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Changes of the work function due to adsorption of alkali atoms by a high-work-function sub-
strate are studied using a very simple ("jellium") model of the metallic substrate-adsorbate
system. A self-consistent quantum-mechanical analysis of the model leads to a work-func-
tion-vs-coverage curve with a minimum at a coverage below that of a single full adsorbed
layer, and a maximum at completion of the layer. Good agreement with the results of recent
measurements is obtained for these extremal values; and, though not designed to treat very
low coverages, the model yields an initial dipole moment in satisfactory agreement with ex-
periment. The computed full-layer work function is very nearly equal to that obtained theo-
retically for the corresponding bulk sample. A study of limiting cases provides a framework
for viewing the results of the calculation in a coherent way.

I. INTRODUCTION

As alkali metal atoms are adsorbed onto the sur-
face of a metal such as W or Ni, the measured work
function decreases rapidly from its initially high
value. With continued adsorption, the work function
reaches a minimum, and then rises to approximately
the bulk alkali value with completion of the first full
layer of adsorbate atoms.

Some of the earliest observations of this behavior
were reported by Ives, ' Langmuir and Kingdon, ~

and Becker. ' Since the time of this early work,
there have been many such experimental studies.
One of the chief reasons for this effort stems from

interest in alkali adsorption as a way of enhancing
the electron-emission properties of a surface.
Another is the strong theoretical interest in this
process as one of the simplest examples of chemi-
sorption.

The first explanation for these observed changes
of work function appears to be due to Langmuir.
His picture is as follows: When the alkali atoms
are adsorbed, they lose their valence electrons to
the substrate. (This loss was ascribed to the fact
that the adatom ionization potential is less than the
substrate work function. ) The resulting positive
ions induce images in the substrate, producing di-
poles which lower the work function by an amount
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proportional to pR, with p the magnitude of the di-
pole moment per adatom, and N the number of
adatoms per unit area. Each dipole, however, is
depolarized by the electric field due to all the
others: The greater the coverage (1V), the greater
the depolarization. The minimum in the work-func-
tion —vs —coverage curve occurs when the relative
decrease in dipole moment per adatom (dp/p) bal-
ances the relative increase in the number of dipoles
(dN/A) Th.is picture, while conceptually useful,
is not satisfactory in a detailed way. The alkali
atoms are not completely ionized, the image ap-
proximation breaks down at very short distances,
and it is difficult to assign a polarizability to the
dipole s.

A more quantum-mechanically oriented model
was proposed by Gurney. ' The adsorbed atom is
viewed as having a valence-electron energy level
which lies in the vicinity of the substrate Fermi
energy and which is broadened because of the pres-
ence of the substrate. The degree of ionization,
and hence (for some particular distance of charge
separation) the strength of the dipole moment per
adatom, is determined by the fractional occupation
of this broadened level, which in turn depends upon
the position of the level relative to the Fermi ener-
gy. Increases in coverage cause "depolarization"
by lowering the surface potential, and hence the
level position. As before, changes in p and A lead
to changes in the work function. This model, though
theoretically more satisfying than that introduced
by Langmuir, involves a good deal of complexity
in actual application. It is most useful at very low
coverages, for which adatom-adatom interactions
are small. Even in this regime, however, deter-
mination of the parameters of the adatom-substrate
interaction can be quite difficult.

This picture has been employed by several writ-
ers in recent studies of the chemisorption of a
single alkali atom on a metal surface. Some work
has been done in extending these treatments away
from the single-adatom case, "but there appear to
be no first-principles analyses for other than very
low coverages. '

The present treatment is based on the theory of
the inhomogeneous electron gas, "and uses tech-
niques employed earlier for the study of bare metal
surfaces. The substrate ionic lattice is re-
placed by a semiinfinite uniform positive back-
ground, and the array of adsorbate ions by an ad-
joining uniform positive slab. The electron density
associated with this positive charge configuration
is obtained through a self-consistent wave-mechan-
ical calculation, and from this density the work
function for the model follows immediately. Changes
in coverage are treated as changes in the density
of the adsorbate background slab.

This study r'epresents an approach very different

from that of the quantum-mechanical analyses cited
above, in that it attempts to treat a considerably
simpler model much more exactly. The calcula-
tions give a good quantitative account of recent ex-
perimental data, and the model is seen to provide
a simple framework for understanding, in terms of
limiting cases, the general features of the results.

Il. UNIFORM-BACKGROUND MODELS

A. Bare Surface

Since the model proposed for alkali adsorption is
a simple extension of one employed earlier for the
bare surface, it is most useful to begin our discus-
sion with a summary of the relevant aspects of this
earlier work.

References 16 and 17 considered the problem of
determining the electronic charge distribution in
the surface region of a model of a metal in which
the ionic lattice is replaced by a uniform positive
charge background of density:

x'0sub s

0 ~ x&0 (2 l)

(The reason for the "sub" will become evident
below. ) The electron density n(x) was found by
solving self-consistently a set of one-particle equa-
tions introduced by Kohn and Sham. ' The potential
appearing in these equations is a sum of the elec-
trostatic potential g(x) due to the positive back-
ground and to the electrons, and what may be called
an effective exchange-correlation potential. Just
as in Refs. 16 and 17, all terms in the exchange-
correlation potential involving gradients of the den-
sity were omitted.

