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Nonlocal density-functional calculations of the surface electronic structure of metals:
Application to aluminum and palladium
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We report density-functional calculations based on the use of an exchange-correlation potential that depends
nonlocallyon the electron density at the surface and automatically yields the correct asymptotic shape of the
surface Kohn-Sham potential. In our scheme the density-functional nonlocality originates in the insertion of
long-range correlations into the electron self-energy, from which we evaluate the exchange-correlation poten-
tial for jellium. The solution to that problem is parametrized for use at real metal surfaces. Image-potential
surface states and crystal-induced surface states are obtained on the same footing without any fitting param-
eters. We apply our method in calculations of the surface-electronic structure of~100! and ~111! surfaces of
aluminum and palladium.@S0163-1829~98!03423-7#
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I. INTRODUCTION

There is a growing interest in accurate theoretical desc
tions of the surface properties of solids. The reasons for
interest are manifold: First, experimental techniques h
been developed that allow for detailed investigations of
surface, such as, e.g., two-photon-photoemiss
spectroscopy1 ~2PPE! and scanning-tunneling microscop
~STM!.2 A necessary condition for a full theoretical interpr
tation of the results of such experiments is an accurate
scription of the surface potential and the surface electro
structure.3 Second, recent progress in the material scien
has led to the production of surfaces of high purity, and
allowed the design of various structures with desired prop
ties. For the understanding of the physicochemical proce
of these systems one needs a detailed knowledge of the
tronic structure of these materials, and in this context surf
states play an important role. Finally, the electronic-surf
problem constitutes an interesting and demanding ma
body system that attracts theoreticiansper se.

On metal surfaces one observes two different types
surface states: crystal-induced and image-potential sta
Crystal-induced surface states have maximal amplitude
the outermost crystal layers and decay rapidly into the b
They owe their existence to the modified boundary con
tions for a Bloch state at the surface. In an infinitely e
tended crystal only Bloch states with real wave vector
allowed because otherwise the electron density become
finite. In a semi-infinite crystal solutions with complex wav
vector kW can exist when the imaginary part ofkW is perpen-
dicular to the surface.4 Image-potential states5 have their ori-
gin in the particular shape of the surface barrier, which
cays asymptotically as 1/z, where z denotes the distanc
from the surface. As in the case of a hydrogen atom
potential can bind a Rydberg series of states just below
vacuum level. The binding energy of the first (n51) of these
570163-1829/98/57~23!/14974~9!/$15.00
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unoccupied states is typically 0.5–0.7 eV.
It is easy to understand the asymptotic form of the surf

barrier classically. The method of image charges6 yields
V(z)52e2/4z for a particle with chargee in front of a metal
surface. However, this treatment does not address the m
scopic many-body problem that is at the heart of a reali
quantum-mechanical calculation. In this case the ima
charge is identified with the exchange-correlation~XC! hole
associated with an electron, in the limit that the electron
far out in the vacuum. Deep inside the crystal, the XC h
produced by each electron because of the Coulomb inte
tion and the Pauli principle is spherically symmetric~ignor-
ing the crystal structure! and centered at the electron’s pos
tion. When one removes an electron from the crystal—e
in an STM experiment—the electron and its XC hole fi
move towards the surface together. As the electron cro
the surface, the XC hole begins to distort from spheric
When the electron has left the metal its XC hole has s
from it, remaining at the metal surface.7,8 This is a long-
range correlation effect that yields a surface barrier that
ymptotically has the formV(z)52e2/4(z2z0),9 where z0
denotes the effective image-plane position, which as a
does not coincide with the geometrical surface.

The most successful theory in practical calculations
‘‘real’’ many-electron systems is the density-function
theory of Hohenberg, Kohn, and Sham.10 In the Kohn-Sham
formulation the many-body problem is mapped onto
noninterecting-particle problem described by Schro¨dinger-
like one-particle equation. All many-body effects are tak
into account by an effective local potential, the XC potenti
defined as the functional derivative of the XC energy fun
tional EXC with respect to the electron densityn(xW ),

