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This is a review of researches on the calculation of the electronic characteristics of a free or perturbed
metal surface; these include the electron density, the potential, the spectrum of surface states, the work
function, the surface energy, response of the surface to an electric field, the chemisorption of atoms, and
the adhesion of two metals. Preference is given to papers that employ the theory of the ground state of
an inhomogeneous electron gas, the “density-functional method.” The various approximations to the
density-functional used in the calculations, and the various models of the lattice (“jelly”,
pseudopotential), are analyzed as to their applicability. Various sorts of experimental data are discussed
on the basis of the theoretical results.
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over long times atomically pure perfect surfaces; 3)

During the last thirty years research on surfaces of the construction of various theoretical models and
solids has advanced rapidly. The main features of the methods for quantitative interpretation of the experi-

“surface boom” have been repeatedly pointed out in the

literature and can be summarized as follows: 1) crea- of technological applications of surface research

possible new methods for producing and for preserving

mental data; 4) the remarkable spread and realization

tion and development of experimental methods for (catalysis, solid state microelectronics using thin-
obtaining various kinds of information about the film techniques, and many others). Owing to the
properties of a thin (~5 A) surface layer; 2) the de- combined effects of these developments, the physies of
velopment of ultrahigh-vacuum techniques, making surfaces is being transformed before our eyes from
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“an art into a quantitative science,” and the gap be-
tween it and the traditional “bulk” branches of physics
is being narrowed. At least two specific causes for the
prolonged existence of this gas in the electron theory
of metals can be indicated. First, the sharp nonuni-
formity of the surface layer. In the interior, the dis-
crete nature of the lattice leads to a rather smooth
modulation of the density of conduction electrons,
whereas near the surface the density falls from the bulk
value to zero in distances of the order of atomic di~
mensions. Second, in surface calculations self-con-
sistence with respect to the electrostatic potential is
much more important. Without it we cannot correctly
determine the nature of the drop in the electron den-
sity, and thus of the parameters of the double layer of
charge; it is necessary for the determination of the
equilibrium geometry of the surface and in the analysis
of the interaction of the metal with the surrounding
medium. Any disturbing agent (atom, molecule, or
other entity) “adapts itself” to the metal and deforms
the electron density near the surface (changes its
“environment”). Therefore the use of model (fixed)
potentials often leads to error,

It can be understood from these remarks that the
state of the theory of a metal surface depends to a
large extent on the level of development of the theory
of strongly inhomogeneous electronic systems. Re-
markable progress in this direction has been achieved
rather recently through the creation, in papers by
Hohenberg, Kohn, and Sham,*3 of a self-consistent
theory of the ground state of an inhomogeneous elec-
tron gas, the “density-functional method” (DFM). The
purpose of the present review is to acquaint the reader
with the applications of the DFM to research on metal
surfaces, where they have been extremely fruitful,

By providing a unified approach to the quantitative
analysis of various processes and phenomena (see
Sections III, IV) this method has essentially determined
both the present state of the theory of metal surfaces
and the most promising directions for its future devel-
opment. Section II gives a brief introduction to the
theory of the method. A more complete exposition

can be found in an earlier review.* Various aspects

of related questions are considered in other reviews.5™°

Where no statement is made to the contrary, we shall
use an atomic system of units: e=m, == 1. The unit
of length is the Bohr radius az =0.529 A, and the unit
of energy is 27.2 eV.

Il. SELF-CONSISTENT THEORY OF AN
INHOMOGENEOUS ELECTRON GAS (IEG)
(DENSITY-FUNCTIONAL METHOD)

1. Description of the ground state of an inhomogeneous
electron gas in terms of the electron density (general
formalism)

a) The Hohenberg-Kohn theorem

Hohenberg and Kohn (H-K)? considered an electron
gas in a nonuniform electric field with the potential

D¢ is the charge of the electron; m, is its mass.
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v(r). The Hamiltonian of the system is of the form

H=T4+V+0U, (1.1)

where T, V, and U are respectively the kinetic energy
of the electrons, their Coulomb interaction with each
other, and their interaction with the external field.
Let | ¥) be the ground state vector of the system of
particles in the given field, and let n(r) be the corre-
sponding electron density, which satisfies the
condition

S n(r)(dry=N.

For simplicity it is assumed that the ground state is
nondegenerate. Obviously n(r) is uniquely determined
by the choice of the external potential v(r). H-K
showed that the converse is also true; v(r) is a single-
valued functional of the density (up to an additive con-
stant). This result is the starting point for the con-
struction of the density-functional method (DFM). It
follows that | ¥) is also a single-valued functional of
n(r) since by the Schridinger equation | ¢) is uniquely
determined by the choice of v(r). Therefore averages
calculated with the function I\It), for example the
kinetic energy and the interaction energy, are single-
valued functionals of the density.

(1.2)

Then according to the well-known variational prin~
ciple for the energy of the ground state (cf., e.g.,
Sec. 20 in Ref. 10) we have the following theorem (the
H-K theorem): There exists a universal functional of
the density, G[r(r)], such that the density correspond-
ing to any external potential v(r) must minimize the
energy functional

E.[n]l= — S v (r) n () (dr) ++ S 5 20860 gy (@r)4+-6in] (1.3)

Je—r'|

subject to the subsidiary condition (1.2). The functional
G[n] is defined by the relation

G[n]:(‘{-’|T+VPP)—%55i(—r)—"—(r’—)(dr)(dr’). (1.4)

jr—r'|
Introducing a Lagrange multiplier 4, we can write the
condition for the extremum which follows from the
H-K theorem in the form

81E, [n]—p 5 7 (r) (dr)] = 0. (1.5)
From this we have
pm SEolnl (1.6)

For N>1, pu is identical with the chemical potential
of the system. Let ¢(r) be the total electrostatic po-
tential energy of an electron (in atomic units it differs
from the potential only in sign)

9 ()= | 2= @ (1.7)

jr—r']
here n,.(r’) is the density of positive charge which pro-
duces the potential v(r). Then by means of Eq. (1.3)
we can write Eq. (1.5) in the form

o(r -, (1.8)
We note that Eq. (1.7) follows from the Poisson equation
Vi (r) = —4n [n (1) — ny (D)), (1.9)
which assures that the Coulomb potential is self-
consistent.
M. B. Partenski} 331



b) The linear-response approximation (L.R.A.)

In some cases it is convenient to represent an exter-
nal perturbation in the form v(r)=v,(r) +v,(r), where
v,(r) is the “unperturbed potential” and v(r) is a small
perturbation. Then, expanding both terms in Eq. (1.8)
in powers of the perturbation, we get in the zeroth
and linear approximations

e+ =k (1.10)
94 )+ | 7 () iy oy (@) = (1.11)

Equations (1.9), (1.10), and (1.11) are the basis of
the linear-response approximation (LRA). This finds
frequent use in the theory of metal surfaces (cf.
Section IV).

2. Approximate expressions for the energy as a
density-functional

Equations (1.8) and (1.9) form a self-consistent sys-
tem, which determines the electron density distribu-
tion in the ground state if the explicit form of the func-
tional G[n] is known. The H-K theorem is essentially
an existence theorem. Unfortunately, it is still not
clear how to obtain the exact forms of the functionals
whose existence is assured by this theorem.? There-
fore in carrying out actual calculations it is necessary
to approximate G[r] with some “lucky” expression.

Hohenberg and Kohn considered two approximations:

1) The first approximation treats the deviations
from an average value # as small: |[#(r)| =|n(r)-7|
«7. Then G|n| can be expanded in powers of #:
elnl =6Mal + [K(ir—F D@ @) @) @) +0@. (2.1)
The first term describes a homogeneous electron gas.
The linear term drops out because of translational
invariance and the normalization condition f #(r)dr)
=0. H-K showed that the Fourier transform of the
kernal K(q) in the second-order term can be expressed
exactly in terms of the static dielectric permittivity
e(q) of a homogeneous electron gas of density #: K(q)
=(2n/q®)[e(@) - 1]"t. An important property of K(q) is
that it has a singularity of the form (q - 2kg) In(q — 2kg)
for q- 2kp because of the existence of a sharp boundary
of the electron distribution in k-space at k=k; (kp is
the Fermi momentum). The presence of the singularity
leads to Friedel oscillations of the charge density which
screens the perturbation acting on the electrons. The
general theory of such oscillations in an inhomogeneous
electron gas is constructed in Ref. 3. They appear, for
example, near a charged impurity in a metal'? and
near the surface of a metal (see subsection 5).

D An interesting extension of the H—K theorem by Epstein and
Rosentall! applies to the “ground state” of an I-rowed Hermi-
tian matrix. With the examples !=2 and /=3 they showed that
in some cases one can also get from the general theorem a
recipe for constructing the functionals. However, for practi-
cally interesting systems there has so far been no progress
in this direction.
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2) The other approximation considered by H-K is the
case of smoothly varying density: n(r) =¢(r/r,), 7,=;
they carried out a formal expansion of G[] in the
parameter 7;', or, equivalently, in powers of the
operator V acting on n(r). By using the symmetry of
the functional g [r] with G[n]= J&,(n)(dr) and the
ambiguity in its definition®’ we can write the series
in the form

Ginl= [ (@ (g )+ (n VR E) 2+ ... (2.2)

The coefficients g;[n(r)] are ordinary density functions
(not functionals). g,[x], which is the density of non-
electrostatic energy in the homogeneous electron gas,
is often represented in the form

g0 (n) = It (n) + & ("’) + & (n)]m (2.3)

where ¢ and ¢, are respectively the average kinetic
energy and the exchange (Hartree-Fock approximation)
energy per particle:

1.105
HON
1/3 _

be(m) = —0.75 (3 ) 1 = _ 248,

t (n) = 0.3 (3n2n)%° =

(2.4)
(2.5)

here 7 (n) =[(4/3)7n])"*3, For the correlation energy
&, in the region of metal densities the Wigner ap-
proximation (cf. Ref. 13),

0.44
TThRmTiB (2.6)
is often used, and in the high-density approximation
(rs<1) the results of Gell-Mann and Brueckner'? are
applied.

e, (n)=

To determine the other coefficients in Eq. (2.2) H-K
considered the case in which the density is smooth and
also its variations are small. Then the g; can be ex-
pressed in terms of response functions of various
orders. For example, g,=2n(-c, +c2), where the c;
are the coefficients of the expansion of the linear re-
sponse function in powers of g, There are no odd
powers of ¢ in the expansion because the unperturbed
system is isotropic. In the random phase approxima-
tion the result is

g (n) = (12n)7, 2.m

which is identical with the coefficient of the first quan-
tum correction to the kinetic energy of an inhomogen-
eous gas, which was first calculated by Kompaneets
and Pavlovskii'® (see also Ref. 16). The exchange con-
tribution g3 to g, was calculated in the high-density
limit by Sham,'” and the correlation contribution was
calculated by Ma and Brueckner.'® Application of these
results to calculations for atoms showed that they are
essentially insufficient (for example, the exchange
contribution found in Ref, 17 turned out to be too small
by a factor three). An explanation of this difference
was, for example, sought!® in the neglect of the higher
terms in the gradient. However, a later analysis®®?!
showed that strictly speaking no independent contribu-~

$ The functional g,[#)] is the density of nonelectrostatic inter-
action energy of the inhomogeneous gas, defined up to the
divergence of an arbitrary vector functional.
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tion of exchange to the gradient expansion exists.?
Geldart and Rasolt?®® derived an expression for g3°

in terms of the one-particle Green’s function which is
exact to all orders in €. They developed an approx-
imate method by which g ;° can be calculated in the
“intermediate” range of densities (1 v, <86), which is
essential for applications of the theory to metals. The
coefficient g 3°() is put in the form

g5 () = ¢ (r) n~P. (2.8)

The function c(7,) decreases almost linearly with in-
creasing 7, from ¢(1)=~2.5-107% to ¢(6)= 1.6 - 1073,
Calculations of surface energies with the nonlocal
exchange-correlation correction show better agree-
ment with experiment than those made with other
approximations. Papers®'?® in which g} and g}° have
been estimated from empirical considerations may also
be mentioned here.

