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Role of intra-adsorbate Coulomb correlations in energy transfer at metal surfaces

M. Plihal and David C. Langreth
Department of Physics and Astronomy, Rutgers University, Piscataway, New Jersey 08854-8019

~Received 20 November 1997!

We present and discuss a theory of electronic friction for open-shell atomic or molecular adsorbates moving
normal to a metallic surface. The theory applies to the case where the intra-adsorbate Coulomb interaction
splits the positive- and negative-ion peaks in the spectral density of the adsorbate by an amount larger than
their widths, and where one of them is much nearer the Fermi level than the other. We distinguish two limits:
~i! the low-temperature friction regime where the friction is caused by the overlap of the adsorbate level’s
width and the Fermi level, and~ii ! the high-temperature friction regime, where the friction is caused by
thermally induced transitions. In regime~i! we find a largeenhancementin the friction in many cases due to the
Kondo effect, which can occur even at very high temperatures. In this region, the frictional force is highly
temperature and velocity dependent. In region~ii !, on the other hand, we typically find areduction in the
friction, sometimes substantial, from what is found in the traditional theory. Our results should be applicable
to the description of desorption induced by hot electrons, which has been called DIMET when in region~ii !.
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I. INTRODUCTION

The energy transfer between atoms or molecules and
faces plays an important role in dynamic processes suc
adsorption and desorption, diffusion, and chemical reacti
at surfaces. For many years, the dominant contribution to
energy transfer has been attributed to phonons. However
a metallic surface, an additional mechanism exists in
form of coupling of the adsorbate degrees of freedom to
electron-hole pair excitations in the metal, as pointed ou
pioneering theoretical work1–8 starting two decades ago. I
recent years, growing experimental evidence suggests
the electronic mechanism is important in a variety of surfa
phenomena.

The electron-hole mechanism has been suggested
Persson and Persson9 as a determining factor in vibrationa
lifetimes of CO adsorbed on Cu~100!. Infrared reflection
spectroscopic studies of the system indeed show very l
temperature dependence of the linewidths and thus sug
strong electronic involvement,10,11 and line-shape studie
confirm this view.12,13 In addition, finite cluster modeling o
the C-O stretch mode lifetimes14 found the electronic mecha
nism sufficient to explain the experimentally observed bro
ening. Molecular-dynamics simulations with electronic fri
tion included15 compared the phonon and electron
contributions to vibrational lifetimes and found the electron
friction to dominate over the phonon damping for almost
vibrational modes of CO/Cu~100!.

One of the challenges in experimental surface science
been the development of techniques that would allow us
study the microscopic nature of energy transfer and t
separate its contributions. In practice, this amounts to de
oping time-resolved experiments with resolution on tim
scales short compared with the typical rate of energy fl
between the individual degrees of freedom. Recent adva
made such an analysis possible in studies of desorption
duced by ultrashort, subpicosecond laser pulses16 carried out
on CO/Cu~111! and NO/Pd~111! complexes. The laser ligh
PRB 580163-1829/98/58~4!/2191~16!/$15.00
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is known to be absorbed by the substrate, rather than dire
energizing the adsorbate. The system is characterized
highly nonequilibrium conditions over the duration of th
laser pulse. The substrate electrons reach temperature
aboutT;3000 K and come to equilibrium with the lattice i
approximately 1 ps. Since the specific heat of the lattice
much larger, the peak temperature in the lattice reaches
T;600 K. The desorption time was found by double-puls
experiments to be less than 1 ps, too short to be explaine
the conventional thermal desorption, as the lattice temp
tures would be too low to explain the high desorption rat
These results strongly indicate an electronic involveme
The mechanism of desorption induced by multiple electro
transitions ~DIMET! has been proposed17 and studied in
detail18 and shown to give semiquantitative agreement w
the experiment data.

A more recent and quite spectacular manifestation of
importance of nonadiabatic electron processes on b
breaking appeared in connection with manipulating sin
atoms and molecules at surfaces via scanning tunneling
croscopy~STM!. In a landmark experiment,19 Eigler, Lutz,
and Rudge transferred, in a controlled and reversible wa
single Xe atom between nickel substrate and the STM tip
a similar experiment, Stipeet al.20 demonstrated dissociatio
of the molecule O2 on Pt~111! surface at low temperature
with the STM tip. In both cases, the current of tunneli
electrons excites the adsorbate from the bottom of the
sorption well in a stepwise manner, until it overcomes t
adsorption barrier and hops to the neighboring potential w
This mechanism has been termed vibrational heating an
quite similar to the DIMET. It can be described in terms
competition between energy gain from the inelastically sc
tered tunneling electrons and simultaneous energy los
electron-hole and phonon excitations in the metal.21

The important ingredient, common to the theories of t
processes mentioned in the previous paragraphs, is the n
that a single, adsorbate induced resonance near the F
level dominates the energy transfer. The existence of su
2191 © 1998 The American Physical Society
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2192 PRB 58M. PLIHAL AND DAVID C. LANGRETH
level is expected to be a rather general phenomenon.
response of metal electrons to the localized dynamic per
bation is known to violate the adiabatic theorem,22 due to the
localized nature of the perturbation and due to the availa
ity of large number of low-energy excitations in the metal.
is this nonadiabatic coupling of electronic states to adsorb
degrees of freedom that drives the electronic processes
sidered here. Ultimately, the energy is dissipated thro
large number of low-energy electron-hole pair excitations
the metal.

All the theories reviewed here ignore the intra-adsorb
Coulomb interaction, which is known to produce, under c
tain circumstances, the Kondo and mixed valent correla
states, despite early work5 suggesting the importance of suc
states. They appear in the local density of states as na
resonances at the Fermi level. If the parameters are such
these states are formed, long electronic time scales are i
duced and an additional source of nonadiabaticity is pres
It is the purpose of this paper to make a systematic stud
the effects of the correlated states and other many-body
rections on energy transfer. In our numerical calculations,
study specific models of adsorbate-metal complexes, bu
general conclusions of this paper are independent of th
choices. In addition, we show that intra-adsorbate Coulo
correlations can have a substantial effect on the electr
friction, even when one is in a parameter region where
Kondo-like states cannot form, such as in the thermally
duced DIMET regime.

The structure of the paper is as follows. In Sec. II, w
discuss the theoretical framework and approximations
volved. Relevant details and derivations are arranged
appendices. In Sec. III, we discuss the numerical results,
we summarize our findings in Sec. IV.

II. CONCEPTUAL FOUNDATION AND THEORETICAL
MODEL

We wish to describe the situation that is approximat
described by the adsorbate moving along a diab
potential-energy curveV0(R) outside a metal, as illustrate
in Fig. 1. The electronic structure of the adsorbate is
sumed to be dominated by the effect of a single degene
energy level in the vicinity of the substrate’s Fermi lev
The occupation of this level is subject to change due to t
neling to and from the substrate, which give it a widthG, and
due to thermal fluctuations. When the adsorbate is in a ne
tive ~positive! ion excited state, its motion is controlled b
the curve markedV1(R). This differs from V0(R) by the
image potential~plus a constant! except at short distances.23

Note that to the extent thatG is not vanishing, each of thes
curves is a shorthand for a continuum of essentially para
potential-energy curves, differing by the energies of the c
tinuum of electron-hole excitations that are possible in
substrate. For most of this paper we suppose that the velo
of the adsorbate is sufficiently slow, that one is to avera
over the effect of multiple electronic transitions. In that ca
the adsorbate will be driven by an average force deri
from an average~adiabatic! potential curveV(R) part way
between the two curves shown, but typically much close
V0(R). In addition, the fluctuations in the force on the pa
ticle lead to a dissipative or frictional force proportional
he
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the adsorbate’s velocity at low velocities. At higher veloc
ties, there are deviations from this picture that we also c
culate.

A. Electronic friction and the Markovian limit
of energy transfer

One standard way of describing the above situation, is
replace the equations describing the details of the motion a
transitions of the individual electrons, and incorporate the
effect in a single stochastic equation for the motion of th
adsorbate, that is a generalized Langevin equation

MR̈~ t ![2
1

v~ t !
Ė~ t !52

dV~R!

dR
2E

2`

t

dt8L~ t2t8!v~ t8!

1 f ~ t !. ~2.1!

More generally, one could take account of multiple dime
sional adsorbate motions, as well as substrate atom moti
through a set of coupled equations of this type,24 but that
would distract from the issues we wish to address here. He

v(t)5Ṙ(t) is the velocity of adsorbate,f (t) is a random
force, and the integral proportional tov(t) is the frictional
force. The nonlocal kernel,L(t2t8), contains the dissipative
forces and takes into account the dependence on the mem
of the system. The contribution toL(t2t8) of the electronic
degrees of freedom can be expressed in terms of the no
diabatic coupling between electronic states. Frictional a
random forces are related by the fluctuation-dissipation the
rem, which is an expression of the mechanism that drives
system toward local thermal equilibrium. One should not
misled by the simplicity of Eq.~2.1!: for a nonuniform sys-
tem the quantityL is a functional of@R(t)#; the more trivial
dependence ont2t8 , explicitly shown, is to facilitate the
later discussion of the range of the nonlocality in time. Th
random forcef (t) has an autocorrelation function that is als
a functional of@R(t)#.

