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ABSTRACT 

A theory to ex~lain the temperature dependence of the work 

function of the monovalent metals has been developed assuming a free 

-electron approxi.mation for the valence electrons, and a Debye model 

for the thermal vibrations of the ion cores. The theory predicts that 

the electrostatic effect of thermal vibrations i8 the chief contribution 

to the temperature coefficient of the work function, all other contri-

butions being either negligible or cancelling. Agreement between theory 

and experiment was obtained from observations made on silver and copper 

films but not from less reliable measurements made on gold films. 

Measurements were taken over the temperature range 3QOoK to 800~ using 

a capacitive contact potential method. Fresh surfaces wereprepared 

in a sealed off system at maximum pressures of 6 x 10-9 to 1.2 x 10-7 

millimeters of mercury. Contact potentials were measured immediately 

afterwards at pressures of the order of 10-9 millimeters of mercury. 

The results obtained from successively evaporated silver and copper films 

were reproducible and free from drift, but the gold films were not 

satisfactory in either respect. Approximately consistent results, however, 

were obtained from three successively deposited gold films. The results 

corrected for the absolute thermoelectric pmver of platinum (-7.3 x 10-6 

volts/OK) were -6 -134 x 10 , -57 x 10-6 and 9 x 10-5 e1ectron vo1t~/oK 

for silver, copper and gold films respective1y. 
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The Temperature Dependence ot the Work Functio~ orthe 

Monovalent Noble Metals 

INTRODUCTION 

The work described in th1s thes1s talle 1nto two sharply 

det1ned oategorles: theory and exper1ment. A theory ot the tempereture 

dependenoe ot the work funet10ns of monovalent matals ls developed ln 

the tirst part ot the thesls and experlmental measurements on the mono-

valent noble metals&r.edesorlbed ln the second part. 

The temperature dependence ot the work function ls ot lnterest 

as a property of a metal surface becaUS8 lt can atford a check on solld 

state theory and also because lt le one of the tactors whieh attects 

the thermionle emisslon ot a metal surtace. 

The ex1st1ng theorles of the temperature dependence of the work 

tunction are very rud1mentary. These theorles have concentrated tor the 

most part on celculat1ng the effeet ot thermal expans10n end the etfect 

ot the electronic specific heat. In most cases eftects ot lattice vib-

ratlons at constant volume have been neglected. It appears that these 

should be as large or larger than the effects which have been considered. 

These theor1es have been caretully reviewed and severel valuable suggestions 

l advanced by Herring and Nichols in thair review article on thermionic 

emission. The situation which contronted the author , wes, however, one 

ln whlch all the ettects could not be calculated quantltatlvely for any 

one metal. 

The theoretlcal portion ot this thesis describes the development 

of the approach suggested by Herring and Nichols. A new expression is 

derived for the effect of thermal expansion. This expression includes 

the etfect ot expansion on a surfaoe dipole layer as predicted from 

Smoluchowski's2 theoretlcal calculation of the dipole layer and a180 
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considers the correlated electron interactions as formulated in the 

wigner-Bardeen3 calculation of the work functions of the alkali metals. 

The effect of thermal vibrations at constant volume on the chemical 

potential ls deduced theoretically for the first time. These developments 

allow all the contributions to the temperature dependence of the monovalent 

metels to be calculated and a1so show that a virtuel cencellation of the 

effects of thermal expansion and of thermal vibrations on the chemical 

potential should be expected at all temperatures in the case of the mono

valent metals. The major contribution to experimental values of the 

temperature coefficient of the work function "must then be interpreted as 

the electrostatic effect of thermal ion core vibrations at constant volume. 

Comparison of theoretical And experimental values shows that for silver 

and copper this interpretation la qualitatively conststent. 

In measuring the temperature dependence of the work function, 

the choice of method is very important. At high temperatures the cooling 

effect of eleetron emission has been used, while at 10w temperatures 

photoelectrie measurements have been made. Two other methods have been 

used which do nat require emissian of electrons from the test surface. 

In a diode changes in the anode work function can be observed by measurlng 

the aecompanying shirts in the space charge limited characteristics. The 

change in contact potential between two metal surfaces has also been used 

to measure changes in work function. 

The contact potential method is the most satisfactory way of 

measuring the temperature dependence of the work funet10n. If a method 

1s used whieh requires the emission of e1ectrons from the surface being 

studied, the measured wark function of a contaminated or polycrystalline 

surface can be temperature dependent even if no change oceurs in the 
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actual work functlon. This can occur because a temperature dependent 

emissive mean work function is measured and not the arithmetic mean of 

the work function. Contact potential methods on the other hand measure 

the arithmetic mean and can only yield a temperature variation if there 

is a change in the actuel work functiorl of the surface. This explains 

the author's choice of a contact potential method in this work. The 

method using the shift in diode characteristics could have been used. It 

ls difficult, however, to obtein accurete results from this method if the 

measurements are made in the space charge limited region far removed from 

the retarding potential reglon. This must be done if changes in the 

arithrnetical mean of the anode work function are to be measured. 

The existing published measurements of the temperature depend

ence of the work function are of somewhat dubious accuracy since aIl were 

made prior to 1940 and the experimenters could not take advantage of more 

recent developments in vacuum technique. These measurements were aIl 

subject to contamination effects due to either the fact that they were 

made using inadequate vacua or that the methods of preparation of the test 

surfaces could not ensure that they were cIe an. The author therefore took 

great care to produce adequate vacua and to deposit fresh metal surfaces 

by evaporation. Measurements were made under conditions where contamin

ation effects could be detected if they were present. 

The experimental results obtained from silver and copper films 

were reproducible and no contamination effects were apparent. The agree

ment between theoretical and experimental results is good for these 

metals. ~ne the ory cannot explain the results obtained from gold films. 

The measurements on gold, however, lacked the reproducibility of the 

results from copper and silver films and also showed definite signs of 

contamination. 
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'l'BEORY OP' THE TEMPERATORE DEPENDENCE OF THE WORK FONCTION 

Theideas presented here are based on existing theories of the 

solid state. A synthesis and expansion of these theories resu1ts 1n an 

express10n for the temperature coefficient of the work function of the 

monovalent meta1s. 

In the fo110wing treatment the zero of e1ectrostatic potentia1 

will be considered to be the potentiel in a field free region far removed 

from the meta1 under consideration. The work function of a crystal face 

of the mete1 will then be 

(1) 

where .0 is the potentia1 energy of an e1ectron in a reglon of zero 

electr1c f1e1d just outside the crystal face, and ~ 1s the e1ectro-

chernice1 potential of the e1ectrons in the mete1. In genera1 .0 need 

not be zero because different surface dipo1e 1ayers may ex1st on dlfferent 

crystal faces of the meta1. The e1ectrochem1cal potentia1 of the e1ectrons 

1n a system at a temperature T having a volume V per unit ce11 and 

oontaining Z eleotron~ per unit cel1 ia defined by the equation 

ft • (~) (2) 

T,V 

F ie the Helmholtz free energy per unit ce11 of the system. ~ oan be 

expressed as the sum of terms due to the kinet10 energy of the e1ectrons, 

the average e1ectrostatic potentia1 energy of the e1ectrons in the meta1, 

and the corre1ated individuel electrostaticinteractlons between the 

electrons. The ohemica1 potentia1 18 

( 3) 
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where H i is the average potential energy of an electron inside the 

metal. '\1 is thus composed of the terr.ls in '\1 involving the kinetic 

energies and correlated electrostatic interaction energies of the 

electrons. If 

w = w - w 
o i 

then 
= 

( 4) 

In the case of a free electron gas, if the electron interactions can be 

approxin~ted by a contribution to the average electrostatic potentiel, 

11 is the J'ermi kinetic energy. il. more complete consideration of '\1 and 

~ can be found in Reference 1. 

'Nhen considerine; the temperature dependence of the work function 

both temperature and volwne effects are important. This is because the 

work function of a metal i8 ah','ays measured in a vacuum (i. e. at constant 

pressure) to avoid the effects of surface contamination. Thus the temper-

ature coefficient of work function will be 

~ = 
dT (~J 

T 

dV 
dT 

General thermodynam1c reasoning yields only one numerical 

restriction to the temperature dependence of the work function. This 

occurs as a result of Nernst's Heat Theorem which can be stated in the 

following for.m: near absolute zero the entropy S of a crystal 

approaches a limiting value independent of the electron concentration. 

Since 
S = 

( 6) 

( 7} 
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then 
c)--n 

Also 

= 

dV ---+ a 
dT 

6 

as T ~a ( 8) 

as T ---+ a ( 9) 

Changes in Wo arising from the surface dipole layer are also produced 

only by a change in entropy or volume of the metal. Since these variables 

reach stationary values as T ~ 0, 

~~a 
dT 

as T ---+ a 

Every postulated mechanism for producing a temperature coefficient of 

work function will be found to sntisfy this condition. 

(la} 

Previous theoretical treatments consider a total of five contri-

butions ta the temperature coefficient of \rork function. These are: 

the effect of changes in the surface dipole layer; 

the effect of thermal expansion on the vollune dependent contributions 

ta the work function; 

the effect of thermal excitation on the Fermi kinetic energy; 

the effect of lattice vibrations on the chemical potentiel; and 

the electrostetic effect of thermal lattice vibrations. 

These contributions will be considered separately in the following 

sections. 

The .'3urface Dipole Layer 

The electron charge distribution in the surface cells of a 

metal cannot be expected to be the same as the interior charge distribution. 

then 
c)--n 

Also 

= 

dV ---+ a 
dT 

6 

as T ~a ( 8) 

as T ---+ a ( 9) 

Changes in Wo arising from the surface dipole layer are also produced 

only by a change in entropy or volume of the metal. Since these variables 

reach stationary values as T ~ 0, 

~~a 
dT 

as T ---+ a 

Every postulated mechanism for producing a temperature coefficient of 

work function will be found to sntisfy this condition. 

(la} 

Previous theoretical treatments consider a total of five contri-

butions ta the temperature coefficient of \rork function. These are: 

the effect of changes in the surface dipole layer; 

the effect of thermal expansion on the vollune dependent contributions 

ta the work function; 

the effect of thermal excitation on the Fermi kinetic energy; 

the effect of lattice vibrations on the chemical potentiel; and 

the electrostetic effect of thermal lattice vibrations. 