VXC5
dEXC@n~xW !#

dn~xW !
. ~1!
14 974 © 1998 The American Physical Society



de
f
a

en
iti
itl
it
a

nc

n

ul
t.
co
ro
D
-
.
tia
w
s—

co
he
n
r-

th
ex
an
ic
es
ha
e
ce
s

rri

ca

th
it
a
o

nd

is
tia
ec
la-
n
a

e
nge
ne-

. In
ier
tset
c-
is

um
that
of

-
-
as

de-
he
elf-

e

w

m

r-

57 14 975NONLOCAL DENSITY-FUNCTIONAL CALCULATIONS OF . . .
In principle the Kohn-Sham method provides an exact
scription of the ground-state density and total energy o
many-electron system. Although there is no formal justific
tion for interpreting the resulting one-electron-energy eig
values and wave functions as the corresponding quant
for real quasiparticles, such interpretation is often tac
assumed—in many cases quite successfully. The key lim
tion in the application of the Kohn-Sham formalism is th
one does not know the exact form of the XC energy fu
tional. The simplest, and most widely used, approximation
the local density approximation~LDA !.11 In this approxima-
tion one assumes that the XC energy density is a local fu
tion of the density, i.e., one writes

EXC5E d3xn~xW !«XC@n~xW #, ~2!

where«XC is the XC energy per electron for ahomogeneous

electron gas whose density is equal to localn(xW ). This ap-
proximation gives total energies, lattice constants, b
moduli, etc. usually in good agreement with experimen11

However, because of the neglect of long-range electron
relations described above, and in the presence of the st
inhomogeneity of the electron density at a surface, the L
yields aqualitatively incorrectsurface barrier: instead of de
caying like 1/z the LDA XC potential decays exponentially
It is therefore not possible to describe image-poten
states—and other important phenomena associated
long-range correlations, such as Van der Waals force
within the framework of the LDA.

Previous calculations of image states introduced the
rect asymptotics ‘‘by hand’’ and used the position of t
image plane as a fitting parameter to reproduce experime
findings.12 An exception was the calculation of Ossicini, Be
toni, and Gies,13 who obtained a Kohn-Sham potential wi
an imagelike tail through the use of an ansatz for the
change correlation functional introduced by Gunnarsson
Jones.14 However, such ad hoc procedure leads to unphys
results for the XC hole at the surface. By contrast to th
previous attempts, we use in this work an XC potential t
was derived from the interrelation between many-body p
turbation theory and density-functional theory. Such pro
dure treated the long-range correlations and abrupt den
variation at the surface properly, and thus the surface ba
shows the correct asymptotic behavior.15,16

The main purpose of this paper is to utilize the nonlo
framework of Eguiluzet al.15,16 and to reportab initio cal-
culations for real metals, in which the crystal induced and
image-potential states are treated on the same footing w
out the use of any fitting parameters, and result autom
cally. We illustrate the method by applying it to the case
~100! and ~111! surfaces of the simple metal aluminum a
of the transition-metal palladium.

In Sec. II A we describe how the nonlocal XC potential
obtained. In Sec. II B we show how the nonlocal poten
can be used in realistic band-structure calculations. In S
III and IV we present our results for aluminum and pal
dium, which we compare with available experimental a
theoretical results. The last section consists of a summ
and outlook.
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II. THE METHOD

A. Construction of a nonlocal exchange-correlation potential

The limitations of the LDA in describing correctly th
surface barrier of a crystal is due to the neglect of long-ra
correlations and the fact that the strong charge inhomoge
ity that occurs at a surface is not properly accounted for
order to improve over LDA description of the surface barr
one has to take into account inhomogeneity from the ou
and thereby retain the nonlocality of the XC energy fun
tional. Therefore, the XC potential that we use in this work
not derived for a homogeneous electron gas but for a jelli
surface. The starting point is an exact integral equation
relates the local, energy-independent XC potential
density-functional theory,VXC , with the nonlocal, energy-
dependent self-energy of many-body theory,SXC , namely,

E d3x1VXC~xW1!E dEg0~xW ,xW1 ;E!g~xW1 ,xW ;E!

5E d3x1E d3x2E dEg0~xW ,xW1 ;E!SXC

3~xW1 ,xW2 ;E!g~xW2 ,xW ;E!. ~3!

The Green’s functiong entering Eq.~1! describes the propa
gation of a real quasiparticle, whileg0 describes the propa
gation of a Kohn-Sham electron. This integral equation w
derived by Sham and Schlu¨ter,17 and used by Godbyet al.18

and also by Hanke and Sham19 for the investigation of the
band gap in semiconductors and insulators. For technical
tails of the solution of this equation for a jellium surface t
reader is referred to Refs. 15 and 16. In that work the s
energy is evaluated in theGW approximation,20 i.e., written
as the convolution of the propagatorg and the dynamically
screened Coulomb interactionW,

SXC~xW1 ,xW2 ;E!5
i

2pE dE8eiE8hg~xW1 ,xW2 ;E1E8!