FIG. 1. Schematic diabatic potential energy curves for a neut
adsorbateV0 and for negative~positive! ion stateV1. The difference
between them~dashed line! is the energye0 to excite the adsorbate
to the negative~positive! ion state by transferring an electron~hole!
from the substrate to the adsorbate.
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The theory presented in this paper focuses on the diss
tive forces of the Langevin equation in a regime where int
adsorbate electron correlations are important. Specifical
is a theory of the frictional force integral,

Ėnon~ t !5v~ t !E
2`

t

dt8L~ t2t8!v~ t8!, ~2.2!

in Eq. ~2.1! for a specifiedR(t) and not a theory of the ful
solution of Eq.~2.1! in an arbitrary force field.

There is one situation in which Eq.~2.2! becomes fairly
simple, and that is where the adsorbate moves only a s
distance during the time range of the kernelL. This could
occur because of the constraints from the potential~e.g., a
harmonic oscillation in the bottom of the well!. But it always
occurs for sufficiently small velocityv. In either of these
cases one may use linear response theory in the displace
R(t)2R(t8) about the positionR(t8) to calculate the fric-
tional force at timet. The result is a force-force correlatio
function, which has been discovered and rediscovered b
number of groups.2,25 This is particularly simple in the latte
case, where the friction kernel in Eq.~2.2! becomes local:

L~ t2t8!5d~ t2t8!Mh„R~ t !…, ~2.3!

and the system dynamics is described by the standard La
vin equation,

MR̈~ t !52
dV~R!

dR
2Mh„R~ t !…v~ t !1 f ~ t !. ~2.4!

More generally, Eq.~2.4! is an approximation that we refe
to as the local friction approximation~LFA!. It becomes ex-
act in the limit of smallv. Its essential feature is that th
dissipative force is describable by a simple friction coe
cient h, whose only time dependence is through its posit
dependenceR(t). This paper focuses on determining the b
havior of h in situations where Eq.~2.4! is valid, and more
generally of Eq.~2.2!, when it is not.

B. Hamiltonian

We describe the interaction between conduction electr
in the metal and the electrons on the localized adsorb
level by means of the time-dependent Anderson Ham
tonian,

H~ t !5(
a

eempty~ t !na1(
ak

eknka1(
ak

@Vk~ t !cka
† ca1H.c.#

1 (
a.a8

U~ t !nana8. ~2.5!

Hereeempty(t) is the instantaneous energy required to add
first electron to a previously empty adsorbate orbital co
plex. The indexa enumerates theN relevant adsorbate or
bitals, assumed degenerate. We assume that it correspon
symmetries that are shared with the conduction electrons~in-
cluding at least the conservation of a spin component,
possibly orbital symmetries such as the reflection throu
planes perpendicular to the surface as well!, so thata can be
used as a quantum number for the substrate electrons as
Therefore the substrate band energyek is assumed to depen
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on the other quantum numberk only. The quantitynka

5cka
† cka is the number operator for the conduction electro

in the indicated state. The time-dependent hybridization m
trix element between the substrate and adsorbate electro
Vk(t). The time dependence of thee, Vk , andU parameters
arises only by virtue of the fact that they are functions
spatial coordinateR, which in turn is time dependent.

Our basic model consists in assuming thatU is large
enough so that none of the other ionization states are
evant. This will be the case ifue06U2eFu@max(T,G)
where e05eempty1(N021)U, G is the width of the level,
and T is the temperature in energy units. It will not matt
that U splits all ionization states equally or even that som
may be unbound and in the continuum, because we re
only useU as a device to exclude the ionization states t
are far from the Fermi level and deemed to be irrelevan
the physics at hand. The spectrum of these states for
trivially soluble caseVk50 is shown in Fig. 2; the levels
refer to the energies required to add additional electrons,
total energies. This figure shows notation that we u
throughout this paper. There areN ionization levels corre-
sponding to theN-fold degeneracy of the orbitals, while th
Fermi level of the substrate, indicated~for two possibilities!
by the two dashed lines, lies near the ionization state c
taining N0 electrons, so that this one can be either filled
empty. We can then effectively replace Eq.~2.5! by

H~ t !5(
a

e0~ t !na1(
ak

eknka1(
ak

@Vk~ t !cka
† ca1H.c.#

~2.6!

with the constraint that the subspaceuS& within which H(t)
acts is just a subset of the original Fock space given by

$uS&;n50,1%, ~2.7!

where

n5 (
a51

N

na2N011. ~2.8!

FIG. 2. Schematic representation of the single-particle ene
levels inVka50 limit of an N-fold degenerate adsorbate comple
N0 labels the energy levele0 near the Fermi energy~dashed lines!.
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It is the effect of the constraint~2.7! arising from the
intra-adsorbate Coulomb correlations that is the topic of
work. We will refer to this as theU5` case for a particular
value ofN, in contrast to the often used18 U50 model, con-
sisting of the Hamiltonian~2.6! without the constraint~2.7!.
Of course, the two models coincide for the~essentially
physically nonexistent! case ofN51. The intermediate re
gion of finite U ’s effects our theory in two ways.~1! If the
Coulomb repulsion does not separate the two levels s
ciently, so that the condition of the previous paragraph
violated, our theory breaks down qualitatively.~2! The quan-
titative conclusions of our theory become inaccurate, e
estimates of Kondo temperature, unlessU@ue0u. One further
remark: There is no necessity that the creation operator
Eqs. ~2.5! and ~2.6! be defined to create particles—the
could just as well have been defined to create holes inst
this means that at the present level, the caseN051 is the
same asN05N, N052 is the same asN05N21, and so on.

We give some practical examples.~i! CO standing upright
over a Cu surface: fourfold degeneratep* affinity level a
little above the Fermi level, so thatN54, N051, essentially
a closed-shell case, where no major correlation effects
expected.~ii ! A Li atom moving 8 a.u. outside of an A
surface~or closer to a cesiated one!: ionization level a little
below Fermi level, affinity level several eV higher, or esse
tially out of the picture, so thatN52, N051; major differ-
ences betweenU50 and U5`. ~iii ! NO upright over Cu
surface with temperature much larger than the spin-o
splitting: positive ion state several eV below the Fermi lev
and out of the picture; the negative ion state an eV or
above Fermi level is the active level, so thatN54, N052;
major differences fromU50 theory expected.~iv! NO ob-
lique or lying over Cu: onep spatial orbital has largerG than
the other, so that the effect of the weakly coupled one can
neglected;N52, N052 ~or N52, N051 in the equivalent
description in terms of holes!; major differences from the
U50 theory expected.

The complete model Hamiltonian that would yield th
generalized Langevin equation~2.4! would in addition to the
Hamiltonian~2.6! contain the kinetic energy of the adsorba
1
2 MṘ2 and the diabatic potentialV0(R). The multiple tran-
sitions between the curvesV0 andV1 in Fig. 1 are described
by the first term in Eq.~2.6!: e0 depends ont through its
dependence onR(t), andV1(R)2V0(R)5e0(R). From now
on, we will imagine thatR is simply the one-dimensiona
distancez from the surface.

We conclude this section by discussing the parameter
tions of the quantities in the Hamiltonian~2.6! that we follow
here. We define the full width parameterG as

G~e,t !52p(
k

uVk~ t !u2d~e2ek!, ~2.9!

which is, to lowest order, the adiabatic tunneling rate
tween the band and the adsorbate level electrons. We as
that thek dependence ofVk(t) comes only in the form ofek
and that its shape is time invariant. In this case, the poten
is separableVk(t)[u(t)v(ek). Note that by doing this we
are excluding the effects of the variations in thephaseof
Vk(t). In the one-dimensional case treated here, this does
matter, but for motions parallel to the surface, variations
is
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the phase are what give the friction entirely, so that
theory presented here is incomplete. The effects arising f
these phase variations for parallel motion, or for some ro
tional motions, are very interesting, and will be the subject
a future paper. Using the above parametrization, the a
batic tunneling rateG(e,t) can be written

G~e,t !52puu~ t !u2j~e!, ~2.10!

wherej(e)5r(e)uv(e)u2 and r(e) is the density of states
Here we takej(e)5 3

2 @12(e2/D2)# for ueu<D and j(e)
50 otherwise, withD55 eV. All energies in this paper ar
measured from the Fermi level (eF50). Note thatG depends
on bothe and t. If the value ofe is unspecified, it will refer
to the value ate5e0(t), which most closely represents th
actual width of the level. On the other hand, we will defi
the Fermi-level half-width parameterD, such thatD(t)
5 1

2 G(0,t).

C. Energy transfer

The rate of adding energy to a system described by
~2.6!, with or without the constraint,~see Appendix B for
details! is

Ė~ t !5(
a

ė0~ t !na~ t !1(
ka

@V̇k* ~ t !nak~ t !1H.c.#,

~2.11!

wherena(t)5^ca
†(t)ca(t)& and nak(t)5^ca

†(t)cka(t)&, each
independent ofa in our case. The diagonal and off-diagon
occupation numbersna(t) and nak(t) do not follow their
equilibrium values except in the very slow limit, and w
denote the deviations from these values bydna(t) and
dnak(t). The nonadiabaticenergy transfer, as expressed
Eq. ~2.2! is then given by

Ėnon~ t !5(
a

ė0~ t !dna~ t !1(
ka

@V̇k* ~ t !dnak~ t !1H.c.#.