These contributions will be considered separately in the following 

sections. 

The .'3urface Dipole Layer 

The electron charge distribution in the surface cells of a 

metal cannot be expected to be the same as the interior charge distribution. 



7 

This is because the valence electrons tend to move away from a metal 

to reduce the total energy of the system. The resultant charge distri-

bution is equivalent to the effect of a charge density in the surface 

cells like that in the interior plus the effect of a surface dipole layer. 

Such dipole layers are responsible for differences in the work functions 

of different crystal faces of a metal. The best estimates of the size of 

dipole layers show that they are a fraction of a volt for the alkali 

metals and can be considerably larger for other metals. Sorne of these 

values have been deduced by comparing experimental values of the work 

function with those predicted by theories baaed on volume considerations 

alone, ascribing the difference to the di pole layer (Herring and NiChols
l
). 

An approximate direct calculation by Bardeen4 yielded a value of 0.15 

electron volts for the 110 face of a sodium crystal. Neglecting exchange 

2 
and correlation effects Smoluchowskl found that crystal faces with a 

dense population of atoms tended to have large dipole layera which in-

creased the work function. 

The variation of a dipole layer with temperature should be 

chiefly the result of thermal expanston. The effect of thermal excitation 

on the spreading of the charge distribution has been shown
5 

to be neglig-

ible. If the surface charge distribution expands uniformly with the rest 

of the metal, 

~D dV 
av dT = -Da. (11) 

D ls the contribution of the surface dipole layer to the work function 

and a. ls the linear expansion coefficient of the metal. This is the 

behaviour predlcted by Smoluchowski's theory assuming isotropie expansion 
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of the metal. The temperature coefficient of different crystal faces 

should thus differ an amount 

-~-~- ~ = 
~dT 

( 12) 

where l:l ~ is the difference between their work functions. Since typical 

values of ~ ~ are of the order of a fraction of a volt for metals thus 
8 6 

far investigated (e.g. Cu , 
7 

Ag , W ), differences in the temperature 

coefficient of work function should be difficult to detect unless the 

coefficient of expansion is large. The effect of contamination on a surface 

i8 like that of an additional di pole layer. If this is stable and only 

changes the work function slightly, the change in ten~erature coefficient 

predicted by Equation (12) will also be small. This may explain the fact 

9 that Potter's results for tungsten were independent of the degree of 

contamination to the order of accuracy of his measurements. 

Tnus the temperature coefficient of the average work function of 

a slightly contaminat ed polycrystalline surface should be close to that of 

a clean single crystal face if the contamination is stable. 

The Thermal Expansion Effect 

10 
As early as 1912 Richardson suggested that thermal expansion 

might change the work function. Modern concepts of the sol1d state have 

resulted in four suggested theories of the thermal expanslon effect. These 

Il 12 13 14 
are due ta Herzfeld , Riemann ,Wigner and Seely • These theories 

aIl agree as to the effect of expansion on the Fermi kinetic energy, but 

differences occur in the details of the variation of W and the interaction 

terms contributing to ~. Wigner's treatment is the most rigorous, but 
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neglects the effects of the surface dl pole layer, wh1le Seely's result 

has a convenient form for including the effect of expansion on the surface 

dipole layer, but neglects sorne of the effects of electron interactions. 

An expression will now be derived which will incorporate the advantages 

of both theories. 

3 
According to the Wigner-Bardeen theory J the work function of 

a metal 1a 

= 1: z e
2
/r - V + D - E - E - ef 

1 1 f f ~ 
(13) 

2 
- J: Z e Ir. 

i l 
is the electrostatic potential energy of a 

valence electron due to the attraction of the nuclei in the metal and the 

repulsion of the bound electrons. The nuclei and bound electrons are 

assumed to aet as rigid ion cores having a charge Ze. 

Vf is the potential energy of a valence electron due tothe 

average charge density of the other valence electrons. If the free 

electron approximation applies, this charge density is approximately 

uniform throughout the metal. 

D, the contribution of a surface di pole layer has already been 

discuS8ed. For alkali metals 1t may be aasumed to be sIMIl, but for the 

monovalent noble metals it i8 appreciable, judging by the discrepancy 

between theoretical and experimental values of ~ if it ia neglected. 

Ef i8 a contribution due to the exchange energy of the valence 

electrons. This term partially corrects for the fact that Vf is larger 

than the actual repulsive effect of the other valence electrons. Because 

of the Pauli principle the valence electrons of like S9in avoid each 
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density. For free e1ectrons the exchange energy is 

::: 
2. 

- Ok e Irs ( 14) 

4 is a constant which depends on the momentum of the electron • 

the radius of a sphere which would contain the charge of one electron if 

al1 the free electron charges in the system were unlformly dlstributed. 

Thus if V is the volume of the unit cell and Z the number of free 

electrons per unit cell, 

::: v ( 15) 

The contribution of the ex change energy to ~ is 

( 16) 

Ecm ls a term arising from the correlation of the valence 

electrons. It arises from the correlated interactions of valence electrons 

of opposite spins. Wigner15 has calculated the average correlation energy 

per electron for a free electron gas: 

::: ( l7) 

ah ls the Bohr radius 

o 

= 0.531 A ( 18) 
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The contribution of the correlation energy to ~ is 

l , 
Ecm = Ec(rs) - JEc (rs) rs ( 19) 

(see seitz
l6

, Sect. 76). 

ef is the Fermi kinetic energy of the system. If a free 

electron approximation is assumed for the valence electrons, 

= (20 ) 

where h i8 P1anck's constant and m* 1s the effective e1ectron mass 

16 
(see Seitz , Sect. 26). 

Theoretical work on severa1 of the monovalent meta1s (e.g. 
17 18 19 20 

Li Na K, and Cu ) indicates that the valence e1ectrons are 

approximate1y free. The electrons have a1most a parabo1ic denslty of 

states and their average charge distribution is approximate1y uniform 

throughout the meta1. Thus the effect of thermal expansion shou1d be simp1y 

a uniform expansion of the e1ectron charge density; i.e. 

where a. is the coefficient of linear expansion. Any term depending 

inverse1y on r will then have a thermal expansion effect sim11ar ta 
s 

that of the surface dipole layer. Differentiating Iquation (13) t 

~dV = 
TI dT 

(ef + Vc - ~) a. 

( 21) 

( 22) 
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where 

«lEcm dV --.-:;;;;;; -- - E cm a. ::; 
4l V dT 

( 23) 

Equation (22) is very similar to Seely's result 

li~ 
aV dT 

= (ef - yJ} a. (24) 

which neglects the effects of the correlation energy. 

Vc and ef are easily calculeted. Since ex~erimental values 

of yJ can be used, aD uncertainty in the potential terms is unimportant 

r-rovided these terms vary inversely with rs. 

Considerable error can be expected in the correlation energy term Vc' 

however, since Wigner estimated that his calculGtion of the average cor-

relation energy is accurete to about 20 percent for the idealized case of 

free electrons. 

For metals other than the monovalent metals, a quantitative 

calculation of the thermal expansion effect is much more difficult because 

the free electron approximations break down. In such cases no calcul-

ations of this effect have been made, but a qualitative observation is 

possible when an energy band is almost filled. Calculations of the top 

of energy bands as a function of lattice constant show that an electron 

in astate near the top should become more tightly bound to the metal as 

it expands, hence the thermal expansion effect should be positive. 

The Effect of Thermal Excitation on the Fermi Energy 

Thermal excitation of the electrons in a metal changes the 

Fermi energy of the electron distribution. The temperature coefficient 
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of' the ~erm1 energy due to thermal exc1tation of' the electrons 1s 

• 
tAc2.rg( ef') 

3gref'} 
(25) 

g(ef') 1s the energy dens1ty 01' states 1n the metal at the ~erm1 energy, 

and k 15 Boltzmannts oonstant. A derivation 01' this tormula can be 

tound in Reterence 16, Sect10n 26. As expected from more general reason-

1ng (Equat10n (10», 

as T--+O (26) 

When the denslty 01' states 1s parabolic, the electronie specitic 

heat 1s 

1v - rr2 k2 T B k T • 
2 et Z 

(27) 

and 
Jet if. 1;2 T ~ k T 

TT; - 6 ef' 
• 3Z (28) 

~kT 1s the ter.m linear in T in the specifie heat per unit cell. 

Experimental values of' ~ are of the order 01' 10-4 tor the 

monovalent matals, 1n tair agreement with the values pred1cted by the 

tree electron theory21. This means that tbe values 01' this contribution 

to the temperature coetficient 01' the work tunction are small in oompar

ison with k (-86.17 x 10-6 electron VOlts/OK) even at high temperatures. 