3W~xW1 ,xW2 ;E8!. ~4!

The screened Coulomb interactionW is given in terms of the
bare Coulomb interactionv and the density-density respons
function xT ,

W5v1vxTv, ~5!

wherexT5x̃1x̃vxT . The irreducible polarizabilityx̃ is cal-
culated in RPA, which from the diagrammatic point of vie
is completely consistent with Eq.~4!.21 As is commonly as-
sumed inab initio applications of theGWapproximation, the
substitution of the Kohn-Sham propagatorg0 for the many-
body propagatorg in Eq. ~4! is a good approximation. This
assumption, which we follow also in this work, stems fro
computer CPU limitations for iterating Eq.~4! to self-
consistency ‘‘ing.’’ We iterate, however, the Kohn-Sham
equations withVXC given by Eq.~3! in order to built in the
long-range correlations into the Kohn-Sham propagatorg0.
Thus, from the viewpoint of the inclusion of long-range co
relations, is our method fully self-consistent.

The solution of the integral equation, Eq.~3!, with the
self-energySXC provided by Eqs.~4! and ~5! yields an XC
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potential with the correct asymptotic form far from th
surface.16 The solid line in Fig. 1 shows such a solution for
metal whose density is in the middle of the range of meta
densities. The2e2/4z image limit of the surface barrier i
due to the Coulomb correlations originated by the sec
term on the right-hand side~rhs! of Eq. ~5!. The exchange-
only potential, i.e., due to the bare Coulomb interaction@first
term on the rhs of Eq.~5!#, tends to2a/z2 for largez, thus
contributing to the position of the image plane.16 Now, one
can define anGW-LDA exchange-correlation potentia
VXC

LDA , within the framework of Eqs.~3!–~5! as the solution
of the integral equation for the homogeneous case. Su
solution is simply given byVXC

LDA5SXC(k5kF ;E5EF). The
VXC

LDA potential is shown as the dotted line on Fig. 1. T
VXC

LDA yields, however, an incorrect asymptotic decay. T
means that for distances from the surface on the order olF
~the Fermi wavelength!, which is relevant for STM experi-
ments, the LDA potential differs from the correct image p
tential by nearly 1 eV. On the other hand, it is important
note that in the bulk and close to the surface the nonlo
potential and the LDA potential are basically indistinguis
able.

B. Realistic band-structure calculations in the presence
of long-range correlations

In the previous section an approach was outlined to de
a density-functional potential at a surface of a solid, wh
although is a local potential in space, depends nonlocally
the electron density and shows a correct asymptotic beha
in vacuum. The approach is general and in principle app
to any system, however, the self-consistent solution of E
~3!–~5! is at present computationally extremely difficult
the surface of a real solid. Therefore, in previous papers16 a
new method of the construction of the Kohn-Sham poten
at a metal surface was proposed beyond the usual lo
density approximation. The idea is very simple: instead
assuming locally ~i.e., in small portions of space! the
exchange-correlation potential of thehomogeneous electro
gas, determined by the value of the local electron densityn,
we take outside the metal surface thenonlocal exchange-
correlation potential of the jellium surface calculated fro

FIG. 1. Exchange-correlation potential for the jellium surfa
with bulk density of sodium,r S53.93 (lF512.9 a.u.!. The solid
line shows the solution of Eq.~1! within theGWapproximation for
SXC , the dotted curve shows the corresponding LDA potential,
the dashed curve is a pure image potentialVim(z)52e2/4(z2z0).
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Eqs. ~3!–~5!. For this reason we parametrize the function
dependence of the jellium-surface nonlocal poten
VXC(r S ,z) on the electron densityn(z), with which it is
self-consistent. Such a parametrization is possible beca
from the first Friedel peak out into the vacuum there exist
one-to-one correspondence between both sets of values
is the case in the LDA approximation, the electron dens
must be self-consistently determined through the iteratio
procedure. The resulting surface potential of a metal sho
the image tail, because the long-range Coulomb correlat
responsible for this tail are built into the XC potential use

