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SUMMARY AND CONCLUSIONS 

The formation of anticlastic kinks along the corners 
of ionic single crystals deformed by bending has been 
described. Kinks are generated to accommodate the 
lateral contraction of the beam. They form in rock
salt crystals by the interaction of families of glide dis
locations moving on intersecting planes. The kink 
boundaries developed at low temperatures consist of 
diffuse arrays of {1211 (110) edge dislocations which 
cannot move in their slip plane. At high temperatures 
the dislocations become more mobile and the kinks 
correspondingly sharper. 

At low temperatures the anticlastic kinks are ob
served to initiate fracture. It is proposed that the im
mobile dislocations in the kink boundary act as barriers 
to slip causing dislocations to pile up, coalesce, and 
nucleate a crack. At high temperatures the dislocations 
in the kink boundary are no longer effective as barriers 
and the crystals remain ductile. 

At very low temperatures the lateral contraction of 
the beam cannot be accommodated by anticlastic kink
ing, instead the crystal fractures rather than kinks to 
relieve the lateral stress. 

It is possible to regard these transitions in fracture 
behavior as contributing to the ductile brittle transition 
observed on ionic solids under impact bending. 

Constraints developed in beams of any solid, single, 
or polycrystalline undergoing plastic bending can have 
important consequences on their mechanical behavior. 
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A theoretical correlation is derived to account for the variation of the work function of refractory metals 
coated by metallic films for all degrees of coverage. This correlation is based on an extension of the concept 
of electronegativity to composite surfaces and use of Pauling's rule about electronegativity and dipole 
moment of complex molecules. A series of theoretical curves is given for different crystallographically ideal 
surfaces of refractory metals such as W, Mo, and Ta coated by Cs, Sr, Ba, and Th. 

The derived correlation is compared with available experimental data for which the experimenters specify 
the exact conditions under which the experiment is performed and excellent agreement between theory and 
experiment is established. 

It is shown for the first time that the maximum work function variation does not necessarily always occur 
either when a full monolayer is reached or at a definite fractional coverage. The exact position of the maxi
mum variation is a function of the adsorbate and substrate materials and the type of the substrate surfaces. 
It is also shown that it is erroneous to characterize a monolayer as the point at which maximum emission 
(or maximum work function variation) is achieved because such a maximum may be fiat and extend from 
half a monolayer to one monolayer. . 

I. INTRODUCTION 

T HE adsorption of a metallic film on the surface 
of a refractory metal induces a change of the 

work function. This fact has been investigated by 
many authorsl- 6 and plays an important role in the 
field of surface physics. 

The most extensive experimental study of the phc-

11. Langmuir and J. Taylor, Phys. Rev. 44, 423 (1933). 
2 J. Becker, Trans. Am. Electrochem. Soc. 55, 153 (1929). 
3 W. Brattain and J. Becker, Phys. Rev. 43, 428 (1933). 
4 S. T. Martin, Phys. Rev. 56, 947 (1939). 
oM. Nichols, Phys. Rev. 57, 297 (1940). 
6 G. E. Moore and H. W. Allison, J. Chern. Phys. 23, 1609 

(1955). 

nomenon has been performed by Langmuir! who in
vestigated the variation of the work function of tung
sten immersed in a cesium vapor. Langmuir also pro
posed a semi-empirical correlation between the degree 
of coverage fJ, the temperatures of the metal and the 
vapor, and the resulting work function variation. This 
correlation predicts approximately the observed work 
function variation only for small degrees of coverage 
(fJ<O.5). 

The purpose of this communication is to present a 
theoretical correlation between the work function and 
all degrees of coverage. The correlation is based on 
present concepts about metals and is in good agreement 
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with reported experimental results. No attempt is made 
to correlate the variation of coverage with the tempera
ture of the coated metal or the temperature of the 
vapor bath. Dynamic equilibrium is presumed for all 
degrees of coverage. 

The paper is arranged as follows. First, a brief 
review of the relationship between work function and 
electronegativity is given. Second, the concepts of 
electronegativity and unsaturated bonding between 
metallic atoms are used to elucidate the mechanism 
which leads to the variation of the work function of a 
film coated metal. A theoretical correlation between 
work function varia tion and degree of coverage (0 <(J < 1) 
is derived. Third, the available experimental data of 
work function variation of tungsten covered by cesium, 
strontium, and thorium are discussed and compared 
with the derived theoretical correlation. Very good 
agreemen t is established between theory and experiment. 