~2.12!

Equation~2.12! can also be cast in a form, which is phys
cally more intuitive and suitable for analytic approximatio
of certain limiting behavior. For that purpose, we introdu
the Wigner distribution functions,

na~v,t ![E
2`

`

dt K ca
†S t1

t

2D caS t2
t

2D L eivt, ~2.13!

with a corresponding expression fornak(v,t). The off-
diagonal function in Eq.~2.12! can be eliminated with the
help of the Fourier transform of the equation of motion,

@v2e0~ t !#na~v,t !5(
k

Vk* ~ t !nka~v,t !. ~2.14!

Using Eq. ~2.14!, the equation for energy transfer can b
written as

Ėnon~ t !5E
2`

` dv

2p
F ė0~ t !1

Ḋ~ t !

D~ t !
@v2e0~ t !#Gdn~v,t !,

~2.15!
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where dn(v,t)5(adna(v,t)5Ndna(v,t). This provides
an explicit expression suitable for numerical evaluation.

In the LFA limit, we can expand the expression~2.12! in
powers of velocityv and keep the lowest term. This
readily done by expanding the functiondn(v,t) in Eq.
~2.15!. For the U50 case the result can be expressed
terms of the adiabatic phase shift for the Anderson mode

lim
v→0

Ėnon~ t ![Mv2h~ t !5NE
2`

` dv

p S 2
] f ~v!

]v D ḋ2~v,t !.

~2.16!

This result has been obtained by a number of authors.18,5,4

For our case of a parabolicj(e), the phase shift is given by

tand~v,t !5
j~v!D~ t !

v2e0~ t !2
l~v!

p
D~ t !

. ~2.17!

Here,j(v) is defined below Eq.~2.10!, and

l~v![PE dV
j~V!

v2V
53

v

D
1j~v!ln

D1v

D2v
.

Equation ~2.16! @but not, of course, Eq.~2.17!# has been
shown5 to be valid for the interacting Anderson model in th
very low temperature regime, as well.

One can use Eq.~2.17! to get a reference point for ou
discussion of correlation effects in the next two sectio
Clearly, the friction will be large whene0 passes through th
Fermi level, especially at low temperatures and for sm
width D. However, situations wheree0 is neareF , but does
not cross the Fermi level, are of great experimental intere
Then there are two ways in which the parameters can be
as to give a substantial contribution to Eq.~2.16!: ~i! the
temperature is high enough to give the Fermi-function
rivative in Eq.~2.16! sufficient width that the denominator i
Eq. ~2.17! can be small, and~ii ! the half-widthD is large
enough that the numerator is large. These two cases
been clearly elucidated by Brandbygeet al.18 In the first case
the friction is caused by multiple thermally induced tran
tions between the curves in Fig. 1, a process that has b
called DIMET ~Ref. 17! when used to describe desorptio
induced by hot electrons. The other limit~ii ! involves mul-
tiple transitions induced by the level width of the states, a
is the more traditional friction mechanism invoked, for e
ample, by Persson and Persson9 or by Head-Gordon and
Tully.25 In Sec. II D below, we discuss the effects of th
constraint~2.7! on the friction in the limit~i!. Following that
in Sec. II E we lay the groundwork for our discussion of t
limit ~ii !, and also for our more general theory that bridg
between the two limits. Our conclusion is that the effect
the constraint is significant, irrespective of where one is w
respect to the above limiting cases in open-shell system

D. Electron friction induced by the temperature and the role
of semiclassical master equations

An important limiting case of the theory, which can b
called the semiclassical approximation~SCA!, appears at
high temperatures and for slowly moving adsorbates w
narrow resonances satisfying the conditionue02eFu@G. The
n
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exact criteria for validity of the approximation have be
formulated by Shaoet al.,26 for the caseN051. This is the
temperature-induced friction or DIMET limit of the theory.
is more important than this validity criteria would sugge
because at least one of the analytic results valid in this reg
persists in the other regions we have studied.

For small G the transitions may be described by Fer
golden rule master equations. For example, the rate
change of adsorbate occupation due to electrons tunne
out of the adsorbate can be written

S dn

dt D
out

522p(
f i

u^ f u(
ka

Vkcka
† cau i &u2d~Ef2Ei !Pi .

~2.18!

Heren, as defined by Eq.~2.8!, is now an expectation value
The initial stateu i & is the product of one of theN0 particle
adsorbate states of degeneracyg5( N

N
0
) and an arbitrary sub-

strate state. The probabilityPi is the product of occupation
probability of this adsorbate state (5n/g) and the thermal
occupation probability of the substrate state indicated bi .
Straightforward evaluation yields

S dn

dt D
out

52GN0~12 f 0!n, ~2.19!

wheref 0 is the equilibrium Fermi function (ebe11)21 at the
energye5e0(t) andG5G„e0(t),t…. In a similar manner one
can obtain the rate at which electrons enter the adsorb
which when combined with Eq.~2.19!, gives the master
equation

dn

dt
52G@N0~12 f 0!n2~N2N011!~12n! f 0#.

~2.20!

For N051, this equation has been shown27 to be the rigorous
semiclassical limit of the more general equations discus
later in this paper. It should be contrasted with the mas
equation for theU50 case,

dna

dt
52G@~12 f 0!na2 f 0~12na!#. ~2.21!

Equation~2.21! is widely used, but probably almost neve
valid, because ifG is sufficiently small for the perturbation
theory to work, then the intra-adsorbate Coulomb interact
will almost always be sufficient to enforce the constra
~2.7!, thus implying that Eq.~2.20! should be used instead

A feature of the correlated system satisfying the constra
~2.7! is that the equilibrium occupation of the adsorba
which we callneq, does not follow simple Fermi statistics.
This can be shown directly by writing down the grand pa
tition function for the correlated system, or alternatively
setting the time derivative in Eq.~2.20! equal to zero and
solving for n. In either case the result is

neq5
~N2N011!

N0expbe01~N2N011!
, ~2.22!

which is to be contrasted with theU50 result,neq5N f0.
This difference has a significant effect on the DIMET ra
One way of explaining the result~2.22! is to note that the
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average number of single-particle states pushed a long
from the Fermi level byU is dependent onn itself. Indeed, a
simple calculation shows that the average number of sin
particle statesNs left available for fluctuating occupancies
no longerN as in theU50 case, but rather

Ns5~12n!~N2N011!1nN0 ~2.23!

instead@see also Eq.~A10!#.
Another important feature is that the relaxation rate

dependent on temperature ande0; it is not equal to the rateG
from one-electron theory. This may be seen by writing~2.20!
in a way that displays the rate of relaxation of then. Using
Eq. ~2.22! in Eq. ~2.20!, we obtain

dn

dt
52Geff~n2neq![2Geffdn, ~2.24!

where theeffectiverateGeff is given by

Geff5G@~N2N011! f 01N0~12 f 0!#. ~2.25!

This result is also relevant for discussions of the width of
occupied~unoccupied! level on the adsorbate as might b
measured by photoemission~inverse photoemission!. It is
noteworthy that such a measurement does not measure tG
that would be predicted directly by electronic structu
theory. This is one of the predictions of the simple SC
theory that persists to other regimes, at least qualitatively
is certainly true that the width of the resonant level chan
by a substantial factor when the Fermi level is crossed
factor that is completely missing in the uncorrelated theo

We now calculate the friction coefficient in the LFA. I
the region of validity of the semiclassical approximatio
G!ue02eFu and the second term in Eq.~2.12! can be ne-
glected to first order. We can write the energy transfer in t
case as

Ėnon~ t !5 ė0~ t !dn~ t !. ~2.26!

As discussed earlier~see also Brunner and Langreth28 and
Head-Gordon and Tully24!, the LFA may be obtained simply
by linearizing the equations about small time differences
procedure equivalent to calculating the force-force corre
tion function ~see D’Aglianoet al.2!. Here such a procedur
is trivial, and we obtain the solution of Eq.~2.24! corre-
sponding to this as

dn52
1

Geff

dneq

dt
. ~2.27!

This leads to the predictions for the friction

Mh5
1

GS de0

dz D 2F2
d

de0
S N

expbe011D G ~2.28!

for U50, and

Mh5
1

Geff
S de0

dz D 2F2
d

de0
S N2N011

N0expbe01N2N011D G
~2.29!

for U5`. The expression for theU50 case can also b
obtained simply as the smallD limit of the phase shift ex-
pression~2.16!. However, theU5` expression, to the bes
ay

e-

s

e

e

It
s
a
.

,

is

a
-

of our knowledge, has not been obtained previously. T
differences in these two expressions are significant and
some cases substantial.

We conclude this subsection by noting that in cases
this, the LFA should be expected to break down unlessbė
!G. Then one must revert to the numerical solution of t
master equation simultaneously with the equations of mo
on the potential curve on which the adsorbate tempor
resides. But one should use the right master equation!

E. Electronic friction induced by the level width, and beyond

A different picture of electronic friction emerges for sy
tems with large adsorbate level widthG(;ue02eFu) and
small temperaturesT(!G). Electronic friction in this case
arises from resonant electron tunneling induced by the ad
bate width. In this limit, the LFA should provide an excelle
approximation for systems, where intra-adsorbate corr
tions are not important. The only time scale introduced
the substrate-adsorbate interaction then corresponds to
tunneling rateG. The criterion for validity of the limit can

formally be expressed as a condition thatu ė/G2u and uĠ/G2u
are much smaller than unity. Indeed, for typical values of
level width G~;1 eV! and realistic parameterizations for th
position dependence ofe0 andG,29 an adsorbate of unit mas
satisfies the above condition up to kinetic energies of
order of an eV. At the same time, the electronic friction w
show very little temperature dependence in the experim
tally relevant regime,T!G.

