
PHYSICAL REVIEW B 15 AUGUST 1999-IIVOLUME 60, NUMBER 8
Electronic friction in the presence of strong intra-atomic correlations for atoms moving
near metal surfaces

M. Plihal and David C. Langreth
Department of Physics and Astronomy, Rutgers University, Piscataway, New Jersey 08855-0849

~Received 30 December 1998!

We present a theory of energy transfer between metal surfaces and atoms moving near the surface. We
investigate the effects of the intra-atomic electron correlations on the nonadiabatic energy transfer, related to
electronic friction. Two special cases of atoms moving~a! parallel and~b! perpendicular to the surface are
discussed. Analytic expression is derived for the energy transfer of an interacting system with atoms moving
parallel to a smooth surface with finite velocity. In the Kondo regime, we find substantial enhancement and
strong temperature dependence of the friction coefficient. The maximum effect occurs when the substrate
electronic temperature is of the order of the Kondo temperature,TK . The interference between the parallel and
perpendicular directions of motion is small for all experimentally relevant conditions. However, the parallel
component of velocity affects the energy transfer that one would find under the conditions of perpendicular
motion. @S0163-1829~99!14627-7#
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I. INTRODUCTION

One of the interesting recent developments in surface
ence has been the direct spectroscopic observation of
Kondo resonance in the electronic structure of magnetic
oms chemisorbed on metal surfaces. Two independent
periments were performed using low-temperature scann
tunneling microscopy~STM! with atomic-scale resolution on
two different atom-metal systems Co/Au~111! ~Ref. 1! and
Ce/Ag~111! ~Ref. 2!—well known to be Kondo impurity al-
loys with high Kondo temperatureTK ;300 K and;1000
K, respectively. The observed feature appears as a na
resonance at the Fermi energyeF of the host metal and is
spatially limited to the vicinity of the adsorbed magne
atoms. The inferred Kondo temperatures are 80 K for C
Au~111! and 50 K for Ce/Ag~111!. We note, however, tha
alternative explanation for the resonance cannot be ruled
at this time and a truly unambiguous conclusion will requ
further studies of the temperature and magnetic field dep
dence.

The Kondo resonance is a manifestation of many-bo
interactions between the metal electrons and the local im
rity moment. It forms as a consequence of spin-flip scatter
of the conduction electrons at the Fermi surface from
uncompensated spin of the magnetic atom. This leads
screening of the local spin at low temperatures and the
mation of a singlet many-body ground state. Physical con
quences of the Kondo resonance are widely discussed in
context of dilute magnetic alloys,3 where it is known to give
rise to anomalous transport properties—the Kondo effec

However, very little is currently known about its possib
effects at surfaces. Fundamentally important questio
which are not encountered in the problem of magnetic im
rities in metals, emerge in the context of surface phys
First of all, it is unclear what, if any, effects the intra-atom
Coulomb repulsion can have in surface processes. Sec
the surface problem exhibits the interplay between none
librium and many-body effects. This is because the ato
PRB 600163-1829/99/60~8!/5969~12!/$15.00
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near the surface are free to move and thus represent a l
ized dynamic perturbation of the Fermi sea. The respons
such a perturbation is never adiabatic and the system exh
anomalous behavior.4 The nonadiabatic effects can further b
enhanced by the Coulomb interaction.5

One of the most fundamental surface processes is
charge transfer between metal surfaces and ions adsorbe
or scattering from the surface. The intra-atomic correlatio
were predicted to cause strong temperature and energy
pendence of ion yields in scattering experiments.5,6 The cen-
tral question addressed in this paper is how the Coulo
repulsion affects electronic friction. Its knowledge is impo
tant because the nature of many surface processes is d
mined by how energy flows between the various degree
freedom involved. For example, electronic friction is direc
related to activation rates in desorption induced by electro
transitions~DIET, DIMET!, bond breaking, etc.

Two conditions must be satisfied for the Coulomb rep
sion to have significant physical consequences in real p
cesses. First of all, the intra-atomic correlations must hav
considerable effect on the electron-hole mechanism and m
modify the nonadiabatic energy transfer. Indeed, large
fects have already been predicted under certain conditio7

However, this by itself is not sufficient because other ch
nels for energy transfer always participate and frequen
dominate in the processes. Therefore, the conclusions f
our theory, which deals only with the electronic degrees
freedom, will be relevant for processes which are activa
or otherwise dominated by the electronic mechanism.
devote the next few paragraphs to this issue.

The importance of electronic involvement in variou
atomic and molecular processes at metal surfaces has
demonstrated experimentally in recent years. The idea
electron activated processes was invoked a long time ag
Bohnenet al.8 in connection with catalytic reactions of H
atoms on metal surfaces. They view the chemical reactio
a Brownian motion of the system on its reaction trajecto
The small system, the H atom in this case, is assumed t
in contact with the electron heat bath of the metal. The re
tion rate is then controlled by the dissipative part~electronic
5969 ©1999 The American Physical Society
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friction coefficienth) of the interaction between the reage
and the degrees of freedom of the heat bath, formally
pressed in terms of the force autocorrelation function. T
electronic friction of atoms near metal surfaces was la
considered in detail by Nourtier.9

The electron-hole mechanism has been suggested by
sson and Persson10 as a determining factor in vibrational life
times of CO adsorbed on Cu~100!. Infrared reflection spec
troscopic studies of the system indeed showed very l
temperature dependence of the linewidths, thus lend
strong support to the idea of electronic involvement.11,12

Studies of vibrational line shapes confirmed this view.13,14 In
addition, molecular-dynamics simulations of vibration
damping of the different CO/Cu~100! vibrational modes,15

and finite cluster modeling of the C-O stretch mo
lifetimes,16,17 all found the electronic mechanism very im
portant.

The availability of time-resolved experimental techniqu
with resolutions on femtosecond time scales makes it p
sible to study the dynamics of the energy flow between
dividual degrees of freedom involved in the process. F
instance, recent femtosecond pulse laser experiments18,19car-
ried out on CO/Cu~111! and NO/Pd~111! systems come
close to being able to control the lattice and electronic te
peratures independently. Using sequences of two laser pu
with different time separations, the desorption times w
found to be less than 1 ps—too short to be explained by
conventional thermal desorption. The lattice temperatur
too low on this time scale to explain the high desorption ra
by the traditional thermal desorption. Furthermore, the
sorption yield is a highly nonlinear function of the laser fl
ence. These two characteristics strongly indicate that the
sorption is induced by multiple electronic transitio
~DIMET! of hot substrate electrons in and out of the negat
ion resonance (2p* ).

A different conceptual framework for desorption med
ated by a single highly nonequilibrium hot electron~DIET!
was used by Gadzuket al.20 to explain earlier desorption
experiments for NO/Pt~111! system induced by nanosecon
laser pulses of significantly smaller fluenc
(;500 mJ/cm2). The analysis of the final-state distributio
as a function of the photon energies and the linear dep
dence of the desorption yield indeed suggest that an ex
tion by a single photoelectron into the excited potential
ergy surface~PES! takes place.