3. Two realizations of the density-functional method

In calculations of surface properties of metals and in
other applications of the DFM two calculational
schemes are commonly used. One of them involves
perfecting the “statistical description” based on the
Thomas-Fermi method (TFM) and extending the limits
of its applicability.

The second way to realize the DFM involves the
formulation of one-particle Schrédinger equations
whose self-consistent solution is equivalent to the
solution of the variational problem of Eqs. (18), (19).

a) The Thomas-Fermi method and its perfected form

The present state of the statistical theory of mat-
ter based on the TFM and its successive modifica-
tions, and also the application of the corresponding
models to various electron-nuclear systems, have
been examined recently in detail.?® We shall con-
cern ourselves here only with the connection of the
TFM with the DFM. Our exposition is based on the
treatment by Lang.* Substituting Eq. (2.3) in Eq.

(1.8), we get

@ (r)F g (R (r)) =, 3.1)
where gi[n(r)] =dg (n)/@n| nr). If in g (n)we keep only
the kinetic energy (2.4) and substitute (3.1) in Eq.

(1.9), we obtain the well-known Thomas-Fermi
équation®

Vo ()= — 2% [y — g ()17 - hun, (1) (3.2)

Y The nonexistence of a gradient expansion for the exchange
interaction is due to the long-range nature of Coulomb forces,
When we go from the Yukawa potential v(g)= (g +2A%)"! to the
unscreened Coulomb interaction by taking the limit A = 0, in
second order in the interaction parameter ¢® a singularity of
the type In®A appears in g% (Sham erroneously considered only
the linear term). Since the dynamical correlation leads to the
appearance of effective screening (i.e., A=Ay, = 0), it can be
seen that there is nevertheless a gradient expansion for the
sum g¥=g%+ g§. (We note, however, that a static screening
of the Coulomb potential does not give a complete description
of the effect of correlation; cf., e.g., Ref. 22))

% For relevant discussion and bibliography see Ref. 27.
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Inclusion of the exchange term (2.5) in g,(n) leads to
the Thomas-Fermi-Dirac equation, and a further con-
sideration of correlation gives an equation derived by
Gombas.?

Inclusion of the gradient terms after substitution of
Eq. (2.2) in Eq. (1.16) gives

¢+ ar)—g V@I —-28mIveE)+ ... =p

(3.3)
Along with Eq. (1.9), Eq. (3.3) provides an extension
of the Thomas-Fermi equation to the case in which
exchange-correlation and quantum effects in an in-
homogeneous electron gas are taken into account.

b) The perfected Hartree method

Following H-K, we consider a system of N noninteracting
fermions, with mass equal to the electron mass, in a static
field v (r). We denote the wave function of the ground
state of the corresponding Hamiltonian T +V, by ¥ (r),
and the density of particles by n(r).® From the H-K .’
theorem we can easily derive an equation analogous
to Eq. (1.8):

8T,
vy () +- 2Ll

here T,[rn] is the kinetic energy of the system

(Tofn} =¥l T| ¥,)). The chemical potential 1, is
given as before by the condition (1.2). Knowing the
general form of the functional T,[z], we can de-
termine n(r) from Eq. (3.4). But we can also obtain
n(r) in a more traditional way, by solving a system of
N one-particle Schrddinger equations with the potential
v4(r) and determining ¥(r) as the Slater determinant
formed from one-particle functions. Thus Eq. (3.4) is
equivalent to a system of quantum-mechanical equa-
tions. Using this fact, and also the fact that Eqs. (1.8)
and (3.4) are formally identical when in the latter v (r)
is replaced by the effective potential

(3.4)

Veay Iy i = () +2Ezell (3.5)
where
Ey[n]=G(n]—T,[n (3.6)

is the exchange-correlation energy (T,[n] refers to
free fermions with the same density as the interacting
ones), H-K came to the conclusion that the solution of
Egs. (1.8) and (1.9) is equivalent to the self-consistent
solution of the system of N equations

(=5 V2o (e, ) Vi) =¥ (o), 3.7
where
n(r)= i [¥:(n)2 (3.8)
i=1

The realization of the DFM based on Egs. (3.7), (3.8)
and (1.9) is essentially the perfected Hartree method
(PEM).

The main difficulties of this approach are associated
with the choice of E_[rn]. In most papers the local-

n the general case v (r) differs from the external potential
v{r) which results in the same density n(r) when interaction
is present.
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density approximation (LDA)

Eeolnl= | e (n)n (dn), (3.9)

Vere (1) = @ () + e (7 (1)), (3.10)
has been used, where

e [R] = [rE ()] (3.11)

is the exchange-correlation part of the chemical po-
tential of a uniform electron gas of density n. This
approximation leads to exact results in two limiting
cases, mainly when the density changes very slowly,
or when the density is very large, r, <1 (in the latter
case the exchange energy and correlation energy are
much smaller than the kinetic energy, and the error in
treating them inaccurately is small). The exchange
part of v can be calculated from Eq. (2.5):

Dete x (1) =z (1) = — (2) “nor2, (3.12)

This formula for the exchange potential was first
derived by Dirac.?® Slater proposed the use of a po-
tential obtained by averaging the nonlocal Hartree-
Fock exchange potential over the Fermi distribution”
and obtained®®

V8 = e (). (3.13)

Kohn and Sham?® showed that in the case of smoothly
varying density the potential (3.12) is more suitable
for calculating n(r); the error in n(r) is O(| Vn|*) when
Eq. (3.12) is used, and O(] Vn|?) with Eq. (3.13).

For more exact calculations one can take into account
" a nonlocal correction of the form g¥(n)| V»|?, for ex-
ample that given by Eq. (2.8). With this approximation
for the functional E_[«] the energy of the ground state
can be calculated from Eq. (3.7) with

N
T,(n)=3 e — j Vers (1) 1. (r) (dr), (3.14)

i=1

where the density n(r) must be found from the solution
of the self-consistent problem (3.9), (3.10).

IIl. ELECTRONIC PROPERTIES OF AN
UNPERTURBED METAL SURFACE

4. Fundamental theoretical relations
a) Work function and surface energy {definitions)

1) By definition, the work function & is the minimum
energy that must be expended to remove an electron
from the metal at 0°K. It can be put (see Ref. 30) in the
form

<D=Aq>—}—x, 4.1)
where
p=p—gn=(5L (4.2)

is the chemical potential per unit volume, measured
from the level of the mean electrostatic potential

¢ ={g()) ((...) denotes averaging over the volume of
the metal), and

™That is, over all occupied states in the band in question.
Equation (3.12) corresponds to the occupied state of highest en-
ergy.
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A (7) = @ (00) — ¢ (4.3)

is the potential difference between the inside and the
outside of the metal (the Coulomb barrier). The elec-
trostatic barrier is localized in a microscopic (2-3 f\.)
neighborhood of the boundary of the metal, so that Eq.
(4.1) essentially gives the work function as the sum of
a volume component —i and a surface component Ag,
This separation was first discussed by Wigner and
Bardeen.?!

2) The surface energy is the work required to sepa-
rate a crystal into two parts along some plane, cal-
culated per unit area of newly formed surface. If the
original crystal is macroscopic and the fragments
formed are equivalent, then

0 = (24)"2 (G [n] + E. [n]) — (G [0'] + Eq, [n'D); (4.4)

here A is the area of the cleavage boundary, »n and »n’
are the respective electron densities in the frag-
ments and in the original crystal, and E,; is the total
classical Coulomb energy of the positive and negative
charges. Consequently, G[n]+E,,[n], unlike the
E,[r] of Eq. (1.3), includes the energies of the ion
cores themselves., It is easily verified that

Eey(n] =) | Vo ()12 (). (4.5)
For what follows it is convenient to separate ¢ into
three parts,

(4.6)

0 =0 + Ox + O

where 0, and 0, correspond to using in Eq. (4.4)
the G[n] of Eq. (3.6), and 0, is the electrostatic
component.

b) Characteristics of a surface in the uniform-background
model (“jelly” model}

Most self-consistent calculations of n(r) near a metal
surface are based on a simplified model in which the
lattice is replaced by a uniform positive background
(uniform-background model or “jelly” model).”

1) For a crystal occupying the half-space x<0 the
density of positive charge in this model is of the form

ny (x)=nb (—z); (4.7)
1’ > 0‘ .. .
0 (I)={ 0, z<o — Heaviside function.

Because n,(x) is one-dimensional, the electron

8 The “jelly” model describes particularly well “simple” met-
als, in which the conduction band consists of s and p states,
with d states playing no significant part. The question of the
applicability of this model is discussed in more detail in Refs.

4 and 13. Herewe mention just one feature of the model: On
the assumption that the self-energy of the background is
purely electrostatic, the total energy of a macroscopic
“jelly” metal has a minimum at 7,=,'"~ 4 a.u. (cf. Ref. 32).
To make a uniform background with density corresponding to
r,+7{" stable, we must introduce additional nonCoulomb
forces (“‘glue’). The specific form of these forces is highly
arbitrary. However, they do not affect the electron distribu-
tion.
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density also depends only on x,
satisfy the conditions

Besides this, it must

im0 = e “8)
and, for a neutral crystal,
400
{ n@—ne(@1dz=0. (4.9)

Of course n{(x) does not break off sharply at the
boundary of the background, but extends outside, lead-
ing to a lower kinetic energy of the electrons. The
smearing out of the electron density is limited by the
accompanying increase of the potential energy. The
result is that near the boundary a double layer of
charge is formed, of atomic dimensions. We find the
corresponding electrostatic barrier from Eq. (1.9):

Ag = (+o0)—¢(—o)=4a | z|r(z)—n.(2)ldz.

—a

(4.10)

This definition of A¢ agrees with Eq. (4.3), since in
the “jelly” model ¢ =¢(—==). The Coulomb barrier is
not the only obstacle to an electron leaving the metal.
Inside the metal each electron lowers its energy throughthe
formation of an exchange-correlation “hole.” Therefore
the total effective potential inside the metal approachesa
value veeln, ~©]= p(==)+ yu, (7), where p, (7)<0 is
the amount by which the energy of an electron on the
Fermi surface is lowered owing to exchange and cor-
relations [see Eqs. (3.10) and (3.11)]. From this,
using Eqs. (2.4), (4.1)=(4.3) and the fact that n(x) is
constant inside the “jelly” metal, we can obtain the
following expression for the work function ®:

(4.11)

@ = {verr (n, 00) == Cere (72 —m)}—%ki‘,

where kg = (37%1)"8 is the Fermi momentum. Equation
(4.11) allows us to interpret the work function as the
additional kinetic energy that must be given to a Fermi
electron in order for it to surmount the total barrier
that keeps it in the metal (Fig. 1).

2) We now discuss in the framework of the “jelly”
model the various contributions to the surface energy
in Eq. (4.6). For this purpose we consider a homoge-~
neous unbounded crystal of density 7. Let us mentally
divide it along a plane and pull the halves apart to a
macroscopic distance. The electron density in each
half extends beyond the boundary of the background,
distributing itself so as to minimize the total (and thus
the surface) energy. Moreover, the total kinetic energy
of the electrons in the two parts becomes smaller than
in the original crystal so that 0,<0. The electrostatic
energy itself increases: 0,;>0. There is also an in-

P
Fermilevel /:c; |¢7

2 4

Energy

- %Ir; UewrlB &/

FIG. 1. Schematic representation of the potential near the ]
surface of a “jelly” metal. The volume chemical potential, &,
is shown here positive, but can have either sign.
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crease of the exchange-correlation energy (o,.>0),
since in the neighborhood of the boundary the electrons
are further from their neighbors, on the average, than
well ingside the metal, and the exchange-correlation
hole is a less effective mechanism for lowering the
energy than it is in the original crystal. In the “jelly”
model the electrostatic component of the surface
energy can be represented, by using Eqs. (4.4)-(4.6),
in the form

Oy = % j‘ ¢ (z)[n(z) —n.(z)] dx.

