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I. INTRODUCTICN

The fact that alr in contact with the surface of a
meteal lcst its insulsting properties was known about two hun-
dred years ago, and during the nineteenth century much work
was done in investigating the phenomenon. As 8 result of
this work 1t was found that st comparatively low temperatures
and high pressures a solid readily lost a positive charge,
but at high temperatures end low pressures toth negetive and
positive charges were lost.

In 1€83 Edison found that there was a flow of elec-
tricity across s relstively good vacuum in a bulb contalning
& glowing carbon filement. When he mounted sn independent
electrode in the tube and connected this to a galvanometer,
he found that the galvenometer indicated a current when the
electrode was made positive with respect to the heated fllsa-
ment, but that there was no effect when 1t was made negative.
Preece snd later Fleming showed thet thils effect was dus to
the fact that regative electriclity was lost by the heated
filsment and collected by the posltive electrode.

The precise nature of the carriers of the charge was

determined by J.J. Thomson, who found, by the cyclold method,



that the ratlo of their cherge to their mass was the ssme es
for the negative charges of the Geissler tube, l.e., electrons,

At the seme time &s the experimental investigstions on
the loss of an electric charge from a hot metal were being
carried out the phenomenon of the loss of an electric charge
from an 1lluminated body was elso being investigated. In 1887
Hertz found that a spark would pass scross the spark gap 1in
a secondary circult when the gap was 1lluminated by the spark
of the primary circuit, whereas no spark passed in the second-
ary circult when the spark gap was shielded from the light of
the primery circuit spark; 1in the next year Hallwachs found
that g negative charge was lost from a plate 1lluminated by
ultra-violet light, Elster and Geltel also found that some
metsls were sensitive to visible light, a plate scquiring a
positive potentisl when illuminated.

The sctual nature of the charge was estabtlished by J.J.
Thomson, who showed that 1t 1s the negative electron as in
the case of loss of charge from a hot metal. Lenard found
that the energy of the emitted electron 1s independent of the
intensity of the incident 1ight, while the total humber of
emitted electrons is directly proportional to the intensity
of the light., It was assumed, therefore, that the source of

emitted electrons must be in the body of the metal, in all



probablility being the free conduction ones which are held
within the metal by tke forces at the surface.

Lenard's discovery that the energy of an emitted elec-
tron 18 independent of the intensity of the light 1s inexpli-
cable by the wave theory of light, this led Einstein to take
the step of considering light as being corpusculsar, each ccr-
puscle or quantum having energy hv where v 1s the frequency
of the light and h 1s Plsnck's rsdiastiocn constent. If there-
fore the whole energy of the quantum is absorbed by the emitted

electron the energy of the emitted electron 1s given by
E = imv® =hv -w

where w 1s the work done 1in draggimg the electron through the
surfece.

An electron emitted from & hot solid must also recelve
enough energy in order to psss through the surface. o.W.
Richardson in 1901 developed a formula using the same assump-
tions a&s those of the classical theory of conduction in metgls;
e found the number of electrons whose energy at a tempersture
T 1s great enough for them to pass through the potential bsr-
rier at the surface of the metal. By thls method he estagblished

the formuls

1 = Arde = W/AT



where 1 current per 8q. cm. of the metsl

T

absolute temperature

A, w and k¥ are constents.

Soon after Richardson's derivetion of this formula
H.A. Wilson considered the emission of electrons from e hot
metal as a reversible thermodynemical process and applied
Clepeyron's lagtent heat equation to the eveporation of elec-

trons from the metal obtalning the equation

1 = prple~ W/KT

where A' and 1, are constants.

In both phenomena, therefore, tke eléctron must drew
energy from some source in order that it may pass through the
potential barrier at the surface of the metal. It would seem
that, for any given metal, externsl conditions being the same,
this emount of energy or the "work function", should be the
seme for both phenomena.

The development of the Sommerfeld electron theory has
introduced new conceptions of the work function, and this,
together with the improvement of vacuum tgchnique, glve sound
evidence of the equality of the work functions in these two

phenomena.



IT. EXPERIVENTAL DETERMINATION OF THE WORK FUNCTION

1
Considering Einstein's photocelectric equation
3 mv° = hy - w

where 3 mv® 1s the kinetic energy of the emitted electron, hw
1s the energy given to the electron by a light quentum of fre-
quercyv &and w 1s the work done by the electron in escaping
frem the metsal, i1f the frequency of the light 1s decreased

the velocity of the emitted electrons will be decreased until
they are finally stopped; 1f Vv, 1s the frequency correspond-
ing to zeroc velocity of the emitted electrons, then w = hv,
and \, 1s known as the threshold frequency for the given metal.
In order to determine this threshold frequency experimentally
the metal must be 1lluminated by monochromatic light of known
frequency, and the emitted electrons collected at an electrode
after beilng accelersted by an electrostatic fleld. The appa-
retus must be at the lowest possible pressure in order to savoid
secondary lonisation effects and contamination of the surface
of the metal. Also the shape of the collecting electrode must
be such that all the electraons emitted from the metasl reach
the electrode and not exposed glass surfaces of the apparstus.
The metal 1tself must be'extremely carefully prepared so that

1ts surfaece 1s uncontaminated and gas free.