The emphasis of the paper is on refractory metals 
because of their usefulness in thermionic converters. 

II. WORK FUNCTION OF METALS 

The work function of a metallic surface is defined as 
the minimum amount of energy required to remove an 
electron from the surface of the metal at OOK. This is 
called the true work function in distinction from the 
effective and Richardson work functions7 which are 
derived via thermionic emission measurements. 

For the purposes of this communication, the effective 
work function is considered 8 defined as 

c/Je=kT In(APIJ), (1) 

wherek is the Boltzmann constant (ev;oK), T is the tem
perature (OK), A is a constant [120(AI (m2- (OK)2»], 
and J is the current density (AI m2). This choice is 
made because the experimental data that are discussed 
later are based on thermionic emission measurements. 

The effective work function of a pure metallic surface 
can be related to the electronegativity of its constituent 
element. More precisely, Gordy and Thomas9 found, 
semiempirically, that 

CPe= 2.27x+0.34 ev, (2) 

where x= relative electronegativity. Using the concept 
of absolute electronegativity, as defined by PaulinglO 

and Mulliken,H Eq. (2) reduces to 

CPe=0.817xa+0.34 ev, (3) 

where xa=absolute electronegativity. Equation (3) 
affords a simple physical interpretation. The absolute 
electronegativity characterizes the energy required to 

7 E. B. Hensley, J. Appl. Phys. 32, 301 (1961). 
S The Richardson work function could also be considered. 

However, to a first approximation, this would not alter the sub
sequently derived results. 

9 W. Gordy and W. Thomas, J. Chern. Phys. 24, 439 (1956). 
10 L. Pauling, The Nature of the Chemica! Bond (Cornell Uni

versity Press, Ithaca, New York, 1960), 3rd edition. 
11 R. Mulliken, J. Chern. Phys.2, 782 (1934); 3, 573 (1935). 

remove an electron from an atom or molecule. How
ever, the energy necessary to remove an electron from 
the surface of a lattice is different from the absolute 
electronegativity for at least two reasons. First, elec
trons in a lattice are shared by more than one lattice site 
and therefore they are more loosely attached to the lat
tice atoms. Only ",80% of the electronegativity energy 
is necessary to detach them from the lattice. Second, the 
lattice surface gives rise to image electrostatic forces as 
the electrons are removed. The energy required to over
come image forces is the same for all metals and equal 
to 0.34 ev. 

It should be pointed out that the correlation between 
work function and electronegativity is approximate but 
it proves very useful in the elucidation of work function 
variation of composite surfaces. 

III. WORK FUNCTION OF COMPOSITE SURFACES 

General Remarks 

Langmuir! finds that for a cesium film on tungsten, 
the effective work function of the composite surface 
decreases from that of pure tungsten for (J=O to a 
minimum at 0=0.67 and then increases slightly for 
(J=0.8+ 1. Also, when there are many monolayers of 
cesium on tungsten, the effective work function is that 
of pure cesium (1.81 ev) and almost equal to the value 
for (J=0.8. Other experimenters find similar results for 
different composite surfaces. 

Langmuir attributes the work function variation to 
a contact potential due to a surface double layer. How
ever, this cannot be the only reason because, for one 
or more monolayers, experimental and theoretical data 
show that there are practically no dipoles in the ad
sorbate and yet the work function of the composite 
surface is that of the adsorbate rather than that of the 
substrate. 

A microscopic theoretical correlation of the experi
mental results is extremely difficult. This fact may be 
appreciated on the grounds of the following considera
tions. When a refractory metal is partially covered 
(0<1) by a metallic film, the surface is heterogeneous, 
the heterogeneity being only quasi-static. The effective 
work function, which from the experimental stand
point represents the entire surface, is an appropriate 
average over the work function of sites covered by the 
film and others that are uncovered. Due to cooperative 
phenomena between sites of different types, each site 
cannot be considered independently. Thus, the task of 
deriving the appropriate averaging procedure is beyond 
detailed analysis. 

