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The electronic structure and properties of two different types of random Ag overlayers on a non-
random Pd(001) substrate have been studied. One overlayer is an Ag-Pd alloy and the other is Ag
plus vacancies. Calculations were performed by means of a self-consistent, surface Green's-function
technique based on the tight-binding linear-muffin-tin-orbital theory. The disorder was included
via the coherent-potential approximation generalized to inhomogeneous systems. The layer-resolved
local densities of states and the work functions were obtained.

I. INTRODUCTION

Adsorption of metal atoms on metal surfaces is a field
of common interest to subjects such as the physics of
two-dimensional systems, the growth of metal superlat-
tices, alloying, etc. It is of practical importance for cor-
rosion and heterogeneous catalysis and other processes
for which control of surface constitution and properties
is essential.

In a recent experimenti Petersson, Dannetun, and
Lundstrom, have studied how Ag overlayers affect the
hydrogen adsorption and desorption properties of Pd by
means of ultraviolet photoemission spectroscopy (UPS).
They investigated two types of Ag-covered Pd surfaces,
the film-type, where all Ag atoms are located on the top
of the Pd surface, and the alloy type, where Ag and Pd
atoms are mixed in the surface layer. They reported that,
in the film-type overlayer, the Pd 4d band is unaffected
by the presence of Ag, while in the alloy type a signifi-
cant reduction of intensity at the Fermi level in the Pd
4d band can be observed. However, their interpretation
of the results for the desorption rates was independent
of the variations in the Pd 4d band, in contradiction
with the results presented in Ref. 2, where the impor-
tance of these electronic effects for hydrogen dissociation
is stressed.

These experiments have motivated the present self-
consistent calculations of the electronic properties of

the two different types of random overlayers on a non-
random fcc Pd(001) substrate, namely the AgPd-mixed
alloy layer and an overlayer of Ag with vacancies. We
use a recently developed first-principles approach 4 to
calculate the electronic structure of a random over-
layer on nonrandom substrates. The approach employs
the tight-binding version of the linear muffin-tin orbital
(TB-LMTO) method within the local-density approxi-
mation (LDA) to the density-functional formalism and
the coherent-potential approximation (CPA) generalized
to inhomogeneous systems to describe the effect of the
disorder. The true semi-infinite nature of the system is
incorporated via the surface Green's-function formalism.

In Sec. II the basic ideas of the method are briefly
described. In Sec. III results for the two types of random
overlayers on fcc Pd(001) are presented, and conclusions
and comments are discussed in Sec. IV.

II. FORMALISM

The details of the self-consistent ab irutio method for
describing the electronic structure of disordered overlay-
ers on metal substrates have been described elsewhere.
The main features of the method are the following.
(i) The application of the TB-LMTO methods to de-
scribe the electronic structure from first principles. (ii)
The use of the surface Green's-function formalism as re-
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quired by the combined effect of alloy disorder and semi-
infinite geometry. The alloy disorder is included via the
coherent-potential approximation generalized to inhomo-
geneous systems such as surfaces. 7 (iii) The system is
considered as composed of three parts: (a) a semi-infinite
ideal homogeneous bulk alloy, (b) a homogeneous vacuum
represented by empty spheres with flat potentials, and (c)
an intermediate region consisting of several atomic layers
where all inhomogeneities (chemical, structural, and elec-
tronic) are concentrated. The latter contains also a few
layers of empty spheres representing the vacuum-sample
interface. The surface Green's functions are used to de-
couple the intermediate region from the semi-infinite vac-
uum and from the substrate bulk alloy. (iv) The Hartree
and exchange potentials within the spheres are calculated
via the atomic sphere approximation (ASA), while both
monopole and the dipole terms of the charge density are
included in the calculation of the Madelung potential.