In our calculations we use a parametrization of the fu
tional dependence ofVXC on n by a set of spline coefficients
for the vacuum region. Inside the crystal we use the X
potential obtained in theGW-LDA. This potential is shown
in Fig. 1 by the dotted line. Both potentials are identical de
inside the metal and turn out to be indistinquishable even
the jellium edge, therefore such a procedure is fully justifi
and is only a convenient way of including surface nonlo
effects in practical calculations in which many~also infi-
nitely many! crystal layers are used. Where the two pote
tials deviate is the region of small densities out of the me
surface. In particular, it is seen in Fig. 2 that all the LD
potentials approach zero faster than the ‘‘nonlocal’’ pote
tial. In the way the ‘‘nonlocal’’ potential approaches zero
implicitly included in its image shape. Since the nonloc
potentialVXC is parametrized, its use in the band-structu
codes for real systems is as easy as is the use of the con
tional local-density approximation. An iterative solution
the Kohn-Sham equation in the presence of the nonlocalVXC
yields a self-consistent potential, in which both long-ran
correlations and crystal effects are included in the same ti

The dashed-dotted curve in Fig. 2 shows the Ceper
Alder XC potential.22 It is in the whole range of densities
few tenths of an eV higher than the new potential.23 There-
fore, the work function we get with the new potential
always higher than that obtained with the Ceperley-Ald
potential. The reason for this difference is not a specific s
face problem. It comes from the fact that the RPA correlat

d FIG. 2. TheGW-based ‘‘nonlocal’’ exchange-correlation poten
tial ~solid line! as a function ofn1/3. Also plotted are theGW-LDA
potential ~dotted line! and the Ceperley-Alder LDA potentia
~dashed-dotted line!. Except for very small densities theGW-LDA
potential is identical to the XC potential of von Barth and Hed
Ref. 24~another dotted line!.
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energy ~therefore alsoVXC) for the homogeneous electro
gas differs from the quantum Monte Carlo results by ab
10%. In principle this difference should be ‘‘absorbed’’ b
the self-consistent inclusion of vertex correction.20 There are
some indications that the simple form of the vertex provid
by the time-dependent LDA theory could be useful here.25

One of the consequences of the nonlocality of the new
potential is that it not only depends on the local densityn but
also on the bulk densityr S of the jellium. Thus, a question i
posed at the outset: what is the proper choice ofr S for a
given metal? This is a long-standing question and sev
prescriptions exist for the choice of a properr S for a metal.
While for simple metals the choice based on the aver
charge density works very well, ford metals the situation is
more complicated and it is nota priori obvious what pre-
scription is appropriate. Our choice is the following: We fir
calculate within LDA the charge density and self-consist
potential for the bulk of this metal. From this calculation w
deduce an effectiver S by averaging the XC potential over
bulk unit cell. In other words, we solve forr S the following
equation:VXC(r S)5VXC̄, where the jelliumVXC(r S) and the
unit-cell averageVXC̄ of a real crystal must be calculate
within the same LDA scheme. Independently of the LD
scheme used~i.e., Ceperley-Alder orGW-LDA !, this proce-
dure yields for aluminumr S52.07, the value that is com
monly found in the literature. For palladium we determi
r S51.50. Interestingly, this value is very close to the val
r S51.51, which one needs to reproduce the main experim
tal plasmon peak of palladium with a simple, free-electr
formula.26

C. Technical details

We performed density-functional calculations in the pe
odic slab geometry using norm-conserving pseudopoten
of the Bachelet-Hamann-Schlu¨ter type.27 Our basis consisted
of plane waves for aluminum and additionally 5d-type
Gaussians at each atomic site for palladium. The energy
off for plane waves was 9.5 Ry for Al and 12.5 Ry for P
Integrations inkW space were performed with a uniform me
of Monkhorst and Pack points28 and a Gaussian energ
smearing scheme for the determination of the Fermi leve29

As an artifact of the slab geometry all surface states oc
pairwise, one from each surface of the slab. For an infinit
thick slab the two states would be degenerate but for fi
slabs the two states hybridize and the degeneracy is lif
The splitting depends on the thickness of the film~for usual
surface states!, the width of the vacuum region~for image
surface states! and the decay properties of a given sta
Since on surfaces of both aluminum and palladium there
surface states decaying slowly, in order to determine un
biguously the energy position of surface states one sho
use very big slabs. We have performed therefore our ca
lation in two steps: First, we determine the self-consist
surface potential with smaller slabs, typically 7 or 9 crys
layers and 6 to 9 vacuum layers. Such constructed s
proved big enough to calculate accurate self-consistent
face potential, but were too thin from the point of view of th
hybridization just alluded to. Thus, in the next step, for t
calculations of the surface-electronic structure we wide
our slabs by inserting an appropriate number~16–39! of
t
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‘‘bulk’’ layers, for which the potential equals the self
consistent potential of the central layers in our original th
slab. The rationale for this stretching procedure is that
potential so defined should be very close to the s
consistent potential for the stretched slab, which one wo
get from a costly iterational procedure. Finally, since t
image states tail far out into the vacuum, it was necessar
stretch also the vacuum, for aluminum as well as for pa
dium. We first determined the image-plane position from
self-consistent potential of the thin slab and used this to
trapolate the potential sufficiently far out into the vacuum

