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Abstract

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 com-
plex molecules. A sgeries of theoretical curves is.given for different crystallographically
ideal surfaces of refraciory 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 pex-;formed
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 elther when a full monolayer is reached or at a definite frac-
tional coverage. The exact position of the maximum variation is a function of the adsor-
bate and substrate materials and the type of the substrate surfaces. It ig algso shown
that it is erroneous to characlerize a monolayer as the point at which maximum emission
{or maximum work-function variation} is achieved because such a maximum may be flat

and extend from half a monolayer to one monolayer.

Introduction

The 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 authors(l_m and
plays an important reole in the field of surface physics.

The mosi extensive experimental study of the phenomenon has been performed by

(1)

a cesium vapor. Langmuir also proposed a semi-empirical correlation between the

Langmuir'” ! who investigated the variation of the work-function of tungsten immersed in
degree of coverage 8, 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 (8 < 0.5).

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 with reported experimental results.

No aitempt is made to correlate the variation of coverage with the temperature of the
coated metal or the temperature of the vapor bath. Dynamic equilibrium is presum.ed
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
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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 variation and degree of coverage
(0 < 8 < 1) is derived. Third, the available experimental data of work-function vari-
ation of tungsten covered by cesium, sirontium, and thorium are discussed and compared
with the derived theoretical correlation. Very good agreement is established between
theory and experiment.

The emphasis of the paper is on refractory metals because of their usefulness

in thermionic converiers.

The Work-Function of Metals

The work-function of a metallic surface is defined as the minimurn amount of
energy required to remove an electron from the surface of the metal at 0°K. This is
called the true work-function in distinction from the effective and Richardson work-

(M)

For the purposes of this communication, the effective work-function is considered(a)

functions which are derived via thermionic emission measurements.

defined as

b, = kT m (AT?/T) (1)

where k is the Bolizmann constant (eV/OK), T is the temperature (OK), A is a constant
[120 (A/(m? - (°K)?))], and J is the current density {A/m>). This choice is made

because the experimental data that are discussed later are based on thermionic emission

measuremenis.

The effective work-function of a pure metallic surface can be related to the
electronegativity of its constituent element. More precisely, Gordy and Thomas(9 )
found semi-empirically that

¢e' = 2.27Tx+ 0.34 ev {2)

where x = relative electronegativity. Using the concept of absolute electronegativity,

as defined by Pauling(m) and Mulliken“l), Eq. 2 reduces to
¢e = 0.817 X, + 0.34 ev ) (3)

where X, = absolute electronegativity. Equation 3 affords a simple physical inter-
pretation. The absolute electronegativity characterizes the energy required to remove
an electron from an atom or molecule. However, 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, elecirons in a latiice are shared by more than one
lattice site and, therefore, they are more loosely attached to the lattice atoms. Only

~ 80 per cent of the electronegativity energy is necessary to detach them from the
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lattice. Second, the lattice surface gives rise to image electrostatic forces as the
electrons are removed. The energy required to overcome image forces is the same
for all metals and equal to 0.34 ev.

It should be poinied out that the correlation beitween work-function and electro-
negativity is approximate but it proves very useful in the elucidation of work-function

variation of composite surfaces.

The 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 8 = 0 to a minimum
at 8 = 0. 67 and then increases slightly for 8 = 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 8 = 0.8. QOther experimenters find similar
results for different composite surfaces.

Langmuir attributes the work-function variation to a contact pctential due to a
surface double layer. However, 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 adsorbate and yet the work-function of the composite surface is that of the ad-
sorbate rather than that of the substrate.

A microscopic theoretical correlation of the experimental results is extremely
difficult. This fact may be appreciated.cn the grounds of the following considerations.
When a refractory metal is partially covered (@ < 1) by a metailic filin, the surface is
heterogeneous, the heterogeneity being only quasi-static. The effective work-function,
which from the experimental standpoint, 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 con-
sidered independently. Thus, the task of deriving the appropriate averaging procedure
is beyond detailed analysis. '

Another approach to the problem is to use a phenomenclogical model based on
well-established physical arguments and arrive at an averaging procedure which incor-
porates at least the gross features of the experimenial results. To this purpose con-
sider the following:

Visualize the composite surface as completely homogenized and characterized
by an overall effective work-function ¢e(e), function of the degree of coverage 9. In
other words, assume that the adsorbate is uniformly distributed over the substrate.

The effective work-function consists of at least two superiraposed barriers.

a. Electronegatively barrier. The individual sites of the homogenized surface
exhibit a relative electronegativity x({9) which determines an electronegativity barrier
e(0), according to the Gordy-Thomas correlation {Eq. 2). The electronegativity barrier
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would be the only contribution to the effective work-function qée(e) if the molecules made
of the adsorbate and subsirate atoms were not polarized. Aectually, this is not the case(lz).
There is adequaie experimental evidence which indicates that the adsorbate is held on

the substrate by strong intermetallic bonds(13).