Closely related to DIMET is the process of vibration
heating invoked by Gaoet al.21 and Walkupet al.22 as the
mechanism involved in the atom transfer via STM~atomic
switch!23 and in STM assisted single molecule dissociation
metal surfaces.24 The common feature of this set of problem
is a potential-barrier crossing or bond breaking through
brational activation. At small tunneling currents, the activ
tion is dominated by~coherent! inelastic scattering of a
single tunneling electron. At larger tunneling currents,
activation process involves many cycles of competing p
cesses. The vibrational energy gains achieved via~incoher-
ent! inelastic scatterings of the tunneling electrons are
companied by vibrational deexcitations via electron-hole a
phonon excitations in the metal.25

Another area where electronic friction seems to play
important role is the sliding friction26 in the systems studied
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by Krim et al.27 As of now, however, the question of th
electron contribution to sliding friction is not fully resolved
Our work is not directly related to these experiments sin
we are dealing with electronic friction of single atoms a
molecules.

The conclusions drawn from the above experiments sh
that many surface processes of great importance are e
tronically activated. A variety of theoretical approaches h
been employed in their study. A common feature appear
in these processes is the presence of an atom-induced
nance close to the Fermi level which dominates in the
namics. In the laser-induced desorption experiments,
electron excitations into this level result in the Franc
Condon process. In the STM experiments, the electron
neling through the resonance leads to vibrational heat
The importance of electronic friction derives not only fro
the fact that it causes the damping of ionic translation
vibrational, or rotational motion, but also because it is
rectly related to the activation rate of many surface p
cesses. Hence, it enters the theoretical description of a l
number of phenomena.

The spin degrees of freedom are usually neglected in
description, or they are included trivially as a degenera
factor in the appropriate sums. Such theories neglect the
tentially important effects of Coulomb correlations. Th
nonadiabatic coupling between different potential surfac
which gives rise to electronic friction and is essential in t
activation process, can be strongly influenced by the in
atomic Coulomb repulsion especially in open-shell atom
For example, the Kondo or mixed-valent resonances co
form in atom-metal complexes with appropriate combinat
of work functions f and ionization potentials~or affinity
levels! of the atom. In a previous paper,7 hereafter referred to
as I, we studied, in detail, the electronic friction in the pre
ence of strong intra-atomic Coulomb interaction for adp
ticles whose motion is normal to the surface. We found
nonadiabatic energy transfer is affected both qualitativ
and quantitatively by the presence of the Coulomb repuls

In this paper, we study the electronic friction for atom
with fully two-dimensional motion. One question asked
this study is whether the parallel component introduces
nificant interference effects with the perpendicular moti
that could destroy the correlation effects occurring in pur
perpendicular direction desorption? The conclusions of
study indicate that the intra-adsorbate Coulomb correlati
could significantly enhance the activation rates of magn
adsorbates with the Kondo scale. The most promising am
these processes is the manipulation of atoms with STM
This problem is now under investigation.

We present the conceptual and theoretical framework
the following section. In Sec. IV, we discuss the results
our numerical calculations and we summarize our findings
Sec. V. Certain theoretical details are presented in Appe
ces A and B.

II. THEORETICAL DESCRIPTION

We consider a single atom or molecule in the presence
a smooth surface of a simple metal. We want to empha
that molecules with appropriate electronic structure are c
ered by our theory. Most of the formulation, as well as co
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clusions, presented here are general enough to be applic
to different phenomena discussed in the Introduction.
this reason, the reader is free to interchange the freque
used words ‘‘atom’’ or ‘‘ion’’ for ‘‘adsorbate’’ or ‘‘projec-
tile’’ as it applies.

We define a vectorRW 5(RW i ,Z), which determines the
time-dependent position of the atom with respect to a re
ence point on the surface,Z being the distance from th
surface andRW i being the lateral displacement from a refe
ence point on the surface. We further assume that a si
N-degenerate atom-induced resonance near the Fermi
eF dominates the dynamics. The degeneracy is at least 2
to spin, but could be higher.

A. Basic model

We describe the atom-metal electronic system by a tim
dependent Hamiltonian,

H~RW !5(
a

ea~Z!ca
†ca1H int@Z,ca

†ca#1(
ak

ekcka
† cka

1(
ak

$Va,kW ,QW ~RW !cka
† ca1H.c.%, ~2.1!

whereQW is the electronic momentum shift associated w

the projectile velocityRẆ . In atomic units adopted throughou

this paper, QW 5vW 5RẆ . The time dependence of theea ,
Va,kW ,QW , andH int enters parametrically through the spatial c
ordinateR. The time dependence of the many-body inter
tion term H int has its origin in the screening of the intra
atomic repulsion by the conduction electrons in the me
We also note that, for general motion,QW itself is a function
of time. We will specify the time dependence explicit
where necessary, but omit it where no confusion can ari

The first term describes the relevant electronic structur
the atom in the presence of the surface. The atomic le
ea(Z) are given by their value for infinite atom-surface sep
ration e` shifted by the interactionVs(Z) with the metal
surface,

ea~Z!5e`1Vs~Z!. ~2.2!

The second term in Eq.~2.1! takes into account the intra
atomic many-body interactions. The operatorca

† creates an
electron in the atomic orbitala. The indexa is shorthand for
the complete set of quantum numbers specifying
N-degenerate atomic levels. We assume that it correspo
to symmetries which are shared with the conduction e
trons including at least the conservation of spin and poss
orbital symmetries, such as the reflection through planes
pendicular to the surface. Therefore,a can be used as a quan
tum number for the substrate electrons, as well. The oper
cka

† creates a conduction electron in the indicated symm
state. The substrate band energiesek depend on the wave
vectork only. The third term in Eq.~2.1! thus describes the
electronic structure of the metal.

The last term in the Hamiltonian~2.1! provides for the
electron hopping between the atom and the metal. It inc
porates the effects of atomic motion in a nontrivial fashion
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discussed below. We first write the matrix element for
atom at rest a distanceZ from a metal surface,

Va,kW
(S)

~Z!5E d3rck* ~rW !v~xW i ,z2Z!fs~xW i ,z2Z!. ~2.3!

Herefa(rW) is the wave function for the atomic levela. This
is the usual ‘‘static’’ matrix element describing the electr
scattering in and out of the atomic levels. In the case o
moving atom, the matrix element becomes

Va,kW ,QW „RW ~ t !…5E d3rck* ~rW !v~xW i ,z2Z!fa8~rW !, ~2.4!

where nowfa8(rW) is the wave function for the atomic levela
as viewed from the metal surface. This wave function
related through a coordinate transformation to the solut

@fa(rW2RW )# in the frame in which the atom is at rest,

fa8~rW !5fa@rW2RW ~ t !#expF iQW ~ t !•@rW2RW ~ t !#

1
i

2E
t

Q2~t!dtG , ~2.5!

whereQW (t) is the electronic momentum shift due to the ato
motion at timet. The time-varying magnitude and phase
the matrix element each have qualitatively different effe
and it is useful to exhibit them explicitly. We assume that t
surface is uncorrugated in the regions important to the ma
element. Then the Bloch stateckW is of the form ckW

5ukz
(z)eikW i•xi, and the metal-atom interactionVs(z) only

depends on the distance from the surface. Then the ma
element can be written

Va,kW ,QW ~RW !5Va,kW2QW i
~Z!eiukW ,QW (RW ), ~2.6!

where

Va,kW2QW i
~Z!5E d3rckW2QW i

* ~xW i ,z1Z!v~rW !fa~rW !