No analogous simple expressions for o, and 0, can
be derived, since the exact expressions for T,[n] and
E,¢[n] are not known. In the “jelly” model there is
an additional contribution to ¢ owing to the work done
against the aforesaid non-Coulomb forces (the “glue”).
These forces are arbitrary in our treatment. In
subsection 6, Point a) we shall carry out a calculation
without taking them into account, since such a calcula-
tion is a good basis for the subsequent analysis [sub-
section 6, Point b)), in which allowance is made for the
discreteness of the lattice.

5. Density, potential, and work function (calculated
results)

a) “Jelly’” model

The first calculation of the electron distributionata
metal-vacuum boundary in the framework of the TFM was
made by Frenkel.?® The Thomas-Fermi equation has the
property of self-similarity and canbe put ina universal
form whichdoes not contain the characteristics of any par-

ticular metal, Todo this we must change to dimensionless _

variables: x=x/A, ¢ =¢/u,#=n/%. Here A
=(37/8kp)"2, W=[t@)/m]) =k%/2 [cf. Eqs. (4.2) and
(2.4)]. Then, when we also use Eq. (4.7), Eq. (3.2)
takes the form

T (@D=—19@)"* +0(~3). (5.1)
The electron density is connected with the potential
by the relation '

n (@) =13 @2 (5.2)
The solution of Eq. (5.1) must satisfy the boundary
conditions

#(0) =0, ¢(—o0)=1, ¢ (ko)=0. (5.3)

Equation (5.1) can be solved analytically for X= 0.
For X <0 numerical calculations are necessary. They
were first done by Frenkel®® and improved by
Samoilovich®* (see also Ref. 35). As has already been
pointed out, the TFM is a special case of the DFM,
corresponding to neglect of many-particle and quantum-
mechanical effects (quasiuniformity principle). From
dimensional considerations it could be expected? that
the quasiuniformity approximation is correct if the
conditions

[Vn(r) |
n(r) '

| V2n(r) ]
|Va(npf > °°

(5.4)

are satisfied, since in this case the gradient terms in
the expansion (2.2) are small in comparison with the
locally homogeneous term. It is easy to show that for

< L kp[n(r)),
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an actual electron distribution, which falls off ex-
ponentially outside the metal, the condition (5.4) is
violated at even a small distance from the surface.
Besides this, outside the metal it is not correct to
neglect the exchange-correlation contribution to
go(n) in comparison with the kinetic part; this is
justified inside metals with high electron densities.

Owing to these shortcomings the TFM gives an
electron density which falls off too smoothly outside
the metal; instead of an exponential decrease, it falls
off as (distance)™® (in analogy with the case of the
Thomas-Fermi atom?”), This in turn leads to too
large a value of the dipole barrier, which according
to Eq. (5.3) is A¢ =3%%, (We have here gone back to
dimensional variables.) Also, neglect of exchange
and correlation decidedly underestimates the value of
the volume component of the work function: u=3k%.
From this, recalling that in the TFM v =¢, we get
from Eq. (4.12)

Orp = 0. (5.5)

The zero value of the work function, and also the
negative value of the surface energy, which is obtained
in the TFM for all », (subsection 6), show that it is
not suitable for calculations of energy characteristics
of the surface. It follows from Eq. (5.5) that the TFM
is incapable of giving a correct picture of the interac-
tion of a positive charge with a metal; electrons, being
unhindered from leaving the metal (& rf =0!) leave it
when acted on by the field and neutralize the charge.
.For similar reasons both a negative ion and a charged
capacitor are unstable in this model.3® It can be

shown that inclusion of exchange and correlation leads
to a work function which is not zero, but is the same
for all metals.”

To avoid these shortcomings of the TFM, Smith®’
used the more realistic approximation

(5.6)

where g [r] was defined in accordance with Eq. (2.2)-
(2.6) and g,(rn) was chosen in the form (2.7). Substitu-
tion of Eq. (5.6) in (3.3) leads to a nonlinear differential
equation, whose solution requires complicated nu-
merical computations. Smith®” simplified the problem
by putting n(x) in the “trial” form

Giri={ (@) g In M1+ g [n (1)} VR ()13},

n(@)=n[1 ~ 5 exp ¢ ] 8(—z)+nexp(—pr)0(z).  (5.7)

This function satisfies the asymptotic requirement
(4.8) and the condition (4.9); B is an adjustable param-
eter. From Equations (1.5) and (5.7) we have
dE,(B)/dB=0, or equivalently

do (B) =0

—ap
where 0=F [n]- E,[n6(-x)] is the surface energy of the
semi-infinite metal in question. This last formulation
of the condition for a minimum is more convenient,

(5.8)

9 A1l the calculations are analogous to those made in Ref, 27
for atoms. When exchange and correlation are taken into ac-
count the electron density goes discontimously to zero at
some point x>0, which is determined by the condition that
the total energy should be a minimum. Quantum corrections
smooth out the discontinuity.
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FIG. 2. Work functions of metals, 1—experiment, 2—theory
(PTFM, “jelly”"), 3—theory (PHM, “jelly®?), 4—theory
(PHM, pseudopotential®?).

since o does not contain the divergences that appear
in E,[n] in the limit V = (V is the volume of the
specimen). After calculating o(8) with the approxima-
tion (5.6) for G[n], Smith found from Eq. (5.8) the
function B(). The results calculated for the work
function with these values of B(#) are shown in Fig. 2
for a number of metals. In spite of the simplicity of
the model, there is reasonable agreement with ex-
periment for most simple metals.

The most accurate description of the electron dis-
tribution near the surface is obtained by using the
PHM, since the functional T,fr] is fully taken into
account in this method. In particular, in the density
n(x) calculated (see Ref. 38) on the basis of a one-
dimensional version of Egs. (3.7), (3.8) (Fig. 3), there _
is a Friedel oscillation with the characteristic asymp-
totic form A cos(2kg + a)x™2 +0(x73), a==2y(ks),
where y(k) is the phase shift of the asymptotic

"(x -~ —») wave function, \If,,,,,,.‘('r)

=sinfkx —y(&)]exp[i(k, vy +k,2)]. It is not hard to verify
this by substituting ¥, 4., in Eq. (3.8) and integrating
by parts. It can be seen irom Fig. 3 that when the
background density is low (r,=5) the oscillations are
large, while for a high density (r,=2) they are not
conspicuous and the density is roughly monotonic and
close to the Thomas-Fermi form, This is easily under-
stood; the conditions (5.4) for applying the TFM are
better satisfied for larger #n. For the exchange-corre-
lation component p.n] the local-density approxima-
tion, (LDA) was used in Ref. 38, as in most sub-
sequent work.,

The local approximation gives good results for those
characteristics of the surface that depend on integrals
over x, namely & and o (see later discussion). Non-
integral properties do not behave as well; v, (x), for
example, does not have the necessary behavior under

mop N
10 Y=gt ~
\\ |Positive_
|-background
a5t

7 -4 45 7 25
Distance in units A= 2n/k,

FIG. 3. Normalized electron density at the surface of a “jelly”
metal (self-consistent calculation)®®. The Friedel oscillations
can be seen. They are more pronounced for metals with low
electron densities (larger values of 7,).
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reflection outside the metal, and falls off exponentially.
The reason is that the LDA does not take into account
nonlocal polarization, which is responsible for the
appearance of “virtual charge” which leads to the
“mirror image” forces.'®

Figure 2 shows the work function calculated by Lang
and Kohn®® on the basis of the PHM (dashed curve),
and Fig. 4 shows its volume and surface components,
—u(rs) and A@(r,). Whereas g and A¢ vary by 5.3 and
6.8 eV, respectively, over the range of metallic den~
sities, the total work function varies only from 2.4 to
3.9 eV. It can be seen from Fig. 2 that the results of
Lang and Kohn and those of Smith differ by not more
than 0.3 eV, although the latter do not take oscillations
into account. The reason for the agreement is that in
the range of densities where the oscillations are large
the surface contribution a¢ is itself small in compar-
ison with | Z| (Fig. 4). In the comparison of & with ex-
periment (see Fig. 2) preference was given to data
obtained with the photoelectric method and the contact
potential method, which are effective at low tempera-
tures (the references to the original papers are given in
Ref. 39). We note that there is a considerable spread
of the values of & obtained by different methods.*® Be-
sides comparison with experiment, there are also
“internal” tests of the accuracy of the calculations,
based on exact results (“sum rules”).

Budd and Vannimenus*® derived an exact relation
connecting the difference of the potentials at the
boundary of the background and in the interior of the
“jelly”-metal with the bulk characteristics:

89 =0 (0)~p(—w)=n(ll y;
" (5.9)
here g,{n) is the volume energy density of the ho-
mogeneous electron gas, Eq. (2.3). Accordingly, we
can calculate 6¢ without making any assumptions about
the form of the inhomogeneous part of the functional
G[r). Therefore Eq. (5.9) enables us to estimate the
accuracy of numerical calculations based on approx-
imate ways of taking the inhomogeneity into account
and carried out on the basis of various versions of
the DFM. For example, using exactly the same ap-
proximation for g,(#) as did Smith®? and Lang and Kohn®®

1®Thig difficulty does not arise when we consider a localized
external charge situated outside the metal, In this case the
potential of the charge is included as part of the external po-
tential, and virtual charge appears even when exchange and
correlation effects between electrons are neglected. (i.e., in
the ordinary Hartree self-consistent approach). The corre-
sponding calculations are discussed in subsection 8, a).
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TABLE I. Comparison of exact values of 6¢
for a metal in the ‘§elly” model [Eq. (5.10)]
with the results of numerical calculations.
The values in the second and third columns
are taken from Ref. 41 (Table I). The first
column gives values of §¢ calculated on the
basis of the Smith model.’?

ry au 80 (ry o0 (ry) 8¢ (ry
Smith Lang and Kohn | Equation (5.10)

2 0.2651 0.2292 0.2276

3 0.1796 0.1346 0.1329

4 0.1263 0.0273 0.0318

5 0.0935 —0.083 —0.0752

6 0.076 —0.212 —0.1822

we get (in units of £%/2)
0.0796+2

8¢ =0.4—0.0829r, TR

(5.10)
For r,— 0 Eq. (5.10) gives ¢ =0.4, corresponding to
the TFM. This confirms that the TFM is suitable for
use in the limit n—-«, Table I shows values of 6¢
calculated from Eq. (5.10) and also as calculated in
Refs. 37 and 39,

In spite of the local approximation for E,[r], the
results of Lang and Kohn®*® agree well with the exact
results, The negative values of d¢ at low densities
(rs 2 5) are due to the first oscillation peak of the elec-
tron density. The calculations of Smith,3” based on the
PTFM, do not take the oscillations into account, and
their accuracy in describing the potential decreases
with increasing 7.

We note that comparison with Eq. (5.9) gives a more
reliable indication of the accuracy of calculations of
electron densities and potentials than does comparison
of calculated values of the integral characteristics (®
and o) with their experimental values.

b) Discrete lattice

Within the framework of the “jelly” model it is im-
possible to explain the important experimental fact,
that the work functions of single crystals are anisotro-
pic; when the lattice is replaced by a background the
nonequivalence of different planes in the lattice dis-
appears. In subsection 6 we shall show that neglect of
the discreteness of the lattice also makes it impossible
even to predict satisfactorily the numerical values of
surface energies, to say nothing of their anisotropy.