Intermetallic bonds are partially co-
valent and partially ionic and give rise to dipole moments. . Therefore, there is a
secoud contribution to the work-function.

b. Dipole barrier. The polarized adatom-substrate molecules result in a double
layer at the surface which determines a dipole barrier 4(@). 7Thus the effective work-

function is

8.(8) = e(0) + d(e) | ()

The implication of Bq. 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 functional dependence of e{8) and
d{@)on ©.

The Electronegativity Barrier -

Notice that. when the coverage is Zero, the electronegativity of the surface is
that of the pure substrate metal. Furthermore, for zero coverage the addition of a
few more adatoms does not change appreciably the electronegativity of the homogenized

(13),

surface The analytical expressions for these two assertions are:

e(0) = ¢ de(0)/de | o0zp = O {5)

m

where ém is the effective work-function of the substrate. Also, notice that it is ex~
perimentally observed that when the surface is covered by one or more monelayers

the effective work-function is that of the adsorbate. Thi,s. observation implies two things.
First, the electronegativitity of the fully covered surface is that of the pure adsorbate
and, second, the addition of extra adatoms beyond full coverage {8 = 1) does not change

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

e(l) = é; de(8)/de |, ; = 0 | (6)

where ¢f is the effective work-funetion 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 ex-
pression is, it must satisfy boundary conditions {5) and (6}. To this effect expand e(®)
inio a power series In 8 and choose the simplest polynomial consistent with Eqs. 5 and
6. Thus find:

e(8) = ¢ - (B, - 6,) (30° - 20°) = g + (8_ - 8, G(0) (7)
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2 + 293 is somewhat arbitrary

Of course, the choice of the shape factor G(8)=1-3 @6
but proves very satisfactory for the purposes of this communication. In Langmuir's
approach to the problem, it can be deduced that G({8} is taken equal to unity. However,
this is erroneous because it does not account for the redistribution of the electronic
struciures of the adsorbate and substrate with coverage, a fact which is evident both

in work-function and heat of adsorption measurements(M).

The Dipole Barrier

Regarding the dipole barrier, notice that it can be derived directly from the

(10) and Malone(ls) a molecule

electronegativity barrier. Indeed, according to Pauling
made of two dissimilar atoms, of relative elecironegativities xq and X5, exhibits a
dipole moment proportional to the difference in electronegativities (Xl - xz). If it is
assumed that Pauling's statement is also applicable in the case of molecules made be-
itween a lattice site of a partially covered surface and an adatom, then the dipole moment
is

M{e = M0{ x(8) - xf)/(xm - xf) = MD G{0) {8)

(16)

where MO is the dipole moment of a single adsorbate-substirate dipole at zero coverage .
and x(8), b S the electronegativities of the partially covered surface sites, the film
atoms and the pure metal atoms, respectively. 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 electronegativity and dipole moment
does not account for dipole-dipole interactions. If the uniformly distributed surface

dipoles are assumed to be arranged on a square array, the depolarizing field is(l”

E(9) = 9 03/2 03/? M(o)/4u < {9)

where Ty is the number of sites available for adatom occupancy per unit substrate area

to form a monolayer. Therefore, the effective dipole moment 13(18)

M_(8) = M(0)/ [1+9 no‘?lz 03/2 ame ] {10)

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

The dipole barrier is

d(0) = - M_(8) 0 0/c_ = - 8G(O) op M e  [1+ 90.0?/2 93/2/4“0] (11}

Equation 11 proves the statement that the dipole barrier can be derived directly from
the electronegativity barrier.

Evaluation of the Dipole Moment Mo

The value of the dipole moment Mo at zero coverage depends on the adsorbate
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Adsorbate

\ Substeate Direction of and substrate materials as well as on
Atoms @)\ /single dipole .
C AL ik (M) the crystallographic structure of the

surface. In the case of refractory metals

as substrates, each adsorbate-substrate

(rrmr’i-] molecule can be visualized as shown in
Rirtrrm Fig. 1.
{a) () 'The substrate atoms are assumed
Fig. 1 arranged on a square lattice so that the
Idealized arrangement of adsorbate and sub- surface density is equal to the actual

Strate atoms for calculation of dipole moment
M, at zero coverage. {a) Substrate atoms
are on a square array. Four substrate atoms occupies a position of maximum binding

are in contact with one adsorbate atom. PO : !
(b) Mo ig the vector sum of the four dipole energy and lillél) contact with four sub-

links M, . strate atoms . All atoms are assumed
fm (19}

average densily. The adsorbate atom

hard spheres with constant radius
equal to their covalent radius (F'ig. la).
The dipole moment l\rI0 is the component along the vertical axis of the vector sum
of the dipole moments along the four edges of the pentahedron (Fig. 1b):

1/2

2) {12)

M = 4M

o fmcos[‘.‘u cosﬁ=(1~1/20'mR

where Mf-m is the dipole moment per link of the complex adsorbate-substrate molecule
and Om the surface density of the substrate.