III. RESULTS FOR Al „100… AND Al „111…

In order to study the electronic structure of aluminu
surfaces we first calculated the self-consistent,nonlocal
Kohn-Sham potential for a periodically repeated superc
that consisted of 9 crystal layers and 7 or 6 vacuum layers
the ~100! or ~111! surface, respectively. The correspondi
work function is 4.59 eV for Al~100! and 4.82 eV for
Al ~111!. These values are about 0.4 eV higher than th
obtained with the Ceperley-Alder LDA formula for exchang
and correlation.30 This difference~illustrated in Fig. 2! is due
to the overestimate of the correlation energy of the homo
neous electron gas by the RPA~or GW! self-energy
diagram.18 On the other hand, the values of work functio
determined with the Ceperley-Alder potential30 are in very
good agreement with experiment.31

From an analysis of the long-range~long distance! form
of the self-consistent potential we can determine the ima
plane positionsz0. The values, calculated for Al~100!,
Al ~111! and for jellium with r S52.07, are listed in Table I.
The first three numbers were obtained via ax2 fit from the
planar average of the XC potential in the vacuum. The l
row gives the value one obtains in the linear respo
theory,32 in which the image-plane position is identified wit
the center of mass of the charge induced by an external c
sical test charge placed infinitely far away from the surfa
An immediate conclusion drawn from Table I is that th
image-plane position derived from the image tail ofVXC is
much closer to the surface than its counterpart determi
within linear response. This is because in the case of
external classical charge there are no exchange processe
contribute to building up the surface barrier.16 Therefore the
image plane position is different fora Kohn-Sham electron
of the quantum systemand for an external test charge. O
value forz0 for jellium of r S52.07 is 0.72. It is substantially
smaller than our result from the linear response theoryz0
51.49), or the analogous result of Lang and Kohn (z0
51.60).32 Our result is consistent with the result of Ossicin

TABLE I. Image-plane positions for different aluminum su
faces and jellium ofr S52.07. Values are given in atomic units wit
respect to the jellium edge. In first three rows the image-plane
sition is obtained from the tail ofVXC ; in the last row, from the
centroid of the induced charge.

Al ~001! Tail of VXC 0.54
Al ~111! Tail of VXC 0.38
Jellium Tail of VXC 0.72
Jellium Linear response 1.49
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Bertoni, and Gies,13 who have obtained the value ofz0
50.85 for the surface of jellium ofr S52.0 from the Kohn-
Sham potential calculated within a model ansatz for the
change correlation functional of Gunnarsson and Jones.14

One can also conclude from Table I that the inclusion
the ion cores brings a further significant decrease of the
sition of z0. This fact was also shown by Inglesfield,33 who
obtained a value ofz051.1 for a realistic model of Al~100!.
He identified the image-plane position with the center
gravity of the induced charge under the influence of an
ternal electric field; therefore, hisz0 is relevant for an exter-
nal classical charge.

The surface states for the~100! and the~111! face of
aluminum are shown in Figs. 3 and 4, respectively. Th
were calculated after stretching either the metal or
vacuum part of the slab by inserting up to 39 crystal,
vacuum layers. The shadowed area in these figures show
projected bulk band structure. Solid lines correspond to s
face states or surface resonances. The dark shadowed
in Fig. 4 indicate broad surface resonances.30 The free-
electron-like band close to the vacuum level aroundḠ cor-
responds to image states. The energy positions of the cry
induced surface states, measured with respect to the F
level, agree to within a few hundreths of an electronvolt w
the results of our LDA calculation where we used t
Ceperley-Alder XC potential. The results of this LDA calc
lation are described in detail elsewhere.30