1) “Corrugated background” model. The first
semiquantitative explanation of the anisotropy of the
work function was given by Smoluchowski.2 He con~
sidered a model in which the positive charge of the
lattice was spread uniformly over the Wigner-Seitz
cells. Then the distribution inside the metal is the
same as in the uniform~background model, but a
“relief” appears on the surface, which is different for
different faces of a single crystal because of the anis-
otropy of a Wigner-Seitz cell. With a variation pro-
cedure it was shown that the electronic relief (the
shape of the surfaces on which the electron density
is constant) is smoother than the lattice relief. Com-
plete screening of the background would be accompanied
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by nonuniformly distributed amounts of kinetic energy
expended (its inhomogeneous part). The smoothing-
out effect is especially important for closely packed
planes. Owing to the fact that the “peaks” of the de-
formed background project beyond the “clouds” of the
electron density, there is an electrostatic barrier of
negative sign, which is larger in absolute value when
the closeness of packing on the face in question is
smaller, The volume component of the work function
of course remains the same as in the “jelly” model,
Consequently, it follows from the improved approxi-
mate model that a crystal face with closer packing has
a larger work function. This rule is verified experi~
mentally. For example, for W *(bce) we have
$(110)=5.25 eV, $(100)=4.63 eV, $(111)=4.47 eV.
Data for Cu {(fec) are given in Ref, 44,

This model is now mainly of historical interest.
Among its few relatively recent applications we may
mention the work of Smith,** who applied the cor-
rugated~background model to calculate the work func-
tion of the (110) face of W. Here, relying on
Smoluchowski’s conclusion that the electron relief is
smooth for closely packed planes, Smith used in the
calculation an electron distribution corresponding to a
plane model with a uniform background,

2) Use of perturbation theory to take the discrele
nature of the lattice into account. It has already been
pointed out that the reason it is hard to deal with the
discrete nature of the lattice exactly is that one needs
-the solution of an essentially three-dimensional system
of self-consistent equations, The problem can be great-
ly simplified by replacing the actual potentials of the
ions by pseudopotentials and taking their effect on
electrons into account using perturbation theory. Here
we must take as the perturbation 5V (r) the difference
between the total pseudopotential of the ions and the
potential of the uniform background. Lang and Kohn3°
have shown that the resulting contribution from dis-
creteness to the work function can be put in the form

80 = {8V (2) no (2) dz”nq (@) dz,

where

& @=pp | [V (v as
is the perturbing potential averaged over the yz plane,
and n,(x) is the surface density of electrons in the
metal from which one electron has been removed.

It will be shown in Section IV that for small values
of the electric field F the density of charge ng(x)
induced by it depends linearly on the field. This al-
lows us to express n,(x) in terms of a linear response
to the external field. Calculating the density of the
screening charge in the LRA and using the local
pseudopotential proposed by Ashcroft?® to determine
6V (r), Lang and Kohn found &® for various faces of
a number of metals. For example, for the bec metals
Na (Cs) the respective calculated values of 5 are
0.05 (=0.25) for the (110) face, —0.3 (~0.6) for (100),
and ~0.4 (-=0.65) for (111) (all in eV). These results
demonstrate the tendency for the work function to in-
crease with the density of packing of the face, which we
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discussed earlier. For the alkali metals the average
6% turned out to be negative, which led to better agree-
ment with experiment for polycrystalline metals

(Fig. 2).

.3) Exact discrete treatment (self-consislent pseuda-
potential model). The first self-consistent calculation
in which the discreteness of the lattice was taken into
account without the use of perturbation theory was made
by Appelbaum and Hamann® for a (100) face of a semi-
infinite crystal of Na. The potential used was of the
form v, (r) =ves ) + 050, ), Where v (r) is the effective
potential in the “jelly” model, as defined by Eqgs. (3.10)
and (1.7), and v, (r) describes the nonelectrostatic
electron-ion interaction. Owing to the two-dimen-
sional spatial periodicity, the energy ¢ and the two-
dimensional wave vector %k, can serve as the quantum
numbers for the problem.

Appelbaum and Hamann?*? divided space into three
parts: 1) the volume part, extending from x ==-« to
x=-a, 2)the surface layer, from x=—a to x=+b, and
3) the vacuum, from +b tow, In the first layer the po-
tential is assumed to have its volume value. The cor-
responding wave functions are known, being ordinary
Bloch wave functions. In the vacuum region the po-
tential is independent of the coordinates, and the wave
functions decrease exponentially as x increases.

The solutions of the Schridinger equation in the
surface layer are matched with the volume functions

_at x=—a and with the vacuum functions at x=b. Ash-

croft’s model potential was used for v,,,. The boundary
at x =—a between the surface and volume regions was
chosen between the second and third planes of atoms.
Shifting it to a position between the third and fourth
planes made only a trifling change in the results. The
work function of Na came out 0.3 eV lower than in the
“jelly” model, in good agreement with the results of
Lang and Kohn?®° and with experiment. The calculation
of the electron distribution showed that the Friedel
oscillations in the surface combine additively with the
volume oscillations caused by the discreteness of the
lattice. This is not surprising, since neither contribu-
tion exceeds 10 percent of the average value of the
density.

The self-consistent potential along some axes normal
to the surface is shown in Fig. 5.

FIG. 5. Variation of the effective potential along three axes
normal to the surface Na(100).4" The lowest axis goes through
the center of a surface atom {distinguished by thickening), and
the top axis, halfway between two adjacent surface atoms.
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An analogous approach has been used in a number of
papers on the electron structure of semiconductor
surfaces. References and discussion can be found in
the review by Appelbaum and Hamann® and in later
papers.‘®”% A somewhat different approach to the
analysis of a surface involves the solution of the
three-dimensional self-consistent Schrédinger equa-
tion for a erystal plate containing N atomic layers.
The first calculation with this geometry was made by
Alldredge and Kleinman®? for Li, using a plate parallel
" to the (100) face containing 13 planes of atoms. The
boundary conditions were given by placing an infinite
step barrier at a distance ! of several times the lat-
tice constant from the outermost atomic planes, so
that its effect on the actual surface barrier is neg-
ligible., The wave functions were found as sums of
harmonics falling off along the normal to the value
zero at distance [.

By diagonalizing the matrix of the Hamiltonian one
can obtain a discrete spectrum of allowed values of
&, for any value of ky. With increasing thickness of
the layer the distance between most of the successive
levels decreases, forming a continuous band in the
limit. The levels which remain isolated from the band
are surface states, They always appear in pairs and
are spatially localized near the surface. In their calcu-
lations Alldredge and Kleinman® used a nonlocal
pseudopotential.® Improved calculations for Li and Na
were given by Hardy and Allen.®® Other calculations
of this kind deal with electron states at surfaces of
Al(111),5* Nb(100),5% Fe(100),% and Cu(100)."

Advantages of the plate geometry are that all of the
states, volume and surface, are discrete, and they
are all treated in the same way. However, the diffi-
culties in the calculation increase very rapidly with the
thickness of the plate. At present there are few papers
in which both exact treatment of the discrete lattice
and full self-consistence are achieved. Nevertheless,
in the opinion of Bennet,” it is the appearance and
further development of these researches that mark
the entrance into “a new era in the theory of electron
properties of surfaces.” It is remarkable that these
self-consistent calculations automatically include the
development of a theory of surface (Tamm) states.

An exposition of these (model) approaches and re-
sults, and also references to the original papers are
given in a review by Davison and Levin.%

6. Surface energy (calculations)

The problem of surface energy has played an impor-
tant part in the development of the applied theory of the
DFM. The peculiar “ultradensity catastrophe,” in
which the “jelly” model value of ¢ becomes negative
for small r,, posed vary sharply the problem of dealing
with the discreteness of the lattice, and also stimulated
an intensive analysis of the applicability of the gra.d1ent
expansion and the LDA to calculations of E, [n].

al “Jelly’” model

The simplest self-consistent calculation of the sur-
face energy of a “jelly” metal was first carried out by
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FIG. 6. Comparison of theoretical and experimental values of
the surface energy. Curves 1-3, theory: 1—PTFM, LDAT
2—PTFM with nonlocality taken into account®® (g§¢ calculated
from the data of Ref. 59), 3—PHM, LDA.} The vertical seg-
ments (4) describe the theoretical values obtained using a
pseudopotential (lower value with LDA, upper with nonlocal
E_[r]). 5—experimental values for solid metals,56¢ 6__found
by extrapolating to 0° K the data on surface tensions of liquid
metals (given in cases where no data were found for the solid
state), T—homogeneous background model.

Smoluchowski® by means of the TFM, in which only the
kinetic and electrostatic components of ¢ are con-
sidered. Using Eqgs. (4.5), (4.6), (2.4), and (5.1), one
can show that
+00

opo= —hun S ¢/%(7) dx = —0.0763r %2,
This result is absurd; the experimental values of ¢
are of course positive and increase rapidly as 7,
becomes smaller. Smith?” used the PTFM in calculat-
ing surface energies [cf. Eqs. (5.6)-(5.8)]. The func-
tional form of o(r,) which he found is shown in Fig. 6
(curve 1). In the series of alkali metals (Cs, Rb, K,
Na, Li) the calculated ¢ is positive and increases
with density like the experimental value, although the
theoretical values are too low. For 7,=3.1 they begin
to drop, and they become negative at »,= 2.6, which
indicates that the model used becomes unsuitable at
high densities, If, remaining within the framework of
the “jelly” model, we inciude the first gradient cor-
rection to E, [n], using the results of Ref. 59 to
calculate g3°, the theoretical values of o become
larger,®®:®! and the agreement with experiment for the
light metals is improved (curve 2). For small r,,
however, the behavior of a(r,) is still “pathological.”

A quantum-~mechanical calculation (PHM)®*® (Fig. 6
curve 3) also does not rectify the behavior of o(r,) for
high background densities, in spite of the exact treat-
ment of the functional T[], Eq. (3.14) {the LDA was
used for E,, in Ref. 39). The correctness of Lang and
Kohn’s analysis®® within the framework of the model
employed (“jelly”, LDA) can be confirmed by means
of an exact relation between the one-particle (0,) and
the total surface energy of a “jelly” metal.®®> As was
pointed out in subsection 4, Point b), 0, is the only
negative contribution to the surface energy. Con-
sequently, the disagreement with experiment is due to
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an underestimate of the electrostatic and/or the ex-
change-correlation components of ¢, Lang and Kohn??
proposed that the cause of the discrepancy lies in

the neglect of the discreteness of the lattice,'V

b) Discrete lattice

Thelattice contribution to the surface energy is calcu-
lated in Ref, 39 in first-order perturbation theory [see sub-
section 5, Pointb), 2)]. We denote by g, and n, the surface
energy and electron density calculated in the uniform-
background model. In view of the stationarity condition
(1.5) the change of the surface energy in first-order per-
turbation theory can be expressed in terms of the density
ny(x). Therefore the values of T,[n] and E, [rn] remain
the same as in the “jelly” model, and the change

60=0-0, in the surface energy is completely due to
the difference between the energies of interaction of
all positive and negative charges in the discrete lattice
model in question and in the “jelly” model. Lang and
Kohn®® carried out the calculation of 60 for the closely
packed planes fec (111) and bee (110), using Asheroft’s
pseudopotential® and neglecting the relaxation of the
surface density. The lattice contribution leads to
positive values of ¢ even for small », and improves
the agreement with experiment (see subsection 6). In
the cleaving of the crystal there may be a displace-
ment in the x direction of lattice planes parallel to the
newly formed surface. It has been shown® that the
effect of this on 0 is small.

A variational procedure has been proposed®® which
‘takes into account the averaged effect of lattice dis-
creteness by introducing a term added to the potential
inside the metal which depends on the structure of the
lattice and the surface considered. Calculations showed
that for some metal surfaces the linear approximation
is not accurate enough, since the perturbing term
8V (r) is not always small. A particularly large dif-
ference was found for Pb (111); the value ¢~ 550 erg/
cm?® found in this way agrees better with experiment®s
(690 erg/cm?) than the result of the linear approxima-
tion®® (1140 erg/cm?). The averaged term (6V(r)) in
this case is about a third of v (—«). This method
(“variation of the potential”) is also effective in the
calculation of other characteristics (density, poten-
tial, work function).