In Ref. 18, the work function C was shown, in
general, to be given by

(2. 2)

where p, is the bulk chemical potential of the elec-
trons relative to the mean electrostatic potential in
the metal interior, and ~(It) is the rise in mean elec-
trostatic potential across the metal surface. For
the simple model introduced above, p. is a function
only of n, „b, and 4f is, from Poisson's equation,

&y = y(~) —y(- ~) 47r J„dx=x[n(x) —n, (x)] . (2. 2)

Over roughly the metallic range of densities,
i.e. , the range r,""~' = 2-6 a.u. Iwith —,x(x,""')
-=(n ~)

'
], the 4 computed for this model changes

in a way approximately linear in r,"""', from 3.9
eP Bt y '" '=2 tp Q. 4 eP at y "'=6. 6 Gppd Bgree-
ment is obtained with experimental data on the work
functions of polycrystalline simple metals: the al-
kalis and polyvalent metals such as Al and Mg.
The model in the form described here does not yield
the generally higher work functions found for the
npble and transitipn metals.
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References 17 and 18 go on to consider a more
realistic model of the metal, in which the effect of
each metal ion on the conduction electrons is rep-
resented by an appropriate pseudopotential. This
reintroduction of the ionic lattice into the model
may be viewed as the addition to the Hamiltonian of
a perturbing potential 5v( r ), equal to the difference
between the total yseudopotential (of all the ions)
and the potential due to the uniform positive back-
ground. Since 5v is small (for the simple metals),
first-order perturbation theory can be used to de-
termine the influence of the lattice on the work func-
tion. This permits, in particular, a study of work-
function anisotropy.

In order that 5U(r }have no mean slope at s ~, the
lattice planes are taken to be at x = ——,

' d,„»
--,'d, „»..., where d,„,is the interplanar spacing
(recall that the positive background fills the region
x ~ 0). Accordingly, we may view the uniform-
background model as a smearing out of the ionic
charge in each lattice plane into a uniform slab of
thickness d, „b centered about the plane. This plane-
by-plane replacement of the ions by slabs of posi-
tive charge is extended below to obtain a simple
model for alkali chemisorption.

x(0
0&L(d
x&d (2. 4)

[This implies that, were we to reintroduce the ef-
fects of the ions (by using perturbation theory, for
example), the separation between the first substrate
lattice plane and the layer of adsorbate ions would
be —,(d+d.„b}. ) Since the alkalis are monovalent,

8. Surface with Adsorbed Layer

In our study of alkali adsorption on metals, we
represent the substrate by using the semiinfinite
unifor m-background model described above. To
provide a rough simulation of the fact that most of
the experiments are done on substrates of high work
function (usually transition metals), n, „~ will be
taken at the r,""~' = 2 end of the metallic range
(where 4 = 4 eV). The exact value of the substrate
work function is found to have relatively little in-
fluence on the quantities we wish to consider (see
below), and so the fact that transition-metal work
functions are frequently of the order of 5 rather
than 4 eV is disregarded in our analysis.

In just the same way that we replaced the planes
of ions in the bare-surface model by charge slabs,
we here replace the ionic charge of the adsorbate
layer by a homogeneous positive slab of thickness
d and density n, immediately adjoining the substrate
background (we consider for now single- rather than
multiple-layer coverage). Thus the total positive
background configuration in our adsorption model is

nd =N, (2. 5)

C. Computations

For each of four choices of d (d«, d„„d„,dc,),
a range of n values between zero and n& was con-
sidered. The electron density distribution n(x) was
computed self-consistently for each pg, and from
this, the corresponding 4 was calculated as de-
scribed above. In this way, curves of C vs n were
obtained for these several values of d. The behav-
ior of 4 at other intermediate d values can be found
by interpolation.

Figure I shows n(x) for the case d =d„, and

with N the number of alkali atoms per unit area.
Changes in coverage N can be represented by
changes in either n or d (or both). We will make
the extremely simple choice of taking d to have some
some fixed value for each alkali (which is equiva-
lent to neglecting variations in the substrate-adsor-
bate ionic separation), and will change only n.

Experimentally, it is found that a second layer of
alkali atoms begins to form when N reaches a value
roughly equal to N&, the number of atoms per unit
area in the most densely packed lattice planes of a
bulk samyle of alkali A(A= Li, Na, etc. ).~ This
suggests that a reasonable choice for d might then
be the bulk value of the spacing of these planes
(implying that s for a full layer would be roughly
the same as in the bulk }. This choice will be re-
garded as a convenient starting point for discus-
sion; its adequacy will be examined in Sec. III.
These particular d values will be denoted d„'; and
the mean electron density (or mean ionic charge
density) for the bulk alkali will be denoted n~.