However, it is well known from condensed matter th
strongly correlated magnetic impurities in the bulk of simp
metals exhibit anomalous low-temperature behavior~the
Kondo effect! with origin in magnetic scattering. The spin
flip scattering of substrate electrons or holes from the
compensated impurity spin provides an additional hybridi
tion channel, which lowers the energy of the metal-impur
complex. The system then has a tendency to rearrang
electronic structure in order to maximize the rate of the lo
energy scattering, and produces a narrow resonance~the
Kondo or mixed valent states! in the local density of states
which forms near the Fermi level. The width of this res
nance, of the order of the Kondo temperatureTK , depends
on e0 and D, and is therefore a function of the adsorbate
position. The dependence ofTK on these parameterse0 and
D has an analytical solution for the degenerate Ander
model with rectangularj(e). Using the Bethe ansatz,30 it is
found that the Kondo temperature for the low-energy sc
~calledTl there! is given by

TK5GS 11
1

NDDr S ND

pDr
D 1/N

expS 2
pueu
ND D , ~2.30!

whereG is the gamma function andDr5e21/2D is rescaled26

for the assumed parabolic shape ofj(e).
An adsorbate-substrate system can typically form th

strongly correlated states at some point along the trajec
of a moving adsorbate, in contrast to the typical situation
a bulk impurity state, where the parameter ranges are
stricted to those of the static binding site. The narrow re
nance in the spectral density introduces long electronic t
scale, which can significantly alter the analysis of the fi
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paragraph. It is one of the goals of this paper to examine
effects of these strongly correlated states on electronic
tion.

The approximations of the previous section break do
and we have to resort to the general solution of the prob
described by Hamiltonian~2.6! with the constraint~2.7!. We
do this for open-shell adsorbates with one electron~hole! in
an otherwise empty~full ! shell. In the notation used in th
previous section, we considerN degenerate levels withN0
51 or N05N21 depending on whether we have in min
electrons or holes, respectively.

We adopt a standard textbook technique,31,32 the non-
crossing approximation~NCA!. It is a self-consistent, high
temperature approximation, which has been shown to
useful33 to energy scales down toTK and below by compari-
son with exact renormalization-group calculations for qu
tities that can be expressed in terms of the so-called auxil
propagators, as can be done here~see Appendix A!. The
NCA has been extended to the nonequilibrium situation
Langreth and Nordlander,27 and solved numerically by Shao
Langreth, and Nordlander,26 where the details are given. W
outline the method below, and give details of this spec
application in Appendix C.

The constraint~2.7! is effected by introducing an auxil
iary ~slave! boson,34 which is created whenever an electron
transferred from the adsorbate level complex to the meta
destroyed in the opposite process. The operator that does
is aa5b†ca , whereb† is the boson creation operator. Th
bosonized form of the effective Hamiltonian~2.5! is

H~ t !5(
a

e0~ t !na1(
k

eknka1(
ak

@Vak~ t !cka
† b†ca1H.c.#.

~2.31!

The quantityQB[nB(t)1n(t), wheren(t) is defined in Eq.
~2.8!, and is here just the total number of electrons in
open shell.QB commutes with Eq.~2.31!, so that the total
number of electronsn(t) in the shell plus the number o
bosonsnB(t)5^b†b& is conserved, and the subspaces of
Fock space with definiteQB are disjoint. The physical sub
space on which the Hamiltonian must be diagonalized co
sponds toQB51.

The approach to solving Eq.~2.31! is based on the
Green’s function method developed by Kadanoff a
Baym35 and Keldysh.36 The details of the method and de
scription of the exact numerical solution are discussed
Langreth and Nordlander,27 and Shaoet al.26

III. RESULTS AND DISCUSSION

In this section, we present a comprehensive numer
study of electronic friction and its various limits as discuss
in the previous two sections. We demonstrate the many-b
effects by studying different models of adsorbate-metal s
tems.

A. Discussion of the correlation effects of simple molecules
adsorbed on simple metals

Ignoring the intra-adsorbate correlations seems like a
tifiable approximation for the CO molecule on metals like
Pd, and Cu. This is because the typical work functions
e
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these metals are in the range 4.526 eV. An isolated CO
molecule has a closed 2p shell with ionization potential of
;14 eV. In the adsorbed form, this level is deep below
Fermi energy. The negative ion state with an electron in
2p* orbital lies about an electron volt above the Fermi lev
It is this negative ion resonance that is active in the ene
transfer. The Coulomb interaction in this empty orbital r
gime plays a minor role since the level occupation is sm
(!1).

The NO molecule adsorbed on these metal surfaces fo
a very different system. An isolated NO has an additio
uncompensated electron in the 2p* orbital. Typically when
adsorbed on the above metals the spectral density sho
negative ion peak an eV or so above the Fermi level, wh
the positive ion peak is typically several eV below the Fer
level @for example, on Cu~111! these two numbers are 1.3 e
and 2.5 eV, respectively37#. Since the level widths are be
lieved to be comparable to or smaller than the separatio
the nearer of these two peaks from the Fermi level, and m
smaller than the separation of the farther peak, it is reas
able to use theU5` description of the negative ion reso
nance to model the situation. This view is further streng
ened by the experimental evidence found by Ertl’s grou38

for the paramagnetism of NO on several of these surfaces
fact Yoshimori39 has already argued that NO on Cu~111! is a
Kondo system, although in this case with a rather low Kon
temperature~;8 K!. A system of particular interest becaus
of the hot-electron desorption experiments is NO/Pd~111!,
which has been extensively modeled by Brandbygeet al.18

assuming that aU50 description is valid. They used alte
nately the assumption of level width induced friction as
modelA and thermally induced friction as in modelB @see
Eqs. ~3.1! and ~3.2!, and below# as limiting cases, in the
absence of perfect knowledge of the actual parameters. H
we solve these models with the identical parameters, but
suming instead that theU5` description is valid. We find in
each case that the friction is substantially different.

B. Spectral functions

We consider open shell adsorbates with a single elec
~hole! in an otherwise empty~filled! shell as described in
Secs. II D and II E, that is we takeN051. In the main body
of this paper we follow Brandbygeet al.18 and model the
adsorbate’s level position and level half-width variation, r
spectively, by

e05e`2Ce2ax, ~3.1!

ND5D0e2bx, ~3.2!

where x is measured from the equilibrium position of th
adsorbate. We define two models:A andB, similar to those
of Ref. 18. For both models we takee`55 eV, C53.5 eV,
a50.45 a.u., andb51.0 a.u. For modelA, D051.5 eV,
while for modelB, D050.12 eV. The choice~3.1! is similar
to the possibly more realistic~and more slowly varying! im-
age potential form,

e05e`6
e2

4uz2zimageu
. ~3.3!
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If we take thezimage51 a.u., and the other parameters
above, then Eqs.~3.1! and ~3.3! have Fermi-level crossing
at the same place if we take the minus sign in Eq.~3.3! and
z5x13.8 a.u., a definition that we take throughout this p
per. We will present some calculations using Eq.~3.3! in the
Appendix.

We will first discuss the modelA. Its parametrization@see
Eqs. ~3.1! and ~3.2!, and below# is illustrated in Fig. 3. It
corresponds to the regime of friction induced by level wid
in which the adsorbate level width is much larger than te
perature and of the same order as the energy differenceue0
2eFu.

In Fig. 3, we show the spectral function for this model
several distances from the surface. The dotted lines co
spond to the uncorrelated system (N51, U50! and solid
lines correspond to a doubly degenerate correlated (N52,
U5`! system at temperatureT50.001 Hartree~316 K!. We
should note that we keepND constant in calculations com
paring the same systems with different degeneracyN, since
such approach produces comparable level widths and s
tral densities, as suggested by Eq.~2.25!. For the same rea
son, when comparingU5` with U50 results, we normally
will take N51 for theU50 results, irrespective of what th
actual value ofN is.

The correlated states are characterized by the appear
of narrow Kondo resonance in the spectral function neareF .
Its energy~measured fromeF) and width are of the order o
the Kondo temperatureTK . As the system parameters va
along the adsorbate trajectory, so does the Kondo temp
ture TK . We show the position dependent Kondo tempe
ture, calculated from Eq.~2.30!, inside of each panel in Fig
3. Far from the metal surface (z55), TK is much smaller
than the substrate electron temperatureT and the Kondo
resonance is destroyed by the high temperature. There is
very little difference between theU50, N51 spectral func-
tion and the correlated one at the actual value ofN. Closer to
the surface~betweenz53.5 andz54 a.u.!, TK;T and the
system exhibits the anomalous logarithmic temperature
havior known as the Kondo effect. The spectral weight sh
from the broad resonance of widthNG centered ate0 to-
wards the Kondo peak neareF . Even closer to the surface
whereTK@T, the Kondo resonance sharpens further and
comes temperature independent, although this regime is
fully accessible via the NCA.