1. Einstein, Ann. d. Phys. 17, p. 132 (1905).



The two most usuasl designs of tube are a) spherical,
b) cylindricsl. The spherical type consists of a glass bulb
with the metal M under experiment at its centre. The collect-
ing electrode E 1s a metal

LG
LIGHT

deposited on the glass walls of the btulb; light enters through
the quartz window Q. In this type of tube all the light that
passes through the window will fall either directly or by re-
flection on the metal M, and hence the maximum photoelectric
current is obtsined for a given intensity of tke incident
light. The collecting electrods E is made posltive witb
respect to the metal M and therefore photoelectric emission
from it 1s not possible and thus ensures that any emission

currents measured ariss from the metal at M alons,
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The cylindrical tube 1s also designed to give the maximum
possible photoelectric current for a given intensity of in-
cident light, In thils tube the metal M under experiment 1s
in the form of a wire and the collecting electrode C is
cylindrical. A small patch of thls electrode 1s perforated
to admit the light that passes through the quertz window Q.
The two cylinders C' act as guard rings. Thils has the ad-
ventage that it may also be used for thermionic messurements.
Since the valus of the work function 1s dependent on
the forcas at the surface of the metal, it 1s essential that

the metal shsll be unconteminated and free from all adsorbed
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gases. The specimen of the metal 1s heated to a high temper-
ature for many hours in a very high vacuum. The importancs
of this cleaning 1s shown by the fact that Du Bridge found
that the photoelectric work function of platinum increased
from & elsectron volts to €3 electron volts during the clean-
ing process, Allowance must also be made for the Schott‘i{y1
offect, since the elsctron 1s emitted in an accelerating field.

It was found in determining the threshold frequency
that its value was not definite but depended on the sensitivity
of the measuring instruments; that is, if a graph is plotted
of photoslectric current agaslnst frequency of the incident
light, the curve approaches the freguency axis asymptotically.
It will be seen Iin section III that the maximum kinetic energy
of the electron within the metal before emission must be tsaken
into sccount when considering the weork function of a surfacae;
on the basis of the Fermi statistics there is only a sharply
defined maximum value of this kinetic ensergy at 00K, it is
seen therefore, that in determining the photoelectric thresh-
0ld allecwance should be made for this temperaturs effect, and
the threshold corresponding to OPK determined.

The method of calculating the threshold at 0°K from
measurements made at other temperatures iIs due tov Fowle%,

3
whose method was later modified by Du Bridge.

1. Schottky, Zeits. f. Phys. 14, p. 63 (1923},
2. Fowlser, Phys. Rev. 38, p. 45 (1931).
3. Du Bridge, Phys. Rev. 39.
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Fowler deduced from theoretical considerations the

following relstionship:

I = a2 (W, - bv)"F £(x)

where I = photoelectric current per unit intensity of incident
light.
Wq = poctentlal drop st the surface of the metal.
x = (Qitg—ﬁ) where $ = hv,

Vo being the threshold frequency corresponding to 0°K.

Fowler also found the following values for f(x):

f(x) = &% - e02%X 43X _ . . . .- . Xz 0
£ S
or,
1
I | -x _ 87X 73X .

For frequenciss near the threshold (WA-— hv)% is practicslly

constant, so that

log [—%;;] = B +F(x)

B being constant and independsnt of V and T, and F(x) = log f(x).

The theoreticael curve of F(x) and x may be constructed and
from experimental observations 1log (%%) may be plotted as a

function of E%; the difference between the theoretical curve
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end the experlmental curve on the E% axis 1s then é%, 50 that

¢, the photoelectric work function may be determined.

Du Bridge modified this method by plotting F(x) as a
function of log x instead of x. Cbservations are made of
the photoelectric yield for a given frequency at a series of
temperatures and an observational graph is plotted of é% egainst
log (%J, the shift of the observational curve in order to give
coincidence with the theoretical curve gives n.(\lET'-\-’.o) and hence
knowlng vV, Vv, may be calculated. This method eliminates the
necesslty of reduclng I to the photoslectric current per unit
Intensity of absorbed light and hence avolds the troublesome
measurement of the intsnaity of the light.

Another method of determining the photoelectric work
function is to determine the meximum energy of the electrons
emitted by light of known frequency, end then the work func-
tion may be calculated by Einstein's equation. The energy
of the emitted electrons may eilther be determined by a stopping
potential method or by determining thelr deflection in a mag-
netic field. 1In the stopping potentlal method allowance must
be made for contact difference in potential 1f the collecting
electrode 1s not composed of the same material as the emitting
metal.