Equations (27) and (28) are only valid when kT <.< et. For 

most matals this condition 1s satistled even near the melting point. The 
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situation when kT is comparable to ef has been investigated by 

22 23 v Mott and Stoner • In a complete solution for • V and de jJ.T r e 
Equations {27} and (28) contain çm1y the first terms in a power series 

expansion in odd powers of T. The series is asymptotic, however, so 

that when the higher terms are appreciab1e (kT"" ef)' including them 

resu1ts in greater error. Stoner conc1uded that Equation (27) should be 

satlsfactory as long as ef > 2.6 kT and Equation (28) when ef >- 3.6 kT • 

Thus Equation (28) only holds when 

(29) 

When more th an one energy band is present at the Fermi level 

and when the density of states is not paraboUc, Equations (25) and (26) 

are still valid because the Fermi energy of the metal must be the same 

for aIl energy bands and the total number of electrons in a system is 

fixed. Sun and Band24 and WOh1farth
25 

have treated the case of nickel 

assuming a parabolic density of states for electrons in the 4s band, and 

a parabolic density of holes of large effective mess in the 3d band. In 

this case the density of occupied states in the 3d band ls very large 

and changes rapidly et the Fermi level. This can result in a large con-

tribution to the temperature coefficient of work function. Equation (25) 

is then only valid below room temperature. In general high temperature 

predictions can be made in a graphical form by using tables of Fermi-Dirac 

integra1s (see McDougal and Stoner26 ) in an approach similar to 

Wohlfarth's treatment of the case of nickel. 
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The Effeet of Atomie Vibrations on the Chem1eal Potential 

Thermal vibrations ot the nuclei in a Metal should produce 

slignt changes in the energy levels of the valenoe eleetrons. Herring 

and Nioholsl have derived an expression for the change in the ehemical 

potential utilizing the fact that 

( 30) 

If a Debye model is assumed, the vibrational entropy Sv 1s 

• f(T/9) (31) 

9 is the Debye temperature. The entropy assoc1ated with the eleotronic 

speoifie heat has already been oonsidered. Sinee 9 1s a function ot 

the elastic constants of a metal and these are partly determined by the 

kinetio energy and interaotion energy of the valence eleotrons, 9 is 

a function of the number of valence eleotrons par atome Celoulating 

~ S J z - dB J s TI ~ 9 and TT from Equation (31), di can be el1minated from 

Equation (»). Then 

- - (~) - (32) 

V 

Ya is the specif1e haat per unit oell at oonstant volume, and (59 J 
Z V'Wi 

ls the change ln 9 caused by adding a valence eleotron per unit oe11 

and a oompensating positive oharge distribution to keep .i oonstant. 

1 
Herring and Niohols steted that for transition metals this derivative 
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can be approxüîately determined by meaRuring the difference in Debye 

temperature betv:een adjacent metals in the periodic table. Corrections 

for different ato!l1ic masses and volumes are small and can be determined 

using the theoretical expression for the Debye temperature: 

(33) 

hl is the stomic mass, K the isothermal compressibllity, and F(<r) 

8 function of Poisson's ratio. 

In the case of the monovalE'\nt metals, adding a valence electron 

and a posi ti ve charge at the nucleus forms a metal ~Nhich has a much 

smaller lattice constant, Et considerablydifferent distribution of fi lIed 

energy levels, and usually a different crystal structure. Tnus the 

empirical approach proposed by Herring and Nichols for the transition 

metals should not be expected to be satisfactory for the monovalent metals. 

These metals can, however, be considered theoretically sinee adding a 

valence electron and a positive compensating charge to Et metal will only 

change the Fermi ~inetic energy and interaction energies of the electrons. 

The energy associated with the av~rage coulomb field of the eleetrons 

and the ion-ion interactions must remain unchanged. Now 

l 
K 

V (d 2
E J 

OV2 
T 

(34) 

where E is the energy per unit cell of the crystal. If the variation 

of POisson's ratio is neglected, differentiating Equations (33) and (34) 

with respect ta Z, and employing the fact that 
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ll. = (~~) 
wi,v 

then 
_ raKI! (d211.) ~ = 2 dV2 

T 

Using the free electron approximation for ll., 

where 

V' 
c 

::: 

il ::: 

Ya K ( , ) - 9V 5 ef + 2 Ef + Vô 

The term due to the correlation energy is small in comparison with the 

(35) 

(36) 

(37) 

(38) 

(39) 

effect of the exchange or Fermi energy for any value of ra due to the 

small curvature of the E -r 'relationship. 
c a 

It should be expected that ~ f/J/ d Tc would vary conaiderably 

with temperature sinee l'a and K are temperature dependent. The 

effect of thermal expansion should also vary sinee ~ is temperature 

dependent. Considerable variations in df/J/dT might then be expected to 

occur. The two effects are, however, of opposite sigu and will thus tend 

to cancel. In addition the two effects are intimately related since 

Gruneisen's law requires that 

::: 
Ya K 

V 
(40) 
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where Y g is a constant. The sum of the two effects can than be 

expressed in the form 

!.i dV if-
~ V dT'" Tc 

=: # dV (1 - Y. 1 r ) V dT T g 

v(~) 
YT 

JV2 
where :; T 

2~ 

is only slightly temperature dependent. 

t 

=: 
5e f + 2Ef + Vc 

3(ef + Vc - ~) 

when the free electron approximation holds. 

Calculations for several monovalent metals show that the two 

(41~ 

( 42) 

(43) 

affects cancel almost exectly bwcause Y g and r T are vary nearly 

equal. The cancellation cannot be expected to be exact since different 

crystal faces have slightly different temperature coefficients. Table l 

lists values o~ r g obtained ~rom several methods (see Re~erence 27). 

The average of these values in each case is quite close to Y T' although 

the monovalent noble metals do not agree as closely as theelkali metals. 

Table II liststhe contributions to d~/dT which have been 

considered up to this point. Comparing the second and third colœnns it 

is apparent that the cancellation of the two large effects ls eccurate 

to a few microvolts per degree. The last column listing the effect of 

the electronic specifie heat is also very small. The second to last 

column was inserted to show the importance of the correlation energy in 
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TABLE l 

Values of' Yg' t T 

Vapour Pressure Change of' Com- Direct 
Element and pressibili ty Calculations Average '( T 

Com~ressibility with Volume 

Li 1.55 

Ne 1.58 

K 1.53 

Cu 2.13 

Ag 2.33 

Au 2.60 

E1Ament #gy 
V dT 

( 3000 K) 

Li 74 

Ne 123 

K 156 

Cu 55 

Ag 36 

Au 30 

0.63 

1.83 

2.55 

1.9 

2.5 

TABLE II 

Contributions ta ~ 
dT 

1% dV (1 - "TI rg} V dT 

10-6 Electron Volts/~ 

-3 

2 

-3 

-6 

-5 

3 

1.17 1.12 1.17 

1.25 1.55 1.53 

1.34 1.81 1.85 

1.96 2.00 2.20 

2.40 2.41 2.72 

3.03 2.82 2.58 

20 percent .!L 
Ec Terrn a Te 

10 1.2 

11 1.2 

11 1.0 

3 0.8 

3 0.7 

2 0.7 
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determining d~/dT. The figure quoted in this eolumn 18 the uneertainty 

due to the estimated possible error in Wigner's theoretieal ealeulation. 

The contributions thus far investigated cannot explain any 

large temperature coefficient of the work ftillction. The only contribution 

whieh remains to be considered i8 the electrostatie effect of ion core 

vibrations. 

The Electrostatic Effect of Thermal Vibrations at Constant Volume 

Herring and NiChOls
l 

have postulated that atomic vibrations at 

constant volume can change the average electrostatic potential in a 

crystal by moving the ion cores of the atoms from their equilibrium 

positions. Averaged over a large number of cells these motions produce a 

mean effect like that of a lattice of syrnrnetrically extended lon charge 

clouds. It was sho~n that the change ln the average internaI electrostatic 

potential energy of an electron due to a change in charge density ls 

= 

where V 18 the volume of the unit cell, 6~ 18 the change in charge 

density at a distance r from the orlgin, and dV i8 an element of 

(44) 

volume at r. This derivation ls based on the ass·wmptlon that the unit 

cell is electrically neutral and has been chosen to have zero dipole 

moment. 

Equation (44) was applied in the idealized case of a monatomic 

lattice obeying Debye's theory of specifie heat. It was assumed that 

changes in the charge density of the free eleetrons were negligible and 

that the bound electrons and the nuclei vibrated like rigid ions having 
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(44) 

volume at r. This derivation ls based on the ass·wmptlon that the unit 

cell is electrically neutral and has been chosen to have zero dipole 

moment. 

Equation (44) was applied in the idealized case of a monatomic 

lattice obeying Debye's theory of specifie heat. It was assumed that 

changes in the charge density of the free eleetrons were negligible and 

that the bound electrons and the nuclei vibrated like rigid ions having 
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a charge Ze. These are rough ap:proximations even for alkali metals, 

for the effective vibrating charge can be considerably different. Since 

the treatment given by Herring and Nichols is very brief and only states 

the results for temperatures viell ab ove the Debye tempElrature, a more 

complete derivation follows. 

The energy associated with thermal excitation is present in a 

metal in the form of phonons of vibrational energy, each phonon having an 

energy hf where h is Planck's constant and f the vibrational frequency. 

If the energy of a phonon is used to vibrate one ion core, the motion of 

the core will be simple harmonie wi th a Illean square ion displacément 

:::;; h/4rAff (45) 

where M is the mass of the ion core. The total mean square vibration of 

any core is the sum of the mean squares of the vibrations caused by all 

the phonons present. In a metal the distribution of vibrational frequencies 

is in principle discrete, but the separation of the v'ibration frequencies 

is so small that the spectrum can be considered continuous. The Debye 

forrll for the number of allowed frequencies per ion core in the frequency 

range df is 

g(f}df :::;; 

when hf~ k~. When hf > k~, g(f):::;; 0 • ~ is the Debye temperature. 

The average number of phonons of frequency f is 1/(-1 + exp hf/kT), 

50 the total me8n square n.i.sylacelœr..t of an ion core is 
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(k9)/h 9/T 

f 2 g(f)df 
R2 rf 

= = 
-1 + exp hf/kT 

0 

J exp x - 1 

9h2~ x d x 

Differentiating Equations (44) and (47) with respect to T, 

(AWi = - ~ Ze'2R~) 

= 
3h2 Ze2 T 

211 V 1: k g3 

9/T 

1 x2 exp xdx 
-----)'""T2 (1 - exp x 

o 

For any temperature the integra1 can be expanded in a power series in 

( 47) 

( 48) 

exp(-x} and integrated term by term, but for temperatures of the order 

of, or greater than 9, a series expansion in powers of x i8 simp1er 

and more rapid1y convergent. The fo11owing expansions are accurate ta 

ap,?roximately one percent: 

when T"> 9/2, 

and when T < 9/7, 

= 

= 

= 
1.26 X 104 z 
= V M 92 e1ectron volts/oK 

when V is in cubic angstroms, M in atomic unit8, and 9 in degrees 

Kelvin. Note that Equation(5Q} satisfies the requirement that 

( 49) 

(50 ) 

( 51) 
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as T~O ( 52) 

The above derivation has neglected two effects arising from 

distortion of the electron charge distribution. The valence electron dis-

tr1bution 1s not exactly uniform throughout any metal. Near the nuclei 

some variations in charge density existe Since the electron motions are 

much more rapid than thermal vibrations, these variations in charge density 

Will accompany the nuclei. Thus the effective value Z' of the vibrating 

charge will be less than Z if the electron charge density i8 greater near 

the nuclei than the average charge density throughout the metal. The 

other factor to be considered is that the outer shells of the ion cores 

in sorne cases are comparable in diameter ta the dimensions of the unit 

cell, particularly in the case of newly completed d shells. These outer 

shells can be expected to be restricted in their motion because of the 

proximity of the neighbouring ion cores. This effect will tend ta increase 

the size of the vibrating charge. 