FIG. 3. The total adsorbate spectral densities at different
tance from the surface for the modelA @see Eqs.~3.1! and~3.2!, and
below#. The dotted and solid lines correspond to the nondegene
U50 and doubly degenerateU5` models, respectively, at tem
peratureT50.001 Hartree~316 K!.
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The NCA allows us to treat the caseN051 for electrons
~or N05N for holes!. Other values ofN0 have been studied
in the equilibrium case,40 and have Kondo-like resonances in
their spectral functions foreither position of the level with
respect to the Fermi level in Fig. 2 with Kondo temperature
given by expressions similar to Eq.~2.30!. Application of the
N051 results for the open-shell Fermi-level position to suc
cases is therefore perhaps a viable option, qualitative at b
but still likely to give more reasonable results than theU
50 models often used. It would obviously be desirable if
nonequilibrium theory specifically forN0Þ1 could be devel-
oped.

C. The LFA limit

The corresponding, position dependent friction for th
model A at v→0 is shown in Fig. 4. The quantity plotted
here is the electronic friction normalized to unit mass~amu
5atomic mass unit! Mh[Ė/v2. The U50, N51 system
has a friction~as shown in the figure! which is to a large
degree independent of temperature and slowly varying w
position. It is increasing as the levele0 approaches the Fermi
level. Its value at the equilibrium position,z0;3.8 a.u., of
the NO~CO! molecule adsorbed on the metal is in agreeme
with that used by Brandbygeet al.,18 as long as the degen-
eracy factor of 4 is taken into account~they useU50, N
54).

The interacting system (U5`) shows a considerably en-
hanced electronic friction in the region betweenz53.5 and
z54.5 a.u., right in the region where the adsorbed species
expected to spend most time. We compare frictions of a tw
fold degenerate (N52) system~left panel! and a fourfold
degenerate (N54) system with identical tunneling rateNG.
The much larger frictions atN54 are result of the fact that
more spectral weight is concentrated in the Kondo peak a
the relative importance of the correlated state is thus

s-

te

FIG. 4. Electronic frictionMh in the LFA limit as a function of
the adsorbate-substrate separationz. The N51 curve corresponds
to friction of the noninteracting, nondegenerate system. Its tempe
ture is not shown, as it is essentially temperature independent in
range shown. The left panel showsN52 and right panelN54
degenerate system. All temperatures are in atomic units@0.001 a.u.
5316 K#.
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creased. An adsorbate system withN54 and with the mass
of the NO or CO molecule~;30 amu! has a large electronic
friction h55.4 ps21 at room temperature and the equilibriu
positionz0. In contrast, for theU50, N51 system,h50.25
ps21 at the same position.

1. Region of maximum friction enhancement

In the absence of correlations, large frictions occur in
spatial region where the adsorbate resonance is near
Fermi level. The rapid charge fluctuations in and out of
adsorbate level in this region create electron-hole excitat
in the metal, which produce the nonadiabatic effects resp
sible for the dissipative energy transfer.

On the other hand, the position of the maximum man
body enhancements is given by the conditionTK(z);T
where the nonadiabatic effects of the correlated states
most pronounced. This can be understood in terms of p
erties of the Kondo resonance. Its width (g) and position
~measured fromeF) are of the order ofTK for not too high
temperatures (T<TK). As the local environment change
with the adsorbate motion, so does the equilibrium electro
configuration. The rate of this change is characterized
ṪK . Under dynamic conditions, electrons rearrange in
sponse to the dynamic perturbation according to the Kon
induced relaxation time, which is of the order of the inver
Kondo resonance widthg. The resulting nonadiabaticity i
characterized by the rateRK5ṪK /TK . However, atTK!T,
temperature broadens the Kondo peak and the width is;T
rather than;TK . The nonadiabaticity at high temperatur
is thus characterized byṪK /T (!RK), and the friction is
smaller there. AtTK@T, one enters the Fermi-liquid-like
region,41 which is again describable by Eq.~2.16!,5 with d
5np/N. In the extreme Kondo region wheren'1, so thatd
is roughly independent of system parameters, one expe
very small friction again. Although this region is not full
accessible to the NCA, nevertheless our results show
expected falloff asTK becomes greater thatT.

The arrows in the right panel of Fig. 4 show the values
TK ~in a.u.! at different positions, and demonstrate that t
largest enhancement occurs whereTK passes through th
electronic temperatureT. SinceTK is only weakly dependen
on N, the position of maximum friction is essentially th
same in both panels. We must stress, however, that the
dition for maximum friction enhancement need not alwa
coincide with that for maximum friction. This is because t
total friction also contains a contribution from the conve
tional mechanism. If such a contribution is not small, ma
mum friction will occur at a position closer to where th
adsorbate level passes through the Fermi energy. This is
case at higher temperatures~Fig. 4!, particularly for theN
52 system, the friction of which is less dominated by t
correlated states. At temperaturesT@TK , the friction con-
verges to that of the noninteracting system with appropr
width, and becomes independent ofN.

2. Temperature effects

The dramatic and anomalous temperature dependen
consistent with the notion of the Kondo-induced nonadia
ticity. The width of the Kondo peak in the region of larg
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friction is of the order of temperatureT by virtue of the
condition discussed in the previous section. The resonanc
thus narrower at lower temperatures, and produces a lo
electronic time scale, larger nonadiabaticity, and larger f
tions. At the same time the friction is strongly position d
pendent and, therefore, is not necessarily a monotonic fu
tion of temperature at a given position.

In scattering or sticking experiments, the electronic fr
tions of modelA produce energy losses that are only a sm
fraction of the maximum kinetic energy of the scatteri
atom or molecule.42 However, the outcome of adsorption o
reaction processes is determined by values of friction at
equilibrium position in the potential well, where the adso
bate spends most of its time. If the equilibrium position c
incides with the region of large friction, the electronic d
grees of freedom can significantly enhance the desorp
rates. Moreover, if the adsorbate is in the strongly correla
regime, as defined above, the desorption could show str
and anomalous temperature dependence. This is illustrate
Fig. 5 where we show the temperature dependence of
friction Mh at z53.8 a.u. for theN52 model A ~dashed
lines!. In the absence of the Coulomb repulsion,h shows
very little temperature dependence in the experimentally
teresting temperature range (T<0.02 Hartree;6000 K!. In
contrast, the interacting system has strongly temperat
dependent friction exactly in this temperature range with
largest enhancement at low temperatures. It is easy to un
stand why the friction decreases with increasing temperat
The Kondo resonance broadens with temperature and
electronic time scales become shorter. This leads to redu
nonadiabaticity and smaller friction. One should note, ho
ever, that the behavior is not always a monotonic falloff
here. Inspection of Fig. 4 shows that at closer distances to
surface, the friction willincreaserapidly with temperature
before it falls off.

One issue that needs further investigation before a qu
titative application to the hot electron induced desorpt
problem is the question of how atime-dependentelectron
temperature affects the results. We have a large friction

FIG. 5. Temperature dependence of the frictionMh in the LFA
limit at z53.8 a.u. for modelA ~dashed lines! and modelB ~full
lines!. The thin and bold lines correspond to the nondegeneratU
50 and doubly degenerateU5` models, respectively.
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comes from a sharp resonance, so that the friction will p
sumably not effectively reach its value at the peak tempe
ture instantaneously as the electron temperature is ra
One might then expect this would enhance the desorp
even more, since the friction would tend to remain at
initial, in many cases higher value, during a part of the c
cial time period. If this argument is correct, then the deso
tion should occur extremely quickly, because the period
highest friction would be limited to short time after the tem
perature rise.

Experimental verification of the Kondo-induced frictio
should be possible if the heating curve of substrate elect
is short on the Kondo time scale (; inverse width of the
Kondo resonance!. In such a case, the friction at peak ele
tronic temperature should carry information about the ini
equilibrium conditions, e.g., the initial ambient temperatu
The desorption yield should then exhibit strong, logarithm
dependence on the initial substrate temperature. Depen
on the value of the Kondo temperature at the equilibri
position of the adsorbate~see Fig. 4!, the desorption yield
can either increase or decrease with the initial substrate
perature. We estimate, forTK of order of room temperature
the laser pulse duration needs to be,0.2 ps. It can be even
longer for lower temperatures, but shorter for higher te
peratures.

The desorption yield should also be sensitive to the sp
at which the temperature of substrate electrons rises du
the laser heating~on the Kondo time scale!, because the ac
tual friction will be unable to follow the adiabatic friction
versus temperature curve. For the situation in Fig. 4,
desorption yield should increase with the slope of the hea
curve, as the friction at peak electron temperature wo
have a higher value, characteristic of the previous lower te
perature.

Other promising experiments for direct confirmation
the Kondo induced friction enhancements are the meas
ments of vibrational line shapes of adsorbed molecules.
damping should show strong and anomalous temperature
pendence near the Kondo temperature of the system.
plan to investigate this issue thoroughly in a later publi
tion.

3. Comparison of the many-body enhancement
with the traditional mechanism for friction

So far, we have only demonstrated the importance of
intra-adsorbate Coulomb repulsion for an adsorbate-m
complex in the magnetic state and with the adsorbate le
shifted by the adsorbate-metal interaction towardseF . In this
section, we discuss in detail the conditions that lead to la
many-body enhancements.

