+ Na+

Na+ Cl- Na+ Cl- Na+ Cl- Cl-

Cl- Na+ Cl- Na+ Cl- Na+ Cl- Na+
Fig. 71.—Stoechiometrically Composed. Fig. 72—With Excess Sodium.

Figs. 71-72.—The Crystal Lattice of Sodium Chloride

An additional absorption band arises which is in the visible range of

frequencies and which gives a yellow colour to the crystal. These

phenomena, which are also observed with other alkali halides, have

been especially studied by the school of Pohl.

The excess of sodium in sodium chloride is produced by additional

vacancies at the Cl-ion sites, as illustrated by Figs. 71 and 72 showing

the crystal lattice without and with excess sodium. As the whole

crystal must remain electrically neutral, the excess sodium cannot

exist as ions. When a vacancy at a Cl-ion site is formed, an addi-

tional electron will be taken up by the crystal, and this electron will

be associated with the vacant lattice site, so neutralizing the positive

charge created by the vacancy. Such a combination consisting of

a negative-ion site plus an electron is called an F-centre. It is, of

course, also possible to think of the additional electron as being

directly associated with one of the Na-ions surrounding the vacant

ion site. The Na-ion concerned which is so transformed into a

neutral atom is indicated by a circle in Fig. 72.
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The electron which is bound to the vacancy or to the excess atom
adjacent to this vacancy has special energy levels. These special

energy levels are usually named impurity levels, because in the early

theory of semi-conductors they were assumed to be produced by
impurities.* As the levels concerned are in fact due to the inter-

ference of the additional defects which are responsible for the

deviation from the stoechiometric equilibrium, these levels will be

called interference levels here. One of these levels, denoted by cr,

has been marked in Fig. 68, showing the energy bands of sodium
chloride.

The position of the interference levels has been calculated by
Tibbs ^ and Simpson ^ for alkali and silver halides. An approxi-

mate idea of their position can be obtained according to Mott and

Gurney t by using the analogy of a hydrogen atom. The vacant

negative ion site, having a positive charge, can be compared with the

positive hydrogen nucleus. Both are associated with only one

electron which is bound to the positive charge. Bohr’s formula for

the energy levels of the hydrogen electron can therefore be applied

to the interference levels of the vacant site, provided the different

dielectric behaviour of the interior of the ionic lattice is accounted

for. The formula so obtained for the gap between the empty band

and the lowest interference level is

Irr^rri^e'^ 1

(.Iff
m

xI3'5 eV (129)

w* denotes the so-called effective mass of the electron in the crystal

lattice which is slightly different from the electronic mass in vacuum,

while is an effective dielectric constant which is somewhere in

between the dielectric constant for a statical field and that for

optical wavelengths. The above formula shows that the position of

the interference levels depends on the value of the dielectric constant

and that their distance from the empty band above will decrease

with increasing dielectric constant.

An important factor to note is that the energy difference between

such an interference level and the empty 3i'-Na-band is much smaller

* The term “ impurity levels ’’
is justified in semi-conductors consisting of

one element only such as: As, B, Ge, Si, Te. These element-semi-conductors
whose conductivity is produced by impurities foreign to the element in

question will not be considered here. The discussion will be confined to
compound-semi-conductors such as oxides, sulphides, etc.

t N. F. Mott, R. W. Gurney, Electronic Processes in Ionic Crystals^

Oxford, 1940, p. 113.
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(a few tenths of 1 eV) than that existing between the S^-Na-band

and the fully occupied 3/?-Cl-band. A relatively small energy is

therefore necessary for lifting an electron from the interference level

into the empty S^-band and for obtaining an electronic conduction

in this band. This energy can be supplied either photo-electrically

or thermally. The photo-electrical excitation of the electrons in

the interference levels of alkali halides was studied by Pohl and his

co-workers and will not be discussed in detail here. If the thermal

excitation is considered, the number of electrons in the energy band

empty at T=0 and hence the electronic conductance will again

increase very much with increasing temperature. Another type of

semi-conduction is obtained which is due only to the existence of

excess atoms. As will be shown below, this type of semi-con-

ductance is divided into two sub-types, and three types of semi-

conductors are therefore distinguished altogether. They are:

(a) Intrinsic Semi-Conductors. This type is obtained if the

electrons, as discussed above, are excited from the highest energy

band which is fully occupied at T—Q (3/7-Cl in NaCl) to the lowest

empty energy band (3^-Na). The latter band is called the conduc-

tion band, as conduction takes place in it. As pointed out above,

this type of semi-conduction does not occcur frequently.

(b) Reduction Semi-Conductors (electron-excess or N-type semi-

conductors). In these semi-conductors a part of the non-metal

ions is removed by a reducing treatment (e.g. by hydrogen) and an

excess of metal atoms is thus produced. The number of removed
non-metal ions or of excess metal atoms then depends on time and

temperature of the reduction. The energy conditions in these semi-

conductors are exactly the same as described above for NaCl, with

Na in excess. A semi-conduction is produced which increases with

increasing number of excess atoms. Examples of this excess semi-

conduction are given in Table XII.

Table XII

Excess Semi-Conduction (iVeise ')

Compound K at
293^ K.

(1^1 cm.-i)

Compound K at
293° K.

(13^1 cm.“i)

ZnO < 10-12 ZnO-xO <4
WO3

<10-5 W03-;cO <5-5
Ti02 <10-12 Ti02-A:0 <50
Fe203 <10-12 Fe203-A0 <3*4
UO2 ^10-6 VO2-XO ^10
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(c) Oxidation Semi-Conductors (electron-defect or P-type semi-

conductors). This type of semi-conductor is the exact opposite of

the type discussed previously. The compound concerned is

treated in an oxidizing atmosphere, and some of the metal ions are

removed from the compound by oxidation. Additional vacancies

in the lattice of the metal ions are formed in this way and a defect of

metal ions is produced.

As the crystal must remain electrically neutral the removal of

positive metal ions must be compensated by a simultaneous removal

of electrons, which may be taken from the negative ions surrounding

the additional vacancies. Interference levels a are then ob-

tained which are due to the missing electrons and which differ from

the interference levels in reduc-

tion semi-conductors in two

ways. Firstly the interference

levels now considered are nor-

Interference mally not occupied but empty,

and secondly they do not lie

Occupied slightly below the conduction

band but are situated a little

higher than the fully occupied

. energy band (cf. Fig. 73). The
ccupte

electrons of the fully occupied
Occupied

Fig. 73.~Energy Bands and Levels of an j „ therefore eadiv he
Oxidation Semi-conductor.

tnereiore easily De

lifted into the empty interference

levels by temperature excitation. In this manner a defect of

electrons is produced in the highest energy band which was fully

occupied before, and a conduction of electrons in this energy band

is made possible. With this type of conduction the free places in

the energy band, which are called electron holes, move instead of

the electrons in the normal type of conduction. The type of con-

duction discussed now is therefore also called conduction by electron

holes. Examples for this type are given in Table XIII.

Table XIII

Defect Semi-Conduction (iVeise 0

Compound /C at 293° K.
(Q~^ cm.”i)

Compound /c at 293° K.
(f2-i cm.-i)

Cul
CuaO
CoO
UO2

<10"5
<10-10
^10-7 (573°K.)
<10-6

CuIH-a^I
CU2O-I-JCO

CoO+xO
UO 2+XO

<1
<10-2
<10-2 (573° K.)
<10-1
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The steep rise of conductivity with increasing temperature, pro-

duced by the increasing number of electrons which are excited into

the conduction band, makes the semi-conductors interesting and
important for technical applications. The calculation of con-

ductivity as a function of temperature, which was first given by
A. H. Wilson, dealt with in the next section,

17. The Energy Distribution of Electrons in an Excess Semi-Con-

ductor and the Relation between Conductivity and Temperature

Before calculating the relation between conductivity and tempera-

ture of a semi-conductor, we must discuss conduction in metals

once more. Metallic conduction exists, according to the con-

siderations in Sec. 1, if the highest energy band occupied by electrons

is not fully occupied. It can then be assumed as a first approxima-

tion that the electrons in this highest energy band are able to

move freely. In order to find a formula for the metallic conduc-

tivity the free electrons are assumed to move with a mean velocity v,

the three components of which have equal weight. If an electrical

field is applied to the metal, the electrons acquire an additional

mean velocity Av in the direction of the field. In this manner a

drift of the electrons in the direction of the field is obtained,

producing an electric current of density / which is equal to the

product of the density of charge Ne {N, the number of the free

elections per unit volume) and of the increase in velocity Av:

j=NeAv (130)

On the other hand, according to Ohm’s law

:

7=kE (131)

K representing the conductivity. By comparing these two equations

it is seen that the increase Av in the mean velocity, which is the only

variable on the right-hand side of (130), will be proportional to the

field strength. If the velocity of the el^trons in the unit field, the

electron mobility, is denoted by w, then Av= uE and hence

:

j—NeuE

By comparing this equation with Ohm’s law (131), the formula for

the conductivity is derived

:

K=Neu (132)

The mobility u can be obtained by considering the collisions be-

tween the electrons moving in the metal and the metal ions. The
average distance which the electrons travel between two such

collisions is called the mean free path. The mean free path may be
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denoted by /, the time necessary for travelling this distance by ^
and the acceleration, produced by the field E during the time /, by b.

Then the total increase in velocity during the time t will be:

V=bt=— i (133)m V

The mean increase in velocity may be equated to a half of this value,

and the mobility (for E= 1 ) will therefore be

:

M=-^.=8-80xl0i4icm.2sec.-i volt-1 . . (134)
2mv ^

If this value is introduced into (132) the conductivity is:

K=^= \4\x\Q-^N~Q-^cmr^ . . (135)
2mv V

(A^ referring to 1 cm.^).

If the quantum theory is used instead of the classical laws applied

above,* the electronic mass in vacuum used in the above formulae

must be replaced by the “effective mass’ ' of the electrons in the

crystal lattice (see p. 126), The mean velocity v is then replaced

by the velocity appropriate to the limiting energy as given by

equation (16). The mean free path in quantum theory depends

on the probability of propagation of the electron waves associated

with the electrons (cf. Bloch ^ and Peierls 2). If the crystal lattice

is ideal, the propagation of the electron waves at r=0 is completely

unhindered, as is the propagation of light in a transparent crystal.

Both the mean free path and the conductivity therefore become in-

finitely large for r=0. The propagation of the electron waves will

be hindered only by irregularities of the lattice due to heat oscilla-

tions and to interspersed foreign atoms which produce a finite

value of mean free path and conductivity. In this manner the

observed decrease of the conductivity of metals with increasing

temperature is explained by the fact that the heat oscillations also

increase with temperature. If copper is considered, the velocity

V is T58xlO^ cm./sec., the mean free path /=842xl0“® cm.

and the mobility w=46*8 cm.^ sec.“i volt"^; the corresponding

values for nickel are v= 1*36x10^ cm./sec., 7=266x10“^ cm.,

and u=l7 1 cm.^ sec.“i volt"^.

While the number N of free electrons is practically independent

of temperature for metals, the conditions are quite different for

semi-conductors. If an excess semi-conductor is considered the

* Cf. N. F. Mott, H. Jones, The Theory of the Properties of Metals and
Alloys, Oxford, 1936, p. 240.
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conductivity depends on the number of electrons in the conduction

band (cf. Fig. 68). This number depends very much on tempera-

ture, as has been indicated in the previous section. If therefore the

electronic conductivity of semi-conductors is to be ascertained,

equation (138), which was obtained for metallic conduction, can be

used again, but the number N of the free electrons occurring in

(135) must be calculated first. For this purpose the energy distri-

bution of the electrons in a semi-conductor will be investigated in a

similar way as was adopted for metals in Sec. 1

.

It will be assumed throughout this investigation that the number
of excess metal atoms per unit volume, which will be denoted by

Fermi leyel 4 fonT>0

Interference ~’(T

ie^ef

Fig. 74.—The Highest Energy Bands and Levels in an excess Semi-conductor.

/7„, is independent of temperature. In agreement with Meyer and

Moglich,^ we confine ourselves to temperatures below the tempera-

ture Tf of “freezing in,” discussed in Sec. 15, where processes such

as diffusion, ionic conduction, and chemical reaction which tend

to change are negligibly small. The excess atoms may then

be assumed to be frozen in and their number will therefore be

independent of temperature.

Two more assumptions will be made for the calculation of

conductivity. Firstly it will be assumed that there is only one inter-

ference level o below the conduction band (cf Fig. 74), and secondly

that the number of excess atoms supplying electrons to the

conduction band is identical with the number of places in the

crystal lattice at which the electrons may be attached at r=0. Both
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assumptions will not always be fulfilled, and it will be discussed

later how the result of the calculation is influenced, if one of them is

not complied with.

The Fermi-statistics are again used for the investigation. The

symbols for the energy values will be seen from Fig. 74, which shows

the highest energy bands and levels of an excess semi-conductor.

The number of excess electrons belonging to an individual excess

atom at r=0 will be denoted by G*. The total number of electrons

of the excess atoms is therefore equal to G*//^. If 7X); these

G*«^ electrons are distributed in the interference level and in the

conduction band, the lower limit of which is denoted by E^.

Let and denote the densities of electrons in the interference

level and in the conduction band respectively (numbers per unit

volume), then:

K+N^=^G^n, (136)

The density is obtained from the Fermi-distribution (3) for

E—E„ and n{E)dE^n„:

(137)

The relation for the limiting energy E^ occurring in this equation will

be quite different from the relation for E^ which was derived for the

electrons in a metal. The new relation for semi-conductors will be

calculated below.

The density of electrons in the conduction band is obtained by
an integration of the Fermi-distribution (3). The upper limit of

this integral is independent of the width of the conduction band and

can be assumed as infinite, because the number of electrons in the

conduction band decreases rapidly when moving from the lower

limit E^. Hence it is

:

GnJ^E)dE
(138)

J E^

The value n/E) representing the number of cells in the phase volume

per energy interval is given by equation (8), if the variable E in this

equation is replaced by E^—E—E^. Then:

Ar^=477V2
Glw3/2 E^^l^dE^

^[E*-iEt^-E^)VkTj^
I

(139)

= ^(CTy2J{E,-E,)
•y TT
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where J denotes the integral given by (11) and C the universal

constant defined by (41a).

When evaluating J in Sec. 1, two cases were distinguished.

In the applications of interest here, the condition {E^—E^lkT=
— (£'^— £!^)//cr> 1 is normally complied with (for exceptions see

p. 135). This, according to (12), means that case (b) is valid and

that the approximate value ofJfrom (19) can be used. The electron

density in the conduction band therefore is:

.... (140)

The unknown limiting energy is obtained by means of

equations (136) and (137), from which:

N =G*rt —N =-G^n — - = —
or with from (139)

G* \/'n

(141)

(141a)
2C7(Cr)3'2

Using again the approximate value (19) for J and solving for

(x~0 we have:

7 ‘
y Ar,

,X-i=X-'^— In I
e

'

1 I

— 1

G{CT)^'^
(142)

The energy x~^ FiS- 74) which must be supplied in order to

lift an electron from the interference level cr to the lower limit of the

conduction band x is called the internal work function.* An approxi-

mate value for this work function can be obtained if (for G=G*)

:

4n^

or according to (41a):

X-a^^ln |o-61 X 1015^^1 . (143a)

(fta referring to 1 cm.^).

Using this condition, the approximate value for x— ^ is given by:

(^_^)appro.= In (143)

=Hx-‘^)+0-99 X lO-'Tx ln^2-43 x

It can easily be shown that

:

* The term “ activation energy ” which is sometimes used for x— ^ will not

be employed here, since this term is likewise used for Hx—^)-
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Equation (143) therefore gives a lower limit for the internal work

function.

The exact value of the internal work function and the magnitude

of the deviation between the exact and the approximate values can

noo

Fig. 75.—Internal Work Function x— ^ of a Semi-conductor as a Function of
Temperature. Exact Values full lines, Approximate Values, broken lines.

be seen from Fig. 75 for two different values of According

to this figure^ the internal work function is equal to nearly half the

energy difference large values of while considerably

larger work functions are obtained for smaller values of es-

pecially if the temperature is high at the same time. The curves

given for the internal work function in Fig. 75 have not been

confirmed experimentally yet, but it may be noted that the same
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relations as shown in Fig. 75 are obtained by the thermodynamical

calculations of Schottky.^

Apker, Taft, and Dickey ^ gave a method for determining the

position of the Fermi-level ^ in semi-conductors Their method is

based on the measurement of the photo-electric stopping potential

described in Sec. 11.2. The semi-conductor to be examined is

used as the cathode from which the photo-electrons are emitted,

while the anode consists of a metal. If an excess semi-conductor is

considered, the photo-electrons are emitted from the interference

level cr while with a metal they are emitted from the Fermi level C.

Comparing the two cases of semi-conductor and metal emitter, the

energy necessary for the emission will therefore be larger by an

amount cr in the case of a semi-conductor (cf. Figs. 16 and 74).

This amount of energy must be added on the right-hand side of

equation (107) for the stopping potential, giving

Vs^=-{hv-iPA)+^-a .... (144)

from which the position of ^ with reference to o* can be calculated,

provided the work function of the anode is known. This method
has so far only been applied to element-semi-conductors such as

B, Ge, Te, As (cf. Taft and Apker 0 which were measured at room
temperature. Measurements for different temperatures are not

known yet.

By using equation (143) the condition—(£'^—£^)/A:r>l, assumed

when evaluating equation (139), can be reduced to:

^-a^— = l-72xlO-*T .... (145)
e

For r=10(X)° K., for example, 0T7 eV. If the above con-

dition is not complied with, an exact evaluation of the integral J in

(139) and (141a) is necessary. Such an evaluation has been under-

taken by Shifrin,^ Bush and Labhart,^ and Putley.^

Equation (140) gives the density of electrons in the conduction

band as a function of the internal work function x— ^ in the ex-

ponent. As this internal work function depends on T and

according to (142) and (144), it will be desirable to find another

formula with an exponent which is independent of T and as far

as possible. Such a formula is obtained if the internal work func-

tion is replaced by the energy difference X” by using the respective

equations. Then by means of (142):

J 1 1 (146)
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while by using (143) the approximate equation:

(] 47)

or

N^= 4^93 X 107G/7,l/273/4^-e(x~o)/2ferc^ -3

is obtained which is subject to the validity of condition (143a).

Finally the equation for the conductivity is derived by introducing

the above values into (135). The mean velocity v occurring in (135)

may be obtained by equating the kinetic energy to fAr, as

the number of electrons in the conduction band is small enough for

the Maxwell distribution law to be valid.

Therefore

:

i;=0*674 X 10^ cm./sec (148)

Using this value, we obtain from (135) and (147):

cm.-i

Oo= l-4xlO‘‘M^l?^^=2 06xlO-2/V«a • • (149)
V

(/ in cm., Ha in cm.“^).

/2P0 mo 800

According to the above equation a plot of the logarithm of

conductivity against 1 jT will give a straight line, because the effect of

the factor is as negligible as

was the factor in the Richard-

son equation (see Fig. 76 at

lower temperatures). The energy

difference x~~^ between the con-

duction band and the interference

level (interference energy) may
then be ascertained from the slope

of the straight line in the logarith-

mic plot, provided the assumptions

made on page 133 for the deriva-

tion of equation (149) are valid.

The internal work function, how-

ever, can only be determined in

this manner within the limits of

accuracy given by equation (143).

The number n„ of excess atoms

occurs in the constant qq, but the determination of from this

constant is only possible if the mean free path or the mobility ii

in the conduction band is known. In addition to this a possible

136

Fig. 76.—Conductivity of ZnO as a
F^unction of Temperature (Miller i).
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temperature-dependence of the interference energy would

influence the measured value of to ^ certain degree in the same
manner as the emission constant in the Richardson equation is

influenced by a temperature-dependence of the work function. If

such a temperature-dependence of exists, only the value of

extrapolated to T=0 is obtained from (149).

If condition (143a) is not fulfilled, equations (142) and (146) must

be used for the internal work function and the number of

electrons in the conduction band, instead of the approximate

equations (143) and (147). The straight line, representing the

number or the conductivity /c in the logarithmic plot, will then

also be obtained at lower temperatures, but this line will bend to-

wards the temperature axis at higher temperatures (cf. Fig. 76),

thus showing that almost all the electrons from the interference

levels have moved into the conduction band. A saturation con-

dition will thus be obtained and eventually a further increase in

conductivity will no longer be possible. In this event a decrease

of conductivity with increasing temperature may even be observed

at sufficiently high temperatures due to the decrease of the mean
free path / in (135) with increasing temperature (cf. Fig. 81).

The above formulae were derived for excess semi-conductors.

They can also be applied to the other two classes, the defect and the in-

trinsic semi-conductors. The formulae remain exactly the same for

defect semi-conductors, then denoting the number ofelectron holes.

After having undertaken these calculations, using the two simplify-

ing assumptions made on page 131, we shall now consider more
general cases in which one or the other of these assumptions is not

fulfilled. At first we assume that the electrons coming from the

level a in the excess atoms may not only be attached to those

excess atoms but that there are more places in the crystal lattice to

which these electrons may go, even when they are not located in the

conduction band. An example for such a case may be given by

considering the right-hand side of Fig. 64 showing a crystal lattice

AB with a certain number (4) of vacancies at A-lattice sites and a

smaller number (2) at B-lattice sites. There is an excess of B-atoms

(encircled) in this lattice due to the difference in the respective

numbers of vacancies. One can easily see, however, that in this

case the electrons in the conduction band need not necessarily return

to their original (encircled) B-ions, but may be trapped by other

B-ions near the two additional vacancies at A-lattice sites.

The number of such additional vacancies or electron traps will be
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denoted by and it will be assumed that the electrons in these

traps have the same energy as in the n„ interference levels. Then
instead of (1 36)

:

(150)

and instead of (137);

G{n„-\-na)

giEa-E0lkT^
1

(151)

Equations (138) to (140) remain unchanged, while (141) becomes:

Ny= G*na—G*nae^^i

1
+g(£j;-£o)/*T

(152)

The limiting energy ^ must be calculated from this equation. Only

the result of this calculation obtained with the simplifying con-

dition tia will be given here. It is

:

^;^a-^ln- (153)
e Ha

One sees from this that the Fermi-level may be either higher or lower

than the interference energy level cr, depending on the ratio

From (153) the internal work function is obtained as:

— .... (154)
e

If this equation is introduced into (140), the formula for the number
of electrons in the conduction band, valid for this case, is

:

jV . . . . (155)
na

This equation replaces (147) if the number of trapping sites, is

not negligible. If, however, Ua< ( 147) remains valid. Equation

(155) was first derived by Nijboer.^

After having discussed the influence of the trapping sites we shall

now assume that there is not only one interference level a but a

small band of such levels (cf. Fig. 77). As outlined by Mott and

Gurney,* the excess atoms will interact with each other if their con-

centration exceeds a certain value and the energy levels of the

electrons of these excess atoms are therefore no longer all the same.

They spread over a certain range and form an interference energy

band in the semi-conductor, which is separated from the conduction

* N. F. Mott, R. W. Gurney, Electronic Processes in Ionic Crystals^

Oxford, 1940, p. 166.
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band by a small gap (^—(a+Jcr) in Fig. 77). The width Aa of this

interference band increases with the number ofexcess atoms.

The Fermi-level and the number of electrons in the conduction

band for this case were calculated by Busch. ^ Let nXE) denote the

X

Fermi leyel 4

Interference
band

iAa-

Fig. 77.—Energy Bands in an Excess Semi-conductor having a Large Number
of Excess Atoms.

number of energy levels in the interference band between E and

E+dE, and NXE) the number of electrons in these levels. Equa-

tion (136) (for na=0) must then be replaced by:

N,+
r*o-\-Aa

NXE)dE=G*\
J a J c

nXE)dE . (156)

The equations (136) to (140) used in the first case are valid, but

(141) must be replaced by:

G*nXE)dE
1

J C

(157)

This integral can easily be evaluated if it is assumed that

n„(E)=nJeA(7 and(E^—E)lkT'^l. The further calculation is then

quite similar to that for only one energy level a as carried out on

page 1 33 and the value obtained for the internal work function is

:

X-^=^+^ln [^*"‘’'"'^-1] (158)

The number of interference levels occurring in equation (143)
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for zJcr=0 is now replaced by the ratio between and the width

eAa of the interference band measured in units kT. This ratio,

which gives the number of interference levels in a strip of the inter-

ference band of width kT^ may be called the interference density and

is denoted by:

rig

eAaIkT
(159)

With this value and for the internal work function from

(158) may be related to the internal work function valid for Aa=0
as given by (143). If (x“or)ja=o denotes the value obtained from

(143) or from Fig. 75 with n^kT) instead of ria, then :

= — .... (160)

According to this equation the Fermi-level will be half-way between

the lower limit of the conduction band and the upper limit of the

ig. 78.—Experimental Design for Measuring Conductivity and Hall Effect.

interference band, if the value of n^kT) is large or the temperature

low (cf. Fig. 77).

The formula now obtained for the number of electrons in the

conduction band is

:

. . (161)

This is the equation that has to be used when the width of the

interference band cannot be neglected. Equation (161) is also valid

on the condition Ej;^—EJkT^\, which for a sharp interference level

gave (145) and which now, taking into account (160), becomes:

2kT
X-(a+Ja)>^ (161a)

e

The equations derived above for the conductivity of semi-

conductors can only be checked experimentally by measurements in

the low-temperature range, where the chemical composition and the

number of excess atoms do not vary with temperature but remain

appreciably constant during the measuring time. Fig. 78 shows
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an experimental set for measuring the conductivity in which the

semi-conducting material is in the form of a slab or rod. In order

to avoid faulty results produced by the contact resistances of the

electrodes, the voltage necessary for calculating the conductivity

is taken from the two points X. The auxiliary electrodes applied

at these points X and also the electrodes Y which are used for

measuring the Hall-effect (cf. p. 145) are best made by evaporating

thin metal layers on to the required areas.

Further examples of measurements of the conductivity as a

function of temperature are given by Fig. 79 for Ti02 (according to

Meyer 2) and Fig. 80 for ZnO (according to Fritsch 0* These

—
1500 1000 500 SOO^K

Fig. 79.—The Conductivity /c of a Semi-conductor as a Function of Temperature
for Different Densities of Excess Atoms : Ti02 (Meyer 2).

measurements were carried out for different numbers of excess

atoms obtained by varying the reducing treatment of the oxide.

All the curves shown are straight lines in a plot log k against 1 /T, and

represent exponential functions

:

K=a

.

(162)

as required by the formulae derived above. Sometimes, as shown

by Fig. 8 1 ,
the slope of the lines changes from one value to another

when passing a certain temperature. This is not surprising, since

in the formulae derived above for the number of electrons in the

conduction band, quite different values of the exponent appear,

depending on the value of tia. For na<^N^ equation (147) is valid
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and the factor (x— ct)/2 appears in the exponent, whilst for Na^Nx
equation (155) is correct, and here the exponent is x— The one

formula may be valid in one range of temperatures and the other

r-fr

Fig. 80.—The conductivity x: of a Semi-conductor as a Function of Temperature
for Different Densities of Excess Atoms : ZnO (Fritsch

formula in another range. It may also be possible that a semi-

conductor is an excess (defect) semi-conductor at lower temperature

and an intrinsic semi-conductor at higher temperatures, and lines of

different slope may be observed for this reason. One can see from

this short outline that it will generally be difficult to obtain accurate

values of the interference energy and the internal work function
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from the slopes observed unless the details of the mechanism pro-

ducing the semi-conduction are known.

An important result shown by Figs. 79 and 80 is that an increase

in the amount of excess material in the semi-conductor decreases

not only the conductivity itself but

also the slope of the line representing

the conductivity. This phenomenon,

which was quite unexpected, was first

observed by Meyer ^ for WO3. It

has been confirmed by Hartmann ^

for AI2O3 and Ta205 , by Meyer and
Neldel ^ who measured Fe203 in

addition to the compounds quoted,

and by Busch ^ for SiC. Table XIV
gives some numerical values for the

variation of the energy
j
8 in (162)

with increasing number of excess

atoms as measured by Meyer and

Neldel.

Furthermore, Meyer and Neldel

found a relation between ^ and the

constant a in (162) if these two

values were ascertained for different states of a semi-conductor

(different numbers of excess atoms). This relation, which was
confirmed by Busch, ^ is:

^=Kx\oga+K2 (163)

where Ki and K2 are two constants (Xi>0, Meyer’s rule),

relation is valid for ^>0 06 eV.

Fig. 81.—Conductivity k of Silicon

Carbide as a Function of Tem-
perature (Busch 0-

The

Table XIV

Variation of the Energy P in the Exponent of the Semi-Conductor Formula with

Increasing Number of Excess Atoms {Meyer and Neldel 3)

Semi-conductor

/S

From To

TiOz 1-73 eV 0 004 eV
ZnO 104 „ 005 „
FezOj 118 „ 0 005 „
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•Various attempts have been made to explain the decrease of p
with increasing number of excess atoms. Mbglich ^ and Nijboer ^

assumed that the dielectric constant of a semi-conductor varies

with increasing number of excess atoms and that this variation

influences the distance between the two energy levels x ^nd cr. But

such a variation of the dielectric constant with the number of excess

atoms has not been proved experimentally yet. Gisolf,^ contrary

to the assumptions normally made, assumed that the energy levels

of the excess electrons lie within the conduction band and that the

electrons go from there to special trapping sites which form a band

below the conduction band. Gisolf explains the relation (163) in

this way, but does not justify the special assumptions that have to

be made. An equation for the constant Ki in (163) has been given

by Busch ^ who related it to the temperature of “freezing in” which

was defined in Sec. 15.

A plausible explanation for the relationship represented by

equation (163) was given by Mott and Gurney.* Their reason-

ing may be discussed by using equation (161), which gives the

number of electrons in the conduction band if the interference levels

make up an interference band (cf. Fig. 77). As discussed on p. 139

the width Aa of the interference band will then increase with in-

creasing number of excess atoms. Consequently the exponent of

( 161 ) will decrease and the decrease of P in (162) is thus explained.

The relation (163) is more difficult to explain. If a is calculated by

combining ( 161 ) and (135) and ^ is expressed by theA^alues occurring

in the exponent of ( 161 ), the following equation is obtained from

(163):

a=ki\ogj^+k2(T) .... (164)

(^l>0). A decrease either in the mean free path / or in the inter-

ference density n(kT) with increasing Aa and must be assumed

in order to fulfil (163). A decrease in / was considered by Meyer

and Neldel.^ On the other hand, a relation similar to (163) is also

observed for the thermionic emission of semi-conductors in which

the mean free path has no importance, and an explanation of

relation (163) by assuming only a variation of / seems therefore to

be unsatisfactory.

The value of the number of excess atoms can only be obtained

* N. F. Mott, R. W. Gurney, Electronic Processes in Ionic Crystalsy Oxford,

1940, p. 166.
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by chemical analysis for semi-conductors with relatively large

and correspondingly high conductivity. The interference energy

will be small in this case and condition (145) is then no longer

fulfilled. The following values were measured by Meyer ^ for

Ti02:

Table XV

Experimental Values for the Density of Excess Atoms in TiOz {Meyer 2)

^(r=293^K.)

0-22 cm.“'
0-78
4*46 1

0 3 X 1020 atoms/cm.

3

4 X 1020

1

21 X1020

The determination of smaller values of n„ is made possible by the

Hall-effect, which at the same time allows a discrimination between

excess and defect semi-conductors. This Hall-effect is observed in

an experimental set similar to Fig. 78, if a magnetic field H, per-

pendicular to the plane of the paper (directed from above), is

applied. The electrons producing the current through this semi-

conductor are diverted towards the upper side in the figure by the

magnetic field. Consequently there will be a potential difference

Vh between the contacts Y which is proportional to the current

density y, to H, and to the width b of the slab perpendicular to the

direction of the current. If the thickness of the slab in the direction

of the magnetic field is denoted by cIq then with j—llbd^ \

IW
Fh=10-6/xo//^ ..... (165)

"0

The factor H in this formula is assumed to be given in units

cm.VCoul. (instead of m.^/Coul.). This factor is called the Hall-

constant and is normally of the order of lO""^ for metals. For
7=10 amp., H=10^ amp. m~^ and <7o=01 mm., the value of the

potential difference Vh then is about 10“^ volt.

The Hall-constant H can be calculated by means of electronic

theory, which gives the value:

37r _7‘35xl0i8

877^” N cm.VCoul. (166)

{N the number of conduction electrons per cm.^). If an excess
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semi-conductor is considered, the value of N must.be replaced by

Ny from either (140) or (147). Using (140) and with G=2

H= 3ir

SeGC^l^
7’-3/2ge(x-t)/fe7'_ 4-8x10-2

(r/iooo)2/2
( 167)

Or

For r=1000° and log Hc^l. One sees from this that

the Hall coefficient may take much higher values for semi-con-

ductors than it does for metals.

Equations (167) may be used for determining the position of the

Fermi level as this is the only characteristic of the semi-conductor

occurring in these equations. If formula (147) for is used

instead of (140)

. . (168)

This equation can be used for evaluating the number n„ of excess

atoms by plotting a straight line against 1jT in the usual way and

determining the intercept. Miller ^ for instance who measured the

Hall effect of ZnO found a value for X”^=1*4. If

equation (161) were used instead of (147) for deriving (168), n„

would be replaced by the interference density n(kT)^

Equations (166)-(168) are also valid for defect semi-conductors,

with the only difference that the opposite sign must be applied

(Peierls ^). It is therefore possible to decide by measuring the Hall-

effect, if a given material is an excess or a defect semi-conductor.

In addition to this the Hall-effect may be used for discriminating

between electronic and ionic conductors, as no Hall-effect can exist

for ionic conduction.

The mobility u of the electrons can be obtained by combining the

two equations (132) for the conductivity and (166) for the Hall-

constant. It follows:

(169)
8

The product of conductivity and Hall-constant is nearly equal to the

mobility. The values obtained for the mobility of different semi-

conductors lie between 0-5 and 100 cm.^/volt sec. at temperatures

between 200° and 400° K. The mean free path / calculated from
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these mobilities by combining formulae (134) and (148) is between

1 and 100 A.

Finally the thermo-electric voltage of semi-conductors is of

interest, and a formula for this voltage will therefore be given

without derivation. The thermo-electric voltage between two
metal contacts (1) and (2), applied to an excess semi-conductor and
having different temperatures Ti and 7% {TidT^, is given by

Therefore

dT T e

(170)

(170a)

When deriving this formula the contribution of the metal electrons

to the thermo-electric effect has been neglected. This is justified

because, for example, with — ^=0*5 and r=800'', it follows from

(170a) that AVthjdT^OAS mV/degree. This value is about 10

times higher than those obtained for metals.

Equation (170a) can be used for determining the position of the

Fermi level in a similar way as (167). If the value (143) for (x—

0

is introduced in (170a), an equation containing the number of

excess atoms is obtained, and this equation can again be em-

ployed for determining Furthermore the sign of the thermo-

electric voltage Vth in (170) changes if a defect semi-conductor

instead of an excess semi-conductor is considered. Hence the

measurement of Vth also gives a means for discriminating between

the two main types of semi-conductors. Up to the present only

very few measurements of the thermo-electric voltage of semi-

conductors are known.