In order to determine the thermionic work function of

a moetal measurements must be rmade of the current emittsd from
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a metal at a known temperature. For a metal which 1is easily
obtainable in the form of a wire the design of the tube is
similar to that used for determining the photoslectric work
function. Tl metal under consideration is heated by means

of an electric current and the current emitted from the metal,
i1f saturaticn current cannot be reached by the application of
& suiltable electric fileld, is determined when there is a known
accelerating fleld between the metal and the collecting elec-
trode. If the current 1s determined for a serles of acceler-
ating fields it 1s possible to determine the current for no

gccelersting fleld, as is shown in section IV.
I = 1,6 JFa/kT

where I 1s the current when the fleld 1is F,
and I, 1s the current when there is no accelerating field.

Also 1t will be shown in section III that

AT19-¢/kT

Io =
where A = a constant
T = Temperature of the metal

the work function of the surface

¢

If, therefore, a graph 1s plotted of log I - 2 log T and
1t should result in a straight line the slope of which is

wl-o- H3j



15

and hence ¢ may be found. {For actusl method of the deter-
mination of the work function see section III.]

The temperature of the metal maj be found from the de-
termination of 1ts resistance at the lower taﬁparatures of
the experlment, or at higher temperatures the emissivity of
the metal may be used In order to calculate the temperature.
As 1in the case of photoelectric emission the metal must be
"clean". All cleaning processes should be performed at a
temperature considerably higher than the maximum temperature
of the experiment.

Yot asnother method of determining the work function of
a surface 1s by measuring the current emitted from a metal
when 1lluminated by black body radiation. It will be shown
in section III that the current emitted from the metal varies
with the temperature of the source of radiation in the same
way &8 the thermionic current from a metal varies with the
temperature of the metal. The apparatus used by Roy to de-
termine the work function by this method 13 indicated in the

following diagram.

1. Roy, Proc. Roy. Soc. 112, p. 599 (1926).
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The source of redlation is a tungsten filament F
which may be heated by means of an electric current, end F
1s kept poslitive with respect to the cylinder C,, so that
thermionic emission from F 1s not possible., The radistion
leaving F passes between the plates P, and P, across which
a difference in potentlal 1s applied so as to remove any
stray charges. T i1s the metal under experiment which is
made negative with respect to the cylinder C, so that the
electrons emitted from T by the radlation are collected by
the cylinder Cz‘ W. Wilsog, when using a similar method

to determine the emission from sodium-potassium salloy,

11luminated by black body radiation from a platinum filament,

showed that, since the emission ceased directly the radiation

was shut off, the emission is due to the radiation end not

to thermionic erdssion.

1. W. Wilson, Proc. Roy. Soc. 93A. (19186).
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Unfortunately the values of the work function found
by this method do not show agreement with other methods sas
the experlments have not been carried out with the modern
method of preparation of the surface of the metals, and hence
the values cannot be considered as characteristic of the
pure metal.

Experimental determination of the work function of
the alkall metals has shown some interesting phenomena. Two
values of the work functlion were found for a given specimen
of the metal when the emlission was due to thermionic, photo-
electric, and "complete™ photoelectric emission; further,
Ives and Olpii have found complete agreement between the
work function of the alkall metals and thelr resonance po-
tential. It will be seen from the accompanying graph that
the work functions of the alkali metals are considerably
less than that for any other metal.

| Recoant values of the photoelectric work function
calculated by Fowler's method show very good agreement with
the thermionic work function for the same spscimen of the
metal snd where values for the two work functlions have been
measured at several temperatures the agreement 1s within

the limit of experimental error. The varlation of the work

function with temperature is so small, however, that there

1. Ives and Olpin, Phys. Rev. 34, p. 11l7.
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does not seem to be convincing experimental evidence of the

equality of the temperature coefficients of the two work

functions.

Thermionic work

Photoelectric work

Metal function functlon. Fowler's
method.

Iron 4,77 equl.volts 4.77 equi. volts
Nickel 5.03 .05 n 5.01 "
Molybdenum | (30K 4.14 " 4.14 "
(940°K 4.18 " 4.16 n
Palladium 4,99 t.04 n 4,97 ¥.02 "
(293°K 4.09 " 4.10 "

Tantalum :

(973K 4.14 " 4.14 "
Tungsten 4,54 " 4.54 "
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III. THEORIES OF EMISSION

Using the classical electron theory of conduction in
metals, a theoretical formule for the emission of electrons
from a hot metal was first derived by 0.W. Richardsoi in 1901.
Ee calculated the emission on the assumption that all those
electrons whose velocity normal to the surface gives them

sufficient energy to pass through the potentisl barrier at

the surface of the metal,will escape from the metal.

the potentlal step at the surface of the metal

Let ¢ =
e = charge on an electron
m = mass of an electron
uy, = minimum velccity normal to the surface for
an. electron to escape
then ¢e = % mu?

According to the Maxwelllan veloclty dlstribution, the number
dN of electrons psr unlt volume having normal velocity com-

ponents between u and u+du is given by

m u’“
= [ _m = LT
- ———— e iz du
aN N 277 kT

where N = total number of free electrons per unit
: volume of the metal.

