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Electron tunneling rates between an atom and a corrugated surface

M. Taylor and P. Nordlander*
Department of Physics and Rice Quantum Institute, Rice University, Houston, Texas 77251

~Received 27 April 2001; published 30 August 2001!

An investigation of the lateral variations of the widths of atomic levels outside realistic surfaces is presented.
The surfaces are modeled using finite clusters. The widths of the atomic levels are obtained by calculating the
electronic structure of the atom/surface system and projecting the density of states upon the atomic levels. An
investigation of cluster size dependence of the calculated widths is presented. It is shown that in the region near
the surface, the widths are well converged already for relatively small clusters. An application to Li outside
Al ~001! and Si~110! surfaces shows that the lateral variation of the width of the Li~2s! level can be very
significant.
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I. INTRODUCTION

The shifts and broadening of atomic levels outside s
faces are important quantities determining the charge tran
probabilities in atom-surface scattering experiments.1–3 The
conventional models for the calculation of the widths
atomic resonances outside surfaces treat the substrate w
a jellium model, with charge density varying only in th
surface normal direction.4–8 While these methods accurate
predict the variation of the atom-surface electron tunnel
rates with atom-surface separation, they cannot describe
lateral corrugation of the tunneling rate expected in the
gions near the surface. In experiments involving low veloc
atoms scattered against metal surfaces, the charge tra
often occur at sufficiently large distances from the surfa
that jellium models of the surface can be used.9,10 For pro-
jectile energies larger than 1 keV and large incident ang
the charge transfer can occur close to the surface and in
region where lateral corrugation effects will be important.
several recent experiments involving the neutralization
noble gas ions with kinetic energies above 1 keV, cl
evidence for a strong lateral corrugation of the elect
tunneling rates have been presented.11–13

The extension of the conventional methods for the cal
lation of energy shift and broadening of atomic resonance
realistic corrugated surfaces represents a formidable tas
few applications have been made to study the influence
weak corrugation and the effects of localized impurities a
surface defects on the broadening and shift of atomic le
near surfaces.14–16 The major obstacle preventing the app
cation of these approaches to realistic corrugated surfac
the difficulty in constructing the electron potential. The ele
tron potential which is responsible for the tunneling barr
between the atom and the surface depend on the intera
between the atom and the surfaces. This potential mus
calculated self-consistently rather than estimated by add
substrate and adsorbate potentials and simple image p
tials describing the interaction between the adsorbate and
surface.

For small atom-surface distances, tight-binding meth
have been applied to the calculation of the shift and bro
ening of the adsorbate levels.17–19 In these approaches, th
energy shift and broadening of the atomic levels are obtai
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by investigating the density of states of the atom/subst
system projected on the atomic levels. While the tig
binding models can account for the corrugated surface st
ture, they cannot be applied when the adsorbate is m
more than one lattice space from the surface. Furtherm
since tight binding methods fail to describe the changes
the one-electron potential of the surface caused by the
stantial charge rearrangements involved in chemisorp
systems, neither the shifts nor the broadening of the ad
bate levels can be calculated quantitatively at sm
adsorbate-surface separations. Also, the dependence on
empirical tight-binding parameters reduces the generality
these methods.

The present work builds on the previous tight-bindi
approaches17–19 but is based on the self-consistent dens
functional formalism which provides a parameter free mo
of the electronic structure of the system and includes b
exchange and correlation effects. The surface is modeled
finite cluster, and the adsorbate-cluster electronic structur
resolved using general-purpose quantum chemistry codes
these codes are equipped to study an arbitrary arrange
of atoms from first principles, the accessible range of ads
bate positions and surface structures is limited only by co
putational resources. No modification of the codes or
method is required when approaching a new system.

In Sec. II, the theoretical approach is presented. A met
for the extraction of the width from the projected density
states is presented. In Sec. III, an investigation of cluster
effects is presented. In Sec. IV, results for the lateral va
tion of widths of the Li(2s) level on Al~001! and Si~110! are
presented. The conclusions are presented in Sec. V.