Concluding this section, it may be emphasized that many of the

equations given above only apply to a particular one of the semi-

conductor models which have been discussed (e.g. equations (142),

(143), (147), (149), (154), (155), (160), (161), 168)). The main

formulae which are valid independently of any particular model

are (134), (135), (140), (166), (167), (170). In principle the validity

of these formulae is not even limited to the range below the tem-

perature of “freezing in” (cf. p. 131) to which our discussion has

been confined. The equations concerned also refer to the range

* Cf. F. Seitz, The Modern Theory of Solids^ New York and London,
1940, p. 191.
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above this critical temperature, where the number of excess atoms

is no longer constant, but variable and dependent on temperature.

In this range, however, the temperature dependence represented by

these equations is so much influenced by the temperature dependence

of n„ that the laws which are finally obtained are entirely different.
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CHAPTER 4

THE MECHANISM OF THE EMISSION FROM
AN ACTIVATED OXIDE COATING IN

EQUILIBRIUM

18. Experimental Details and Physical Constants of the Oxide

Coating

After having discussed the fundamentals in the three previous

chapters, we can now proceed to the physics of the oxide-coated

cathode. It has previously been pointed out that the oxide cathode,

consisting of a chemical compound or a mixture of such com-

pounds, differs essentially from cathodes made of pure or con-

taminated metals. The physical properties of those compounds,

which are quite different from the properties of metals, must there-

fore be used for explaining the mechanism of the oxide cathode.

By not taking this fact into account, false conclusions have been

produced in some of the earlier experiments.

The main part of the oxide cathode, the oxide coating, normally

consists of one of the three alkaline earth oxides BaO, SrO, and

CaO, or of mixtures of these. As the characteristic properties of

the oxide cathode occur especially with barium oxide, this oxide is

the most important one. For this reason we shall preferably deal

with barium oxide in this chapter and shall only refer to the other

alkaline earth oxides if they are used in one of the experiments to be

discussed. It may be pointed out in this context that the ability to

emit electrons is not exclusive to alkaline earth oxides but is a

general property of many metal oxides. Details of this general

behaviour of metal oxides will be given later, and the emission

properties of different metal oxides will then be compared.

It is assumed that the reader is familiar with the manufacturing

process of the oxide cathode as discussed in Vol. I. As the details

of the preparation of the cathode do not influence the principles

governing its behaviour, the discussion here may be limited to one

of the different types of cathodes mentioned in Vol. I, Sec. 2. The
most common type, the uncombined cathode, manufactured by
decomposition of carbonates, will be chosen. Other types are only

considered if they have been used for experiments to be discussed.
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ACTIVATED OXIDE COATING IN EQUILIBRIUM 4.18

On the other hand, it must be taken into consideration that cathodes

made by different methods may have different compositions. This

will not influence the mechanism of the emission but may affect

the individual measured values. Consequently only those experi-

mental values may directly be compared which are obtained for

cathodes made in the same way.

When investigating the oxide cathode experimentally, it must be

borne in mind that the chemical system of the oxide coating is very

sensitive to chemical influences produced by impurities or residual

gases. This results from the fact that barium oxide and especially

barium metal are very active chemically. BaO combines with

water vapour at room temperature according to the formula

Ba0+H20=Ba(0H)2

and forms barium hydroxide. If water vapour is present, BaO
combines with carbon dioxide according to the formula

Ba0+C02=BaC03
and forms barium carbonate. Moreover, barium metal has a high

affinity for oxygen, hydrogen, and nitrogen. It reacts with oxygen

already at room temperature, while it combines with hydrogen

above 120*" C. forming barium hydride (BaH2), and with nitrogen

above 260° C., forming barium nitride (Ba3N2).*

Both the susceptibility of the coating to chemical attack and the

different methods of manufacture affect the composition of the

coating in a very complex manner. When working with oxide

cathodes, it is therefore necessary to take into account a number of

factors which may influence the measured values. The importance of

these factors will be fully understood only in the course of the further

discussion in this book. The factors concerned are the following:

(1) The composition of the materials used for manufacturing the

alkaline earth oxides (e.g. the alkaline earth carbonates) and the

methods by which those materials are made (precipitation method).

Both influence the grain size and the crystallographic structure of

the oxide coating (cf. Vol. I, Sec. 4).

(2) The ability of the core metal and of the binders in the emission

paste to react chemically (cf. Vol. I, Sec. 3 and Sec. 32).

(3) The method of depositing the oxide coating on the core

metal, which influences the density, the porosity, and the surface

roughness of the coating (cf. Vol. I, Sec. 5 and Sec. 28).

* For the details cf. Gmelin’s Handbuch der Anorganischen Chemie, No. 30,

Barium (1932).
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4. 18 THE OXIDE-COATED CATHODE

(4) The composition of the materials used for the other

electrodes in the experimental valve (cf, Vol. I, Sec. 12.5 and

Sec. 31.3).

(5) The vacuum in the valve, which depends on the pumping
procedure and on the type of getter; the best vacuum which is

available by modern technical means (at least 10"^ mm. mercury)

must be provided for exact investigations.

(6) The method of decomposing the cathode for obtaining the

alkaline earth oxides (cf. Vol. I, Sec. 7).

(7) The manner of activating the cathode, which is determined

by the temperature, the activation current, and the time of activa-

tion (cf. Vol. I, Sec. 8 and Sec. 29).

In addition to this the utmost cleanliness must be applied to all

the processes needed for making the cathode and the other com-
ponents of the experimental valve. This necessity has been greatly

emphasized in Vol. I. If attention is not sufficiently paid to this,

the impurities which then may exist in the cathode will easily

produce faulty results.

As the many influences given above cannot be kept completely

constant, even in very exact investigations, certain variations of

the experimental results must always be expected. Hence all

investigations should be carried out with a large number of cathodes.

The accuracy of the measured values will be increased in this

manner, and judging the reliability of the results will be made
easier. Measurements with only one valve which have been

carried out sometimes, have a very limited value.

The many conditions which influence the results obtained with

oxide-coated cathodes have not been recognized sufficiently in some
of the earlier investigations. Some of these conditions could not

be taken into account, as the necessary experimental means, for

example in vacuum technique, were not available at that time.

Consequently the results of those investigations cannot be con-

sidered as accurate from our point of view. It is therefore not sur-

prising that the numerous observations which have been made since

the discovery of the oxide cathode by Wehnelt,i could not at first

be explained by a universal concept. As described in Vol. I in

detail, many such concepts have been worked out during the de-

velopment of the oxide cathode. Only some ten years ago a con-

cept was developed which explained the fundamental phenomena
without contradiction. This concept will be the basis of the con-

siderations in this book. Before proceeding with it, however,
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the fundamental constants of the oxide-coated cathode will be

compiled.*
Table XVI

Properties of Alkaline Earth Atoms

Mg 1

1 Ca Sr Ba 1 Unit of

1 1

measurement

Atomic number K 12 1 20 38 56
Atomic weight A 24-32

j

40 08 87-63 137 36 i

Ionization voltage 1-63 1 6-25 5-68 5-21 i eV
^\f 1. electron.

Ionization voltage 1510

1

1 11-87 10-86 9-96 eV
^2/ 2. electron.

Polarization con- 0-10 1 0 5 0-87 1-6 10“24cm.^
stant a of the

double-charged
1

j

ion.
i

Electron Configuration

1

\s Is Ip '^s 3p 3d 4.? 4p 4d 4/ 5s 5p 5d ... 6s

Mg 2 2 6 2 __ —- — „
Ca 2 2 6 2 6 — 2 — — __ — — — —
Sr 2 2 6 2 6 10 2 6 — -- 2 — ^ —
Ba 2 2 6 2 6 10 2 6 10 --26 — 2

Table XVll

Crystal Properties of Alkaline Earth Metals

Mg Ca Sr Ba Unit of
measure-
ment

Crystal system hexagonal face-

centred
cubic

fT.<
720° K.
hexagonal
f.T.>
720° K.

face-

centred
cubic

body-
centred
cubic

A.Lattice constant d 3-20

5-21
1

5-56 6-08 5-02

Atomic volume Ajh
(calculated from d i

forL=6 02x1023)J

14-0 25-9
1

33-7
,

38-2 cm.3/g.-

atom.

Density 8 (calcu- i

lated from A and i

Ajh). '

1-74 1-55 2 60 3 60 g7cm.3

Heat of formation
j

Cfl-
1

36-3 47-8
,

47 49 k. cal./mol.

Melting point

Vapour pressure p I

930 1125 1030
cf. Fig. 82

980 ° K.

* Most of these constants were taken from J. D’Ans and E. Lax, Taschen-
buckfur Physiker und Chemiker, Berlin, 1943.
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Table XVIII

Properties of Alkaline Earth Oxides

MgO CaO SrO BaO Unit of
measure-
ment

Molecular weightM 40-32 56-08 103-63 153-36
Crystal system face-centred cubic (NaCl- type)

A.Lattice constant d 4-20 4-80 5-14 5-52

Density 8 (calcu- 3-62 3-38 5-05 6 05 g./cm.3

lated from M and
d).

Lattice energy El 40-9 36-6 34-4 32-5 eV
Heat of formation 146-1 151-7 140 8 133 k, cal./mol.

Qb^ i

Specific heat at
298" K.

8-96 10 3 10-77 11 34 cal./mol.

degree.

Melting point 2920 2840 2700 2200 "K.
Dielectric constant 9-8 11-8 13-3 14-3*

€ for statical field.

Dielectric constant 2-95 3-28 3-31 —
e for infra-red fre-

quencies.
Vapour pressure p
Rate ofevaporation

cf. Fig. 83.

cf. Vol. I, Fig. 54.

* Obtained by extrapolation.

Fig. 82.—Vapour Pressure p of Alkaline Earth Metals as a Function of
Temperature.

Crystallographic Properties of Alkaline Earth Carbonates

We consider only the three most important carbonates, of which

BaCOj and SrCOa occur in the orthorhombic aragonite type at
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room temperature. If the temperature is raised to 1080'' or 1200'' K.

respectively, they pass into a hexagonal crystal structure by an

enantiotropic transition (Zimens 0 i the details of this structure are

not known. CaC03, however, occurs in two different structures at

room temperature, as aragonite and as calcite, belonging to the

rhombohedral division of the hexagonal system. Of these two
structures calcite is stable; aragonite, however, is unstable. The

1000 1200 1400 1600 1800—r
Fig. 83.—Vapour Pressure p of Alkaline Earth Oxides as a Function of

Temperature

latter is only obtained by a slow dropwise precipitation from hot

solutions and changes into calcite by a monotropic transition at

temperatures above 800° K.

If mixtures of alkaline earth carbonates are considered, those

formed of BaC03 and SrC03 show the simplest behaviour due to

the similarity of their crystallographic properties. These two

carbonates form a continuous series of solid solutions according to

Cork and Gerhard ^ and Huber and Wagener.^ The behaviour of

the mixtures with CaC03 is less simple. According to Huber and

Wagener a simultaneous precipitation of BaC03 and CaC03 gives

solid solutions of the aragonite type, if the percentage of BaC03 is

higher than 80 mol. %, while solid solutions of the calcite type are

obtained below 60% BaC03. In an intermediate range which is

near 70 mol. % BaC03 the two crystal structures occur simul-

taneously. Similar results were obtained by Kallweit ^ for mixtures

between SrC03 and CaC03 ;
in this case the concentration limits

for the aragonite or calcite type are 50 or 30 mol. % respectively.

Table XIX shows the lattice constant for the system BaC03 — CaC03,
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4. 19 THE OXIDE-COATED CATHODE

considering both the pure carbonates and the mixtures. The values

for pure SrCOa are a=5T2, fe= 8-4o, and c=6-0 A.*

Table XIX

Lattice Constants of Mixtures ofBaCO^ and CaCOs

Molecular
percentages

Aragonite type,

orthorhombic structure

Calcite type,

rhombohedral
structure

BaCOi CaC03 a h C a a

100% 0% S-2i A. 8-8i A. 6 43 A.
80% 20% 5 -20 A. 8-72 A. 6*39 A. — —
72% 28% 5 06 A. 8-7„A. 6 43 A. 6-59 A. 45-6°

60% 40% — — 669 A. 45 0'^

50% 50% — —
j 6-6i A. 45-9°

0% ^ 100% :

1

1

i

4-94 A.
i

7-94 A. 5-72 A. 6-36 A. 46-2"

19. The Oxide Coating as an Excess Semi-Conductor

The fundamental consideration in the physics of the oxide-coated

cathode is the fact that the composition of the coating does not

correspond to the formula BaO, due to an excess of barium in the

coating. This means according to Sec. 1 6 that the oxide coating is

an excess semi-conductor. All further discussions dealing with the

electrons in the coating must therefore start from the energy

distribution of electrons in such a semi-conductor which was dis-

cussed in Sec. 17.

As the presence of excess barium in the oxide coating is so im-

portant, all the experimental evidence for its existence will be

compiled first of all. The initial discussion will deal with the

investigations in which the existence of excess barium was proved

directly. In addition to this the investigations will be quoted

which showed that oxygen is developed during the activation of the

oxide cathode. The existence of excess barium in the activated

cathode can be concluded from these investigations too.

19.1. Proof of the existence of excess barium

(a) Qualitative Proofs:

Such a proof was first given by Becker, ^ who used a com-
bined [BaSr]0 cathode on a platinum-iridium core which was

* For further investigations of the mixtures of alkaline earth carbonates
see Faivre and collaborators.^ - 2,

3
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arranged opposite to a carefully cleaned tungsten ribbon. After

having brought the temperature of the cathode up to 1260'' K.,

the emission of the tungsten ribbon was measured continuously,

and an increase in emission was observed. This increase, which
is shown in Fig. 84, completely corresponds to the increase in

emission which is obtained

during the activation of

a W-Ba cathode when
evaporating barium on a

tungsten wire (cf. Fig. 33). ^^-4

Becker concluded from this

that excess barium exists (IIOO'^K) -

in or on the oxide coating

and that this barium, due

to the high temperature of

the oxide cathode, evapo-

rates on to the tungsten

ribbon, changing this into

a W-Ba cathode. jq
-^2

Another proof of the t

excess barium was given by Pig. 84 —Variation of the Emission Current of

Gehrts,! who, when bom- ^ Heating of
an Oxide Cathode, arranged opposite to

barding grid and anode the Ribbon (Becker i).

of his experimental valve,

observed a green glow in the interspace between cathode and anode.

The existence of barium was proved by finding the spectral lines of

Ba in the glow.

(b) Quantitative Analyses:

The first chemical analysis of excess barium in the coating

was carried out by Berdennikowa,i who used combined cathodes

made of a mixture of the three usual alkaline earth oxides on

platinum-iridium. The excess barium was tested by reduction of

water vapour based on the chemical equation Ba+H20 =Ba0+H2 .

The water vapour was introduced into the experimental valve, and

the pressure of the hydrogen developed during the reaction was

measured with a MacLeod gauge. The increase in pressure thus

gave a measure for the quantity of excess barium in the cathode.

The result was that 5 /^g. existed in the fully activated coating of the

cathode used by Berdennikowa.
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The same method was used by Clausing,* who in addition to

this tested the excess barium by directly measuring the quantity of

oxygen needed for the oxidation of the barium. Both methods

gave an amount of 0*25 mol. % barium.

However, a more recent application of the former method, under-

taken by Jenkins and Newton, 2 gave a much lower value of

about 0 01 mol. % for the excess barium in [BaSr]0. In this

investigation considerable care was taken to ensure that all the

barium which might exist on the glass wall and on other components

of the experimental valve was excluded from detection by the

analysis.

Another method was given by Fritz, ^ who introduced nitrogen

into his valves and used the reaction 3Ba+N2=Ba3N2 occurring

at a temperature of 770° K. After finishing this reaction, the oxide-

coating was treated in water vapour, giving ammonia by the reaction

Ba3N2+6H20= 3Ba(0H)2+2NH3. The ammonia could be tested

by a colorimetric analysis. Fritz gave a yield of 2 /xg., but it is

not quite clear if this refers to NH3 or to Ba.

Still another method, based on the reduction of CO2 by Ba, was

employed by Prescott and Morrison. ^ They used cathodes made
of a mixture of barium, strontium, and nickelous carbonates on a

platinum-iridium core. These cathodes were activated by reduc-

tion with methane (cf. Sec. 29.1) and then exposed to carbon

dioxide at a temperature of about 1100° K. The carbon dioxide

then oxidizes the excess barium according to the reaction C02+Ba
=BaO+CO, and the quantity of excess barium can be determined

by a quantitative analysis of the carbon monoxide developed.

Prescott and Morrison obtained in this manner up to 60 /xg. excess

barium, referring to about 1 mg. BaO. This very high value of

about 6 mol. % may be due to the special activation process used by

Prescott and Morrison.

When employing these methods for the analysis of the excess

barium it must be taken into account that during the activation of

a cathode a quantity of barium evaporates which may be con-

siderably larger than the quantity to be detected in the coating (cf.

Table XXX). It is therefore important that the evaporated barium

which is located on the other parts of the experimental valve is

excluded from the analysis. The restriction to the barium in the

coating can be achieved either by separating the cathode from the

* Cf J. H. de Boer, Electron Emission and Adsorption Phenomena^ Cam-
bridge, 1935, p. 348.
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Other parts of the valve before beginning the analysis (Jenkins and

Newton), or by using one of the methods which require a higher

temperature for the reaction between the barium and the reactive

agent (methods by Fritz and by Prescott and Morrison). Further-

more the amount of barium metal on the components of the valve

can be reduced by using platinum as core metal of the cathode (cf.

Table XXX). The method of Fritz seems to be most reliable, as

this method needs a higher temperature and uses gases (N2, NH3)
which normally do not occur as residual gases in a valve.

19.2. Proof of the development of oxygen during the activation

(a) Qualitative Proofs:

The first proof of the development of oxygen during the activa-

tion was given by Barton,^ who found by means of a mass spectro^

graph that negative ions are emitted from a [BaSr]0 cathode

at high temperatures. He concluded from the molecular weight

M=33, determined for these ions, that they were O^-ions. This

result was confirmed by Blewett and Jones ^ and Schaefer and

Walcher,^ while Bachman and Carnahan, ^ Broadway and Pearce, ^

and Sloane and Watt ^ found 0"-ions instead.

A spectroscopical proof for the evolution of oxygen was given

by Detels.^ The gas arising during the activation was pumped into

a discharge tube previously evaporated, and the existence of oxygen

was confirmed by a spectroscopical examination of the discharge.

Becker, when continuing his experiments described in 19. 1 lowered

the temperature of the cathode from 1260° to 800° K. and drew

an emission current of 1 mA. When doing so, the emission

current of the tungsten ribbon which was measured simultaneously

fell to 1/200 of its original value. This result was explained by

assuming that oxygen evaporates from the oxide cathode to the

tungsten ribbon and poisons this.

(b) Quantitative Analysis :

A direct chemical analysis of the oxygen was carried out by

Isensee,! who also pumped the gas developed during the activation

into a container which was previously evacuated. Some hydrogen

could also be brought into the container by a palladium tube and

could react with the oxygen from the cathode by the catalytic action

of a platinum wire. The water vapour so produced was frozen in

with liquid air, and the quantity of oxygen developed during the
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activation was ascertained from the decrease of pressure in the con-

tainer. Isensee activated his cathodes, consisting of a mixture of the

three usual alkaline earth oxides on a platinum core, at a tempera-

ture of about 1225° K., so increasing the saturated current from 0*2

to 70 mA/cm.2. The quantity of oxygen developed during this

activation was between 2 and 7 [xg. The corresponding amount of

excess barium in the oxide coating is about 0*2 mol. %.

19.3. Location of the excess barium

Considering the result of the experiments described, there cannot

be any doubt that excess barium exists in or on an activated oxide

coating. The values obtained for the amount of excess barium do

not agree very well. They vary between 10”^ mol. % (Jenkins and

Newton) and 6 % (Prescott and Morrison). These differences may
partly be due to differences in the state of activation of the cathodes

examined. Emission values characterizing the state of activation

have been reported by Jenkins and Newton who givejs=9 mA/cm.^
at 7'=825°K. This value, however, is not the optimum one

attainable (cf. I, Fig. 50).

If the rather high value of Prescott and Morrison is not taken

into account, an average value of the analyses by Clausing, Isensee,

and Jenkins is p= 5x \0~^ mol. %, p giving the percentage of excess

barium in the coating. It was originally assumed that this excess

barium would only exist on the surface of the oxide coating or

would only be effective there. But this seems to be doubtful in

view of the large quantities of excess barium which were measured.

Let d denote the lattice constant of BaO and dc the thickness of the

oxide coating. If only the outer surface of the coating is considered,

the quantity of excess barium as given above would make up

(/7/100) x ^/^/(^//2)= 100 atom layers at the surface {dcn^S A.,

dc^SOp). A smaller value than this will be obtained for the

number of layers at the surface, if it is taken into account that the

excess barium may also accumulate at the boundaries of the indi-

vidual oxide particles in the coating. Nevertheless quite a number

of layers of excess barium would remain at the surface as long as

this barium is assumed to be located at inner and outer surfaces

only. The behaviour of such an accumulation of several atom

layers would be similar to that of barium in bulk, and in view of

the fact that barium metal has a vapour pressure of 3 x 10~2 rnm.

at 1000° K., the existence of so many surface layers of barium seems

to be unlikely.

160



ACTIVATED OXIDE COATING IN EQUILIBRIUM 4.19.3

There is therefore good reason to assume that a considerable

part of the excess barium is built into the crystal lattice of the oxide

coating. This conclusion is confirmed by some experiments show-

ing the effectiveness of the excess barium in the interior of the

coating, Becker ^ and Becker and Sears - used the experimental

arrangement shown in Fig. 85, which consists of two directly heated,

combined [BaSrJO cathodes F i and F3

and a parallel tungsten ribbon

By heating the one cathode to a suffi-

ciently high temperature, barium was

evaporated from this cathode to the

other one which remained cold. The

saturated current of the latter cathode

was measured during the evaporation

at short intervals, during which the

temperature was increased to 475-

600° K. It was observed that during

the evaporation the saturated current

rises up to a maximum and subse-

quently falls again (cf. left-hand side

of Fig. 86).

In a second series of experiments

one of the oxide cathodes was used as

an anode for the tungsten ribbon, and

an electron current of 10 fiA was sent

from the ribbon to the cold cathode.

The saturated current of this cathode

was again measured at short intervals,

and a similar curve as before was ob-

tained. The rise and fall of the current 85.—Experiment^ Arrange-

in this case only depended on the pro- in cm.),

duct of electron current and time, that

means on the electrical charge traversing the oxide coating. Becker

concluded from this that in this second case barium metal was
deposited at the surface by electrolysis.

The shape of the curve in Fig. 86, as obtained in both cases, was
explained by the assumption that the barium, accumulating at the

surface of the cathode, produces a maximum decrease in work func-

tion and a maximum emission, when an optimum concentration

of barium at the surface is reached. Until this is achieved the

emission current increases with decreasing work function, while after
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4. 19J THE OXIDE-COATED CATHODE

exceeding the optimum concentration the current falls with in-

creasing work function.

After the above treatment the oxide cathode was heated to a

temperature between 800° and 1040° K. and the saturated current

was measured in the same manner as before. It was observed that

the current rises again to a maximum and falls afterwards, as seen

from the right-hand side of Fig. 86. This phenomenon may be ex-

plained by assuming that the barium on the surface diffuses to the

interior when the temperature is increased. The amount of barium
concentration at the surface therefore decreases, and the emission

increases, until the optimum concentration is reached again. When
subsequently this optimum
concentration is exceeded, the

emission current falls again,

until an equilibrium between

the excess barium in the in-

terior and at the surface is

established.

Becker and Sears repeated

this treatment of the cathode

—production of barium at the

surface by electrolysis and

subsequent diffusion of this

barium into the interior

—

several times with the same

Fig. 86.—Variation of the Saturated Current cathode. Some values mea-
of an Oxide Cathode during Bombard- gured in this manner (at 500°
ment by Electrons and Subsequent ^

Heating at 800^^ K. (Becker i). K.) are plotted in Fig. 87 as

a function of the electrical

charge sent into the cathode. The crosses in this figure refer to the

maximum currents which were measured when the electrons from

the tungsten ribbon were sent into the coating, while the dots denote

the emission values which were obtained after establishing the

equilibrium of diffusion during the heating of the cathode at 1040° K.

One sees from the figure that the emission current in each case

increases with the number of repetitions, that means with the total

electrical charge sent into the cathode. On the other hand, the

different repetitions of the measurement only increase the number

of excess barium atoms in the interior of the coating by diffusion,

while the state of the surface remains the same within each series of

measurements. Hence it follows from the experimental result in
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Fig. 86 that the emission current of an oxide cathode not only

depends on the qualities of the surface of the coating but also on the

qualities of the interior, especially on the number of excess barium

atoms in the interior.

If the small number of barium atoms which may be on the surface

are neglected, there will be approximately /?=5xl0“2 mol. %
excess barium in the interior of the coating. This result corresponds

with that of Schriel,i who found that a maximum amount of about

Fig. 87.—Variation of the Saturated Current of an Oxide Cathode during Repeated
Electron Bombardments (Becker and Sears 2).

1 % barium is soluble in barium oxide. The total number of excess

barium atoms built into a unit volume of barium oxide coating

then is:

(8=density, T=Avogadro’s number, M=molecular weight).*

Finally the question will be discussed, in which way the excess

barium atoms are built into the crystal lattice of barium oxide. In

order to decide between the two possibilities discussed in Sec, 16,

the interspersion into the interstices (Fig. 69) and the formation of

vacancies (Fig. 70), calculations or measurements as sketched out in

* Recently the figure Wa=3 x has been quoted as obtained by
Jenkins and Newton b 2 for the number of excess atoms. Apparently this is

based on an arithmetic error as from Jenkins and Newton’s value of

p=0 01 mol. %, Wa=2-4xl0i8 is derived.
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4 . 19.3 THE OXIDE-COATED CATHODE

Sec. 13 must be undertaken. Schottky ^ and lost and Nehlep ^

made a theoretical examination of the crystal lattice of sodium

chloride and found that vacancies are predominant in both the

sodium chloride itself and the alkaline earth oxides which form a

lattice of the sodium chloride type, consisting of bivalent ions. The
formation of excess barium atoms in the crystal lattice of activated

BaO will therefore be due to an increased formation of vacancies in

the lattice of the oxygen ions. Fig. 88 shows the configuration ofan

activated BaO crystal lattice as resulting from such a concept. The

residual vacancies in the lattice of the barium ions have been

neglected in this figure.

The relationship between BaO and NaCl, as seen by comparing

Fig. 88 and Fig. 72, is confirmed by an experimental result of

0” 0“" 0"’
Ba+'*' 0" Ba++ 0“

O’" 0"" © 0"" Ba++

Ba++ 0” 0“' o~~ Ba^-^ 0” Ba++ O'"

o~- 0“' 0"“ Ba^+ 0" Ba-*"^

0— 0" 0“ @ Ba'^'^ 0"

0" 0" Ba'^^ 0“ 0““
Ba'^'^ O" Ba-*-^

Fig. 88.—Configuration of Excess Barium in the Crystal Lattice of a Barium Oxide
Cathode.

Schriel,^ according to which BaO is coloured red by taking up excess

barium. This colouring effect seems to correspond to the appro-

priate phenomenon observed with NaCl as described in Sec. 16.

The vacancies in the oxygen lattice of BaO producing the excess in

barium may therefore be compared with the F-centres in NaCl. In

drawing Fig. 88 the two electrons necessary for obtaining neutrality

of an F-centre are associated with one of the surrounding Ba-ions

which is indicated by a circle. Such an association, of course, is

merely arbitrary; an association of the two electrons with two

different ones of the surrounding atoms would seem as reasonable.

When combining the results of this section with the considerations

in Sec. 16, it will be concluded that the oxide coating is a semi-

conductor. This was recently confirmed by measurements of the

Hall-effect which have been undertaken by Wright.^’ ^ He found

that the sign of the Hall-effect of an oxide coating is that of an
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excess conductor* and that the Hall constant is an exponential

function of IjT as required for semi-conductors by equation (167)

or (168). An evaluation of these measurements for determining the

number of excess atoms, however, seems not to be possible at the

present state, due to the lack of knowledge of details of the semi-

conductor model to be applied to the oxide cathode (cf. Sec. 22).

20. The Emission Equation of an Excess Semi-Conductor

The thermal emission of an excess semi-conductor will now be

examined theoretically and its emission equation derived. It will

then be possible to compare the theoretical results with the experi-

ments, and to find further justification for the semi-conductor

model of the oxide cathode as given here. When doing this it will

be convenient to deal only with fundamental phenomena which are

important for an understanding of the mechanism of the oxide

cathode, while phenomena which are of only secondary importance

will initially be neglected. Some simplifications will therefore be

introduced which will be eliminated later. These simplifications

are as follows:

(a) In this chapter we only deal with the fully activated oxide

cathode, containing about 5 x lO"^ mol. % excess Ba-atoms which

are built into the crystal lattice. Experiments and processes

referring to the activation of the cathode are only discussed in this

chapter if they are of importance for explaining the mechanism of

the fully activated cathode. The real activation process, however,

consisting of production and building in of excess Ba-atoms into

the crystal lattice, will be discussed in Chapter 6.

{b) It will be assumed that the oxide coating is in an equilibrium,

which means that the number of excess barium atoms does not vary

with time or space. According to this assumption the electron

emission of the oxide cathode occurs in the range below the tem-

perature of ‘‘freezing in” (cf. Secs. 15 and 17), and diffusion and

ionic conduction which would change the number of excess atoms

are negligibly small. This assumption is not fulfilled in practice, as

shown in Chapter 6. On the contrary, the difficulties, when

working with oxide cathodes, result especially from the existence

of diffusion and ionic conduction. But in order to simplify

* The opposite sign of the Hall-effect was observed under certain con-

ditions, but this was due to impurities, and is consequently of no fundamental
importance.
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considerations as far as possible, these phenomena may initially

be neglected.

(c) It is assumed that the chemical composition of the oxide

coating is the same in the whole range between core metal and

surface. The influence of interface layers which are sometimes

formed at the boundary between core and coating from the com-

ponents of the two adjoining materials is at first neglected. This

influence is important for some phenomena observed with com-

mercial cathodes, but is not of fundamental importance for the

mechanism of the oxide cathode (cf. Sec. 32).

id) It will furthermore be assumed that the oxide coating only

consists of barium oxide. The other alkaline earth oxides, the metal

oxides in general, and the mixtures of oxides will be discussed in

the next chapter. However, as the number of investigations carried

out with pure BaO is very small, it will be necessary to use experi-

mental results obtained with [BaSrjO mixtures also in this chapter.

ie) All secondary phenomena resulting from the existence of

single, irregulary bounded crystals in the coating will be neglected.

This means that the different size and position of the oxide crystals,

the pores existing between them, and the roughness of the surface

produced by them are neglected, and that the phenomena resulting

from this will be discussed in a later section.

if) It will be finally assumed that the temperature of the cathode

is the same over all the coating and that the electrical potential

along the cathode does not vary (equipotential cathode).

The energy distribution which the electrons take up in the BaO
lattice containing excess Ba must be considered first. This will be

done with reference to the NaCl lattice discussed in Sec. 16. There

are only two essential differences between NaCl and BaO. The
first is the difference in valency: Na is monovalent and Ba bivalent.

The other difference results from the fact that the metal ion of

NaCl has a lower atomic number and therefore less electrons than

the anion Cl, while with BaO it is just the opposite. The barium

atom possesses 56 electrons according to Table XVI; oxygen,

however, only 8 electrons. The electron configuration of Ba will

also be seen from the table mentioned; the configuration of oxygen

is: 2 X Is; 2x2s; 4x2/?.

When the BaO crystal lattice is formed, the two 6^-electrons of

barium go into the 2/?-shell of oxygen and, together with the electrons

already there, make up a completely filled energy band. The
position of the highest energy bands in the BaO lattice is given
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schematically by Fig. 89 . The excess Ba atoms are built into the

BaO lattice in the same manner as the excess Na-atoms are built

into the NaCl lattice. Hence the energy levels of the electrons of

those excess Ba-atoms give interference levels which lie slightly

below the corresponding energy bands of the BaO lattice. The
interference levels a of the

outer 65-electrons in particular

are located below the empty 65

energy band (conduction band).

The gap between the con-

duction band and the fully

occupied 2/?-0 band can be

estimated from calculations by

Wright ,

3

who computed the

energy necessary for lifting an

electron from the 2/?-band into

vacuum. This energy, as will

be seen from the considerations in Sec. 23
,

is only slightly larger

than the energy gap between the 2p-band and the conduction band.

Table XX
Energies x+^ necessary for lifting an electron from the full 2p-band into vacuum

{see figures 89 and 90, values computed by Wright 2).

Alkaline earth oxide BaO^ SrO CaO MgO
X+l^(eV) 2-6 3-3 4-8 5-9

If the temperature is increased, a part of the 65-electrons in the

impurity levels is excited into the 65-band previously unoccupied.

After having arrived in this band, the electrons may be conducted to

the surface of the coating and may be emitted from there into the

vacuum. For discussing this emission, the plot of the energy bands

in Fig. 89 must be extended towards the surface and the vacuum
beyond the surface. It must then be taken into consideration that

a potential barrier exists at the surface of the oxide coating in the

same manner as with metals. It is, however, not important in this

context, whether this potential barrier is only produced by the BaO
lattice or whether it is modified by Ba-ions adsorbed at the surface

similar to the W-Ba cathode. The potential plot in Fig. 90 is

therefore obtained, defining the potential of the electrons in the

coating and in the vacuum.

* Footnote added during proof reading: A recent optical determination by
Tyler 1 has given x=3*8 eV.

Fig. 89.—Energy Bands of the BaO Lattice

with Excess Ba built in.
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4. 20 THE OXIDE-COATED CATHODE

Two amounts of energy must be supplied to the electrons to

enable them to be emitted. These two energies are:

(a) The internal work function which is necessary to

lift the electrons into the conduction band.

(b) The energy ifs enabling the electrons to overcome the potential

barrier at the surface. This energy corresponds to the work func-

tion of metals and is now called external work function.

Metal
core

Fermi
le^ej

Oxide coating Vacuum

'^on/uction^^
////6s-Bay/A

C t External

1
work

I
1

function

Interna!

T work function

— /T
Interference

band
7

Total

^ work
function

Fig. 90.—Potential of Electrons in and at the Surface of an Oxide Coating.

The total energy to be supplied for the emission of an electron is

equal to the sum of the two partial amounts given above and is

called total work function Accordingly:

^=<t>+ ip (172)

The internal work function
(f>

in this equation is effective in the

interior of the coating and characterizes the share of the interior in

the emission. The external work function however, is effective

at the surface and characterizes the share of the surface.

While a formula for the external work function i/r cannot be given,

the value of the internal work function can be obtained

from the calculations in Sec. 17. It has been shown there that the

internal work function, or what is the same, the position of the

Fermi-level with reference to the conduction band, depends very

much on the special model which is assumed for the semi-conductor.