Yang, Bartynski, and Vanderbilt investigated recently t
unoccupied electronic structure of Al~111! via thek-resolved
inverse-photoemission spectroscopy.34 Due to the experi-
mental setup not the whole energy-momentum space
probed in these measurements and some data are repor
the higher energy region than considered in the present
culation. In addition, it is difficult to distinguish fully unam
biguously in experiment between the bulk and surface st
tures. Nevertheless, the remarkable observation is in v
good agreement with experiment, both in position and d
persion, for the unoccupied ‘‘broad’’ resonance in the mid

FIG. 3. Projected bulk band structure and electronic surf
states for energies below the vacuum level for Al~100!. The free-

electron-like band close to the vacuum level aroundḠ corresponds
to the image-state resonances.
-
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of the Ḡ M̄ line ~see Fig. 3 of Ref. 34!.
Yang et al.34,35 and previousely Heskettet al.36 have re-

ported in their inverse photoemission experiments an ima
state resonance at the Al~111! surface located 0.45 eV below
the vacuum level. As seen in Figs. 3 and 4, on the~100! as
well as on the~111! surface we obtain ann51 image state
with the binding energy of about 0.4 eV, which agrees rat
well with experiment. Because on both surfaces there is
gap in the projected bulk band structure around theḠ point
in the relevant energy range, these image states are r
nances. In our slab calculation we find a number of eig
states withn51 character that occur over a finite range
energy. Due to the finite thickness of the slab the splitt
between these states is fairly large and it is difficult to det
mine the energy location of then51 member of the Rydberg
series. It turned out that with the present periodic-slab te
nique, very big slabs must be used, in order to resolve c
putationally for then51 image state. However, because
the small corrugation of the potential inside the vacuum
gion and the vanishing amplitude of image states inside
bulk of the metal, the energy of the image states could
determined from an additional calculation using a on
dimensional model. In this model the planar average of
self-consistent potential of the three-dimensional slab w
taken in the Hamilton operator. Such a one-dimensio
model allows for much bigger slabs of several hundred l
ers and therefore for better computational resolution in
calculation of the density of states that we use to determ
the energy position of surface resonances.

IV. RESULTS FOR Pd„100… AND Pd„111…

As noted above, in our calculations for the transitio
metal palladium our basis consisted of plane waves plus
d-type Gaussians at each atomic site. As in the case of

FIG. 4. Projected bulk band-structure and electronic surf
states for energies below the vacuum level for Al~111!. The free-

electron-like band close to the vacuum level aroundḠ corresponds
to the image-state resonances. The dark-shadowed areas corre
to broad surface resonances. For a full discussion of these state
Ref. 30.
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minum, we have determined in a first step the self-consis
surface potential for thin slabs; in the present case the n
ber of metal layers was set to seven. Then, in the invest
tion of the usual crystal-terminated surface states w
stretched the slab in its bulk region to include 19 metal l
ers, while in the investigation ofimage states the vacuum
portion of the slab was stretched to include 19~empty! lay-
ers. This proved enough to observe then51 image state,
which on both surfaces is asharpstate within the gap in the
projected bulk band structure. We therefore need not
evoke the one-dimentional potential model in the study
image states of Pd.

The work function obtained with the nonlocal potent
VXC is 6.11 and 6.18 eV for Pd~100! and Pd~111!, respec-
tively. For reasons discussed above, these numbers are l
than those resulting from the Ceperley-Alder exchan
correlation potential, which are 5.68 and 5.75 eV for Pd~100!
and Pd~111!, respectively. Both sets of numbers differ som
what from experiment. The experimental value of the wo
function for Pd~100! is 5.8 eV,37 while for Pd~111! two in-
vestigations, both via the two-photon photoemission~2PPE!
technique, give different values: Kubiak38 reports a work
function of 5.55 eV, Fischeret al.39 obtain a work function
of 5.44 eV. Our disagreement with experiment, especially
Pd~111!, is a bit surprising. It could be caused either
purely technical reasons, or the reason could be of a m
fundamental nature, indicating limitations of our method.
regard to the technical reasons, it is possible that doin
calculation of a better technical quality~which is ‘‘in prin-
ciple’’ always possible!, i.e., allowing for larger slabs or ex
tending the variational freedom by solving Kohn-Sham eq
tion at the surface, could help to some extent. More proba
technical reason is, however, a proper choice of a co
sponding jellium for which the nonlocal surface potential
calculated and used in a ‘‘real metal’’ calculation. In rega
to more fundamental reasons, let us note that a part of
difference between our theoretical value of the work funct
and the experimental value could be ‘‘absorbed’’ by a pro
choice of a vertex function to the self-energy of jellium20

Most probably, this is the difference between both our th
retical values: the one obtained with the nonlocal poten
and the one resulting from the Ceperley-Alder potent
What remains could be due to either technical reasons o
inapplicability of the jellium-derived nonlocal potentialVXC
to the case of a transition metal surface. This question
mands further studies.