1. 0.W. Richardson, Proc. Roy. Soc. (1903).
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The number n of electrons that escspe from unit ares of the

surfsce per second 1s then

u =® —_— ® -mu?
21r
n =| udl = J.EL_
J N TRT e udu
u = u, uo
7
-muo
= N -EE- e 2kT
2(m

If 1 = current emitted per unit ares

1 = ne
'y
L —mu(
1 = pNeXT ZKT
2Tm

It will be seen from this that at O°K the energy of the electron

18 considered as zero.

Shortly after Richeardson's derivsation of the stove
equation H.A. Wilsc% showed that thermionlc emlission is snalo-
gous to the evsporstion of a liquid. .

If p = vapour pressure of a liquld at sbsolute temperature T

L = latent heat of the liguid per gm. molecule,
d
then L (v, ) o7

where v, = volume of the liquild

v, = volume of the resulting vepour.

1. H.A. Wilson, Proc. Roy. Soc. (19c4).
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neglecting v, &and putting vq =-%;
3
L = ..RE g‘:t\
p 4T
Let @ = the Internal work done in eveporating the liquid
let @ = Qo +8T where s 1s scme ccnstent
then L = Q + pv,
>~
so thet Qo + &P + RP = EL ¢p
p 4T

Fence 1f p, 1s the vapour pressure et temperature T, and P,
that et T,

R+sa R
log L * P = Q (1';_ - .L)
TZR-+a + p1R T1 T,

But p = bmVN

where m mass of & molecule

V = root mean square value of the veldclties of the
molecules

N = number of molecules leaving square cm. of the
l1i1quid per second

b = 8 constant

but V< T, hence let p = b'{T where b' 1is a constent,

T%-c-a/R "o \ o (l _ l)
R

log = =
8/R 1
TL‘%-I' /. Nl/ Te T

then

If the electrors emlitted from a hot metsl are consldered as

behaving in the same way &8 evaporated molecules, the current 1
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emitted must be Ne where N 1s given by the above equaticn and

e 1s the electronic charge,

% +a/R
) log To 1] = Re (l_ - jL)

p, % +8/R 1, R\,

2 +a/R - %
or 1 = AT e KT where A 1s a constent.
If @ 1s indeperdent of tempersture, a = o and this formule
has the seme form as that deduced by kichardson,
A further development of this metkod 1s to express the
letent hest of evaporation in terms of the specific heat of

the two phases, i.e.,

T T
L = Lo-tj.Cp daT - g cp 4T
0 0

latent hest of evsporation at 0CK

where Lo

(@]
L]

specific heat of the electrons at constent pressure
in the vapour state ,

Cp = specific heat of the electrons at constant pressure
in the solid steate.

But Cp = Qélz for cne molecule of a monatomic vapour
end cp = ©
L= Io + é—kT

2
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But also L . 4Q1o )
kT* dr

Lo+fu - d(log p) o>
aT

or p = AT5/2 o -Lo/kT

Frpm the kinetic theory of gases the number of electrons

striking unit area of the metasl surface per second 1s given

by
p
(2TmkT)%

n

hence the current emitted from unit area of the surface 1is

-Lo
1 =ne = AT® ¢ KT
If the value of cp 88 given by the classlical electron theory
has been used, this equation would correspond to that derived
by Wilson; 1t 1s not possible to determine from experimental
fesults whiéh is the more accurste.

In the derivation of this formule the actusl mechanism
of emission has not been teken into account nor has the state
of the electron before end after the evaporation process been
considered, so that L4orQo) measures the excess smount cf work
thet has to be done in order to remove an electron from the

metal. The fact that the electron may have an gpprecisble
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amount of energy at %K has not been considered, whilst Richard-
son's derivation on the basis of the classical electron theory
of metals assumed that the electron has zero energy at O°K.
Although In certein cases the treatment of the free
electrons in metals as & perfect gas has met with success, in
others the results from theocry show no agreement with experi-
mental observations, In 1627 Paul% introduced an entirely
new concertion of the electrons in s metal. He essumed that
the free electrons should be consicered as belohging to a
degenerete gas, that 1s one obeying the statisticsl laws of
Fermli and Dirac. On the basis of these laws an electron of
a degenerate gas at O°K has an asppreciasbly large kinetic
energy of the order 6 to 12 equivalent volts, but the messured
value of the work function gives the extra energy that must bte
supplied to the electron in order that 1t may pass through the
potential step at the surface of the metal. If then the ini-
tisl energy of the electron 1s of the order € to 12 volts, and
the excess energy that must be given to the electron before it
is emitted is from 2 to 6 volts, the sctual potentlal step at
the boundery of the metal must be cof the order 8 to 18 volts.
The velocity distribution function in the Fermi-Dirsc

stetistics 1s glven by

_ 2m  du dv dw
any vw h? o~ TE/KT 44

1. Pauli, Zeits. f. Phys. 41, p. 81 (1927).
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where dnunvw = the number of electrons whose velocity com-
ponents u,v,w 1lile in the range du, dv,
dw,
AL =

a paremeter dependent on T and the number of
electrons per unit volume.

end E = (W' + v+ wh)

N'B

The thermlonic current 1s calculeted by determining the numbter
of electrons whose velocity components normal to the surface
heve & minimum velue given by 4mu, = Wy, where Wy is the

potentisl step at the surface of the metal.