The electrostat1c effect of thermal vibrations should thus be 

negative in sign, but the effective value of the vibrating charge is in 

doubt. 

Theoretical Resulta 

The contributions ta the temperature dependence of the work 

function can now be written in the form 

d~ 

dT 
( 53} 
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In the case of the monovalent metals the last contribution is much greater 

than the effects of all the other contributions. This is apparent from 

the results sh~Nll in Table Ill. The assumption that Z'= l should give 

the order of magnitude of the temperature coefficient. 

This theoretical development can be checked in three separate 

ways. The order of magnitude of experimental temperature coefficients is 

a first check on the theory. This result can be considered as establish

ing Z', since this is a parameter which i8 not known exactly. Presuming 

the order of magnitude is predicted by the theory. a further experimental 

check is possible. If a thermal expansion effect were chiefly responsible 

for the temperature coefficient, d~/dT should differ appreciably at 

different temperatures sin~e the expansion coefficient of a metal is not 

uniforrn over large ranges of temperature. A temperature coefficient due 

to the ion core vibrations, however. should vary only slightly at temper

atures above the Debye ternperature. This type of check is only possible 

on metals having large temperature coefficients and with an experimental 

method capable of high accuracy. The third experimental check is 

essentially 8 check of Smoluchowski's theory of the surface dipole layer. 

This check consists of comparing the temperature coefficients of 

different crystal faces of the same metal. 

The author's chief contribution to the theory consists of 

showing that the effect of thermal expansion is cancelled by the effect 

of thermal vibrations on the chernical potential. In the case of the 

thermal expansion effect the relationship of the author's result to those 

of Wigner and Seely has been stated. Beyond the point of relating 

d~/dTc and ~ fI/ cl Z (ECluation (32)), the effect of thermal excitation 

on the chemical potential has never been previously considered theoretic

ally. Thus the cancellation of the two effects has not been previously 
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TABLE III 

Theoretical Resulta 

~r dT (Z = o.) * (Z' = 1) 

10.-5 Electron volts/oK 

Li -0..2 -45 

Na 0..3 -60 

K -0..2 -44 

Cu -0..5 -17 

Ag -0..4 -15 

Au 0..4 -13 

TABLE IV 

Data for Calcu1ating ~ 
dT 

Element e a. rs f/J 

1D-6/ oK 
0 m/m* 

OK A eV 

Li 423 56 1.72 0..653 2.48 

Na 152 71.5 2.11 1.0.69 2.28 

K 10.0. 83 2.60 1.72 2.22 

Cu 318 16.3 1.41 1 4.50 

Ag 215 18.5 1.59 1 4.31 

Au 170. 14.3 1.58 1 4.25 

References: 16 29 29 16 30,31 
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predicted, and the result which follows has never been postulated: a 

Debye model for the ion core vibrations can then predict the form of the 

chief contribution to the temperature dependence of the work function. 
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EXPERIMENTAL MZASUREIIENTS ON THE MONOVALENT NOBLE METALS 

IntrOduotion 

The tem:perature dependenoe of the work: funotlons of only a 

ver,y few metals has been Investigated. TUngsten has been studied the 

most frequently. Kruger and stabenow32 used the oooling effeot of eleotron 

emission to m8asure the work funotion ot tungsten et different tempera

tures. The experimentel tElllperature ooeffioient WBS 6 x 10-5 eV/oK over 

the temperature range 2100-27OO~. These measurements were taken et 

-6 pressureeof the order ot 10 millimeters of mereury, henoe were subject 

35 9 to the posslbl1l~y of very rapld contamination. Langmuir and Potter 

also Investigated tungsten, the tormer by measuring the Shift in diode 

oheraoteristios when the anode was heated, and the latter by e oapacitive 

contact potential method. Their results over the temperature range 300~ 

to 1000~ were -55 x 10-6 eV/~ and 63 x 10-6 eV/~ respeotively. In 

both Oases contamination affects were observed. 

Tantelull wes investigated by Kruger and Stabenow at the same 

Ume as tungsten and the seme tempereture ooeffioient observed. Photo

eleotrio measurements by Cardwell34 gave qualitatively the same temperature 

coefficient et 10. temperetures. 

Palladium was cerefully investigated by DuBridge and Roehr35 

using a Fowler plot to meesure the photoelectrià work functlon. The 

aocuraoy ot the measurements was sufficient to show that the temperature 

coetficient was of the order of l x 10-5 eV/~ over the range 300~ to 

lOOOOK. 'Dle results in this cese were taken in a very good vacuum, but 

preparing the surface solely by bakeout oould not gu.rentee that the 

surface of the metal was clean. 

Photoelectric measurements on several other metals have ~en 
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taken, but the accuracy of the results and the fact that measurements 

werenot taken at a suffioiently large number of temperatures mskes it 

impossible to deduoe even the sign of the temperature dependenoe with 

any oert~inty. In general the photoeleotrio method i8 not satisfaotory 

for measur1ng the temperature dependenoe because oonsiderable time Is 

required to reoord the data for a ~owler plot. Tbus if • olean surfaoe is 

prepared in a vaouUM, the surfaoe is liable to beoome oontam1nated before 

a oomplete set of results is obtained. The problem of oontamination will 

be disoussed more tully in a later seotion. 

Experimental Method 

The method ohosen for investigating the temperature ooeffioient 

of work functioninvolved measuring the temperature dependenoe of the 

oontaot potential between two metal surfaoes. In the absence of otber 

eleotrio flelds, when two surfaoes are .t temperatures Tl and T2, the 

potential of surface 2 with respeot to surfaoe 1 is 

- ( 54) 

where ~l an.d- · ~2 are the work fUllotions of the two surfaoes, and $ 

is the absolute thermoeleotrl0 power of the metal joining them (Referenoe 

Thus - ( 55) 

when· surface 1 is kept et a constant temperature. In most cases the 
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absolute thermoelectric power is a small correction of the order of a 

few microvolts per degree Kelvin. 

One of the most important reason8 for the choice of a capacitive 

contact potential method is the fact that when the work function of a 

surface is not constant as is the case with contaminated or polycrystalline 

metal surfaces, the work function measured is the arithmetical mean work 

function. The explanation of this fact lies in the mechanism of detecting 

a contact potential difference. 

A contact potential difference exists between two electrically 

connected metal surfaces because it is necessary for equilibrium between 

the two metals. This potential difference is produced by the transfer of 

charge from one metal to the surfàce of the other. If the capacitance 

between the two surfaces is C, the equilibrium charge on this condenser 

is q = CV21 • If one of the surfaces is moved, a different charge must 

reside on the condenser because C i8 altered. The resultant flow of 

charge makes it possible to detect a contact potential difference. When the 

work functions are not unifo~ over the surfaces involved, the situation 

is somewhat more ~omplicated. If the areas of non-uniformity are evenly 

spread over the surfaces and the dimensions of these areas are small in 

comparison with the distance separating the surfaces, each element of 

surface area th en sees the other surface as an effective equipotential. 

The charge residing on such an element is deterrnined by its work function, 

and the total charge on the condenser is 

q - J = dC 

l 

The effective work functions of the two surfaces are then 
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~l - ~f~ end - (57) 
1 

If the temperature of a surtaca 1e 1ncreased, unlese the geometry ot the 

system alters rad1cally, the weight of each portion of the surtace will 

remsin constant, and a temperature coefticient of work function can only 

be observed when the work tunction of the heated surface alters. 

The ar1thmetical Mean work funct10n 1e not measured by a method 

requ1r1ng the photoelectric or thermionic emis8ion of electrons. If .ny 

var1ations in work tunct10n ex1st over the em1tting surface, the variou. 

portions of the surface are weighted exponentially according to their 

work tunctions in determ1ning the number ot electrons emitted. Thus the 

effective work tunction ot a non-uniform emitting surtace can be very 

different trom the arithmetical Mean. The walghting of the areas ot 

difterent work funotions also varies with the temperature; in taot a 

temperature coetficient ot the etfeotive work funotion of the order ot 

10-4 eV/~ oan be meaeured, even when no variation existe in the actuel 

work tunction. Thus em1ssion methods can give mislaading temperature 

coeftioients when us1ng a polyorystalline surfece, aven 1t the surface 18 

clean. S1milar etfeots exist when the retarding potential charaeterietio 

of a diode is used to follow changes in the anode work funct1on. The se 

etfects are d1ecussed in detail in Referenoes 1 and 30. A capacitive 

contact potential method is therefore preterable for studying the temper-

ature dependence of the average work tunction of a contaminated or clean 

poly~talline surface. 

Two d1tterent Methode of varying the oapac1tanoe were studied. 
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One method attempted used a pertorated d1sk rotating be.ide a smaller 

tixed plate. The tinal method used a vibrating oondenser plate. 

The rotat1ng disk 1s shown in Figure 1. It was dr1ven by aD 

induotion motor consisting ot a nickel wire cage and the stator ot a 

phonograph motor. Two tixed oondenser plates were used. One wes kept 

at a high potential to provide a reterenoe voltage for a synohronous 

detector, and the other served as the test surtace. This arrangement wa. 

satistactory at high pressures and could be used to measure contact 

potentials to an:' aoouraoy ot about two millivolts. At pressures between 

-7 -8 10 and 10 millimetel?s, inoreased difficultl" we. experieB.oed, parti-

cularll" after bakeout. Increased friction at the bearing surtace. 

produced more noise as the surfaoes became clearer, end deoreased the 

aocuracl" to the point where the method could not be used. Lubrioation 

with aquadag wes attempted but was not satisfactory. 