If only one sharp interference level and no additional traps exist

equation (143) is valid, while with additional traps present, equation

(154), and with an interference band instead of a sharp level, equa-

tion (160) must be employed. In this book equation (160) will
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mainly be used, implying that a band of interference levels of the

width Ja exists (cf. Fig. 90). If condition (143a) is fulfilled the value

(x~0ja=o in (160), indicating the internal work function for zero

width of the interference band, can be approximated to by intro-

ducing the interference density «(*7 )
instead of into equation (143).

It may be repeated here that the interference density n(kr) indicates

the number of excess barium atoms whose interference levels lie in a

strip of the width kT in the interference band (cf. pp. 139, 140).

Usingthe approximate value of (x-“Ojcr=ofrom(143), (160) becomes:

. (173)

The deviation between this approximate value and the exact value

of
<f>

will be seen from Fig. 75 for /7(*r) instead of and for a+Aa
instead of cj.

The fact that the internal work function according to (173)

depends on the width Aa o^ the interference band may be used to

explain the increase in emission during the activation of the cathode.

As outlined in Sec. 17, the width Aa will increase with increasing

number of excess atoms, and both the internal work function

according to (173) and the total work function according to (172)

will therefore decrease during activation. An increasing emission

current is therefore observed.

For deriving the equation of the emission current, the value of the

density of electrons in the conduction band, given, for instance,

by (140), must be used. The fraction of having an energy

larger than x+ ^ will be enabled to overcome the potential barrier

at the surface and will give the required emission current. It must

be borne in mind, however, that the energies of the electrons in the

conduction band are not distributed according to Fermi as with

metals, on account of the fact that the electron density in this band

is very small. The density can be estimated from (147), if the

number of excess atoms and the energy x~^ known.

Using the value n^= \ x 10^^ from (171) and an approximate value

X—<t=0'6 eV as found by the conductivity measurements (cf.

Sec. 22), we obtain cm.“^ for the operating temperature

r^lfiWK. An application of equation (14) then gives the

critical temperature rA::::!::30°. As this temperature is exceeded

by more than a factor ten during the operation of the cathode, a

Maxwell distribution of the electrons will exist in the conduction

band.
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Contrary to metals the emission equation of the oxide cathode

must therefore be derived by using Maxwell’s distribution law (20).

Apart from this essential difference the calculation can be carried

out in the same manner as with metals. First of all the momentum
co-ordinates px^ Py^ and pz must be introduced as independent

variables into the Maxwell distribution (20) instead of the energy E.

Equation (20) must therefore be multiplied with the ratio of the

respective phase volumes.

dpxdpydpz

A'lrp^dp

By using the values from (6) for E and dE and by equating N to

the relation

:

N{p)dpxdpydpz— N^{lTTmkT)-^‘'^e-P^'‘^^^'^dpxdpydpz

is obtained. This equation is transformed by introducing the value

(36) for the energy E^''\ appropriate to the normal component of

velocity (in z-direction perpendicular to the surface), and by inte-

grating over the tangential momentum components Px and py. The
number of electrons whose energy is between and is

thus obtained:

,, . (174)
2(wAD*/2£('>)1/2

Furthermore, the number of corresponding electrons striking

unit area of the surface per second is derived by multiplication with

the velocity component jm). Then with C from (41a)

:

. . (175)

Of this number all electrons having an energy E> etft can be emitted.

A suitable integration and a multiplication with the electron charge

e therefore gives the total electron current which is emitted per unit

of the surface area

:

eN.

ek= ISJ T^^2p~e<J>lkT
(176)

If the electron density were independent of temperature this

emission equation would be identical with the old Richardson’s

ri/2-law, in which the constant, multiplying the exponential func-

tion, also depends on the number N of electrons.
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Actually the electron density is given by one of the formulae

derived in Sec. 17, either (140), (147), (155), or (161). Whilst

formula (140) is universally valid, the other equations refer to one

of the respective models to be assumed for the semi-conductor.

Using the universal formula (140) with x—l—4> ^nd (7=2, the

result for a surface area of S cm.^ is:

.... (177)
h

and with (48)

:

. (177a)

The emission equation so obtained for the oxide cathode has the

same form as emission equation (47) for metals. The only but

essential difference between these two equations is that the external

work function the only one existing for metals, is replaced in the

exponent of (177) by the sum of the internal and external work
functions.

The value of the internal work function (f>=x — C in the above

equation must be taken from one of the formulae (143), (154), or

(160) calculated in Sec. 17. According to all these formulae the

value of
(f>
depends on temperature, and the temperature-dependence

of the emission current, given by (177), will be modified by the

temperature-dependence pf In some cases it will therefore be

desirable to introduce the suitable value of
(f>

in (177), If equation

(160) for
<f>

is used, implying the existence of an interference band in

the oxide cathode, the result is

:

• (178)
h

The constant multiplying the exponential function of this equation

will be abbreviated by:

H

=2-45 X amp./cm. 2 degree ^''4
. . . (179)

A similar equation for the case of sharp interference levels instead

ofan interference band was given by Fowler ' and Schottky.i *

* Cf. W. Schottky in C. Ramsauer, Das freie Elektron in Physik und
Technik (The Free Electron in Physics and Technique), 1940, p. 48.
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If, however,
(f>

is taken from equation (154) implying the existence

of additional electron traps in the crystal lattice of the oxide coating,

the following emission formula is obtained

:

4= "^^o5T2e-e(>r-<T+«fcr
_ (180)

«a

ria denoting the number of trapping sites

It may be emphasized that equation (177) is universally valid,

while the other two equations (178) and (180) only refer to one of the

special models which may be assumed for the semi-conductor

“oxide cathode.” The universal equation has the further advantage

that the total work function which is the essential constant of all

emission phenomena occurs in the exponent explicitly. Equation

(178) and (180), however, do not contain the work function but

values which are identical to the work function only at r=0. On
the other hand, the exponent of the universal equation depends

very much on temperature, whilst the exponents of the special

equations (178) and (180) are only temperature-dependent if there

is a temperature-dependence of the interference energy or of

the external work function </r.

It may be pointed out that each of the two special formulae (178)

or (180) may be valid for the oxide cathode in a certain state of

activation. As the number of excess atoms is small at low

activation states, it may then be comparable with the number Ua of

additional traps, and equation (180) will therefore be valid. If the

activation, however, is improved and increases, the additional

traps may be neglected, while the interference levels widen into a

band, so giving rise to an emission law as given by (178).

The considerations and calculations leading to the above emission

equations are only valid if the number of excess atoms is not too

large. If however, exceeds a certain value, the density of the

electrons in the conduction band may become so high that there is

no longer a Maxwellian distribution. In addition to this, the gap

between the conduction and the interference band becomes smaller

with increasing and equation (16 1 a), which was the main condi-

tion for the calculations in Sec. 17, may therefore become invalid.

The deviations from the normal emission formula produced by

very high values of have been discussed by Braun and Busch,*

who considered the case where no additional traps exist in the

semi-conductor. They showed that, while equation (177) is

valid universally, equation (178) is only valid on two conditions.
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Equation (161a) must be fulfilled and in addition to it the following

relation must be observed

:

(181)

C denoting the constant defined by (41a). For 7=1000'" we obtain

fh,<^2 X 10-^\ a condition which is most likely always to be fulfilled

Excess bapfum Mo/7o

Fig. 9F—Emission Current as a Function of the Quantity of Excess Barium for

Large Quantities (Prescott and Morrison).

with oxide cathodes. The only essential condition limiting the

application of the emission formulae is therefore (161a).

Finally an experiment may be mentioned which shows the

behaviour of the emission current, as

observed if the quantity of excess barium

is increased beyond its normal value.

Fig, 91, giving the emission currents

measured by Prescott and Morrison ^ as

a function of the percentage of excess

barium, shows that a maximum emission

was obtained at about 3%.
Concluding this section it may be

pointed out that the work function of an Fig.92.-Electronimageofan
oxide cathode has not a uniform value Oxide Cathode (mag. x 30),

along the surface of the cathode. Electron

images taken from oxide cathodes (cf. Fig. 92) show that diflerent

areas of these cathodes emit with different intensities. The con-

ditions are quite similar to those on metal cathodes, the differences

in emission being due to differences between the work function
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of the different areas. The causes for these differences in work

function will be discussed later (cf. Sec. 28); it will be sufficient

to know in this chapter that on account of these differences all

calculations are to be carried out with mean values of the work

function. The particular phenomena connected with differences

in work function may be discussed as for metal cathodes, and the

mean values may be defined in the same manner.

21. Application of the Methods of Measuring the Work
Function to the Oxide Cathode

21.1. Experimental details

It is as important as for metal cathodes to have reliable methods

for measuring the work function of oxide cathodes. These methods

are to be employed first for comparing the emission ofcathodes made
in different manners. In addition to this these methods are of im-

portance for proving definitely that the mechanism of the oxide

cathode is as described above. According to the results in the pre-

vious section the work function, and only the work function, varies

during the activation of the cathode, provided this work function

has been measured accurately. This behaviour of the work func-

tion during the activation can be considered as a criterion for the

validity of the concept of emission given in this book.

An important factor in determining the work function is the

accurate measurement of the emission current, the details of which

have been discussed in Vol. I, Sec. 10. It may be emphasized here

that such a measurement of the emission must not vary the com-

position of the coating, which means the number and distribution of

the excess barium atoms. Such a variation of the composition may
be produced by phenomena of diffusion and ionic conduction in the

coating which always exist to a certain degree. Experimental

evidence shows that inaccurate results produced by these phe-

nomena are best avoided when measuring the emission either at low

temperatures (lower than 750'’ K.) or in a very short time by applying

short pulses of anode voltage (cf. Vol. I, Sec. 10.1).

When the density of the measured emission current is to be

ascertained, a difficulty arises from inadequate knowledge of the

emitting surface. This emitting surface may be very different from

the macroscopical surface area of the coating due to the considerable

roughness normally existing at the surface. The macroscopical

surface area or “coating surface” Sc is defined by the geometric
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configuration of the core metal and by the length and thickness of

the coating.

The emitting surface Se, however, is the total surface contributing

to the emission current. The surface so defined also includes those

surface elements which have a very high work function and con-

tribute to the total emission of the cathode to a very small degree.

On the other hand, surface elements, lying so deep that they are pre-

vented from emitting by a space-charge even under saturated

current conditions, will not be included in the emitting surface.

The emitting surface according to this definition may be considerably

larger than the coating surface Sc due to the great roughness of the

surface. The value Se of the emitting surface, which may also

depend on the external field strength

because of the space-charges in .the

cavities of the coating, can only be

ascertained very roughly. X
Wooten and Brown ^ tried to deter-

mine the emitting surface by measur- ^

ing the adsorption of butane and cr

ethylene at oxide cathodes. They

obtained for sprayed cathodes an

adsorbing surface which was about

30 times larger than the macroscopical

surface. However, the adsorbing sur-

Fig. 93.—Depression of Energy
Levels of a Semi-Conductor
produced by an External Elec-

trical Field (Morgulis 2).

face so obtained is likely to be considerably larger than the emitting

surface defined above.

Before ascertaining the work function, it must be verified that the

emission current to be used is saturated, and this is done by measur-

ing the current as a function ofanode voltage. An extrapolation of

the saturated current to zero external field is as difficult with oxide

cathodes as with atomic film cathodes, the difficulty being due to

different reasons. As shown by Morgulis, ^ the Schottky line,

representing the relation between saturated current and anode
voltage for metals, must be modified when dealing with semi-

conductors.

Firstly, the fact must be taken into account that the energy levels

near the surface of a dielectric or a semi-conductor will be depressed

by an applied external field (cf. Fig. 93). Consequently not only

the external work function is reduced by an amount Ai/j as with the

normal Schottky effect, but an additional reduction A(f>m internal

work function is obtained due to the depression of the conduction

175



4. 21.1 THE OXIDE-COATED CATHODE

band. This additional reduction in work function was calculated

by Morgulis and the details may be found in his paper.

Another modification of the normal Schottky line arises from the

dielectric properties of the semi-conductor. The electrical charge

induced in a dielectric by the image force of an emitted electron is

not equal to the charge of the electron but is obtained by multi-

plying the electronic charge by the factor (e — l)/(6 + l), ^ denoting

the dielectric constant. The image force at the surface of a dielec-

tric is therefore derived by introducing the same factor on the

right-hand side of equation (25), and this factor will also appear

under the square root of equation (71) giving the Schottky line for

metals. If a semi-conductor is considered which is somewhere in

between a pure dielectric and a metal, the slope of the Schottky

line will therefore be modified by a factor whose value is between

a/[(€ — l)/(^ + l)] and 1. The numerical value of this factor, of

course, will not differ very much from 1 ,
as, for instance, for alkaline

earth oxides V[(^--l)/(^+ l)] — 0-9.

Checking the formulae for the relation between saturated current

and anode voltage is made difficult by the differences in work func-

tion between different areas of the cathode surface and by the

roughness of this surface. The influence of the differences in work
function is the same as for atomic film cathodes (cf. Sec. 6), while

the roughness of the surface makes it impossible to ascertain exact

values of the field strength at the surface. For these reasons

empirical formulae have normally been used for extrapolating the

saturated current to zero external field.

The following equations have been employed for such an em-

pirical extrapolation in the papers by Heinze,^ Gill,^ Wheatcroft,^

Huber, 1 Sproull,^ Champeix,i and Hung.^

(182)

(Schottky’s VV-law) . (183)

Isi^U^^+kW{VA + UKA) ( 184)

h^=U^KVA-\-UKA^\f^ (185)

The ki are independent of Va, and may have different values for

different cathodes. According to Heinze ^ and Huber i the

saturated current as a function of anode voltage is best represented

by equation (185), this result being valid for both low temperatures

(Huber, 550-650° K.) and high temperatures (Heinze, up to

1150° K.) A double logarithmic plot of saturated current against
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anode voltage therefore gives a straight line which can be used for

extrapolating the saturated current to zero field. Such a plot is

shown in Fig. 94 in which The figure illustrates that little

accuracy can be expected if the zero field current is obtained by

extrapolation of high currents such as are measured at higher tem-

peratures.

The slope of the straight line so obtained is given by the exponent

and depends on the roughness of the cathode surface, according

Fig. 94.—Space Charge Current and Saturated Current Characteristic of an Oxide
Cathode, obtained by using Anode Voltage Pulses of 1/x sec. Width.

to unpublished measurements of Krieg. The slope is considerably

larger for sprayed cathodes with rough surfaces than for cathodes

which are made by electrophoresis, having a very smooth surface.

This result can easily be explained as not the anode voltage but the

field strength resulting from it will be decisive for the variation of

the saturated current with anode voltage, and as the field strength

on the average will be higher at the rough surface than at the smooth
surface. The exponent k^, determining the slope, is independent

of temperature in the temperature range in which a D.C. measure-

ment of the saturated current is possible with fully activated cathodes

(up to about 15(f K.). If the temperature is higher, k4 normally

increases with increasing temperature, but this may be due to
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secondary influences, as for instance the heating-up of the coating

produced by the emission current.

The individual methods for measuring the work function of oxide

cathodes will now be discussed. The discussion in this section will

be limited to the measurement of the total work function and will be

undertaken in close connection with Chapter 2, dealing with the

methods for measuring the work function of metals.

21.2. Richardson line

The Richardson method may be used in the same way as for pure

metals and atomic film cathodes, but the difficulties which arise are

the same as discussed in Sec. 8. Furthermore, it must be taken into

account that the diffusion phenomena in the oxide coating which

were mentioned above depend on temperature to a high degree.

As the temperature must be varied when taking the Richardson

line, the composition of the oxide coating may be changed due to

the variation of the diffusion with temperature. It may therefore

be possible that the individual measured values do not correspond

to the same state of the cathode.

Different ways have been tried in order to avoid errors produced

by these diffusion phenomena. According to Espe,i for example,

the cathode is at first heated at the highest temperature necessary

for the measurements and at the anode voltage used later on, until a

constant emission current is obtained. The emission values for the

Richardson line are then measured as quickly as possible (within

3 to 4 minutes), reproducible values being obtained in this manner.

But the diffusion processes may produce faulty results in spite of

the reproducibility observed, because the diffusion processes may
also be reproducible. The optimum conditions are given by a very

quick measurement, for instance by the method of Kniepkamp and

Nebel.* These workers employed the electrical resistance of their

directly-heated cathodes as a measure for the temperature and

measured the saturated current as a function of the resistance by

means of an oscillograph. The time for measuring a Richardson

line could so be reduced to } second.

Another question to be discussed here is which of the three

emission formulae (177), (178), and (180) which were derived in

Sec. 20, should be used for the Richardson method. In addition to

those three formulae two more equations have been used in practice

by the many workers who applied Richardson’s method to the oxide

cathode. The first of these equations is the old Richardson’s
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as given by (175), which was frequently employed by the

early investigators, whilst the second one was derived by de Boer

from his concept of thermal ionization of the excess Ba-atoms (cf.

Vol. I, Sec. 1). This latter equation omits the factor T'* which

normally multiplies the exponential function and whose index n

characterizes the main difference between all the different formulae.

According to de Boer :

*

...... (186)

In general, all the emission formulae can be written as follows:

( 187)

n denoting the figures 0, or 2, the appropriate emission

constant, and ^8^"^ the work function or any other value occurring in

the exponent of the respective emission formula. The theoretical

value of the emission constants may again be indicated by the

subscript 0, while this subscript will be omitted if experimental

values which more or less differ from the theoretical one are given.

As pointed out in Sec. 3, it is not possible to discriminate experi-

mentally between the different emission equations given by (187) for

different values of n.

If formula (187) is used for the Richardson method, we have:

Iog4/r'’=-^i3<'’’+log^o'"’5'. . . . (188)

Given two values /^i and 1,2 and the appropriate two temperatures

Tx and T2 ,
the exponent is then to be calculated from:

0198 log
L1IT2”

(i/r2-i/ri)xio3
(189)

Comparing the applicability of the different equations to the

Richardson method, equation (178) («=|) should be preferred,

because the exponent of this equation has from theoretical con-

siderations the smallest temperature-dependence. The exponent

of (177) («=2) is certainly much more temperature-dependent due

to the temperature-dependence of 4>=X~^ given by (143).

Most investigators, however, have preferred this latter equation

and a simple formula for converting the emission constant obtained

for the one equation into that valid for the other one will therefore

* J. H. de Boer, Electron Emission and Adsorption Phenomena, Cambridge,

1938, p. 340.
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be useful.

(187) is:

The appropriate formula, which is easily derived from

A(5!4)

A(2)
(190)

The exponents obtained from (188) with the same experimental

values, by using either At =2 or « , are not very different, the differ-

ence being approximately 0 05 eV under normal conditions (fully

activated cathode). Using this difference:

A(5!4)

A(2)
-300 (191)

The fact that the exponents derived either from (177) for At =2
or from (178) for A2 =f are not very different from each other may
be easily understood. is equal to the total work function

but only the value zero temperature can be obtained by

means of the Richardson method. Furthermore, it follows from

(172) and (173) that

^o=i(X“^)+^— .... (192)

provided the terms on the right-hand side of this equation are

temperature-independent. On the other hand, the right-hand side

of (192) is equal to the exponent of (178), and the difference

between and is therefore only due to the influence of the

different indices n of the temperature T in (177) (a? =2) or (178)

(aa=|:) respectively.

The value^measured by the different workers for and the

mean value Wq, are compiled in Table XXI. The values are valid

for fully activated cathodes and for the anode voltage used in the

respective measurements, which is normally of the order of 100

volts. The emission equation used for the determination of W by

the worker has been indicated in the table by reference to the

respective equation number and by giving the value of n.

It has been shown in detail in Sec. 8 that an accurate value of the

emission constant Aq cannot be obtained, and it will therefore not

be possible to calculate exact values of A7(fer) from the measured

emission constants A. A rough estimate, however, may be given

here. The two main influences to be accounted for are the tem-

perature-dependence of ^ and the inaccurate knowledge of the

emitting surface Se. If equation (89) is used

:

Sc
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Table XXI

Total Work Functions of Oxide Cathodes, measured by the Richardson Method

Composi- Year of Measured by (eV) A Emission n
tion of measure- equation

oxide
coating

ment used

BaO and 1920 Arnold i 1-55-1 *9 — (176) \
BaO-SrO,|
BaO-SrO 1924 Davisson and 1 -48-1 -65 _ (177) 1

Germer.i
BaO 1924 Spanner » 1-85 — (176) h
SrO 2-15 — (176)

CaO 2-4 — (176)

BaO-SrO 1925 Roller 1 1-04 10-3 (177) 2

BaO 1926 Espe 1 0-99 10-3 (177) 2

SrO 1-27 — (177)

CaO 1-77 — (177)

Commer- 1926 Rothe ' 0-92-1 -24 —
1

(176) i
cial mix-
ture.

BaO and 1927 Detels I 1-3 10-3 (177) I

2

BaO'SrO.,
BaO (con- 1929 Espe 2 11 2x10* (177) 2

densation
cathode).

(177)[BaSr]0 1931
1

Huxford 1 1-24 1-2x10-2 2

[BaSr]0 1932 Kniepkamp 0 95-M 10-

*

1 (177) 2

and Nebel.i

[BaSr]0 1935 Patai and 0-71 7x10-2 (177)
i

2

Frank. 1
1

[BaSr]0 1936 Patai and 1 -04-1 -24 1-8x10-2 (177) 2

Tomaschek.2 -1 6x10-*
[BaSrJO 1938 Prescott and 1-37 — (177) 2

Morrison.*

[BaSr]0 1940 Nishibori and 0-98-1-43 — (177)

Kawamura.i
BaO 1943 Fan * 1-5 0 1 (177) 2

[BaSr]0 1946 Champeix * M — (177) 2

Commer- 1948 Jacobs, Hees, 0-83-1-03 9-6-28-0x103 (186) 0

cial triple and Cross-
!

carbon-
ates.

ley.*

(177)[BaSr]0 1949 Wright.

4

1-2 —
I

^

[BaSr]0 1950 Hung.i 1-25 (178)
s

4

For «= | and with the value of taken from (179) therefore:

= . . (194)

or

! -67 X lOii(/4-'/'')2(f - (195)
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The maximum value of .4'^* from Table XXI is 10'*. Then

with (191) y4*5'‘‘*=30 and (.4*^^‘'*)2~1000. If the approximate value

Sc/Se^l is used, «(Ar)— 10*’ for dWjdT=3xl0~‘* and «(*r)— 10***

for d^ldT=5 x lO"'* eV/degree. A reasonable agreement with the

value «o=10*® from (171) is_thus obtained if probable values of the

temperature coefficient of 'i' are chosen (cf. Sec. 21.6). Nothing

more can be expected on account of the inaccurate knowledge of

this temperature coefficient and of all the inaccuracies connected

with the determination of .4. _
Finally the variation of work function Wq and emission constant

.4 during the activation of the cathode, as obtained from the Richard-

son measurements, may be discussed. The results given by different

authors are quite contradictory. Espe * found that the work

function does not vary at alt and that only the value of A increases

during the activation. According to Detels,* Huxford,* and Patai

and Frank,* however, both work function and emission constant

vary during the activation. According to Detels, Kniepkamp and

Nebel,* and Veenemans * there is a linear relation between the

values of the work function and the emission constant A, measured

at different states of activation. This relation, which may be

written
; _

^o=CilogA-fc2 (196)

(ci, C2 constants), is shown by Fig. 95 giving the measurements of

Veenemans. The same relation was found by Liebold * for

cathodes with different core metals and by Jacobs, Hees, and

Crossley * during different stages of life of the cathodes.

Formula (196) is very similar to equation (163) obtained for the

constant a and the exponent of the conductivity formula of semi-

conductors. As shown in Sec. 22, the conductivity in and the

emission from semi-conductors are interconnected, and it seems

therefore to be likely that equations (163) and (196) are due to a

common cause. As far as the emission is concerned, two possible

explanations may be given for the fact that the emission constant

A decreases with decreasing work function Wq according to (196).

Firstly, it may be assumed that with improving activation and

decreasing work function the interference density n^kt) decreases

too and that therefore A decreases according to (194). As seen

from (194), the same result would be produced by an increase in the

temperature coefficient dWjdT. Such an increase in d'FjdT with

improving activation is in fact to be expected, because the difference
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Fig,
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AW between the maximum and minimum work functions at the

cathode surface will increase during activation and because this

increase in AW will give rise to an increasing dWjdT as shown by

Fig. 45. An evaluation ofequation (196) in detail is not yet possible,

as the figures given for the constants c\ and C2 by the different

authors vary too much.

Veenemans ^ assumed the relation between A and shown by

Fig. 95, to be a proof that the concept of thermal ionization of

Ba-atoms adsorbed at the surface of the oxide coating, as given by

de Boer (cf. Vol. I, Sec. 1), would be valid. The above considera-

tions, however, show that within the accuracy of the experimental

values the relation between A and W^ can also be explained by the

concept of the mechanism of emission given in this book. More-

over, the correspondence between equation (196) for the emission

current and equation (163) for the conductivity of semi-conductors

shows the close relationship between these two phenomena which

has especially been accounted for in the concept given here. The

experimental facts which are against de Boer’s assumption will be

discussed under (5) in this section.

A fundamental question for deciding between different concepts

of the mechanism of emission is, whether the increase in the

saturated current during activation is entirely due to a decrease in

the work function or not. This question cannot be decided by

applying the Richardson method. The variations of A given by

equation (196) only refer to the emission constant y4^5/4) (178)

(«=i), and the exponent of (178) does not contain the work func-

tion at the operating temperature. Although the measured value of

A varies, it is nevertheless possible that the decrease of the total

work function W in the exponent of equation (177) is entirely

responsible for the increase of the saturated current during activa-

tion. This question can only be decided experimentally by one of

the other methods for measuring the work function which give its

value at the operating temperature.

21.3. Calorimetric measurement

When carrying out the calorimetric measurements described in

Sec. 9, the work function is ascertained from the cooling power

Pcooh Formulae (92) and (93), which were derived for the cooling

power of metals, can be applied to oxide cathodes with only two

slight modifications. Firstly the external work function i/f, being
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the only contributor to the cooling power in the case of metals,

must be replaced by the total work function, because the internal

work function also makes a contribution in the case of oxide cath-

odes. Secondly it must be taken into account that the emission

current, when flowing through the oxide coating, heats the coating

(cf. Vol. I, Sec. 12.2) and produces a quantity of heat of amount
I^Rc per unit time {Rc resistance of the oxide coating in the direction

of the current). The cooling power is thus partly compensated,

and the quantity of heat produced must be subtracted from the

cooling power when considering the equilibrium of heat in the

coating. The final equation for calculating the work function

under saturated current conditions therefore is:

W=^-\llx\Qr*T+IsRc . . . (197)

The only investigation giving incontestable results by means of

the cooling effect is that by Davisson and Germer.^ They em-
ployed the first method discussed in Sec. 9, by directly ascertaining

the decrease in temperature after switching on the emission. A
work function ¥'=161 eV (after applying the correction term

l *72xl0'4r in equation (165)) was obtained for a temperature

r= 1064''. Some other investigations may be quoted here in which

either the emission heating of the oxide cathode was not accounted

for (Michel and Spanner i), or the measurement was carried out in

the space-charge range (Rothe,^ Kroczek and Luebke,^ and

Heinze 0* The values found in these latter investigations cannot

be considered as obtained by means of the cooling effect (cf.

Sec. 9).

21.4. Photo-electric methods

When the photo-electric methods are used for measuring the

thermal work function of the oxide cathode, the special rules for

exciting the electrons of a semi-conductor into the conduction band

photo-electrically must be taken into account. Two fundamentally

different cases can be distinguished. The first case refers to the

absolute zero of temperature where the conduction band is empty

and the electrons can only be excited from the interference level a

(see Fig. 90). In this case the minimum energy which is necessary

for excitation will be equal to the sum of the interference energy

)^—((T+Aa) and the external work function If a photo-electric
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work function of the oxide coating is defined by relating this work

function to the frequency limit vq in the same way as in equation

(102) for metals, we have:

. • . (198)
e

In the second case, when r>0, the electrons can be excited from

the conduction band; the energy necessary for excitation and the

frequency limit therefore become considerably smaller.

The dependence of the photo-emission on frequency has been

investigated theoretically by Muto and Yamashita ^ for both

ranges of temperature. They found that for T=0 the photo-electric

current Iph can be represented by a straight line in a plot Iph against

rising from the frequency limit vq towards higher frequencies.

Table XXII

Photo-electric Work Function of Oxide Cathodes

Type of
cathode

Year of
measure-
ment

Method Measured by Tempera-
ture eV

[BaSr]0 1931 7 Huxford 1 Room
tempera-
ture.

1-32

[BaSr]0 1941 Extrapolation
straight line.

of Nishibori,

Kawamura and
Hirano.2

T=0 1-66

BaO 1941 Extrapolation
straight line.

of Nishibori,
Kawamura and
Hirano.2

r=o E63

SrO 1941 Extrapolation
straight line.

of Nishibori,
Kawamura and
Hirano.2

r=o 2-58

[BaSr]0 1949 Fowler Mahlman i Room
tempera-
ture.

1-82

If the temperature is raised a temperature-dependent photo-current

is obtained for v<iv^ which passes gradually into the straight line

mentioned above. All these considerations are, of course, only

valid on the assumption that the photo-emission of the oxide

cathode is entirely a semi-conductor phenomenon and that special

surface energy states which would influence the photo-current do
not exist. This question has not been decided experimentally

yet.
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Several experimental determinations of the photo-electric work
function have been undertaken, and quite different methods have

been used. Nishibori, Kawamura and Hirano ^ based their

measurements on Muto and Yamashita’s calculations and obtained

the work function by extrapolating the straight line in a plot Iph

against v to the intersection with the frequency axis. The Fowler

method (cf. Sec. 11.1) has also been used, but a theoretical justifica-

tion for this has not been given. The method of total photo-

electric emission has been employed by Suhrmann and Fruehling i

for BaO and by Suhrmann and Dehmelt ^ for CS2O. However, a

theoretical investigation of the application of this method to the

oxide cathode has not been given yet and the results obtained in

the two above papers will therefore not be discussed further. The
other photo-electric work functions which have been measured are

compiled in Table XXII.

21.5. Contact potential measurements

The laws which were derived for the contact potential between

metal electrodes in Sec. 4.1 are only slightly modified if one of

the metals is replaced by an oxide cathode. Let us consider the

contact potential Uca be-

tween an oxide cathode

and a metal anode (cf.

the potential plot in Fig.

96). One difference results

from the occurrence of the

internal work function
<f>

which influences the con-

tact potential in the same
manner as the external

work function, the only

one existing for metals. The external work function of the

cathode in equation (51) must therefore be replaced by the total

work function ¥^c, if this equation is applied to an oxide

cathode.

Another modification may be necessary with respect to the

thermo-voltage correction term to be applied in equation (51).

As pointed out on p. 147 the thermo-electric voltage of semi-

conductors will exceed that of metals by a factor 10 or more. This

theoretical conclusion was confirmed for the oxide cathode by

measurements of Becker and Sears ^ and Blewett.^ The latter
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found a thermo-voltage between 9 x and 3 x volt/degree.

On the other hand, the temperature differences in an oxide coating

ofnormal thickness are so small (about 10 degrees) that the resulting

thermo-voltage of about 10“2 volt may usually be neglected com-

pared with the contact potential of the order of 1 volt.

Another characteristic of the oxide cathode to be accounted for

when measuring contact potentials, is the voltage drop produced

across the oxide coating by the emission current. Because of this

voltage drop the potential at the cathode surface is not the same as

the potential of the core metal determined by the voltmeter. The

difference between these two potentials may not be neglected at

low cathode temperatures (high resistances) and high emission

currents and must be accounted for by a suitable correction.

It has been shown in Sec. 12 that of all contact potential methods

the intersection method is the most suitable one, because it gives

directly the emissive mean value of the work function. This inter-

section method is best carried out at low temperatures with small

emission currents in order to make the phenomena of ionic con-

duction and diffusion which change the composition of the coating,

negligibly small. The intersection method was employed by

Heinze and Wagener/ who investigated indirectly heated oxide

coatings, consisting of a commercial mixture of the three alkaline

earth oxides, on a nickel or platinum core. They especially

examined the dependence of the work function on state of activa-

tion; the temperature used for these investigations was about
800'’ K. An example of the results obtained is given by Fig. 97,

showing the behaviour of the work function during the activation.

It will be seen that the measured mean value ^ of the work function

decreases continuously during the activation.

The saturated currents 7/®^ obtained by extrapolation to external

field zero by means of equation (182), are also plotted in Fig. 97.

The values 7/^^ and the measured mean values of the work function

were used for calculating the product ^5 of emission constant and

surface by means of emission equation (177); this product AS is

plotted in Fig. 97 too. While the saturated current rises from

3 X 10"^ to 10“"^ amp., the value AS only varies from 30 to 65. It

follows from these and from the other measurements carried out by

Heinze and Wagener that the increase of the saturated current

during activation is mostly due to a decrease of the mean value of

the work function measured by the intersection method.

This decrease in the mean value of the work function observed
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during activation may be explained by assuming that the individual

work functions W at the single areas (x, y) of the cathode surface

decrease too. This would be in line with the mechanism of emission

discussed in Sec. 20. On the other hand, however, the results of

Heinze and Wagener’s experiments, could also justify the concept

given by de Boer for the mechanism of emission (cf. Vol. I, Sec. 1).

According to de Boer's original concept the work function is given

by the ionization voltage of the barium atoms adsorbed at the

surface of the coating, and this ionization voltage is a constant

which does not vary during activation. The saturated current of

t/o/ts

Fig. 97.—Variation of Work Function ^ and Saturated Current of an
Oxide Cathode during the Activation (Heinze and Wagener 4).

the cathode is then given by equation (186), in which is deter-

mined by the number of adsorbed Ba-atoms. The increase in

emission during activation is explained by an increase in the number
of adsorbed atoms and hence of in (186).

This theory was later supplemented by Veenemans,^ who assumed

different states of adsorption for the Ba-atoms at the surface, each

of them characterized by a different value of the ionization voltage

According to this a variation of both and W" in (186)

would have to be expected.

For deciding between the different concepts of the emission

mechanism Heinze and Wagener ^ took electron images of oxide

cathodes at different states of activation produced by both heating

of the cathode only and drawing of emission current. The satu-

rated current, defining the state of activation of the oxide cathode

examined, was measured at about 800'' K. in the electron microscope,

directly before taking the electron image (cf. Sec. 28). Some of the

electron images obtained in this manner are given in Figs. 98 and 99.
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As can be seen from these images, the number and position of the

emitting centres only varies during the beginning of the activation.

A relatively large part of the surface of the coating is occupied by

emitting centres during this period, when the saturated current

Fig. 9S.—Electron Images of aa Oxide Cathode, taken at Different Times during the

Beginning Period of Activation (/^CIO ^ amp., mag. x30).

remains very small «10~^ amp.) (cf. Fig. 98). When the activa-

tion is continued, the saturated current rising from 10'^ to 2 x 10““

amp., the size and distribution of the emission centres vary very

little (cf. Fig. 99). The range of the saturated currents in which the

Fig. 99.—Electron Images of an Oxide Cathode taken during Further Activation

(mag. x30): (a) 7,^10-^ amp.; (b) C=2xl0^3 amp.; (c) 7*—2xI0~' amp.
(Heinze and Wagoner ^).

distribution of the emission centres does not vary could be extended

to seven powers of 10 in later investigations carried out by means

of an'electron microscope sealed off the pump (cf. Sec. 28).