Another approach to the problem is to use a phe
nomenological model based on well established physical 
arguments and arrive at an averaging procedure which 
incorporates at least the gross features of the experi
mental results. To this purpose, consider the following: 

Visualize the composite surface as completely ho
mogenized and characterized by an over-all effective 
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work function CPc(8), a function of the degree of coverage 
8. In other words, assume that the adsorbate is uni
formly distributed over the substrate. The effective work 
function consists of at least two superimposed barriers. 

(a) Electronegativity Barrier 

The individual sites of the homogenized surface ex
hibit a relative electronegativity x(e) which determines 
an electronegativity barrier e (8), according to the 
Gordy-Thomas correlation [Eq. (2)]. The electronega
tivity barrier would be the only contribution to the 
effective work function CPe(e) if the molecules made of 
the adsorbate and substrate atoms were not polarized. 
Actually, this is not the case.l2 There is adequate ex
perimental evidence which indicates that the adsorbate 
is held on the substrate by strong intermetallic bonds.l3 

Intermetallic bonds are partially covalent and partially 
ionic and give rise to dipole moments. Therefore, there 
is a second contribution to the work function. 

(b) Dipole Barrier 

The polarized ada tom-substrate molecules result in 
a double layer at the surface which determines a dipole 
barrier d(e). Thus, the effective work function is 

CPe(e) = e(e)+d(8). (4) 

The implication of Eq. (4) is that the concept of 
electronegativity is extended to composite surfaces and 
corrected to account for the presence of the surface 
double layer. This approach to the problem of work 
function variation versus coverage is different from 
that of all previous authors who dealt with the subject. 

The next task is the derivation of the explicit func
tional dependence of e(e) and d(8) on e. 

Electronegativity Barrier 

Notice that when the coverage is zero, the electro
negativity of the surface is that of the pure substrate 
metal. Furthermore, for zero coverage the addition of 
a few more ada toms does not change appreciably the 
electronegativity of the homogenized surface.13 The 
analytical expressions for these two assertions are 

(5) 

where cf>m is the effective work function of the sub
strate. Also notice that it is experimentally observed 
that when the surface is covered by one or more mono
layers, the effective work function is that of the ad
sorbate. This observation implies two things. First, 
the electronegativity of the fully covered surface is 
that of the pure adsorbate and second the addition 
of extra adatoms beyond full coverage (e= 1) does not 

12 R. T. Sanderson, Chemical Periodicity (Reinhold Publishing 
Corp::>ration, New York, 1960). 

13 G. Ehrlich in Structure and Properties of Thin Films, edited 
by C. A. Neugebauer, J. B. Newkirk, and D. A. Vermilyea (John 
Wiley & Sons, Inc., New York, 1959). 

change the work function. The analytical statements 
for these two experimental facts are 

(6) 

where cf>, is the effective work function of the adsorbate. 
As already mentioned, the exact analytical expression 

for e(8) in the range 0 <e < 1 is difficult to derive from 
first principles. However, whatever this expression is, 
it must satisfy boundary conditions (5) and (6). To 
this effect, expand c(8) into a power series in 8 and 
choose the simplest polynomial consistent with Eqs. 
(5) and (6). Thus find 

e(e)=cf>m- (CPm-cf>f)(3e2
- 21J3)=CPf+ (cf>m-cf>J)G(8). (7) 

Of course, the choice of the shape factor G (e) = 1-382 

+283 is somewhat arbitrary but proves very satisfac
tory for the purposes of this communication. In Lang
muir's approach to the problem, it can be deduced that 
G(e) is taken equal to unity. However, this is erroneous 
because it does not account for the redistribution of the 
electronic structures of the adsorbate and substrate 
with coverage, a fact which is evident both in work 
function and heat of adsorption measurements.l4 

Dipole Barrier 

Regarding the dipole barrier, notice that it can be 
derived directly from the electronegativity barrier. 
Indeed, according to PaulinglO and Malone,15 a molecule 
made of two dissimilar atoms, of relative electronega
tivities Xl and X2, exhibits a dipole moment proportional 
to the difference in electronegativities (XI-X2)' If it is 
assumed that Pauling's statement is also applicable in 
the case of molecules made between a lattice site of a 
partially covered surface and an ada tom, then the 
dipole moment is 

M (8) =Mo(x(8)-xr)/ (Xm-Xf) = M oG(8), (8) 

where M 0 is the dipole moment of a single adsorbate
substrate dipole at zero coverage,16 and X (IJ), x" Xm 

the electronegativities of the partially covered surface 
sites, the film atoms, and the pure metal atoms, re
spectively. The important implication of Eq. (8) is 
that the dipole moment is a function of coverage, a 
fact that is well supported by many experiments. 