A vibrating condenser was used in the tinal measurements. This 

method avoided the problem ot friction tound in the above method and waB 

also preferable beoause less metal was involved in the tube oonstruction. 

The problems ot outgassing were thus decreased. 

TIro views of the vibrating oondenser are shawn in Figures 2 and 

3. The vibrator was made in two parts: a heavy 0.060" tungsten support 

sealed through a nonex pinch, and a light 0.030" extension carrying the 

vibrating oondenser plate. The plate was made ot 0.005" nickel sheet to 

keep the vibrator load as light as possible. The two portions ot the 

vibrator were held together bl" a piece ot heavy nickel sheet (about 0.030") 

which wes also used to excite the vibrator magnetically. This arrangement 

had a relatively high resonant trequency charaoteristic mainly ot the 

heavy support. The resonant trequency of the llght rod and condenser 
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keep the vibrator load as light as possible. The two portions ot the 
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Figure 1 - Rotating Disk 
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Figure l - Rotating Disk 
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Figure 2 - Vibrating Condenser 
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Figure 3 - Vibrating Condenser 
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plate was adjusted so that with a given excitation the con&enser plate 

had a maximum amplitude of vibration at resonanee. The net result we. 

a vibrator having 8 higher resonant frequenoy and larger amplitude of 

vibration than could be obtained with a simple vibrator and the same means 

of excitation. The resonant frequency wes approximately 40 c.P.s. for the 

two s1milar tubes used in making the experimental measurements. 

The fixed condenser plate and its heater were constructed a. a 

sub-assembly. The fixed plate was a spun 0.010" nickel cap fitting a 

5/8" diameternickel tube. A pt -pt 10 percent Rh thermocouple wes spot

welded to the outs1de of the nickel cy11nder. The heater, a helix of 

0.010" tungsten wire coated wi th alundum, wes mounted in si de the cyl1nder. 

Tb avoid sai. heater supports (0.040" tungsten) much heavier than the 

heater wire were used. These were held in position by a nonex bead. The 

bead also contained a lead to support the fixed condenser plate. This 

fixed the relative positions of the heater and the cylinder. and maintained 

a high leakage Impedance between them. The alundum heater coating was 

necessary to prevent shorts between turns of the heater coil. The sub-

8ssembly was completed by the addition ot two nickel shields. A heat 

shield aeross the open end of the eylinder virtually enelosed the heater, 

end a second shield was added to proteet the nonex bead from radiated heat 

and evaporated metal. The sub-assembly was then mounted on a nonex pinch 

containing tour 0.060" tungsten leads, two for the heater current and two 

for the thermocouple leads. Small nickel shields on each ot these leads 

assured freedom trom leakage caused by eTaporated metal. 

An evaporator was used to deposit metal films on the condenser 

plates. 'l'b.is wes a pure metal bead tused in a tungsten basket. The bead 

was mounted below the condenser in a position where it could evaporate 
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metal on both condenser plates but not on the thermooouple junction. 

Bince some portions ot the cylinder could not be covered by evaporation, 

the vibrating plate wa8 made slightly smaller thaa the tixed plate to 

elim1nate capacitive coupling to the sides ot the oylinder. To ensure 

adequate coverage over the end ot the cylinder, the bead was plaeed 88 

close to the condenser as possible. All the beads used were tused and 

outgassed betore assembly. With .sutticient heating they could be made 

to wet a tungsten basket and the leads to it. This ensured that evapor

at10n ocourred only trom the metal ot the bead. Since most ot the 

evaporation occurred trom the points at which the heater ourrent entered 

and lett the basket, the position ot the bead WBS adjusted aocordingly. 

The evaporator design was essentially the same tor oopper, sil ver, and 

gold, but 0.015· instead ot 0.010· tungsten wire was necessary tor the 

basket in the case ot gold. The niokel supports carrying the heater ourrent 

were also heavier in this oase. The metals used in torming the beads were 

high-conductivity oxygen-tree copper (99.75 percent), electrolytically 

pure silver (99.99 percent) and a gold sample ot 99.9 percent guaranteed 

purity. 

A side tube containing several K.I.C. barium getters and a 

commercial ionization gauge, a Westinghouse WL 5966, ot the Bayard-Alpert 

type .ere the other essential portions ot the sealed-ott system. 

The tube envelope wa8 ot pyrex with nonex seala wherever 

tungsten leads were necessary. The assembly ot the tube parts was not 

critical since only a simple gless-blowing operation was needed to adjust 

the positions ot the evaporator end the two condenser plates. 

Figure 4 is a schematic diegram ot the vibrating condenser 

circuit, Figure 5 a block diagr8m ot the complete system, and Figure 6 
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a photograph of the final set-up. 

The response of the system to a direct voltage in the vibrat1ng 

condenser circuit is treated in Appendix I. The results of the disoussion 

c8n be summarized by stating that when the vibrator ia operating, an 

alternating voltage proportional to the direct e.m.f. in the oirouit 

appears aoross the resistor connecting the two condenser plates, and that 

while stray capacity decreases the sensitivity of the circuit, it does 

not affect the signal-to-noise ratio beoause the stray cepacity shunts the 

noise equelly effectively. The choice of circuit parameters predicts a 

ratio of signel voltage to r.m.s. noise voltage of epproximately unit~ 

when the direct voltage unbalance in the condenser circuit is of the order 

of one millivolt. 

In the experimental set-up the elterneting voltage was amplified 

by a conventional battery operated preamplifier. The only unusual care 

taken was in the choice ofe low noise and 10. grid eurrent 6sJ7 for the 

input tube. This waB necessary because e 40-megohm grid leek resistor was 

used. The preampl1fier output was fed into a selective amplifier. This 

was a Muirhead Pametrada Wave Analyser. The filtered output wes displeyed 

using one beem of e Coseor double-beam oscilloscope. To eid in eetting up 

the system the analyser input voltage was displayed using the other beam. 

The source of voltage opposing the contact potentiel wes a 

potentiometer circuit. The voltage inserted in the condenser circuit 

could be read to one millivolt by a General Radio vacuum-tube voltmeter. 

The vibrator was excited at its resonant frequency by e relay 

coil. The power wes supp11ed from a power amplifier driven by e stable 

oso1llator. To isolate the two circuits, the oscillator frequency used 

was half the resonant frequency Of the v1brator. A condenser wa. placed 
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across the relay coil to resonate it at the oscillator frequency. This 

helped to eliminate distortion and subsequent pickup of harmonics. The 

distortion was present because the power amplifier, a transformer-coupled 

deTice, wes forced to opera te at 20 cycles per second, whioh wes belo. 

its normal 10. frequency limit. 

Since the circuit containing the vibrat1ng condenser formed a 

hign impedance input circu1t, and 10. level detection wes required, 1t 

was necessary to sh1eld the tube. Eleotrostat1c shields enclosed the 

part of the tube contain1ng the oondenser, the thermocouple meter and the 

heater supply for the fixed condenser plate. The relay c01l excited the 

vibrator througn the shield. It was necessary, however, to mount the coil 

as close to the vibrator as possible to achieve strong enougb coupling. 

The thermocouple meter wes a 55-ohm, ~O-m1croampere moving-coil galvano

meter. 

A d-c supply was used for the heater of the tixed condenser 

plate. When the heater circuit was connected to ground, the leakage re

s1stance of the nonex bead holding the heater and fixed plate wes not 

large enough et high temperatures. Appreciable current from the heater 

supply could then be ooupled through the resistor in the cirouit containing 

the vibrating condenser. Floating the heater cirouit eliminated this 

current and 81so ensured that no appreciable emission could be drawn from 

the heater. 

Vacuum Procedure 

The preparation and maintenance ot clean surfaces is a problem 

equal in importance to that of measuring the properties of these surtaces. 

A monolayer of adsorbed gas oan considerably alter the WOrK tunction ot a 
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surface as oan 1mpurities and other surface contam1nants. The time for 

depos1t10n of a monolayer of oontaminating gas ~n a clean surface 1s also 

very short except in very high vacua. The order of magnitude ot the 

pressure restriotion is discussed in Appendix II trom which it can be 

-8 concluded that et pressures below 10 milllmeters of Mercury lt la possible 

to make rapid measurements ot surface properties under conditions where 

the progress ot a contamination proces. oan be observed. In thls presaur8 

range the best criterlon for the rellabillty of result. is their reproduo-

lb1lity and treedam from drift. 

Two methods have been used to prepare oleaa surtaces in 8 

vaouum. Surfaces ot the Most retractory metals have been outgassed and 

cleaned simply by heeting them to e very high temperature. This breaks 

down surtece axides and drives oft other impurities and adsorbed gases. 

The more volatile metals, however, evaporate more repidly than many ot 

the1r impur1tiea, hence preparation ot a clean surface by th1s method ia 

1mpossible. The evaporeted metal on the other hand i8 purified by traotional 

distillation. Thus if enough ot the met~l ia evaporated on a surface to 

form a th1ck film, a olean surface of the pure metal can be produoed. 

This film must ot course be depos1ted under str1ngent vacuum conditions to 

8Toid contamination. 

Since the experimental work was done using intermediete melt1ng 

point matals, the evaporation technique for producing clean surfaces was 

preferable to depending solely on outgass1ng for long periode. In pre-

par1ng the experlmental set-up, however, the assembly and bake-out 

schedule were still deslgned to etfeèt a maximum ot outgassing ot the 

tube parts and to produce as good a vacuum a8 possible. 

Prior to assembly, the tube perts and tube envelope were given 
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a thorough solvent degreasing in acetone, trichlorethylene and methyl 

alcohol. Immediately after assembly the tube was sealed on a pumping 

system and checked for leaks. The pumping system consisted of a Oenco 

Megavac forepump, a Distillation Products three-stage fractionatlng oil 

diffusion pump with water cooling, and two liquid air traps in the high 

vacuum line. The diffusion pump fluid wa. D.0.702. Separate ovens were 

provided to bake out the cold traps and the tube. 