A. Pd„100…

Our results for the surface states of the~100! face are
compiled in Fig. 5. Overall they agree very well with th
calculation of Gayet al.;40 however, due to the less stringe
criterion for selection of surface states we adopt, our surf
electronic structure is more far reaching. In particular,
include among surface resonances groups of states that
certain energy region have a pronounced surface amplit
but otherwise propagate periodically like normal bulk sta
into the volume of the crystal. Such ‘‘broad surface res
nances’’ predicted by us for Al~111! according to the same
criterion,30 have been later on reported experimentally.34 The
occupied states have been investigated by Elliotet al.41 by
means of angle-resolved photoemission spectroscopy. W
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we find that there is a qualitative agreement between
results and these experimental data, a question remains
why so few states were detected experimentally compa
with the number predicted theoretically. In addition, the d

persion of the lower experimental state fromḠ to X̄ is some-
what different from our picture, but here the problem of t
connectivity of bands derived within a finite slab can play
role. Finally, experimental data of Elliotet al. show fairly
broad features, which the authors interpret as being du
many-body effects. Such an interpretation need not be n
essarily correct and the broad experimental features can
fine structures.

Wu et al.37 observed an unoccupied surface resonanc
Ḡ, 1.060.2 eV above the Fermi level, in their inverse ph
toemission experiments on the Pd~100! surface. In our cal-
culation we do not find any resonance in this energy ran
neither was it found in the LDA calculation by Gayet al.40

An unoccupied resonance atḠ was predicted in a calculation
by Smith et al.,42 it was placed, however, at somewh
higher energy~1.5–2.0 eV! and the calculation was based o
a simplified, one-dimensional model of the surface potent
Experimentally the resolution of the low-lying unoccupie
surface resonances is very difficult, because they ove
with a strong bulk peak due to the transitions intod bands.
Since the accuracy of the inverse-photoemission techniqu
generally not too high, we think that the unoccupied surfa
electronic structure of Pd~100! needs still an independen
experimental determination with high-precision means.

A similar situation occurs at theX̄ point. Here Wuet al.37

have observed a resonance at 1.060.2 eV above the Ferm
level, which was previously predicted in model calculatio
of Smithet al.,42 but which we do not find in our calculation
We find a resonance that starts at 2.1 eV at theX̄ point and
follows up along the very edge of the energy gap inX̄ M̄
direction. This state was also predicted by Gayet al.40 In the

FIG. 5. Projected bulk band structure and electronic surf

states for Pd~100!. Free-electron bands in the gaps around theḠ
point, just below the vacuum level, correspond to then51 image
state. The dark shadowed areas are the regions of ‘‘broad r
nances’’ described in the text.



p
n

o
w

a
u
il
.u
i

al-

a

a

9
w

he
fe
n
e

lu

bl
h

en
wi

th

is
o-
vel
of
this
o-
of

the
use

eri-

ll

at
of

d by
.

r-
ass

s is
tal
ho-

, in

ry.
ter-
re-

ost

de-
lu-
ic
re-
sur-
be-
e
ere-
tial

ers.
er-
t is

ac

14 980 57HEINRICHSMEIER, FLESZAR, HANKE, AND EGUILUZ
same gap around theX̄ point we find another very shar
unoccupied surface band at 5.1 eV, which was so far
detected experimentally. At theM̄ point Wuet al.37 detected
two surface states in the gap, one at 0.860.2 eV and another
at 2.560.2 eV above the Fermi level. The energy location
the lower state agrees well with the energy of the state
find at 0.74 eV aboveEF .

Now we come to discuss the image states. They
shown in Fig. 5 as free-electron parabola below the vacu
level close to theḠ point. From an analysis of the image ta
of VXC , we determine the image plane to be at 0.47 a
outside the geometrical surface. This agrees quite well w
the valuez050.55 a.u., which was obtained in a model c
culation by Smith et al.,42 in which an empirical, one-
dimensional barrier was fitted to the planar average of
LDA slab calculation.