Two conditions have to be satisfied for the enhancem
to be large. First of all, the correlated states must form so
where on the adsorbate trajectory opening up the additio
nonadiabatic channel. Second, the Kondo temperature c
acterizing these states must change rapidly on time sc
given by the Kondo resonance (;TK

21).
The second condition is ideally realized in systems s

as the modelA ~Fig. 3!, in which e0 shifts towardseF on
approaching the surface, so the magnitude ofue02eFu de-
creases whenuDu increases. Under this scenario, the Kon
temperature@Eq. ~2.30!# may change rapidly even if the pa
-
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rameterse0 and D do not. The nonadiabaticity induced b
the electron interactions is then large compared with the c
ventional source of nonadiabaticity, characterized by

ratesRG5Ġa /G and Re5 ėa /G evaluated near the Ferm
level crossing. For example,RK /Re59.6 andRK /RG57.8
for the model A at the distancez53.8 a.u., whereTK

;0.001 and where the maximum friction occurs at that te
perature. Another way to understand the large frictions is
realize that the two contributions in Eq.~2.15! add up con-
structively under these circumstances.

Qualitatively different behavior occurs in systems wi
the adsorbate resonance shifting away from the Fermi le
as the surface is approached. In this case, the two contr
tions in Eq.~2.15! have opposite sign. If both of the contr
butions are large, and none of them dominant, the resul
friction will necessarily be small. An equivalent stateme
follows from exploring the position dependent Kondo tem
perature. The exponent in expression~2.30! varies much
more slowly than in the previous case and produces t
smaller deviations from equilibrium under identical equili
rium conditions.

We demonstrate these issues on two model system
detail in Appendix D where we also discuss the many-bo
effects in regions where the traditional mechanism produ
large frictions.

4. DIMET and semiclassical approximation

So far, we have discussed cases in which the large f
tions are produced by low-energy electron-hole excitatio
These processes dominate the energy transfer wheneve
width of the adsorbate resonance is comparable with its
tance from the Fermi level. In the DIMET regime, the d
sorption is induced by multiple transitions between the me
and the adsorbate of hot, nonequilibrium electrons therm
excited in the substrate by laser pulses. We demonstrate
situations on modelB @see Eqs.~3.1! and ~3.2!, and below#
similar to modelA but with smaller widthD→0.08D. We
choose this parameterization so that a comparison w
Brandbygeet al.18 is possible. Figure 5 shows the calculat
frictions versus temperature atz53.8 a.u. for modelA
~dashed lines! and modelB ~full lines!. The inset highlights
the differences in spectral functions between the two ca
The broad resonance of modelA produces almost
temperature-independent friction in the absence of the co
lationsU. As we noticed earlier, the introduction of the intr
adsorbate Coulomb repulsion leads to Kondo-enhanced
ergy transfer with strong temperature dependence.

In model B, virtually no friction exists forT!e0. How-
ever, at high enough temperatures (T;e0) the friction be-
comes large and temperature dependent even in the abs
of the interactionU. This is because the narrow widthG
introduces a long electronic time scale and, consequen
large nonadiabaticity when excitations into the level are p
sible, i.e., atT;ue0u.

The effect of electron correlations at higher temperatu
can be discussed in simple terms because this regime is
described by the SCA limit. In fact, the friction of modelB
in Fig. 5 is accurately reproduced by the analytic expressi
~2.28! and ~2.29!.
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Here we parametrize our models in a way that keepsNG
fixed in comparing systems with differentN. This ensures
that atT50, Geff5NG is identical to the width of theU
50 model. AsT→`, Geff→@(N11)2# G, i.e., 3

2 G for the
N52 system shown in Fig. 5. The smaller width of the i
teracting system eventually leads to larger friction asT→`.
If we replaceG→Geff in Eq. ~2.28! to make theU5` and
U50 systems spectroscopically equivalent at all tempe
tures, then the friction of theU5` system is alwayssup-
pressedrelative to theU50 system at the sameN, except
for the uninteresting closed-shell cases, where theU50 and
U5` cases have the same friction.

In Fig. 6, we show the solution of the analytic mas
equation results in the SCA approximation@Eqs. ~2.20! and
~2.21!#. We compare the friction of theN51 noninteracting
adsorbate and of the interactingN54 adsorbates for fou
different Fermi-level positions as described in the caption
the figure. The comparison is done by normalizing the eff
tive adsorbate level width in each case toG50.12 eV at low
temperature. The cases labeled~1! and~3! in the figure most
closely describe CO and NO on Pd~111! and similar sur-
faces, respectively.

In the vicinity of the threshold of DIMET activation,T
;0.01 Hartree in the illustrated case, the friction varies
exp(2ue0u/T)/T for all models. It is then a fair question to as
what numberNeff one should multiply theU50, N51 fric-
tion by to get the correctU5` friction. Brandbygeet al.18

implicitly assumed thatNeff5N. A simple calculation yields
Neff5~N2N011!/N0 for e0.eF and Neff5N0 /~N2N011!
for e0,eF . This leads to asuppressionfactor Neff /N of 1/4
in the open-shellN52 case, and 1/16, 3/8, and 1/6 for th
three open-shellN54 cases labeled 2, 3, and 4, respective

FIG. 6. Temperature dependence of the frictionMh in the LFA
limit of the semiclassical approximation. Each curve shows the f
tion for specific position ofeF ~indicated by dashed lines in th
legend! with respect to theN54 adsorbate level complex. We no
malize the effective widthGeff so that all cases shown here ha
identical widthG50.12 eV at zero temperature. The cases plot
are ~1! N051, e051.5 eV; ~2! N051, e0521.5 eV; ~3! N052,
e051.5 eV; ~4! N052, e0521.5 eV; andU50 the corresponding
N51 noninteracting system.e0 is measured from the Fermi energ
-

r

o
-

s

,

in Fig. 6. For the closed shell cases, on the other hand, t
is no suppression in this region, that isNeff /N51.

D. Finite velocities

The results presented in Fig. 4 are based on a linear
sponse theory calculations—a generalization of the susce
bility calculations discussed by Brunner and Langreth.28 Cal-
culations of the full susceptibility are interesting in their ow
right as they allow a comparison of the contributions fro
varying G and e0. We will discuss the details in a separa
publication. However, an important issue needs to be
dressed here in connection with the large frictions found
the LFA limit ~Fig. 4!. Namely, can these enhancements s
vive the dynamic effects of finite velocities? The answer
far from obvious. As demonstrated by Figs. 3 and 4,
spatial extent of the region with strong correlations is ve
limited. The time required to form the narrow Kondo res
nance is of the order of;TK

21 . If the adsorbate traverses th
spatial region in less than this characteristic time, the effe
are likely to be destroyed.

At finite velocities, the frictional dissipation is a func
tional of the adsorbate’s trajectory. To simplify the interpr
tation of the results we picked trajectories with constant
sorbate speed, and have arbitrarily taken them to star
infinity, with the adsorbate approaching as near asz52.5 a.u.
to the surfaces, then reversing direction, and proceeding
ward toz5` again. The main features are shown in Fig.
where, for the N52 model A and at temperaturesT
50.001 andT50.008 Hartree, we plot the frictionMh at 3
different velocities,v50.0005, 0.005, and 0.04 a.u., wit
arrows indicating the direction of the adsorbate motion. T
friction in the LFA limit ~bold! is also shown except for the
smallestz values, where NCA breakdown began to occ
The main effect at low velocities is the development of
hysteresis in the friction along the direction of motion as t
electronic configuration adjusts to local conditions with c
tain lag time. Generally, on the inward trajectory the ads
bate experiences larger friction because the largest nona

-

d

FIG. 7. Mh of the doubly degenerate modelA at temperatures
T50.001 ~316 K! and T50.008 ~2420 K! is plotted for different
velocities (v) of adsorbate motion. Arrows indicate the direction
motion.



t
o
y
-
en

c
io

e

e
n

re

e
on

we
w
e
on
o

a
n
so
re
ric
th
c

s
n
sm
ur
gn
ct

on

a
on
ria
e

n
a
h

f-
te
ic

ing
l
ses.

rgy

c-
s
een

vel

rk
55

el-
in

e
d in

our
the

d

n.
tor

by
ce.
xis

’s

2202 PRB 58M. PLIHAL AND DAVID C. LANGRETH
baticity occurs closer to the surface where thee0(z) and
G(z) curves are steeper. The Fig. 7 also demonstrates
approach to the LFA limit is temperature dependent. F
instance, atv50.0005 a.u., the friction is well described b
its LFA limit at T50.008 while significant deviations al
ready exist atT50.001. The cause of the temperature dep
dence can be traced to the width (g;T) of the Kondo reso-
nance, which is about eight times smaller atT50.001 than it
is at T50.008. Thus it takes a longer time for the resonan
to form at lower temperatures and hence the larger deviat
from the LFA limit.

A further increase in velocity affects the formation of th
Kondo peak, erasing its effect almost completely atv
50.04 forT50.001. Although no abrupt crossover from th
high to low friction regime exists, significant enhanceme
persists to velocitiesv;0.005 a.u. even at room temperatu
These velocities correspond to kinetic energyE;19 eV for
an adsorbate with massM;30 amu.