II. THEORY

For an atomic level of energye ls interacting with an in-
finite sea of conduction electrons, the spectral function ta
the form

Als~v!5
1

2p

Im S ls

~v2e ls2ReS ls!21~ Im S ls!2
, ~1!

whereS ls is the energy dependent complex selfenergy of
atomic level. In the one-electron approximation, for a su
©2001 The American Physical Society22-1
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strate with large band width and weakly energy depend
density of states, the shift of the atomic level ReS is small
and its broadening ImS ls is only weakly energy dependen
The spectral function is a Lorentzian with a half widthG
5Im S ls(e ls). The spectral function of the level is equal
the density of states of the interacting system projected o
the atomic level. We will refer to the adsorbate-resolved
ergy spectrum as the projected density of states~JDOS!. The
broadening of the atomic resonance represents their tran
into the surface by tunneling,17 so that the width of the spec
tral broadening is directly related to the tunneling rate.
property of the Lorentz distribution is thatG is exactly the
full width at half-maximum~FWHM!, a quantity that is eas
ily extracted from numerical results. Both Klamrothet al.18

and Merinoet al.17 take advantage of this relation to calc
late widths of atomic level outside corrugated surfaces b
numerical estimation of the FWHM.

The present work makes a similar attempt, but with a k
difference; unlike these previous efforts, we cannot expr
the JDOS as an analytic function. The spectrum obtai
from the cluster calculation consists of discrete, delta fu
tion peaks. From each electronic structure calculation,
projected density of states can be extracted and take the

Al~e!5(
k

uClku2d~e2ek!. ~2!

In this expression,Al is the JDOS or spectral function,ek are
the eigenvalues andClk are the corresponding eigenvect
coefficients for the adsorbate levell. Note that both occupied
and unoccupied eigenstates contribute to the JDOS.

The JDOS for a discrete system, such as a cluster, con
of individual delta function ‘‘spikes’’ rather than a smoo
spectrum. To extractG, we must first transform the JDO
into a continuous function with a single recognizable pe
To make this transformation, we apply a Lorentzi
broadening of widthb to the calculated JDOS Eq.~2!

Al8~e!5(
k

uClku2
b/2p

~e2ek!
21~b/2!2

. ~3!

When the energy level spacing is much less thanG, the
resonance width can be unambiguously determined by m
mally broadening the JDOS and measuring its FWHM. U
fortunately, the range of interest forG corresponds to such
closely spaced energy levels that extremely large clus
would be required. For example, ifG'0.05 eV, a relatively
large width, the energy level spacing in the JDOS approac
G at a cluster size of 500 atoms. The range of interest foG
could extend as much as four orders of magnitude low
requiring clusters of millions of atoms for clear resolution
the Lorentzian.

To circumvent this limitation, it was necessary to dev
another way of extractingG from the projected density o
states. A number of statistical methods were first attemp
treating the JDOS as a set of data points to be fitted t
probability distribution. However, since these methods
often sensitive to the distribution of data points, second
features in the JDOS frequently distorted the best-fit dis
11542
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bution, resulting in unreliable estimates forG. The time-
dependent population of the adsorbate level was also ex
ined, but no reliable method for matching the period
population function of a finite system to the aperiodic exp
nential decay found in the macroscopic system co
be developed.

The most reliable way to estimateG turned out to involve
a Lorentzian broadening of the JDOS, but instead of a m
mal broadening parameter, we apply a very large broaden
b@G. The FWHM of the resulting peak is directly related
G, due to an algebraic property of the Lorentzian distrib
tion. This distribution can be represented as the fourier tra
form of an exponential

AG~e2m!5
G/2p

~e2m!21~G/2!2

5E eivtdv expS 2 i tm2
G

2 UtU D . ~4!

The convolution of this Lorentzian with another of widthb
can be rewritten using a product of fourier transforms:

AG~e2m!* Ab~e!

5E ei etdt expS 2 i tm2
G

2
utu DexpS 2

b

2
utu D

5E ei etdt expS 2 i tm2
G1b

2
utu D . ~5!