Of course, Pauling's correlation between electronega
tivity and dipole moment does not account for dipole
dipole interactions. If the uniformly distributed sur
face dipoles are assumed to be arranged on a square 
array, the depolarizing field is17 

(9) 

where IJ'I is the number of sites available for adatom 

14 J. H. deBoer in Chemisorption, edited by W. E. Garner 
(Butterworths Scientific Publications Ltd., London, 1957). 

15 J. G. Malone, J. Chern. Phys. 1, 197 (1933). 
16 In deriving Eg. (8), use has been made of the proportionality 

between electronegativity and work function. 
17 J. Topping, Proc. Roy. Soc. (London) A114, 67 (1927). 
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Adsorbate 
Atoms\ 

(0) 

",Substrate 
" Atoms 

R = rf" rm 

(b) 

FIG. 1. Idealized arrangement of adsorbate,and substrate atoms 
for calculation of dipole moment Mo at zero coverage. (a) Sub
strate atoms are on a square array. Four substrate atoms are in 
contact with one adsorbate atom. (b) M 0 is the vector sum of the 
four dipole links M/m • 

occupancy per unit substrate area to form a mono
layer. Therefore, the effective dipole moment isI8 

M .(0) = M(0)/[1 +9ao}0!/ 41TfOJ, (10) 

where a is the polarizability of the adsorbate-substrate 
molecules. 

The dipole barrier is 

d(O) = -M.(O)u~/ EO 

= -OG(O)u fM 0/ Eo[1 +9au J!0!/41rfo]. (11) 

Equation (11) proves the statement that the dipole 
barrier can be derived directly from the electronega
tivity barrier. 

Evaluation of the Dipole Moment Mo 

The value of the dipole moment Moat zero coverage 
depends on the adsorbate and substrate materials as 
well as on the crystallographic structure of the surface. 
In the case of refractory metals as substrates, each 
adsorbate-substrate molecule can be visualized as shown 
in Fig. 1. 

The substrate atoms are assumed arranged on a 
square lattice so that the surface density is equal to the 
actual average density. The adsorbate atom occupies 
a position of maximum binding energy and is in contact 
with four substrate atoms.12 All atoms are assumed 
hard spheres with constant radius19 equal to their 
covalent radius [Fig. 1 (a)]. 

The dipole moment M 0 is the component along the 
vertical axis of the vector sum of the dipole moments 
along the four edges of the pentahedron [Fig. 1(b)]: 

Mo=4Mfm cos{3, cos{3= (1-1/2umR2)i, (12) 

where M fm is the dipole moment per link of the com
plex adsorbate-substrate molecule and Urn the surface 
density of the substrate. 

The dipole moment MJm can be evaluated by again 
invoking Pauling's observation about the proportion
ality between dipole moment and difference in electro-

18 Equation (10) is derived by assuming that the dipoles are 
mobile and feeding back the depolarizing effect of E(9) on M(9). 

19 J. C. Slater, Introduction to Chemical Physics (McGraw-Hill 
Book Company, Inc., New York, 1939). 

negativity. More precisely, 

M fm = k (Xm-Xf) = k (CPm-CPJ )/2.27, (13) 

where k=3.83X1Q-30 coul-m/v. The value of k is 
deduced from existing data on the relationship between 
electronegativities and molecular dipole moments.to 

Again, as pointed out by several authors,20,21 it is 
necessary to notice that Pauling's rule does not account 
for self depolarization. A more correct expression for 
the dipole moment per link is 

Mfm=k(xm-Xf)/ (1 +a/41TEoR3) , (14) 

where R is the sum of the adsorbate and substrate 
covalent radii. Equation (14) is derived by assuming 
that the interatomic distances remain constant and that 
depolarization leads to a charge redistribution. 

A Note on the Value of Polarizability a 

There are not many data on polarizability of metallic 
surface dipoles. Some quantum mechanical calculations 
of heats of adsorption22 suggest that this polarizability 
may be taken equal to the electronic polarizability of 
the adsorbate. But even so, the exact value of the 
electronic polarizability of the alkali, alkaline earth, 
and transition metal atoms is not well known. 