D L2 (0 u
+ +1
Uo

Let //» s -oL kT, the%/w 1s the maeximum kinetlc energy of an

electron st OCK

L =2 ar%e . e /KT

Compariscn of this equation with that deduced from thermodynam-
ical considerations shows that
Wg =+ = Lo
It i1s seen from the derivation of the expression for

the thermionic emission of electrons by statisticsl methods

that if all the electrons which have sufficient energy to pass
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through the surface do so, A should be a universal constant.
For electrons moving in the metal before being emitted the
reflection 1s small, so that on this account the deviation
of the observetional velue of A from the theoretical value
shoull also be small. The value of A &s given by plotting

log 1 - 2 1log T agealnst %- is not constant. Becker and

1
Brattaln heve shown that this inconstancy of A i1s allied to
the dependence of the thermionic work function on the tem-
perature of the emltting surface.

The equation for emission from a surface may be written
a =D
1 = aTe T
where A snd b are constants. Becker and Brattain distinguish
between three quantities, viz., b, h and ws The quantity b
13 obtainable from the slope of the line log 1 =~ 2 log T
1

sgainst T since-ggg i1s the slope of this line; h 1is defined

L
as the "heat function" and 1s equal to (ig - %?), where Lp

is the latent heat at constant pressure of evaporation of
the electrons from the metsl, and w 1s the work function.
Using the method of Becker and Brattain, first consider the
derivation of the thermionic equation by thermodynamical
methods. It csn be shown, by using Clapeyron's latent heat

equation that

1. Becker and Brattain, Phys. Rev. 45 (1334).
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h 1 | Te
log 1 -2 1log T = 1log H +1log(l ~r) = [2_).3 ,+é_3, T-;I ar
. T .{‘ 1

where H 13 a constent independent of T but dependent on T!,
which 1s a fixed tempersture in an experimental range, and

r 1s the "reflection coefficient", that 1s, the ratio of the
nurter of electrons that pass through the surface to the num-
ber coming up to the surface and having sufficlent energy to
pass through it. If this is differentisted with respect to

1
T
dy . =1 g .
dfgs- = T ar | Yy log 1 2 log T
. =l oay -1 f{dlog(l-r) +h
" ar 7 4T . 2.37%
-h dr 1 dlog (1 ~-r)
"2 T a 07 dT
is smsall in comparison with 593. If h is dependent on T,
log 1 -~ 2 lég T and %- will be a curve, the slcpe at any poirt

T! belng given by 523 and the tangent to the curve et any

point 1s given by

. b
logi -2 1og T = 5= + log A.

Up to the present for pure metsls the graph has been shown

to be a straight line, so that b = h and log A = log H(1 -~ r).
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The value of the current emitted from a surface when

calculated by statistical methods 1s given by
1 7' -W
1 = U(1-r)Te T
or log 1 =2 1og T = log U(l-1) —¥__
re.3
wnhere U 1s a universsl constent the velue of which is

120 amps/cms /9K and wk = W, - Wy

where Wy 1s the difference in potentisl energy between an
electron inside and outside the metal and Wi i1s an integrstion
conatant which 1s dependent on temperature s it involves the
number of atoms in unit volume of the metal. w in genersl
will depend on the metal, 1ts surfsce and on the temperature.

Ir 4% _ L where « 1s a constent
dT
w = w, +dT w, 1s an integratlon constent.

.The curve given ty plotting log 1 - 2 log T and % 1s a straight

line whose slope 1s éﬁg and whose intercept is log U(l-r) =<

3 2,3

so that log A = log U(1l = r) = or K= 2.3(log U(1l-r) - log 4)

In order to calculate the values of o4 it 1s necessary to know
something of the value of the reflectlion coefflclent r. It
seems that the value of r is so small that 1t may be neglected

aince in the most accurate experiments comparatively lerge
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errors are Introduced in the determination of A. The method
of finding the work function at any temperature T! is =as

follows, the line log 1 - 2 log T and 1 is plotted from ex-

T
perimental observstions.
’(O(Z)U(‘l-f) —\
N\
oA A
N\ \ 4 :
[T{OO \ < OPQ%
3 NN\
o~ 1 51_0?@—\\
. =\
=0 23\
< N\
0 N
1/ﬁ?