This is just another Lorentzian of widthG1b. Therefore, if
we know the FWHM of the broadened spectrum, we c
extract the original width,G by subtracting the broadenin
parameterG5FWHM2b

In the present calculation, we will use a local exchan
correlation potential in the density functional scheme. T
local density approximation does not include the image
tential of the electrons. The image potential is the domin
contribution to the energy shift of atomic levels near s
faces. For this reason, the present investigation is limited
the study of the widths of the atomic resonances. The im
charges induced on metal surfaces are relatively exten
and although the barriers they introduce for electron tunn
ing can be significant,4 we do not expect them to induce
strong lateral corrugation of the widths. Consequently,
expect the LDA results to well describe the lateral corrug
tion of the width along the surface.

Computational constraints and approximations in
model impose limits on the adsorbate-cluster configurati
that can be effectively studied with the present meth
When the adsorbate is extremely close to the cluster~3 a.u.
or less!, the resonance width approaches the scale of feat
in the energy spectrum of the substrate. In this case,
spectral function is distorted from a perfect Lorentzian cur
and the width of the dominant JDOS feature may be sign
cantly different fromG. For an accurate representation of t
surface, the dimensions of the cluster must be larger than
2-2
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ELECTRON TUNNELING RATES BETWEEN AN ATOM . . . PHYSICAL REVIEW B64 115422
atom-surface separation. With current computational
sources, we have had difficulties converging widths
atom-surface separations larger than 12 a.u.

III. CLUSTER SIZE EFFECTS

Another complication that must be taken into accou
when studying the interaction of an atom with a surfa
modeled using a finite cluster is quantum size effects,
electronic states caused by the boundaries of the clu
Within the intermediate range of adsorbate-cluster distan
3–10 a.u., we found quantum size effects to be the larg
source of the cluster size dependence in the calculated r
nance width. In this section we investigate variation ofG
with cluster size and shape. In order to be able to model v
large clusters, we use the semiempirical tight binding
proach in this subsection. We expect the criteria for clus
size convergence to be similar in tight-binding and dens
functional theory.

In the following two subsections, we investigate the effe
of cluster size on the widths of the atomic levels. In the fi
subsection, a general result is obtained. In the second
section, we investigate quantum size effects using cluster
different sizes and shapes.

A. Volume effects

The effect of finite cluster size can be modeled with t
scattering method developed by Krueger and Pollman20

The cluster boundary is treated as an infinitely high poten
barrier that perturbs the semi-infinite surface. We constr
an infinite array of such barriers, dividing the surface into
superlattice of clusters. The scattering method gives the
sulting Green’s function, projected onto any atom
the cluster:

Gnn'Gnn
(`)2(

m

uGnm
(`)u2

Gmm
(`)

, ~6!

wheren is any atomic level andm are only those levels tha
fall inside the potential barrier. The superscript (`) indicates
Green’s functions in the semi-infinite surface, i.e., before
potential barriers are introduced. It can be shown that
square modulus of the intersite Green’s functionuGnm

(`)u2, de-
cays asr nm

22 in a free electron metal. This relation is n
surprising, as it is already known that the inter-site dens
matrix decays with the inverse square of distance in
metal.21

The distance to the barrier varies linearly with cluster
ameterL so uGnm

(`)u2 is proportional toL22. However, the
sum overm will include fewer atoms as the cluster size i
creases, since the ratio of cluster surface area to encl
volume goes asL21. Therefore, the total sum is proportion
to L23:

Gnn2Gnn
(`)}L23. ~7!

Next, we introduce the adsorbate-surface interaction. LetVln
denote the Hamiltonian matrix element between adsorb
orbital C l and surface stateCn . Using the Golden rule ap
11542
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proximation, the tunneling rates between the adsorbate
the surface can be expressed in terms of the Green func

G'(
n

uVlnu2 Im Gnn . ~8!

Within the Golden Rule approximation, the volume depe
dence of the width therefore take the form

DGsize'(
n

uVlnu2~ Im Gnn2Im Gnn
(`)!. ~9!

Using Eq.~7!, the following expression for the volume de
pendence of the width is then obtained,

DGsize}
G

L3
. ~10!