The beke-out schedule wes conducted in 24-hour cycles. The co14 

traps and tube were baked for an initial period ot two to three hours. 

the cold traps at 250°0 and the tube at 450°0. Alter this InterTal the 

oven around the cold traps was tumed otf and the temperature of the other 

oven lowered to about 430°0. Previous to thi., atter the tirst hour of 

bake-out, power was applled to the heater ot the tixed condenser plate 

and the niokel cylinder raised to a temperature of 850°0. The tused metal 

bead was alao heated to about the seme temperature. The baating of thes. 

parts was oontinued tor the remainder of the beke-out periode When the 

cold traps had cooled to room temperature, liquid nltrogen was applied to 

the trap nearest the diffusion pump. TO avoid the problem ot maintalnlng 

, constant lavel of eoolant, the trap weB only pertlelly immersed in the 

l1quid nitrogen and the coolant tlask raised a smal1 amount at roughly 

half-hour Intervals. When the fir.t trap was completely immersed, the 

seme procedure wa. followed with the second trap. 

Alter about six hours beke-out the ove~ heat wes turned ott and 

the ionizatlon gauge out-ges.ed by electron bombardment until the oveB WB. 

cool. .In two hours the ovea temperature dropped to about 50°0 and the 

oven was ralsed. The getters were then out-gas.ad tor several minutes 

using radio-trequency beating. The metal bead was melted and oooled 

several times to get rid of absorbed gas. An appreoiable amount of metal 
. 1 

1 

43 

a thorough solvent degreasing in acetone, trichlorethylene and methyl 

alcohol. Immediately after assembly the tube was sealed on a pumping 

system and checked for leaks. The pumping system consisted of a Oenco 

Megavac forepump, a Distillation Products three-stage fractionatlng oil 

diffusion pump with water cooling, and two liquid air traps in the high 

vacuum line. The diffusion pump fluid wa. D.0.702. Separate ovens were 

provided to bake out the cold traps and the tube. 

The beke-out schedule wes conducted in 24-hour cycles. The co14 

traps and tube were baked for an initial period ot two to three hours. 

the cold traps at 250°0 and the tube at 450°0. Alter this InterTal the 

oven around the cold traps was tumed otf and the temperature of the other 

oven lowered to about 430°0. Previous to thi., atter the tirst hour of 

bake-out, power was applled to the heater ot the tixed condenser plate 

and the niokel cylinder raised to a temperature of 850°0. The tused metal 

bead was alao heated to about the seme temperature. The baating of thes. 

parts was oontinued tor the remainder of the beke-out periode When the 

cold traps had cooled to room temperature, liquid nltrogen was applied to 

the trap nearest the diffusion pump. TO avoid the problem ot maintalnlng 

, constant lavel of eoo1ant, the trap weB only pertlelly immersed in the 

11quid nitrogen and the coo1ant tlask raised a smal1 amount at roughly 

ha1f-hour Intervals. When the fir.t trap was complete1y immersed, the 

seme procedure wa. fol1owed with the second trap. 

Alter about six hours beke-out the ove~ heat was turned ott and 

the ionizatlon gauge out-ges.ed by e1ectron bombardment until the oveB WB. 

cool. .In two hours the ovea temperature dropped to about 50°0 and the 

oven was ralsed. The getters were then out-gas.ad tor severa1 minutes 

using radio-trequency beating. The meta1 bead was me1ted and oooled 

severa1 times to get rid of absorbed gas. An appreoiab1e amount of metal 
. 1 

1 



44 

was eveporeted in this process. 

This cycle was repeated for three consecutive deys, resulting 

in 8pprox1~tely a tentold decrease in ultimate pressure each day. The 

follOWing conditions were satisfied when the system wes considered ready 

for seal-off. The 10nizat10n gauge reaa1ng wes of the order of 10-9 milli-

meters w1th the tube cOld, and no 1norease was·observed whe~ the fixed 

condenser plate W8S raised to 600°0. The metal bead could be ra1sed to 

evaporat1ng temperature and cooled without affect1ng the ult1mate pressure, 

and the getters l1kew1se d1d not produce more than a trana1ent pressure 

change when heated and cooled. !he gettera were thea fired and the tube 

8ealed ott. During the sealing-ott proces8 the 10n gauge read1Bgs did 

not exceed 10-7 millimeters, end atter completion of the operat10n the 

pressure dropped to about 10-9 millimeters. The ult1mate pressure could 

not be measured accuretely since a pressure of l x 10-9 millimetera 

corresponded to 8 deflect10n ot 1/200th ot tull 8cale on the most sens1tive 

range of the 10n gauge control un1~. 

Measurement& 

The procedure to11owed 1n tak1ng measurements wes rdmilar 111. 

every case. Before evaporat1ng a tilm, the trequency end amplitude ot 

the 08oillator were adjusted unt1l the v1brator wes moving .w1th a large 

amplitude at its resona.t frequency. The tuned ampl1fier wes then adjusted 

for maximum output and the f1xed plate heated to 500°0. Several readings 

were taken to cheok the operat10n ot the c1rcuits. The evaporator wa& 

then heated until a film was deposited rapid1y. Binee the behsT10ur ot the 

system wss somewhat different in the case ot eaeh meta1, the three metals 

examined w111 be d1scussed sepsrate1y. 
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After sealing ott the system and betore depositing a ne. tilm, 

an 8Xamination was made ot the silver film deposited during the out-gasaing 

cycles, end subject to contamination during the sealing-ott process. The 

measurements were unstable et temperatures above 400°0, but belo. 400°0 a 

value ot - (dV21}/(dT) ().f -3 microvolts per degree KelVin was measured. 

Essentially the seme behaviour wes obaerved with filma ot copper and gold 

deposited under the same oonditions. Measurements taken with the rotating 

disk arrangement ytelded values of 0!2 microvolts per degree Kelvin tor 

-8 an out-gassed nickel surface st pressures below 10 millimeters ot mercury. 

in a dynemic system. 

The properties of films deposited after aeal-ott were very 

different from those ot the films deposited betore. The measurements on 

silver films will be disoussed tlrst. 

After one or two minutes of evaporation, a tew contact potential 

readings were taken. The evaporation wes then reaumed. for a short ttme. 

The maximum pressure indicated by the ion gauge during the evaporation wes 

6 % 10-9 millimeters ot merc~. but the pressure dropped rapidly when . 

the evaporation wes stopped. The contact potential reached a stable value 

atter the tirst film. Measurements were started within a minute ot the 

time evaporation ceased. One of the filma wes cooled and heated through 

three cycles. The time oocupied by these cycles wes veried between tea 

and torty-t1ve minutes. No dritt in contact potentiel waa observe4 over 

a period ot three hours. The results shawn in Yigure 7 were obtained traa 

successively deposited filma. 

The pressure risa measured during the proces. ot evaporation 

wes almost certainly due to out-gassing ot the bead. The probability ot 

an atom ot evaporated Metal sticklng to a cold surface is practically 

unity. hance the probability ot an atom ot avaporated Metal undergoing 
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the multiple collisions neoessary to reach the ion gauge ls extremal,. 

small. Judging by the temperature of the eTaporator, the Tapour pressure 

ot the silver bead during the evaporation wes at least 10-2 mill1meters, 

hence the contamination represented by the ion gauge 1>res~ure ',read1ng 

was probably slight. '!his was alao borne out by the fact that with the 

second tilm the maximum pressure during the eTaporation was 5 x 10-8 

mi llimet ers , yet essentially the same re.ults were Obtained. 

Since silver WB. the first metal studied, the results were care-

ful1y examlned for instrumental etfeots. It wes found that the thermal 

tlme oonstant ot the system limited the time in whtch a cycle oould be 

traversed. When the heater input was diaconnected, the cyllnder cooled 

unitormly because oooling was primarily by radiation. Since the sides ot 

the oylinder were nearer the heater coil tàan the end, when the tilm was 

heated rapidly, the sides ot the oylinder became temporarily much hotter 

than the enda. The thermocouple readinga were thus in oonsiderable error 

until equilibrium wes established by conduction. Since the equilibrium 

values ot the contact potential agreed with the equilibriua thermocouple 

readings, the transient discrepancy was not due to contamination. Temper

ature 'ditterences et equilibrium were small, since tests on a similer 

system showed a maximum variation ot 35 degrees over the whole cylinder when 

the cylinder was at a mean temperature ot 900·0. 

," A amall change in oontact potential was measured when the 
) 

vibrator was excited at ditferent amplitudes. 'This wes probably due to 

pick-up of second harmonio trom the exciting system. Usually the vibrator 

was excited untll 1t stopped Just Short ot the fixed plate, and wes main-

talned at this amplitude throughout the evaporat1on and .ubsequeat readings. 

Readings could be obtained, however, with le88 sensitivity at much amaller 
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amplitudes. Tests at large and SIlall amplitudes on a stable film one 

week old resulted in a measured variation of 23 millivolts in contact 

potential, but no significant difference in the measured value of the 

temperature coefficient. The values of dV2l were 118 and 113 micrO'Yolt • 
. dT 

per degree Kelvin for large and 8mell amplitudes respectiTelYl It is 

interesting to note that the temperature coefficient of this week-old film 

wss still Tery close to the values obtained from freshly-prepared filma. 

Messurements on oopper "ere sim1ler to those on s1lTer. ETapor-

ation of the copper had to be pertormed et a higher temperature, howeTer, 

than was needed in the case of silver. Out-gasaing was therefore a greater 

problem and pressures during the evaporation were higber. When the firet 

bead (Bead 1) wes used, the maximum pressure during the eTaporation was 

1.5 x 10-7 mil11meters of mercury. When the evaporation wes stopped, 

the pressure dropped a factor of 10 in approxtmately 10 seconds. Measure

ments could therefore be taken almost 1mmediately at pressures near 10-9 

millimeters of Mercury. The maximum pressures during the evaporat10n of 

-7 6 -8 the other two films were 10 and x 10 milllmeters ot mercury. The se 

f1lms were prepared successlvely from a second bead (Bead II). Measurements 

on one of these films were extended over a period of six hours without 

any measured drift in contact potential. 