[E dzhkW2QW i
~z,Z! ~2.7!

only contains the effects of parallel velocity and may alwa
be taken real for the uncorrugated surface considered her
the rest of this paper, we choose the coordinate origin so
Va,kW2QW i

(Z) is indeed real. The phaseu has contributions
from both parallel and perpendicular motion and is given

ukW ,QW ~RW !52kW•RW i1
1
2 E t

Q2~t!dt1 ũkW ,QW ~Z!, ~2.8!

with

ũkW ,QW ~Z!5Qz

E dzzhkW2QW i
~z,Z!

E dzhkW2QW i
~z,Z!

1•••. ~2.9!
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We refer the reader to Ref. 28 for detailed discussion of
assumptions and approximations involved here. We de
the adiabatic rateGa(v,Z) for electronic tunneling betwee
the metal and atomic states,

Ga~v,Z!52p(
kW

@Va,kW~Z!#2d~v2ek!. ~2.10!

We need to comment on the question of nuclear mot
which is absent in the Hamiltonian~2.1!. The position and
velocity of the atom enters the problem implicitly throug
the parametrization ofVa,k

(S)(RW ) andea(Z). A full calculation
~e.g., molecular dynamics! would proceed from a given ini
tial configuration of the nuclear and electronic degrees
freedom, which specifies the forces acting on the nuc
motion. Classical equations of motion are then solved i
self-consistent manner by recalculating the forces at e
step of the calculation. The generalized electronic frict
coefficienth(RW ) studied in this work is related to the ele
tronic component of the dissipative forces, which enter
equations of motion.

B. Energy transfer

We now turn to the description of the nonadiabatic ene
transfer. The details of the theoretical approach are discu
elsewhere.28 Here, we generalize the theory to include t
most general trajectory of the atom. The rate of adding~re-
moving! energy to the system described by Eq.~2.1! is given
by7

Ė~RW ,QW !5(
a

ėa~Z!Ga,QW
,

~ t,t !

1(
ka

$V̇a,kW ,QW ~RW !Ga,kW ,QW
,

~ t,t !1H.c.%,

~2.11!

valid for general motion. Here,Ga,QW
, (t,t8)5^ca

†(t8)ca(t)&QW

and Ga,kW ,QW
, (t,t8)5^cka

† (t8)ca(t)&QW . The subscriptQW indi-
cates nonthermal, velocity-dependent average. In writing
~2.11!, we neglected the contribution from the time depe
dence inH int@Z#.

The nonadiabatic part,Ėn.a.(RW ,QW ), of the energy transfe
~2.11! determines the dissipative energy flow from vario
nuclear degrees of freedom. The kinetic energy is the o
form of energy involved if the projectile~adsorbate! is struc-
tureless. However, different degrees of freedom—such as
tations and vibrations—participate in general. It is not t
purpose of this work to study the details of the final ene
distribution, although its knowledge is certainly very impo
tant for the dynamics of many processes. The expres
~2.11! also describes the energy flow in the opposite dir
tion, i.e., from the system of hot electrons into the nucl
degrees of freedom. This follows from the fluctuatio
dissipation theorem.

We define the generalized friction coefficienth(RW ,QW ) by
Mv2h(RW ,QW )5Ėn.a.(RW ,QW ). Here,M is the mass of the atom
~in atomic mass units!. The generalized coefficienth(RW ,QW )
reverts to the usual friction coefficienth in the limit of slow
e
e

n

f
ar
a
ch
n

e

y
ed

q.
-

ly

o-
e
y

on
-
r

velocities.9,29,30 The energy transfer includes two qualit
tively different contributions, one from the perpendicular a
one from the parallel component of the atomic motion. T
analysis of Eq.~2.11! for perpendicular motion was the sub
ject of study in I. In the present study, we investigate ad
tional effects originating from the presence of an off-norm
component in the atomic trajectory. As a first step, we turn
parallel motion.

1. Parallel motion

The resonanceea(Z) and the adiabatic tunneling matri
elementVka

(S)(Z) are both constants in this case. The on

time dependence enters throughRW i(t). The rate of the energy
transfer is then given by

Ėi~RW ,QW !522 Im(
ka

eiukW ,QW (RW )G a,kW ,QW
,

~ t,t !

3~ u̇kW ,QW ~RW !2 iQẆ i•¹kW !Va,kW2QW i
~Z!. ~2.12!

This expression follows directly from Eq.~2.11! with con-
stantZ and QW (t)5QW i(t), and from the form of the matrix
elementVa,kW ,QW (RW ) in Eq. ~2.6!. We note thatĖi(RW ,QW ) does
not have any adiabatic contribution and is thus directly
lated to the generalized friction coefficient throug
Mv i

2h i(RW ,QW )5Ėi(RW ,QW ). We use the Keldysh formalism31

to write the Dyson equations forGa,kW ,QW
, (t,t8) which, on the

real time axis, become

Ga,kW ,QW
,

~ t,t8!5E
2`

`

dtVa,kW ,QW i
*

„RW ~t!…$Gk
R~ t,t!Ga,QW

,
~t,t8!

1Gk
,~ t,t!Ga,QW

A
~t,t8!%. ~2.13!

We insert this expression in Eq.~2.12! and obtain an expres
sion for energy transfer in terms of the self-energies a
Green’s functions of the atomic level electrons,

Ėi~RW ,QW !522 Im(
a
E

2`

`

dt$K̃a,QW
R

~ t,t!Ga,QW
,

~t,t !

1K̃a,QW
,

~ t,t!Ga,QW
A

~t,t !%, ~2.14!

where theZ dependence enters the integrand parametric
throughea(Z) andVa,kW ,QW (RW ). The quantitiesK̃a,QW (t,t8) are
defined by

K̃a,QW ~ t,t8!5(
kW

eiukW ,QW (RW )Gk~ t2t8!Va,kW ,QW i
* ~RW 8!

3@ u̇kW ,QW ~RW !2 iQẆ i•¹kW#Va,kW2QW i
~Z!,

~2.15!

whereRW [RW (t), Z[Z(t), andRW 8[RW (t8), andGk(t2t8) is
the Green’s function for the bare conduction electrons. T
retarded Green’s function and its analytic pieces are defi
in the usual way with the convention used in Ref. 32.

Equation ~2.14! is the most general expressions for t
electronic energy transfer between noncorrugated surface
simple metals and atoms moving parallel to the surface
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long as the relevant physics is described by the Ander
model. We use Eq.~2.14! in our numerical calculations. We
summarize all relevant numerical details in Sec. III C.