This result shows that apart from the period of beginning activa-

tion the saturated current increases at all areas (a, y) of the cathode

surface in the same proportion. In order to account for the con-

cept of de Boer, let us assume for the following that the emission

constant Aq in (187) may depend on the co-ordinates (a% y). If

two different states of activation denoted by the subscripts I and 2
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are considered, we have according to the electron microscope

images:

^0 1(-^5
y)l^T^ KA(^2{X’> . ( 1 99)

(AT a constant>0). On the other hand, the above result of measur-

ing the work function has shown that the value A (x, y)dxdy

is almost constant during the activation. Hence we have:

^^Aoi{x,y)dxdy)c=i\^A(s2{x,y)dxdy . . (200)

Let us now assume that Aq (x, y) increases at some areas of the

cathode surface during the activation. This would mean that

there are other areas at which Aq (x, y) decreases because of (200)

and at which the work function ^ (x, y) increases considerably on
account of (194). Such a concept, which would also contradict

that of de Boer, seems hardly reasonable. Consequently it can be

concluded that the emission constant Aq is really constant at all

areas of the cathode. Then equation (199) gives:

^ y)= y)-\nK

According to this the work function and only the work function

decreases uniformly at all areas of the cathode during the activation

except at the beginning. This result supports the concept given in

Sect. 20 as against de Boer’s concept.

The values of the work function measured by Heinze and
Wagener ^ for complete activation at 800 °K. were between 1 *5 and
2 eV. The deviations between the individual values are due to the

fact that the state of best activation was not obtained for all

cathodes. More accurate absolute values of the work function

were measured by Huber ^ by the same method; he found that fully

activated [BaSr]0 cathodes have a work function of about 1 *4 eV
at the operating temperature of 1000° K. (cf. Secs. 25-26).

21.6. Temperature-dependence of the work function

The temperature-dependence of the work function of oxide

cathodes was measured first by Gysae ^ by the displacement of the

characteristic, giving the temperature coefficient of the arithmetic

mean value ^ of the work function according to the considerations

in Sec. 12. Gysae found a positive temperature coefficient of about

1 X 10“^ eV/degree for temperatures above 800° K., the values of
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different valves differing considerably from each other. In the

range below 800'' K., however, a widely varying negative tempera-

ture coefficient between —2 and — 15 x 10“^ eV/degree was measured.

The existence of such a negative coefficient may be doubted, as it

gives, for example, at 400° K. a work function of about 3 eV and

a saturated current of about lO-^^ amp./cm.^ (for Ao=\20). The

saturated current which is really measured with fully activated

cathodes at this temperature is about 10“^^ amp./cm.^.

Further evidence of the magnitude of the temperature coefficient

can be obtained from the measurements of the work function

by Huber, 1 which were carried out by the intersection method.

Huber’s values, which are valid for the emissive mean value

are between 2 x 10“^ and 8*8 x 10“^ eV/degree with a mean value of

3 X 10“^ eV/degree; they refer to the temperature range between

600° and 1000° K. Exact values of the temperature coefficient are

still to be established. It is not yet possible to decide if the

temperature-dependence is only due to taking the mean value of

the work function (temperature-dependence of or if an additional

temperature-dependence of the individual work functions exists

(temperature-dependence of W, cf. Sec. 12). Another question not

yet examined is whether the temperature coefficient of the work
function varies with the magnitude of the work function, depending

on the state of activation.

Recently Smith ^ has used the measurement of the stopping

potential which must be applied for preventing photo-electrons

from reaching the anode (cf. 11.2), in order to determine the tem-

perature dependence of the work function of silicon and germanium,

these semi-conductors being the anode of his experimental set. An
application of this method to the oxide cathode is not known yet.

The temperature-dependence of the work function is normally

so large (up to 10“^ eV/degree) that it must be taken into account

when comparing values of the work function measured at different

temperatures. This fact also explains that the work functions,

obtained from contact potential measurements at temperatures

between 600° and 800° K., are throughout higher than most values

obtained by the Richardson method, being valid for T=0 (cf.

Table XXI). Since according to equation (89) the temperature

coefficient of the work function influences the value measured for

the emission constant A by the Richardson method, the temperature

coefficient can be estimated from this value of An approximate

value for the work function at higher temperatures can thus be
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ascertained from the Richardson values. The most accurate

values of the work function obtained by the Richardson method
for BaO or [BaSr]0 are about 1 eV, while the maximum yt-value is

approximately OT (cf. Table XXI). These values together with

^0= 120 give a work function of about 1*6 eV at 1000°K. (cf.

Fig. 49), which corresponds with the result of the contact potential

measurements, if the many errors connected with the Richardson

method are accounted for.

After having dealt only with the total work function of the oxide

cathode, the question now arises, what are the values of the two

components of the total work function, the internal work func-

tion <!> and the external work function 0. It will be necessary to

discuss these two components separately, the internal work function

being considered in connection with the electronic conductivity of

the oxide coating. These considerations will also give further proof

of the mechanism of the oxide cathode as discussed in this book.

22. Electronic Conduction and Internal Work Function

of the Oxide Coating

The conductivity of the oxide coating can be measured by the

usual methods either by taking a current-voltage characteristic or

in a Wheatstone bridge. The application of A.C. is to be pre-

ferred in order to avoid electrolysis and polarization voltages. If

these normal methods are used, a second electrode in addition to

the core metal is needed for applying the measuring voltage.

According to Becker and Sears ^ this second electrode may consist

of a spirally wound ribbon or wire which is embedded in the

coating of a cylindrical cathode (cf. Fig. 100). This method was

refined by Fineman and Eisenstein ^ and Danforth and Gold-

water,! yyho used two such embedded probes which were arranged

concentrically in the coating. The resistance of the coating was

measured between these two probes, and it was so possible to

exclude the influence of interface layers which may be formed

between the core metal and the actual oxide coating (cf. Sec. 32).

When using the above method, a difficulty arises from the fact

that the contact resistance between the embedded probe and the

loosely built oxide coating is relatively large and that the measure-

ment may be affected by this. Another method was employed by

Meyer and Schmidt,! used instead of a normal cathode thin

discs of alkaline earth oxide or carbonate which were only some
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tenths of a millimeter thick and which were located between two

equally formed nickel electrodes. The contact resistance is lowered

by this design, but an accurate measurement of the emission which

is desirable for comparing conductivity and emission is not possible,

because the emission current can only be drawn from the narrow

edge of the discs concerned. The employment of thicker specimens

of pressed alkaline earth oxides cannot be recommended, as these

are very difficult to degas and to activate.

A more accurate measurement of the emission is made possible

by the experimental design of Reimann and Murgoci ^ and Reimann

Fig. 100.—^Sectional View of an Experimental Cathode for measuring the Con-
ductivity of the Coating: (a) Total View; (b) Enlarged Section (Becker and
Sears 2),

and Treloar.2 Their cathode consists of two wires of nickel or

platinum respectively, which are first coated, then twisted together

and coated again after the twisting. The conductivity of the oxide

coating is measured between the two core wires as electrodes, the

heating current and the current for measuring conductivity being

switched on alternately by a special circuit. Eisenstein,^^^ and

Hannay, MacNair and White ^ employed another method by

depositing their coating on a ceramic rod. Two platinum contactor

wires, previously wound round this rod, supplied the current for the

conductivity measurement, while two similar wires were used for

measuring the voltage.

Finally, Vink ^ used a combination of two oxide cathodes of the

type employed in cathode-ray tubes (cf. Vol. I, Fig. 6), in which the

oxide coating is deposited on the end face of a nickel tube. The two
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coatings faced each other, and one of them could be moved towards

the other along the common axis of the two cathodes. The con-

ductivity could then be measured by bringing the two coatings into

contact and using the two nickel cores as electrodes, whilst the

emission was measured by separating the cathodes and placing a

movable anode in between them.

Other methods for measuring the conductivity are obtained by

utilizing the fact that the oxide coating, due to its electrical resistance,

is heated up by the emission current. This heating-up of the

coating can be counterbalanced by a change in heater power APh,
from which the value of the resistance and conductivity can be

found. The main difficulty with this method is that the heat

equilibrium in the coating (cf. equation (16), Vol. I) is determined

not only by the amount of heating-up produced by the emission

current, but also by the cooling power Pcooh which depends on the

work function of the cathode (cf. Sec. 21.3). The method involves,

therefore, the measurement of the work function, but there are two

ways to avoid this. The simplest way is to make the heating-up so

large that the cooling power can be neglected. This is possible

without damaging the coating if pulsed emission currents are taken

from the cathode (cf. Vol. I, Fig. 57). Coomes ^ made pulse

measurements using two different pulse widths w and pulse recur-

rence frequencies i^r. The heating-up, which is different in the two

cases, was counterbalanced by an appropriate variation in the

heater power APh* Then according to equation (12), Vol. I:

APH—Ie^Rc{WiVri~-W2Vr2) .... (201 )

from which the coating resistance Rc can be ascertained.

According to Kroczek and Luebke ^ the measurement is under-

taken in the space-charge region, in which, as shown in Sec. 9, the

cooling power does not depend on the work function. Equation

(197) for the cooling power Pcooi of the oxide coating has then to

be modified as shown in Sec. 9, and the following formula valid in

the space-charge region is obtained:

xl0'5r(ln

which may be written

:

Pcooi -8*61 Xl0-5r (in

Isp
(202)

^'^f'\'2\
= -LpRc .

^sp J

(203)

If the cooling power Pcooi is measured for different space-charge
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currents hp at a constant temperature T, the left-hand side of (203)

can be calculated and be plotted as a function of Isp- A straight

line is so obtained, the slope of which gives the resistance and the

conductivity of the coating.

Another way for measuring the resistance and conductivity of

the coating is to determine the potential drop across the coating.

Loosjes and Vink ^ used a valve with a movable anode and measured

the space-charge characteristic of this valve for different distances

between cathode and anode. The anode voltages obtained for

constant anode current were then plotted as a function of distance,

and the voltage drop in the oxide coating was ascertained by extra-

polating this plot to distance zero. In order to ensure a voltage

drop which is large enough, high current densities must be applied,

which can only be obtained by short time measurements.

Finally Eisenstein ^ gave a method for measuring the voltage

drop across the oxide coating by using a diode system with a hole

in the anode. The electrons passing through this hole were stopped

by a retarding potential applied to an auxiliary electrode. The
stopping potential of the auxiliary electrode must then be equal to

the potential at the surface of the coating, and the voltage drop

across the coating can therefore be determined in this way.

When measuring the conductivity of alkaline earth oxides at or

near the operating temperature, another difficulty results from the

fact that these oxides are normally not in the range below the

temperature of freezing-in, as was assumed before (cf. Secs. 17

and 20). Measuring the conductivity may consequently influence

the concentration of the excess barium atoms and therefore the

measured value of the conductivity itself. This additional difficulty

especially occurs when measuring with D.C.

A further question important for measuring conductivities is that

of the validity of Ohm’s law. Deviations from Ohm’s law were

found with the first conductivity measurements of Reimann and

Murgoci,! who measured at about 1000° K. Becker and Sears,^

however, showed with the experimental design of Fig. 100 that a

linear relation between conduction current and voltage correspond-

ing to Ohm’s law is obtained if the experimental conditions are

sufficiently good. Their measurements were made with D.C. at

555° K. They observed that the conduction current increased with

time and that this increase could be reversed by heating the cathode

at higher temperatures. The increasing current is probably pro-

duced by an ionic current varying the composition of the coating,
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while the restoration of the original state at higher temperatures

will be due to a re-establishment of the original composition by

diffusion. Whilst the final values of the conduction current gave

a slightly bent curve above 1 volt (Fig. 101, curve b), the currents

at time /=0, corresponding to the original composition of the

coating, gave a straight line in the whole range of voltages (Fig. 101,

curve a).

In addition to this, Becker and Sears examined the potential

distribution in the coating by measuring the voltage which exists

between core metal and embedded nickel ribbon, during the flow of

emission current. The result showed that the nickel ribbon has a

Appfied vo/tage i/o/ts

Fig, 101.—Relationship between Conduction Current through the Coating and
Applied Voltage (Becker and Sears 2

).

positive potential which varies almost linearly with the emission

current, corresponding to the voltage drop at an ohmic resistor.

This linear resistance characteristic, measured by Becker and
Sears for low cathode temperatures, was confirmed for higher

temperatures (750°-1350'' K.) by Meyer and Schmidt,^ Nishibori

and Kawamura,! Mutter, 1 and Hannay, MacNair, and White, ^

who also measured with D.C. Wright, ^ however, recently found

a non-linear relationship between conduction current and voltage.

Vink ^ and Loosjes and Vink ^ showed that different shapes of

the resistance characteristic may be obtained, depending on the

temperature range. They pointed out that the pores of the normal

oxide coatings must be taken into account when calculating the

conductivity from the measured values. When the measurements

are made, as is usual, in vacuum, the electrons traversing the pores

from one oxide particle to another shunt the normal current through
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the oxide particles themselves. The shunt resistance so obtained

may then considerably influence the total resistance characteristic

which is measured. Vink’s calculations of this shunt resistance

show that a curved resistance characteristic is produced by it in

the temperature range between 800° and 1000° K,, while a linear

characteristic is maintained below and above this range. This

agrees with Vink’s measurements and with those of other authors,

who measured in the temperature range 800°- 1000° K. and found

curved characteristics.

The shunting effect of the pores will certainly depend on the

structure of the oxide coating and will decrease with decreasing

volume of the pores. Coatings of different structure may therefore

show a different behaviour. Hannay, MacNair, and White for

instance found that their conductivity values did not vary when they

introduced helium of 760 mm. pressure into their experimental

valve. They assumed that the pores cannot conduct in such a

helium atmosphere and concluded therefore that the pores of their

coating did not conduct in vacuum either. This different result

may be due to a difference in the coating structures between Vink’s

and Hannay’s cathodes, but on the other hand Hannay’s result is

not completely conclusive, since the mean free path of thermal

electrons in helium of 760 mm. pressure is about 1 /x,* i.e. of the

same order as the size of the pores. The experiment should be

repeated with higher pressures of helium.

It follows from the above that conductivity measurements should

be undertaken with coatings which are very closely packed. Pro-

vided this precaution is taken, and provided there are no interface

layers between core and coating influencing the conduction pro-

perties (cf. Sec. 32), Ohm’s law will be valid.

If the relationship between electronic conductivity k and tempera-

ture T is examined, an exponential law is found corresponding to

equation (149) for a semi-conductor. This result, according to

which a plot of log k against \/T gives a straight line, was first

obtained by Spanner, ^ who examined pressed specimens of pure

alkaline earth oxides with D.C. in air (Fig. 102). Such a measure-

ment in air, of course, cannot refer to a composition of the oxides

identical with the oxide cathode. The investigation of Reimann
and Treloar ^ confirmed the exponential law by measurements in

vacuum carried out with D.C. for [BaSrJO mixtures. The same
result was obtained by Kroczek and Luebke,^ who used the cooling

* See J. Townsend, Electrons in Gases, London, 1947, p. 52.
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effect as described above; by Meyer and Schmidt, ^ who measured

thin discs of BaO with A.C. (cf. Fig. 103); by Nishibori and

0-7 0-8 0-9 JO 7‘T

Fig. 102.—Electrical Conductivity of Different Alkaline Earth Oxides as a
Function of Temperature (Spanner 0-

Kawamura ^ and by Wright,^ who used [BaSr]0 cathodes with

embedded nickel ribbon and D.C.

These measurements, which give single straight lines in the

*

Fig. 103.—Electrical Conductivity of BaO as a Function of Temperature for

Different States of Activation (High-Temperature Range) (Meyer and Schmidt i).

logarithmic plot for the fully activated cathode, were undertaken in

a relatively small temperature range. If this range is extended, two

or more lines with different slopes representing two or more different

exponential functions are obtained as found by Becker^^ Vink,i and
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Loosjes and Vink ^ (cf. Fig. M)4). As pointed out by Loosjes and

Vink, the difTerences in slope can be explained by accounting for

the shunt resistance of the pores conducting electrons in vacuum
(cf. page 197). This shunt resistance increases the slope of the line

representing log k or log R against IjT in the range between SW
and 1000° K., if coatings with normal pore volumes are used. In

the range below 800° K.,

however, where the shunt

resistance is too high, the

normal slope appropriate

to the conductivity of the

alkaline earth oxide will

always be obtained.

The exponents ^ which

have been obtained by

dilferent workers, using the

conductivity formula (162)

have been compiled in

Table XXIII, together with

the temperature range and

the methods used for the

conductivity measurement.

A reference to the emis-

sion of the cathodes inves-

tigated has not been given

because only very few of

the authors give accurate

Fig. 104.—Electrical Conductance of a [BaSr]0 emission values which are
Coating as a Function of Temperature for , , • j c
Different States of Activation (Range of determined by one OI the

Medium and Low Temperatures) (Vink i)- standard methods (cf. Vol.

I, 10). The values of

given in the table always refer to the highest activation state in-

vestigated by the respective worker. It should be pointed out that

the emission obtained in some of the investigations is rather low and

certainly not the optimum one.

As will be seen from the above considerations, the derivation of

an accurate value of the internal work function from the experi-

mental data will hardly be possible. First of all the values of j8

in the medium-temperature range, which are all rather high, cannot

be used due to the probable influence of the pores. Furthermore,

it was pointed out in Secs. 17 and 20 that the particular formula
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to be used for deriving the internal work function from the ex-

ponent ^ or from the interference energy x— o’ depends on details

of the mechanism of the semi-conductor which are not known so far.

Finally, account must be taken of the fact that all measurements

are undertaken at different temperatures in the same way as when
ascertaining the total work function by the Richardson method
(cf. Sec. 21.2). It is therefore possible again that the composition

of the coating is varied during the measurement due to the

phenomena of diffusion and ionic conduction which depend on
temperature.

Table XXIU

' Exponents in the Conductivity Formula {\61jfor the Activated Oxide Coating

Type
of

cathode

Year of
measure-
ment

Method Author
iS in eV in the temperature range

r<800° 7=800*^
-1000^

r>iooo®

BaO—
SrO

1931 Two coated
wires
twisted

together.

Reimann
and
Treloar.2

— 10 —

BaO-
SrO

1931 Embedded
probe.

Becker 3 0-53 1-49 —
BaO 1932 Discs Meyer and

Schmidt. 1

— — 0-3

? 1935 7 Clausing * — — 0-27

IBaSr]0 1940 Embedded
probe.

Nishibori
and
Kawa-
mura.i

10

[BaSr]0 1947 Embedded
probe.

Wright I — 0‘57 —
[BaSr]0 1948 Two

cathodes
brought in

contact.

Vinki 009^18 0-65-1 -6

[BaSr]0 1948 Ceramic
base.

Eisenstein 2 ^

—

0-26-0-35

7 1949 Embedded
probe.

Mahlman 1 — 1-2 —
(BaSr]0 1949 Embedded

probe.

Danforth
and Gold-
water. 1

0-44

[BaSr]0 1949 Ceramic
base.

Hannay,
MacNair
and
White.i

M 0-3-0-45

* P. Clausing, quoted in J. H. de Boer, Electron Emission and Adsorption Phe-
nomena, 1935, p. 361.

201



4.22 THE OXIDE-COATED CATHODE

Ifthe values of jS measured in the range 800''-1000° K. are excluded,

the mean value of jS from Table XXIII is 0 -3 eV. If equation (161)

is used this value is equal to half the distance between interference

and conduction band, which is ^(x—((y+^cr))* As seen from

equation (173), the average internal work function at 7=0 then has

the same value ^0=0*3 eV.

The value of
(f>
found in such experiments has recently been used

for some theoretical considerations, for instance by combining it

with values obtained for the number of excess Ba-atoms (cf.

Rittner, du Pre, and Hutneri and Loosjes and Vink ^). Such an

undertaking, however, seems to be rather premature on account of

the inaccuracy of the known values of ^ as pointed out above.

The relationship between conductivity and emission was also

first recognized by Spanner, ^ who found that the conductivity of the

different alkaline earth oxides BaO, SrO, CaO, MgO, and BaO (cf.

Fig. 102) decreases in the same sequence as the emission which was

measured too. Furthermore, Reimann and collaborators, ^>2 ob-

served that conductivity and emission current increase or decrease

together, if the cathode is activated or poisoned. The variations in

conductivity produced were about 1000 times. A similar result,

represented by Figs. 103 and 104, was obtained by Meyer and

Schmidt ^ and Vink.^ Finally Albricht ^ and more recently

Hannay, MacNair, and White ^ found that conductivity k and

saturated current Is vary proportionately. This proportionality is

observed with rising emission during the activation. It is also

observed with falling emission due to poisoning, provided this

poisoning takes place homogeneously in the entire interior of the

coating.

As with other semi-conductors, the slope of the line representing

conductivity or resistance (the value of /S) decreases with improving

activation. This is best seen from the set of curves in Fig. 104. As
outlined in Sects. 17 and 20, this decrease may be explained by the

assumption that the width Jo- of the interference band increases

with improving activation. The internal work function then

decreases according to (173), so giving rise to the observed increase

in emission. Exact values for the variation of the internal work
function during activation cannot be given yet due to the above-

mentioned difficulties of determining an exact value of the internal

work function itself.

The temperature-dependence of the internal work function will

best be seen from Fig. 75, in which the parameter has to be
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replaced by the interference density n(^kTy For full activation

equation (173) may be used, giving:

# 9.9 X 10-5 log 5 X 10-s
. (204)

oT dT W(fer)

Provided the first term on the right-hand side is zero, we
obtain for r=1000° K. and n(kT)=^0^^/cm.^ (cf. page 182)

d<b
^=2‘5x 10“'^eV/degree, a value which corresponds with the
dT
temperature coefficient of the total work function found experi-

mentally (cf. Sec. 21.6).

Exact values for the mobility u of the electrons in the coating

cannot be given yet because there are too few measurements of the

Hall-effect. Also an estimation of u from equation (169), using the

values of the conductivity k and of the number of electrons in

the conduction band, seems to be premature before a more accurate

value of the internal work function ^ is known, as this greatly

influences the number TV^.

23. The Potential Barrier at the Surface of the Oxide Cathode

(External Work Function)

The value i/fo of the external work function at absolute zero

can be obtained] by means*of equation (172), taking' the difference

between total work function Wq and internal work function ^0*

As ¥^0= 1*0 eV and <^o^O*3 eV, j^o^O-7 eV.

A further possibility for estimating the value of the external work
function is obtained by combining equations (172) and (173) for

the total and the internal work functions with equation (198) for the

photo-electric work function.

For r=0, it follows,

n=<^o+^o=Hx-(^+^^)]+^o . . . (205)

By combining with (198):

= (206)

As pointed out on page 186 the validity of equation (198) and

therefore of (206) depends on the non-existence of surface levels on

the surface of the oxide coating. If ^0= 1 *0 and = 1 ‘6 from

Table XXII is used, an external work function of 04 eV is derived.
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There is a possibility for directly determining the external work

function obtained, if emission equation (176) is divided by equation

(135) for the conductivity. Then with (41a):

/—

1

''' ' ... (207)

= l-76Xl0-i0^T‘^2g-e'f.’l>T

I J

Accordingly the ratio between saturated current and conductivity

only depends on external work function, temperature, and mean
free path. If the logarithm of this ratio is plotted as a function of

1/r, a straight line will be obtained according to (207), and the

external work function can be ascertained from the slope of this

line. In a similar manner, Nishibori and Kawamura ^ derived the

value 0*3 eV for the external work function.

According to these results the value of the external work function

at r=0 is between 0*3 and 0*7 eV. The considerable spread be-

tween these values must be explained by the lack of accurate measure-

ments and by the fact that values which are not measured for the

same cathode must be used for the calculation. Certainly the ex-

ternal work function of the oxide cathode is considerably lower

than the lowest value measured for metals (iffcs=l ‘9 eV).

In principle it is possible to calculate the external work function

from the series limit of the ultra-violet absorption spectra, by using

a method given by Mott and Gurney.* These authors obtained

values for the external work function of different alkali halides

which were between 0*4 and 0*7 eV. This method, however, cannot

be applied to alkaline earth oxides at the present time, as the neces-

sary optical measurements have not been carried out yet. On the

other hand, the values given above for the alkali halides show that

the low external work function seems to be a general property of

ionic crystals (cf. Wright 3)^

The question now arises, whether the external work function

varies during the activation in addition to the internal work func-

tion. This question can also be answered by means of equation

(207). According to the measurements of Albricht ^ and Hannay ^

and collaborators mentioned on page 202, conductivity and saturated

current change proportionately and therefore give a constant value

for the left-hand side of (207) during the activation. Consequently

* N. F. Mott, R. W. Gurney, Electronic Processes in Ionic Crystals^

Oxford, 1940, p. 95.
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the external work function on the right-hand side of (207) also

remains constant during the activation. The same result was
obtained by direct measurements of the external work function by

Nishibori and Kawamura.^ It follows therefore that the increase

of emission current during the activation is almost exclusively due

to the decrease in internal work function discussed in the previous

section.

The constancy of the external work function during the activa-

tion leads to the conclusion that the composition of the surface of

the coating will also remain unchanged during the activation. The
original assumption of Koller ^ and Becker ^ that a dipole layer of

barium ions is set up at the surface during the activation can there-

fore be maintained no longer. A reasonable assumption will be

that the structure of the surface is an extension of the structure of

0'“ 0“"
Ba*^-^ O'- Ba+^-

0’*"
Ba^

0" 0““ O" O'- 0" Ba^'^ 0"

Ba-"^ O'" ® Ba^"^ o- 0" Ba^

0" 0”“ 0~‘ 0‘“
O'"

Fig. 105.—Composition of the Surface of a Barium Oxide Coating.

vacancies existing in the interior of the coating. The conditions

then existing will be seen from Fig. 105 showing a section through

the surface of a fully activated oxide coating in an (001) direction.

The number of excess Ba-atoms in the atom layer at the surface

then is x lO^^ cm.-^ \V n„ is taken from (171). This

number, if compared with a total of 2/^/Bao^= 6*5 x lO^'* Ba-ions per

cm. 2 in the surface layer, is relatively small, and it is evident that

such a small number will not greatly influence the value of the

external work function.

These considerations are only valid if the equilibrium of the

activated coating is not disturbed by external interference. Such an
interference can be produced by evaporating barium on the surface

of the cathode, as in the experiments of Becker ^ discussed in

Sec. 17.3, or by accumulating oxygen by an increased oxygen

pressure in front of the cathode. In the first case the number of

excess barium atoms at the surface is increased and the external

work function decreased, while in the second case the opposite
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effect is obtained and the cathode is poisoned (cf. Vol. I, Sec.

12.5). When such an interference exists a proportionality of

emission and conductivity can of course no longer be expected.

For instance, as observed by Hannay and collaborators, the emis-

sion can be lowered by several powers of ten by poisoning at a low

temperature, whilst the conductivity measured simultaneously

remains almost unchanged. On the other hand if such external

interferences can be neglected, the number of excess barium atoms

will take its equilibrium value and the external work function will

then be determined by properties of the interior of the BaO crystal

lattice.

Summarizing the results of this chapter, the fundamental emission

phenomenon of the oxide cathode in equilibrium can be explained

by assuming the oxide coating to be a semi-conductor and con-

sidering only the properties of the interior. * Processes at the surface

of the coating which may interfere with this equilibrium seem to be

only of secondary importance for the mechanism of emission.

These processes, of course, are of considerable importance for the

practical use of the cathode and they will therefore be dealt with in

detail in the following two chapters.

It may finally be mentioned that Uehara and Takahari ^ associated

a two-dimensional lattice with the surface atoms or ions of the

oxide coating and tried to introduce special energy bands in this

lattice in order to derive the emission equation. In our opinion,

however, the influence exerted on the work function by barium

atoms at the surface can only be dealt with after having at first

considered the crystal lattice in the interior.

24. Allied Phenomena

Concluding this chapter, some additional phenomena will be

discussed which are observed with the oxide cathode and which are

connected with its thermal emission. These phenomena are photo-

electric emission, secondary emission, and luminescence.

Moore and Allison ^ have recently observed that the emission from thin

films of stoechiometrically pure alkaline earth oxides (thickness equal to a
few molecule layers) is of the same magnitude as the emission from oxide
cathodes of normal thickness. We cannot, however, agree with their con-
clusion that this interesting observation contradicts the existing theory of
the oxide cathode. The emission obtained from thin films is only an
emission of the metal carrier which is modified by the existence of the film.

There is no direct relationship with the oxide cathode which fundamentally
consists of a large number of atom or molecule layers forming an ionic solid.
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24.1. Photo-electric emission

The photo-electric emission of oxide cathodes was partly dealt

with when the methods for measuring the total work function were

discussed (cf. Sec. 21.4). In this section some special investigations

carried out by Koppius,^ Newbury, ^ Berger, ^ Newbury and Lemery,^

and Ramadanoff ^ will first be quoted. These authors observed

that the photo-electric emission of the oxide cathode increases

considerably when passing from room temperature to operating

temperature. This phenomenon is easily explained since the

electrons, lifted into the conduction band by temperature excita-

tion, can be emitted from the conduction band into vacuum by

an amount of photo-energy smaller than for r=0. Consequently

the number of emitted electrons will increase to the same degree

(cf. Sec. 21.4).

Another observation was made by Debiesse and Champeix i

who illuminated a cold oxide cathode with intermittent light.

They found that the photo-electric emission obtained in this way
from an unactivated cathode was considerably higher than the

emission obtained from the same cathode after activation. Un-
fortunately the states of activation to which these observations

refer have not been defined in any way, for instance by giving the

appropriate thermal emission currents.

The velocity distribution of photo-electrons emerging from an

oxide cathode will now be discussed. These electrons do not

show a distribution over a wide range of velocities as do the photo-

electrons emerging from a metal cathode (cf. Fig. 55). Pjatnitzki

and Timofeew ^ examined a caesium oxide cathode, irradiated by

infra-red light, and observed that nearly all the emitted electrons

leave this cathode with the maximum velocity resulting from

equation (105). This observation shows that the photo-electrons

emitted from caesium oxide and from similar oxide cathodes origin-

ate from a sharp energy level and not from an energy band.

On the other hand electrons which are emitted thermally from an

oxide cathode show a velocity distribution which is Maxwellian

according to Demski,i Heinze and Hass,^ Fan ^ and Hung.^ The
velocity distributions of photo-electrons and thermal electrons

originating from oxide cathodes are therefore completely different

which is quite contrary to the respective phenomena observed with

metals. This suggests that the two emission processes discussed

—

photo-electric and thermal emission from the oxide cathode—are

due to completely different fundamental processes. This must be
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taken into account when transferring to the thermal emission case

concepts which were formed for photo-electric emission.

24.2. Secondary emission

Secondary emission from a material is the emission of electrons

which are produced by bombarding this material with electrons

coming from another source. The secondary emission of un-

activated alkaline earth oxides (BaO, SrO, CaO) was examined

at room temperature by Geyer ^
; the value 2 was found for the

ratio between secondary electron current Lee and primary electron

current Ipr (secondary emission coefficient). Further investigations

were carried out at both different states of activation and different

Fig. 106.—Coefficient of Secondary Emission of an Oxide Cathode as a
Function of Primary Voltage V,r: (a) activated, (b) poisoned (Bruining and
de Boer O-

temperatures of the cathode. The result of an investigation at

different states of activation, undertaken by Bruining and de Boer ^

for [BaSrJO cathodes, is shown in Fig. 106, giving the coefficient

LedIpr as a function of the acceleration voltage Vpr of the primary

electrons. The curve indicated by (a) is valid for the activated

cathode, while curve (b) was obtained for a cathode poisoned by

oxygen. A considerable difference between the secondary emission

of the activated and the poisoned (unactivated) cathode can be seen

from the figure. The coefficient Ledlpr at high primary voltages is

about 6 for the activated cathode, but only 1 for the unactivated

cathode. This increase of the coefficient during activation was

confirmed by Pomerantz.^

Definite values of the temperature-dependence of secondary emis-

sion cannot be given yet, since there is considerable disagreement
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between the different workers. Morgulis and Nagorski ^ and
Pomerantz ^ observed a very strong dependence on temperature

which obeyed an exponential function of 1 /r. This was confirmed

by Timofeew and Aranowitsch ^ when examining thin layers of

barium oxide obtained by evaporation of barium metal and subse-

quent oxidation. These results, however, were contested by

Johnson, 2, 3 measured a slight decrease of the coefficient

Iseelhr with increasing temperature up to 800"^ K., while in the range

above this temperature a so-called enhanced emission was found

which increases with temperature as does the normal thermal

emission. After switching off the primary emission, this en-

hanced emission continued to flow and only decreased slowly.

Finally Jones ^ measured a secondary emission coefficient which was

nearly independent of temperature.

The physical cause of the phenomena described above will not

be dealt with in detail, as the theoretical investigation of secondary

electron emission has not yet given definite results even in the

simpler case of metals.

24.3. Luminescence

Luminescence is the emission of light which occurs if a material

is irradiated with primary light or X-rays, or bombarded by electrons

or ions. Crystals showing this luminescence may be obtained by
building a small quantity of a metal, called an activator, into the

pure crystal lattice. A luminescent material, consisting of such

activated crystals, is called a phosphor, of which zinc sulphide,

activated by copper, is an example. The frequency of the lumin-

escence of such a phosphor is determined by both the basic material

of the phosphor and the activator. The phenomenon of lumi-

nescence produced by activation was explained by Riehl and Schon i

using the concept of energy bands. It was assumed that the

luminescence originates from the electrons in the interference

levels of the activating atoms which are built into the crystal lattice

of the phosphor.*

In the normal case discussed so far, the activating metal is

different from the metal component of the crystal lattice to be

activated. The other case, however, in which activator and metal

component of the crystal lattice are identical is also known.

Schleede ^ and Seitz, ^ for example, describe zinc sulphide which is

activated by building in excess zinc atoms. Such a phosphor is

* For details see G. F. J. Garlick, Luminescent Materials^ Oxford, 1949.
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called self-activated, while the normal case discussed above is

called foreign-activated.

As the configurations of a self-activated phosphor and of an

oxide-coated cathode are similar, it seems to be likely that the oxide

cathode may act as a phosphor too. The phosphorescence of

foreign-activated alkaline earth oxides has been known for a long

time by the fundamental experiments of Lenard. A phosphor-

escence of pure alkaline earth oxides which can only be explained

by self-activation was observed by Ewles,^ who examined especially

CaO, exciting the luminescence by both electrons and ultra-violet

light. These experiments show that there is a certain connection

between luminescence and thermal emission, but the connection

would appear more definite if it could be shown by further experi-

ments that alkaline earth oxides which do not emit electrons are

not luminescent and that thermal emission and luminescence rise

together during the activation.