B. Quantum-size effects

For intermediate atom-surface separation distances~3–10
a.u.!, quantum size effects are the largest source of un
tainty in calculating resonance widths from finite clusters.
study these size effects, we have constructed a semiemp
tight-binding model of aluminum according to the method
Slater and Koster.22 Tight-binding parameters developed b
Krueger and Pollmann were used,23 and the Hamiltonian ei-
genvalue problem was solved using theARPACK library
developed at Rice University.24

The tight-binding study was conducted to meet two p
mary goals: qualitative understanding of the size depende
of the density of states, and quantitative estimates of
cluster size necessary to calculateG with acceptable accu
racy. We begin by discussing the qualitative part of the
results.

Figure 1 shows the total density of states for cubic alum
num clusters of various sizes. In each case, the DOS foll
the general form of the macroscopic distribution, but
modulated by the size quantization of energy states. For
largest clusters, the distribution of one-electron eigenstate
quite analogous to a deep, three-dimensional square
with approximately the same geometry as the cluster.

Next, we added an idealized alkali adsorbate to each c
ter to simulate the interaction of a free lithium atom with
surface. The adsorbate energy levels were set to the ex
mental values for Li 2s and 2p orbitals.25 To estimate
aluminum-lithium coupling parameters, a single referen
calculation was performed usingGAUSSIAN99 with a lithium
atom located 6.0 a.u. above the top site of a small alumin
cluster. The Hamiltonian matrix elements between Li(2s)
and Li(2p) orbitals and the Al(3s) and Al(3p) orbitals were
extracted, and used for the Al-Li tight-binding parameters

The adsorbate is assumed to be in the top position at
center of the surface of the cluster. We only include the ne
est neighbor interactions. While this model is not expected
be numerically accurate in representing the Li-surface in
action, it provides a qualitative picture of the relationsh
between cluster size and the adsorbate-resolved densi
states~JDOS!.
2-3
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In addition to the cubic clusters described previously, t
new cluster shapes were added; they included tall column
clusters of fixed surface area but variable depth, and
platelike clusters of fixed depth but variable width. This r
vealed a key difference between cluster depth variation
cluster width variation of the JDOS.

Figure 2 shows the Li(2s) JDOS for a series of aluminum
column clusters of increasing depth. As the column de
increases, the JDOS changes in a fairly uniform manner;
eigenstates become more closely spaced, but follow the s
general pattern. In the figures we also include Lorentzi
with widths obtained from the calculated JDOS.

Figure 3 shows the Li(2s) JDOS for a series of aluminum
platelike clusters, each one three layers deep but of incr
ing lateral dimension. The JDOS of the platelike clust
changes much more unpredictably with cluster size than
columns. Even a small change in lateral cluster size can
sult in a very different distribution of eigenstates. Also in th
figure we include Lorentzians with widths obtained from t
calculated JDOS.

In Fig. 4, we show the effect ofb on the width extracted
from the JDOS. The calculated resonance widthG is plotted
versus the broadening parameterb for tight-binding models
of two aluminum clusters. The clusters have the same lat
shape, but one is approximately twice as deep. The fig
shows that the calculatedG becomes less sensitive tob as
the cluster size increases. The figure clearly shows that
procedure for extracting the level width from the JDOS
stable and relatively insensitive tob.

The difference between vertical and lateral cluster s
effects can be generally understood in terms of the squ

FIG. 1. Total density of states for semiempirical tight-bindi
models of four cubic aluminum clusters. Panel~a! refers to a cluster
containing 53535 atoms,~b! refers to a 73737 cluster,~c! re-
fers to a 93939 cluster, and panel~d! refers to a cluster containing
11311311 atoms. The tight-binding parameters were taken fr
Ref. 23 and are«3s522.421, «3p56.204, «3d515.176, Vsss5
20.682, Vsps521.163, Vsds50.878, Vpps52.260, Vppp5
20.331, Vpds522.185, Vpdp50.563, Vdds521.603, Vddp

51.059, andVddd520.474 eV.
11542
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FIG. 2. The adsorbate-projected density of states~JDOS! for the
Li(2s) level on Al clusters consisting of aluminum columns
increasing depth, as calculated via a tight-binding model. Pane~a!
refer to a cluster containing 63535 atoms, panel~b! refers to a
123535 cluster, panel~c! refers to a 253535 cluster, and pane
~d! refer to a cluster containing 503535 atoms. The tight-binding
parameters describing the Al-Al interactions are the same as in
1. To model the Li-Al interaction we use«2s525.38, «2p5
23.53, Vsss521.224, Vsps521.713, Vpps50.921, andVppp5
20.171 eV. A Lorentzian with the extracted width is superimpos
on the raw JDOS. The width were extracted usingb52.0 eV.