Further readings oould not be obtained from Beed 1 beoeuse the 

bead was overheeted in attampting the next evaporetion. Strain relief 

occurred in the bead supports and moved the bead under the cylinder where 

no coverage of the end was possible. The results shawn in Figure 7 for 

Bead 1 were transposed -0.200 volts to a11o. the results to appear on the 

same graphe The position of the bead in this oase was probably the oause 

of the large d1fterenoe in contaot potentiel. In the other cases the bead 
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weB placed where, with the vibrator operating, the bead eTaporated o. 

both sides ot the vibrator as well as the end of the eylinder. Sine. the 

Tibrating plate was smaller then the tixed plate, appreciable oapaoltlTe 

coupling to the far side of the vibrating plate must have occurred. This 

was verltied by measurements made on a resistive network analogue oomputer. 

Thus the D!easurement. in whioh th1s side did not have an evaporated o08ting 

yielded a ditterent Talue ot contaot potential, but the same temperature 

ooeffioient. 

The reaults ot meaaurements made on gold films were not as 

satisfactory as those made on ailver or oopper tilms. Due to the taot 

that appreciable evaporation ot gold only took place at higher tempe rature a 

then were needed tor evaporating ailver or copper, more dittioulty wes e~-

oountered in out-gassing the bead. Table V liste the results obtained 
dV . 

trom the gold tilm,. A value ot - dT 21 ot approximately 100 microvolt./oK 

was measured for the average temperature ooeffioient ot the tirth, sixth 

and seventh films evaporeted. A smaller temperature ooeffioient waa ob-

served when the film produoed from the last of the bead wB. exam1ned, but 

this portion ot the bead probably conteined a higher ooncentration ot 

impurities. During the last evaporation the tungsten basket was kept at 

8 high temperature tor two or three minutes atter the bead had evaparated. 

The tempereture coefficient observed agreed wi th the experimental values 

tor tungsten observed by Potter9• The results listed in Table VI were 

obtalned by drawing a line by inspeoti on througb. a plot ot the experi-

mental result •• 

The least square method was used t 0 analyse the observations 

made on silver end oopper films. This was done to obtain an objectiTe 

measurement of the tempereture ooefficient end en eetimate of the probable 

error introduced by the Boetter ot the experimental reault •• 
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Values ot 

Film dV21 .-
dT 

dV21 --dT 

TABLE V 

Measured trom SUcceas1vely Depoa1ted 

Gold :ri1ms 

Pressure During 
Evaporation Remarka 

(Microvolts/OJr) (mm Hg) 

1 157 

2 

3 

4 

5 

6 

7 

8 

9 

310 

260 
217 

215 
160 

130 
90 

110 
70 

100 
103 
107 

70 

63 

4 x 10.8 

1.8 x 10-7 

2 x 10.8 

1.2 x 10.7 

5 x 10.8 

1 x 10-7 

1 x 10-8 

) 
) 

) 
) 

Considerable dritt. 

One week atter preparation. 

One week later. 

Considerable drift. 
Mean ot 110. 

Considerable dritt. 
Mean ot 90. 

Amplitude ot vibration reset. 
Two weeka after preparation. 

Bead nearly evaporated. 

Results agree with value tor 
tungsten. 
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TABLE VI 

Results of Least Square Ca1culations 

dV21 -V21 Probable Error in --dT Individuel Readings 

10-6 V/oK Volts Volts 

Si1ver -131 .:!:. 3 0.113 at 300°C 0.004 

-123.:!:. 4 0.095 et 250°C 0.002 

Mean -127 .:!:. 4 

C°lmer 

Bead l -48 .:!:.1 0.216 et 250°C 0.002 

Beed II -51 .:!:. 2 0.040 et 300·0 0.002 

-51 .:!:. 2 0.022 et 300°0 0.002 

Mean -50 .!. 2 

OOllper1son of Theory end Experiment 

(d~/dT)Z' 
- 0 

(d~/dT)zt _ 1 (d~/dT)expt. z' 

10-5 eV/oK 

Cu -0.5 -1'1 -5.7 0.32 

Ag -0.4 -15 -13.4 0.88 

(Au) 0.4 -13 "19- •••• 
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The mathemat1cal treatment ot these measurementa 1a d1scuaaed 

in Append1x In. Table VI liets the results ot the least square calcul-

at1ons. Theae results st1ll require oorrect1on tor the absolute th erme-

electric power ot the circuit connecting the two condenser platea. Sinee 

the electrical conneotion to the heated plate WBS made at the cold junotioB 

ot the platinum thermocouple wire, the experimental result. ahould be 

corrected tor the abaolute thermoeleetric power ot platinum. This 

correction i. -7.3 microyolts per degree (Reterence 37). 

Table VII lists the tempersture coettic1ents expected, asauming 

tirat tbet all the valence electron charge density v1brstea rig1dly with 

the iOB cores {Z' • O}, and secondly that the vslence electrons are 
, 

completely independent ot the ion core vibrations (Z • 1). The exper1-

mental temperature coetticients tor copper and silver lie bet_een the two 

as might be expected. The last column shows the ettective Talue ot the 

Tibrating charge. 

The resulta trom the gold tilms cannot be explained by the theory 

s1nce only negative tempersture coefficients oan be interpreted aa deter-
, 

mining a Talue ot Z • 

The chiet cr1teriol!l to be used in judging the merits ot the 

resultl 1s the reproduc1b1lity ot the temperature coett1cient ot 

successively prepared films and the absence ot drift in the contact 

potentiel messurements. The results obtained using copper and s1lver 

tilms ere thus aoceptable, but the above criter10n rejeots the result. 

taken trom t11ms prepered previoua to aeel-ott and the results trom gol! 

tilms. The tilms prepared previoua to saal-ott yielded dub10us results 

beoause ot their 1nstab1li ty at high temperstur~ and the results t'rom 

gold tilms were unreliable bèoause ot both drift end lack ot reproduo1b1lity. 

Two possible reasons can be ottered to expla1n Why the reaulta 
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from gold films were not as reproducible as those fram copper and silver 

films. The gold sample may not bave been sufficiently pure. Evapora"tion 

would then have deposited films of changing composition. A second 

possible explanation ls that the expansion and oontraction of the nickel 

substrate may have set up strains in the gold films which dld not exist in 

the copper and silver films, sinee the expansion coefficients of thes. 

metals match that of nickel more closely than does the expansio~ coefficieRt 

of gold. A much thicker layer of gold would th811 have b een neces8ar;y 

to eliminate the effect of the substrate. The latter explanation of the 

results from gold films suggests that futur. experiments be done uaing 

substrates of the metal being evaporated. 
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cœcLUSICNS 

Theoretloal expressions applicable to the monovalent metal. 

have been derived for the effect of thermal expaasion and for the effect 

of thermal vibration et oonstent volume on the chemical potential. It 

was found that the theoretical values of these two effects Tirtuelly 

oanoel et a11 temperatures. Slnce the affect of the eleotronio specifie 

heat is negligible for monovalent .tals, the only important net CO!ltri

bution to the tempereture dependence of the work function waB fOWld to 

be th, eleotrostatic effect of ion core vibrations. 

Experimental measurements of the temperature dependenoe of the 

work functions of the monovelent noble metals have been made using a 

capaoitlve contact potential method. These m8asurements were taken in 

sealed-off systems under conditions where the contaminatlng effects of 

residual gas could be deteoted if present. Measurements on eTaporated 

silver and copper films were free from contamination effects and reproduc

Ible, while measurements on gold films were not satisfactory in elther 

respect. 

The experimental results from copper and silver film. can be 

explained by the theor.y which was developed, but the less reliable 

results from go14 films are not oonaistent w1 th the theol"Y. Possible 

explanations for these results are impurities in the gold or a lack of • 

thick enough film to eliminate the effect of strains due to ditterential 

expansion of the nickel substrate and the gold film. 

The theory can be subjected to seve rel additionsl experimental 

oheoks. Measurements should be made of the tempereture dependenoe ot 

the work tunotions ot the alkali metals. The low temperature variation 

of the wark funotion should also be investigated since the form of thi. 
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of the wark funotion should also be investigated since the form of thi. 
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Tariation ie predicted by the Debye theory tor the ion core vibrat10.8. 

The temperature coefficients ot ditterent orystal taoe. ot a metal are 

a1eo ot intereet because ot the data whioh can be obta1ned about the 

propert1ee ot surface d1pole layera. Smoluehowskl's theory predict. a 

relatively small ditterence in the temperature coetticients ot ditteren~ 

crystal taces, but thi. theory still needs experimental verit1catLoD. 
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APFmmIX l 

Sensitivity of the Dynamic Capacitive Method 

The dynam1c capaoitive method or zisman38 method is oapable of 

great sensitivity. With suitable geometry and assooiated cirouits, con

tact potential changes of the order of lO~5 volts have been measured39• 

The dynamic capacitive method is a modification of the Kelvin 

method of measuring oontact potential. In the Kelvin method a transient 

change in capaeitanee between two metal surfaces produces in the circuit 

connecting them, a flo. of charge proportional to the contact potential. 

In the Zisman method the capecitence change is periodie and en alternating 

current flows in the circuit connect1ng the surfaces. If an opposing 

direct e.m.f. is inserted in the circuit, the charging currents are 

reduced to zero when the opposing voltage 1s the seme size es the contact 

potential. The contact potential can thus be measured by a null method. 

This method i8 capable of greater sensit1v1ty than the Kelvin method 

because selective amplifiers cen be used to decreese the noise in the null 

detecting system. 