In order to calculate the electronic structure and prop-
erties of the described system, its configurationally aver-
aged Green's function

g(z) = ([P(z) Sj ) = P'(z) Sl

needs to be determined. The quantity g(z), which we
term a Green's function, is related by a scaling transfor-
mation to the conventional or physical Green's function
defined as the resolvent of the Kohn-Sham equations. It
is more convenient than the conventional one for com-
putation within our formalism. s In Eq. (1), P(z) is a
site-diagonal potential function matrix which character-
izes the scattering properties of atoms placed at lattice
sites. In the overlayer A~Bi ~ the potential function ran-
domly takes two different values. Within the LDA and
CPA, the nonrandom coherent-potential function matrix
'P(z), which is also a site diagonal quantity, is

'P&(z), p = 1, 2, . . . M, in the intermediate region
P (z) or P"(z) otherwise,

where the indices 6 and v refer to bulk and vacuum,
respectively, and M is the number of layers in the in-
termediate region. In the present case the CPA self-
consistency condition is restricted to the overlayer. We
note that this random overlayer and the nonrandom lay-
ers in the intermediate region (including the layers of
empty spheres) are all coupled together due to the LDA
self-consistency. The potential function of the bulk sub-
strate P~(z) is determined using the self-consistent TB-
LMTO method. ' For the cubic lattices with one atom
per unit cell studied in this work, P~(z) is a diagonal
matrix with respect to the site index and to the angu-
lar momentum index L = (l, m). Due to the lowering of
the symmetry at the surface, 'P(z) is nondiagonal with
respect to the angular momentum index L. The quan-
tity S refers to the screened structure constant within
the most localized MTO representation. ii It does not
depend on the identity of the atoms, i.e., 8 is a non-
random quantity, and it needs to be evaluated only once
for a given surface. It has been found that within this
representation and for closed-packed lattices, S is negli-
gible beyond the first-nearest-neighbor shell (fcc lattice)
or the second-nearest-neighbor shell (bcc lattice). s This
property greatly facilitates the evaluation of the surface
Green's function of the system and allows the use of the
concept of the principal layer (PL) defined in such a
way that the semi-infinite system can be described by
a stack of PL's with only nearest-neighbor PL's being
coupled by the structure constants. Depending on the
lattice structure and the surface orientation, a PL con-
sists of one or more atomic layers. For fcc (001) surfaces
and within the most localized MTO representation, a PL
is equivalent to one atomic layer. In addition, the relax-
ation of the top sample layer separations away from the
ideal bulk interlayer distances will not be considered. We

&;(I I) = —2 +& "(p, ( ))+&, '"'(), ( ))
gA

+) ) MsLQL
L q

(3)

where

). +4vr
2l+1+=A, B

S

Yr(r) ~r~ pr(r) dr Zst, o). . —

(4)

Here the Z~ denote the atomic numbers, and the first
term in Eq. (3) represents the potential from the nu-
clei. The second and third terms are the Hartree and
exchange-correlation contributions to the potential, re-

can then use the ideal bulk structure constant for both
the bulk and the surface problems.

The central quantity, which enters both the CPA and
LDA parts of the problem, is the on-site element of the
conditionally averaged physical Green's function which is
closely related to the configurationally averaged Green's
function g(z), Eq. (1). Details concerning its evaluation
can be found in Refs. 3 and 4.

The all-electron charge density within the individual
atomic sphere centered at a lattice site and occupied by
an atom of either type can be easily evaluated if one
knows (i) the layer- and atom-resolved density of states
matrix, which is related directly to the imaginary part of
the on-site elements of the conditionally averaged phys-
ical Green's function, r io and (ii) the radial solutions of
the Schrodinger equation (normalized to unity within a
given atomic sphere) corresponding to the spherical LDA
potential
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spectively. The tilde indicates that the spherically sym-
metric part of the charge density is used as in the ASA
approach. Finally, the last term describes the electro-
static potential acting on electrons in the pth layer due
to the redistribution of electron density among layers in
the intermediate region, i.e., the intersphere contribution
to the spherically symmetric part of the one-electron po-
tential. This redistribution of the electronic charge near
the surface gives rise to the electrostatic (dipole) barrier
AP, which strongly affects the surface electronic struc-
ture. In order to describe the effect of the highly non-
spherical charge density at the surface, it is necessary to
include not only the monopole Q„=' (l = 0, m = 0) but
also the dipole Q„=' (l = 1, m = 0) contributions to the
multipole potential. The scheme used in Ref. 8 to evalu-
ate these contributions has been modified to account for
the disorder, which requires the statistical averaging of
the multipole moments in each layer [see Eq. (4)]. The
evaluation of the multipole matrices M„'~ requires a two-
dimensional Ewald technique.