FIG. 3. The adsorbate-projected density of states~JDOS! four
the Li(2s) level on a Al clusters consisting of aluminum squares
increasing width, as calculated via a tight-binding model. Panel~a!
refers to a cluster containing 73733 atoms, panel~b! refers to a
1131133 cluster, panel~c! refers to a 2532533 cluster, and
panel d! refers to a cluster containing 2132133 atoms. The tight-
binding parameters are the same as those in Fig. 2. A Lorent
with the extracted width is superimposed on the raw JDOS. T
width were extracted usingb51.0 eV.
2-4
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ELECTRON TUNNELING RATES BETWEEN AN ATOM . . . PHYSICAL REVIEW B64 115422
well model. If we match each square well eigenstate wit
similar Bloch state in the cluster, its wave function will be
follows, up to a normalization constant:

cks~rW !5(
i

sin~RW i•kW !fs~rW2RW i ! ~11!

with kW5(pnx /Lx) x̂1(pny /Ly) ŷ1(pnz /Lz) ẑ. This wave
function is written in a coordinate system where the orig
lies at one corner of the cluster, therefore the cluster a
nearest the adsorbate has coordinates (Lx/2,Ly/2,0). Accord-
ingly, we can write the Hamiltonian matrix elemen
involving the adsorbate and a cluster eigenstates as follo

Hls,ks5sinS pnx

2
1

pny

2 DVs ,

Hks,ks5Es1
p2

2 S nx
2

Lx
2

1
ny

2

Ly
2

1
nz

2

Lz
2D , ~12!

whereEs is an energy level of the cluster atoms, andVs is
the matrix element between the adsorbate orbital and an
bital of the nearest cluster atom. The form of these ma
elements explain why the change of the JDOS with late
dimension of the cluster are more irregular than the chan
caused by cluster depth variation. It is as if the adsorbat
interacting with several bands, each labeled by one (nx ,ny)
pair. Within each band, the states are spaced uniformly
have the same interaction matrix element with the adsorb
Increasing the depth of the cluster packs the eigenva
more closely, but does not fundamentally change the sh
of the band or its adsorbate interaction. On the other han
change in the lateral dimension of the cluster rearranges
the bands and the strength of their interactions with the
sorbate, resulting in a different JDOS.

The results of this study suggest trends in the cluster
convergence of the level width calculations. As cluster de
increases, the JDOS keeps roughly the same structure b

FIG. 4. The calculated resonance widthG is plotted versus the
broadening parameterb for tight-binding models of two aluminum
clusters. The solid line is for a cluster containing 535313 atoms,
and and the dashed line is for a cluster measuring 535325 atoms.
11542
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better resolved, therefore we would expect the calculateG
to converge fairly smoothly toward some limit. As the later
dimension of the cluster increases, however, the JD
changes more unpredictably. Therefore, we expectG to vary
somewhat randomly as the cluster width changes, making
convergence more difficult to recognize.

In Fig. 5, the resonance widthG is plotted versus cluste
depth. Each curve represents clusters with the same la
cross section, i.e., the sameLx andLy dimensions. Although
each curve converges clearly toward a limiting value ofG, it
would be misleading to conclude that any one of these is
semi-infinite limit. Each lateral cross section produces a d
ferent large-depth limit forG, and these limits will only
agree when the lateral dimensions of the cluster are larg

The second goal of the tight-binding study is to estim
the cluster size necessary to accurately determineG. First of
all, a cluster depth must be chosen. In all the depth versuG
plots shown above,G rises up to a critical depth, then rapidl
decays to its large-depth limit. At five layers deep, all clu
ters are past their critical depth andG is within approxi-
mately 10% of its limit. At six layers,G is within 2% of its
large-depth limit, regardless of lateral dimensions.