2. Steady state (v i5const)

If the fractional loss of the nuclear kinetic energy is sm
during a time short compared with the longest electro
time scale, it is reasonable to consider a simple case of
stant parallel atomic velocity, i.e.,QW i5 const. In this case

QẆ •¹Va,kW2QW i
(Z)50 and u̇kW ,QW (RW )5QkW ,QW is independent of

time and position. Hence, the double time Green’s functi
and self-energies depend on the time difference only
Ėi(RW ,QW )5Ėi(Z,QW i). We now derive general analytic ex
pression for the steady-state energy transferĖi(Z,QW i) in or-
der to make connection with known results in certain lim
ing cases.

We first perform the Fourier transform on the right-ha
side of Eq.~2.14! and use the identity for the conductio
electron Green’s functions,

Gk
:~v!52p f :~v!d~v2ek!, ~2.16!

where f ,(v) is the Fermi function andf .(v)512 f ,(v).
We introduce the steady-state spectral density of o
electron statesAa,QW (v)52 (1/p)Im Ga,QW

R (v) and write the

steady-state Green’s function in the formGa,QW
, (v)

52pF(QW ,v)Aa,QW (v), whereF(QW ,v)5 f ,(v)1O(Q2) for
systems with inversion symmetry. The solution is obtain
by inserting these expressions in Eq.~2.14!,

Ėi~RW ,QW !5(
a
E

2`

`

dvGa~v,Z!

3^u̇kW ,QW @ f ~v2 u̇kW ,QW !2F~QW ,v!#&vAa,QW ~v!,

~2.17!

valid for interacting systems at all values of parallel veloci
The band average in Eq.~2.17! is defined by

^g~kW ,QW !&v[

(
k

g~kW ,QW !uVa,kW2QW i
~Z!u2d~v2ek2 u̇kW ,QW !

(
k

uVa,kW~Z!u2d~v2ek!

.

~2.18!

In the limit v i˜0, referred to here as the local frictio
approximation~LFA!, the energy transfer assumes the line
response form and is fully described by the equilibrium pro
erties of the system

Ėi~Z,QW i!5(
a
E

2`

`

dvGa~v,Z!S 2
] f ~v!

]v D ^u̇kW ,QW
2

&vAa~v!.

~2.19!

We can rewrite Eq.~2.19! by replacing the spectral func
tion Aa(v) and the widthGa(v,Z) with their definitions
n

l
c
n-

s
d

e-

d

.

-
-

Ėi~Z,QW i!522 Im(
a
E

2`

`

dvS 2
] f ~v!

]v D(
k

u̇kW ,QW
2

Va,kW ,0~RW !

3G a
R~ek!Va,kW ,0

* ~RW !d~ek2v!, ~2.20!

where we used theQW ˜0 limit of the matrix elements
Va,kW ,QW (RW ), but kept theQW dependence of the phaseukW ,QW be-
causeu̇kW ,050 in this limit. The terms under the sum can b
expressed in terms of the many-body scatteringT matrix,
TakW ,akW8(v,RW )5Va,kW ,0(RW )G a

R(v)Va,kW8,0
* (RW ), which can in turn

be written in terms of the corresponding phase sh
da(v,Z), defined by

Tka,ka52
sindaeida

r~v!
. ~2.21!

However, Tka,ka depends on the wave vector throughek
only. We thus write the steady-state solution for the ene
transfer in terms of the phase shift

Ėi~Z,QW i!52(
a
E

2`

` dv

p S 2
] f ~v!

]v D ^u̇kW ,QW
2

&sin2 da~v,Z!.

~2.22!

This formula is valid for slowly moving interacting system
and was obtained first by Yoshimori.29 Equation~2.17! is a
generalization of this expression. For noninteracting syste
the form of the scattering phase shift in Eq.~2.22! is known
analytically,33

tanda~v,Z!5
Da~v,Z!

v2ea~Z!2La~v,Z!
, ~2.23!

where La(v,Z)[P* (dV/p) @Da(V,Z)/v2V#. The ex-
plicit expression for energy transfer in a noninteracting s
tem can also be obtained directly within our formalism
expanding Eq.~2.14! in powers of velocity and keeping onl
the lowest term. At low velocities, the frictional force is pro
portional tov i . We discuss the validity of Eq.~2.22! in the
following section. Equation~2.22! is related to the familiar
expression for resistivity due to impurity scattering through
Galilean transformation.

3. General motion

When the atom moves on a general trajectory, the va
tions in ea(Z) as well as in the magnitude ofVka(RW ) also
have to be taken into account. It is convenient to cast
expression for energy transfer as a sum of two contributio

Ė~RW ,QW !5Ė'~RW ,QW !1Ėi~RW ,QW !. ~2.24!

The first term is the only contribution toĖ(RW ,QW ) when the
atomic trajectory is perpendicular to the surface. We write
in terms of the nonequilibrium Green’s function
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Ė'~RW ,QW !5(
a

ėa~Z!G a,QW
,

~ t,t !

1(
a

Ḋ~Z!

D~Z!
ReE

2`

`

dt$Ka,QW
R

~ t,t!Ga,QW
,

~t,t !

1Ka,QW
,

~ t,t!G a
A~t,t !% ~2.25!

with the quantitiesKa,QW (t,t8) defined by

Ka,QW ~ t,t8!5(
kW

Va,kW ,QW „RW ~ t !…Gk~ t2t8!Va,kW ,QW
*

„RW ~ t8!….

~2.26!

It is formally identical with Eq.~C5! of I ~Ref. 7! valid for
perpendicular motion. However, its value is different, b
cause the effect of nonzero parallel velocity enters the ca
lation of the Green’s functions and the quantitiesKa,QW (t,t8).

We must emphasize that Eq.~2.25! is not as general as th
formulas presented in the previous sections because this
pression assumes the separability ofVakW ,QW (RW ) allowing us to
write Ga(v,Z) in the form of Eq.~3.10!. These additional
assumptions are discussed in Sec. III C.

The second term is the only contribution toĖi(RW ,QW )
when the atom moves parallel to the surface. It is forma
identical with Eq. ~2.14!, but the parametersea(Z) and
Ga(Z) are in general functions of time andQz is nonzero.
Thus the two contributions to the energy transfer in E
~2.24! are each influenced by the other component of
velocity. We investigate the interference effects later in
paper.

III. NUMERICAL STUDIES

We now turn to the study of a more specific model, whi
can be solved numerically in the end. The systems we c
sider are open-shell atoms with either~i! one electron in an
otherwise empty shell, or~ii ! one hole in an otherwise ful
shell. We assume the shell consists ofN-degenerate levels. In
the discussion of the numerical results, we choose the
guage of electrons, i.e., the first approach here. However
reader should keep in mind that the results from the t
formulations are identical, provided that the sign ofea is also
changed in going from one formulation to the other~energies
are measured with respect toeF).