III. RESULTS

As discussed in the Introduction, the formalism is ap-
plied to the study of the electronic structure and prop-
erties of the disordered overlayers of Ag-Pd and Ag with
vacancies on the Pd(001) substrate. The vacancies are
represented by empty spheres with flat potentials de-
termined self-consistently as in the case of Pd atoms.
The model assumes that all interatomic distances within
the overlayer, as well as between the layers of the in-
termediate region, are the same and equal to those in
the Pd substrate. This is the case of an ideal epitaxi-
ally grown overlayer. The intermediate region consists of
the disordered overlayer, two substrate layers, and two
layers of empty spheres simulating the vacuum. In this
region the potentials are varied until self-consistency is
obtained with respect both to the LDA and CPA. For the
exchange-correlation potential, the functional of Ceper-
ley and Alderis as parametrized by Perdew and Zungeri4
is used. For k-space integration 21 special k~~ points in
the irreducible part of the surface Brillouin zone (SBZ)
of the fcc(001) face are used, but for the evaluation of
the layer-resolved density of states (DOS) 55 special k~~

points are used. The Fermi level Ef of the system is that
of the substrate bulk as obtained from a self-consistent
bulk TB-LMTO calculation. As in Ref. 3, the Green's
function of the bulk is constructed using the surface
Green's function of the substrate. In this way the same
k~~-space integration is used for both the bulk and sur-
face cases. In each iteration loop, one CPA and one LDA
step are performed. Self-consistency is considered to be

achieved when the maximum difFerences among the input
and output potentials in the intermediate region are be-
low 0.01 Ry, which corresponds to at least mRy accuracy
in the calculated eigenvalues.

Charge neutrality in the intermediate region as a whole
is preserved within an accuracy of 10 e. The number of
electrons per atom belonging to the second Pd substrate
layer, i.e. , the third sample layer, was close to 10 within
an accuracy of 10 in all cases. Also, for that layer
the calculated dipole moments, which can be taken as a
measure of the charge nonsphericity, were essentially zero
within the same accuracy. Similar results were obtained
for PdAg on Ag(001).s Due to the finite height of the
surface dipole barrier, which characterizes the sample-
vacuum interface, some charge is found outside the sam-
ple in the vacuum, typically 0.25e.

The work function W was calculated using the expres-
sion W = AP —E~, where AP denotes the electrostatic
dipole barrier across the surface and E~ is the Fermi
level of the bulk substrate. The value of 5.84 eV for the
clean Pd(001) surface compares well with the most re-
cent experimental value of 5.8 eV. Other experimental
values of 5.0 eV and 5.3 eV have also been reported. s is
A calculated value of 5.0 eV was obtained using the self-
consistent local orbital (SCLO) method for a seven-layer
slab and three k~~ points.

Let us now discuss the case of a silver monolayer on the
Pd(001) substrate. Our computed value of W (see Table
I) is 5.07 eV, and it should be compared with a value of
4.4 eV (Ref. 18) obtained using the SCLO method. s The
available experimental value obtained from the angle-
resolved photoemission measurements is 4.6 eV; the
same experiment yields a lower value of W for Pd(001),
5.0 eV, so that the decrease of work function due to the
Ag monolayer coverage is 0.4 eV. Both theoretical cal-
culations (the present method and the SCLO method of
Refs. 16 and 18) give a similar decrease, 0.77 eV and
0.6 eV, respectively. A similar decrease of 0.6 eV of the
work function due to the silver monolayer coverage was
measured recentlyis for the Pd(110) surface.

The values of work functions of a random Ag Pdi
overlayer on the Pd(001) substrate obtained by us are
summarized in Table I. They decrease monotonically, but
not linearly with the Ag content. Note that the opposite
trend was found for the related case of the Ag-Pd over-
layer on the Ag(001) substrate. s This is in accordance
with a greater value of W for Pd as compared with Ag.
No experimental result has been reported for the random
overlayer on the fcc(001) face.