The dipole moment Mfm can be evaluated by again invoking Pauling's observation
about the proportionality between dipole moment and difference in electronegativity.
More precisely,

M = k (Xm - xf) = ki{g_ - ¢f)/2.27 {13)

fm m

where k = 3.83 x 10730 coul-m/v. The value of k is deduced from existing data on the

(10)

,» il is necessary to notice that Pauling's rule does

relationship between electronegativities and molecular dipole moments
(20,21}

Again, as
pointed out by several authors
not account for self-depolarization. A more correct expression for the dipole moment
per link

M, = kix - x)/(1 +e/4w e R’) (14)

fm

where R is the sum of the adsorbate and substrate covalent radii. Eguation 14 is
derived by assuming that the interatomic distances remain constant and that depolari-

zation leads to a charge redistribution.

A Note on the Value of Polarizability a

There are net many data on polarizability of metallic surface dipoles. Some

{22}

quantium mechanical calculations of heats of adsorption suggest that this polarizability
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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 = 41r€0 n r? (15}

where re 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 ohserved 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. 35(23); 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}

88/(8,, - 8) = (B, - OV~ 4)

H

18

n

1-G(o)[1-0.765x 107" 6 ; 6 cos p/(1+aldme R’} x

(0 +9a0 272 32 janc )] (16)
Notice that the normalized variation of the work-function is independent of eleciro-
negativities and depends only on ithe lattice parameters of the adsorbatie and substrate
such as covalent radii, surface densities and polarizability.

In the next section, the derived theoretical correlation, Eq. 16, is compared

with reported experimental data.

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 ry and r, the electronic polarizability of the adsorbate
a, the surface densities crf and S m and that the experimental results be plotted as
a function of coverage 8.

The covalent radii present no diificulty because they are tabulated. The polari-
zabilily can be estimated from Eq. 15.

The surface densities can be calculated when the substrate surface is mono-

crystallic or of known siructure. In particular, for b.c.c. crystals, knowledge of the
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Table 1

IL.attice constants for different ideal surfaces and adsorbates

Substrate:

Tungsten

[100’_] [110] [111]
Demsity: o x 10 ¥ (No./m%)  10.0 14.1 17.3
Covalent radius: rm(m) 1.3 x 10710
Covalent 218
Adsorbate Radlués Polar;gabthzy o,.x10 cog B
x10 " m x 10 f-m L1007 {[110] [[111] |[[100] {{110][[111]
Cs 2.35 14.4 3.53 4.33 0.79 1 0.86 | 0.88
Sr 1.91 12.7 7.05 8.65 0.72 } 0.81 | 0.85
Ba 1.98 14.3 7.05 8.65 0.73} 0.82 | 0.86
Th 1.65 8.2 7.05 8.65 0.65 ] 0.77 | 0.82
Molybdenum
10.2 14.4 17.7
1.29 x 10710
Cs 2.35 i4.4 2.55] 3.06 4,42 0.8 0.86 | 0.89
Tantalum
9.2 13.0 15.9
1.34 x 10710
Cs 2.35 14,4 2.3 3.25 4.0 0.78 | 0.85 | 0.88
Table 2
Calculated values of the constants k1 and kz for
different ideal surfaces and adsorbates
k, = 0.765 x 107'° o, cos B/(1 + a/4me_ R’)
kZ =G O‘i.lzf‘hr L
{1o0] [110] [111]
kl k2 kl kz k1 k2
Cson'W 1.2 0. 47 1.8% 0.78 2.29 1.05
Cs on Mo 1.23 0.48 1.87 0.80 2,37 1.10
Cs on Ta 1.1 0.4 1.68 0.69 2.14 0.94
Sr on W 2.04 .17 3.24 1.95 4,17 2.6
Baon W 2,04 1.29 3.24 2.16 4.17 2.94
Th on W 1.93 0.76 3.22 1.24 4.18 1.7
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density of the [100] face is adequate to calculate other ideal densities. More pre

cisely:
o [110] = ﬁam 100} o, [111] = V3 o, [100]
Ce2 O, = 1:4 for Cs on W, Mo, Ta.
Opro = 1:2 for Ba, Sr, Thon W etc.

For nonideal surfaces either o__ or op must be measured and the given ideal ratios
be used to calculate the other(Z4),

The presentation of the data in terms of the coverage 0 is more involved. Many
authors report their results in terms of the fraction covered f and there is come am-
biguity about the exact relationship between & and . To a first approximation it may
be assumed that 6 and f are linearly related and the data normalized so that 8 = 1
corresponds to the value of f at which one monolayer ig completed.