A. U50 and U5` limits of the theory

The first approximation we discuss relates to the inter
tion term in the Hamiltonian. We write the many-body ter
in Eq. ~2.1! in terms of Coulomb repulsionUaa8 between
two electrons in states denoted bya anda8, i.e.,

H int@Z,ca
†ca#5 (

a.a8
Uaa8~Z!ca

†caca8
† ca8 . ~3.1!

We wish to compare the theoretical predictions based on
noninteracting system (U50) with those from the strongly
correlated system (U5`). A noninteracting system is de
scribed by the Hamiltonian
-
u-

x-

y

.
e
e

n-

n-
he
o

-

e

H~RW !5(
a

ea~Z!ca
†ca1(

ak
ekcka

† cka

1(
ak

$Va,kW ,QW ~RW !cka
† ca1H.c.%. ~3.2!

The noninteracting Anderson model is expected to desc
accurately the physics of closed-shell atoms, where corr
tions play a minor role. A strongly correlated system
treated in the limitU5`. The range of validity of theU
5` model is given by the condition thatU is large enough,
so that only one level from the multiplet (ea6nU, n
50,1,. . . ,N21) contributes significantly to the charge an
spin fluctuations. This will be the case ifuea6nU2eFu
@ max (T,G) for all but onen. Here,G is the width of the
level andT is the temperature in energy units. It will no
matter thatU splits all ionization states equally or even th
some may be unbound and in the continuum, because
really only useU as a device to exclude the ionization stat
that are far from the Fermi level and deemed to be irrelev
to the physics at hand.

We perform theU5` limit by adopting the slave-boson
technique following Coleman34 and Langreth and
Nordlander.32 The bosonized Hamiltonian is

H~RW !5(
a

ea~Z!ca
†ca1(

ak
ekcka

† cka

1(
ak

$Va,kW ,QW ~RW !cka
† b†ca1H.c.%. ~3.3!

We use the equation of motion method of Kadanoff a
Baym35 to solve the Hamiltonian within the noncrossing a
proximation~NCA!.

B. Numerical procedure

The energy transfer for strongly correlated systems is
merically obtained within the NCA. The calculation is don
in two steps for both the steady state and fully dynam
conditions.

First, the auxiliary Green’s functionsGa,QW are found self-
consistently as described in the preceding subsection an
the references cited therein. In the second step, the calcu
Green’s functions are inserted in the expressions
Ėi(RW ,QW ) andĖ'(RW ,QW ). All equations in Sec. II are entirely
general and could, in principle, be used as the basis for
approximate ~NCA! numerical calculations, provided th
physical propagators are formed and used.

However, we write the numerical NCA solution in term
of the auxiliary Green’s functionsGa,QW (t,t8) and the NCA
self-energiesS̃a,QW (t,t8) which are identical in form with
Sa,QW (t,t8), but Ka,QW (t,t8) is replaced byK̃a,QW (t,t8). The ex-
pression forĖi(RW ) is then written in analogy with Eq.~2.14!
as

Ėi~RW ,QW !522 Im(
a
E

2`

`

dt$S̃a,QW
R

~ t,t!Ga,QW
,

~t,t !

1S̃a,QW
,

~ t,t!Ga,QW
A

~t,t !%. ~3.4!
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The numerical version of Eq.~2.25! is

Ė'~RW ,QW !5(
a

ėa~Z!Ga,QW
,

~ t,t !

1(
a

Ḋ~Z!

D~Z!
ReE

2`

`

dt$Sa,QW
R

~ t,t!Ga,QW
,

~t,t !

1Sa,QW
,

~ t,t!Ga,QW
A

~t,t !%. ~3.5!

We conclude this section by defining the model used in
numerical calculations.

C. Model-specific assumptions and parametrizations

For the purpose of the numerical calculations we ma
additional approximation and specify our model syste
First, we neglect the contribution to energy transfer from

term @QẆ i•¹kWVa,kW2QW i
(Z)#, which arises from the force on th

electrons moving with the atom due to the atomic accele
tion. SinceVa,kW2QW i

(Z) is typically a slowly varying function

of kW near the Fermi surface, this is a reasonable approxi

tion unlessuQẆ u@uQW u when this term might dominate. Thi
condition occurs any time the atomic motion reverses
direction, e.g., oscillations.

We are mainly interested in assessing the effect of
atom velocity on the Kondo induced electronic frictio
Since the formation of the Kondo resonance is affected
the scale,QkF;g!1,28 whereg is the width of the many-
body resonance at the Fermi level. SincekF;1, it is suffi-
cient to limit our theory to velocities much smaller than t
Fermi velocity, i.e.,Q!kF . In such a case, a simplified in
teraction matrix can be used. We have discussed these
sumptions and approximations systematically in Ref.
Here, we only summarize them:~i! the phaseukW ,QW includes
contributions from both the parallel and perpendicular co
ponents of the ion velocity. We only retain terms of t
lowest order in velocity and writeukW ,QW 52kW•RW i ; ~ii ! we
neglect the effects ofQW i in the magnitude of the matrix ele
ment and writeVa,kW2QW i

(Z)˜Va,kW
(S)(Z); ~iii ! finally, we ne-

glect the anisotropy ofVa,kW
(S) and assume thek dependence

comes only in the form ofek . The matrix element become

Va,kW ,QW ~RW !5e2 ikW iR
W
Va,ek

(S) ~Z!. ~3.6!

Here,Va,ek

(S) (Z) is the matrix element defined in Ref. 37 an

considered in I.7

We also assume the energy dependence ofVa,ek

(S) (Z) is

time invariant. In this case, the potential is separab
Va,ek

(S) (Z)[u(Z)v(ek). The full width of the atomic level de-

fined in Eq.~2.10! becomes

G~v,Z!52pr~v!u2~Z!v2~v!, ~3.7!

wherer(v)5(kd(v2ek) is the density of states. We ca
also expressG(v,Z) in terms of the Fermi-level width
G(0,Z). To this end, we introduce a function
e

e
.
e

-

a-

s

e

n

as-
.

-

,

k~v!5
r~v!v~v!

r~0!v~0!
. ~3.8!

We use a parabolic band withk(v)5(12 v2/D2) for uvu
,D and zero otherwise, and the band half-widthD55 eV.
We take the band to be half filled. Different choices ofk(v)
andD produce only quantitative differences. The Fermi-lev
half-width parameterD(Z)5 1

2 G(0,Z) is used as an inpu
parameter in our calculations along withea(Z) and kF .
Since the atom-metal interaction is proportional to the wa
function overlap, we parametrizeD by an exponential depen
dence on the distance from the surface,

ND~Z!5D0e2bZ. ~3.9!

Here,N is the degeneracy of the atomic levelea . The width
in Eq. ~3.7! can thus be written in the form

G~v,Z!52k~v!D~Z!. ~3.10!

The electronic levelea(Z) is assumed to shift due to th
interaction with the metal surface. With the exception
very small separation, the shift is controlled by the ima
potential. We use a model in which the electronic stateea
corresponds to the ionization level of the atom and write

ea~Z!5e`1
1

4uZ21u
. ~3.11!

The opposite sign would appear in the expression for
affinity level.