Finally an observation by Huber ^ may be mentioned, according

to which oxide cathodes containing CaO gleam when emission

current is drawn from them. The gleaming phenomenon was

observed with emission currents of more than 10“^ amp./cm.^ and

anode voltages of more than 20 volts; the phenomenon increased

with increasing current and voltage. The wavelength of the

emitted radiation was between 5400 and 6600 A. The gleaming

phenomenon was also found with cathodes made of very pure CaC03
and with a very pure nickel core. Presumably this phenomenon is

also connected with the building of excess Ca-atoms into the CaO
crystal lattice.
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CHAPTER 5

OXIDE COATINGS OF DIFFERENT
COMPOSITION

After having considered the mechanism and the emission con-

stants of the oxide cathode, we shall now eliminate step by step the

simplifying suppositions made at the beginning. At first the sup-

position is eliminated according to which the oxide coating only

consists of barium oxide. Cathodes will be considered in the

following which consist of one or several of the other alkaline earth

or of normal metal oxides. In this context we shall distinguish

between the “pure oxide cathode,” the coating of which contains

only one alkaline earth oxide, and the “composite oxide cathode,”

being composed of several oxides or of oxides and other com-

ponents. The different possibilities for these compositions are

discussed below.

25. Emission from Pure Metal Oxides

As the mechanism of the emission of pure oxides will be always

the same, we may restrict our considerations to comparing the

magnitude of the emission from single oxides. For this comparison

it will be as desirable as with metals that the work function, the

characteristic constant of emission, can be given.

According to the discussions in Sec. 21 the intersection method is

most suitable for an exact measurement of the work function at or

near the operating temperature. This method, however, requires

considerable experimental equipment, especially if it must be applied

to a series of cathodes, in order to obtain the work function with the

necessary exactness. It is therefore useful to know that according

to Huber ^ the work function may also be derived directly from an

emissipn measurement with sufficient accuracy.

Huber measured the work function of different alkaline earth

oxides (BaO, SrO, CaO) and of mixtures of these oxides by means
of the intersection method at the two temperatures 640"" and 770° K.

The saturated current measured at the same temperatures was
extrapolated to zero external field by means of equation (182) (the

deviation against the extrapolation by means of the more suitable
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OXIDE COATINGS OF DIFFERENT COMPOSITION 5.25

equation (185) is small). The logarithms of the saturated currents

obtained in this manner, were plotted as a function of the work

functions measured before. The result was a linear relation t

log//o)=C,^>+ C2 .... (208)

If emission equation (177a) is used, the relation between 4^®^ and

W> is:

log4(o>=-^P«)+log/4o7'2 • - . (209)

It was shown that the constants Ci and C2 in (208) which were

obtained from the experiments correspond with the theoretical

values in (209) within the experimental errors. It follows from this

that the emission constant A of the oxide cathodes examined by

Huber may be equated to the theoretical value /lo= 120 in (177a)

within the experimental errors. The variations around this

theoretical value, which were between 11 and 195, were, of course,

rather high. This result once more confirms the validity ofemission

equation (177a).

One sees from the above result that the total work function ^ of

the oxide cathode can be obtained in a simple way by measuring the

saturated current at a definite temperature and by calculating W
from emission equation (177a) for Aq=^\20, This calculation can

be simplified more by replacing it by a graphical method using the

plot of Fig. 12. The existence of this simpler method, however,

does not affect the importance of the intersection method, as this

method is the basis for the reliability of the simple method.

The work functions of the three most important alkaline earth

oxides were measured by Huber ^ in the way described above. The
carbonates used for making these oxides had a grain size between

5 and 15 /z. An organic binder was employed for depositing

BaC03 and SrC03 ,
while CslCO^ was used as water paste. The

core metal of the cathodes, consisted of commercial nickel with a

small percentage of Mg. The coatings were obtained by spraying,

the final thickness after decomposition being between 40 and 60 fi.

The cathodes were activated up to the maximum emission by

heating and drawing emission current at the optimum activation

temperature ascertained before (cf. Vol. I, Sec. 8). The measured

values of the work function which are mean values of about 10

cathodes are compiled in Table XXIV. The saturated currents

used for these values were directly measured at 640° and 770° K.,
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while the saturated current at 1050“ K. was ascertained by the

extrapolation method of Hinsch * (cf. Vol. I, Sec. 10.3).

Table XXIV ought to be completed by the value of the work

function of radium oxide. This value is likely to be relatively small

too. The making of such a RaO cathode in the usual manner,

however, will be difficult, as it can be concluded from the behaviour

of the other alkaline earth metals that the dissociation pressure of

RaCOs is small (cf. Vol. I, Fig. 29) and the vapour pressure of RaO
is high (cf. Fig. 83). For this reason and on account of the rarity

of radium no measurements with this oxide appear to have been

made.

Table XXIV

Work Functions ofAlkaline Earth Oxides {Huber 0

Alkaline earth oxide r=640° K. T=ll(f K. r=1050'^K.

BaO 1-57 1-65 1-66

SrO 2 03 207 2*12

CaO — 2-37

Only a few measurements have been undertaken for other metal

oxides, and reliable measurements of the work function are only

found for thorium. The saturated currents measured for the

respective oxides are compiled in Table XXV. The work functions,

with the exception of that of thoria, have been calculated from

the Richardson equation in order to facilitate comparison. As
will be seen from the table, the values obtained by different authors

differ considerably. This may be explained by the fact that atten-

tion has not been paid to the state of activation of the oxides

examined in the earlier investigations. It is therefore possible that

one author examined a rather unactivated oxide and another author

a fully activated one. Apart from this the differences can be

explained by impurities which may not only decrease but also

increase the emission of the pure oxides, as shown when discussing

the foreign-activated oxide cathodes (Sec. 27.2).

Furthermore, the table shows that the oxides of alkali metals

(caesium) emit even better than those of the alkaline earth metals.

This fact confirms the view expressed before in this book, that the

properties of the oxide cathode are not restricted to alkaline earth

oxides but extend to quite a number of other metal oxides. One
main characteristic of these metal oxides is that it must be possible
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to make them excess semi-conductors by a suitable activation

treatment. Another condition is that the ionic conductivity of the

oxide concerned is so low that this oxide is not dissociated during

the operation of the cathode.

Table XXV
Saturated Currents and Work Functions of different Metal Oxides

Saturated current Work function

Oxide Year of Measured atr= amp./cm. 2 eV Method of A
measure- by measure-
ment ment

CS20 1929 Roller 1 400° K. 5-7x10-6 0-99 calculated
1931 Campbell ^ 1 -0 X 10-4 0-89 —

•
1940 Goerlich 1 40x10-7 1-08 —
1942 Suhrmann 30x10-8 1-17 —

and
Dehmelt.i

MgO 1924 Spanner 1 1400° K. 2-0x10-3 3-1 calculated

1939 A. Schmidt 3-1 X 10-8 4.4 —
(unpub-
lished).

BeO 1924 Spanner 1 5-0x10-6 3-8 —
1939 A. Schmidt 2 -Ox 10-^ 4-7 —

(unpub-
lished).

Y2O3 1924 Spanner 1

>>

1400° K. !
2-5x10-4 3-3 calculated

jSC2O3 50x10-6 3-8 —
AI2O3 4-0x10-8 4-7 ! —
B2O3 2-0x10-9 4-7

5 5
—

Th02 1924 Spanner 1 1400° K. 2-5x10-6 3-9 calculated
1945 Weinreich ^ 1400° K. 1-2x10-2 2-57 Richard-

son
method.

7-9

1947 Wright 1 1900° K. 2-5 2-54 2-5

1948 Hanley 1 1900° K. M5 2-67
55

calculated

5-6

Zr02 1924 Spanner J 1400° K, 1-2x10-7 4-2 —
Ti02 2-0x10-9 4-7 —
Si02 55

2-0 X 10-10 5-0 —

Finally, it may be pointed out that the work function of the

activated metal oxides varies within the individual groups of the

periodical system, and when passing from one of these groups to

another one, in exactly the same manner as with pure metals. This

fact, which will be seen by comparing Tables V, XXIV, and XXV,
indicates a connection between the work functions of the activated

oxides and of the pure metals.

The especially good emission of caesium oxide, as seen from Table
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XXV, cannot be utilized in practice, as CS2O evaporates and dis-

sociates in vacuum at temperatures above 450° to 500° K. An
adequate emission density can therefore not be obtained with CS2O.

26. Emission from Mixed Oxide Coatings

26.1. Mixtures of alkaline earth oxides

After having discussed the emission phenomena of the individual

metal oxides we proceed to the mixtures of these oxides and start

with the mixtures of alkaline earth oxides which are most important

for technical applications. As the emission phenomena of these

mixtures are closely related to their crystallographical properties we
must consider these properties first.

(a) Crystallographical properties. The crystallographical proper-

ties of mixtures of alkaline earth oxides can be obtained by taking

X-ray patterns. The oxide mixtures are best prepared for these

investigations by using the same methods as for the preparation of

normal cathodes. As the composition of the oxides is easily in-

fluenced by oxygen or water vapour, the X-ray photos must either

be taken in a vacuum camera or the oxide coating must be protected

against those influences in a suitable manner. According to

Benjamin and Rooksby ^ this can be done by designing the

experimental valve with a thin stem tube made of Lindemann glass.

The cathode in this valve, after being processed, is set free by

burning out the lead wires and is moved into the stem tube, which is

subsequently sealed off and brought into the X-ray camera.

Another possibility is to take the cathode out of the experimental

valve in an inert atmosphere and either to dip it into paraffin oil

(Burgers 0 or to coat it with a protective lacquer (Huber and

Wagener 2
).

The investigation of the mixtures of the two most important

oxides, BaO and SrO, shows that these oxides, provided they are

made in a suitable manner, form a continuous series of mixed

crystals (cf. Vol. I, Sec. 4, Benjamin and Rooksby,^’ ^ Burgers,^

Huber and Wagener 2
). The lattice constant of the mixed crystals

[BaSr]0 varies linearly with the composition of the crystals given

in mol. % (cf. Fig. 107).*

According to Huber and Wagener, 2 SrO and CaO also form a

continuous series of mixed crystals with a linear variation of the

lattice constant. The behaviour of the system BaO-CaO, however,

* Mixed crystals are characterized by square brackets, mechanical mix-
tures by a short dash in between the components (BaO-SrO).
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is the opposite, as no mixed crystals could be observed after heating

the mixture for two hours at the high temperature of 1400° K. The
reason for this opposite behaviour is the large difference between

the lattice constants of the two components of this system (</Bao=
5-52 A. compared with ^/cao=4-80 A). As is well known, forma-

tion of mixed crystals is prevented by such a large difference in the

lattice constants.

Of the remaining two alkaline earth oxides MgO was examined

in mixtures with BaO, SrO, or CaO by Wartenberg and Prophet i

and no formation of mixed crystals was found in these systems.

This result was confirmed by Herrmann * for mixtures between

MgO and [BaSr]0. The missing formation of mixed crystals in

0 20 40 60 80 WO mol. BaO
WO 80 60 40 20 0 " SrO

Fig. 107.—Lattice Constant d of Mixed Crystals [BaSr]0 as a function of Composi-
tion (Burgers, ' Huber and Wagener ^).

these systems can also be explained by the large differences between

the lattice constants (^Mgo=4‘20 A.). The last alkaline earth

oxide, BeO, has a hexagonal crystal structure, contrary to the other

oxides which crystallize in the face-centred cubic system. A forma-

tion of normal mixed crystals between BeO and the other alkaline

earth oxides is therefore not to be expected.

(A) Emission phenomena. The connection between the crystallo-

graphical and the emission properties of oxide mixtures was first

described by Benjamin and Rooksby.^’^ They found that the

emission current of a mechanical mixture of BaO and SrO is equal

to the sum of the emission currents of the two components of

the mixture. An oxide coating consisting of the corresponding

mixed crystals, however, gives a larger emission current than is

obtained by adding the shares of BaO and SrO. Accordingly a

mixed crystal [BaSr]0 gives a larger emission current than a pure

BaO or a pure SrO crystal with the same surface and at the same
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\T^S40^K

temperature. This fact was confirmed by further observations

of Benjamin and Rooksby, showing that the emission current of a

mechanical mixture BaO-SrO increases if this mixture is transformed

into mixed crystals by heating

I
I I I

^ at about 1200" K. (cf. VoL I,
I e ax

fO

If the saturated current of

oxide cathodes, consisting of

mixed crystals [BaSrJO of diff-

erent compositions, is plotted

against the composition ex-
'

l l pressed in mol. %, a curve

T^640^K obtained showing a maxi-

mum at approximately equal

Js
7^"^—

amounts of BaO and SrO. Fig.

I
—— 108 shows this curve according

I J to the most recent measure-

T ments made by Huber,

The mixtures used for these

j
measurements were made of

I
alkaline earth carbonates pre-

cipitated together (cf. Vol. I,

70'^. Sec. 4); the experimental con-

I

ditions were the same as for

0 20
—

40—60—BOWOmolBaO the examinations ofpure

700 80 SO 40 20 0 " SrO alkaline earth oxides de-

Fig. 108.—Density j, of the Saturated Current of scribed in the preceding
an Oxide Cathode, consisting of Mixed Crystals oofn
[BaSr]0, as a Function ofComposition (Huberi).

P^ragrapn. me satu-

rated currents shown in

Fig. 108 were measured at 640" K. and extrapolated to external field

zero by equation (182). The values given for 1020" K. were obtained

byextrapolation according to the method of Hinsch. t As can be seen

from the figure, the saturated current increases rapidly when giving

small additions of BaO to the pure SrO, the increase amounting to

two powers of 10 for 5% BaO (at 102Q" K.). If the amount ofBaO
is increased further, a more gradual increase in emission of about

one power of 10 is obtained, until a flat maximum is reached at a

composition of 50 : 50 mol. %. Eventually the saturated current

falls again by one power of 10 down to the pure BaO.

* Pulsed emission measurements which were recently undertaken by Widell and
Hellar^ gave the emission maximum at 70% SrO.
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Huber ^ also examined the systems [SrCa]0 and BaO-CaO; the

results are shown by Figs. 109 and 110 for 7*= 770° and 640° K.

Fig. i09.—Density jg of the Saturated Current of an Oxide Cathode, consisting of
Mixed Crystals [SrCa]0, as a Function of Composition (Huber i).

respectively. The curve for [SrCa]0 is similar to that for [BaSr]0

discussed above, while the curve for BaO-CaO is slightly different.

700 80 60 47) 20 0 - CaO

Fig, ! 10,—Density of the Saturated Current of an Oxide Cathode, consisting of a
BaO-CaO Mixture, as a Function of Composition (Huber ^).

This latter curve shows a very steep rise of about 10^ on the pure

CaO side, then runs exactly horizontally over a wide range of
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concentrations (between 10 and 70 mol. % BaO) and eventually

falls very slightly when approaching the pure BaO.
The mixtures with the other two alkaline earth oxides MgO and

BeO were examined by Herrmann.^ Different percentages of

these oxides were added to a commercial emission paste, consisting

of mixed crystals [BaSr]0. The saturated currents of the cathodes

sprayed with these emission pastes were measured at low tempera-

tures (about 600° K.). The result for the mixture MgO + [BaSr]0

is shown by Fig, 111, according to which the logarithm of the

saturated current decreases linearly with increasing molecular con-

centration of MgO. In

the system BeO + [BaSr]0,

however, a large decrease

in emission was measured

by Herrmann if only some
tenths per cent, of BeO
were added.

Jf the completely different

BeO is disregarded, the re-

sults of the measurements

of emission of binary mix-

tures of alkaline earth

oxides can be summarized

as follows:

WO 50 [SaSr]p 0 (1) If the mixtures con-

Fig. 1 1 1
.—Saturated Current ofOxide Cathodes,

made of Mixtures of [BaSrJO and MgO, as

a Function of Composition (Herrmann

cerned consist of mixed

crystals, the emission cur-

rent is increased consider-

ably by adding the less emitting oxide to the better emitting one, a

maximum being reached at about 50 ; 50 mol. %. On increasing

the percentage of the less emitting oxide still more, the emission

current falls at first slowly and eventually rapidly until the value of

the pure, less emitting oxide is reached.

.(2) If, however, the mixtures concerned do not form any mixed

crystals, there will be either no maximum of emission, as, for

instance, for mixtures with MgO, or the maximum obtained is very

flat and only slightly higher than the emission value of the better

emitting component itself (BaO-CaO).

According to the concept of the mechanism of the oxide cathode

given above, the differences in emission between the differently

composed mixtures of oxides can be explained by appropriate
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differences in the work function. This conclusion is supported by

the experimental results of Huber, ^ who found that the emission

constant A of such mixed oxide cathodes, determined as shown on

page 215, is independent of composition and is equal to the theo-

retical value ^0=120 within the experimental errors. A different

result given by Nishibori, Kawamura, and Hirano ^ does not

seriously conflict with the above conclusion, as their results were

obtained by combining photo-electric and thermionic measurements,

which were not carried out with the same cathodes.

The total work functions of the three most important mixtures of

Fig. 1 12.—Work Function V'as a Function of Composition of Mixtures ofAlkaline
Earth Oxides (Huber 0-

oxides were calculated from the saturated currents for Ao= i20 and

plotted in Fig. 112 as a function of composition. The commer-
cially used mixture [BaSr]0 of equal gravimetric proportions has

an average work function of 1-4 eV at a temperature of 1000'' K.

For converting this value to other temperatures the measurements

indicate that a temperature coefficient of about 3 x 10 ^^ volt/degree

should be used.

(c) Constitution of the surface. Before discussing the physical

causes for the emission phenomena of mixtures of alkaline earth

oxides, we must consider the surface of these mixed oxide coatings

in more detail. The suitable method for examining the surface

is the electron diffraction, which gives only the structure of the
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uppermost atom layers, because the depth of penetration of electron

beams is much smaller than that of X-rays.

The first investigations employing electron diffraction for oxide

cathodes were carried out by Gartner ^ and Darbyshire ^ with

[BaSrJO cathodes consisting of mixed crystals in equal gravimetric

proportions. The diffraction patterns showed the structure of pure

SrO. According to this result the composition of the surface of such

an oxide coating is different from the composition of the interior.

While in the interior of the coating there are Ba- and Sr-ions at a

distance corresponding to the lattice constant of the mixed crystals

[BaSrJO, only Sr-ions exist at the

surface and the distance between

these ions is given by the lattice

constant of pure SrO. Obviously

the absence of Ba-ions in the sur-

face layer will be due to the large

rate of evaporation of BaO (cf.

Vol. I, Sec. 12.1), which produces

a preferred evaporation of BaO
from the surface when the cathode

is heated to high temperatures

during the decomposition of the

carbonates and during the activa-

tion process. During the normal

manufacture this pieferred evapo-

ration is limited to the uppermost

part of the coating, while if the

cathode is heated to high temperatures for a longer time, BaO also

evaporates from the interior of the coating, so producing a con-

siderable decrease of the emission current as discussed in Vol. I,

Sec. 7.

Further investigations by electron diffraction were undertaken by

Huber and Wagener,^ who used cathodes made of colloidal alkaline

earth carbonates prepared by the method of Buzagh ^ and deposited

by cataphoresis. In this manner a very smooth cathode surface

was obtained which was especially favourable for producing good

electron diffraction patterns.

When examining [BaSrJO mixtures with a higher percentage of

BaO the lattice constant at the surface remained equal to that of

SrO up to a percentage of 90 mol. % BaO. This result is demon-

strated by Fig. 113, showing two electron diffraction patterns of
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by SrO on the One Side and by
[BaSrJO on the Other Side (Huber
and Wagener 2).
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the two sides of an oxide cathode, the one side being coated with

pure SrO and the other side with a [BaSr]0 mixture. One sees

that the diffraction rings of the two patterns are parts of complete

circles, so showing that the two surface layers producing the

diffraction rings have the same lattice constant.

The SrO crystal lattice at the surface, proved by these experiments,

is formed during the decomposition of the carbonate into the oxide.

Diffraction patterns which were obtained during the different stages

of decomposition showed that the SrO lattice at the surface already

existed at the lowest temperatures at which the first diffraction rings

could be observed (about 1200'' K.).

The thickness of the SrO layer at the surface can be estimated from

the fact that the electron diffraction patterns only showed the

diffraction rings of that layer, while on the X-ray patterns only the

diffraction rings of the mixed crystals were seen. If the coefficient

of absorption for the electron beam is used, it can be calculated that

the thickness of the SrO surface layer is between 300 and 2000 atorh

layers. Considering a total thickness of the coating of about 50 /x

corresponding to 2 X 10^ atom layers, the SrO layer on top amounts

to about 0*5% of the total oxide coating on the average.

The results obtained with the other two systems, BaO-CaO and

[CaSr]0, completely correspond with the result found for [BaSrjO.

The more readily evaporable oxide always evaporates from the atom
layers at the surface, whilst the oxide which evaporates less easily

remains. Consequently there is only a layer of CaO left at the

surface of the BaO-CaO cathodes, when the decomposition has been

completed. With the third system, [SrCaJO, however, there is a

peculiarity resulting from the lower rate of evaporation of SrO com-
pared with CaO. When these cathodes have been decomposed at

the appropriate temperature of 1300^ K., mixed crystals [SrCa]0 are

obs^ved at the surface. These mixed crystals are converted into

pure CaO crystals by evaporation of SrO if the higher temperature

of 1450" K. is applied which is needed for the activation. Not only

the final state but also the process of evaporation can be observed

in this case due to the lower rate of evaporation of SrO.

Summarizing the results of the electron diffraction experiments,

we can state that the atom layers near the surface of fully activated

mixtures are normally different from those existing in the interior of

the coating. The atom layers concerned form a crystal lattice of

only one, the less readily evaporable alkaline earth oxide.

When mixed oxide cathodes are operated at high temperatures
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during life, the evaporation of BaO will extend to deeper parts of

the coating, and it then can be detected by X-ray patterns by means
of the broadening of the diffraction lines. Eisenstein ^ calculated

the percentage of remaining SrO from this broadening of the lines

for different times of operation (cf. Fig. 114). It is quite clear that

the emission of the cathode will be considerably influenced by such

a strong evaporation of BaO.
The crystal lattice near the surface will contain excess alkaline

earth atoms as well as the interior of the coating, but these excess

Fig. 114.—Percentage of Strontium Oxide in a [BaSr]0 Cathode as a Function of
Distance I from the Surface (Eisenstein i) (operating time as parameter).

atoms in the surface layer will not necessarily be identical with the

metal ions of the crystal lattice there. For reasons to be explained

later, we may assume that both Sr and Ba excess atoms exist in the

SrO layer on top of the surface (cf. Sec. 27.3). The structure of the

surface of a [BaSr]0 coating will therefore be as shown in Fig. 1 15.

The surface of the other two systems of oxides will be composed

correspondingly.

The number of excess Ba-atoms in the SrO layer at the surface is,

however, so small compared with the number of Sr-ions that those

excess atoms will hardly influence the intensity of the lines of the

electron diffraction patterns. This corresponds with the result of

Huber and Wagener,^ who, when comparing patterns of [BaSr]0
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and pure SrO cathodes, did not find any essential difference in the

ratio of the intensities of the diffraction lines.

After having obtained information concerning the structure of

mixed oxide cathodes we shall now reconsider the total work func-

tion of these cathodes and the components of this total work func-

tion, the internal and external work functions. Considering the

[BaSrJO system, for instance, there are two co-existing activating

atoms Sr and Ba, and it will be proved later, when the foreign-

activated cathodes are considered (cf. Sec. 27.2), that of those atoms

barium has the deciding influence on the work function. The
internal work function of [BaSr]0 will therefore mainly be deter-

mined by Ba as activator in the lattice of the mixed crystals [BaSrJO.

0" © Sr** C" Sr** 0" Sr** O’” Sr*

O'" Sr++ 0" O” Sr** O" Sr** @ 0"

O'”' Sr++ O" Sr** © 0" Sr** 0- Sr*-

0” @ Sr++ 0" Sr** 0“ -Sr** 0" Sr** 0"
Fig. 115.—Configuration of Ions and Atoms at the Surface of a [BaSrJO Cathode.

We denote this internal work function by a symbol 4\B^sr]oy ^^e

subscript [BaSrJO indicating the basic material and the superscript

indicating the activator. The external work function of these

cathodes is determined by SrO as basic material and again by Ba as

activator and will therefore be denoted by the symbol Using

these symbols, the total work function of the [BaSrJO cathode is:

^IBaSrlO~ ^[BaSrJO+ ^SrO (210)

In the same manner the total work function of the pure BaO cathode

is obtained as

:

^BaO^^BaO+’ABaO (211)

and the total work function of the pure SrO cathode as:

^SrO~ ^SrO *AsrO (212)

Corresponding symbols and equations may also be introduced

and established for the other types of cathodes. The further

problem will be to reduce the variations of the total work function

of mixed cathodes shown by Fig. 1 1 1 to corresponding variations

of the appropriate internal or external work functions. Only after

having done this, the physical cause for the differences in emission
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between mixed oxides of different compositions may be found.

We shall return to this subject later.

26.2. Mixtures with other meta] oxides

The emission properties of mixtures between alkaline earth

oxides and other metal oxides have been examined by Herrmann.^

These experiments were undertaken with commercial valves in the

same manner as the examination of mixtures with MgO and BeO
discussed above, but the measurement of the saturated current

was replaced by measuring an underheating characteristic (cf.

Vol. I, Sec. 10.4). Only white metal oxides were taken for the

additions in order to avoid influencing the radiant emissivity of

the coating by these additions. The metal oxides examined were

as follows

:

2nd column of the periodic table : ZnO
3rd

4th

5th

6th

j5

15 55 55 55

55 55 55 55

55 55 55 55

AI2O3, La203

Si02, Ti02, Zr02) Th02j Sn02
Ta205

WO3

When discussing the results obtained for the different mixtures,

Herrmann distinguished between metal oxides which form chemical

’compounds (salts) with the alkaline earth oxides, and metal oxides

which do not form such compounds. The oxides forming com-

pounds decreased the emission very much. It was therefore as-

sumed that the alkaline earth oxide, emitting the electrons, is more

or less consumed by the formation of these compounds, which are,

for instance, the silicate (Ba2Si04), the titanate (Ba2Ti04), the

tungstate (BaW04), etc. The effect of these metal oxides was the

stronger the more acidic the oxide concerned. As an example the

underheating characteristics for additions of Si02, Ti02, and 2r02

are given in Figs. 116-118 (the amount of the additions, given in

percentage by weight, has been written beside the curves). Contrary

to these oxides, thoria which does not readily form compounds with

the alkaline earth oxides, decreased the emission only slightly (cf.

Fig. 119).

Furthermore, the effect of adding barium salts to the alkaline

earth oxides was examined. This effect may be of importance

because the salts concerned or the products of their dissociation will

always exist in the oxide coating in certain quantities due to the
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o^oijoy

^^70

3 3-6 4-

Fig. 1 16.—Addition ofSi02.

3 3 6 4 1/

Fig, 117.—Addition of Ti02.

3‘6 4 1/

Fig. 1 1 8.—Addition of Zr02.

ThOz

0^01

-to
~f0

3 36 4 V

Fig. 1 19.—Addition of Th02.

Ba(N03)2

I

3 36 4 1/

^I/h

Fig. 120.—Addition of Ba(N03) 2 .

BolCIz
1

r(yoi
’-‘01

>

? 36 -^ 1/

Fig. 121.—Addition ofBaCh.

Figs. 116-121, Underheating Characteristics of Oxide Cathodes with Additions of

Different Magnitude (additions in\%) (Herrmann i).
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manufacture of the emission paste. The following additions were

investigated

:

BaS04, Ba(N03)2, Ba3(P04)2

BaF2, BaCl2, BaBr2, Bal2

Only a small poisoning effect was observed with BaS04, Ba(N03)2,

and Ba3(P04)2 (cf. Fig. 120); the halides, however, as for instance

BaCl2, have a severe poisoning action (cf. Fig. 121).

27. Multilayer Cathodes and Foreign-Activated Cathodes

27.1. Multilayer cathodes

When examining the mixed oxide cathodes it was found that

several hundred atom layers at the surface of these cathodes are

different from the majority of the atom layers. It is apparent that

such oxide coatings may be made artificially, for example, by

depositing on an oxide coating of pure BaO of the usual thickness a

thin layer of another alkaline earth oxide. These cathodes will be

called “multilayer cathodes.” They were examined by Huber, ^ who
sprayed a thin layer of SrC03 or CaC03 on top of a coating of

BaC03. The ratio between the thicknesses of the layer on top and

of the total coating was 1 : 8. This ratio was considerably larger

than with normal mixed crystal cathodes because smaller ratios are

difficult to be obtained by spraying. The values measured with

those multilayer cathodes, however, will be near the values valid

for cathodes with the right ratio of thicknesses. The saturated

currents measured at r=750° K. with the cathodes concerned are

set out in Table XXVI, the saturated current of pure BaO being

given for comparison.

Table XXVl

Emission of Multilayer Cathodes

1

Type of I, {Tc^l50° K.)
cathode (amp.)

BaO
i

1-2x10-3
SrO on BaO i 1-3x10-2
CaO on BaO 1 2-4x10-3

The fact that the emission current of a BaO cathode is increased

by a SrO surface layer by about a factor ten shows the importance

of the surface layer for the emission. The differences in emission

between the two types of cathodes can be explained by assuming
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that the different surface layers have different external work func-

tions. The internal work function, however, will be almost the

same with both cathodes because the interior of the SrO surface

layer on top of the multilayer cathode may be neglected on account

of the relatively small thickness of this layer.

Corresponding to the symbols introduced in the preceding sec-

tion, the external work function of the multilayer cathode “SrO on

BaO“ will be denoted by while the internal work function is

the same as with pure BaO. Consequently the total work function

of the multilayer cathode is

:

nfo= ^llo+ 'f’l:o (213)

This relation differs from equation (210) for the mixed cathode

[BaSr]0 only in the internal work function and from equation (21 1)

for the pure BaO cathode only in the external work function. If

therefore the respective total work functions are determined from

the saturated currents of the multilayer cathode, the mixed cathode,

and the pure BaO cathode, it will be possible to ascertain from the

differences of those total work functions the differences between the

internal and external work functions of mixed cathode and pure

BaO cathode. The calculation gives a value of 0-05 eV for the

difference between the internal work functions and a value of

0T5 eV for that of the external work functions. It is seen from this

that the better emission of the [BaSr]0 cathode compared with

the pure BaO cathode is mainly due to the smaller external work
function resulting from the development of the SrO surface layer

activated by Ba.

In addition to the multilayer cathodes mentioned above, some
other cathodes were examined by Herrmann. ^ They consisted of

a [BaSr]0 coating of 70 /x thickness on top of which one of the

metal oxides quoted in Sec. 26 (Th02, etc.) was sprayed in a thick-

ness of about 5 to 10 /X. A large decrease of the emission current,

as compared with normal [BaSr]0 cathodes, was always observed

with these cathodes. It follows therefore that the external work
function of such metal oxide layers activated by Ba is considerably

larger than the external work function of the normal alkaline earth

oxide layer activated by Ba.

27.2. Foreign-activated cathodes

Further evidence of the emission phenomena of mixed cathodes

will be obtained by considering another type, the “ foreign-activated
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cathode.” The activating metal of these cathodes is no longer

identical with one constituent of the alkaline earth oxides forming

the basic material, but a metal foreign to these oxides is built in as

an activator. The first evidence that such a foreign activation may
produce a good emitter resulted from the measurements of Herr-

mann 1 with the system MgO + [BaSr]0, described in the preceding

section. These measurements showed (cf. Fig. Ill) that a rela-

tively large emission current is obtained if the MgO-content is as

high as 80%. It was concluded from this that a cathode with

100% MgO, foreign-activated by barium, would probably give a

relatively high emission current, considerably higher than the very

low emission of pure self-activated MgO (cf Table XXV). In the

meantime this conclusion has been confirmed by measurements of

the authors. Some more foreign-activated cathodes were examined

by Huber, 1 barium as an activator being built into oxide coatings of

SrO or CaO. The barium was produced by a Ba-getter, being

arranged in such a manner that the barium could evaporate on to

the SrO cathode, which was heated to nWK. simultaneously.

The measurement of the emission showed that the saturated current

of such a SrO cathode activated by Ba is about three powers of 10

larger than the saturated current of a pure SrO cathode. Table

XXVII shows details of the emission values.

Table XXVII

Emission of Foreign-Activated Oxide Cathodes

Type of cathode /. (7=^750° K.)

(amp.)

Self-activated ^

Foreign-activated ^

^BaO, activated by Ba
SrO „ „ Sr
^CaO ,, ,, Ca
SrO „ „ Ba
CaO „ „ Ba

1-2x10-3
1-0X10-6

1-

0x10-3

2-

0x10-8
1-8x10-4

In these experiments a large quantity of barium was evaporated

from the getter in the valve on the cathode to be examined. If a

normal oxide cathode containing BaO is used as a source of barium

instead of the getter and if this auxiliary cathode is arranged

opposite to the cathode to be examined (measuring cathode), the

barium can be evaporated on to this measuring cathode in small

controllable quantities. It is then possible to measure the saturated

current of the measuring cathode during the evaporation of barium.
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The measuring cathode was kept at room temperature during the

evaporation, but the temperature was increased for short periods to

a value of 750° K. necessary for the emission measurement. The
experiments, carried out by Huber with SrO cathodes, at first

showed a steep rise of the saturated current and subsequently, after

passing through a flat maximum, a slow decrease of the emission.

The variation of the emission obtained in this manner is repre-

sented by Fig. 122 and is similar to the curve obtained by Becker ^

when evaporating barium on a [BaSr]0 cathode (Fig. 86). The
fundamental process will certainly be a similar one in both experi-

ments. In both cases the barium impinging upon the surface is

Fig. 122.—Variation of the Saturated Current of a SrO Cathode, when Evaporating
Barium on the Surface (Huber i).

accumulated there, and the external work function is decreased and

the emission current increased in this manner. After a certain time

of evaporation the surface is occupied by an optimum number of

Ba-atoms or ions. The emission current therefore reaches a

maximum and subsequently falls, when the optimum state of occu-

pation by Ba has been surpassed and when the conditions on the

cathode surface approach those of a metallic Ba surface. The only

difference between the experiments of Becker with [BaSr]0 cathodes

and those of Huber with SrO cathodes is that the surface of the

[BaSrJO cathode is partially occupied by Ba already in the begin-

ning, while the evaporation on a SrO cathode can be started with

a surface which is completely free of barium. During this evapora-

tion the external work function is changed from the value ipilo
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belonging to a self-activated SrO surface to the value 0*^0 belonging

to a SrO surface foreign-activated by Ba.

The internal work function cannot be changed in the experiments

described above, as the barium impinging upon the surface cannot

diffuse into the interior of the oxide coating when the cathode is

cold. If, however, the measuring cathode is heated, the barium at

the surface will traverse into the interior of the coating and will

influence the internal work function there. Such experiments,

carried out by Huber, ^ at first showed that the saturated current

decreased to the value of the pure SrO when the measuring cathode

was heated up to 1000° K. Evidently the quantity of barium

necessary for the activation of the surface is so small that this

quantity, after having diffused into the interior, can only produce a

variation of the internal work function which is unmeasurably

small. If, however, considerably more barium than is necessary for

observing the maximum of emission was evaporated on to the measur-

ing cathode, an increase of the saturated current was measured after

the heating at 1000°. Then the final value of the current was almost

equal to the value obtained before by evaporation of the barium

from the getter. The barium supply at the surface produced by

this large evaporation seems to be sufficient to change the internal

work function considerably, if the barium is brought into the in-

terior and built into the vacancies of the SrO crystal lattice. In this

case the internal work function varies again from the value of

the pure self-activated SrO coating to the value of a coating

foreign-activated by Ba.