'¢) Effects of nonlocality of exchange and of correlations _

We have shown that including ionic pseudopoten-
tials can correct shortcomings of the theoretical
dependence o(r,) found in the “jelly” model. It is not
obvious, however, that neglect of discreteness is the
main and single cause of the discrepancies between
theory and experiment and that the theory cannot be
improved while remaining within the framework of,

say, %odel. Two papers®”*®® have con-
sidered the. ution to the surface energy of a

) he discreteness of the lattice has also been taken into ac-
count in papers by S. N. Zadumkin and his collaborators (see
Ref. 63 and paper cited there). The method used is reminis-
cent of the PTFM and included a2 number of empirical param.
eters,
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“jelly” metal caused by the change of the zero point
energy of plasmons owing to the appearance of sur-
face modes when the crystal is split into parts. In a
simple model which neglects dispersion of the plas-
mons this contribution is

“o

op = 5o [V 2 (k)2 — kD)2, (6.1)

where k¥ and k% are the smallest values of the wave
vector for which decay into an electron-hole pair
(Landau damping) is possible for surface and volume
plasmons, respectively, and w, is the frequency of
plasma excitation in the volume. Setting, as in Refs.
67, 68, kS =k%=k,, we get

2—1
Opl = _——-1/1671 k:ﬁ)o.

(6.2)

Having found good agreement between Eq. (6.2) and the
experimental values of 0, the authors of these pa-
pers®7®® suggested that oy, be taken as the total surface
energy. The assumption was that all other contributions
(not included in their calculations) exactly cancel

each other. Other papers®”"! criticized the result

(6.2). It was pointed out that the assumption that %5

and k2 are equal, which led to agreement of the value (6.2)
with experiment, is not justified, since the damping of sur-
face plasmons begins at much larger wavelengths than that

‘of volume plasmons. Feibelman™ showed that 25 must be

smaller than 22/2Y2, Then Eq. (6.1) shows that the plas-
mon contribution is negative and cannot agree with experi-
ment. However, Harris and Jones™ pointed out that these
objections bear ondetails of the calculations in ques-

"tion,®"*%® but do not fully settle the question of the con-

tribution of the zero-point vibrations to the surface
energy. In particular they showed that this contribu-
tion is not included in the calculations of Lang and
Kohn®?; the reason for this is the use of a local ap-
proximation for p..(n). The plasmon contribution,
caused by large-scale correlations in the electron gas,
is of course associated with an essentially nonlocal part
of u,.(n). For the analysis of the nonlocal effects
Harris and Jones, and also Wikborg and Inglesfield,”
derived exact expressions for the exchange-correla-
tion energy of a bounded electron gas (see also Ref,
75). For electrons in a potential well with an infinite
barrier at the boundary'® they calculated the exchange
part of the surface energy, ¢,,” and also calculations
were made in the random phase approximation for both
0,, and 0,.,”* These values were compared with T,,

5., and 0, calculated in the LDA), It turned out that
the difference between ¥, and o0, is small (within 10
percent), but the exchange and correlation contribu-
tions differ quite significantly. 3, exceeds the exact
value by about 50 percent, while ¥,, on the contrary,
comes out much smaller (by about a factor 6). Ac-
cordingly, the LDA provides much better results for
the sum of the exchange and correlation energies than
for each of them separately. The calculations of

12This model is useful for the analysis of the suitability of
various approximate descriptions of an inhomogeneous elec-
tron gas, but is too crude for use in calculating surface
properties.m'” Much better approximations are given by

models with linear 8 and step (finite height)'»"%-8! barriers.
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Refs. 76, 79-81, 83-85, based on more realistic
models of the surface barrier, also confirm that the
contribution of the LDA to 0,.[n] has a decisive effect.
For example, a completely self-consistent analysis®
in which g%[n] was used® (cf. Eq. (2.8) leads to non-
local corrections that do not exceed 16 percent of
o..[n], although the relative contribution of nonlocality
to the total surface energy can be large (up to 40
percent), since for the majority of metals 0,,>0 (see
Ref. 39). Therefore inclusion of it allows us to bring
the theoretical values of g closer to the experimental
values found for solid metals (Fig. 6).

IV. INFLUENCE OF AN EXTERNAL PERTURBATION
ON THE ELECTRON PROPERTIES OF METAL
SURFACES

In this section we discuss the stationary response
of a metal surface to a uniform electric field, and also
the interaction of atomic particles with a metal (ad-
sorption) and the interaction of two metals (adhesion).
In accordance with the general spirit of this survey,
we have not included here many papers in which self-
consistency was not considered or was not fully
realized (for example, in which the ground state was
treated non self-consistently). In some cases it has
been necessary to refer to such papers.

7. Metal surface in an external electric field
a) Boundary conditions, asymptotic form of potential

If the ground state is treated non self-consistently,
the boundary condition for the field is prescribed on
some plane x =a near the surface:

@' (a) = Fyg (1.1)
here F is the external field, which is directed normal
to the surface. For example, a =0 if the unperturbed
density is approximated by a step function,®®~® or if
it coincides with the boundary of the “well” in a model
with an infinite potential barrier.?®"® Actually, be-
cause the electron density is “smeared out”, the field
near the surface depends both on the external field and
on the perturbation of the surface charge that it causes,
and it itself subject to definition. The only thing that
can be regarded as prescribed is the field at a large
distance from the surface:

lim g’(z) = F,. (7.2)
Using Eq. (1.9) and the condition

+oo

S np(x)dz=%, (7.3)

-

which is equivalent to the boundary condition of electro-
statics, F=4ny (y is the density of surface charge),
and also the fact that n(x) drops rapidly for x>0, we
can easily show that ¢(x) has the asymptotic form

9 (2) =@ () + Fz(z — 2o (Fa), x> 24, (7.4)

where x(F,) = f_ ;Q nglx)xdx /y is the “center of gravity”
of the charge density induced by the field. Accordingly,
x,(F,) has the meaning of the “boundary of the metal

in the field.” We note that for F,> 0 the motion of the
electrons becomes finite, and Eq. (7.2) takes the form
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@ (x) = Fy (7:?)

in this case x,(F,) coincides with the classical turning
point at which the Fermi level intersects the potential.

b) Electronic properties of a surface in an external field
(calculations)

1) Thomas-Fevrmi method. The problem of the
penetration of a field into a metal was first solved by
Rice® on the basis of approximate Thomas-Fermi
equations with the boundary condition (7.1) and a =0
(the unperturbed distribution was approximated by a
step function). Subsequent papers® "% were devoted
to a more accurate solution of the problem with the
same boundary conditions, and complete self-con-
sistency in the framework of the TFM was achieved
in Ref. 36. According to Eq. (5.5) the TFM does not
apply to the description of a surface in a field F,<0;
even an infinitely small field “pulls electrons out” of
the metal. Therefore a field F,> 0 was considered in
Ref. 36 [cf. Eq. (7.5)]. Calculating the first integral of
Eq. (5.1) and using the fact that ¢(x) and ¢’(x) are
continuous, one can find the value of the potential at
the boundary of the background: ¢(0, a)=-0.6T(1 — o?),
where a=F/F_, is a dimensionless parameter, and
F"=(4.81mﬁ)‘?2= 8.49n5’ and lies in the range 2+10°-
3:10° V/em. The quadratic dependence on the field
is due to the external (x>0) screening, and neglect
of this effect led to a nearly linear relation.%®% It
can be easily shown that the field correction found
here, 5¢(0, a)=0.6ua®= F?/87% agrees with the exact
result for the “jelly” model, which, when Eqgs. (1.9) and
(7.3) are used, follows from the “sum rule”

n
y2=2n S ng (z) z dz.

As was shown in subsection 5, Point a), the value
¢,(0) ==0.6}. obtained with the TFM can be very dif-
ferent from the exact value, especially for large ;.
Accordingly, the TFM gives a considerably better
description of the field correction to the potential in-
side the metal than the unperturbed potential, Figure 7/
shows the function x,(F;) obtained by numerical inte-
gration of the TF equation with the condition (7.5). It
can be seen that the field, in deforming the electron
distribution, shifts its boundary toward the metal and
“pushes” electrons into the limits of the background for
a=1. For large fields (a =0.7) the effect of external
screening can be neglected; the field, deforming the
surface barrier, “makes its way” to the metal.

z,
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FIG. 7. Shift of the boundary of the electron density under the
influence of an electric field. 1—Thomas-Fermi model,3¢ 2—
self-consistent quantum-mechanical calculation.®
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FIG. 8. Normalized density of the screening charge induced by
a weak uniform electric field (linear-response approxima-
tion)!? x is the coordinate of the “center of mass”.

2) Many-particle and quantum effects. The TFM,
being self-consistent, gives a qualitatively correct
picture of the effect of a field F,>0 on the distribu-
tion of the electrons. But this model, as has already
been pointed out, describes poorly the quantitative
characteristics of the surface and is entirely useless
for F,<0. These shortcomings of the TFM can be
overcome by taking into account many-particle and
quantum corrections to the energy. Within the frame-
work of linear response (LR) this was done by Lang
and Kohn®® in connection with the analysis of the effect
of the discreteness of the lattice on the work function
[see subsection 5 b)]. It was found that in the region of
LR changing the field strength changes only the ampli-
tude of the induced density, and not its shape., In
other words, in this region x; does not depend on F,
and x,(0) # 0. The normalized density of the induced

- charge for r,=2 is shown in Fig. 8, According to Ref, *
30, x,(0) is positive and ranges from 1,6 atomic units
(rs=2) to 1.2 a.u. (r,=6). Similar results for x,(0) are
obtained in the limit F- 0 from calculations that go
beyond the framework of the LRA.®*%* Theophilou and
Modinos® used a self-consistent quantum-mechanical
approach. Empirical considerations were taken into,
account in choosing the effective potential v{@(x) of
the unperturbed surface,'® and the Coulomb part of
the induced potential was determined in a self-con-
sistent.way. Exchange and correlation were included
in the framework of the LDA. The function x,(F,)
shown in Fig. 7, (curve 2) is an average of values of
x{V(F,) and x 2 (F,) calculated for two approxima-
tions to v{g (x). As the field increases x,(F,) shifts
toward the metal for F,> 0 [0x,(F,) = x{F,} = x,(0)<0]
and in the opposite direction for F,<0. A similar be-
havior has also been obtained by means of the PTFM.*
Conversely, the model with an infinite barrier at the
boundary®® yields 5x(F,)<0 for F,<0. For F,>0 the
results of Refs, 93 and 94 agree qualitatively with the
TFM. The quantitative difference is most important
at weak fields, when the significant region for this

13)Further from the metal the potential v§}(x) chosen in Ref.
93 goes over into an image potential, and deep within the
metal it takes on a value v;, found by considering experimen -
tal evidence. Two models were used for the potential in the
transition region. The calculations showed that the final re-
sults for observable physical quantities (for example, for the
current density and the electron energy distribution in cold

_ emission) depend only weakly on the choice of model. This
justifies the partial lack of self-consistence in the calcula-
tions.
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problem includes the vacuum “tail,” As has been
pointed out [subsection 5, a)], the TFM is least effec-
tive in this region. In particular, it gives too smooth
a decrease of the electron density, which leads to
%4(0) =, For F, 27+10% V/cm the results of the TFM
agree with Ref. 93 to within 0.3 A.