Given the explicit form of the interactionVa,ek

(S) (Z) and of

the bare conduction-band electron propagatorGk(t2t8), we
can write the analytic pieces ofKa,0(t,t8) and K̃a,0(t,t8) in
terms of the quantities defined above as

Ka,0
: ~ t,t8!52AD„Z~ t !…D„Z~ t8!…f :~ t,t8! ~3.12!

with the effect of nonzero parallel velocity incorporated e
tirely in the definition off :(t,t8),

f :~ t,t8!5E dv

2p
k~v! f :~v!e2 iv(t2t8)^eikW i[R

W (t)2RW (t8)]&v

~3.13!

and

K̃a,0
: ~ t,t8!52AD„Z~ t !…D„Z~ t8!… f̃ :~ t,t8! ~3.14!

with

f̃ :~ t,t8!5kF
21E

2`

` dv

2p
k~v! f :~v!e2 iv(t2t8)

3^kie
ikW i[R

W (t)2RW (t8)]&v , ~3.15!

where the averages are evaluated in Appendix B for a b
with a parabolic dependence ofek on the wave vector.

All numerical results presented here were obtain with
parametrization of the atomic level position according to E
~2.2! with e`520.125 a.u. The half-width is parametrize
with Eq. ~3.9!, with D050.75 andb50.65 all in atomic
units. We keepND constant for systems with different de
generacyN. Provided theN-degenerate level is nearly fully
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occupied, this ensures nearly the same tunneling rate
level width for such atoms as would be determined, for
ample, from photoemission experiments. In addition to
two Newns parameters, the solution in the presence of n
zero parallel velocity involves an additional parameterkF ,
the Fermi wave vector, which enters through the band a
ages inf : and f̃ :. We used the valuekF50.8 a.u. in all the
results shown.

IV. RESULTS

We show the parametrization ofea andND in Fig. 1. We
also plot, for several atom-surface separations, the equ
rium spectral density for anN52 interacting (U5`) system
at T50.001 hartree (;316 K!. The dotted lines show the
total spectral density and the solid lines show the occup
density of states. In the local moment regime conside
here, the spin-flip scattering of substrate electrons~holes!
with the uncompensated spin on the atom provides an a
tional hybridization channel, which lowers the energy of t
atom-metal complex. The system then has a tendenc
maximize the rate of low-energy scattering by rearranging
electronic structure, so that theF number of available state
near the Fermi energy is increased. This takes the form
sharp resonance~the Kondo resonance! in the local density
of states at the atom which appears near the Fermi leve
seen in Fig. 1. The corresponding Kondo temperatureTK at
the given distanceZ are shown on the bottom of the figur
The estimates of Kondo temperature used throughout
paper are based on the Bethe ansatz38 formula for the low-
energy scale~calledTl in Ref. 38!,

TK5GS 11
1

NDDr S ND

pDr
D 1/N

expS 2
pueu
ND D , ~4.1!

whereG is the gamma function andDr5e21/2D is rescaled37

for the assumed parabolic shape ofj(e). The Kondo tem-
peratures in the atom surface can vary over a large rang
values as the adsorbates move with respect to the sur
For known Kondo systems, the Kondo temperatures are
pected to be lower at surfaces due to the smaller adsor
widths compared to their bulk values. On the other ha
new Kondo systems, such as possibly Ca/Cu, can form
surfaces withTK at room temperature or higher.6 Based on

FIG. 1. Parametrization of the atom-induced resonance and
equilibrium local electronic structure is shown for several ato
metal separationsZ. The dotted lines correspond to the total dens
of states and the solid lines to the density of occupied states.
degeneracy isN52, T50.001 hartree, andkF50.8 a.u.
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two-photon photoemission experiments,40 Yoshimori esti-
mated NO/Cu~111! ~Ref. 39! to be a Kondo system with
TK;8 K.

A. Parallel motion, v i5const

In this section, we present our calculations of electro
friction for atoms moving at constant speed,v i , parallel to
the surface. The friction coefficienth is then independent o
time and can be expressed in terms of the steady-state p
erties of the system. The energy transfer at constant par
speed will prove useful to consider for systems in which
change in speed is small on the longest characteristic e
tronic time scalest, i.e., for Ft/Mv,1. Here M is the
atomic mass andF is the frictional force.

We show in Fig. 2 the friction coefficientMh[Ė/v2 in
the LFA limit (v i˜0) for the parametrization@Eqs. ~3.9!
and ~3.11!# as a function ofZ. We compare results for the
strongly correlated system at several temperatures with
for the noninteracting system. We see a strong enhancem
of the friction in a region that coincides with the existence
the Kondo resonance. We found in a previous work7,41 that
the maximum enhancement occurs near the positionZ where
TK(Z);T in the case of atoms moving perpendicular to t
surface. A quantitative difference between the two cases
ists. The Kondo enhancement in the parallel motion is mu
smaller than it is for realistic parametrization of the perpe
dicular motion.41 As a consequence, the maximum frictio
experienced by atoms moving along the surface occ
closer to the Fermi-level crossing~here atz53 a.u.! than the
condition TK(Z);T would indicate. As the temperature
increased, the Kondo resonance broadens and the enh
ment of electronic friction due to the correlation effec
weakens.

In the case of parallel motion, we find qualitatively di
ferent behavior of the friction with the degeneracyN @Fig.
2~a! and Fig. 2~b!#. Unlike in the case of perpendicular mo
tion, where the Kondo enhancement of electronic fricti

he
-

he

FIG. 2. Electronic friction coefficientMh in the v i˜0 limit
~LFA! vs the atom-metal separationZ for parallel motion along
smooth surface. Each curve corresponds to a different tempera
T. The N52 andN56 interacting models and the noninteractin
(U50) model are shown.
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was stronger at largerN, we find the opposite relation be
tween the frictionh and the degeneracyN. This is mani-
fested by comparing the right and left panels of Fig. 2. T
different behavior can be understood by the following arg
ment.

According to Eq.~2.19!, the friction is, at low enough
temperatures, given by 2kF

2
„ND(Z)…Aa(eF), assuming each

of the N atomic levelsa has the same width and spectr
function. The parameterND(Z), an input parameter in ou
calculations, is kept constant for different degeneracies. T
choice ensures that the tunneling rate and the atomic l
width are independent ofN in the Kondo regime where th
level occupation̂ n&5N*dv f ,(v)Aa(v) is almost 1. Thus
the friction is essentially given by a product o
N-independent quantities and the spectral density of st
Aa(eF) for electrons in levela. The total density of electron
states at the Fermi level,r(eF)5NAa(eF), increases withN
because the spectral weight shifts away from the broad r
nance atea into the Kondo resonance ateF . However, the
density of states associated with a particular levela, i.e.,
Aa(eF), decreases with degeneracyN. This explains the
trend in Fig. 2.