1
The point on the line corresponding to T is then Jolned to

t

— ,
log U end the slope of this line is —¥— where w' is the work

function at the temperature ol The velue of can also be

determined; it has been found to yield & variatlon of the work
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-4
function of the order 10 - equivalent volts per °k

1
Reimenn has also pointed out the dependence of the

thermionic work function on temperature because of the expen-

silon of the metal,

The most fundamental of photoelectric relationships 1is
2
that due to Einstein, i.e., E = imv* = hv - w

where E = %anv> 1s the kinetic energy cf the emltted electron

W worL dona 1n dragzging the electron through the

surface

h = energy of the light quantum,
the electron being able to atsorb the whole energy since it
1s in a fleld of force. Then if Vo is ths minimum value ofv
in order that an electron shall be emitted w = hvo. This is
gssuning that the kinetic energy of the electron within the
metal 1s negligzible. If, however, the electron gas is con-
sidered as a degsnerate one this 1s not so, but st O°K the
maximun xinetic energy is'/L so that a nearsr approxiﬁation
is

imv® = hv + p= Vg

If the maximum veloclty distribution functicn from the
Fermi-Dirac statistics 1s plotted as a function of the ensrgy

E of the electrons, it 1s found that at 0°K there is a

1. Reimann, Nature, 133.

2. Einstein, Ann. d. Phys. 41 (1905).
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dlscontlnuous drop to zero in the function at & point where
E =/~. At higher temperatures, however, this drop is not dis-
contlnuous, the maximum energy of an slectron belng slightly
greater thag/u, hence hvy when measured experimentally will be
slightly less than Wy -;u« |

This dependence of the photoelectric threshold on tem-
perature has been calculated by Fowleéﬁ Considering only the
case when the metal 1s illuminated by light of freguency
which 18 neer the threshold, he determined the number of elec-

trons N within the rietal whose velocity components u normel

to the surface, are greater than some critical value uy given
by

imuy + ho = Wy
If n(u)du 1s the number of electrons per unit volume whose

normal velozlty components %ge in the range du, then

N = n(u) du

oY)
But from the Fermi-Dirac statistical laws
G )
. -2my
n(u)du = 4TkTm log (1 +e kT ) du
3

h
waen Vv 1s not very different from V,, the case that Fowler con-

sidered, the logarithm cen be expanded and integrsted term by term.

Putting ¢ = W, =% = hvo
end x = Bv-¢ = B (9-v)
KT KT

1. Fowler, Phys. Rev. 38 (1831).
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N . 21\ 3/2k2 2 (ex- sz +63x
h* (W - hv) 2 o  z%

for xZo

or N

NIN

2B Y1 (1%
h)‘ (Wa -hV)% 6

o (e® wa™*% 4 ¢T3 ......i(

for x2 o

At the threshold when V= vo NocTz', also it can be assumed

that the photoslectric emission I -C N.

I = A1 (g -uv)™¥ £(x)
or I, = aiy-n9) eBIY

But for frequencies near the threshold (Wg -h\?)% is practically

constant snd so may be included with the constant A
log I/p*» = B+F(x) F(x) = log f(x)

If the theoretical curve F(x) against x and the experimental

curve log I/T and LY gre plotted on the same graph as bslow

kT
the horizontal shift of the experimental curve in order that
it may colncide with the theorstlcal curve glves ¢/k'I' end hence

the true threshold at 0°K may be calculsted
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Another interesting case of the emission of electrons from
a metal is that due to black body radiation — the complete
photoelectric effect. This was first considered theoretic-
ally by O.W. Richardso% in 1912, who treated it as a rever-
sible thermodynamic process, as later did W. Wilson, Roy and
Bridgeraan.

Since the metal must be considered as being in tem-—
perature equilibrium with an infinite enclosure, it is not

possible to distinguish between thermionic and "pure" photo-

electric emission in the process of complete photoelectric
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emission and 1t should not therefore introduce any error if
the complete photoelectric emission is considered as consist-
ing entirely of thermionic emission or entirely of photoslectric
emlsslon due to the black body radiation. It follows, there-
fore, that the current emitted by the complete photoelectric
proce3s must obey the same laws as that due to purs thermionic
emission, i.e.,

I = arte  LO/AT

1l
Eridgeman consldered the complete photoelectric emlssion

from a metal in order to establish the equallty of the thermi-
onic and photoslectric work functions

Consider two metals A and B metallically in contact in
an evacuated enclosure at temperature T; the whols enclosurse

is in thermal eguilibrium.