3) Discussion (comparison with experiment). The
shift of the boundary in the field leads to a change of
the dipole moment of the double layer of charge.
Consequently the surface Coulomb barrier changes
by the amount 8(A¢) = F,6x(F,). According to the
calculations in Ref. 93 this amounts to 1.2 eV for
F,=5:10° V/cm (see Fig. 7). Thus nonlinear effects
in strong fields lead to a decided nonadditivity of the
“field” (- F,x) and “proper” contributions to the sur-
face barrier., We consider its possible manifestations.

a) Considering that outside the metal ¢, (x) goes over
asymptotically into the image potential, with the plane
x=x,(0) serving as the “mirror” {see subsection 8, a)],
we find from Eq. (7.4) that for x 22 A we have @(x)
==| x=x,(0)| "' + Fy[x = x((F,)]. The height of the Cou-
lomb barrier in a field F,<0 is raised by 6(A¢) in
comparison with the “Schottky barrier” (x,=0) and is
given by'? @, =—F% +Fb6x,(F). The shape of the
barrier also changes. For sufficiently strong fields
(F> 10" V/cm) this must lead to deviations from the
Fowler-Nordheim (F-N) law for cold emission, which
predicts that lg(j/F?) is a linear function of F°! (j is
the emitted current density) and is derived on the as-
sumption that the contributions to the barrier are
additive.!® Deviations of this sort are observed ex-
perimentally for F25+107 V/cm (cf. Ref. 93, Fig. 10).
At the present time, however, no unambiguous con~
clusion can be reached about the true nature of this
nonlinearity, First, the calculation of Ref. 93 showed
that the experimental deviations cannot be ascribed
entirely to the shift of the boundary. Space charge
effects, which are important at high current densities,®
must also be taken into account, and so must the in-
homogeneity of the emitter.”” Second, a more rigorous
description of the act of emission on the basis of the
“threshold” theory (Section 5, subsection 4 in Ref. 95)
predicts a deviation from the F-N law independently of
all these factors, even for a model with a triangular
barrier.

Evidently more unambiguous information about the
effect of a field on the surface barrier can be obtained
from experiments on thermal self-emission. As was
pointed out in Ref. 98, curves of the distribution of the
total energy of the emitted electrons j(£) change slope
at an energy Em =® - F~-¥2 - Fb&x,, which is the height
of the barrier relative to the Fermi level in the metal.
(At € = emax the tunnel mechanism gives way to the
thermal one.) Therefore it can be expected that mea-

W we recal that ¢y = @{x;), Where % is determined by the
condition @’ {x), ., =0 for F,<0. ‘

15)With the traditional “tunnel” approach the dependence of
In(i/F? on F-! turns out to be linear, both for a triangular
barrier and when the Schottky correction for image forces
(cf., eg., Ref. 95, Sections 1,3) is used.
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surements of j(g) at different fields F will give a key
to the determination of 6x,.

b) Owing to the widespread use of the ion projector
method, research on surface ionization and on evapor-
ation of surface atoms has become important (see,
for example, Ref. 99, Sections 2 and 3). Miiller!®
was the first to point out that the shift of the electronic
boundary because of a field must change the binding
energy of atoms to the surface. Thus the activation
energy for evaporation of an ion with charge Z is re-
duced in a field by the amount 6Q, =Z Fbx,.'® For
evaporation of tungsten ions W3* and W* from a W
surface this quantity amounts to several electron-volts,
and provides an explanation of the fact that smaller
fields are required to evaporate multiply charged ions
than are predicted on the assumption of barrier
additivity.

The penetration of the field into the metal also dimin-
ishes the critical distance at which an atom at the sur-
face can be ionized,'® as a result of which the ionic
current must be larger and the energy distribution of
the ions must be narrower than according to the ad-
ditive model. These conclusions are in agreement
with experiment., Moreover, the narrowing of the ion-
ization zone makes it more probable that ionization will
occur without a previous adsorption (scattering with
redistribution of charge). The part played by such
processes has been emphasized in a number of
papers {(cf. Ref. 103).'7

¢) The different positions of the geometric and
“electric” (x,) boundaries of the metal must affect the
capacitance of a parallel-plate capacitor. Let us con-
sider the case in which the two plates are made of the
same metal. Suppose plate 1 is given a positive charge
of density f_: n, (x)dx =y, and plate 2 receives charge
with surface density f_: ny(x)dx =-y.!® The corre-
sponding potential difference between the plates is
then B

u=4n j z[ry () + ny (2)] dz == dnuy (z — 2).

Using the definition of capacitance (per unit area) ¢ =y/
u, we get® {c=(x g‘) —xff))/4u=l,/41r (sic), where [,
is the effective gap width. Since x{"(0) and x{?(0) are
shifted into the gap relative to the geometric boundar-
ies, c<c,=l,/4n (sic), where I, and ¢, are the “geo-
metrical” gap width and ca.pacitance.} The difference
between ¢ and ¢, becomes quite appreciable for I, <50
A, and can reach 30~40 percent for J,~10 A, We know
of no direct measurements of capacitance with narrow

*}Note from translation editor: The material in figure brackets
is a literal translation of the Russian text which appears to be
mathematically incorrect.

16)m the derivation of the expression for 6@ it is assumed
that the field does not affect the equilibrium position of the
surface atoms; this may be untrue for large fields (2 1V/4).
Therefore this expression can be used only for crude esti-
mates.

10The results of theoretical and experimental research on sur-
vace ionization and evaporation dre discussed in detail in
Ref, 104 (see also references given there).

19 The thickness of the plate is by hypothesis much larger than
the region of localization of the induced charge ny(x){n,(x)],
which justifies the use of infinite limits of the integrals.
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gaps. Indirect confirmation that ¢ and ¢, are different
comes from measurements of tunneling characteristics
of dielectric gaps, as has been pointed out in Ref,
88.19 It follows from the calculations of Ref. 93 that

c is practically independent of the field, since 6x{V(F)
and 6x{? (F) have different signs [F,<0(>0) respectively
for the first (second) plate]. This constitutes a serious
discrepancy with the results of Refs. 88, 89. Owing to
the use in these papers of a model with a sharp break-
off of the electron density and consequently a violation
of self-consistency, it turns out that x,(F,) shifts
outward whatever the sign of F,. Therefore the pre-
dicted effect of the field on the capacitance of a narrow
gap is enormously exaggerated in Refs. 88,89.

8. Chemisorption of atoms on a metal surface

The phenomenon of chemisorption has been widely
studied with a variety of experimental methods which
give information about the states of individual ad-
sorbed particles, and also about the structure and
properties of adsorbed films. A brief description of
these methods and a bibliography can be found, for
example, in a recent review.'”® The first qualitative-
theoretical analysis of the electronic state of an ad-
sorbed atom was carried out by Gurney.!® Subse-
quently semiempirical methods were widely used in
the electron theory of chemisorption, based on quan-
tum-mechanical approximations for molecular orbits
and valence bonds. Discussion and bibliography on
this work can be found in a number of reviews,!04"10%
With these methods various metal-adsorbate systems
were studied, dealing both with the chemisorption of
individual atoms and with the effects of interaction
between atoms adsorbed on a substrate., The result was
that a qualitative understanding of the phenomenon of
chemisorption was achieved. At the same time, the
use of “fitting” parameters and artificial assumptions,
and also the partial or complete violation of self-
consistency, reduce the heuristic value of these model
calculations and hinder the consistent quantitative
analysis of chemisorption.

Therefore the use of the DFM, which enables us to
start from “first principles” and describe the “self-
organization” of the system adsorbed atom-metal, is
of undoubted interest even with the crudities associated
with the “jelly” model,

a) Interaction of a point charge with a metal {linear
response)

The chemical binding of an atom to a surface can be
considered on the basis of the DFM if we include in
v(r) the electrostatic potential produced by the nucleus
of the atom. The direct DFM analysis of chemisorption
was preceded by a number of papers in which the inter-
action of a point change with a surface was studied on
the basis of the LRA (subsection 1,b). Let us briefly
consider the results of this work.

The interaction energy of a metal with a positive

19, analyzing the results of these experiments, one must al-

low for the effect of the dielectric on the surface charge dis-
tribution. This is discussed in Ref. 104,

M. B. Partenskii 343



charge located at the point x, has the form?®

By (g, 11)=[(Pu(-731 +%‘P1 (¢, 11)] q, (8.1)

when the LRA is used; here ¢,(x) is the potential of

the unperturbed surface (repulsion), and ¢,(g,x,) is

the potential of the screening charge (attraction). Using
Eq. (8.1), Lang and Kohn!!® showed that

ql

3
Epae (9 11):—4(21_%)’('0 ( 1

(21— x,)*

) for a=2h.  (8.2)
Here x,=x,(F=0) is as introduced in subsection 7.

This relation is confirmed by actual calculationg,!*!™112
Near the boundary, where the double layer has an
effect, there is a deviation from Eq. (8.2). In this
region the repulsion begins to prevail over the attrac-
tion, and because of their competition Eiyy (g, %) ¢= const
has a minimum, corresponding to an equilibrium
position of the charge. The dipole moment caused by
the point charge is

p = gqlzy — 2o (m)]. (8.3)

Here allowance has been made for the fact that in
general x, depends on the position of the charge. It is
now not hard to see that in the region of applicability of
the linear response approximation (LRA) x,(x,) re-
mains unchanged if we replace the point charge by a
charged plane x =x, with a small (LR!) charge density
y. Then it is obvious that x,(x,) = x,(F) (F=47y) in
the limit x, - =, i,e., it is determined by the response
. to an electric field. It follows that for large x, the
dependence p(x,) becomes a linear function (as for a
plane-plate capacitor), as is confirmed by calculation
carried out on the basis of the PTFM!*® and the PHM.!'°
However, for small x, these approaches give decidedly
different results; in Ref. 110 p(x,) goes smoothly to
zero for x, - 0, but in Ref. 113 p(x,) changes sign at
x,= 0,7 atomic units and takes on a small negative value
for x, =0. We can find out which result is the more
accurate by using a “sum rule,” which in our notation
is of the form

Io(-ﬁ)=—4;—(}‘ﬂr(f)$d1+ﬁ S"F(Z‘)dz)_‘y (8.4)
]

where ng is the charge density induced by the electric
field in the LRA. It follows from this rule that x,(0)
=0. Therefore [see Eq. (8.3)] p(0)=0. Consequently,
use of the PTFM with the gradient expansion for

Ts[n] (Ref. 113) leads to a qualitatively incorrect be~
havior of p(x). On the other hand, the result based on
the PHM, where T, is taken into account exactly,

20e use the Gell-Mann-Feynman theorem (equation F’, R.
p. 93)
9 N af (@
T.;“Pl”‘“”‘l’)=<_‘l’|T|‘P>-
Here H (@) is the Hamiltonian, which depends on a parameter
@. Leta be g, the external charge. Then it can be shown
easily that

a—&%ﬂ)—=q’o (r)+@1 (g, 7).

L —
3 W1 (@ =) ) = =05

Noting that in the approximation used ¢;{¢,x) is a linear
function of ¢, and integrating over ¢, we obtain Eq. (8.1).
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agrees very well with Eq. (8.4).!'* Consequently, for
these problems the PHM has decided advantages.m

However, Eq. (8.4) gives no indication as to the ap-
plicability of the LRA itself. Lang and Williams!!®
showed that the response of the metal is nonlinear near
the surface even for ¢=1,%2 i.e., the LRA cannot be
relied on even for the analysis of the adsorption of
hydrogen.

We note that in another paper!''® the LRA is applied
to the calculation of the effective polarizability of
noble~gas atoms adsorbed on a metal surface. In this
case the linear approximation is better justified, since,
first, the physical adsorption occurs at larger distances
than chemisorption, and second, the point dipole which
models the adsorbed atom in the field''® produces a
much smaller perturbation than a point charge. We
also point out a paper''” in which the LRA is used with
the TFM. In this form the problem can be solved
analytically, The screening of the charge is considered
as it moves from —= to +=, As could be expected,
for x, - « the screening charge is situated symmetrical-
ly with respect to x, and is dragged along with ¢, asa
consequence of ¢ =0 [see Eq. (5.5)]; i.e., p=0. When
many-particle and quantum effects are taken into ac-
count the screening charge remains near the surface
when g recedes from it.

b) Effect of chemisorption on electronic properties of a
metal surface.