To have an estimate of a, assume that 

a=41TfOnrl, (15) 

where rj is the covalent radius of the adsorbate and n 
a number to account for the electronic shell structure 
effects on polarizability. Such effects have been ob
served by several authors. In particular: for alkali 
metals n= 1; for alkaline earth metals n= 1.65 because 
there are two valence electrons and one valence electron 
shields the other by an amount which is usually taken 
to be 0.3523 ; for transition metals n= 1.65 because 
there are two valence electrons in the outer shell and it 
is expected that the "d" electrons of the inner shell, 
which sometimes participate in chemical bonding, do 
not contribute appreciably to the polarizability. 

Summary 

The combination of Eqs. (7) and (11) yields (in mks 
units) 

0.765X1Q-18UjOcos{3 j. 
(

a )( 9aUj l
Oi) 1+-- 1+--

41T€oR3 41T€0 

(16) 

Notice that the normalized variation of the work func-

20 K. Fajans, Ceram. Age 54, 288 (1949). 
21 E. S. Rittner, J. Chern. Phys. 19, 1030 (1951). 
22 E. J. R. Prosen and R. G. Sachs, Phys. Rev. 61, 65 (1942). 
23 J. W. Smith, Electric Dipole Moments (Butterworths Scientific 

Publications Ltd., London, 1955). 
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tion is independent of electronegativities and depends 
only on the lattice parameters of the adsorbate and 
substrate such as covalent radii, surface densities, 
and polarizability. 

In the next section, the derived theoretical correla
tion, Eq. (16), is compared with reported experimental 
data. 

IV. COMPARISON OF THEORY WITH REPORTED 
EXPERIMENTAL RESULTS 

General Remarks 

The comparison of experimental results with the 
derived formula (16) requires knowledge of the covalent 
radii r f and r m, the electronic polarizability of the ad
sorbate cr, the surface densities U f and U m and that the 
experimental results be plotted as a function of cover
age (J. 

The covalent radii present no difficulty because they 
are tabulated. The polarizability can be estimated from 
Eq. (15). 

The surface densities can be calculated when the 
substrate surface is monocrystallic or of known struc
ture. In particular, for bcc crystals, knowledge of the 
density of the [l00J face is adequate to calculate other 
densities. More precisely, 

U m[110J =V2u m[l00J, U m[BJ24 = YJu m[l00]. 

Uj:U m = 1:4 for Cs on W, Mo, Ta. 

Uj:U m = 1:2 for Ba, Sr, Th on W etc. 

For other surfaces, either U m or Uf must be measured 
and the given ideal ratios be used to calculate the 
other.25 

The presentation of the data in terms of the coverage 
(J is more involved. Many authors report their results in 
terms of the fraction covered f and there is some 

TABLE 1. Lattice constants for different ideal 
surfaces and adsorbates. 

Substrate: Tungsten [100J [110J 
Density Urn XIO-18 (No./m2) 
Covalent radius rm (m) 

10 14.1 
1.3 XIO-10 

Covalent Polariza-
Adsorb- radius bility UJ XIO-18 

ate Xl010m XI040 f-m' 100 110 B 100 

Cs 2.35 14.4 2.5 3.53 4.33 0.79 
Sr 1.91 12.7 5.0 7.05 8.65 0.72 
Ba 1.98 14.3 5.0 7.05 8.65 0.73 
Th 1.65 8.2 5.0 7.05 8.65 0.65 

10.2 14.4 
Molybdenum 1.29 XIO-IO 

[BJ 
17.3 

cos!3 
110 

0.86 
0.81 
0.82 
0.77 

17.7 

B 

0.88 
0.85 
0.86 
0.82 

Cs 2.35 14.4 2.55 3.6 4.42 0.8 0.86 0.89 

9.2 13.0 15.9 
Tantalum 1.34 XIO-1o 

Cs 2.35 14.4 2.3 3.25 4.0 0.78 0.85 0.88 

24 O"m[BJ refers to a fictitious bumpy surface. It is included for 
comparison since many experiments are performed using bumpy 
surfaces. 