Calculated constants for different crystallographically ideal substrates and dif-
ferent adsorbates are tabulated in Tables 1 and 2. These constants are used to plot the

theoretical curves (solid lines) of Figs. 2 through 7 which are self-explanatory.

Experimental Data for Cesium on Tungsten

The best daia on the variation of the work-function of tungsten coated by cesium
are reported by Langmuir(”. Langmauir presents his data as a function of coverage 6.
However, he does not specify the exact type of tungsien surface that is used in the

experiments. He only reports a measured value of the cesium surface density

8

G, = 4.8 x 10l Cs atn:)rns,f'rn'2

On the basis of this measured density and the data of Table 1 it is found that:

T 19.2 x 1018 W atoms/mz cos B = 0.896

3/2

Ap/{d, - b} = 1-Gle) [1-2.60/(1+1.2207"%)] (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 qu - ¢f = 2.8 ev. The agree-

ment between 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 coveragew). Their experimental results normalized over the
measured value ém - qu = 2,2 ev are given on Fig. 5 (crosses). Notice that the experi-

mental points fall on the [1900] theoretical curve.: This is to be expected because
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Moore and Allison used an extensively rolled tungsten ribbon which they believed pre-
sented a [100] surface. In fact, they measured the average cesium surface density
and found it to be 4.89 x 1018 Cs atoms}'m2 which is very close to the theoretical
density {5 x 1018).

The agreement between theory and experiment i again excellent.

Experimental Data for Thorium on Tungsten

(3)

Brattain and Becker investigated the variation of work-function of tungsten
covered with thorium. The results are difficult to correlate with the derived formula
because the authors did not measure any surface densiiies and they report their data
in terms of the fraction covered f. However, the data suggest that a monolayer is
reached at f = 2 and therefore, to a first approximation, it may be assumed that
6 = 0.5f for all values of f. On the basis of this transformation and using the value
qﬁm - (6f = 1.2 ev, measured by Brattain and Becker, their experimental data are nor-
malized 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 thecretical curve for o m = 20, [100] (dashed line) is in very
good agreement with the experimental resulis.

The interesting qualitative point about the data on Th on W is the large value
of the work-function variation around 8 ~ 0.5 {or f ~ 1). This large variation is also
predicted by the theory for ideal surfaces with high surface densities (see Fig. 7, solid

curves).
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Discussion and Conclusions

By extending the concept of electronegativity to composite surfaces and using
Pauling's rule about the relationship between electronegativity and dipole moment, a
theoretical correlation is derived for the variation of work-funciion of refractory metals
coated by metallic films.

The basic physical idea behind the present derivation is that both the electro-
negativity and the dipole moment of the surface double layer {which is directly related
to electronegativity) are continuous functions of coverage. This functional dependence
gtems from the fact that when the coverage is low the adsorbate-substrate molecules
are so far away from each other that they behave as isolated molecules. Then the
elecironegativity of the homogenized surface is almost that of the substrate but the
dipole moment is high, contributing appreciably to the effective work-function. On the
other hand when the coverage is high the adsorbate-substrate molecules are 50 close
to each other that the surface looks almost like that of the adsorbate. The electron
coulds of the adatoms are no longer shared only withthe substrate but also with adatoms.
The sharing of electrons with adatoms reduced the surface dipole moments and their
coniributicn to the dipole barrier. All these physically sound properties are incorporated
in the derived correlation, and it is felt that this is the reason for the favorable com-
parison between theory and experiment in spite of the somewhat arbitrary character
of G(8).

The theoretical curves of Figs. 2 through 7 bring out some interesting poinis
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 1 monoclayer as some others supportedB’ 6).
The coverage for maximum variation is a function of the adscrbate and substrate
materials and the crystallographic 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 some-
times erroneous (see, for example, Fig. 7, curves [110] and [111]). In other cases
it may be misleading as the [110] curve for Ba on W indicates. Of course, it may be
argued that the derived curves are not absolutely correct. However, the previous
conclusions are still valid because it is conceivable that the surface is of suchanon-ideal
character that the average electronegativity and dipole barriers result in an almost
constant work-function o er a broad range of coverage. In fact, this is the reason why
it is not possible to intelligently correlate Moore and Allison's experimental data(6) 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 coverages. This is important for thermionic converters
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operating with a partially covered emitter. It is evident that for this purpose, [111]

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 i
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 “
gsurfaces. This application will be discussed in a future communication.

A disadvantage of the proposed correlation is that it does not explicitly depend on
temperature effects. Work on this topic is currently in progress and will also be re-
ported later.
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