To find the work function for our substrate-ad-
sorbate model, we proceed in exactly the same way
that we did for the bare surface. We begin with the
positive charge configuration given in Eq. (2. 4),
add enough electrons to produce charge neutrality,
and calculate self -consistently the density distribu-
tion n(x) of these electrons. The only computational
difference occurs in the form of the electrostatic
potential Q(x) that enters the one-particle equations,
since n, (x} now has a somewhat different form (this,
however, is a trivial difference). Once we know

n(x), we find 4 by using Eq. (2. 2) ( p, is the same
as before).

It is clear that our model is not designed to treat
the case of very low coverages: The replacement
of an array of adsorbate ions by a continuous posi-
tive charge distribution is a more severe approxi-
mation the sparser the ionic array. In this sense
the model is complementary to that of Refs. 5-11.
There are, however, reasons why we should still
obtain reasonable results even at low coverages for
the work-function change due to adsorption (see the
Appendix}.
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FIG. 1. Self-consistent electron density distributions
~Q) for bare-substrate model (y~+" =2) and for model of
substrate with a full layer of adsorbed Na atoms.

n=nN„as well as for the case of the bare substrate
(r,""'=2). Figure 2 gives 4 curves for d=d„, and

d=dc, . The abscissa in this figure is not n but the
more physically meaningful quantity N

The most important fact about the curves in Fig.
2 is that they do indeed exhibit a minimum. In
addition, they illustrate the experimentally observed
trend along the series Li, Na, K, Cs (no recent
data were found for Rb) of a decrease in both the
minimum work-function value (4 „)and coverage
at which the minimum occurs (N „). Theoretical
reasons for this trend and for the existence of the
minimum are discussed in Sec. IV.

Before proceeding to a comparison of our results
with those of experiment, it is convenient to con-
sider what would happen if the adsorbate positive
background slab in our model were to be displaced
away from the substrate background, that is, if the
n.(x) of Eq. (2. 4) were to be replaced by

+sub y

n, (x) =

0

x~0
0&x&&

4 &x~d+ &

x&d+4 (2. 6)

with 4 &0. It is useful, for purposes of discussion,
to focus on a specific case. If we translate an ad-
sorbate slab of thickness d„, so that its center lies
at the same position as the center of an untranslated
slab of thickness dc, [i.e. , if we take &=-,(dc, -d„,)j,
then will the results for 4(N) resemble most closely
those of Na or those of Cs? This question can be
answered simply by recalling that a slab of positive
charge in our model represents a sheet of ions (with
appropriate pseudopotential cancellation) at its cen-
ter. ~ We expect therefore that the 4p(N) curve for
the case posed here will be most like that for Cs,
which is seen in fact to be the case (dashed curve

FIG. 2. Calculated 4(V) curves for Na and Cs adsorp-
tion. Cs curve terminates at Nz, (NN~ is off scale).
Dashed curve is explained in text. Values of Nmfg indi-
cated here are substantially smaller than those deter-
mined for adsorption on a substrate such as W(110),
whose C~b is much larger than that of the model. The
values of quantities such as 4m~, by contrast, are rela-
tively independent of C~b (see text).

TABLE I. Experimental data for Cs adsorption illus-
trating the fact that 4~~ is not strongly dependent on

4,„& (see text). Measurements on polycrystalline sub-
strates are by Swanson and Strayer (Ref. 31); those on
single-crystal faces of W are by Gavrilyuk, Naumovets,
and Fedorus (Ref. 32).

Substrate

Mo (polycrystalline)
W (polyc rys talline)
Re (polycrystalline)
Ni (polycrystalline)

W(111)
W(100)
W (112)
w0.1o)

4 „I,
(eV)

4. 20
4. 52
4. 85
5. 00

4. 4
4.55
4. 8
5.4

1.54 +0.05
1.52 +0.05
1.45 +0.05
1.37+0.05

1.5
1.35
1.55
1.5

in Fig. 2).

III. COMPARISON BETWEEN THEORY AND EXPERIMENT

A. General Remarks

In drawing comparisons between theory and ex-
periment, we will use only data for adsorption on
the most densely packed crystal face of the sub-
strate, since this face presents to the adsorbate an
electron density most like that of our simple model,
with its absence of variation parallel to the sur-
face. Since the work function of our substrate is
fixed at 3.9 eV, while most experiments employ
substrates with work functions close to 5 eV, we
shall not compare 4(N) curves directly. [The com-
parison of curves of 4(N) —4(0) is not useful either,
as will be seen presently. ] Instead, we shall com-
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pare only those features of the curves which are
found to be relatively independent of 4,„,-=4(0):
These arethe values of 4 „, 4 (0) = d4-/dN at N=0,
and C for a single full layer of adsorbed atoms.
Theoretical evidence suggesting this independence
is given in Sec. IV. Clear experimental evidence,
on the other hand, appears to be available just for
4 „lthe experimental study of 4 '(0) and of 4 for a
full layer involves certain problems which are dis-
cussed below].