1) Chemisorption of isolated atoms. The first
self-consistent calculation of chemisorption was
carried out by Smith, Ying, and Kohn.!!? Using the
PTFM and the LRA, they considered the chemisorption
of hydrogen on the surface of a “jelly” metal. This

-same approach has been applied to the chemisorption

of alkali metals.!'® The potential of the ion was
modeled by a spherically symmetric pseudopotential.
For Na, K, and Cs the calculated values of p and of
the binding energy E, are in reasonable agreement with
experiment. Huntington, Turk, and White!'® also used
the PTFM for the chemisorption of Na, but did not
confine themselves to the framework of the LRA., Owing
to the fact that the PFTM and LRA are not very suit-
able for the description of chemisorption (see previous
subsection), the most interesting papers for the de-
velopment of the theory are those in which the inter-
action of the adsorbed atom with the metal surface is
investigated on the basis of the PHM and without re-
striction to the linear approximation. This was first
done by Lang and Williams for the chemisorption of

H, Li, and O,'' and subsequently of Si and C1,'*° on a

| was pointed out in Section II that the PMTF, in the approx-
imation of Ref. 37, gives a good description of properties
which involve averaging over the surface (for example, ®).
The parameters of chemisorption are not of this kind, being
determined by the charge distribution in the neighborhood of
the adsorbed atom.

22) was shown that the ratio p(g,x,)/q; (for x;=const), which
should be constant if the LRA holds, changes (at x;=1 a.u.)
from 0.7 Dfor ¢g<1to —~0.5D for g=1, i.e., the response
to a proton near the surface is decidedly nonlinear.
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FIG. 9. The energy of interaction of an oxygen atom with a
metal [E;,(x1)], the Coulomb force acting on the nucleus (F ),
and its components (Fy, Fyg,Fyg, Fy, and F;). Fyis the contri-
bution from the unperturbed surface; Fyg and F,g are due to
the respective polarizations of the wave functions of the 1S and
28 states of the discrete spectrum, and F, and F are from
electrons in states characterized by the respective magnetic
quantum numbers m =0 and m =1 in the continuous spectrum
(the classification of the states corresponds to the axial sym-
metry of the problem).

“jelly” metal. The only parameter in these calcula-
tions, besides the charge z of the nucleus, is 7, (or the
background density 7). What was considered was es-
sentially the “self-adaptation” of the adsorbed atom,
whose nucleus was placed in the inhomogeneous gas
near the boundary of the background. Indeed, no as-
sumptions were made about the form of the perturbing
potential, such as introducing a model potential and
assuming spherical symmetry near the nucleus,!®11?
and no artificial distinction was made between “atomic”
and “metallic” electron states, such as characterizes
semiempirical methods; the Coulomb potential was
taken into account in the same way for all the elec-
trons,?® and the potential was made self-consistent.

In the general case the energy spectrum in the
presence of a nucleus contains both discrete and con-
tinuous components. In determining the equilibrium
position of the atom it turned out to be important to
take into account both kinds of states. Only then was it
possible to satisfy simultaneously the conditions
dE,, (x,)/dx =0 and Fg(x,) =0 (Fx is the electrostatic
component of the force acting on the nucleus) which are
required by the Gell-Mann-Feynman theorem. The
various components of F, for an adsorbed atom o are
shown in Fig. 9. The effect of chemisorption on the
electron structure of the surface is graphically de-
scribed by the change of the density of electron states
A N(g), which is shown in Fig. 10 for Cl, Si, and Li.
We note that AN(g) is an experimentally observable
quantity. It can be determined, for example, from the
energy distribution of photoelectrons.'?! All calcula-
tions in Refs. 119 and 120 were made for »,=2, which
corresponds to the volume density of electrons in
aluminum (r,=2.07). It was shown that as the atom
recedes from the surface the peaks of the state den-
sity become narrower, are displaced, and go over
into discrete atomic states 1s (H), 2s (Li), 2p (O),
3s and 3p (Si), and 3p (Cl). Accordingly we can say
that the peaks (or resonances) arise from atomic

2 calculations made with Anderson’s model Hamiltonian!?!

(see, e.g., Refs. 122, 123), only the Coulomb interaction be-
tween “atomic” electrons is taken into account.
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FIG. 10. Change in the density of states in chemisorption. The
results shown are for specific equilibrium positions of the nu-
cleus. For Li, %;=2.5 a.u.; for Si, 2.3 a.u.; for Cl, 2.6 a.u.

states, which go over, when the interaction with the
metal is “turned on,” into a “band”?*’ of its electron
states. The degree of filling of the resonance, and
with it the effective charge of the atom, are deter-
mined by the position of the peak relative to the Fermi
level. It can be seen from Fig. 10 that the 2s reso-
nance of Li lies almost entirely above the Fermi level,
while the 3p resonance of Cl lies below it; that is,
they provide an example of the chemisorption of a
positive and a negative ion, respectively.

In Ref. 120 a calculation of the electron density in
the neighborhood of an adsorbed atom is made. It is
shown, for example, that the chemisorption bond Si-Me
is of markedly directive and covalent character.

Unfortunately an overwhelming majority of the ex-
perimental data for the adsorbates considered in
these papers relate to chemisorption on transition
metals and semiconductors, for which the “jelly”
model is an overly crude approximation.?¥ There-
fore the authors of Ref. 127 made a special study of
the energy distribution of the photoelectrons for the
system O/Al. The functions p(x,) and F,,(x,), as
calculated for this case in the “jelly” model, are
shown in Fig. 11. The equilibrium position x, =1.1 a.u.
corresponds to p(x,)=-1.7D, E,, ==2.2 eV (relative
to Ep). On the other hand it follows from experiment'?’
that E,, ==~7.2 eV and p= 0 (for a small concentration of
adsorbed atoms). This means that the 0" ions imbed
themselves below the boundary of the background (are
adsorbed).?® Similar results were obtained earlier
for the systems O/Sr'?® and O/Cs.1??

An analysis of the causes of the discrepancy between
theory and experiment showed that the “jelly” model is
quite unsuitable for calculating E;, (x,), leading to an
exaggeration of the distance between the adsorbed atom

A)The concept of a “band” is given a conventional meaning in
the “jelly” model.

25 Appelbaum and Hamann!?® have given a self-consistent calcu-
lation of the chemisorption of atomic H on Si. The discrete-
ness of the lattice was taken into account with a pseudopoten—
tial. The effect of monolayers of H and Cl on surface states
in Si(111) was studied in Ref, 126.

2We recall that the boundary plane of the crystal lattice
passes through x= —a/2, which amounts to - 2.2 a.u for Al
(111).
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FIG. 11. Energy of the 2p resonance [Ez,(:q)] and magnitude of
dipole moment {p(x)] as functions of the distance from the oxy-
gen atom to the boundary of the background (r,=2 a.u.).

and the metal. Already in first order in the pseudo-
potential the position of the minimum is shifted from
1.1 a.u. to 0.3 a,u. Inclusion of higher orders, and
also of local lattice distortion near the adsorbed atom,
makes it possible to explain the possibility of im-
bedding. This agrees qualitatively with the resuits for
the adsorption of hydrogen and with a model (cluster)
calculation. It has also been shown that taking account
of lattice discreteness changes the theoretical forms
of p(x,) and E,,(x,) only slightly. Accordingly, the
position of the resonance and the value of the dipole
moment in adsorption can be explained on the basis

of the “jelly” model by using the equilibrium position
as found by taking the discreteness of the lattice into
account. Alternatively, knowing p and E,, from ex-
periment, one can approximately determine the equi-

- librium position of the adsorbed atom by using the
values of p(x,) and E,,(x,) calculated in the “jelly”
model. We see in Fig. 11 that the equilibrium position
indicated by experiment is x, =<0.5 a.u.

From these considerations it follows that the “jelly”
model is a usable foundation for theoretical analysis
of chemisorption on metal surfaces, as well as of the
characteristics of the unperturbed surface (see Section
" HI). In subsequent papers'3°~!3! Lang and Williams re-
lated these results to the concept of electronegativity
and considered the displacement of resonances with the
formation of holes in the valence shell of an adsorbed
atom; this has a direct bearing on the interpretation
of experimental data on x-ray photoemission. Up to
now calculations of chemisorption on transition and
noble metals are monopolized by semiempirical
methods, However, the very first self-consistent
analysis of the electron structure of a monolayer of
nitrogen on Cu(100)!*? showed the effectiveness of the
DFM and the importance of self-consistency. Good
agreement between the calculated and experimental
values of A N(c) was obtained.

2) Effect of adsorbed films on the work function.
Films of alkali and alkaline-earth elements on re-
fractory metals are of great practical interest for
emission electronics, and therefore their influence
on the work function has been particularly intensively
studied (cf., e.g., Ref, 105), In particular, it has
been proved that in most cases the dependence of the
work function on the concentration N of adsorbed
atoms has a deep minimum corresponding to sub-
monolayer covering (i.e., incomplete filling of a mono-
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layer). Langmuir'® gave the first qualitative expla-
nation of this fact. According to the model he proposed,
when an atom of an alkali metal (AM) is adsorbed it
transfers one electron to the metal (complete ioniza-
tion) and forms, along with its “mirror image,” a
dipole of moment p. The adsorption correction to the
work function is given by

AD = —4np (V) N.

The electric field produced by the dipoles leads to their
mutual weakening (depolarization). The competition
between the increase of N and the accompanying strong-
er depolarization is the principal reason why the func-
tion A®(N) is inherently nonmonotonic.'*® The minimum
is at the concentration N for which dp/p =~dN/N.

We list the main shortcomings of this model: a)
The change in the degree of ionization (the shift rela-
tive to E; and broadening of the resonance, is ig-
nored; b) the classical law of image forces is used,
although it does not hold near the surface; c) the con-
cept of isolated dipoles loses its meaning when the
concentration of adsorbed atoms is high and their wave
functions overlap (metallization).

In subsequent researches, the first of which was
Ref, 134, these shortcomings were partially over-
come by means of various semiempirical models.
However, the effects of the interaction of the ad-
sorbed atoms were not taken into account fully
enough (even in the most detailed calculations'3® the
exchange interaction between them was neglected), and
therefore the applicability of these theoretical resuits
was confined to cases of low concentrations. A paper
by Lang,'®® on the other hand, put the accent on the
collective properties of the adsorbed layer. He pro-
posed a model in which the ionic charge of an adsorbed
atom is “smeared out” into a step function of positive
charge (an analog of the “jelly” model). The thickness
of the layer was taken constant, equal to the distance
between the closely packed planes in the bulk of the
alkali metal, and the charge density # in the layer (the
height of the step) was varied, modelling the change of
concentration of the adsorbed atoms. The calcula-
tion was made with the PHM, so that the Coulomb and
exchange interactions between the electrons in the
layer were taken into account automatically.

In interpreting the results it is convenient to intro-
duce the distance a between the centers of gravity
of the positive charge and of the negative charge screen-
ing it (the “moment arm” of the dipole). Then A¢
=<-4r#ia. The calculations showed that a(fi) decreases
nonlinearly. Owing to the competition between the in-
crease of the charge and the decrease of the “moment
arm” of the dipole a minimum appears on the curve
of Ad®(n), and on the whole the form of the function is
like the experimental curve, including the appearance
of a maximum at the point where filling of a second
adsorbed layer begins (Fig. 12). The calculated min- ’
imum values &, for various metals agree well with
the experimental values (Fig. 13).

The slope of the curves in the limit #—~ 0 is also in
passable agreement with experiment, despite the ob-
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FIG. 12. Change of work function on adsorption of Na. Theo-
retical curve as obtained in Ref. 136, experimental curve from
Ref. 137.

vious crudeness of the model at low concentrations.
The reason is that the calculation of & involves an
averaging of the electron distribution in the plane of
the surface, and the average values for the “smeared
out” and for the discrete distributions are nearly
equal even for small fi (see Ref. 136, Appendix). Of
course this model cannot be used to determine the
“local” characteristics of chemisorption, such as the
heat of desorption per atom.