2. Integer ratios are not necessarily true for all coated surfaces. 
In such cases, O"! and O"m have to be measured individually. 

ambiguity about the exact relationship between (J and 
f. To a first approximation, it may be assumed that 
(J and f are linearly related and the data normalized 
so that (J= 1 corresponds to the value of f at which 
one monolayer is completed. 

Calculated constants for different crystallographically 
ideal substrates and different adsorbates are tabulated 
in Tables I and II. These constants are used to plot 
the theoretical curves (solid lines) of Figs. 2-7 which 
are self-explanatory. 

Experimental Data for Cesium on Tungsten 

The best data on the variation of the work function 
of tungsten coated by cesium are reported by Lang
muir.! Langmuir presents his data as a function of 
coverage (J. However, he does not specify the exact 
type of tungsten surface that is used in the experiments. 
He only reports a measured value of the cesium surface 
density 

On the basis of this measured density and the data of 
Table I, it is found that 

um =19.2Xl0!8Watoms/m2, cos!3=0.896, 

.lrP/ (rPm-rPf) = l-G((J)[l- 2.M/ (1 + 1.22(J!)]. (17) 

Equation (17) is the theoretical correlation for the 
experimental conditions reported by Langmuir and is 
plotted in Fig. 2 (dashed line). Superimposed on this 
curve are the experimental points normalized over the 
measured value rPm-rPf=2.8 ev. The agreement be
tween theory and experiment is very good. 

Experimental Data for Strontium on Tungsten 

Moore and Allison investigated the variation of work 
function of tungsten as a function of strontium cover
age. 6 Their experimental results normalized over the 
measured value rPm-rPf= 2.2 ev are given on Fig. 5 
(crosses). Notice that the experimental points fall on 
the [l00J theoretical curve. This is to be expected 
because Moore and Allison used an extensively rolled 
tungsten ribbon which they believed presented a [100J 

TABLE II. Calculated values of the constants kl and k2 for 
different ideal surfaces and adsorbates. kl =0.765X 10-180"/ cos{:1/ 
(1+a/41rEoR3

). k2 =9aO"/!/41rEo. 

Cson W 
Cs on Mo 
Cs on Ta 
Sron W 
Baon W 
Thon W 

k, 

1.2 
1.23 
1.1 
2.04 
2.04 
1.93 

100 
k2 kl 

0.47 1.85 
0.48 1.87 
0.4 1.68 
1.17 3.24 
1.29 3.24 
0.76 3.22 

110 B 
k2 k, k2 

0.78 2.29 1.05 
0.80 2.37 1.10 
0.69 2.14 0.94 
1.95 4.17 2.6 
2.16 4.17 2.94 
1.24 4.18 1.7 
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FIG. 2. Theoretical curves and experimental data for Cs on W. 

surface. In fact, they measured the average cesium 
surface density and found it to be 4.89X 101sCs atoms/ 
m2, which is very close to the theoretical density 
(5X10lS). 

The agreement between theory and experiment is 
again excellent. 

Experimental Data for Thorium on Tungsten 

Brattain and Becker3 investigated the variation of 
work function of tungsten covered with thorium. The 
results are difficult to correlate with the derived for
mula because the authors did not measure any surface 
densities and they report their data in terms of the 
fraction covered j. However, the data suggest that a 
monolayer is reached at 1=2 and therefore, to a first 
approximation, it may be assumed that 8=0.51 for all 
values of 1. On the basis of this transformation and 
using the value CPm-cpf= 1.2 ev, measured by Brattain 
and Becker, their experimental data are normalized 
and depicted on Fig. 7. The only reasonable conclusion 
that can be drawn from the data is that the tungsten 
surface used was bumpy and therefore denser than 
[110]. In fact, a theoretical curve for O"m=20"m[lOO] 

""I';;' <I ~1.0 
c 
.2 
.g 0.8 

51 
c 

.2 

~ 0.6 

0.2 0.4 0.6 0.8 1.0 
Coverage e 

FIG. 3. Theoretical curves for Cs on Mo. 
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~ 0.2 :; 
z 

02 0.4 0.6 0.8 1.0 
Coverage 8 

FIG. 4. Theoretical curves for Cs on Ta. 

(dashed line) is in very good agreement with the ex
perimental results. 