Some of the data showing that 4 „is only weakly
dependent on 4 b are given in Table I. The upper
half of the table gives C „as measured by Swanson
and Strayer for Cs adsorption on polycrystalline
Mo, W, Re, and Ni (single-crystal data for all
of these substrates were not available). While the
work functions of the substrates cover a range of
0.8 eV, the corresponding 4 „values exhibit a
spread of only 0. 17 eV.

Since Cs is the largest alkali atom, it should be
least sensitive to variations in the packing density
among the different substrate crystal faces (par-
ticularly away from the very low coverages at which
the adatoms are most strongly ionized). It is partly
for this reason that our use here of polycrystalline
data is justified. By the same token, we should
also be able to consider data for Cs adsorption on
different crystal faces of the same substrate (these
faces have different work functions). The lower
half of Table I gives results of Gavrilyuk, Naumo-
vets, and Fedorus'~for faces of W whose work func-
tions are spread over a 1-eV range. The 4
values are seen to differ by at most 0. 2 eV.

We observe at this point that there is no evidence
for considering N „to be independent of 4,„~; in
fact both theory and experiment suggest the con-
trary. Hence we note that only the N „values ob-
tained theoretically (cf. Fig. 2) are of the same or-
der of magnitude as those determined experimentally
(see, e.g. , Ref. 27).

B. Work-Function Minimum

From each of the calculated curves of 4 (N) (two
of which were shown in Fig. 2), we obtain a value
of 4 „. Since each curve corresponds to a partic-
ular choice of d, we obtain values for the function
4 „(d) in this way. These are plotted in Fig. 2,
with the points joined by a smooth curve. RIecent
experimental 4 „values '~' @ ~ for each alkali
A are put on the graph at d=d&. The agreement be-
tween theory and experiment is good, both in the
trend from alkali to alkali (i.e. , in slope on the
graph), and in absolute value. This suggests that
our procedure for choosing d for each adsorbate
is reasonable. Also, we see that the degree of de-
pendence of our model calculations on d is just what
might be expected on the basis of the experimental
data. Note that we have only to shift the experi-

mental points horizontally on the graph to consider
other choices for d.

Li Na
li

K Rb Cs

THEORY
o FEHRS and STICKNEY [Ta(IIO)]
o OVCHINNIKOV ond TSAREV [W(IIO)]
& SWANSON ond STRAYER [W(l IO)]
p' GAVRILYUK and MEDVEDEV [W(IIO)]

0 KLIMENKO and MEDVEDEV [W(l IO)]
~ GORBATYI, RESHETNIKOVA, ond SULTANOV [W(IIO)]
~ OVCHINNIKOV [W(IIO)]
~ SCHMIDT and GOMER [W(IIO)]
L FEDORUS and NAUMOVETS [W(l lo)]
~ SIDORSKI, PELLY, and GOMER [W(l IO)]

+ GERLACH and RHODIN [Ni(l II)]
I

MEDVEDEV, NAUMOVETS, and FEDORUS [W(I IO)]
~ GAVRILYUK, NAUMOVETS, and FEDORUS [W(l IO)]

I

5 6 7 8
d (ATOMIC UNITS)

FIG. 3. Comparison between theoretical results and
recent experimental data (Hefs. 7, 27, 31, 32, 34-42) for
Cm(m. The way in which the data were placed along the
d axis is described in the text. The experimental sub-
strates are specified in brackets; the text presents argu-
ments for the relative unimportance of substrate choice
to the value of 4mfn (considering, however, that the sub-
strate is the most densely packed face of a high-work-
function metal).

C. Initial Slope of Work-Function-vs-Coverage Curve

An often-cited experimental quantity is the slope
of the 4 (N) curve at zero coverage. The experi-
mental determination of 4'(0) requires, of course,
measurements of N on an absolute scale, and as a
result, there are fewer such determinations than
there are of 4 „. In the form 4'(0)/4w, this quan-
tity is frequently called the zero-coverage (or ini-
tial) dipole moment ' (see Sec. IV B). While it
plays no basic theoretical role in the present treat-
ment, the dipole moment is of central importance
in discussions based on I angmuir's classical pic-
ture of alkali adsorption. ' We refer to the Appendix
for a discussion of why our model, intended pri-
marily for use at higher coverages, should still
provide a reasonably satisfactory account of this
quantity.

A curve of —4 (0)/4v vs d was derived from the
calculated 4 (N) results in the same way that a plot
of 4 „(d) was obtained above. This curve (whose
linearity is discussed in Sec. IVC), and the experi-
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II I IA

K Rb Cs ~sub s

n.(x) =
8
0

x~0
0&x~ d
d &x'2d
x & 2d

Cl

O

O

e

I0

a FEHRS and STICIOKY [Ta(IIO)]
& FEHRS and MACKRAKIS fRe(OOOI)]
&& KLIMENKO and MEDVEDEV [W(l IO)]
& LEE fW(IIO)]
+ GERLACH and RHODIN [Ni (I I I)]
~ SCHMIDT and GOMER [W(I IO)]

I I I

6 7 8
d (ATOMIC UNITS)

FIG. 4. Comparison between theoretical results and
recent experimental data (Refs. 7, 27, 41, 44-47) for
the zero-coverage dipole moment. Though the adsorption
model is not designed for low coverages, it still yields
reasonable values for this quantity (Appendix). See addi-
tional notes in caption of Fig. 3.