According to these considerations we have to distinguish between

two types of foreign-activated cathodes. Considering the one type,

only the external work function is influenced by the foreign activa-

tion, while with the other type both the external and the internal

work functions are varied. The first of these two types of cathodes

is only stable at low temperatures, at which a measurable diffusion

does not occur. At high temperatures this first type changes into

the second stable type. The total work function of the first type

may be denoted by the total work function of the second type

by Then with the usual symbols

:

’^f^=Co+^lro (214)

^S%= ^^lrO+ 'AsrO (215)

These equations differ from equation (210) for the [BaSrJO mixed
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cathode in the internal work function only. They may be used

therefore together with (210) for ascertaining the difference between

the internal work functions of the mixed cathode [BaSrJO on the one

hand, and the self-activated SrO cathode and the foreign-activated

SrO cathode on the other hand. Finally, equation (214) differs

from equation (212) for the total work function of the pure SrO
cathode in the external work function only. Therefore the differ-

ence between the external work functions and may be

obtained by means of (212) and (214).

Similar considerations and experiments may be carried out for

cathodes containing CaO and for those activated by Sr and Ca.

It will always be necessary to distinguish between the basic material,

one of the alkaline earth oxides or a mixture of these, and the

activator. If the activator is identical with one of the metallic

constituents of the basic material, the cathode is self-activated, if

not, it will be foreign-activated.

The phenomena observed with foreign-activated cathodes and

described above give a good confirmation of our concept of the

mechanism of the oxide cathode. It will be difficult to explain

them by means of other concepts, which do not pay sufficient

attention to the interior of the oxide coating.

27.3. Conclusions for the composite cathodes

If the total work functions of all composite cathodes discussed

above are measured it will be possible to ascertain the differences

between the corresponding internal and external work functions by

using equations (210)-(215). In particular it will be possible to

calculate the differences between internal and external work
functions of different pure alkaline earth oxides and between these

pure oxides and the mixed oxides. For obtaining the absolute

values the knowledge of one absolute value of the internal work
function and of one absolute value of the external work function

will then be sufficient. As the absolute values of the internal work
function measured so far show a considerable spread we shall be

satisfied here with only giving the differences and not the absolute

values. Those differences will be seen from Fig. 123, in which all

internal and external work functions are related to the smallest

appropriate value as datum level.

When discussing the differences seen from Fig. 123 attention must

be paid to the fact that the measurements with foreign-activated and

multilayer cathodes have so far only been undertaken with a few
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valves. A very good accuracy can therefore not be expected.

Furthermore, the multilayer cathodes used for the experiments

should be made with a thinner surface layer which is more similar

to the surface layer of the mixed oxide cathodes. This could possibly

be achieved by preparing these layers by an evaporation method.

Finally there is some doubt whether the cathodes which are foreign-

activated only at the surface have really been in a state of equili-

brium, because these cathodes are stable only at low temperatures.

Fig. 123.—Differences between Internal and External Work Functions of differently

composed Oxide Cathodes according to Huber. i

It seems to be possible that the conditions at the surface of such a

cathode are different from the conditions at the surface of a cathode

which is foreign-activated in the interior too. The relatively large

difference which was calculated between the external work functions

of self-activated CaO and of CaO foreign-activated by Ba may
possibly be due to such an influence.

Independently of this fact the diagram of Fig. 123 shows again

that the increase in emission obtained when changing from pure

BaO to the mixed [BaSrJO is due mostly to the decrease of the
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external work function (^Asao^^^sro) ^ small degree to

the decreasing internal work function (</>Bao“^^maSr]o)-

We may now return to the question, if the assumption of Ba
excess atoms built into a SrO crystal lattice, as for instance with

the foreign-activated SrO cathode, is justified. The number of such

excess Ba-atoms lying beside vacancies in the lattice of the Sr-ions

(cf. Fig. 115) will only be considerable if the energy for building-in

these excess atoms is smaller than or equal to the energy necessary

for building-in excess Sr-atoms. The corresponding energies can be

easily calculated for the two cases, if the process of building-in is

considered in detail. First of all a vacancy must be formed in the

lattice of the oxygen ions by removal of such an ion, the necessary

energy which was calculated in Sec. 13 being the same for both

cases. Then the metal atom (either Ba or Sr) which may exist in

an appropriate vapour outside the crystal must be ionized, and both

metal and oxygen ion must be deposited on the surface of the

crystal. The energy to be supplied for this process is equal to

the difference of ionization voltage f and lattice energy. Only the

ionization voltages are different in the two cases, while the lattice

energy remains nearly the same, because the Ba-ion is built in

with the same lattice constant as the Sr-ion. The respective metal

ion deposited will then diffuse into its position beside the vacancy,

and finally it must be transformed into an atom by taking up the

two electrons obtained from the ionization before. The energy set

free during this last process is equal to twice the total work function

of the cathode formed. In this way the difference between the

total energies to be supplied in the two cases is obtained as

:

^Ba ~
^Sr r + “^(^Sro“ ^S?o)

The difference of the ionization voltages is equal to 0-9 eV according

to Table XVI, while the difference between the total work functions,

which may be taken from Fig. 123, is 045 eV. The total difference

above therefore becomes approximately zero, which means that the

building-in of Ba excess atoms is as likely as the building-in of

Sr-atoms within the limits of our calculation.

In order to give a final explanation of the emission phenomena of

composite oxide cathodes, the differences in work function shown

by Fig. 123 must be explained by the properties of the atoms

bringing about those different work functions. Considering the

influence of the activating metal for constant basic material,

the relation between work function and ionization potential of
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the atoms of the activator is evident. Both the internal and the

external work function increase with increasing ionization potential;

for example: ^sr^o^^sro> 9^s?o>^sro* The variation of the work

functions due to varying the basic material with constant activator

is less clear. The two following relations will be seen from

Fig. 123:

^BaO^^SrO *^*AcaO

<?iB:0>^fBaSr]0<4o^<^c:0

A theoretical explanation of these relations has not been given yet.

Concluding this section, we may point out that the smaller

internal work function of a [BaSrJO cathode compared with pure

BaO must be connected with a corresponding higher conductivity.

Exact investigations of the conductivity of mixed crystals have not

been made so far. An indication that such an influence exists can

be deduced from measurements of Spanner. ^ He found that both

the emission and the conductivity of CaO were increased by adding

certain quantities of BaO or SrO.

28. The Influence of Heterogeneity in the Composition of the

Oxide Coating on the Emission

It has been tacitly assumed during most of the previous con-

siderations that both the interior and the surface of the oxide

coating are homogeneous. However, we know from discussing

the manufacture of the oxide coating (cf. Vol. I, Sec. 5) that the

interior of the commercially employed coatings contains a large

number of relatively large pores in between the individual oxide

crystals. Moreover, we know that most of the commercial oxide

cathodes do not possess a smooth surface, but that the cathode

surface, due to the irregular shape and configuration of the indi-

vidual crystals, normally is extremely rough. The emission phe-

nomena produced by this heterogeneity could be neglected before

because they are less important for the mechanism of the oxide

cathode. After having discussed this mechanism in detail, however,

it will be necessary to consider the influence of this heterogeneity.

The heterogeneous composition of the oxide coating has the

result that the coating surface does not emit with equal intensity at

all areas and that the emission current is limited to a number of

emission centres (patches), while in between these centres there are

areas emitting considerably less than those centres. The size and
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configuration of these emission centres can be examined by means of

the emission electron microscope (cf. Fig. 92). When under-

taking such an examination, it is important to use cathodes which

have the same high emission values as commercial cathodes. By
not paying attention to this condition phenomena may be produced

which may be useful for checking an electron microscope, but

which do not normally occur with the high-vacuum cathodes used

in commercial valves.

When investigating commercial oxide cathodes Heinze and

Wagener*’^ used an electron microscope in which the emission

(a) Before Poisoning (b) After Poisoning

Fig. 124.—Electron Images of an Oxide Cathode taken before and after Poisoning
with Oxygen (mag. x30) (Heinze and Wagener 2

).

current of the oxide cathode examined could be measured and in

which micro-photographs of the cathode surface could be taken.

In addition to this another microscope was used which could be

sealed from the pump before starting the measurements. The

emission values of the best activated commercial cathodes were

reached and the behaviour of the cathode during life could be

examined in this microscope. The temperature of the cathodes,

when taking the electron images, was between 800' and 1000" K.

It was found by this investigation that the size and distribution of

the emission centres do not vary

—

(a) during the activation of the cathode (cf. Fig. 99);

{b) during life;

(c) when poisoning the cathode with oxygen (cf. Fig. 124);

(d) when transforming the alkaline earth oxide back into the

corresponding carbonate and decomposing this carbonate

again;

(e) when varying the temperature of the cathode.
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The invariability of size and distribution of the emission centres

as seen from this result shows the great difference between the oxide

cathode on the one side and an atomic film cathode, for instance

the tungsten-thorium cathode, on the other side. The high vari-

ability of the emission centres of such a cathode was shown in

Sec. 6 (cf. Fig. 38). This different behaviour is another proof that

the emission of the oxide cathode, unlike that of the atomic film

cathodes, is not only due to qualities of the surface, but that in fact

the interior of the oxide coating has the decisive influence.

According to these results the emission centres are not formed at

random, but they are due to some special qualities of the oxide

coating. The possible causes for the emission centres were dis-

cussed by Heinze and Wagener ^ they are

:

{a) differences in the thickness of the oxide coating between

different areas ofthe cathodes

;

{b) variations in the size and configuration of the pores in the

coating;

(c) possible variations in the ratio between the two alkaline earth

oxides BaO and SrO

;

{d) differences in the roughness of the coating surface;

(e) the different orientation of the emitting surface areas with

reference to the crystal system of the appropriate alkaline

earth oxide crystals.

According to Heinze and Wagener, only the last two of the

possible causes are of importance. Their existence was proved in

the following way.

The individual elements of the surface will have different curva-

tures due to the roughness of the surface. These differences in

curvature produce differences in the field strength at those surface

elements and consequently differences in emission current on account

of the relationship between saturated current and field strength.

Emission centres may be produced in this manner. The existence

of this influence was proved by examining oxide coatings with

different roughness obtained by different methods of manufacture.

As described in Vol. I, Sec. 5, a rough coating surface was obtained

by spraying and a smooth surface by depositing the alkaline earth

carbonates by means of electrophoresis. The electron images

obtained with these coatings (cf. Fig. 125) show clearly defined

emission centres on the surface of the rough cathode, while the

differences in emission between individual points of the surface of
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the smooth cathode are only very small. The clearly defined

emission centres will therefore be due to the greater roughness of the

sprayed cathode.

Differences in the external work function between individual

areas of the surface must be considered in addition to the roughness.

The external work function of an alkaline earth oxide crystal will

depend on the orientation of the emitting crystal plane in the same

manner as with metals. Considering the surface of an oxide

coating, the crystal planes there, as belonging to different crystals,

will normally have different orientation and will therefore emit

electron currents of different intensity. Emission centres may also

be produced in this manner. This assumption was confirmed by

(a) Made by Spraying (b) Made by Electrophoresis

Fig. 125.—Electron Images ofOxide coatings deposited in Different Ways (mag. x 30)
(Heinze and Wagener 2).

Heinze and Wagener ^ and Benjamin, Huck, and Jenkins ^ by
examining cathodes with different crystal size. The electron images

of these cathodes show that the size of and the distance between the

emission centres decrease with decreasing crystal size in the same
manner as the emitting crystal planes (cf. Fig. 126). It can be con-

cluded from this that the orientation of the crystal planes also

influences the formation of the emission centres. A further proof

of this was obtained by taking electron images of a number of small

BaO crystals which were arranged at random on a nickel ribbon.

The emission currents emitted from the upper planes of these

crystals were of different intensities due to the different orientation of

those planes.

According to the above the emission centres at the surface of an

oxide cathode are produced by two contributory factors, namely the

roughness of the surface and the orientation of the emitting crystal
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E">lanes. One of these two factors which is determined by the si/e

of the oxide crystals and the degree of roughness will predominate

in general.

While the above investigations were undertaken with an electron

microscope of a relatively small amplification (30 times), Brueche ^

and Mecklenburg ^ obtained electron images of oxide cathodes with

considerably higher magnification, up to 50,000 times (correspond-

ing to a resolution of about 50 m^c Knowledge of the emission

properties of the oxide cathode, however, cannot be obtained yet

from these first investigations. An electron microscope in which

the variation of the emission current along the surface can be

measured has been described by Jacob.

^

(a) 100 ^ (b) 10 jLt (c) 0-5 /t average crystal size

Fig. 126.—Electron Images of Oxide Coatings of Different Crystal Size (mag. X 30)

(Heinze and Wagener 2).

Quantitative values of the variation in work function along the

cathode surface can be obtained from measurements of either the

retarding field current or the saturated current by comparing

the relationship between current and voltage found experimentally

with the theoretical formulae (cf Sec. 6). Such an investigation of

the retarding field current was undertaken by Hung ^ who found

deviations between the experimental and the theoretical (Maxwell)

characteristics at retarding voltages which were smaller than 0-2

volt. From these deviations he calculated the maximum variation

in work function as 0*15 eV. The saturated current measured for

different accelerating fields was used by Hung and Mahlman.^

The latter employed the photo-electric emission and calculated the

surface field by using equation (79). From the values obtained for

this surface field he concluded that the emission centres have a size

of 3 X 10”"^ cm. and that the differences in work function along the
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surface are 0*2 eV. The size of the emission centres obtained in

this way nearly corresponds with the normal particle size of the

coating.

As the roughness, the first of the causes responsible for the

difference in work functions, depends on the method of manufac-

turing the oxide coating (cf. Vol. I, Fig. 19), coatings prepared in

different manners may give differences in emission which are only

due to the different roughness of the surfaces of those coatings.

Two influences must be distinguished in this context, the influence

of the emitting surface itselfwhich varies together with the roughness,

and the influence of the field

strength which is also changed

by the roughness. The variation

of the emitting surface produces

an equal variation of the satu-

rated current extrapolated to zero

field. As can be seen from Fig.

127, the extrapolated saturated

current of an oxide coating pre-

pared with an organic binder

is about twice as large as the

saturated current of a coating

prepared with water paste. This

difference in emission is due to the

greater roughness of the coating

prepared with binder (cf. Vol. 1,

Sec. 5). In addition to this the

saturated current flowing at higher anode voltages is increased by

the influence of the field strength, which draws higher values from
the rougher surface (cf. Sec, 21.1).

The second cause responsible for the differences in work function,

the orientation of the emitting crystal planes, causes the emission

current to increase with decreasing size of the crystals employed for

preparing the oxide coating. This increase in emission results from

the increasing emitting surface as seen from Fig. 126, and was con-

firmed by measurements of Benjamin, Huck, and Jenkins for

crystal sizes larger than 1 to 5 /x (cf. Vol. I, Table IV). If, however,

crystals are examined which are smaller than this value, especially

colloidal crystals, the emission current decreases with decreasing

crystal size according to measurements of Benjamin, ^ and col-

laborators, and of Buzagh. ^

—

T

Fig. 127,—Saturated Currents of Oxide
Coatings prepared with and without
Organic Binder as a Function of
Temperature (Liebold 0-
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Up to the present the knowledge of the relationship between the

heterogeneity of the oxide coating and the value of the emission

current is mostly based on experience gained during the com-
mercial manufacture of oxide cathodes; a thorough investigation

has yet to be undertaken.
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CHAPTER 6

VARIATIONS IN THE EQUILIBRIUM OF THE
OXIDE COATING

The considerations of the previous chapters referred to the fully

activated oxide coating which was assumed to be in a state of

equilibrium with an invariable number of excess barium atoms.

We shall now proceed to the discussion of phenomena which are

produced by variations of this equilibrium. The processes to be

discussed first in this context are those which establish the equili-

brium of the fully activated oxide coating during the activation.

29. The Activation

When discussing the technique of the activation process in

Vol. I, Sec. 8, it has been pointed out that a distinction must be

made between an activation by reduction, consisting of a pure tem-

perature treatment of the cathode, and an activation which is under-

taken by drawing an emission current from the cathode. This

classification will be maintained here and activation by reduction

will be discussed first. The historical development of the ideas

underlying the activation process will be described as an introduc-

tion.

Originally it was assumed that the excess barium was formed by

the thermal dissociation of barium oxide. This theory, however,

was refuted by Dushman and Villars,^ who calculated that the dis-

sociation pressure ofBaO at lOW K. is smaller than 10 "^^ kg./cm.^.

No dissociation is therefore possible with the pressures between
10"^ and 10~^^ kg./cm.^ normally existing in valves. Later it was

concluded from investigations on combined cathodes that activa-

tion by drawing current, which is the only possible method with this

type of cathode, would be the only possible type of activation in

general (Espe,^ Berdennikowa i). When uncombined cathodes

came more and more into use it was, however, recognized that

with these cathodes activation by reduction is by far the more im-

portant process. The first investigation showing that activation

is possible without drawing current was that by Lowry, ^ who
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examined a [BaSr]0 coating, prepared by means of a water paste

and deposited on a Ni-Co-Fe-Ti alloy (Konel). This work was

followed by that of Benjamin, ^ Maddock,^ and others mentioned

below.

29.1. Activation by reduction

The agent reducing the barium oxide to excess barium is not

known ab initio. The different possibilities existing for these

agents are

:

iq) The carbon which arises during the decomposition of the

carbonates as a product of the dissociation of the binder in the

emission paste (cf. Vol. I, Sec. 7).

(6) The carbon monoxide present during the carbonate decom-

position. This carbon monoxide may have two possible sources,

the first being the dissociation of the carbon dioxide formed during

decomposition, as given by the equilibrium:

2C02^2C0+ 02

The second possible source is a reaction between carbon dioxide

and the carbon existing in the coating according to {a). Such a

reaction is determined by the equation

:

C02+C^2C0

which was discussed in Vol. I, Sec. 7.

(c) The core metal or impurities and other metals alloyed to the

core metal.

The first possibility, namely reduction by carbon, was checked by

Huber, ^ who examined cathodes of pure BaO deposited on a core

of commercial nickel. A number of these cathodes were prepared

with a paste containing a nitrocellulose binder, while the cathodes

of the remainder were kept free from carbon by using a water paste.

The experiment showed that both the variation of the saturated

current during the activation (Vol. I, Fig. 34) and the optimum
activation temperature, as defined in Vol. I, Sec. 8, were the same
for the two types of cathodes. Only the final value of the saturated

current obtained during the activation showed a difference, being

twice as high for the cathodes prepared with binder as for those

made with water paste. This difference was explained by the fact

that cathodes prepared with a binder have ajTigher_emitting surface

(cf. Fig. 127) than those made with water paste. It can therefore

be concluded that the carbon in the coating formed during the
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decomposition is not of much importance for the process of

activation by reduction.

Considering the second possibility, the assumption that carbon

monoxide is formed by one of the above equilibria, is justified. A
detailed calculation based on the equilibrium quoted first, shows

that about 0-1% of the carbon dioxide decomposes into carbon

monoxide, if a temperature of 1350° K. and a total pressure of

0-1 mm. is assumed.* Furthermore, the formation of carbon

monoxide due to the second reaction quoted above has been shown

to be possible in Vol. I, Sec. 7.

For examining the reducing effect of carbon monoxide Huber ^

prepared cathodes with a coating of barium peroxide (Ba02)

instead of the normal barium carbonate. The Ba02 was decom-

posed into BaO at a temperature of 1300° K., and the existence of

CO could so be avoided when processing the cathode. The sub-

sequent activation showed that the saturated current measured at

750° K. for the cathodes prepared from Ba02 was only between
10"^ and 10"^ amp., whilst the saturated current of cathodes pre-

pared from carbonates was 5x10“"^ amp. It may be concluded

from this result that the carbon monoxide present during the de-

composition of normal cathodes plays an important part in activa-

tion by reduction. As this CO is not present in the sealed-off valve

in which the final activation takes place, it may be assumed that a

barium supply is formed during the decomposition by the reducing

action of the CO and that this barium supply is utilized for produc-

ing the excess barium in the coating during the final activation.

The low saturated current of the cathodes prepared from Ba02
increased considerably when the activation temperature was raised

from 1300° K., as applied previously, to between 1400° and 1450° K.

Finally the same value was reached as was obtained at the lower

temperature with cathodes made with BaCOj. The stronger reduc-

tion occurring at the higher temperature according to this result

can be explained by the third possibility, reduction by the core

metal, which will be discussed now.

Herrmann ^ and Heinze and Wagener ^ compared the reducing

effect of nickel with that of platinum using carbonate cathodes.

The reducing action of the carbon monoxide could be elimin-

ated by exposing the decomposed cathodes to an atmosphere of

oxygen (between 5 and 10 mm. for some hours). The excess

* Cf. H. Ulich, Kurzes Lehrbuch der physikalischen Chemie {Short Textbook
ofPhysical Chemistry)^ 1942, p. 124.
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barium produced during the decomposition was so removed by

reoxidation. Herrmann’s experiment showed that cathodes with

nickel cores, after being activated at ISW K., gave an emission

current which was 50 to 100 times higher than the current obtained

from cathodes with platinum cores activated in the same way.

Only an activation by drawing current could raise the emission

(ol)Nickel Cone.

(b)P/atinum Cone.

Fig. 128.—^Variation of the Saturated Current during the Activation by Reduction
of a Cathode previously poisoned by Oxygen (Heinze and Wagener 0-

current of the cathodes with platinum cores to the same value as

those with nickel cores. A similar result was found by Heinze

and Wagener, who undertook the activation at 1235° K. and who
measured the variation of the saturated current at a temperature of

800° K. during this activation. When activating by reduction, the

saturated current of the cathodes with nickel cores rose to 2 x \0~^

amp. (cf. Fig. 128a), while with platinum a value of only 10“^ amp.

was reached (Fig. 1286). If the latter cathodes, however, were
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activated by drawing current (cf. Fig. 129), a saturated current of

1-5 X 10"^ was obtained, which was nearly of the same magnitude

as the value measured for nickel. The reducing effect of nickel on
barium oxide was also shown directly by Blewett.^

The reducing action can be produced not only by the core metal

itself but also by impurities of the core metal or by small per-

centages of other metals which are alloyed to it. This was recog-

nized by Benjamin, 2 who examined . directly heated cathodes, the

core metal of which contained small additions of other metals.

These cathodes were activated at 1250° K. and their emission cur-

rent was measured at 1020° K. during the activation. The result

at 7255^

K

Fig. 129.—Variation of the Saturated Current during the Activation by Drawing
Current of a Cathode with Platinum Core previously poisoned with Oxygen
(Heinze and Wagener i).

obtained by Benjamin is shown in Fig. 130, from which the type

and quantity of the additions will be seen. The activation was
improved by additions of Al, Ti, and Mg to pure nickel, whilst it

was inhibited by additions of Mn and Fe.

From the above we can conclude that the core metal assists in

the activation by reduction and that the reducing effect depends on

the type of core metal and on the impurities and additions to the

core metal. The cause for the differences between individual core

metals, such as between nickel and platinum, and between different

additions, such as Al and Fe, will be discussed later, when the effect

of the reduction on the fully activated cathode is considered (cf.

Sec. 32).

An entirely different method of activation which so far is mainly

useful for experimental work was employed by Prescott and

Morrison and Hannay, MacNair, and White. These authors used

methane gas which was introduced into the experimental valve up to

a pressure of mm. Hg. The activation then was obtained by
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heating the cathode at 1200 to 1300° K. for about 5 to 10 minutes.

At this temperature barium oxide is reduced by methane according

to the equation

BaO+CH4=Ba+CO

+

2H2

and excess barium is so produced. The method is for instance

useful for experimental coatings which are deposited on a ceramic

base and which cannot be activated by the reducing effect of the core

metal.

Fig. 130.—Variation of the Emission Current during the Activation by Reduction
of Cathodes with Nickel Cores alloyed with Different Materials in Small
Quantities (Benjamin 2

).

The dependence of the reduction on the type of alkaline earth

oxides employed was examined by Huber, ^ who used cathodes pre-

pared from carbonates of different composition and who measured

the optimum activation temperature Topt defined in Vol. I, Sec. 8.

Figs. 131 and 132 show this optimum activation temperature

plotted against the composition of the [BaSrJO and BaO-CaO
mixtures employed. It is seen that, when adding SrO or CaO to

pure BaO, the optimum activation temperature rises at first slowly

and then more and more rapidly. The optimum activation tem-

peratures of the pure alkaline earth oxides increase in the sequence

BaO, SrO, CaO, which is to be expected because the heats of forma-

tion of these oxides increase in the same order.
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So far only the formation of the excess barium has been con-

sidered, but two other processes are also of importance in the

0 20 40 60 80 JOOmoLSaO
100 60 GO 40 20 0 » SnO

Fig. 1 31.—Optimum Activation Temperature Topt as a Function of the Com-
position of a [BaSr]0 Mixture (Huber

activation. They are firstly the diffusion of the excess barium into

the crystal lattice of barium oxide, into which the barium must be

0 20 40 60 80 JOOmoI.BaO
. 100 80 60 40 20 0 CaO

Fig. 132.—Optimum Activation Temperature Topt as a Function of the Com-
position of a BaO-CaO Mixture (Huber 0*

built, and secondly the evaporation of this barium from the surface

of the oxide coating into the vacuum. In order to have a clear

picture of how these three processes act together or against one
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another, it will be assumed that only the reduction by the core metal

is effective. This may be realized in practice by poisoning the

cathode with oxygen after decomposition. At the beginning of

the activation some oxygen ions of the barium oxide at the boundary

between coating and core metal will react either with the core metal

itself or with impurities or additions to this metal. In this way
some vacancies at the sites of oxygen ions and some associated

barium atoms are formed in the crystal lattice of the barium oxide

near the core metal.

Two further processes will now be possible. The vacancies con-

cerned may be filled by oxygen ions moving from adjoining parts of

the oxide coating, or the excess barium atoms may diffuse into the

interior of the coating over the vacancies in the lattice of the barium

ions. In both cases the ratio between vacancies at oxygen ion sites

and vacancies at barium ion sites is increased in the interior of the

coating, and excess barium atoms are produced there. During the

further activation the formation of vacancies at oxygen sites or,

what is the same thing, of excess barium atoms, is continued in the

same way. When the excess barium atoms arrive at the surface of

the coating, a new process, the evaporation of the Ba-atoms at the

surface, will occur, acting against the increase of excess barium in

the interior. The three processes quoted, reduction of barium oxide

to excess barium, diffusion of excess barium into the coating, and

evaporation of excess barium from the surface, will finally establish

an equilibrium with a definite number and distribution of the excess

barium atoms in the coating. This equilibrium, of course, together

with the three processes discussed will depend on temperature Jo a

high degree.

29.2. Activation by drawing current

The activation by drawing current is only important for producing

excess barium if there is no possibility of reducing the barium oxide,

as, for instance, with the combined cathodes in which all reducing

agents are oxidized during the combining process. In this latter

case the excess barium must be produced by an electrolytical dis-

sociation of the barium oxide into barium and oxygen. The anode

voltage is then applied to the valve containing the cathode and an

emission current is drawn which gradually increases with the

quantity of barium produced, the barium oxide being dissociated

by the ionic component ofthe total emission current flowing through

the coating.
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The first detailed investigations of activation by drawing current

were undertaken by Espe ^ with combined cathodes, his results

being shown by Fig. 133. It will be seen that an increase in tem-

perature or in anode voltage produces an increase of the measured

emission current which will be due to an increased formation of

excess barium. The oxygen which is set free by the dissociation of

the BaO was detected by Rothe ^ by measuring the pressure during

the activation. Further works in which the evolution of oxygen has

been proved by direct chemical analysis have been quoted in Sec. 19.

Fig. 133.—Variation of the Emission Current 4 during an Activation by Drawing
Current from a Combined BaO Cathode (Espe 0-

The processes occurring during activation by drawing current

will be the following: At first some oxygen ions at the surface of the

coating will be removed from the crystal lattice of the barium oxide.

The vacancies arising at the site of oxygen ions near the surface in

this way, will then be filled by oxygen ions coming from the interior

and moving with the ionic current. Vacancies at the site of oxygen

ions are produced in this manner in the interior of the coating.

This process is repeated many times during the activation, and the

number of vacancies at oxygen ion sites in the interior will therefore

increase more and more until an equilibrium is reached which is

controlled by the temperature of the cathode and the magnitude

of the emission current or of its ionic component.
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If the activation by drawing current is applied to uncombined

cathodes with nickel core and normal thickness, no higher current

is obtained than may be reached by an activation by reduction.

This was proved by Herrmann ^ and Heinze and Wagener.^ The

latter authors also showed that the fall in emission which is observed

at the beginning of the activation by drawing current (cf. Vol. I,

Figs. 36 and 37) is only due to gases set free by the electron bombard-

ment of the anode. There is no connection between this initial fall

in emission and the mechanism of the oxide cathode, as was some-

times assumed by earlier investigators.

29«3. Activation by electron and ion bombardment

As shown for instance by Becker, ^ the oxide cathode can also be

activated by bombarding it with electrons (cf. Sec. 19.3). If the

cathode is unactivated, the electrons accumulating at the surface of

the coating will induce the oxygen ions to move to the core metal.

The ionic current so produced will act in the same way as that

flowing during activation by drawing emission current, and the

cathode will therefore be activated. This type of activation is im-

portant for the oxide coating produced on the grids of a valve by

evaporation of barium oxide (cf. Vol. I, Sec. 8).

Activation of the oxide cathode by bombarding positive ions

(e.g. A-ions) has been observed by Koller,i Benjamin and Rooksby,^

and Herrmann and Krieg.^ This phenomenon may be explained

by the same process as the activation by electron bombardment.

Furthermore, it is possible that small quantities of foreign material

which are adsorbed or deposited at the cathode surface are removed

by the sputtering effect produced by the ion bombardment, and

activation may be obtained in this way.

30. Experimental Details of Variations in the Equilibrium of

the Fully Activated Oxide Coating

We shall now return to the fully activated cathode and drop the

supposition made in Sec. 20 that the oxide coating is in equilibrium

and that the number of excess barium atoms is invariable with time

and space. Actually the number of excess atoms may be altered by

such phenomena as diffusion and ionic conduction in the coating,

which will be discussed below.

A variation in the number and distribution of the excess barium

atoms will produce a variation of the saturated current of the
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cathode. Such a variation may, for instance, be observed if an

oxide cathode is operated at a definite temperature T and a definite

anode voltage Va (possibly ^4=0 for a certain time), and if either

the temperature or the anode voltage is suddenly altered. In many
cases the saturated current does not immediately take up the final

value appropriate to the new temperature or voltage, but gradually

approaches this final value during a certain time. The details of

this phenomenon, which was named “time changes” by Becker ^

and which makes the measurement of the saturated current and of

the work function difficult (cf. Sec. 21.2), will be discussed now.

30.1. Influence of variations in temperature

Davisson and Germer,^ who examined combined [BaSr]0

cathodes, observed that the emission current falls after an increase

Fig. 134.—Variation of the Emission Current h after decreasing the Cathode
Temperature (Davisson and Germer

in temperature, while it rises after a decrease (cf. Fig. 134). The

time which elapses before the final emission value is reached in-

creases with decreasing temperature from some seconds up to

15 minutes.

A similar phenomenon was observed by Maddock ^ using un-

combined [BaSr]0 cathodes. Contrary to Davisson and Germer,

Maddock undertook a short time measurement of the emission

current (measuring time =1/100 sec.); the measured emission value

was converted from the measuring temperature to a standard
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temperature of 1075° K. If the cathodes were heated without

applying anode voltage, the emission current, measured inter-

mittently, fell at high temperatures and rose at low temperatures.

As the emission current in these experiments only flowed during the

very short measuring time, the variation in emission, as observed

by Davisson and Germer and by Maddock, cannot be produced

by the flow of the current alone.

30.2. Influence of variations in anode voltage

The influence of anode voltage was examined by Espe,^ who,

when heating a combined cathode without anode voltage, observed

—^ t min.

Fig. 135.—Fall and Rise of the Saturated Current when operating the Cathode
with and without Anode Voltage (Becker »).

that the emission current measured after this heating was smaller

than the current measured previously. This result is opposed by

observations of Becker ^ and Becker and Sears, ^ who operated

combined cathodes at a temperature of 715° K. and measured their

saturated current at 475° K. When switching on the anode

voltage the saturated current fell to a minimum reached after a

certain time (left-hand side of Fig. 135), whilst the current rose

again if the cathode was subsequently heated without anode

voltage (right-hand side of Fig. 135).

The same result as that found by Becker was obtained by Kniep-

kamp and Nebel,^ who also .used combined cathodes, and by

Blewett ^ with uncombined cathodes. According to Kniepkamp
and Nebel the rate of the decay of emission, observed after switching
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on the anode voltage, increases with increasing anode voltage.

According to Blewett, however, such a dependence on anode

voltage does not exist in the saturation range, while in the space-

charge range a fall in anode current was observed which became
more marked with increasing current. Blewett also examined the

influence of cathode temperature and found that the rate of decay

in emission increases with the temperature of the cathode.

According to experiments undertaken by the authors such a

decay in emission, however, cannot always be observed after

—^ t

Fig. 136.—Variation of the Emission Current L of a well activated Cathode after

switching on the Anode Voltage.

switching on the anode voltage. The triodes used in these experi-

ments were made of materials selected and processed according to

the lines given in Vol. I, Chapter 2. When these triodes were

measured, a noticeable decay in emission after switching on the

anode voltage could not be observed either in the saturation range

(cf. Fig. 136 for 7=660'' and 710'' K.) or in the space-charge range

(r=830°-935''K.).

On the other hand Sproull ^ found that the decay in emission

current may be easily reproducible. This was shown by examining

short pulses of emission current which were obtained by applying

to the valve concerned pulsed anode voltages of a width between 100

and 2000 /^-sec. The emission current so obtained from [BaSr]0

and [BaSrCa]0 cathodes was of the order ofsome amps, initially, but

fell to between \ and rs of the initial value during the time of

the pulse. In the time between two consecutive pulses, which was
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between 0*5 and 50 fx-scc,, the emission current recovered to its

original value and, when the next pulse was applied, the same decay

in emission was observed as previously. The time before the stable

final value was reached increased with decreasing temperature

and was 20 ft-sec. at 1200° K. and 500 /Lt-sec. at 900° K. (cf. Fig.

137).

The same phenomenon of a decay in emission current during a

very short time has been described by Riethmuller,^ Ptitsin,^ and

Danforth and Ramsay. ^ Riethmiiller, however, points out that

Fig. 137.—Variation of the Emission Current obtained by applying a pulsed Anode
Voltage (Sproull ^).

only a part of the cathodes examined by him showed this phe-

nomenon. Wright,^ who also investigated the decay phenomena,

could not find a decay in emission within the pulse width of 35 /x-sec.

used in his measurements. He observed such a decay when
measuring the emission with D.C. voltages instead of the pulsed

voltages. Due to this decay the D.C. emission values were con-

siderably lower than the pulsed values (cf. Table XXIX).
In a further publication Wright ^ showed that these differences

between pulsed and D.C. emission disappeared if the anodes of

his experimental diodes were carefully prepared and outgased. In

one of the experimental designs used by him two anodes were

employed, one of them facing the cathode as usually and the other

alongside it. The first anode was used for the activation of the

258



VARIATIONS IN EQUILIBRIUM OF OXIDE COATING 6.30.2

cathode, while the second, which remained free from evaporation

products originating from the cathode, could be used for the

measurement of the emission by deflecting the electrons with a

magnet. In this arrangement pulsed and D.C. emission remained

equal even during longer periods.