Once a cluster depth is selected, the lateral dimens
must be chosen. From the clusters studied, it appears tha
smaller of the two lateral dimensions determines the ac
racy ofG. In Fig. 6,G is plotted versus the minimum latera
dimension of each cluster. Five-layer deep clusters are wi
10% of the macroscopicG, even for very small lateral di-
mensions. Increasing their lateral size beyond three or f
atomic planes will gain little accuracy inG. Six-layer deep
clusters should be somewhat wider; clusters about
atomic planes wide are necessary before the uncertaintyG
is 2% or less.

IV. RESULTS

The method for determining adsorbate level widths d
scribed in the previous section is now applied to two phy

FIG. 5. Width of the Li(2s) level as a function of cluster dept
D for three clusters of different lateral dimensions. The dotted l
is for a 3333D cluster. The dashed line is for a 5353D cluster
and the solid line is the result for a 7373D cluster. The tight
binding parameters are the same as those in Fig. 2. The widths
extracted usingb52.0 eV.
2-5
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cal systems: Li(2s)/Al(001) and Li(2s)/Si(110). In both
cases, the density functional method was used to determ
the ground state electronic structure of the adsorbate-clu
system, and the calculation of the projected density of sta

A. Density functional method

The density functional method provides a much mo
physically accurate calculation of electronic structure th
our tight-binding model. It is anab initio method, requiring
no semiempirical parameters, and it includes charge redi
bution and correlation effects. The disadvantage is its co
putational cost, so that cluster sizes must be smaller tha
the tight-binding study.

The first step in determining resonance widths is to fi
the ground state electronic structure of the adsorbate-clu

FIG. 6. Width of the Li(2s) level versus the shortest later
cluster dimensionL, for four clusters of different depths. The dotte
line refers to aL31133 cluster, the short-dashed line refers to
L31134 cluster, the long-dashed line is for aL31135 cluster
and the solid line is the result obtained for aL31136 atom cluster.
The tight-binding parameters are the same as those in Fig. 2. m
els of aluminum. Clusters five and six layers deep were studied.
widths were extracted usingb52.0 eV.
11542
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system. For this purpose we usedCMOL,26 an electronic
structure code previously developed at Rice.CMOL uses the
density functional formalism under the local spin dens
approximation, so both charge self-consistency and so
correlation effects are taken into account.

In each calculation, the surface is represented by a clu
of the same chemical composition as the substrate. Th
clusters are not relaxed, but instead fixed in the bulk geo
etry of the cluster. While a relaxed cluster would be mo
physical in isolation, it may be less similar to the macr
scopic surface. The primary disadvantage of unrelaxed c
ters is the slow convergence of the electronic structure; h
ever, in the systems we studied the convergence
sufficiently fast for our needs.

An important goal of the present work is to enable t
calculation of resonance widths for arbitrary adsorbate p
tions. Therefore, restricting the atom-cluster configuration
high symmetry positions is undesirable. However, it is p
sible to take advantage of symmetry in the surface nor
direction without restricting the adsorbate position. For ea
system in the present study, all atoms were reflected ac
the crystal plane farthest from the adsorbate. This genera
cluster approximately twice as large with two identical a
sorbate atoms on opposite faces, but with very little incre
in computational cost. Interactions between the two ads
bates are very small due to their large separation dista
and due to the screening induced by the cluster. It is a
possible to take advantage of lateral symmetry, and still
plore adsorbate positions over a large portion of the surf
unit cell.

B. Li on Al „001…

The surface is modeled using five different cluster geo
etries shown in Fig. 7. The figure also shows the planes
lines of symmetry along which the adsorbate is placed. T
first two clusters are three layers deep and five layers w
along their shortest lateral dimension. These broad, sha
clusters are designed to allow adsorbate positioning a

d-
he
y

FIG. 7. Aluminum clusters

used in the density function stud
of lithium on the Al~001! surface.
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where along the longest lateral axis while keeping fourf
symmetry to reduce computational cost. The second
third clusters have similar size to the first two, but their l
eral axes are rotated 45° from the crystal axes. These clu
are also designed to allow lateral adsorbate movement,
along a different direction than the first two.

The G values obtained from these clusters are somew
sensitive to the broadening parameterb with which G is
extracted. Since the focus of the present work is to inve
gate the lateral variation of the adsorbate level width,G is
rescaled so that its value at the center of the trajector
unity.