D. Behavior of 4(N) at Completion of a Full Layer of Adatoms

So far there is no imposed limit on the density of
the adsorbate positive background in our model: n
in Eq. (2.4), and hence N, can take on any nonnega-
tive value. Experimentally, as stated earlier, there
is such a limit: When N reaches a certain value, a
second layer of alkali atoms begins to form. We
assume for the moment that second-layer formation
does not commence until the first layer is full.
Again as stated before, full first-layer coverage is
found (for adsorption on the most densely packed
substrate face) to be roughly equal to N„, and it will
be convenient, for purposes of discussion, to con-
sider that it is exactly equal to N&.

To study second-layer formulation theoretica, lly,
we replace the n, (x) of Eq. (2. 4) by

mental data'~ +'~'7 on 4 (0), are presented in
Fig. 4 in just the same way that the results of theo-
ry and experiment were given in Fig. 3. Data for
Cs adsorption on li'(110) obtained using the field-
emission method by Swanson and Strayer, 'Sidorski,
Pelly, and Goner, and Gavrilyuk, Naumovets,
and Fedorus, have been omitted from the figure
because of problems related to determination of
N (and of 4.„,) which at present appear not fully to
be resolved. " (These data have values considerably
higher than the others shown for Cs in the figure. )

The degree of agreement between theory and ex-
periment is difficult to assess, because of the lack
of sufficient data, but it appears to be satisfactory.
Note that the best agreement occurs for the case in
which the experimental values agree most closely
among themselves (Na adsorption).

and impose a limit of n~ on n (which is reached
when N=N„) We compute n(x), and hence C, just
as before. Equation (2. 5) for N remains unchanged
in the range 0 N~N&, but for N„&N & 2N» we set
N=Ng+n d (d=dg).

The derivative C (N) now will be, in general, dis-
continuous at N =N„. This behavior is shown by the
e(N) curve computed for Na adsorption (i.e. , for
d=d„, ) in Fig. 5. A local maximum is seen to oc-
cur at ¹NA, we denote the maximum value by
4 „. Experimenta, lly, of course, this sharp struc-
ture may be expected to wash out if substantial sec-
ond-layer formation occurs while the first layer
is being completed. This appears often to be the
case, but there are a small number of reported
C -vs-coverage curves that do show such a distinct
maximum. ' ' An example of such a curve is
shown in the inset in Fig. 5. In drawing a compari-
son between measured and calculated 4 „values,
we use measured values only from cases such as
this. (Note that for the present purposes, an inde-
pendent experimental determination of the coverage
at which the first layer of adatoms is full is not re-
quired. )

To make a graphical comparison, similar to that

4 l

Na

) 2

4

Se3
2L

Nazw (Ilo)
V

0

0
I I I I

2 4 6 8
N (UNITS OF IO ATOMS/cm )

FIG. 5. Computed 4(N) curve for Na adsorption,
showing the maximum occurring at the commencement of
second-layer formation. The inset shows an experimental
curve (Ref. 34) exhibiting such a maximum. The abscissa
of this curve is time of exposure t of the W(110) substrate
to a flux of Na atoms: The coverage N is presumably a
monotonically increasing though not linear function of t.
[As explained in the text, no attempt was made to employ
a model substrate whose work function would be as high
as those of the substrates frequently used in the experi-
ments (see caption of Fig. 2 for the effect of this on
&m&n) j
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of Figs. 3 and 4, we note first that N& is simply
related to d„[N„=I/( &2d„') if we take the alkalis
to have a bcc structure]. Thus the calculated C

[i.e. , 4 (N„)j is in fact a function only of d„. We
could, therefore, graph C „vs d just as we graphed
4 „vs d and 4 (0) vs d earlier, placing experi-
mental and theoretical points at d =d„and connecting
the theoretical points with a smooth curve. It will,
however, prove more convenient to use, insteadof d&,
a quantity r,'"', which is proportional to d& and is
defined by the relation S. v(r,'"') = nz' T. hus in Fig.
6 we label the abscissa r„place calculated and
measured 4 ~, points at the appropriate r, = ~,'"',
aad join the calculated points by a curve.

The experimental results fall close to this curve.
No point is shown for Cs, because none of the mea-
sured curves for Cs adsorption exhibit a distinct
maximum. (Neither is there a point for Rb, be-
cause as noted before, no recent measurements
were found for this metal. ) Experimental values
for cases in which the maximum is largely washed
out generally fall further below the curve.