We now turn to energy transfer at finite parallel velocitie
We summarize our results in Fig. 3. We show the fricti
coefficientMh for theN52 andN56 interacting systems a
two temperaturesT50.001 andT50.01 hartree, and for the
noninteracting (N51) system atT50.001 for Z54.5 a.u.
We only show one temperature for theU50 model because
the friction exhibits very little temperature dependence
this range. At smallv i , the friction converges to a consta
value provided by the LFA limit. The main effect ofv i is the
deviation of the friction coefficienth from its LFA limit at
velocitieskFv i;G, whereG is the width of the narrowes
feature in the electronic structure.

The correlated systems (N52 andN56) show the inter-
play between the two electronic time scales involved. Dev
tions from the LFA values begin to appear at much sma
v i than in the noninteracting system, and the dependenc
friction on the parallel velocity is nontrivial. Two effect

FIG. 3. Electronic friction coefficientMh vs v i at Z54.5 a.u.
We show theN52 andN56 interacting models at different tem
peratures and the noninteracting model (N51).
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contribute. The Kondo peak broadening, which occurs
parallel velocitiesv ikF;g ~the width of the Kondo reso-
nance!, leads to the decrease inMh when velocities reach
this order of magnitude. This effect is counteracted by
kinetic population of the resonance. We see the effect
kinetic population best forN56 at T5100 K, where the
friction initially increases withv i . The reason why the in-
crease is present inN56 but not inN52 can be understood
in term of the spectral weight of the Kondo peak, which
larger in theN56 system. The kinetic excitations into th
Kondo resonance—always near the Fermi level—initia
outweighs the effect of the Kondo resonance broadening.
demonstrate the behavior of the spectral function versusv i in
Fig. 4, where we show the steady-state spectral function
different atom velocities forZ54.5 a.u. The density of state
for velocities up tov i50.001 a.u., is virtually indistinguish
able from the equilibrium DOS. The effects of parallel v
locity on the Kondo resonance are apparent atv i50.002 a.u.,
wherev ikF.TK .

The behavior of the spectral functions in Fig. 4 can
explained as follows. When the atom moves along the s
face, the system is out of equilibrium by virtue of the chan
ing phase of the potentialVka„RW (t)…. The Kondo resonance
forms on time scales comparable with the inverse of
width. The frequency of oscillations in the phase of the p
tential Vka„RW (t)… is v5v ikF . As the frequency increase
and becomes comparable with the Kondo peak width, form
tion of the resonance is adversely affected by the moti
The Kondo peak is smeared out by the apparent broade
of the Fermi surface as electrons moving parallel and a
parallel to the atom motion appear to have differentkF . The
width of the Kondo resonance thus has a lower bound gi
by the frequencyv. At the same time, the electron popul
tion is seen to be kinetically excited aboveeF . Different
values ofkF rescale the frequencyv at a given velocity.

B. General direction, v i5const

In this section we discuss the energy transfer in the c
of a more general trajectory. In particular, we address
question of the interference between the parallel and nor
directions. We can write the energy transfer formally as
sum of three terms,

Ė~RW ,QW !5Ėi~RW ,QW i!1Ė'~RW ,Qz!1 interference. ~4.2!

FIG. 4. Spectral function for different atomic velocitiesv i of an
atom moving parallel to the surface at a distanceZ54.5 a.u. The
dotted line corresponds to the total density of states and the s
line to the density of occupied states forT5100 K, N52, andkF

50.8 a.u.
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Here, Ė'(RW ,Q') is the perpendicular component given b
Eq. ~3.5! and evaluated forQW 5(0,Qz). The parallel compo-
nent Ėi(RW ,QW i) is given by Eq.~3.4! evaluated at a distanc
given by the positionRW and assumingQW 5(QW i,0) at that
time. The interference term is equal to the difference
tween the total energy transfer and the two contributions
is important to ask whether the interference term can be la
under certain scattering geometries and whether it can
the conclusions of the analysis presented here and in I.
certainly possible that an atom moving at an angleu with
respect to the normal to the surface will no longer suffer
friction enhancements found in I. This can happen beca
the Kondo resonance is destroyed by largevW i ; see Fig. 4.

We find the interference term small under all experime
tally relevant conditions. However, as Fig. 5 demonstra
the parallel velocity has an effect onĖ'(t) equivalent to
raising the electronic temperature withkFv i;T. Neverthe-
less, significant Kondo enhancement of electronic frict
persists for angles as large as 60°.

V. CONCLUSIONS

We studied the effect of intra-atomic Coulomb corre
tions on electronic friction experienced by atoms or m
ecules moving near a metal surface. We evaluated the e
of the off-normal component of atomic motion on the Kon
enhancement predicted in I.

We have shown that magnetic atoms moving near m
surfaces experience friction that could be significantly lar
than that predicted by the traditional noninteracting theo
The Kondo enhancements are not as large for atoms mo
parallel to the surface as they can be in the case of per
dicular motion. The maximum enhancement occurs at a
tance from the surface where the Kondo temperatureTK is of
the same order of magnitude as the temperature of the b
electrons. The friction is also strongly position dependent.
low velocities, the friction forceF f5Mhv is proportional to

FIG. 5. Electronic friction coefficientMh as a function of scat-
tering angle forN52 and atvz5T50.001 a.u. The arrows indicat
the direction of atomic motion.
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the velocity. However, as the kinetic energy of the nuc
increases, the frictionh itself depends on velocities and de
viations from the linearity appear. The velocity at which t
LFA breaks down is generally much lower if the strong
correlated mixed valent and Kondo states are important.
deviations from the LFA occur whenkFv i;g, whereg is
the width of the Kondo resonance. Since the Kondo pea
much narrower than the level width,G, the effect of parallel
velocity is felt much sooner by the correlated system. T
strong and anomalous temperature dependence of the fric
in the Kondo regime should provide the experimental sig
ture for the effects studied here.

APPENDIX A: GREEN’S FUNCTIONS IN THE PRESENCE
OF NONZERO PARALLEL VELOCITY

The method for solving the NCA equations has been
scribed elsewhere both for the equilibrium36 and the
nonequilibrium32,37 situations. We refer the reader to the
papers for details. In this appendix, we outline the gener
zation of the theory due to the nonzero parallel velocity a
we summarize the most important steps and formulas.

The equations of motion are written in terms of the au
iliary Green’s functions of NCA. The Green’s function fo
the levela is Ga,QW (t,t8)52 i^TCca(t)ca

†(t8)&QW and for the
slave bosonBQW (t,t8)52 i^TCb(t)b†(t8)&QW . The physical
propagator for the electrons in the atomic levelea is, within
the NCA approximation, given by Ga,QW (t,t8)
52 i^TCaa(t)aa

†(t8)&QW , where aa(t)5b†(t)ca(t) and the
symbolTC orders the operators according to their position
a contourC in the complex time plane.35,31 The effect of the
parallel velocity enters the modified self-energies expres
in terms of the quantitiesKa,QW (t,t8) defined in Eq.~2.26!.
The self-energy of the noninteracting system is identical w
Ka,QW (t,t8). The NCA expressions for the self-energies of t
atomic level electrons are

Sa,QW
:

~ t,t8!5Ka,QW
:

~ t,t8!BQW
:

~ t,t8!, ~A1!