We have also performed calculations of the work func-
tion for the clean Ag(001) surface with (i) all distances
equal to that of bulk Ag and (ii) with all distances equal

TABLE I. Calculated work functions for a clean Pd(001) surface and for an Ag Pdi random
overlayer on a Pd(001) substrate.

Clean
Pd(001)

(eV)
5.84

Ag25Pd75
on Pd(001)

(eV)
5.71

Agsp Pd5p
on Pd(001)

(eV)
5.56

Ag75Pd25
on Pd(001)

(eV)
5.36

Monolayer of
Ag on Pd(001)

(eV)
5.07
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to that of bulk Pd. This sequence of calculations permits
one to examine the effect of the 5% compression of the
Ag lattice on the work function. The computed values
are (i) 4.78 eV and (ii) 5.05 eV, respectively. The former
agrees well with the most recent experimental value of
4.64 eV for Ag(001). The compressed Ag lattice value
agrees well with the value of 5.07 eV obtained for the Ag
monolayer case on Pd(001) (see Table I). A similar re-
sult was obtained for Pd on Ag(001), for which the work
function was nearly the same as for expanded pure Pd. s

These results together suggest that the value of the work
function is largely determined by the outermost layer in
these systems. It would be of great interest to learn how
general this result is.

Let us comment brieHy on the different values of
work function obtained by different theoretical methods.
There are two possible sources of discrepancies: (i) The
slab geometry cannot avoid the interaction of the two
surfaces through the few atomic layers included. We find
that the bulk density of states is essentially reached in
the fourth layer from the surface (Ref. 3 and the present
work) in a semi-infinite material. The fourth layer is the
central layer in the seven layer slab and is still sensitive
to the slab boundary conditions. Another problem with
the slab geometry is the absence of true bulk states which
are, among others, important for the proper determina-
tion of the Fermi level, a bulk property. The Green's-
function techniques are based on the true semi-infinite
geometry and are free of the above limitations. (ii) On
the other hand, the slab methods, which employ the stan-
dard band-structure techniques, avoid the shape approx-
imations for potentials or charge densities of the ASA.
The full-potential treatment may be important for the
dipole barrier determination, and the Green's-function
techniques can only treat it in an approximate manner
(as done in the present work). Note that the work func-
tion is determined by both the dipole barrier and the
bulk Fermi level.

Similarly, the experimental determination of the work
functions suffers from several problems. We first mention
the fact that most measurements are performed on the
polycrystalline samples rather than on the single crystal
faces for which the calculations are done. Another prob-
lem concerns the quality of the sample surface. Surface
roughness can lower the work function as discussed in
Ref. 3. Diffusion of adsorbed atoms into the substrate
can modify the results for adatom covered surfaces. Tak-
ing into account all these facts, the agreement between
the different theoretical approaches on the one side, with
the available experimental data on the other, can be con-
sidered to be satisfactory.

The results for the layer-resolved density of states
are presented in Fig. 1 for the case of a clean Pd(001)
surface, in Fig. 2 for a random AgMPdso overlayer on
Pd(001), and in Fig. 3 for a random AgMVacM overlayer
on Pd(001). The result for the Ag monolayer case is
shown in Fig. 4. In all Ag-covered cases the result for
the clean Pd(001) surface is presented as well for com-
parison.

In general, the shape and the width of the DOS of the
second layer of the substrate agree well with the corre-
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Energy (Ry)

FIG. 1. Layer-resolved DOS's for a clean Pd(001) surface.
The top three layers are denoted by s1, s2 and s3, while b

refers to the bulk layer. The vertical line denotes the position
of the bulk substrate Fermi level.

sponding bulk result, computed within a bulk TB-LMTO
approach. ' This justifies our choice of the three sample
layers in the intermediate region. On the other hand, the
surface-layer DOS (sl) in Fig. 1, is distinctly narrower
and, compared to the bulk, has a higher density about
1 eV below the Fermi level. The narrowing is expected