It is often stated that the work function of a sub-
strate with one full layer of an alkali A is equal to
the work function of a bulk sample of A. This this
is very nearly true theoretically may be seen by
comparing the solid and dashed curves in Fig. 6.
The latter gives 4 vs r, for the semiinfinite posi-
tive-background model discussed in Sec. IIA (taking
the reciprocal of the background density to be xvr', ).
The two curves are seen to differ by no more than
0.05 eV. "

nsub

pi 0
DISTANCE

FIG. 7. Schematic rep-
resentation of n(g) when
n and d are sufficiently
large for the substrate-
adsorbate system to act
like a bimetallic junction.

IV. GENERAL COMMENTS AND LIMITING CASES

In this section we examine several limiting cases
of our model, with a view toward elucidating some
of the major features of the results. It will be of
particular interest to study, in this way, the ques-
tion of why in fact there is a minimum in the work-
function-vs -coverage curve. For these purposes,
it is useful to again allow n in the model to assume
any nonnegative value, without formation of a sec-
ond adsorbed layer. Also, in the first part of the
discussion, it is convenient to think of 4 as a func-
tion of n rather than of N as before.

We note immediately that for any value of d, 4

will equal C,„b when n=0 and again when n=n, „b.
Thus we can demonstrate the presence of a mini-
mum in the C -vs-n curve either by showing that
d4/dn, &0 at n = 0 or that dC /dn & 0 at n = n, „b. It is
quite another matter to show, in general, that the
minimum occurs for n &n~, when d = d& —we simply
cite the fact that this occurrence was demonstrated
above by actual computation.

In the following discussion, we consider the case
in which d is very large (compared with substrate
screening lengths), and examine how the behavior
of 4 as a function of n associated with this case
persists down to smaller values of d (-dz). For
actual computations, we use the value of n, „b em-
ployed earlier.

—THEORY--—COMPUTED' FOR 8ULK
(SEMI-INFINITE) CRYSTAL

o OVCHINNIKOV and TSAREV [W(I IO)]

MEDVEDEV, NAUMOVETS, and
FEDORUS [W(l IO)]

~ OVCHINNIKOV [W(IIO)]

0 I I

4 5
rs (ATOMIC UNITS)

FIG. 6. Comparison between theoretical results (solid
line) and recent experimental data (Refs. 34, 38, 42) for
4~. The way in which the data were placed along the
rl axis is described in the text. Since 4~x in the model
is equal. to the full layer 4, the assertion that the latter
is approximately equal to the work function of a corre-
sponding bulk sample may be verified theoretically by
including the curve (dashed line) of 4 vs r~ for the semi-
infinite-background model of a bulk metal.

A. Substrate-Adsorbate System Viewed as Bimetallic Junction

W'e examine here the behavior of 4 as n is low-
ered from &gab. For n not too much smaller than
n,„b, our model is simply the model of a bimetallic
junction, depicted schematically in Fig. 7, with a
semiinfinite left-hand member and a finite- (though
large-) thickness right-hand member. + 4 is then
the work function associated with a bulk sample
(or, more precisely, with the semiinfinite-back-
ground model of such a sample) of mean electron
density n-the presence of the left-hand member
has no effect on C. Since the work function of a
bulk metal decreases as its mean electron density
is lowered, we see immediately that dC /dn &0 at
n= n, „b, and hence that there must be a minimum in
the 4 -vs-n curve.

It is useful at this point to discuss briefly the way
in which Eq. (2. 2) applies to this bimetallic sys-
tem. We may define p. values separately for each
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of the two members of the junction: p,
"" and

The mean p, for the system as a whole is
p, "~", since the left member is semiinfinite; and
so Eq. (2. 2) may be written 4 = —p,

"""+nP. We
can identify two distinct electrostatic double layers
(cf. Fig. 7) that give rise to the potential differ-
ence 4P: one at the metal-metal interface, con-
tributing 4(I) „and the other at the metal-vacuum
interface, contributing 4/2. The first layer simply
makes the total chemical potentials in the two mem-
bers equal, implying that &/& = p, ",""—p,

'"'"".
Hence,

B. Analogy with Langmuir Model

Let the symbol 5 here indicate changes with re-
spect to the bare-substrate case. Then we may
write [using Eqs. (2. 2) and (2. 3)]

54 =4maN,

with

(4. 1)

is understandable if we consider the fact that the
region of the minimum borders on the density range
in which the adsorbate behaves, with regard to 4,
like a bulk sample.

a =N ' f„dxx[()n(x) —6n, (x)] . (4. 2)

which exhibits 4 as the work function of a bulk sam-
ple having a mean electron density equal to that of
the right-hand member.

We label by X& the distance the first double layer
extends into the right-hand positive background, and
by Xz the distance the second layer extends into the
background (see Fig. 7). Note that h&-X2=0(n ")
(recall that atomic units are used), where roughly

~ + y 5 —,
' (the Thomas-Fermi length is proportional

to n '; the Fermi wavelength is proportional to
n '~'}. We assume n to be small enough so that A,

is large relative to any lengths associated with the
left-hand member.