The interesting qualitative point about the data on 
Th on W is the large value of the work function Varia" 
tion around 0",,0.5 (or 1''"'1). This large variation is 
also predicted by the theory for ideal surfaces with 
high surface densities (see Fig. 7, solid curves). 

v. DISCUSSION AND CONCLUSIONS 

By extending the concept of electronegativity to 
composite surfaces and using Pauling's rule about the 
relationship between electronegativity and dipole mo
ment, a theoretical correlation is derived for the varia
tion of work function of refractory metals coated by 
metallic films. 

The basic physical idea behind the present deriva
tion is that both the electronegativity and the dipole 
moment of the surface double layer (which is directly 
related to electronegativity) are continuous functions 
of coverage. This functional dependence stems from 
the fact that when the coverage is low the adsorbate
substrate molecules are so far away from each other 
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FIG. 5. Theoretical Curves and experimental data for Sr on 
W. Notice that the [llOJ surface has a flat maximum for 
0=0.6..;-1. 
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FIG. 6. Theoretical curves for Ba on W. Notice that the [110J 
surface has a fiat maximum for 8 = 0.65 + 1. 

that they behave as isolated molecules. Then the 
electronegativity of the homogenized surface is almost 
that ?f t~e substra~e but the dipole moment is high, 
contnbutmg appreCIably to the effective work function. 
On the other hand, when the coverage is high, the 
adsorbate-substrate molecules are so close to each other 
that the surface looks almost like that of the adsorbate. 
The electron clouds of the ada toms are no longer shared 
only with the substrate but also with adatoms. The 
sharing of electrons with adatoms reduces the surface 
dipole moments and their contribution to the dipole 
barrier. All these physically sound properties are in
corporated in the derived correlation and it is felt that 
this is the reason for the favorable comparison be
tween theory and experiment in spite of the somewhat 
arbitrary character of G(e). 

The theoretical curves of Figs. 2-7 bring out some 
interesting points which so far have been controversial 
or ambiguous. First, the maximum work function 
variation does not necessarily occur always either at a 
fractional coverage as some authors suggested l or at a 
coverage of one monolayer as some others supported.a.6 

The coverage for maximum variation is a function of 
the adsorbate and substrate materials and the crystal
lographic character of the substrate surface. Second 
the definition of a monolayer as the point at which 
the work function variation reaches a maximum (or 
thermionic emission from a coated surface reaches a 
maximum) is sometimes erroneous (see for example 
Fig. ?, cur:ves [110J and [BJ). In othe; cases, it ma; 
be mlsleadmg as the [110J curve for Ba on W indicates. 
Of course it may be argued that the derived curves 
are ~ot absolutely correct. However, the previous con
cluslOns are still valid because it is conceivable that 
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F~G. 7. Theoretical curves and experimental data for Th on W. 
N ohce that a pronounced maximum variation occurs for a 
fractional coverage both in the theoretical and experimental 
results. 

the surface is of such a nonideal character that the 
average electronegativity and dipole barriers result in 
an almost constant work function over a broad range 
of coverage. In fact, this is the reason why it is not 
possible to intelligently correlate Moore and Allison's 
experimental data6 on barium on tungsten with the 
theory. No surface specifications are given and the 
results present a plateau over such a broad range that 
any attempt to normalize would be mere guesswork. 
Third, the higher the surface density of the substrate the 
higher the work function change for small coverag~s.26 
T~is is imp?rtant for thermionic converters operating 
wlth a partlally covered emitter. It is evident that for 
this purpose, [BJ or bumpy high density emitter 
surfaces should be used. Finally, for Cs on identical 
W, Mo, and Ta surfaces and a given small coverage, 
the largest work function variation is achieved by Cs 
on Mo. This is also of .some interest in thermionic 
conversion. 

Even though the emphasis of this paper has been on 
refractory metals and metallic adsorbates, it is felt 
that the concepts involved are directly applicable to 
other composite surfaces. This application will be dis
cussed in a future communication. 

The important problem of coverage dependence on 
surface and vapor bath temperatures has admittedly 
not been discussed in this paper. Work on this topic is 
currently in progress and will also be reported later. 

26 N ole added in proof. This theoretical prediction has been re
ce.ntly :verified.experimentally by H. F. Webster of General Elec
tnc. HIS expenments done with Cs or Rb on W Mo Ta Nb Ni 
and Re all confirm this prediction (private com'municati~n).' , 
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