Figure 8 shows the variation of the rescaledG as the
lithium adsorbate moves along a trajectory that passes
the center and top sites, i.e., in the~100! direction. After the
rescaling, the corrugation ofG is relatively insensitive to
cluster size, especially in the central part of each cluster
face. One would therefore expect that the corrugat
of G calculated for these clusters accurately reflects
corrugation expected on an infinite surface.

Figure 9 shows the lateral dependence ofG along a tra-
jectory that passes over the center and bridge sites, i.e., in
~110! direction. Again,G is rescaled to equal one at the ce
ter site, and after rescaling it is nearly independent of clu
size.

In Fig. 10, the dependence of the width on adsorba
substrate separation is shown. The Li atom is placed on
top site of the cluster~e!. This large cluster measures nin
layers deep and five layers wide in both lateral dimensio
This cluster is designed for a more restricted range of ad
bate positions along the vertical axis, where the system

FIG. 8. Width of the Li(2s) level as a function of lateral posi
tion over Al~001!, including top and center sites. The upper pa
shows the results for cluster a and the lower panel are the result
cluster b. The dotted lines shows the level widths obtained us
b51 and the solid lines were obtained usingb52 eV. The
adsorbate is separated from the surface by 8.5 a.u. The top s
the center of the upper face of the cluster is chosen as the o
X50.
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eightfold symmetry. TheG values calculated from this clus
ter are expected to be fairly accurate, as the cluster is w
within the size guidelines developed from the tight-bindi
study. The two solid curves in Fig. 10 were obtained w
different broadening parameters, 1.0 and 2.0 eV, show
that the results are relatively insensitive tob. At adsorbate-

l
for
g

at
in

FIG. 9. Width of the Li(2s) level as a function of lateral posi
tion over Al~001!, including center and bridge sites. The upp
panel are the results from cluster c and the lower panel are
results for cluster d. The dotted lines shows the level widths
tained usingb51 and the solid lines were obtained usingb
52 eV. The adsorbate is separated from the surface by 8.5 a
center site on the center of the upper face of the cluster is chose
the originX50.

FIG. 10. Width of the lithium (2s) level versus vertical distance
above the Al~001! top site on clustere. The dotted line shows the
widths calculated usingb51 and the dashed lines are widths o
tained usingb52 eV. The solid line shows the results from com
plex scaling theory~Ref. 4!.
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cluster distances greater than about 8 a.u., the tunneling
calculated from these results is not reliable. In this range,
separation distance approaches the length scale of the cl
diameter, and the electronic wave functions of the clus
decay much faster than the wave functions from a mac
scopic surface. Figure 10 also includes the results obta
by the complex scaling method for a lithium adsorbate o
jellium surface modeling Al.4 The cluster data clearly fol
lows the latter pattern, indicating that cluster size effects
primarily caused by changes in the cluster wavefuncti
near the adsorbate. The present LDA widths are smaller
the complex scaling results. One contributing factor to t
difference is that the LDA results neglect the image poten
which lowers the tunneling barriers between the atom
the surface.4

The calculation show a large lateral corrugation of t
width of the Li(2s) level outside Al~001!. The width directly
above an Al atom is a factor of two smaller than when the
atoms is above a hollow position.

C. Li on Si„110…

Charge transfer between an adsorbate and a semicon
ing surface is not as well understood as for a metal surfa
In a semiconductor, the density of states is very differ
from a free-electron metal, and the electron eigenstates
be more localized. Both of these factors make it difficult
apply the conventional analytic theories for resonance ene
calculations to semiconducting or insulating surfaces.

Two cluster models were used to simulate a lithium at
on the silicon~110! surface. As with the aluminum study, th
clusters were not relaxed so that they would more accura
represent the macroscopic surface. To speed convergen
electronic structure calculations, the dangling silicon bon
along the sides of the smaller clusters were terminated w
hydrogen. The top and bottom faces, where the adsorb
interact, were left clean. The geometry of these silic
clusters is shown in Fig. 11.

Both clusters have the same depth, but one has la
lateral dimensions to test cluster size convergence of the
sults. In both cases, the lithium adsorbate was positioned
plane parallel to the surface normal vector, and parallel to
longest lateral dimension of the cluster. The resulting sys
had four-fold symmetry regardless of adsorbate position
that plane.