Sa,QW
R,A

~ t,t8!5Ka,QW
.

~ t,t8!BQW
R,A

~ t,t8!, ~A2!

and the slave boson self-energies are

PQW
:

~ t,t8!5(
a

Ka,QW
:

~ t8,t !Ga,QW
:

~ t,t8!, ~A3!

PQW
R,A

~ t,t8!5(
a

Ka,QW
,

~ t8,t !Ga,QW
R,A

~ t,t8!. ~A4!

The coupled equations of motion are then solved with th
modified self-energies in exactly the same way as discus
in Ref. 37.

In the steady stateRW i(t)2RW i(t8)5QW i(t2t8), and the
self-energies depend on the time difference only. The sys
is thus described in terms of time-independent Green’s fu
tions. We can write their solution in a standard way,

Ga,QW
R,A

~v!5@v2e2Sa,QW
R,A

~v!#21 ~A5!

and
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Ga,QW
,

~v!5Ga,QW
R

~v!Sa,QW
,

~v!Ga,QW
A

~v!. ~A6!

Given the appropriate form of the self-energies, the last
equations represent model-independent expressions. H
ever, care must be exercised in writing the equivalent exp
sion within NCA. The two equations are still valid assumi
the physical propagatorGa,QW (v) is everywhere replaced b
the auxiliary oneGa,QW (v) and NCA self-energies are use
In order to obtain a self-consistent NCA solution, we a
need the auxiliary slave boson propagators

BQW
R,A

~v!5@v2PQW
R,A

~v!#21 ~A7!

and

BQW
,

~v!5BQW
R

~v!PQW
,

~v!BQW
A

~v!. ~A8!

The solution of the coupled steady-state equations is t
formally identical with the equilibrium solution discussed
Brunner and Langreth36 with the modified self-energies de
fined here.

APPENDIX B: EXPLICIT FORM OF THE BAND
AVERAGES

In this appendix, we show the calculation of the ba
averages appearing in the text. For this purpose, we ma
further assumption that the magnitude of the atom-metal
teraction depends on the wave vector only through the b
energy, i.e.,Vka(Z)5Veka(Z). In this case, the potential ca
be taken out of the sum in the definition~2.18! and we can
write

^ f ~kx!&[
(

k
f ~kx!d~v2ek!

(
k

d~v2ek!

. ~B1!

We will also assume a simple parabolic dependence of
band energies on wave vectorkW , i.e.,ek5k2/2m* , wherem*
ett

e

J.
o
w-
s-

n

a
-
d

e

is the effective mass of the band electrons and the energ
measured from the bottom of the band. We remind the rea
that all energies in the other parts of the paper are meas
from eF . We define a wave vectorq5A2m* v of an elec-
tron with energy v, and the Fermi wave vectorkF

5A2m* eF. Using our convention ofeF50 with the band of
width D, the relation betweenq and kF is expressed asq
5kFA(11 v/D).

For the above model of electron energies, simple calcu
tions yield

(
k

d~v2ek!5
qV

2p2
, (

k
kx

2d~v2ek!5
q3V

6p2
, ~B2!

and

(
k

eikxXd~v2ek!5
V

2p2X
sin~qX!. ~B3!

The band average in Eq.~3.13! is then

^eikxX&5
sin~qX!

qX
. ~B4!

The average in Eq.~3.15! is obtained by differentiating the
last equation with respect toX and is

^kxe
ikxX&5

i

X H sin~qX!

qX
2cos~qX!J . ~B5!

Finally, the average appearing in Eq.~2.19! is

^jx
2&5

1

3 S 11
v

D D . ~B6!

For the parabolic band, we can also write an explicit expr
sion for L(v,Z) which was defined below Eq.~2.23!,

L~v,Z!5D~Z!S 2
v

D
1k~v!ln

D1v

D2v D . ~B7!
h-

.
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13Ž. Crljen and D. C. Langreth, Phys. Rev. B35, 4224~1987!.
14A. I. Volokitin and B. N. J. Persson, Phys. Rev. B52, 2899

~1995!.
15J. C. Tully, M. Gomez, and M. Head-Gordon, J. Vac. Sci. Tec

nol. A 11, 1914~1993!.
16T. T. Rantala and A. Rosen, Phys. Rev. B34, 837 ~1986!.
17M. Head-Gordon and J. C. Tully, J. Chem. Phys.96, 3939~1992!.
18J. A. Prybylaet al., Phys. Rev. Lett.64, 1537~1990!.
19J. A. Prybyla, H. W. K. Tom, and G. D. Aumiller, Phys. Rev

Lett. 68, 503 ~1992!.
20J. W. Gadzuket al., Surf. Sci.235, 317 ~1990!.
21S. Gao, M. Persson, and B. I. Lundqvist, Solid State Comm

84, 271 ~1992!.
22R. E. Walkrup,. D. M. Newns, and P. Avouris, Phys. Rev. B48,

1858 ~1993!.
23D. M. Eigler, C. P. Lutz, and W. E. Rudge, Nature~London! 352,

600 ~1991!.



s

5980 PRB 60M. PLIHAL AND DAVID C. LANGRETH
24B. C. Stipeet al., Phys. Rev. Lett.78, 4410~1997!.
25S. Gao, M. Persson, and B. I. Lundqvist, Phys. Rev. B55, 4825

~1997!.
26B. N. J. Persson, Phys. Rev. B48, 18 140~1993!.
27A. Dayo, W. Alnasrallah, and J. Krim, Phys. Rev. Lett.80, 1690

~1998!.
28M. Plihal, D. C. Langreth, and P. A. Norlander, Phys. Rev. B59,

13 322~1999!.
29A. Yoshimori and J. Motchane, J. Phys. Soc. Jpn.51, 1826

~1982!.
30M. Brandbygeet al., Phys. Rev. B52, 6042~1995!.
31L. V. Keldysh, Zh. Eksp. Teor. Fiz.47, 1515~1964!, @Sov. Phys.

JETP20, 1018~1965!#.
32D. C. Langreth and P. Norlander, Phys. Rev. B43, 2541~1991!.
33A. Blandin, A. Nourtier, and D. Hone, J. Phys.~Paris! 37, 369
~1976!.

34P. Coleman, Phys. Rev. B29, 3035~1984!.
35L. P. Kadanoff and G. Baym,Quantum Statistical Mechanic

~Benjamin, New York, 1962!.
36T. Brunner and D. C. Langreth, Phys. Rev. B55, 2578~1997!.
37H. Shao, D. C. Langreth, and P. Norlander, Phys. Rev. B49,

13 929~1994!.
38J. W. Rasul and A. C. Hewson, J. Phys. C17, 3337~1984!.
39A. Yoshimori, Surf. Sci.342, L1101 ~1995!.
40I. Kinoshita, A. Misu, and T. Munakata, J. Chem. Phys.102,

2970 ~1995!.
41M. Plihal and D. C. Langreth, Surf. Sci. Lett.395, 252 ~1998!.