L

1. Bridgemsn, Phys. Rev. 31 (1923).
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The enclosurs 1s illuminated by light of frequency Vv which
1s greatsr than the threshold frequency of either A or B.
Taking f, (V,T) as the number of electrons emitted from unit
area of the surface of A perpendicularly in unit time, this
emission will be sccompanied by the sbsorption of light. 1In
order that equilibrium may be maintained there must be an
absorption of san equai nunber of electrons when they resch
the surface, end a corresponding emission of rmdistion. If
"‘A(\),T) is the fraction of the impinging electrons absorbed

the number of elactrons approaching the surface must be
£,(0,T) |
g (v, 1) call thls F(v,T). In the equilibrium state this

must also be equal to the number of electrons that leasve the
surfacs, Also all the electrons that lsave A must reach B

and be absorbsd thers or
FA (v,T) = Fp (v,T)

or Fp(V,T) must be independent of A. TUsing the threshold
frequency v, 83 a characterlstic parameter of the substance
F (V, VoT) must be independent of Vo when V>\,. In the case
of complate emission the photoelectric mechanism cannot be
separated from the thermionic and so the condition limiting

F can be obtained from thermionic considerations.
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If en electron vapour 1s considered to have a Maxwell-
lian veloclity distribution the number of electrons per unit

volume in the velocity range dv 1s

m 3 -mvﬁ/kT
v — )% e dv

dn =E(
3 '2TKT

wkere n 1s the total number of elsctrons per unit volume; the

number striking unit area pef second 1s

m 3 ~av*/kT
2TreT) © v dv

dN, = %vdn, = % (

But Bridgeman showadlfrom thermionic considerations that the

number n 1is glven by

— , T
L= (2 meT )" xp 5 = Spo _ Lo _1 J

—== | (Cpp - Cpy) daT
o)

h?® k KT kT
T
+.L1;l Cre = Cpm gr

T

where Cpp - C., 1s the difference in the specific heats at
&
constant pressure of the charged and the uncharged metal and
(S = Sm), 1s the difference in entropy at 0%K of the charged
and the uncharged metel. Also from Einsteln's photoelectric
h
equations imv* = h(v =) end vdv = = dv. The number ANy 1s

the number of electrons in photoelectric equilibrium under the

stimulation of light of frequency v and lntensity I(V)Ev where
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I(y) 1s the distribution function for black body radiation

et temperature T

dN, = F(v9T) I(V) dv

T

hy'

But I(\?) = ? m y

n 3y _h(y -vg)
m
F(UWE) = —¢ Twer) 7 © KT
g1 _hv’
c> RV/KT_1

Substituting for n, it 1s found that

Sp = Sm , hvp -Lo ...L/T(cpf = Cpry) 4T +le Cpe = CpmdT

k kT kT Jo ko T
must be independent of the metal — that 1s, a universal
temperature function. If the above equation 1s differentisted
with respect to T and multiplied by k’f’!‘[—- hVo + Lo + kT %T‘-’ +
l?(cpf - Cpm) dT] = g universel temperature function. If T
approaches 0°K as the limit, the right-hand side approaches
a universal constant. The integral and T%%’will becoms Zsro
so that Lo = hy,! = a unlversal constant where Vo' 1s the
threshold frequency measured at 0°K.

Lo of the above expression is proportionsl to the "heat

function" which has been shown by Becker and Brattaln to be
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equal to wo wheres w = wpy + %% » W being the thermionic work
function at any given temperature. But 1t has been shown by
experiment (see Sectlion II) that w = hVo where Vo 1s the
threshold at the same temperature, so that if 25%22 = %% the
universal constant of Bridgeman's calculation will be zero.
Although in sll probability thils 1s so, the variation of the
work functions with temperature 1s so small that experimentsal
verification seems outside the range of present experimental

measurements.
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IV. TEE NATURE OF THE WORK FUNCTION

It telng en established fact that there is a drop of
potentlal across the surface of a metal, an explanatibn of
its existence 1s necessary. This drop of potentisl would
exlst if there were a double electric layer on the surface
of the metal with the negative charges on the outside; this
conception 1s useful for explsining work function phenomena
end was used by Richardscn snd H.A. Wilsogt but there 1s no
evidence of the exlstence of such a layer.

Another possible explasnation suggested by Debyg end
Schottkg, 1s that as the electron comes up tokthe surface
tre image force comes into play. For an electron distance
x from the surface the imasge force — in ordinary E.S.U. —
1s‘§§,and the potentisl at this point 1s 551- the po-
tential at infinity being zero. This In the case of a con-
tinuous surface mekes the potentisl of the metsl and hence

the work function infinite. Debye and Schottky therefore

assumed that the image law breaks down near the surface, and

1. H.A. Wilson, Phil. Trans. Roy. Soc. A. (1208).
2. P. Detye, Ann. d. Phys. 33 (1611).
.3. W. Schottky, Zeits. f. Phys. 14 (1923).
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that the force 1s constant within a distence X, from the
surfece. This assumption then gives the work function a
finite vealue.

Another consideratlion that must be tsken into account
1s that 1n experimentel investigations of thermionic and
photoelectric emission, the electron 1s alwayas emitted in
en electric fleld, hence if F(x) is tke force on an electron
distasnce x from the surface due to the surface forces, and
Fg 1s the epplied electric fileld, the resulting field dis-
tance x from the surface 1s (F(x) -~ Fg), and the potentisal

at that roint 1is given by

P

V = }‘{F%x) - Fgl dx

(o)
An electron will leave the mstsl entirely if 1t can be re-
moved to a point x'!' where the external applied fleld Just

neutralizes the field towards the metsal.