The most important shortcoming of this metal is that
it is hard to relate it to the concept of chemisorption
of an individual atom and that it cannot provide a de-
scription of the gradual transition from individual
properties (of isolated adsorbed atoms) to collective
properties. Wojciechowski'? tried to clarify this
matter by considering the effect of a submonolayer of
Cs adsorbed on W on the energy and width of the res-
onance peak of an adsorbed Cs atom. The charge
distribution in the submonolayer was modelled, as in
Ref, 136, with a step function. A semiempirical
approach'*® was used to calculate the width of the res-

b
£y

~

o

d,a.u.

FIG. 13. Minimum values of work function during adsorption.
The curve is the theoretical result for @m(d)i“ (d is the thick-
ness of the step). The small circles are experimental values.
Points 1 to 9 correspond to respective references 138-146.
Points 3, 6, 9 are for a (100) surface of Ta, 4 is for Ni (111),
and the rest are for W (110). [The corresponding spread in
values of n has little effect on the theoretical values of
@mn(d).”s] From the experimental data given in Ref. 136
(when they numbered more than three) we have chosen for each
alkali metal the largest, the smallest, and the value closest to
the calculated value.
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onance. The calculations showed that in a layer of

low density, with degree of covering 60,2, the Cs is
adsorbed in the form of ions, for a larger concentra-
tion (6 = 0.3) the layer consists mainly of atoms, and at
high concentrations (6 = 0.8) the coating becomes
metallized, and its properties do not differ much from
those of metallic Cs. The W then has almost no effect
on the work function, its action being nearly complete-
ly screened. We note that the quantitative results'?’
must be handled with care, since several crude ap-
proximations were used. For example, the polariza-
tion of an adsorbed atom was not considered, self-
consistency was not secured, and no allowance was
made for the possibility that the position of an adsorbed
atom depends on #. Nevertheless the results give an
intuitive picture of the “collectivization” and agree
qualitatively with experimental data. An indirect con-
firmation of metallization can be found in the fact that
for large 7 the relation ®(#) is analogous to the de-
pendence of the work function on the background den-
sity for a number of alkali metals (cf, Fig. 5 in Ref.
147).

In conclusion we present a generalized sum-rule for
a “jelly”-metal coated by a submonolayer of adsorbate
(the latter is treated by means of the “step” model'*®)
which is adjacent to a dielectric medium of permittivity
£
$O—p(~o)+Zo@—o @~ 2D 2t Db L (&)
(8.5)
where D(x) is the electric displacement, D, is its value
far from the metal (external field) and 4 is the thickness
of the “step.” For £=1, Eq. (8.5) reduces to the rig-
orous relations obtained by Budd and Vannimenus®
(i =0,D,=0), Bigun'®” (7#0, D,=0), and Kuzema and
Partenskii'®® (7 # 0, D, #0).

It can also be easily shown that the solution of the TF
equation, which has the following form for the system
under consideration (D, >0:

o= —FRL LR | i [o(—a+ 0@ 0M—a)] ,

satisfies relation [Eq. (8.5)] exactly. To do this it is
sufficient to evaluate the first integral of the equation
and to utilize the continuity of D(x) and ¢(x).

9. Adhesion of metals

It is known from experiments that when clean metal
surfaces are brought into contact considerable forces
appear between them (adhesion), which are of great
practical importance (friction, deposition of metal
films, formation and “collapse” of cracks). Cabrera
and Mott!'*® were evidently the first to point out the
part played by electric contact phenomena in the ad-
hesion of solids. Subsequently electroadhesion phe-
nomena were widely studied, both theoretically and
experimentally.!5® In the last five years there have
been attempts to construct a self-consistent micro-
scopic theory of adhesion based on the DFM. We shall
discuss briefly a number of papers which characterize
the level that has been reached in this work. The
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boundaries of the interacting metals are assumed to be
plane. We can distinguish conventionally three ranges
of separation between metals. At small distances d

of the order of 2 A or less the main contribution to the
energy of the interaction is due to the overlapping of the
“tails” of the electron densities of the metals (range A).
At large distances d = 4~5 A the interaction is of the
van der Waals type (range C). In the intermediate
range (B) the transition from a contact interaction to

a dispersion interaction occurs. The range C has

been well enough investigated, beginning with a pioneer
paper by Lifshits'® (see also Refs. 152, 153, and the
references given there). Ferrante and Smith,'* in
analyzing the interaction function E(d) (E is the total
energy of the interacting metals) approximated the
electron density near the surface with a superposition
of the distributions n (x) and n,(x) for the separate
metals. In this procedure the relaxation of the n;(x)
was neglected; they were taken in the form of Eq.

(5.7) with the 8 derived by Smith®” for an unperturbed
surface, The discreteness of the lattice was taken into
account to first order in the pseudopotential. For all
pairs of metals considered (Al, Mg, Zn) the calculated
functions and values of E(d) have a minimum at d

=d, <2 (a.u.). The calculated values of the binding
force agree qualitatively and in order of magnitude with
experiment. The adhesion binding energy E,(d) is de-
fined by the relation

E,(9)=297F), (9.1)

* A is the area of contact. For contact between like
(same) metals and 4 =0 Eq. (9.1) is identical with the
definition (4.4) of surface energy, and in the general
case it is accepted procedure to put (9.1) in the form
E.(d,)=3(0,+0,+0,,), where 0, is the “interphase
tension” and 0; is the surface energy of the ith metal.
In Ref. 154 E, and its components were calculated, and
it was shown that the exchange interaction makes a
decisive contribution. The deviation of d, from zero,
found in Ref, 154 for the case of a like~metal contact,
is an erroneous result, associated with the neglect of
the relaxation of n(x). For the Al-Al contact it was
rectified in a self-consistent calculation based on the
PHM (Fig. 14).'" The self-consistent calculation
changes the position of the minimum and increases its
depth, bringing E,(d,) closer to the experimental value
of 0,,. Similar results were obtained for Mg, Zn,

and Na in Ref. 158, where it was also shown that in-
clusion of the nonlocality of E, [n] brings the calcu-
lated values of E,(d,) still closer to the experimental
values for a like-metal contact. The curve of E,{d)
for Al is shown in Fig. 14.

Budd and Vannimenus* derived a very useful “sum
rule” showing that in the limit 4— 0 the surface density
of repulsive force F ,(d)/A for a like-metal contact of
“jelly” metal goes to a negative pressure —P:

Fl®) __ p_ 7o (fly? .
—”A—-—_—P—-—n (°Tl ) (9.2)
Subsequently'*® these authors made a semi-self-
consistent calculation with the PTFM, matching the
force with Eq. (9.2) for d— 0 and with the dispersion
force'®® for d =4 A. A similar extrapolation together
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FIG. 14. Energy of Al-Al adhesion bond as a function of the
distance between the surfaces (111). Curve 1 is from the cal-
culation in Ref. 154, which does not take relaxation into ac-
count; 2 from the self-consistent calculation of Ref. 157
(LDA); 3 from a self-consistent calculation including nonlo-
cality, E,[n)!" The experimental value of g,, for the solid
metal is taken from Ref. 65.

with inclusion of a pseudopotential for small d was
used!'®® for the Al-Al adhesion.

For a more exact analysis of F,,(d) in range B one
needs to include nonlocal exchange and correlation
effects and the plasmon contribution to the energy.
However, the position and depth of the minimum of
E(d), and along with them also E,({d,), are determined
mainly by the contact interaction (range A),!34°1%
Therefore it is easier to calculate E,,(do) than the force
F,,(d) for arbitrary d.

Heinrichs and Kumar'® generalized Eq. (9.2) to the
case of adhesion of different metals:

(9.3)

O = Pyt = () — (P =P

The second term is equal to the electrostatic force
F(0)?/87 (F(0) is the electric field at the boundary),
which appears on contact between different metals.
Values of the force of adhesion calculated as E;(d)|y.,
on the basis of the results of Ref, 154 agree well with
Eq. (9.3),'%% in spite of the fauits that have been pointed
out in the method used in Ref, 154.

In Ref. 163 an exact integral relation between 6, and
the electrostatic potential ¢ (x), was derived. Ap-
proximate calculations'®®''%4 taking lattice discreteness
into account show that ¢, makes a large contribution
to E, when the metals in contact are very dissimilar,
For example, for the pair Al-Ag 0,, is comparable
with 0, and 0,,, and for Al-Na 0,,= 60y, and is nearly
equal to 0,;, as calculated in the LDA.?® It must be
pointed out that in these papers no allowance is made
for defects such as boundary dislocations, which can
arise when different lattices are put together (see,
e.g., Ref, 165) and which make a considerable con-
tribution to o, (Refs, 167, 168).2” It has been difficult
so far to include their effect in a self-consistent way.
Moreover, the problem becomes much more compli-
cated when at least one of the adhesion pair is a

2D Concerning the effect of dislocations on the work function
and on the emission of electrons from metals see Ref. 166.
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transition metal. An analysis of the difficulties that
arise in this case, and also semiempirical calculations
with boundary dislocations taken into account, are
given in Ref, 168,

V. CONCLUSION

We are convinced that many problems of the physics
of surfaces can be successfully solved on the basis
of the density-functional method. Starting from a “first
principle”—that the energy of the ground state must be
a minimum-—comparatively simple models of the ion
lattice (“jelly,” pseudopotential) and of the electron
gas (LDA plus the first nonlocal corrections) suffice
for the explanation of a wide variety of experimental
data relating both to free and to perturbed metal
surfaces., We note that the range of problems we have
discussed does not exhaust all applications of the DFM
to the description of surface phenomena. For a more
complete picture we must mention a number of papers
on topics close to the subject of this review. For ex-
ample, there are papers on the electron properties of
a surface containing impurity atoms'®® and subject to
deformation,'”® the adsorption of inert gases,'™ ad-
hesion of a metal and an ionic crystal,'™ surface
properties of alloys,'” work functions for positrons
and for spin-polarized electrons,'” and the electron
structure of vacancies!”™ and cavities (internal sur-
faces).!” The influence of the transition layer at the
boundary of a metal on the dispersion and damping of
surface plasmons has been widely discussed.!™"® It
has been pointed out, for example, that optical spec-
troscopy of surface plasmons!” is a promising way to
obtain information on the distribution of charge near
the surface. For problems of microelectronics the
study of the electron structure of a metal-semi-
conductor boundary'®® or of a semiconductor junction
is of great practical interest. Papers have appeared
in which the DFM is used to study the reconstruction
of semiconductor surfaces,'® i.e., an instability
leading to deviation of the structure of the surface
from that “prescribed” by the volume. We note in
passing that recently there has been a marked increase
in the fraction of papers devoted to the self-consistent
theory of semiconductor surfaces. Research is also
in progress on perfecting the DFM itself. Generaliza-
tions of the H-K theorem to the cases of nonzero
temperature'® and of nonlocal external potential'®
have been derived. An “immanent” self-consistent
procedure based on the use of the density-matrix
formalism in the framework of the DFM has been
developed and tested.!®> A procedure has been pro-
posed'® for expanding G[n] in terms of correlation
functions of various orders.

174

181

The self-consistent theory of surfaces is sure to be
extensively developed further, and among its next
successes may be a consistent inclusion of effects of
nonlocality and, in particular, of plasmon effects,
in G[rn], and also a more exact allowance for lattice
discreteness than can be made by using the volume
pseudopotential.

In addition to the applications of the DFM to the study
of surfaces, which are discussed in this review, this
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method is promising for the analysis of volume proper-
ties in cases when there is a sharp inhomogeneity in

the volume structure. For example, inhomogeneous
corrections so calculated may be important in calcula-
tions of the structure of single dislocations and aggrega-
tions of dislocations, of packing defects, and of grain
boundaries in polycrystalline metals.
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