We find then51 image state atḠ at 0.60 eV below the
vacuum level; it has a free electronlike dispersion with
effective massm* 51.04me . This result agrees well with the
value predicted by Smithet al.42 (En51520.53 eV!. On the
other hand, Wuet al.37 report an experimental value of 0.
60.2 eV for then51 image state. This value seems, ho
ever, unusually large.

Summarizing, the comparison with experiment for t
~100! face of Pd seems somewhat unsettled. There are a
experimentally obtained surface structures that are
present in our results, while we predict some states that w
not seen in experiment. There is still a possibility that inc
sion of many-body effects associated with the presence
the d bands could improve the agreement with availa
measurements. We believe, however, that before such a
pothesis is advanced, it would be extremely useful to ext
the existing experimental database with results obtained
high-resolution methods.

B. Pd„111…

We present our results for the surface states of Pd~111! in
Fig. 6. For the crystal induced states we have basically

FIG. 6. Projected bulk band structure and electronic surf
states for Pd~111!. See caption to Fig. 5.
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same results as Louie,43 who also performed a mixed-bas
pseudopotential calculation. A slight shift in the relative p
sition of calculated states with respect to the Fermi le
between our results could originate from the quality
pseudopotentials used in both calculations. We use in
work anab initio norm-conserving scalar-relativistic pseud
potential, not available yet in the time the calculation
Louie was performed.

As we already noted, the experimental investigation of
occupied crystal-induced surface states is difficult beca
there are many bulk transitions fromd bands in the photo-
emission spectra. To our knowledge the most recent exp
ment has been performed by Eberhardtet al.,44 who found
two occupied states atḠ, one at 0.3 eV belowEF, and an-
other one at 2.2 eV belowEF . These energies agree we
with our results, which are20.2 and22.45 eV, respec-
tively. At K̄ Eberhardtet al. detected states at 0.3 eV and
2.1 eV below the Fermi level. In this case only the energy
the lower state agrees well with our result, which is22.25
eV; we find the higher state at 1.2 eV belowEF . At the M̄
point neither our calculation nor that of Louie43 yielded a
state detected experimentally44 at about 1 eV belowEF .

The unoccupied surface states have been investigate
Hulbert et al. via the inverse photoemission technique45

They found a surface state atḠ with an energy of 1.3 eV and
a free-electron-like dispersion of an effective massm*
50.3me . In our calculation we predict an unoccupied su
face state with the energy of 0.9 eV and the effective m
m* 50.22me .

Our value of the image-plane position isz050.35 a.u.
outside the nominal jellium edge~geometrical surface!. The
energy of then51 image state is in our calculation20.69
eV with respect to the vacuum level, and its effective mas
1.03me . There is considerable scatter in the experimen
results for the binding energy of this state. The inverse p
toemission experiment of Hulbertet al.45 gave a binding en-
ergy of 0.5 eV. The effective mass was reported to be 1.0
accordance with all other experiments. Conradet al.46 mea-
sured the elastic electron reflectivity at the zone bounda
By extrapolating their results to the zone center they de
mined a binding energy of 0.75 eV. In the 2PPE measu
ment, Kubiak38 found the image state at 0.6560.1 eV below
the vacuum level. Finally, the most recent and probably m
accurate 2PPE experiment of Fischeret al.39 yielded a bind-
ing energy of 0.55 eV.

V. SUMMARY

We have presented density-functional calculations to
termine the electronic structure of low index surfaces of a
minum and palladium. In the evaluation of the electron
structure we use an XC potential in which long-range cor
lations are taken into account. Therefore, the calculated
face barrier automatically includes the correct asymptotic
havior, namely, the 1/z decay, which is responsible for th
existence of the image-potential surface states. We are th
fore able to calculate crystal-induced and image-poten
states on the same footing, without any fitting paramet
For sp-bonded Al the agreement of our results with exp
iment is very good. For transition-metal Pd the agreemen
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less satisfactory, especially for the~100! face; however, in
this case too few experimental data exist to allow for defi
tive conclusions. It is also possible that this disagreemen
the result of our tacitly assumed equivalence between Ko
Sham eigenvalues and real excitation energies. However
cent many-body calculations for a jellium surface show t
the energy position and shape of the wave function of im
states are very well represented by the Kohn-Sham sta
once the nonlocality of the XC energy is taken into acco
in the XC potential.47 Whether the same is true for a trans
tion metal such as palladium is still an open question.
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