Two competing factors thus affect the Kondo-enhanc
friction at finite velocities. On one hand, more rapid variati
in TK in a region whereTK;T leads to stronger frictions in
the LFA limit. At the same time, the largeṪK limits the
spatial extent of the Kondo region and consequently slo
velocities will destroy the many-body enhancement. Ho
ever, our calculations indicate that even systems with
tremely rapid variation of the Newns parameters have str
frictions persisting to experimentally interesting values
kinetic energies.

IV. CONCLUSIONS

We have studied the influence of strong intra-adsorb
Coulomb correlations on electronically induced energy tra
fer between metallic surfaces and atom or molecular ad
bates moving outside of the metal. Although we conside
specific models of adsorbate-metal systems in our nume
calculations, the most general conclusions presented in
paper apply to many different electronically activated surfa
processes. We summarize those conclusions here.

We have shown that open-shell atoms and molecule
interaction with metals can experience electronic frictio
much stronger than predicted by the traditional mechani
The necessary condition for such an enhancement to occ
that the Kondo temperature be of the same order of ma
tude as the physical temperature of the substrate condu
electrons. Maximum enhancement in the LFA (v→0) limit
occurs at a distance from surface where the positi
dependent Kondo temperatureTK(z);T. This point is typi-
cally closer to the equilibrium position of the adsorbate, th
for the traditional mechanism. The magnitude of the fricti
enhancement at that point is proportional to the time va
tion of TK relative to the low-energy scale given by th
Kondo peak width, i.e.,@;(ṪK /TK)#.

The main effect of velocity is~i! to shift the region of
large friction along the direction of adsorbate motion, a
~ii ! to reduce the Kondo enhancement. However, signific
enhancements are found at kinetic energies large enoug
be considered important under typical conditions.

Away from the Kondo region, the main many-body e
fects are traced to two properties of the strongly correla
U5` systems. First, the average number of single-part
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states available for fluctuating occupancy, rather than be
the constantN as in theU50 case, is a function of the leve
occupation, which increases as the occupation decrea
This in turn leads to an occupation probability whose ene
derivative has a smaller magnitude than that ofN times the
Fermi-Dirac distribution. This implies smaller nonadiabiti
ity and friction in theU5` case. The second effect come
from the changing width of the adsorbate resonance betw
NG when the level is fully~singly! occupied andG when it is
empty. The electronic time scales thus change with the le
occupation, and hence temperature and level positions.
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APPENDIX A: PHYSICAL PROPAGATOR
AND SPECTRAL DENSITIES

In this appendix, we present definitions and identities r
evant to the theoretical formulation of energy transfer with
the NCA for open-shell systems with one electron~hole! in
an otherwise empty~full ! shell. In the slave boson techniqu
used here, the propagation of the real electron is describe
terms of a two-particle Green’s function,

iAa~ t,t8!5^TCaa~ t !aa
1~ t8!&, ~A1!

where the operatorsaa(t)5b†(t)ca(t) and the symbolTC
orders all operators according to their position on a cont
C in the complex time plane, which can be taken to be
Kadanoff-Baym contour,35 the Keldysh contour,36 or a more
general choice.Aa(t,t8) can be diagrammatically expande
in terms of single-particle Green’s functions,

iGa~ t,t8!5^TCca~ t !ca
†~ t8!&

and

iB~ t,t8!5^TCb~ t !b†~ t8!&, ~A2!

which are merely auxiliary quantities in this formulatio
The NCA expression for the physical electron propaga
consists in making the factorization

Aa~ t,t8!' iGa~ t,t8!B~ t8,t !, ~A3!

while throwing away the spurious terms introduced there
that would come from the wrong part of the Fock spa
Then a standard analytic continuation onto the real-time a
allows us to relate the analytic piecesA.5^aa(t)aa

†(t8)&
and A,5^aa

†(t8)aa(t)& to those of the auxiliary Green’s
functions~A2!. These are

Aa
.~ t,t8!5ga~ t,t8!B,~ t8,t !,

~A4!

Aa
,(t,t8)5Ga

,~ t,t8!b~ t8,t !,

where ga(t,t8)5Ga
.(t,t8)1Ga

,(t,t8) and b(t,t8)
5B.(t,t8)2B,(t,t8). The advanced and retarded Green
functions are
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Aa
A,R~ t,t8!5Ga

A,R~ t,t8!B,~ t8,t !2Ga
,~ t,t8!BR,A~ t8,t !.

~A5!

Following Kadanoff and Baym,35 we introduce new time
variables1

2 (t1t8)→t and (t2t8)→t, and perform the Fou-
rier transform,

Aa
,~v,t !5E

2`

`

dteivtAa
,~ t1 1

2 t,t2 1
2 t!, ~A6!

and similarly forAa
.. The spectral density of states at timet

is then35

r~v,t !5
N

2p
@Aa

.~v,t !1Aa
,~v,t !#52

N

p
ImAR~v,t !,

~A7!

and the Wigner distribution function for the level occupati
~2.13! used in Eq.~2.15! is

na~v,t !5
1

2p
Aa

,~v,t !. ~A8!

The sum rule on the spectral function, however, is differ
from that for the noninteracting case because of the non
mionic equal time anticommutation relations

$aa~ t !,aa
†~ t !%15ca

†~ t !ca~ t !1b†~ t !b~ t !, ~A9!

which lead to the following expression for the number
single-particle states,

Ns~ t !52NE
2`

` dv

p
ImAa

R~v,t !5N2~N21!^n~ t !&,

~A10!

with ^n(t)&5(a^na(t)&5N^na(t)&, in agreement with Eq
~2.23! whenN051.

The principal error in the NCA comes from the factoriz
tion ~A3!, that is in going from the auxiliary functionsGa

, to
the physical functionsAa

, .33 Here we show that the two
integrals overAa

, that occur in the energy expression~2.15!
are the same as those over the auxiliary functionGa

, , even
when the factorization approximation~A3! is not made. Thus
we are able to circumvent the principal NCA error in t
actual friction calculations, although not in the calculatio
of spectral functions. Fortunately, the latter are used for
terpretative purposes only.

The first integral in question expresses the probability t
the adsorbate state is occupied at timet and is given by

^n~ t !&5NE
2`

` dv

2p
Aa

,~v,t !5NE
2`

` dv

2p
Ga

,~v,t !.

~A11!

The second equality in Eq.~A11! is simply the consequenc
of the equal time commutation relation@b,b1#51 and the
constraint~2.7! on the Fock space.

The second integral in question involves the fi
moments, for which we similarly can prove the followin
identity:
t
r-

f

s
-

t

t

E
2`

` dv

2p
v Aa

,~v,t !5E
2`

` dv

2p
v Ga

,~v,t !.

~A12!

This is done by realizing that the integral in Eq.~A12! is
equal to

S Im
]Aa

,~ t,t8!

]t8
D

t5t8

. ~A13!

The differentiation ofA,(t,t8) produces two terms, one o
which is zero due to the constraint~2.7!. The other one yields

S Im
]Ga

,~ t,t8!

]t8
D

t5t8

, ~A14!

which again follows from the equal time commutation re
tion @b,b1#51 and the constraint~2.7!. This completes the
proof that the auxiliary functions give the same results in E
~2.15! as the physical ones.

One can also prove by a similar method that the m
approximateAa

, of Eq. ~A4! obtained by making the factor
ization ~A3! will also give the same result when used in t
energy expression~2.15!. This means that even the physic
functions obtained with the approximation~A4! will give the
same value to the energy expression~2.15! as the auxiliary
functions obtained directly from the solution of the coupl
NCA equations.

APPENDIX B: DERIVATION OF ENERGY TRANSFER
EXPRESSION

In this appendix, we review basic identities of time d
pendent formalism at finite temperatures and show the
tails of derivation of the expression~2.12! for energy trans-
fer.

Let us assume the system is in equilibrium until timet0
when the perturbation is switched on. The thermal aver
^A&5Tr$r0A% of an operatorA before t0 can be conve-
niently evaluated in the basis$un&% in which the Hamiltonian
H(t0) is diagonal. Then

r05ebV(
n

e2b~En2mN!un&^nu, e2bV5(
n

e2b~En2mN!,

~B1!

whereH(t0)un&5Enun& andV is the grand canonical poten
tial. The time evolution of statesun(t)& under the action of
the time dependent HamiltonianH(t) is

un~ t !&5U~ t,t0!un&, U~ t,t0!5TexpH 2 i E
t0

t

dtH~t!J .

~B2!

The density operatorr0(t)5ebV(ne2b(En2mN)un(t)&^n(t)u
thus becomes time dependent fort.t0 with the time evolu-
tion governed by the quantum Liouville theorem. Howev
we will use the Heisenberg picture operatorAH(t)
[U(t0 ,t)AU(t,t0) and write the expectation value
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^A~ t !&5Tr$r0AH~ t !%5ebV(
n

e2b~En2mN!^nuAH~ t !un&

~B3!

with all the time dependence assembled into the oper
AH(t). The energy transfer per unit time can thus be straig
forwardly calculated according to the formula

Ė~ t !5
d

dt
Tr$r0HH~ t !%5TrH r0

]HH~ t !

]t J . ~B4!

For the time-dependent Anderson Hamiltonian~2.31!, this
becomes

Ė~ t !5(
a

F ėa~ t !Ga
,~ t,t !1(

k
„V̇ka* ~ t !Gka

, ~ t,t !1H.c.…G ,
~B5!

where Ga
,~t,t8)5^ca

†(t8)ca(t)& and Gka
, ~t,t8!5^ca

†~t8!b(t8)
ck(t)& with the averages defined in Eq.~B3!.