In Fig. 12, the widths of the Li~2s! level are shown along
a trajectory in the~001! direction, which runs perpendicula
to the ridges and troughs characteristic of the~110! silicon

FIG. 11. Silicon clusters used in the density functional study
lithium on the Si~110! surface.
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surface. For each cluster, only the innermost unit cell w
selected for calculation ofG to minimize edge effects. As
with the aluminum study,G is rescaled, in this case so that
is unity at its maximum, and widths are extracted w
broadenings of both 1.0 and 2.0 eV.

The lateral variation ofG shows stronger, less sinusoid
variation than for the aluminum clusters. This is expec
because the screening of the atom surface interaction is
efficient on a semiconductor surface than on a metal. T
corrugation of the electron potential is deeper, and ha
longer length scale than on an aluminum surface. Howeve
may also result from greater localization of electron eige
states. As the adsorbate encounters these localized state
matrix elements between adsorbate and surface w
functions increase exponentially, resulting in an increa
tunneling rate.

The corrugation of the the Li(2s) width on the Si surface
is also more sensitive to the broadening parameterb with
which it is extracted than what was the case for Li on A
This may simply be due to the small cluster size used in
study, but it is also possible that the spectral function is m
non-Lorentzian due to the pronounced energy dependenc
the DOS arising from the band structure of silicon. For
non-Lorentzian JDOS, the method for extracting widths fro
the JDOS should be modified.

V. CONCLUSIONS AND OUTLOOK

In this work, we have demonstrated a new method
calculating the electron tunneling rate between a surface
an incident, low-energy adsorbate. The surface is represe
by a finite cluster reflecting the composition and lattice str
ture of the macroscopic substrate. To find the tunneling r

f

FIG. 12. L(2s) level broadening versus lateral position ov
Si~110!. The upper panel are the results obtained using cluster a
the lower panel are the results using cluster b. The dotted line sh
the widths calculated usingb51 and the dashed lines are width
obtained usingb52 eV. The origin (X50) is located directly
above an atom in the second Si layer.
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the electronic structure of the adsorbate-cluster system is
culated numerically, and the density of states is projected
chosen adsorbate orbitals. This projected density of state
then convoluted with a broad Lorentzian distribution, and
resulting full width at half-maximum of the resu
is extracted.

With present computational resources, the most sign
cant limitation of the method is the restricted range of se
ration distance between the adsorbate and the cluster i
face. When this distance approaches the length scale o
cluster, the cluster wave functions begin to decay mu
faster than for a semi-infinite surface. This distorts t
Hamiltonian matrix elements and results in inaccur
widths.

The present calculation utilized the local density appro
mation for the calculation of the electronic structure of t
adsorbate/surface system. This approach was taken for c
putational simplicity and would not be the ideal method fo
quantitative calculation of adsorbate resonance energies.
LDA suffers from a range of unphysical characteristics, su
as the neglect of van der Waals forces, image forces, and
lack of the property of integer preference. We do not exp
that any of these properties will influence the magnitude
the lateral corrugation of adsorbate levels which is a prope
primarily determined by the variation of the local hybridiz
n

d

e

d
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tion between the adsorbate levels and the substrate le
However, an accurate determination of both the abso
magnitude of the tunneling rates and the shift of the ads
bate levels will require an electronic structure method t
does not suffer from some of the unphysical deficiencies
LDA. In addition, for the calculation of the adsorbate lev
shifts and interaction potential, one must correct for the ba
set superpositions errors expected for large adsorbate-su
separations. The state of electronic structure calcula
methodology is a rapidly evolving field and once more acc
rate methods such as nonlocal or time-dependent den
functional theory27 or hybrid density functional/CI schemes28

are available, they should be used. With such approac
both the energy shifts and widths as well as the interact
potential between the adsorbate and the surface could
principle be obtained within a single calculation.

The method present here can be applied to atoms
molecules interacting with surfaces of arbitrary geome
and composition, including semiconductors, insulators a
heterogeneous systems. The accuracy of the results is lim
only by computational resources, and even the separa
distance limit can be increased by employing larger cluste
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foundation.
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