Finally Feaster ^ who used 10 /x-sec. pulses, found no decay in

emission provided the anodes of his experimental valves were

adequately cleaned. He could produce such a decay by con-

taminating his anodes with small quantities of sodium chloride or

sodium fluoride.

30.3. The processes producing the variations in equilibrium

As can be seen from the foregoing discussion the observed

phenomena are partly contradictory. In order to explain these

phenomena use has been made of all possible processes, such as

diffusion, ionic conduction, evaporation of excess barium, destruc-

tion of the oxide coating by ion bombardment, orientation of dipoles

at the cathode surface due to an electrical field, etc. Some of these

explanations are closely connected with earlier ideas of the mechan-

ism of the emission. The explanation of the time changes is made
difficult by the fact that sufficient details of the experimental con-

ditions have not always been given. Not only should the cathode

temperature, the anode voltage, and the pressure in the valve be

included in these details, but the composition of the materials used

for the oxide coating, the core metal, and the anode must also be

given (cf. Sec. 1 8). The definition of the state of activation of the

cathode is also of importance because, as found by the authors, the

observed phenomena decrease with improving activation.

If an anode material is used which is insufficiently cleaned or

degassed, the emission current—after switching on the anode

voltage—may fall, due to these deficiencies. The electrons, bom-
barding the anode, may set free gases which impair the emission of

the cathode. Furthermore, thin layers ofmetal compounds existing

on the anode surface may be decomposed by the bombarding

electrons and the products of this decomposition, such as oxygen or

other gases, may also produce a decrease in emission. Such a

decomposition of metal oxides by bombarding electrons was

observed by Wagner, ^ Headrick and Lederer,^ and Jacobs.^ The
latter author examined CuO, FeO, M0O3 , NiO, Ta205 , ZrOa, and

WO2 and found that the dissociation occurs above a critical voltage

at which the energy of the electrons is equal to the heat of formation

259



6. 30.3 THE OXIDE-COATED CATHODE

of the oxide concerned. The existence of such a critical voltage

was confirmed by Metson,^ who dissociated by electron bombard-

ment the barium compounds formed on the control grid of com-

mercial valves. A dissociation produced by electron bombardment
was also observed with BaCla by Hamaker, Bruining, and Aten.i

When examining the time changes it must also be remembered

that the temperature of the oxide coating may either increase or

decrease after switching on the anode voltage. An increase will be

caused if the heating-up of the oxide coating due to its electrical

resistance predominates, and a decrease if the cooling effect pre-

vails. Finally, if the space-charge current is examined, it should be

realized that this current is greatly inffuenced by variations in the

work function of the anode and the grids. Owing to these two

influences, variations in the emission current may be obtained

which are not due to variations of the saturated current or of the

work function of the cathode.

All these considerations show that, using the existing experi-

mental results, it will hardly be possible to obtain a complete and

clear picture of the processes producing the observed time changes.

First of all it will be necessary to use our knowledge of the emission

mechanism of the oxide cathode for compiling all the processes

which may take part in producing the time changes and the varia-

tions of the equilibrium of the oxide coating in general. When this

is done it will be possible to estimate the magnitude of the processes

concerned and to compare their effectiveness.

The individual processes will be compiled and discussed by using

Fig. 138. This figure gives a schematical cross section through the

fully activated oxide coating showing the atoms or ions of coating

and core metal, and the vacancies in the crystal lattice of the oxygen

ions, producing the excess of barium atoms. One sees from the

figure that the following processes must be taken into account:

A. Processes occurring at the boundaries of the oxide coating,

namely:

(1) Processes at the oxide-coating-vacuum boundary where a

distinction must be made between

—

{a) evaporation of excess Ba-atoms from the surface;

{b) emission of ions from the surface; and

(c) chemical reactions at the surface occurring between

the excess barium and residual gases (poisoning of

the cathode).
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(2) Processes at the oxide-coating-core-metal boundary; chiefly

chemical reactions with barium oxide.

B. Processes occurring in the interior of the oxide coating by

which the number of vacancies and excess barium atoms in the

coating is altered, namely

:

(1) Ionic conduction, and

(2) Diffusion.

The processes quoted above will be discussed in the same sequence

in the following sections. All considerations will refer to normal

m - 0 m - Vacancies at 0-ion sites

o - Ba + = Cone metal atoms.

Fig. 138.—Cross Section through a fully activated Oxide Coating.

operating conditions of the cathode
;
phenomena produced by over-

loading (e.g. sputtering, cf. Vol. I, Sec. 12,3) will not be considered.

For the sake of simplicity cathodes consisting of pure barium oxide

will be considered, but as there are only few experiments undertaken

with pure BaO, it will be necessary to use the results of experiments

made with the normal PaSr]0 mixtures.

31. Processes at the Surface of the Oxide Coating

31.1. Evaporation of excess barium

Evidence of the evaporation of excess barium from the oxide

coating may be obtained from an experiment by Becker, ^ carried
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out with combined cathodes. In this experiment, which has been

described in Sec. 19.1, the excess barium was evaporated on to a

tungsten ribbon, and an emission maximum of this tungsten ribbon,

as shown by Fig. 84, was observed during the evaporation. The
relative density of barium atoms or ions on tungsten, appropriate to

the emission maximum, is ^^=0*29, as given in Sec. 5.3. It may
be assumed that a monatomic layer of Ba-ions on tungsten possesses

the same lattice constant as the crystal lattice of metallic barium,

d=5 02 A. Using this value, the number of Ba-atoms or ions

which evaporate on to unit area of the tungsten ribbon until the

emission maximum is reached can be estimated as

:

0-29

5 022X 10-16
11*6x101^

atoms+ ions

cm.

2

From this value the total number of barium atoms evaporating per

unit time and area can be calculated, using the dimensions of the

valve assembly.

The values obtained in this way from Becker’s measurements

are at

1200° K. 1400° K.

5x101^ 6x1016 Ba-atoms/cm.2 hour

Od 14 ^tg./cm.2 hour

The values have been converted into ^tg. by using the conversion

factor 1 /ig. =4*4 X 1015 Ba-atoms. It must be emphasized that

the above values refer to combined cathodes in which there are no

reducing agents supplying excess barium and making it available for

evaporation. Higher values are to be expected for modern cathodes

possessing such reducing agents. This has been confirmed by

Kawamura i who used Becker’s method and found an evaporation

of 7*5 ftg./cm.2 hour at 1200° K. (for [BaSr]0).

An important point to be taken into account during such experi-

ments is a proper discrimination between metallic barium and

evaporated barium oxide which will also activate the tungsten wire

to a certain extent. A chemical analysis of the metallic barium

which excludes the oxide is therefore to be preferred. Such an

analysis was undertaken by Jenkins and Newton, i»2 who used

Berdennikowa’s method (cf. Sec. 19.1). The quantity of metallic

barium evaporated to the anode of experimental diodes during an

activation treatment of 1 hour at 1225° K. was 4 /xg./cm.^ (for a

core containing 0T2 % Mg, cf. Table XXX).
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The quantities quoted above for the evaporated barium cannot

readily be used for an estimate of the loss of excess barium in the

coating during operation. It must be borne in mind that, while

barium metal evaporates from the coating, new metal may be pro-

vided by reduction. The loss of excess barium is therefore deter-

mined only by the balance between the two processes evaporation

and reduction, and the investigation of the reduction process

becomes of major importance in this context (cf. Sec. 32).

31.2* Emission of ions

Only the emission of negative ions from the surface of the oxide

coating,- giving detrimental effects in cathode-ray and television

tubes (cf. Vol. I, Sec. 12.4), has been observed and examined so far.

The design of the mass spectrometers used for these examinations

may be seen from the appropriate papers (Blewett and Jones, ^

Bachmann and Carnahan, i Broadway and Pearce, ^ Schaefer and
Walcher,! Sloane and Watt ^). One of the main difficulties of such

examinations is that ions emitted from places other than the cathode

are also detected by the mass spectrometer. The ions observed

can also be due to a collision between gas atoms and electrons in the

space in front of the cathode or to atoms and molecules adsorbed

at the cathode surface which are bombarded by ions of a different

kind. The first source of error is especially to be expected in mass

spectrometers operated at the pump, as the vacuum in these is

normally not extremely good.

The ions emitted from the cathode which were observed by Sloane

and Watt in a sealed-off spectrometer were mainly Cl~, 0~, and H“.

Using an electron current of about 30 mA, these authors measured

the following ion currents

:

Cl- 1 '85x10-11 amp.
Q- 1-5 X 10-1^ amp.

H- 2-5 X 10-13 amp.

After operating the valve for a longer time the current of the

chlorine ions fell to 2 x 10-i3 amp. and that of the oxygen ions to

less than lO-i^ amp. Further ions, emitted from the cathode with

less intensity, were C-, CH“, F-, CN”, 02“, Br-. The absolute

intensities of the ion currents cannot be derived from the inten-

sities given above, as an unknown but essential fraction of the ions

gets lost on the way from the ion source to the Faraday cage

collecting the ions.
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31.3. Poisoning of the cathode

Chemical processes on or in the oxide coating, producing an

increase in work function and a decrease in emission, are called

poisoning. Only poisoning reactions at the oxide-coating-vacuum

boundary will be discussed in this section.

Poisoning at the boundary with the vacuum is produced by

residual gases which either remain in the valve when it is sealed

oflF, or which are given off during operation from components of the

valve which were insufficiently degassed or cleaned. Such a residual

gas will poison the cathode if it attacks chemically either the excess

barium or the alkaline earth oxide of the coating and changes these

into some other chemical compound. The poisoning phenomena
to be observed will depend on the composition of the residual gas,

on its pressure, on the temperature of the cathode and on the

voltages applied to the valve.

The composition of the gas has been analyzed to a certain degree

by Jacobs and Wolk.^ The gases found as given off during the

decomposition of the cathode and during degasing the electrodes

were mainly H2, CO2 , CO and to a smaller extent H2O, O2 , and N2 .

It has been pointed out in Vol. I, Sec. 12.5, that all gases are

detrimental to the cathode at pressures above 10“^ mm. In

this case the oxide coating is destroyed by the impact of ions,

either by sputtering or by an increased evaporation due to an

increase in temperature. These processes are more of a mechanical

nature and depend on the resistibility and the thermal properties of

the coating; they are of importance only for the cathodes in gas-

discharge tubes and lamps (cf. Sec. 16). It is not yet possible to

draw a definite line between the conditions responsible for destruc-

tion of the oxide coating by ion bombardment and the conditions

causing an activation by ion bombardment as discussed in Sec. 29.3.

If low pressures are considered 10~^ mm.), which are of chief

interest in the case of high-vacuum cathodes, oxygen has the

strongest poisoning effect, because oxygen ions may fill the vacancies

at oxygen sites in the coating and may so remove the excess barium

in this simple way. For this reason poisoning by oxygen will be

discussed first, separately from poisoning by other gases.

(a) Poisoning by oxygen. The poisoning effect of oxygen has

been observed by Koller,i Reimann and Murgoci,^ and Benjamin

and Rooksby ^ at pressures of about 10”^ mm., but without giving

quantitative values. Heinze and Wagener 2 pointed to an important

feature by distinguishing between a transient and a permanent
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poisoning by oxygen. The first type of poisoning is observed at low

oxygen pressures and medium to high cathode temperatures. In

this case, after removing the poisoning oxygen molecules, the

emission current rises again without any special treatment being

given to the cathode. The phenomenon was investigated in detail

by Metson,2 and Fig. 139 shows an example taken from his paper.

Fig. 139.—Variation of the Saturated Current during the Reactivation after

Poisoning by Oxygen (Metson 2),

The cathode concerned was poisoned at a temperature of 1050'' K.

and was left at this temperature when the evolution of oxygen pro-

ducing the poisoning was stopped. The saturated current of the

cathode was measured intermediately at a temperature of about

750" K. (Va =4 volt). One sees from the figure that, after poisoning,

the saturated current rises very quickly initially, then more gradually,

and finally reaches the same value as measured before poisoning.

The poisoning, therefore, is only transient.

If the second type of poisoning, however, is observed which occurs

at higher pressures or very low temperatures, the poisoning effect

remains after pumping off the oxygen. The emission current keeps

the low value which was reached during the poisoning, and the

poisoning is permanent. In this case the original state of the
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cathode can only be restored by a new activation undertaken at

higher temperatures. The explanation of these phenomena will be

discussed below.

Quantitative details of oxygen poisoning were given in a paper

by Herrmann and Krieg,^ who examined [BaSrJO deposited in a

thickness between 60 and 70 [x on nickel sleeves with 0-07% Mg.
The cathodes were activated to an optimum and were then exposed

to oxygen at different temperatures and pressures. The emission

current was measured before and during the poisoning with an

anode voltage of 10 volts. As this voltage is lower than the ioniza-

tion voltage of the usual gases

f the observed phenomena were

so confined to non-ionized
625°K

gases.

1$ Fig. 140 shows the fall of

I
the saturated current during

1 poisoning measured for two

different cathode temperatures
^0 ^ V (625'' and SSO'" K.) and with an

V SSO^'K initial pressure of 3 x 10“^ mm.

^ ^ It will be noted that the

—

t

saturated current at the higher

Fig. 140.—Variation of the Saturated Cur- temperature, after falling for

rent during Poisoning by Oxygen (Initial a short time, rises again con-
Pressure 3 X 10”5 mm.) (Herrmann and .. t,
Krieg 2

).
siderably. The poisoning at

these particular values of pres-

sure and temperature is only transient. A continuous measurement

of the pressure shows that the oxygen which is initially present in

the valve is consumed during the poisoning and that only a final

pressure of less than 10*^ mm. remains after 20 minutes. When
sufficient oxygen has been consumed reactivation evidently occurs,

and a minimum of the emission current and a subsequent rise is

obtained in this way. At the lower temperature, however, neither can

a decrease in pressure be detected nor an appreciable reactivation

be observed.

As the consumption of oxygen by the poisoned cathode renders

the observations more difficult, expecially at high temperatures, the

oxygen pressure in some later experiments was kept constant during

poisoning, by adding further oxygen. Fig. 141 shows two poisoning

curves obtained in this way for a pressure of 1 *4 x 10“^ mm. and for

two different temperatures (1048"" and 1005" K.). One sees from
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this figure that the poisoning effect is increased by lowering the

temperature of the cathode. If, after reaching a constant value

of the emission current, the oxgyen is pumped off, reactivation is

observed in this case also (cf. the curve for 1005° K.).

In order to represent the numerous experimental results in a clear

manner the work functions of the cathodes concerned were calcu-

lated from the saturated currents, measured after 10 minutes’

exposure to oxygen (assuming A =Aq= 120). These work functions

were associated with the appropriate temperature T of the cathode

and with the pressure po measured when starting poisoning. They

Fig. 141 .—Variation of the Emission Current during Poisoning at a Constant Oxygen
Pressure of 1*4 x 10" ^mm. (Herrmann and Krieg).

were then used for drawing lines of equal work function in a

pressure-temperature diagram, as shown in Fig. 142 (po against

1/7). The respective curves give the values of pressure and tem-

perature at which the poisoning effect, as measured by the work

function, is of equal strength. All the lines shown refer to experi-

ments during which the decrease in pressure produced by the

poisoning was not compensated by adding oxygen. As the fall in

oxygen pressure during poisoning will depend on the volume of the

experimental vessel the curves of the diagram in Fig. 142, strictly

speaking, are only valid for the volume of 970 cm.^ used in the

experiments. The values plotted in the diagram are always mean
values obtained for several cathodes. The large increase of the

poisoning effect with decreasing temperature is again seen from the

diagram.
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We now return to the phenomenon of reactivation mentioned

several times before. The term reactivation in this context will

only be used if the emission state of the cathode, existing before

poisoning, is restored at or below the operating temperature of the

cathode. Activation obtained by increasing the cathode tempera-

ture above the operating temperature will be called new activation.

As pointed out above, reactivation occurs more rapidly and

efficiently, the higher the cathode temperature and the lower the

Fig. 142.—Pressure-Temperature Diagram showing Curves of Equal Work Function
for Poisoning by Oxygen after 10 Minutes Exposure (Herrmann and Krieg).

oxygen pressure during the preceding poisoning. Quantitative

values for the dependence on temperature, pressure, and time, how-

ever, have not been given yet. Poisoning and reactivation may be

repeated many times under suitable conditions (cf. Fig. 139).

For explaining reactivation, the mechanism of oxygen poisoning

must be discussed in more detail. The poisoning effect of oxygen

will be due to oxygen ions which are first adsorbed at the surface

of the oxide coating. The work function of the coating will be

increased by such an adsorption in the same way as the work
function of metals (cf. Sec. 5.5). If the reactivation, represented

by the curve for 7=1005° K. in Fig. 141, is considered again, the
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quantity of oxygen taken up by the oxide coating during the pre-

ceding poisoning may be estimated from the data given by the

investigators. The initial oxygen pressure of 1 *4 x 10“^ mm. was

reduced during poisoning by more than one power of ten, until

new oxygen was introduced. Using these values and the known
volume of the experimental vessel (970 cm.^), the quantity of

oxygen taken up is calculated as 1 *4 x 10 ^ x 6 x lO^^ xO-97/224 x 760

=5x10^^ molecules or 10^^ atoms. This number may be com-
pared with the total number of vacancies which are at the sites of

oxygen ions in the coating. For a coating weight of 5 mg./cm.^ the

latter number is 0*005 nJS which is about 10^^.

It follows from this that the number of poisoning oxygen atoms

which are taken up by an oxide coating during a transient poisoning

may be larger than the number of vacancies and of excess Ba-atoms

in the coating. Bearing in mind this and the fact that reactivation

can be repeated many times, two conclusions can be drawn.

Firstly, reactivation cannot be explained by assuming that all the

poisoning oxygen ions are permanently bound by a certain fraction

of the excess barium atoms or by a barium supply near the core of

the cathode. Secondly, it will be necessary to conclude that some of

the poisoning ions move into the vacancies of the coating and occupy

these.

The activated oxide coating, which has a given number of

vacancies, thus shows a considerable stability against exposure to

oxygen, provided the temperature exceeds a certain value. This

stable activated state may be disturbed by oxygen molecules im-

pinging upon the coating surface, a certain number of vacancies

then being occupied by additional oxygen ions. If, however, the

oxygen pressure has not been too high and the oxygen atmosphere

is removed, the additional oxygen ions leave the oxide coating, and

a state of the coating similar to the original one is reached again.

The fact that the additional oxygen ions easily leave the vacancies

occupied by them can be explained in a simple way by assuming that

these additional ions are somehow different from the oxygen ions

forming the normal crystal lattice. Such a difference may be due

to the fact that two types of negative oxygen ions are known, the

doubly charged ion O— and the singly charged 0“. The O— ion

is only stable when a constituent of a crystal lattice, while it is un-

stable when free. It dissociates into an oxygen atom and two

electrons by giving off energy, which means its electron affinity is

negative (io- - = — 7*3 eV). The^ingly charged 0“ ion, however,
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is always stable, as energy must be supplied for its dissociation into

the atom; its electron affinity is positive = + 3 -8 eV). Assuming

that some of the oxygen molecules impinging upon the cathode are

transformed into 0“ ions, these 0“ ions may occupy the vacancies

of the BaO lattice and may increase the work function of the cathode

in this way. A subsequent conversion of these 0“ ions into O
ions is not very likely, as a considerable energy of 7 *3 + 3 *8= 1 1 *1 eV
will be necessary for this. When the exposure to oxygen is stopped,

the 0“ ions, being foreign to the BaO lattice, will leave the vacancies

and will return to the vacuum. The fact that a poisoned cathode

may be reactivated so easily could be explained in this way.

If the energy balance for the formation of 0“ ions from oxygen

molecules at the surface of the oxide coating is considered, it will

be seen that such a formation is certainly possible. The energies

necessary for this formation are the dissociation energy of the

oxygen molecule (5T eV) and the energy needed for the emission

from the oxide coating of the two electrons necessary for forming

the two 0“ ions (work function). A total energy of 5 T +2 x 1 *4=

7*9 eV is therefore required. On the other hand, twice the electron

affinity of 0~ and twice the adsorption energy of the 0“ ions is

gained, in all an energy of 7*64-2(?o- eV. The adsorption energy

can be calculated from equation (72). This energy would amount to

1*8 eV for a distance Zi—2 A., but as this distance is certainly too

large, the actual adsorption energy will be still higher. One sees

from this that the energy which is gained is certainly larger than the

energy which is needed during the formation of 0“ ions from O2

molecules. Such a formation is therefore possible. On the other

hand, the formation of O ions is unlikely, as a large energy must

be supplied on account of the high negative electron affinity ofO .

The conclusion that 0“ ions are formed at the surface of the oxide

cathode is confirmed by the investigations with mass spectrometers

quoted under point 2 of this section. Furthermore, Arnot,^’ -

showed, also by means of a mass spectrometer, that 0“ ions may be

formed from oxygen molecules which are positively ionized. These

latter experiments were not undertaken with an oxide cathode, but

with a metal cathode.

If the oxygen poisoning is more extensive, the poisoning ions may
move from the vacancies near the surface to those in the interior of

the coating. Consequently the diffusion of oxygen ions from the

surface into the interior will then play an important part, but this

phenomenon will be discussed later (Sec. 33.2).
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Considering the above results, one might assume that poisoning

by oxygen is exclusively transient at the pressures normally existing

and that the cathode therefore will never be impaired permanently.

Such a conclusion, however, would be premature, especially if

cathodes are considered which are operated with higher anode
voltages and which are therefore exposed to ionized oxygen mole-

cules, e.g. Such ionized molecules have an ionization voltage

of approximately 12 eV which would be set free during a conversion

into negative oxygen ions and which could therefore be used for

producing an O ion. Even if the number of O— ions produced

0 20 40 60 80 100 120 140 160 min.

Fig, 143 .—Variation of the Saturated Current of an Oxide Cathode when setting

free Small Quantities of Oxygen from a Second Cathode with Iron Core
(Liebold 0.

in this manner were small, it could nevertheless have a noticeable

effect on the emission of the cathode over long periods (permanent

poisoning, cf. Sec. 34).

Finally a phenomenon may be mentioned which is observed when
an oxide cathode is exposed to very low oxygen pressure at low

temperatures. As measured by Liebold ^ and by the authors the

emission current then rises at first. The current reaches a maximum
which is between 20% and 100% higher than the initial value, and

subsequently falls as with normal poisoning. Fig. 143 shows an

example of this. For explaining the initial rise in emission it may
be assumed that during this time a favourable arrangement of oxygen

and barium ions, producing an especially small work function, is

established at the surface. The phenomenon may be analogous to

similar observations made with W-Cs and W-Ba cathodes (cf.

Sec. 5.6).

(6) Poisoning by other gases. The poisoning by carbon dioxide,

carbon monoxide, and by some hydrocarbons was also examined

by Herrmann and Krieg ^ by the same method as described above for
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oxygen. The results obtained for CO2 and CO are plotted in

Figs. 144 and 145, in the same way as for oxygen in Fig. 142, by

curves representing a poisoning effect of equal strength. While the

poisoning effect of oxygen (Fig. 142) increases continuously with

decreasing temperature, the poisoning effect of CO2 and CO is

Fig. 144.—Pressure-Temperature Diagram showing Curves of Equal Work Func-
tion for Poisoning by Carbon Dioxide after 10 Minutes Exposure. The
Dashed Line represents the Dissociation Pressure of BaCOs (Herrmann and
Kxieg 2).

strongest at a certain temperature and decreases towards both low

and high temperatures. The equilibrium curves representing the

pressures and temperatures at which CO2 or CO are in equilibrium

with BaO are also plotted in the respective figures. One sees from

Fig. 145 that the poisoning by CO preferably occurs in the region on

the right-hand side of the equilibrium curve in which a reaction

between CO and BaO, forming BaC03 , is possible. The poisoning

effect of CO is therefore explained by the formation of barium
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carbonate. If CO2 ,
however, is considered (Fig. 144) poisoning is

also observed on the left-hand side of the equilibrium curve. This

was explained by a direct reaction between the carbon dioxide arid

the excess barium metal.

Fig. 145.—Pressure-Temperature Diagram showing Curves of Equal Work Func-
tion for Poisoning by Carbon Monoxide after 10 Minutes Exposure. The
Dashed Line represents the Equilibrium between BaO and CO (Herrmann and
Krieg 2

).

Of the hydrocarbons, methane, propane, and benzene were

examined. The result is seen from the plot in Fig. 146 showing

curves of equal poisoning for a work function of 2 0 eV. The curves

for the gases discussed before have also been plotted in this figure

for comparison. Furthermore, a second curve for oxygen is given

referring to the experiments undertaken with a constant oxygen

pressure during poisoning.

Herrmann and Krieg found that the poisoning effect of the

hydrocarbons increases in the same sequence and shows the same
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dependence on temperature as the tendency of these gases to

dissociate as calculated by thermodynamical methods. It was
observed that, when poisoning an oxide cathode with such hydro-

carbons, the gas pressure in the experimental vessel always

Fig. 146.—Pressure-Temperature Diagram showing Curves of Equal Work Func-
tion (^=2 0 eV) for Poisoning by Different Gases after 10 Minutes Exposure.

The Dashed Curves refer to Poisoning by Oxygen with Constant Pressure.

(Herrmann and Krieg 2).

increases. From this it was concluded that the poisoning is pro-

duced by a dissociation of the hydrocarbons occurring at the surface

of the cathode and by the carbon deposited there during such a

dissociation. The poisoning due to methane and carbon monoxide

is only observed under the pressure and temperature conditions seen

from Fig. 146. There is no contradiction between this poisoning
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effect and the activating effect of the respective gases which is

observed at much higher temperatures (cf. Sec. 29.1).

The variation of the gas pressure during poisoning was measured

not only for the hydrocarbons but also for the other gases examined.

As seen from Fig. 147, the behaviour of individual gases is com-

pletely different. While with oxygen, for instance, the pressure

Fig. 147.—Variation of Gas Pressure during 10 Minutes Poisoning of an Oxide
Cathode by Different Gases as a Function of the Temperature of the Cathode
(Herrmann and Krieg 2

).

always decreases by nearly 100% for all temperatures, the variation

of pressure is temperature-dependent with carbon monoxide and
carbon dioxide. An analysis of the observed variations of pressure

confirms that the poisoning is caused by the reactions mentioned

above and that mere adsorption processes only play an inferior part

in the poisoning phenomena.

Finally, Herrmann and Krieg studied the question whether

the poisoning effect of the gases examined may be increased by
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ionization. Carbon dioxide and methane were examined (with

Va = 50 volt); an increased poisoning effect due to ionization could

only be found with CH4.
Other gases examined are water vapour, which poisons as much

as oxygen according to Koller ^ and Jacobs and Wolk,^ and

chlorine, the poisoning effect of which was observed by Hamaker,

Bruining, and Aten.i The latter authors found that chlorine

poisoning can be produced by hydrochloric acid given off from the

glass walls of the valve.

The influence of sulphurous gases on the emission has been

examined by the authors. It was found that the emission of

cathodes which are exposed to gases such as SO2, SO3, H2S during

storing, deteriorates. Due to the effect of these gases a deleterious

surface layer of barium sulphide (BaS) is formed which could be

detected by Huber and Wagener ^ by means of electron diffraction.

The most effective of the above gases is SO3 which showed a strong

detrimental effect on the emission, while the results obtained with

the other gases were not reproducible. They depended on humidity

and temperature in a way not yet sufficiently investigated. Some of

the experimental results have been described in a paper by Stahl. ^

Rare gases (He, Ar, Kr) and hydrogen do not produce poisoning

according to Koller and to Herrmann and Krieg. If these gases are

ionized by applying an anode voltage of 100 volt and drawing a

current between 10 and 20 mA/cm.^, no decrease in emission is

observed during several hundred hours of operation, although a

large part of the oxide coating is sputtered away during this time.

One sees from this again that the surface area has not such an over-

riding importance for emission from the oxide cathode as it has for

atomic-film cathodes.

32. Processes at the Interface between Oxide Coating and

Core Metal

Early workers were of the opinion that the core material had no

influence on the emission. This was based on the experiments of

Deininger,! ^j^o examined the emission of various core metals

coated with CaO. He found no difference in emission, but his

result may be due to the poor state of vacuum technique at that

time, pressures of about 10”^ mm. being used. The first indication

that the core metal does influence the emission was obtained from

the experiments of Beese ^ and Lowry. ^ The former examined
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[BaSr]0 coatings on a nickel core to which 0*15% barium was
alloyed. He found that these cathodes had a better life than those

made with a pure nickel core. Lowry observed that [BaSr]0

cathodes with a konel core (cf. Vol. I, Table II) gave a considerably

higher emission current than those with a platinum-iridium core if

the two types of cathodes were processed in exactly the same way.

Lowry’s results are plotted in Fig. 148, showing the emission current

as a function of cathode temperature for different anode voltages.

Further proof for the influence of the core material on emission

was given by Benjamin, 2 when investigating the activation by

reduction discussed in Sec. 29. He found that his reducing addi-

tions (Al, Mg, Ti, Th) not only speeded up the activation, but also

WOO mo rzoo mo jaoo^k 7500—
Konei P/atinum-iridium

Fig. 148 .—Emission Current of Oxide Cathodes with Platinum^Iridium Core or with
Konel Core as a Function of Temperature (Lowry 0-

influenced the final value of the emission reached during the activa-

tion. The cathodes containing reducing additions in the core metal

always gave higher emission currents than those with a pure nickel

core, even after an additional activation by drawing current.

Liebold ^ investigated eleven different metals as core of an oxide

coating consisting of a commercial mixture of the three main
alkaline earth oxides. The coatings concerned were first activated

by reduction at the optimum activation temperature previously

determined (cf. Vol. I, Sec. 8). Subsequently activation by drawing

current was carried out at a slightly lower temperature in order to

ensure that the maximum possible emission current was obtained

with every core metal. After activation the saturated current of

the cathodes was determined for a range of temperatures in which

the current density was between 1 x 10“^ and 3 x amp./cm. 2
,
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The total work functions of the cathodes were then calculated from

the saturated currents extrapolated to zero field by using emission

equation (177). It may be questioned if such a calculation is

justified without checking the results by means of measurements of

the work function by the contact potential method (cf. Sec. 25).

But the values calculated will nevertheless give an idea of the in-

fluence of the core metal on the emission, and they will therefore be

quoted here as given by the investigator (cf. Table XXVIII).

The considerable differences between the work functions calcu-

lated for the different types of cathodes may be due to the fact

Fig. 149.—Relation between Work Function and Heat of Formation of the

Core Metal Oxide, for Cathodes with Different Core Metals (Liebold i) (the

Work Functions shown are calculated from the Emission Equation).

that the reduction at the interface is different and hence produces

different quantities of excess barium. The reduction of BaO occurs

according to the chemical equation

:

xMc+yBaO = McxOy +yBa

The rate of reduction and therefore the quantity of excess barium

produced is mainly determined by the heat of formation of the core

metal oxide. Consequently there may be a relation between the

heat of formation of the core metal oxide on the one hand and the

emission current or the work function on the other. In order to

check this relation Liebold tried to analyse the oxides formed during

the reduction by microscope and chemical examination. The

oxides which are assumed to be formed are given in Table XXVIII,

together with their heats of formation.

A plot of the calculated values of the work function as a function

of the heats of formation is shown in Fig. 149. The left-hand side
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of this plot, Up to nickel as core metal, shows the expected depend

ence; the work function in this region decreases with increasing hea

of formation. This may be explained by the increasing amount o

excess barium due to the increasing heat of formation. Beyonc

nickel, however, the plot runs quite contrary to expectations; th<

work function increases in spite of the further increase in the hea

of formation. Apart from this, the values measured for chromiun
and especially for iron do not fit at all into the curve defined by the

other values.

In this region, as pointed out by Liebold, the reducing action ol

the core metal is inhibited by the formation of core metal oxides,

These oxides are stable if both their vapour pressures and theii

dissociation pressures are smaller than the oxygen pressure of the

order of 10“^ mm. normally existing in the valves. If the vapour

pressure, however, is higher than this value, the core metal oxide

will evaporate soon after its formation, while if the dissociation

pressure is too high, it will dissociate and produce oxygen. The
evaporation can be neglected, as it could not be observed with any of

the core metal oxides concerned. The quantity of the core metal

oxide produced therefore depends on the heat of formation of this

oxide and on the dissociation pressure, the value of which has also

been given in Table XXVIII. The larger the heat of formation

Table XXVIII

Wofk Functions of Oxide Cathodes with Different Core Metals; Heat of Formation
and Dissociation Pressure of the Core Metal Oxides {Liebold i)

(The work functions quoted are calculated from the emission equation.)

Core
metal

Work
function
(eV)

Metal oxide
assumed to be
formed during
the reduction of

BaO

Heat of
formation

of this oxide
(k. cal./g.-

atom O)

Dissociation
pressure at

1225° K.
(mm. Hg)

Au l'8 l AU2O3
-4-1 >760

Pt 1-37 PtO 5* >760
Pd 1-37 PdO 20 4 >200
Cu 1*34 CU2O 41 3 X 10-4

Ni 1-32 NiO 584 3 X 10-6

Fe 1‘83 Fe203 651 8 X 10-5-3 X 10-3

W 1‘36 WO2 65*7 10-1

1

Mo 140 M0O2 714 t
Cr 1-54 Cr203 96*3 <10-19
Ta 148 Ta205 97 t
Zr 148 Zr02 129 t

Estimated.

t A dissociation could not be observed with these oxides after heating them in high
vacuum for some days.
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compared with the dissociation pressure the more core metal oxide

can be formed and the more readily can an interface layer consisting

of the oxide^concerned be produced between the coating and the

core metal.

As will be seen from Table XXVIII, the dissociation pressures of

the core metal oxides up to nickel oxide are larger than the pressure

limit of 10“^ mm., and consequently these oxides cannot be stable.

Corresponding with this, no interface layer produced by the oxides

could be found for the cathodes made with the respective core

metals. The oxides concerned dissociate completely, as their heat

of formation is too small compared with the high dissociation pres-

sure. Consequently these metals can act as reducing agents with-

out detriment, and the work function therefore will decrease with

increasing heat of formation.

The phenomena observed with tungsten and the core metals

plotted on the right-hand side of this metal are quite different.

The heats of formation of the oxides of these metals are large, while

their dissociation pressures are very small. Consequently the core

metal oxides between oxide coating and core metal can be pro-

duced without difficulty and in a quantity that increases with

increasing heat of formation of the metal oxide. The chemical and

microscopical examination carried out by Liebold showed that the

oxides concerned react with the alkaline earth oxide and form inter-

face layers of alkaline earth tungstates, molybdates, chromites, and

similar compounds. As found by Rooksby and Stewart ^ by

means of X-ray patterns, the interface layer in cathodes with

tungsten cores consists of M 3WO6 where M stands for any one of

the alkaline earth metals. These interface layers, when growing

between the boundary of the oxide coating and the core metal,

make a reduction of the barium oxide to excess barium more and

more difficult. Furthermore, the excess barium is directly bound

by the core metal oxide and the work function therefore increases

as the interface layer gets thicker, i.e. with increasing heat of forma-

tion of the core metal oxide. This is in agreement with the experi-

mental results.