So far, we have calculated the total-energy transfer
unit time into and out of the electronic system. For ads
bates moving slowly along a cyclic trajectory, most of it w
be a periodic function of time and will integrate to zero. Th
is the adiabatic energy transfer of a system maintained
thermal equilibrium at all times during the motion. We a
however, interested in the portion of the energy transfer
results in irreversible energy loss. That contribution has
origin in the nonadiabatic coupling of conduction electro
to the ionic motion, and is referred to as the nonadiab
energy transfer. We find this contribution by subtracting
adiabatic energy transfer from the total given by Eq.~B5!.

In order to calculate the adiabatic energy transfer, we
fine adiabatic~equilibrium! statesunt& at time t as solutions
of the eigenvalue equation for HamiltonianH(t) with time
treated as a parameter,

H~ t !unt&5En,tunt&. ~B6!

The energy of a system kept in equilibrium at all times is

Ead~ t !5^H~ t !&eq,t[Tr$req~ t !H~ t !%, ~B7!

where

req~ t !5ebV~ t !(
n

e2b~En,t2mN!unt&^ntu,
~B8!

e2bV~ t !5Tre2b„H~ t !2mN….

Adiabatic processes are characterized by time-indepen
entropyS52^ lnreq(t)&eq,t . The conditionṠ50 leads to the

expressionĖad(t)5V̇(t), and the time derivative ofV(t) is
^]H(t)/]t&eq,t . The rate of adiabatic energy transfer thus h
the form of Eq.~B5! with the nonequilibrium Green’s func
tions replaced by equilibrium ones@defined in terms of the
thermal average~B7! and ~B8!#.

APPENDIX C: NUMERICAL SOLUTION

In this appendix, we discuss the numerical solution of E
~2.12! for open-shellN degenerate adsorbates withN051
moving at finite but constant speedv. This is done using the
equation of motion solution for the nonequilibrium Green
or
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functions. The first term in Eq.~2.12! contains the adsorbat
electron Green’s functionGa

,(t,t8), which has been calcu
lated by methods described in Shaoet al.26 and Langreth and
Nordlander.27 This section focuses on the calculation of t
second term with the off-diagonal Green’s functio
Gka

, (t,t8).
The equation of motion forGka(t,t8),

S i
]

]t
2ekDGka~ t,t8!52 i(

a8
Vka8~ t !

3^TC@ca8~ t !b†~ t !b~ t8!ca
†~ t8!#&,

~C1!

has the formal solution

Gka~ t,t8!52 i E
C
dt9Gk

0~ t,t9!(
a8

Vka8~ t9!

3^TC@ca8~ t9!b†~ t9!b~ t8!ca
†~ t8!#&. ~C2!

Usual perturbation theory can be applied to the time-orde
product. Within the NCA, the above expression can be w
ten with the aid of the NCA self-energies of the adsorb
level,

Sa~ t,t8!5 i(
k

Vka* ~ t !Gk
0~ t,t8!Vka~ t8!B~ t,t8!

5 iK a~ t,t8!B~ t,t8!. ~C3!

Due to the separability of the interaction matrixVka(t)
[ua(t)v(ek), the time dependence can be factored out of
k sum in Eq.~2.12!:

2Re(
k

V̇ka* ~ t !Gka~ t,t !5
Ḋ~ t !

D~ t !
ReE

C
dtSa~ t,t!Ga~t,t !.

~C4!

The time-ordered equation~C4! can be analytically contin-
ued onto the real-time axis and we can write

Ė~ t !5(
a

ėa~ t !Ga
,~ t,t !

1(
a

Ḋ~ t !

D~ t !
ImE

2`

t

dt@Sa
R~ t,t!Ga

,~t,t !

1Sa
,~ t,t!GA~t,t !#, ~C5!

where Sa
,,R(t,t8)5Ka

,(t,t8)B,,R(t,t8) is the adsorbate
electron self-energy. It is expressed in terms of the quan

Ka
,~ t,t8!5(

k
Vka* ~ t !G0,k

, ~ t,t8!Vka~ t8!

5AḠa~ t !Ḡa~ t8! f ,~ t2t8!. ~C6!

Here,Ḡ is the band averaged tunneling rate,

Ḡa~ t !5
*deG~e,t !

*dej~e!
52puua~ t !u2 ~C7!
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and

f ,~t!5E
2`

` de

2p
j~e! f ,~e!e2 i et, ~C8!

where f ,(e) is the Fermi function, andḠa(t) is related to
G(e,t) in Eq. ~2.10! at the Fermi level through the expre

sion G(eF ,t)5 3
2 Ḡ(t).

Equation~C5! then becomes

Ė~ t !5(
a

ėa~ t !Ga
,~ t,t !

1(
a

Ḋ~ t !

D~ t !
ImE

2`

t

dt8@Ka
.~ t,t8!b~ t,t8!Ga

,* ~ t,t8!

2Ka
.* ~ t,t8!B,* ~ t,t8!ga* ~ t,t8!#, ~C9!

wherega(t,t8) andb(t,t8) are defined in Appendix A.
The integrand contains quantities that are all known fr

the solution of theG,(t,t8) ~Ref. 26! and the numerica
integration is trivial. The calculation is performed for th
nonequilibrium system and the system that is in therm
equilibrium everywhere on its trajectory, and the two con
butions are subtracted to yield the nonadiabatic energy tr
fer.

APPENDIX D: TRADITIONAL MECHANISM
FOR FRICTION AND MANY-BODY EFFECTS

This appendix demonstrates the importance of the p
tion dependence ofe0 and D for friction in the Kondo re-
gion, and discusses the many-body effects in the regione0
;eF where the traditional mechanism produces large f
tions.

FIG. 8. Mh in the LFA limit vs the adsorbate-substrate sepa
tion z for modelsD ~dotted lines! and C at two temperaturesT
50.001 ~bold! and 0.008~thin! Hartree. For modelC, we show
both theU50, N51 model~dashed lines! andU5`, N52 model
~solid lines!.
l
-
s-
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-

In Fig. 8, we show the frictionMh of two modelsC
~solid lines for U5` and dashed lines forU50) and D
~dotted lines!. These models are defined by the image pot
tial form ~3.3! along with the same exponentially decayin
level width function as before@Eq. ~3.2!#. We take the pa-
rameters defining the latter to be the same for both modeC
andD, namely,D051.72 eV andb50.65 a.u., while we take
e`51.088 eV and the minus sign for modelC ande`523.4
eV and the plus sign for modelD. Here we take the empty
orbital region to be above the Fermi level, and the reg
where the Kondo state can form below, as opposed to
‘‘holelike’’ description used previously, where the Kond
state could form above. Therefore modelD is the analogue
of model A in the main text, while modelC has the new
feature of a Fermi level crossing into the region where
Kondo state can form.

The equilibrium properties of systemsC andD are iden-
tical at z54.01 a.u. where the two Newns parameters a
their derivatives are the same~see inset of Fig. 8!. The
Kondo temperature at that point isTK50.003 Hartree, but is
nearly constant in modelC while rapidly decreasing withz
in modelD. We show in Fig. 8 the friction of the two doubl
degenerate systems at temperaturesT50.001 ~bold lines!
and T50.008 ~thin lines! Hartree. In the interacting mode
C, there is no visible enhancement over the friction of t
equivalent, noninteracting system andRK(C); 1

3. On the
other hand, the large friction of modelD is almost entirely
due to the Kondo resonance@RK(D);5#. Comparison be-
tween the Kondo-induced nonadiabaticity atz54.3 a.u. and
that of the traditional mechanisms atz58 a.u.~where maxi-
mum friction of noninteracting model occurs! leads to the
rate conditions@RK(C)/Re#;@RK(C)/RG#;0.5, and implies
that many-body enhancements of electronic friction sho
not be a major factor in modelC, as confirmed by our cal-
culations~Fig. 8!.

The large frictions of modelC near Fermi-level crossing
is produced via the conventional mechanism. The wi
NG;0.012 a.u. atz57.5 ~near the Fermi-level crossing! is
small enough to produce large nonadiabatic effects,
make the friction strongly temperature dependent. The ad
bate level crosseseF at z57.25 a.u.~see inset of Fig. 8!,
where we expect the maximum friction of the noninteracti
system~dashed lines!. However, the two contributions in Eq
~2.15! subtract in the region to the left of the crossing wh
they add up on the other side. The maximum friction is th
shifted somewhat to the right of the crossing.

The effect of the intra-adsorbate Coulomb repulsion
friction in this regime is twofold. First, the number of single
particle states is not constant in the largeU limit, but rather
increases with decreasing level occupation~A10!. The result
is a smaller change in electronic occupation of the adsorb
resonancedn`(t),dn0(t) in Eq. ~2.15! as the adsorbate
state moves across the Fermi level. This factor reduces
friction in this region. At the same time, however, the effe
tive width Geff of theU5` Anderson model varies betwee
NG in the Kondo region andG in the empty orbital regime
~here atz→`). This means that, at large distances, theN
52 interacting Anderson model hasGeff only half the width
of the noninteracting system, which in turn enhances its f
tion over that of theU50 model.
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