It seems evident that as we decrease n through
the region defined by d= 0(X, +X&), i.e. , the region
n= O(d ~"), that the right-hand member of the junc-
tion will cease, with regard to the work function, to
behave like a bulk sample. ' 4, then, need no lon-
ger decrease monotonically with z. In particular, it
becomes possible for the minimum to appear. Since
d is large, 4 for the system will exhibit bulk work-
function values associated with the density z until n
is very small, implying that these 4 values, and
hence, a fortiori, 4 „, will themselves be quite
small. For g-0, 4 must, of course, return to
4,„b.

We show schematically the expected behavior of
the 4 -vs-n curve for large d in Fig. 8. The ascend
ing part of the curve (past the minimum region) is
simply the bulk work function appropriate to a sam-
ple of mean electron density n. The way in which
this behavior persists for smaller values of d is
illustrated by including the Na and Cs curves of
Fig. 2, here with n instead of N as the abscissa.
Also included is the trivial curve for the opposite
limiting case of d =0.

The above discussion provides a framework for
understanding several important features of the ex-
perimental and theoretical 4 (N) curves for alkali
adsorption. The first is the fact that there is indeed
a minimum. The second is the decrease of 4 „
along the series Li, Na, K, Rb, Cs, i.e. , with in-
creasing d in our model (see Fig. 8). The third
is that 4 „is not strongly dependent on 4,„b—this

Clearly a is the separation of the centers of gravity
of 5n(x) and 5n, (x). [The function 5n.(x) is, of
course, simply the adsorbate background density,
with center of gravity at x=-,'d for coverages below
a full layer (recall that the boundary of the substrate
background is at x=0}.) The quantity g functions
very much in the present analysis as the dipole mo-
ment P did in the Langmuir picture. Note that the
zero-coverage limit of a [a(0)] is just the expression

(0)/4w which was discussed in Sec. III C.
Figure 9 shows 5n(x) for the ca,se d=dc, studied

above, both for small p7 and for g = gc, . Figure 10
shows the a(N) associated with this case, over the
range 0 N Nc, . Note that when n=n, „b, a must
be zero (this occurs far off scale to the right in
Fig. 10).

In terms of Eq. (4. 1), the minimum in 4 (N) oc-
curs when

I.0
cI = 0

e
e 0.5

0
0. }

SU

0.2

FIG. 8. This figure shows the way in which the model
4-vs-z curve depends upon d (second-layer formation
excluded). Values of 4 for Na and Cs adsorption were
computed only up to & =@~. To the right of the general
region of its minimum, the large-d curve is just a plot
of work function vs background density for the semi-infinite-
background model of a bulk sample (see text). All curves
must meet at 4 =4,„b when n=n, „b. Note the way in which
the curves for alkali adsorption represent cases inter-
mediate between those of large d and d =0; note in particu-
lar the decrease of Cm& with an increa. se in d.
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d =dc,

MALL n (0.05 nc, )
= "Cs

ADSORBATE
POSITIVE

!

BACKGROUND
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IO

dN da—+ —=0
a

that is, when the relative increase in the number of
adsorbed atoms (dN/N) is offset by the decrease in
the relative degree of electronic charge transfer
away from the adsorbate positive charge (da/a).

C. Substrate-Adsorbate System Viewed as a Metal in Presence of
Applied Electric Field

In this section we study the behavior of 4 as n is
raised from zero. We begin by imagining that the
adsorbate positive background has been displaced a
distance 4 to the right of the substrate background
[i.e. , we take n.(x) to have the form given in Eq.
(2. 6)). We take 6 to be large compared with sub-
strate screening lengths. For this case, with n
sufficiently small, it may easily be verified that it
is energetically more favorable for the electrons
to be in the vicinity of the substrate rather than the
adsorbate background slab. This slab, then, acts
simply as the source of a uniform electric field that
perturbs the substrate. The field has a magnitude
8 = 4mnd, and is, of course, directed along the x
axis. We will denote by xo the center of gravity of
the charge distribution induced in the substrate by
this fieM, in the $-0 limit.

Graphs of such charge distributions are shown
(for small 8) in Fig. 3 of Ref. 18. The distribu-
tions are localized within a few atomic units of the
substrate background boundary. Relative to this
boundary, xo=+ 1.5 atomic units for our choice of
n, „b (changing n, „b within the metallic density range,
however, does not change xo very much).

We now reduce 4 to zero. Because d has been
taken to be large, most of the adsorbate background

FIG. 9. Graphs of pn(x) for small and full layer z
(Cs adsorption model). The small z gee) is nearly identi-
cal in shape to the change which would be induced in the
bare-substrate electron density by a weak uniform elec-
tric field normal to the surface. As n increases, the
center of gravity of pg(z) moves toward the right (and
reaches the center of the adsorbate background when n

=n, „b, excluding second-layer formation).

a(0) = x, ——,
' d . (4. 3)

This equation has several implications of interest
to us. First (since d is large) it is immediately
clear that a(0) & 0, implying that 4 '(0) (and hence
d4/dn at n = 0) is negative; this in turn means that
there is necessarily a minimum in the C -vs-n
curve. Second, 4'(0) varies linearly with d for
large d; Fig. 4 shows that this linear variation
persists into the d-d& range. " Third, since it is
found that xo is not strongly dependent on n, „b,

'
4 (0) will not vary substantially with 4,„b (for large
d). A sample calculation (with d = d„g in which n, „q
was changed indicates that this behavior too persists
for d-d&. The degree to which the experimen-
tal data given in Fig. 4 shows an independence of
4 '(0) from 4,„,is difficult to assess, since the num-
ber of measurements on different substrates is so
small.