In this manner the observed relationship between work function

and core metal can be explained by the two processes reduction and

formation of interface layers acting against one another. The
deviation of the values measured for the cathodes with iron cores

which is seen from Fig. 149, was also explained by Liebold. The
interface layer of these cathodes, consisting of alkaline earth
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ferrites, dissociates and gives off an especially large quantity o

oxygen which could be measured. This large quantity of oxygei

cannot immediately be absorbed by the getter of the valve, anc

therefore the oxide coating is heavily poisoned and the worl

function considerably increased in agreement with Fig. 149.

In addition to the two main influences discussed above, namel)

reduction and formation of interface layers, there exist some

secondary influences, for instance the formation of an alloy betweer

gold and barium, explaining the high work function of the cathodes

with gold core. The detrimental effect of gold as a core metal

has been confirmed by Rothstein.^

The especially favourable effect of nickel as a core metal, as seen

from Fig. 149, can be explained in the following way. The heat of

formation of nickel oxide (58 -4 k.cal./g.-atom O) has the proper

value for ensuring a sufficient reduction of the barium oxide to

excess barium without producing a noticeable interface layer at the

dissociation pressure of nickel oxide (3 x 10“<5 mm,). On the other

hand, the heat of formation and dissociation pressure are such that

the oxygen produced by the dissociation of the nickel oxide may be

absorbed by the getter of the valve without poisoning the oxide

coating. Another factor in favour of nickel as a core metal—as

opposed to platinum, for example—is its low solubility for the

excess barium of the coating.

The reduction occurring at the core metal-oxide coating boundary

is best utilized by following the example of Benjamin ^ and adding

small quantities of reducing metals to nickel. The added per-

centage can then be chosen in such a way that the thickness of the

interface layer is kept below an admissible value. Such cathodes

with additions to the core metal were examined in detail by Wright.^

The result of this investigation obtained for [BaSr]0 coatings of

lOmg./cm.^ weight has been compiled in Table XXIX.
The second and third column of this table give for the cathodes

concerned the saturated currents which were determined by both

a D.C. and a pulsed measurement. It is seen that additions of Mg,
Al, and Ti increase the direct emission current, provided the per-

centage of the addition is not too high. The pulsed values, how-
ever, are only increased by an addition of Ti under certain con-

ditions which are not exactly known. The reason for the different

behaviour of D.C. and pulsed values will be discussed below. The
fact that the D.C. values are always considerably lower than the

pulsed values is due to the decay phenomena discussed in Sec. 30.
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Table XXIX

Properties of Cathodes^ containing additions in the Core Metal ( Wright

L at 1015° K. Interface layer Heat of
formation

Core
Material D.C.

measure-
ment

Pulsed
measure-
ment

Composi-
tion

Thick-
ness

of the oxide
formed
during

reduction

A/cm. 2 A/cm.

2

k.cal./

g.-atom O
Pure Ni 0‘3 8 — 58-4

“Grade A’' Ni
(0‘12% Mg).

0-9 6 MgO,
Ba2Si04

1 146*

Ni-|-0q%Al 0*6 7 BaAl204 0*5 127
Ni+0-4% Al 0*2 0-5 BaAl204 5 127
Ni-|-0-25%Ti 0-3-3-0 6-12 Ba2Ti04 10 109
Ni-|-0‘4%Si 007 1*5 Ba2Si04 10 102
Pure Pt 0*2 1 Barium

platinate.

up to

1

5

* f. MgO

Columns four and five of the table give the composition of the

interface layers according to X-ray examinations by Rooksby,^’^

and the thickness of these interface layers. A comparison between

the two cathodes with different additions of A1 definitely shows the

detrimental influence of the formation of strong interface layers.

A further measurement of the thickness of interface layers was

undertaken by Eisenstein.^ He investigated cathodes with a nickel

core containing 5% Si and found by means of X-ray patterns that

the thickness of the interface layer obtained was between 5 and

10

The details of the process of reduction at the boundary between

core and coating need further study. Direct examinations of the

reactions in question have been undertaken by Schriel ^ and Blewett.^

Schriel found that BaO is reduced to metallic barium by the metals

Al, Ce, Cr, Si, Th, Ti, Zr at temperatures between lOOff" and 1600° K.

while Blewett observed that Ti and Th have the greatest reducing

effect. However, it must be borne in mind that the conditions

existing in the oxide cathode are different from those with normal

chemical reactions, because the BaO of the oxide coating is not

intermixed with the reducing metal. On the contrary, the reaction

between BaO and the reducing metal only takes place at the bound-

ary between coating and core. Another difference arises from the
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fact that the reactions occurring in the oxide cathode have not t

give a 100% yield. A very small quantity of metal produced by th

reduction (01% or less) will be adequate for obtaining a full;

activated oxide coating.

An experimental investigation of the reduction process, unde

the conditions actually existing in the coating, has been undertake!

by Jenkins and Newton.^’ ^ They examined different oxide cathode

in diodes and determined chemically the quantity of metalli*

barium which evaporated on the anode of these diodes during thi

activation of the cathodes (for the method of analysis see Sec

19.1). Table XXX gives the measured quantities of evaporatec

barium together with the emission currents of the cathodes con

cerned. The heat of formation of the oxide of the reducing com
ponent which is effective in the respective core metals has also beer

given. It is seen that the quantity of evaporated barium increases

with the*reducing effect of the core metal and with the emissior

current produced. This result shows again that a higher reductior

by the core metal makes the cathode more emissive by producing

larger quantities of metallic barium.

Table XXX
Quantity of Metallic Barium evaporatedfrom Cathodes with different Core

Metal {Jenkins and Newton)

Core metal Pt Pure Ni Ni+0-2%Si Ni+0-12%Mg

Heat of formation of 5 58-4 102 146 k.cal/

the oxide formed g.-atom O
during reduction.

Barium evaporated 0-62 103 1*64 3-4 /xg.

Uat r=825^ K. 0*2 0-3 4-7 7-3 mA

The theory of the reduction at the interface coating-core metal

is not very much advanced yet. Kroll ^ pointed out that the

existence of secondary reactions must be taken into account.

When examining the reduction of CaO by A1 he found that not

only the metal Ca but also a metallic compound CaAl3 is formed

during this process. Furthermore the heats of formation which

were calculated for standard conditions (see Tables XXVIII, XXIX
and XXX) are not an accurate measure of the rate of reduction

occurring at the interface. Instead of employing these heats of

formation, the variation of the free energy computed for the reac-

tions concerned and for the temperatures actually existing, should
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be used. The exact values of most of the free energies required are

not sufficiently known as yet, but an approximate computation for

some of the reactions in question has recently been undertaken by

White. 1 Ifthe variation of the free energy is known, the equilibrium

constant of the reaction concerned and the pressure of the barium

vapour produced by the reaction can be computed, using the known
thermodynamical methods. The amount of excess barium pro-

duced by different reactions can be compared in this way. The
above-mentioned calculations by White, for instance, show that

magnesium is a most powerful reducing agent for obtaining the

excess barium.

Concluding this section the interface layers which are formed

during the reduction process will be considered in more detail,

because these interface layers are important for various phenomena
observed. The interface layers do not only impair the emissivity

of the cathode as pointed out above; they are also detrimental

because their electrical resistence can be much higher than that of

the actual oxide coating. This was shown by Fineman and
Eisenstein ' who examined cathodes the core metal of which con-

tained 5% silicon or was plated with chromium. They measured

the electrical resistance of the interface layers of these cathodes by

means of a probe wire embedded in the layer and found that this

resistance was 10 times higher than the resistance of the oxide

coating itself. These measurements were refined by Eisenstein ®

who measured the conductivity of Ba2Si04 layers which were

deposited on ceramic rods (cf. p 194). The resistance of such

layers was 10 times higher than that of an activated oxide

coating at 1250° K. and 10,000 times higher at 1000° K.

If a cathode with such an interface layer has to supply a high

emission current, a considerable voltage drop will arise across the

layer.

Furthermore, it must be taken into account that the core-metal-

interface-layer-oxide-coating system acts like a rectifier. Such

rectifiers, consisting of a metal, a semi-conductor, and a layer of

high resistance in between (blocking layer), were discussed theo-

retically by Mott.i He showed that the electrons in such.a system

preferably pass in the direction from semi-conductor to metal.

Mutter 1 showed that the same applies to oxide cathodes having an

interface layer. He used cathodes the core metal of which con-

tained 5% Si and measured the resistance of both the interface

layer and the coating by means of embedded probe wires (cf.
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Sec. 22). The volt-amp. characteristics obtained in these measure

ments are shown in Fig. 150. While the coating gives the linea;

characteristic of an Ohmic resistor, the characteristic of the inter

face layer is asymmetric and curved as it is typical for a rectifier

The resistance for electrons passing from the core across the inter

face to the coating (positive voltages in Fig. 150) is 3 to 5 times

higher than for electrons passing in the opposite direction.

Fig. 150.—Voltage-current characteristic of a [BaSr]0 coating on NiH-5 % Si-core

metal, and of the interface layer between coating and core (7= 1 1 35° K, curves
obtained by 5 ^ sec. pulses) (Mutter i).

As the blocking layer at the core-metal-coating boundary

renders the passage of electrons from core metal to coating more
difficult, the drawing of high emission currents may be greatly

inhibited by this layer (cf. Coomes ^). If a cathode has to supply

high peak currents, it therefore becomes more important to avoid

the formation of the interface layer and the reduction producing

this layer, while it will be less important in this case that an

optimum excess of barium is produced in the coating by such a

reduction.

When using pure nickel or a nickel having only a low content of

reducing agents, the interface layer and the rectifying effect will be

negligibly small. The theory of rectifiers shows that, if no interface

layers exist at the boundary between metal and semi-conductor, a

rectifier effect is only obtained if the number of impurities or defects

in the semi-conductor is smaller than 10^^ cm.“^ (Schottky

Such a rectifier effect will therefore not occur in an activated cathode,
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as the number of excess atoms in such a cathode is higher than the

above value. This conclusion was confirmed by Mutter, ^ who,

when extending his resistance measurements mentioned above to

cathodes with pure nickel core, could not detect a rectifier effect.

Only after operating the cathodes for 130 hours a small difference

between the resistances measured in the two directions of current

was observed. A similar result was obtained by Loosjes and Vink ^

who used a nickel with a total of only 0*1% impurities and could

not detect a layer of high resistance at the boundary with the core

nickel.*

The formation of the interface layers will also depend on the

manner of preparing the cathode. If the normal method of pre-

paration from carbonates is used, the formation of an interface layer

will start during the decomposition of the carbonate because the

oxygen resulting from the dissociation of the carbon dioxide will

oxidize the core metal and will so give rise to an interface layer. A
special case is given by the combined cathodes used in the early

years. The interface layer of these cathodes was formed during

the combining process which was part of their preparation.

33. Processes in the Interior of the Oxide Coating

If the discussion is confined to cathodes with nickel cores the

results of the two preceding sections may be summarized as follows.

The processes which are effective at the oxide-coating-vacuum

boundary reduce the quantity of excess barium in the coating. If

the temperature is not too high (lower than 1100°K.) the main

process to be expected here is poisoning by different gases, while a

second process, the evaporation of excess barium, will be important

at higher temperatures. If, however, the coating-core-metal

boundary is considered, the processes occurring there have exactly

the opposite effect, provided the formation of interface layers may
be neglected (pure nickel). If the temperature is high enough, new
excess barium is continuously formed by reduction, or, at lower

temperatures, excess barium may be transferred into the coating

from a barium supply existing at the boundary.

These two processes, acting against each other, are connected by

* Loosjes and Vink ^ detected a layer of high resistance near the surface

of their coatings. Further information should be awaited before an ex-

planation of this result which was obtained with rather thick coatings

(dc>200 fx) is attempted (cf. Loosjes and Vink 2).
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the processes in the interior of the coating. These are diflPusior

and ionic conduction, which were discussed in general in Secs. 14

and 15 and whose application to the oxide cathode will be dealt

with now.

33.1. Ionic conduction

The existence of an ionic conduction in the fully activated oxide

coating could be concluded from observations of polarization

voltages which have been reported by several authors (Reimann

and Murgoci,! Becker,^ Meyer and Schmidt, ^ Wright 0- The
measured voltages were between OT and 0 5 volts. It should,

Quantity of electricity, /MAxmin.

Fig. 151.—Variation of the Saturated Current of a SrO Cathode during Bombard-
ment by Electrons (Becker i).

however, be borne in mind that thermo-electric voltages which

are produced by the temperature differences in the coating (cf.

page 187) can easily be mistaken for polarization voltages. Until

these polarization voltages have been investigated in more detail,

final conclusions should therefore not be drawn from the above-

mentioned observations.

On the other hand there are some experiments in which the

existence of an ionic current in the coating has been shown directly.

Becker ^ for instance estimated the magnitude of the ionic current

from measurements with an SrO cathode. The cathode con-

cerned was bombarded with electrons in the same way as described

for a [BaSr]0 cathode in Sec. 19.3. An increase of the saturated

current up to a maximum was again observed during the bombard-
ment (cf. Fig. 151). This increase in emission may be explained
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by assuming that the ionic current, accompanying the electron

current, transfers oxygen ions in the direction from surface to core.

In this way the quantity of excess strontium at the surface is in-

creased and the external work function decreased. The maximum
in emission will then correspond to an optimum density of excess

strontium at the surface. Becker assumed that the optimum
density is given by a monatomic layer and compared the quantity of

strontium in such a monatomic layer with the electrical charge

necessary for producing the maximum of emission. In this way he

found that the ionic current was 1/200 of the total current. The
value so obtained is certainly too high in view of the fact that the

optimum density of excess strontium at the surface will be less than

a monatomic layer.

A further estimate of the ionic conductivity was given by

Berdennikowa ^ for cathodes consisting of BaO, SrO, and CaO
(at r=1275° K.). When determining the amount of excess barium

in these cathodes (cf. Sec. 19.1), it was found that an electrical

charge of 1 coulomb produced 0*05 ftg. additional barium in the

coating. Using the Faraday-number, an ionic conductivity of

about 0*005% is calculated from this value.

Isensee ^ determined the ionic conductivity by a direct chemical

analysis of the number of oxygen ions evaporating from the cathode

(cf. Sec. 19.2). He also used cathodes consisting of BaO, SrO,

and CaO which were deposited on a platinum core and which

were measured at a temperature of 1225° K. When starting the

activation of the cathode, the amount of oxygen measured was

0*15 /xg./coulomb and this amount decreased to 10“^ jug./coulomb

during activation. According to this the ionic conductivity

decreases from 0-2% to 10'^%. This value agrees with the results

obtained by Jenkins and Newton,^* ^ measured 10~^% at

1215° K. and 5x10“^% at 1265° K. The result obtained by

Isensee for pure BaO-cathodes, however, was different. The
amount of oxygen detected in this case was constant during activa-

tion, the value measured being 0*05 ftg./coulomb (ionic conduc-

tivity c:r^005%).

If pure BaO is considered, the ionic conductivity /c, can be

calculated using the value of the electronic conductivity Ke=
7 Ox 10~3J2~i cm.“^ given by Meyer and Schmidt for r=1225°K.
With the above value /C;//<*e=5 x 10“4 an ionic conductivity

/c,r:::^4x 10“^ cmr^ is obtained. This value may be intro-

duced into equation (124) for determining the ionic mobility w/.

288



VARIATIONS IN EQUILIBRIUM OF OXIDE COATING 6.33.1

With d=2 and with the total number of oxygen ions per unit

volume:

2-35 X 10^2 ions/cm.^
/MfiaO

the ionic mobility ~ 5 x 10"*® cm.^ sec.~* volt"* is derived.

Only very rough values can be obtained in this way, because the

quantities of oxygen detected are very near to the limit of sensitivity

of the methods used. For further determinations of the ionic

conductivity the application of the mass spectrometer as described

in Sec. 31.2 would seem to be useful.

Finally the question will be discussed as to which of the two types

of ions existing in the oxide coating, Ba^"*^ or 0~“, is the main
carrier of the ionic current. The mobilities of the two constituent

ions are not known. It must be borne in mind, however, that the

number of vacancies at oxygen ion sites is considerably larger than

those at barium sites. As pointed out by Schottky,* the number of

oxygen ions producing ionic conduction by moving over the appro-

priate vacancies is therefore likely to predominate, even if the

mobility of these oxygen ions were smaller than that of the barium

ions. It will be assumed therefore that ionic conduction and conse-

quently diffusion are mainly produced by the movement of oxygen

ions.

At first such an assumption seems to be contradictory to the

results of the theory of tarnishing reactions (cf. Sec. 14), where the

metal ions are found to move through the lattice of the tarnishing

oxide layers.* The oxide layers, however, for which these reactions

have so far been studied, are either defect semi-conductors (vacancies

at metal ion sites) or, if excess semi-conductors, they are produced

by interstitial atoms and not by vacancies. The conditions are

likely to be different in excess semi-conductors, such as the oxide

coating, which are produced by vacancies at oxygen ion sites.

33.2. Diffusion

Diffusion in the oxide coating will exist if there are differences in

the concentration of the excess Ba-atoms in the coating. These

differences can be equalized by a movement of the vacancies in the

oxygen lattice as described in Sec. 14. The oxygen ions will then

move over the vacancies from regions in the coating with more

* Cf. N. F. Mott and R. W. Gurney, Electronic Processes in Ionic Crystals,

Oxford, 1940, p. 249.
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oxygen ions (less Ba excess) to regions having less oxygen ions (more
Ba excess).

The assumption that oxygen ions are the main carriers of diffusion

in the coating is supported by the experiments showing that oxide

cathodes can alternatively be poisoned by oxygen and be reacti-

vated many times (cf. Sec. 31.3). This phenomenon was explained

by assuming the poisoning oxygen ions to diffuse into the coating

during poisoning and to diffuse out of it during reactivation. It

would be difficult to explain this by a diffusion of barium ions,

because in such a case the excess barium in the coating would soon

be consumed during the repeated process of poisoning.

It may appear that the assumption of oxygen ions as carriers of

diffusion is contradictory to the experiments of Becker and Sears

discussed in Sec. 19.3. The variation of the emission current during

heating of the cathode as seen from Figs. 86 and 87 was explained

by a diffusion of excess barium atoms into the interior of the coating.

These experiments, however, can also be explained by a diffusion of

oxygen ions from the interior to the surface. Such oxygen ions

arriving at the surface will compensate barium atoms existing in

excess at the surface and will make them a constituent of the BaO
crystal lattice. Simultaneously the number of vacancies at oxygen

ion sites in the interior will increase. Additional barium atoms will

therefore be formed in the interior, obtaining their electrons from

the new barium ions formed at the surface. Finally the concentra-

tion of the barium atoms and ions will be the same as it would be

due to a direct diffusion of barium atoms from the surface to the

interior.

There is one experiment, however, which cannot be explained

by the assumption of diffusing oxygen ions, namely the activation

of strontium oxide by barium evaporated on its surface as described

in Sec. 27.2. The experiment showed that the barium atoms or ions

traverse into the interior of the strontium oxide and produce an

activation there when the temperature is raised to 1000° K. This

may be explained by assuming that the barium ions concerned

diffuse over the small number of residual vacancies existing at

strontium ion sites of the SrO lattice.

The diffusion coefficient of an alkaline earth oxide coating has not

been determined yet by a direct method. It is only possible to

calculate this coefficient from the above value of the ionic mobility

by using equation (126). In this way 10“^^ cm.^ sec.“i is

obtained for 7=1225° K.
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34. The Combination of the Various Processes and their

Influence on Emission and Life

An attempt will now be made to examine how the individual

processes discussed above work together. For such an examination

it will be necessary to know the relations between the number of

excess barium atoms in the interior or on the surface and the

internal or external work function respectively. The second

relation between surface atoms and external work function can be

obtained from an early experiment by Becker, ^ the same as was used

by him for estimating the ionic conductivity of the oxide coating

(cf. Sec. 33).

The rise of the saturated current during this experiment, pro-

duced by an electron bombardment of the oxide coating (at

r=600'' K.), is shown by Fig. 151. If the final period of bombard-
ment is disregarded, the logarithm of the saturated current varies

proportionately with the electrical charge sent into the coating.

On the other hand, the quantity of oxygen ions removed from the

surface of the coating is also proportional to the electrical charge.

Let s denote the number of oxygen ions per unit area of the surface

atom layer and Stot the number of such ions in an atom layer without

vacancies. Then we have:

lnjs—kib(stot—s)+k2 (216)

b and k being constants.

This equation may be transformed by introducing the values

jopt and Sopt which refer to an optimum density of excess barium

(or strontium) atoms at the surface producing the maximum emis-

sion current. If the current emitted from a surface layer without

excess barium (no vacancies) is denoted by jtoty it follows from

(216):

jopi^k\(Stoi Sop^~\~k2\
t217i

lnj/o/=^2 J

By introducing the abbreviation

:

F=\nijoptljtot) (218)

the following relation is finally obtained from (216) and (217):

\r\{iM<o,) =K (219)
Stot Sopt

This relation between the saturated current j and the density s

of oxygen ions at the surface can be used for giving an explanation
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for the decay of the saturated current observed after switching on

the anode voltage (cf. Sec. 30). Sproull ‘ and Wagener ^ tried to

explain this decay by a combination of ionic conduction and diffu-

sion. Wagener pointed out that the ionic current accompanying

the electron current in the coating will move oxygen ions towards

the surface of the coating and will so decrease the number of excess

barium atoms at the surface and increase the work function there.

The movement of the oxygen ions towards the surface then cor-

responds to a movement of vacancies at oxygen ion sites towards

the core metal. Such a movement of vacant anion sites directed

towards the cathode is also observed with alkali halides when an

electrical field is applied. The well-known migration of F-centres

in alkali halides is produced in this way.*

Due to the movement of the oxygen ions in the oxide coating a

concentration gradient is produced between the ions at the surface

and those in the interior. This gradient will be opposed by a diffu-

sion of oxygen ions towards the interior. The two phenomena act

against one another, and after a certain time they produce a new
equilibrium in the coating, the work function being higher, giving

a lower emission current.

Let s now denote the number of oxygen ions per unit area of an

atom layer in general. The number of oxygen ions which are con-

ducted towards the surface per unit time is then given by

:

cisi Ki ,

dt IckJ
(220)

Furthermore, the number of ions moving back per unit time due to

diffusion is obtained from (118) as:

dso_ _Ds—sq
~dt~ A~^ (221 )

where So denotes the number of ions at time /=0, d the lattice

constant of BaO and A the thickness of the layer in which ionic

conduction and diffusion take place. By taking the sum of the

two equations, the total number of moving ions is obtained,

giving the differential equation

:

ds

dt

Ki . 2D. .

(222)

* N. F. Mott and R. W. Gurney, Electronic Processes in Ionic Crystals,

Oxford, 1940, p. 140.
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By using (219), this differential equation can be transformed in

such a way that the emission current j is obtained as the only

variable. Sproull gave a solution of this differential equation and
obtained a very good agreement between this solution and the curve

measured for the fall in emission.

By using this solution the ionic conductivity of the coating can

be calculated from the values measured for the emission current j
as a function of time. The value of the ionic conductivity obtained

in this way is of the same order as those given in Sec. 33 (cf.

Wagener i).

It follows from this that theoretically the decay in emission can

be explained by a combination of ionic conduction and diffusion.

However, the experimental evidence discussed in section 30, es-

pecially that obtained by Wright ^ and Feaster,^ seems to show
that most of the decay phenomena observed are due to external

influences, mainly to the poisoning effect of gases originating from

other electrodes. The question, whether there is any decay which

is an inherent phenomenon of the oxide coating itself, remains to be

decided.

Further evidence of the processes in the interior of the coating

will be obtained, if not only the decay in emission is examined, but

also the rise observed after switching off the anode voltage or after

poisoning the cathode by some other means (cf. Fig. 135). This

rise is only determined by the diffusion and the formulae therefore

become simpler. The differential equation valid in this case is

derived in analogy with (222). Thus

:

<223)

where Sequ denotes the equilibrium value obtained when diffusion has

ended. The variable s in this equation is replaced by using (219).

The solution of the differential equation derived in this manner is

:

. . - (224)

where y'o now denotes the current flowing when the rise in emission

begins.

The rise in emission current, following the decay, was used by
Blewett '• for determining the activation energy Er inequation (121)

giving the temperature-dependence of diffusion. According to

(224) the emission current j is a function of the product Dt. Com-
bining this result with (121) therefore gives;

Je =/(e”^W*^ X 0
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According to this equation it would be possible to superimpose

different curves f(T^ /), representing the rise in emission for different

temperatures, by multiplying the time scale by a suitable factor

which would depend on the temperature T. A plot of log ^ against

1/T would then give a straight line from the slope of which the

energy Er could be ascertained* Blewett found that it was in fact

possible to superimpose the individual curves and to obtain the

straight line log ^=/(l/r), but with a considerable spread* The
value of r determined from the straight line was 0*7 eV (for

r=800"-1100"K.).
The processes considered are also of considerable importance for

the life of the oxide cathode. At first one would assume that of

these processes the ionic conduction is decisive for the life, as such

a conduction will gradually dissociate the oxide coating. The time

td which would be necessary for a complete dissociation of the

coating is obtained from the relation

:

Acy . 2x96500^.3
—Jetd= TT (226)
Ke M

dc denoting the thickness of the oxide coating. According to

this:

hours (227)
JeKi/Ke

Using the value Ki/Ke= \0~^, measured by Isensee, dc=5x 10“^ cm.,

and 7.= 10 mA/cm.\ a time /^= 100,000 hours is obtained. The
minimum life derived in this way is much higher than the life

normally demanded of an oxide cathode.

If the usual life of an oxide cathode of some thousand hours is

considered, poisoning and diffusion will be ofmuch more importance

than ionic conduction (cf. Vol. I, Sec. 13). This is shown by some
experiments of the authors, who aged cathodes in commercial

triodes at different temperatures and different anode and grid

voltages. If the normal heater voltage was applied (rc=:10(W K.),

a fall of the emission current could not be observed during a life of

several hundred hours. A different result, however, shown by

Fig. 152, was obtained at a lower cathode temperature K.).

The emission currents plotted in Fig. 152 as a function of life were

all measured under the same conditions with a grid voltage Fg=0.
The individual curves of the figure refer to different anode and grid

voltages which were applied to the valves concerned during the

ageing process, but not during the measurement. The values of
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these anode and grid voltages as shown by the figure influenced the

result considerably. No fall of the measured emission current was

observed with low voltages (F^ = Fg=0 or F^=:Fg= 5 volts),

while when applying an anode voltage of Va =220 volts, the emis-

sion current fell from 26 mA to 12 mA within 50 hours. This fall

was independent of the value of the grid voltage (0 or —3 *5 volts)

Fig. 152.—Variation of the Emission Current 4 during Life at a Cathode Tempera-
ture of 800° K.

Voltages applied during life:

(a) Ki=0volt; Ke=0volt.
(b) — * — 5 volts; 5 volts.

(c) 220 volts; 0 volts.

(d) 220 volts; —3*5 volts.

and therefore independent of the value of the emission current flow-

ing during the ageing process. The fall in emission during life as

obtained in these experiments is therefore not produced by the

emission current and by an ionic conduction accompanying this

current. This will also be seen from curves (b) and (d) in Fig. 150,

which show a different life obtained with different anode and grid

voltages, although the emission current flowing during life was the

same in these two cases.

The influence of anode voltage on life was investigated in detail

by Metson and Holmes, ^ who examined two batches of pentodes of

a similar design. When operating these pentodes under normal

conditions (^4=200 volts), the life of the first batch was >40,000
hours, while the second batch had a life of only <3000 hours.

Two points of significance were found. Firstly, the second batch
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of valves showed no appreciable deterioration over a period of

6000 hours when a low voltage of 2 volts was connected to anode

and grids instead of the normal 200. Secondly, the vacuum of these

valves, as detected by measuring the reverse grid current, was con-

siderably worse than that of the valves of the first group, which had

a long life under normal conditions.

The influence of the emission density on the life of an oxide

cathode was further examined by Wagener.^ When investigating

diodes (^4 = 15 volts) he found no appreciable difference in life

between operation with 10 and 45 mA/cm.^ within 10,000 hours and

also no difference between 10 and 230 mA/cm.^ within 3000 hours.

These results were obtained for two different cathode temperatures

900° and 1075° K.

Summarizing all these results, three factors seem to be decisive

in determining the life of an oxide cathode—the vacuum in the

valve, the magnitude of the voltages applied to the electrodes, and

the temperature of the cathode. The first two factors are inter-

connected, because an increasing anode voltage is normally con-

nected with an increasing load and therefore with an increasing

evolution of gas from the anode. For this reason it is difficult to

show definitely that the magnitude of the anode voltage influences

the life directly. Metson and Holmes tentatively concluded from

their experiments that the emission deterioration during life is

produced by bombarding ions which are formed from residual

gases in the valve if the anode voltage is sufficiently high.

The influence of the third factor, the temperature, also depends

on the vacuum conditions in the valve. The effect of residual gases,

such as oxygen, can be compensated more easily at high tempera-

tures, since at these temperatures the oxygen ions will diffuse to-

wards the core more readily and will be made harmless by reacting

with the barium supply there. If the temperature is lowered, the

diffusion decreases according to equation (121) and finally freezes in.

The compensation of residual gases by the barium near the core is

therefore made more and more difficult with decreasing temperature

and the poisoning effect of these gases will increase correspondingly.

Under good vacuum conditions, however—or with low anode

voltages—the lowering of the temperature will have rather a bene-

ficial effect, since secondary phenomena, e.g. evaporation, decrease

with falling temperature. In agreement with this Wagener,^ when
working with low anode voltages, obtained a slight improvement in

life by lowering the cathode temperature from 1075° to 900° K.
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The considerations dealt with in this chapter have only beei

given in general terms. A more detailed examination will b<

possible if further measurements of the fundamental processes, aj

for instance diffusion and ionic conduction, are made. Finall)

a phenomenon will be discussed which is not directly connecter

with the investigations considered so far, namely the fluctuations

which are observed with an oxide cathode at low frequencies.
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APPENDIX

FLUCTUATIONS OF THE EMISSION CURRENT
OF THE OXIDE CATHODE (FLICKER EFFECT)

An emission current which seems to be constant when measured

by a D.C. method, in fact fluctuates to a very small extent, and these

fluctuations can be detected as appropriate alternating currents.

The most elementary of these fluctuations which occurs with all

types of cathodes, including pure metals, is called the shot effect.

This fluctuation is due to the fact that the emission current is pro-

duced by individual electrons which, when passing from cathode to

anode, give corresponding current pulses. As the number of

emitted electrons and therefore the current pulses are distributed

according to the laws of statistics, the emission current composed of

these pulses will fluctuate correspondingly. The direct current

formed by the emitted electrons is therefore superimposed by

alternating currents of small amplitude which can be measured in

the resonant circuits connected to the valve. When operating the

valve these small alternating currents, which are called shot currents,

produce a noise limiting the amplification of faint A.C. signals.

The shot current can be calculated by expanding the current

pulse connected with the passage of an electron into a Fourier series,

and by adding the terms of this series lying in a certain band width.

When examining the saturated current Schottky ^ derived the

following formula for the mean shot current within a band of

width A V

Lh==V(2eIsAv)=5 64xlO-^W(IsAv)3imp. . . (228)

According to this the shot current is independent of the frequency,

but depends on the saturated current and the band width. Equa-

tion (228) has been confirmed experimentally at high frequencies.

If the emission current is not saturated but limited by space-charge,

the shot current is smaller than obtained from (228) owing to the

interaction between the electrons.*

If atomic film cathodes and oxide cathodes are examined at low

frequencies (below 10 kc/sec.) fluctuations of the emission current

For details see K. R. Spangenberg; Vacuum Tubes, New York, 1948.
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are observed which are considerably larger than the shot current

given by (228). These fluctuations, known as the flicker effect, were

discovered by Johnson ^ and investigated in detail by Kozan-

owski and Williams ^ and Graffunder.^ Fig. 153 shows some

results obtained by Graffunder for different oxide cathodes, when
drawing a saturated current of 2 mA. The ratio between the mean

Fig. 153.—Ratio betwe^ Mean Square of Noise Current 11 and Mean Square

of Shot Current 7^* of Oxide Cathodes as a Function of Frequency v

(Graffunder i)-

indirectly heated cathodes.— * directly heated cathodes made from carbonates.

directly heated cathodes made by the condensation method.

square of the total noise current and the mean square of the shot

current 7/^ calculated from (228) has been plotted in this figure as a

function of frequency v. The figure shows that the noise current

increases considerably with decreasing frequency, the increase being

approximately proportional to 1/v for all valves examined.

The intensity of the flicker effect is different for different types of

cathodes. It increases in the sequence: indirectly heated cathodes

(dashed curves), directly heated cathodes made by the condensation
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method (full curves), directly heated cathodes made from carbonates

(dash and dot curves). These differences in intensity can be

explained by the fact that different temperatures are needed for

obtaining from the different cathodes the saturated current of 2 mA
used for the measurement. This temperature was lowest with the

indirectly heated cathodes and highest with the directly heated

carbonate cathodes. According to this the flicker effect would
increase with increasing temperature.

The variation of the flicker effect with the magnitude of the

saturated current is shown by Fig. 154, giving the mean square of

Fig. 154.—Mean Square of Noise Current as a Function of Frequency for Different
Densities of the Saturated Current (Graffunder li-

the noise current as a function of frequency. If the flicker effect

is examined in the space-charge region it becomes smaller than in

the region of the saturated current in the same way as does the

shot effect.

For explaining the flicker effect Johnson assumed that the

fluctuations of the emission current are produced by appropriate

fluctuations of the work function of the cathodes examined. If

atomic film cathodes are considered these latter fluctuations may be

due to variations in the number of foreign atoms adsorbed at the

surface of the cathodes concerned. By transferring this concept to

the oxide cathode Schottky ^ gave a theory of the flicker effect.

If the variation of the flicker effect with frequency is considered,

this theory, however, gives an increase proportional to \lv\ while
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an increase with Ifvi^ obtained by the experiments. More recently

Macfarlane ^ gave another theory by combining the fluctuations of

the emission with the ionic current accompanying the emission

current. As shown in Sec. 34, when dealing with the decay of

emission, this ionic current produces a concentration gradient of

the excess barium near the surface and a diffusion opposing this

gradient. The elementary processes, such as arrival of individual

ions at the surface or disappearance of these ions from there, may
then be used for explaining the fluctuations of the emission current.

By using the differential equation (222) Macfarlane obtained the

following formula for the mean square of the noise current as a

function of frequency

:

(229)

n representing all values between I and 2, depending on the selection

of the constants to be employed.

Besides the normal flicker effect discussed so far, there is an

anomalous flicker effect which is produced by gas ions impinging

upon the cathode surface and which can consequently be observed

with pure metal cathodes too. As this phenomenon is not typical

of the oxide cathode, we shall not deal with it here.
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