Let w = work function for zero applled fleld
and w'= work function for applied fileld F,,

then

ew

xl
f [F(x) - Fa] dx
o
Q x'
fF(X) dx —['F(x) dx -J Fg dx
(o] X fo)
- ow -:4(;(x) dx — Fyx!
t
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"

If ¥(x) 1s the image fleld F(x) = iﬁi and at x!
X

- 8
Fa = F(X) 4’-'2’

s wlh = w "Jﬁa

If the Sommerfeld electron theory is used instead of the
classical onse as above,F(x) must be associated with the drop
of potentlsl Wy across the surface of the metal and the
messured velue of the work function 1s then w! = Wa"ﬁ/“’
snd w = Wy - W Na! = Wy -fﬁa. Thus the relationship
between work function and applied field holds fo? both clas-
sical snd Sormerfeld conceptions of the electron gas.

The atove relationship hes been tested experimentally
for both thermicnic and photoelectric emission. Substituting

w! = w =[F, in the Richardson thermionic equaticn

-w'e/kT
I = AT"e

the exrression -
~|Fo /KT

I = I,e is obtained, where

I, 1s the current for zero applied fleld. It was found thsat

using the results of experimental investigations on pure

metals loge I plotted against Fy ylelded a straight line,

hence verifying the relationship. When the relationship

was tested for composite surfaces, however, lsrge deviations
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from the laew were found. Becker and NMiller working on
thorlated tungsten found that for large applied fields the
law 1s very nearly obeyed, but for small eppllied fields the
deviation 13 great. Lawrence end Linford found agreement
with the Schottky lasw for the photoelectric emission from s
thick leyer of potassium on tungsten. |

Bartletéland Watermsn have questioned the soundness,
when calculating the work function, of neglecting the space
charge 1n the near nelghbourhood of the metal, particularly
i1f the electron ges 1s a degenerate one. They have developed
an exrression for the emisslon of electrons from a metel into
en accelereting field on the assumption that the whole of ths
potentiel step at the surface of the metal 1s due to space
charge. Trelr expression gives the value of the difference
of potentilsal of the order 15 to 20 volts, which 1is In agree-
maent with the velue given by calculations bssed on the assump-
tion of the Somrerfeld theory. In thelr calculations, how-
ever, they have used Poisson's equation which 1is applied to sn
infinite plene. The validity of its application to the
emission of electrons from s metal surface 1is questionable.

2

Zwikker has found an expression for the potentlal step

at the surface of a metsl using the assumption that both space

1. Bartlett and Waterman, Phys. Rev. 37 end 38 (1931).

2. Zwikker, Physica, XI.
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charge and image force are contributing to the work function.
He has also estlimated the relative values of the potential
difference dve to the Image force and due to the space charge:
he found that the image force contributes 97% of the work
function and the spece charge 3%. He ecknowledges that pro-
bebly the Image laws caﬁnot be applied to such small distances
g3 used in hils cslculstions, end that some allowance (perheps
1%) must be msde for structural forces at the surface of the
metal. Unfortunately Zwikker has also used Poisson's equa-
tion when considering the contribution due to space chargs.

It 13 seen therefore thet there 1s considersble dls-
egreement over the actual origin of the potentlsl drop at the
surfsce of tke metel, Althouzh the Schottky law glves the
correct veriation of work function with applled fileld and 1t
bas been shown by Zwikker to contribute a very large percent-
age to the work function, Bartlett and Watermén have 1n their
celculations obtaired a ccrrect value of the work function by
completely neglecting the image force. It would seem possible
that this variasnce lies in the conceptlion of the actual posi-

tion of tte surﬁace of the metal.
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V. CONCLUSION

It 1s seen that the development of both theorebical
snd experimental lnvestlgations of thermionic and photo-
electrlc emission leeds to the conclusion of the numerical
equality of the work functions of two rhenomena at any given
temperaturse, This 13 to be expected as the electron in
both these ceses of emission must have the same energy in
order thsat it may be removed from the metal. The existence
of the complete photoelectric effect suggests the possi-
bility that thermionic emisslion 1s an autophotoelectric effect.
The difficulty which e&rlses in the compsrison of the two
oeffects 1s tket in the case of pure photoelectric emission
proluced by some external source of 1llumination the light
will be absorbed by a thin leyer of the metsal, whereas in
the complata photoslectric effect which caen also be treated
as a thermionic process, the temperature rsdlation 1s pres-
snt all threcugh the body of the metal. Experiments show that
the intensity of black body radistion 1s too small to account
for the emission, if it 1is only to be consldered as a surface

effect, so that if thermionlc emission 1s to be considered as
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gan autophotooslectric effect it must be treated as a volume
effect.

The unsatisfsctory disagreement as to the actual
mechenism of the werk function may arise from different in-
terpretations of the surface of the metal, as when distances
comparable with stomic dimensions are considersd it seems

pos3idble that surface roughness may play some part.