As n increases past very small values, the elec-
tric field to which we have been comparing the ef-
fect of the adsorbate background grows so large
that the response of the substrate to it becomes
strongly nonlinear. This corresponds to a substan-
tial shift in the induced-charge center of gravity
(cf. Fig. 10), and to the onset of the region in
which the work-function minimum occurs.

ACKNOWLEDGMENTS

It is a pleasure to thank M. C. Gutzwiller and

Eh+ 2z
0
0

I

0
l

0
O I 2 3 4

N (UNITS OF IO'" ATOMS/cm2)
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still lies well away from the substrate. Thus we
expect that this background will continue, to a good
approximation, just to act as the source of a field,
and that 6n(x) will resemble a field-induced charge
distribution. Figure 9 (as noted before) shows 6n(x)
at low n for the case d=d&, . Even though this d
value is not particularly large, a comparison of this
distribution with that induced in the bare substrate
by a weak fieM shows the two to be nearly identi-
cal.

We expect, therefore, for large d and for suffi-
ciently small n, that

N ' f dxx 6 (x) =x, .
This implies that we can write the zero-coverage
dipole moment, using Eq. (4. 2), as
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T. N. Rhodin for a number of helpful discussions.

APPENDIX: IMPORTANCE OF DISCRETE CHARACTER OF
ADSORBATE IONIC CHARGE

In this Appendix, we consider briefly how severe
an approximation it is to replace the array of ad-
sorbate ions by a homogeneous positive background.
Let 5nq(r ) be the difference between the self-con-
sistent electron density in the presence of the ad-
sorbed atoms and the self-consistent density in
their absence. The distribution 5n&(r ) will, of

course, be localized in regions of the surface near
the ions. If we smear out the ionic charge parallel
to the surface, then 5nq(r) will be smeared out into
a distribution 6n2(x) We.may think of adsorption,
therefore, simply as the addition to the bare sub-
strate of a charge configuration consisting, in one

case, of an electron distribution of density 5nq( r )

plus the array of ions, and, in the other (model)
case, of a distribution 5n2(x) plus the smeared-out
background. We refer to the first configuration as
localized, and to the second as extended.

We note at this point that the only property of the
added charge configurations that affects 4 is their
dipole moment per unit area, or, for fixed cover-
age, the separation in centers of gravity of (added)
negative and positive charge (cf. proof in Sec. II
of Ref. 18). If these separations are the same for
the two configurations, then the associated work-
function changes will be the same. The localized and
extended configurations will have very different en-
ergies (per adatom), however, particularly for low
coverages, and as a result, our model does not ac-
count properly for low-coverage heats of adsorp-
tion.

Since we replace the ionic charge by a positive
charge distribution that has its center of gravity at
the ion position, it is clear that to see whether this

replacement affects 4, all we need to consider is
the question of whether the centers of gravity of
6nq(r ) and 5nz(x) are the same. I'or purposes of
further discussion, we examine the simplified case
of point positive charges that are smeared out into
a sheet (parallel to the surface), instead of the
more complex case of ions, with their associated
pseudopotentials, that are smeared into a slab. "
For convenience, we also confine ourselves to
speaking of the case of a single atom adsorbed on
the surface (extreme low-coverage limit).

The point-charge density distribution may be
Fourier-analyzed in directions parallel to the sur-
face (we denote the associated transform variable
by Q), leading to the view of this distribution as a
superposition of charge sheets whose densities vary
in the plane of the sheet as e'u' [R—= (y, z)]. Sim-
ilarly, the distribution 5n~(r) may be Fourier-ana-
lyzed along R. Note that it is only the /=0 com-
ponent of 5n& that affects its center of gravity.

If the point charge represents a small enough
perturbation on the bare substrate (in particular if
it is far enough away), then the various Q compo-
nents of the response will be decoupled from one
another (linear response). The Q=O component of
5~~(r) will represent the response only to the Q= 0
component of the point charge, but since the latter
is just the uniformly smeared-out sheet we intro-
duced above, it is clear that in this case the centers
of gravity of 5nq(r) and 5n2(x) will be the same.

The question of the degree to which the substrate,
in fact, responds linearly to a unit point charge at
a given distance is very difficult to answer with any
accuracy. No quantum-mechanical study of the non-
linear response properties of a metal surface is
now available. We note only that the linear-re-
sponse approximation in studying an ion near a sur-
face is in common use, ' and that the average d„ is
larger than substrate screening lengths.
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