Vl
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Energy (Ry)

FIG. 2. Layer-resolved DOS's for an overlayer (ov) of ran-
dom Ag5OPd5o on a Pd(001) surface. The two first layers of
the substrate are denoted by s1 and s2, while b refers to the
bulk layer. The corresponding results for a clean Pd(001)
surface (dotted line) are shown. The vertical line denotes the
position of the bulk substrate Fermi level.
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k~i = (0,0) ,

- OV

S1

S2

the Ag-related features deep into the substrate is less pro-
nounced than for the densities of states, where essentially
the second substrate layer was bulklike (see Fig. 4).

The spectral densities for k~~
= (0, 0) are related to

the normal angle-resolved photoemission spectra. There
are several such measurements available in the liter-
ature for the case of the Ag monolayer on Pd(001)
substrate. Direct comparison is, however, ob-
scured by the matrix-element effect (selection rules) not
included in A(k~~, E), as well as by the fact that the
available data are partially k integrated. Indeed, the &-

resolved spectra are similar to the angle-integrated spec-
tra of Ref. 1. The latter, in turn, are related to the den-
sities of states. Keeping this in mind, one can conclude
that the present calculations agree reasonably well with
the available photoemission data.

I I I

-0.75 -0.55 -0.35 -0.1 5 0.05

Energy (Ry)

FIG. 6. Spectral layer-resolved DOS's for an Ag mono-
layer on a Pd(001) surface. The two first layers of the sub-
strate are denoted by sl and s2, while b refers to the bulk
layer. The corresponding results for a clean Pd(001) surface
(dotted line) are shown. The vertical line denotes the position
of the bulk substrate Fermi level.

states compared to the Ag monolayer case (see Figs. 3
and 4), and it is structureless due to the alloy disorder.
Another interesting feature is the shape similarity of the
total DOS of the first and of the second substrate layers
for AgMVacM overlayer (curves sl and s2 in Fig. 3) and
of the total DOS of first two top layers for a clean Pd(001)
(curves sl and s2 in Fig. 1). This indicates the formation
of a new surface, namely that of a clean Pd(001), with the
increase of the vacancy "concentration. " Finally, we note
that the case with vacancies can serve as a simple model
of random surface roughness on a microscopic scale (see
also Ref. 3).

The layer-resolved spectral densities A(k~~, E) for the
Ag monolayer on Pd(001) face are presented in Fig. 6
for the case k~~

= (0, 0). We note the clearly pronounced
Ag-related peaks in the overlayer spectral density at the
lower part of the Pd d bands. In the energy region
about 3 eV below the Fermi level, there are essentially
no Ag states. We note the similarity with the bulk AgPd
alloys where the center of the Ag d band is situated
below the center of the Pd d band. The attenuation of

IV. CONCLUSIONS

It has been shown that the self-consistent Green's-
function technique based on the LDA within the TB-
LMTO-CPA method applied here is sufficiently accurate
for the calculation of the properties of disordered overlay-
ers on metal substrates. Here two possible types of ran-
dom Ag-covered surfaces have been studied, namely the
case of a AgPd surface alloy and the case of an incomplete
Ag overlayer on the Pd(001) substrate. Good agreement
with available experimental photoemission data was ob-
tained. The calculated work functions for the clean and
Ag-rnonolayer covered Pd(001) surface agree reasonably
well with the theoretical calculations based on the slab
geometry as well as with available experimental data.
For a disordered monolayer we predict a monotonic but
nonlinear decrease of work function with increasing Ag
coverage.

The method allows for the consideration of even more
complex situations occurring in experiments such as the
study of the surface of a disordered alloy with possi-
ble segregation of one alloy component at the sample
surface. 7 The present approach in conjunction with the
generalized perturbation methodzs can provide the ef-
fective cluster interactions needed for the study of the
thermodynamics of surface ordering and segregation phe-
nomena from first principles. The formalism can be ex-
tended to include the effect of layer and atomic relax-
ations as well as relativistic effects. The present demon-
stration of the quantitative utility and convenience of this
method encourages us to pursue these further develop-
ments.
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