The circuit used in the ~sJll8n I1ethod ia shawn below~ 

c 
o 

Co i8 the static oepao1tence between the v1bret1ng plete end the fixed 

plate, Cp the periodic portion of the cap8citance, Cs the input strey 

capacitence of the null deteotor, end Vo the voltage opposing the 
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contact potential difference. The equivalent circuit for genereting 

en elternetlng voltage at the input of the detector 1s shawn below. 

t 
S1nce the 1mpedance of C should be neglig1ble, 

and 

V 18 the dlfference between the oontact potent1el and Vo • Now 

v - q/(C + Cp} + R dq/dT 

q 1s the charge on the condenser. If the perlod of the cap801tance 

change ls 2rr/w, Cp can be expressed 8S 

(D 

- E Cn exp j(nwt + au) 
n-l 

and q by the serles, 

(D 

q - E qn exp j(nmt + Pn) 
n-o 

( 58) 

( 59) 

(60) 

(61) 

The largest harmonie of q ls the only term of lnterest when 8 selectlve 

null deteetor ls used. When Cl 18 the largest component of Cp' and 
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C>~ Cp' then the alternating voltage eoross R has an amplitude 

• (62) 
[ 

.11/2 
l + (w CR)~ 

and a phase relative to that of Cl -1 of -tan W CR. For a g1 ven 

unbalanee V, the maximum value of ~ is 

(63) 

when wCR}> 1. Sinee the stray eapaoitanee aoross Co is a part of 

C, for good sensitivity, stray eapac1tanoes should be kept at a minimum. 

The s1gnal-to-n01se ratio, however, 18 not a function of C. If the 

deteetor has an effective n01se bandwidth B and a noise figure N, the 

amplitude of the r.m.s. noise voltage aeross the input 1s 

• 
[ 

4kTBRN 11/ 2 

1+ (WCR)1 

(64) 

and the signel-to-no1se ratio 18 

• 

7 -13 When R. 2 x 10 ohms, Il). 240 rad1ans per second, Cl. 10 farads, 

B • l cycle, N. land T. )DO-K, the voltage unbalanoe 1s 1 mil11-

volt, when the s1gnal-to-n01se ratio 1's unity. These were the 

approximete operat1ng conditions for the final eX]erimental arrangement. 
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APPENDIX II 

The !ime for Contamination of Clean SUrfaces 

An idea of the tlme requlred to contaminate a c18an surface 

can be obtalned fram the following slmple model of the proces! of con

tamination. 

If a fraction f ot a surface under consideration is covered 

by a monolayer of contaminatlon, and if the average work functlon i8 

deterBdned by the percentsge of olean and contaminated areas, the arlth

metic mesn ot the work tunction 18 

(66) 

where ~o Is the work functlon of the clean surface and ~o that of 

the contaminated surface. Assuming the rate of contamination is propor

tionsl to the area of clesn surface exposed, 

df/dt • (l-t)/'l: 

end 

t • l - el:p -t/ 't 

1.' i8 the time oonstant of the contamination process. Thus 

If the moleoules of .the contam1natlng gas have a Maxwellian 

distribution of velocities, the number ot Molecules incident on unit 

(67) 

(68) 

(69) 
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surface per unit time at a pressure P is 

1/2 
n ... P/(2nMkT) (70) 

M 18 the mass per molecule of the incident gas. If a fraction r of 

these molecules is reflected, and the molecules adhering to the surface 

each occupy an area d2, 

1 
= (71) 

If M is Jœasured in atomic units, T in degrees Kelvin, P in milli-

meters of mercury, d in angstroms and '( in minutes, 

1:' .. 
4.75 x 10-8 (MT)1/2 

(1 - r)Pd2 (72) 

If M OR 32, T = 300oK, r. 0, p ... 10-8 millimeters of mercury, and 

d ... 2 angstroms; 't' - 12 minutes. Thus if ~ - ~ = 1 eV, the 
c 0 

initial drift in the mean work function of a freshly prepared clean 

surface is 89 x 10-3 eV per minute. Figure 8 shows the initial drift 

as a function of pressure for various values or ~c - ~o assuming the 

other parameters in Equatiori (72) are as listed above. 

When making measurements of the tem~rature coefficient of the 

work function of a metal, contact potential changes of the order of a 

few millivolts" must be measured, hence the importance of maintaining a 
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la. partiel pressure of contaminants cennot be overemphasized. At the 

seme time, however, it Should be noted thet the reflection coetfioient 

of Molecules of inert gaaes is essentially unit Y (i.e., they have little 

or no oontaminating effeot), and in well-gettered aealed-oft systems the 

aotive oonteminants are removed preferentielly. ainoe moleoules ot the 

inert gases oontribute to the pressure indioation of an ionization gauge, 

the reedings of 10n gauges under these oonditions cen only be accepted 

as an indioation ot the maximum pOSSible pertiel pressure ot contaminating 

gases. Thus when the minimum possible contamination time 1s of the order 

ot the time during whioh a dritt in work tunotion can be observed, the 

best criterion ot treedom from oontinuing contamination is freedom tram 

drift in the Dl8asurements themselves. The ionizat1on gauge reading is 

detinitely of value, however, tor m8asurements at h1gh pressures may be 

reproduoible and tree trom drift simply beoause the surfaces examtned 

have reaohed a stable state ot oontamination before m8asurements have 

started. 
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APPJ!:NDIX III 

Analys1s of Results 

The least square method was used to analys' :3the observations 

obta1ned from oopper and 811ver f1lms. When using this method 1t 1a 

assumed that the 11ne of best f1t through an assembly of po1nta 1s the 

one whieh min1mizea the sum of the squares of the dev1at1ons of the po1nts. 

ThU8 1f Y" a + bx 1a the line of best fit and the ith measured point 

1s x, y. 
~ 

Th en 

and 

These equations reduce to 

a .. 

and b la 

.. o 

- o 

Z x L %Y1 - ~ x2 g Y1 

(Ex)2 _ nrx2 

rxEY1 - nErri 
(rx)2 - n 1: x2 

The probable error in a single read1Dg 1s 

.. l 2~1/2 
0.675 1:' L11 - y) 

n - 2 

(73) 

(74) 

( 75) 

(76) 

(77) 

(78) 
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and the probable errora in a and b are 

• 

• (79) 

and 

• 

• (SO) 

A total ot approxlmately three hundred obserTations were re-

corded in obtalning the reaults tor sllver and copper. The labour ot 

direct least square celeulations wes theretore prohibitive. A close 

approximation wea used which made the ealculetlona relatlvely simple. 

The tempereture range investigated wes divided lnto identlcal intervals. 

The results were then plotted and the slope determined by inspection. 

This slope waB used to alter each reading to its Talue had it been taken 

at the centre ot the interval in which it tell. The average reading in 

each group waB then .determined. These averages are the points plotte4 

in ligure 7, and llsted in Table VIll. In oalculating 8 and b, the 

group average was given a weight corresponding to the number ot readings 
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TABLE VIII 

Data for Least Square Determination of - aV21/dT 

Si1ver 

Temperature (OC) 100 200 300 400 500 

-V21 (VOlts) 0.138 0.127 0.113 0.094 0.087 

Number of Readings 21 17 10 11 31 

Temperature (OC) 150 250 350 450 

-V21 (Volts) 0.107 0.095 0.083 0.070 

Number of Readings 6 3 2 5 

Copper 

Bead l 
(Transposed. -0.200 Volts on graph) 

Temperature (OC) 50 150 250 350 450 550 

-Va (Volts) 0.225 0.221 0.217 0.211 0.206 0.203 

Number of Readings 6 11 6 10 11 11 

Bead II 

Temperature (OC) 100 200 300 400 500 

-V2i (VOlts) 0.050 0.045 0.038 0.034 0.030 

Number of Readings 10 7 5 8 8 

Temperature (OC) 0 100 200 300 400 500 

-V21 (Volts) · 0.038 0.032 0.028 0.022 0.018 0.011 

Number of Readings 7 17 9 9 12 34 
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in the group. The individual modified readings were used to calculate 

P. once a and b were known. 
1. 

The above procedure is exact if the slope determined by inspec-

tion is the same as that obtained from the least square calculation. 

When b is large the possibility of error is greater than when b is 

amall, but even in the case of the readingsfioJJDl silver films, a ten percent 

error in the tempe rature coefficient over a fifty degree temperature range 

would only cause an error of 0.7 millivolt in a modified contact potential 

reading. This error would also only apply to a small minority of points 

and would cancel if the original assembly of points were s.ymmetrically 

scattered over both halves of the temperature interval. 

An illustration of this treatment is shown in Table IX using 

the original observations and modified readings obtained from the first 

copper bead. These are listed in the order in which they were taken. The 

original observations are plotted in Figure 9. 

Thé least square analysis cannot eliminate a systematic error 

introduced by heating of the reference surface. This error was presumed 

to be small because with the tube envelope at 450°C and the heated con-

denser plate at 875°C, the reference plate was not even faintly red, which 

meant that its temperature was near that of the tube envelope and not more 

than 500°C. Heating of the reference electrode would decrease the 

effective temperature difference and yield small experimental temperature 

coefficients. In the cases of silver and copper, experimental temper-

ature coefficients corrected for this error would thus be closer to the 

theoretical values for Z'~ l • 
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TABL!: IX 

Original end Modit1ed Observations on Copper (Bead I) 

Original Temperature Moditied Temperature 
(Millivolts) (OC) (Millivolts) (OC) 

202 557 202 550 
200 551 200 550 
204 551 204 550 
207 546 207 550 
204 546 204 550 
208 457 208 450 
208 428 207 450 
210 417 209 450 
211 417 210 450 
214 347 214 350 

. 214 335 213 350 
214 318 212 350 
217 306 215 350 
219 243 219 250 
220 212 218 250 
222 206 220 250 
222 206 220 250 
220 173 221 150 
220 159 220 150 
220 159 220 150 
223 124 222 150 
224 110 222 150 
223 102 221 150 
224 87 226 50 
224 79 225 50 
224 79 225 50 
224 71 225 50 
225 63 226 50 
224 71 225 50 
223 124 222 150 
224 139 223 150 
222 152 222 150 
216 166 217 150 
219 173 220 150 
214 243 214 250 
213 263 214 250 
214 287 216 250 
210 306 208 350 
210 324 209 350 
210 335 209 350 
210 347 210 350 
210 347 210 350 
205 382 207 350 

(continued on page 68) 
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Table IX. oontinued 

Original Temperature Modif'ied Temperature 
(M1ll1 volts) (°0) (ldill1volts) (°0) 

202 411 200 450 
203 445 203 450 
204 451 204 450 
202 462 203 450 
205 462 206 450 
204 ~62 205 450 
208 486 210 450 
202 546 202 550 
200 551 200 550 
207 551 207 550 
204 551 204 550 
205 . 551 205 550 
202 551 202 550 
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