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Role of intra-adsorbate Coulomb correlations in energy transfer at metal surfaces
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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, andi) the high-temperature friction regime, where the friction is caused by
thermally induced transitions. In reginti¢ we find a largeenhancemerin 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 regioh on the other hand, we typically find rductionin 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(iggion
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[. INTRODUCTION is known to be absorbed by the substrate, rather than directly
energizing the adsorbate. The system is characterized by
The energy transfer between atoms or molecules and suhighly nonequilibrium conditions over the duration of the
faces plays an important role in dynamic processes such d@ser pulse. The substrate electrons reach temperatures of
adsorption and desorption, diffusion, and chemical reactiongboutT~3000 K and come to equilibrium with the lattice in
at surfaces. For many years, the dominant contribution to thapproximately 1 ps. Since the specific heat of the lattice is
energy transfer has been attributed to phonons. However, fépuch larger, the peak temperature in the lattice reaches only
a metallic surface, an additional mechanism exists in thd ~600 K. The desorption time was found by double-pulsed
form of coupling of the adsorbate degrees of freedom to th&xperiments to be less than 1 ps, too short to be explained by
electron-hole pair excitations in the metal, as pointed out irthe conventional thermal desorption, as the lattice tempera-
pioneering theoretical wotk® starting two decades ago. In tures would be too low to explain the high desorption rates.
recent years, growing experimental evidence suggests thdhese results strongly indicate an electronic involvement.
the electronic mechanism is important in a variety of surfacelhe mechanism of desorption induced by multiple electronic
phenomena. transitions (DIMET) has been propostdand studied in
The electron-hole mechanism has been suggested kg;etail18 and shown to give semiquantitative agreement with
Persson and Perssbas a determining factor in vibrational the experiment data.
lifetimes of CO adsorbed on €100). Infrared reflection A more recent and quite spectacular manifestation of the
spectroscopic studies of the system indeed show very littlénportance of nonadiabatic electron processes on bond
temperature dependence of the linewidths and thus suggeteaking appeared in connection with manipulating single
strong electronic involvemen?;!! and line-shape studies atoms and molecules at surfaces via scanning tunneling mi-
confirm this view*223In addition, finite cluster modeling of €roscopy(STM). In a landmark experimentt, Eigler, Lutz,
the C-O stretch mode lifetim&found the electronic mecha- and Rudge transferred, in a controlled and reversible way, a
nism sufficient to explain the experimentally observed broadsingle Xe atom between nickel substrate and the STM tip. In
ening. Molecular-dynamics simulations with electronic fric- @ similar experiment, Stipet al*® demonstrated dissociation
tion included® compared the phonon and electronic of the molecule Q on P{111) surface at low temperatures
contributions to vibrational lifetimes and found the electronicwith the STM tip. In both cases, the current of tunneling
friction to dominate over the phonon damping for almost allelectrons excites the adsorbate from the bottom of the ad-
vibrational modes of CO/G@00). sorption well in a stepwise manner, until it overcomes the
One of the challenges in experimental surface science hagsorption barrier and hops to the neighboring potential well.
been the development of techniques that would allow us td his mechanism has been termed vibrational heating and is
study the microscopic nature of energy transfer and thuguite similar to the DIMET. It can be described in terms of
separate its contributions. In practice, this amounts to develFompetition between energy gain from the inelastically scat-
oping time-resolved experiments with resolution on timetered tunneling electrons and simultaneous energy loss to
scales short compared with the typical rate of energy flowelectron-hole and phonon excitations in the métal.
between the individual degrees of freedom. Recent advances The important ingredient, common to the theories of the
made such an analysis possible in studies of desorption irprocesses mentioned in the previous paragraphs, is the notion
duced by ultrashort, subpicosecond laser pdfsemrried out  that a single, adsorbate induced resonance near the Fermi
on CO/Ci{11l) and NO/Pd111) complexes. The laser light level dominates the energy transfer. The existence of such a
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level is expected to be a rather general phenomenon. Tt
response of metal electrons to the localized dynamic pertul
bation is known to violate the adiabatic theor&ndue to the
localized nature of the perturbation and due to the availabil
ity of large number of low-energy excitations in the metal. It
is this nonadiabatic coupling of electronic states to adsorbat
degrees of freedom that drives the electronic processes co
sidered here. Ultimately, the energy is dissipated througl
large number of low-energy electron-hole pair excitations in
the metal.

All the theories reviewed here ignore the intra-adsorbate
Coulomb interaction, which is known to produce, under cer-
tain circumstances, the Kondo and mixed valent correlate:
states, despite early workuggesting the importance of such
states. They appear in the local density of states as narro
resonances at the Fermi level. If the parameters are such th
these states are formed, long electronic time scales are intro-
duced and an additional source of nonadiabaticity is present. FIG. 1. Schematic diabatic potential energy curves for a neutral
It is the purpose of this paper to make a systematic study oddsorbate/, and for negativépositive ion stateV,. The difference
the effects of the correlated states and other many-body cobetween thentdashed lingis the energy, to excite the adsorbate
rections on energy transfer. In our numerical calculations, wéo the negativépositive ion state by transferring an electr@mle)
study specific models of adsorbate-metal complexes, but thigom the substrate to the adsorbate.
general conclusions of this paper are independent of these
choices. In addition, we show that intra-adsorbate Coulomlthe adsorbate’s velocity at low velocities. At higher veloci-
correlations can have a substantial effect on the electronities, there are deviations from this picture that we also cal-
friction, even when one is in a parameter region where theulate.
Kondo-like states cannot form, such as in the thermally in-
duced DIMET regime.

The structure of the paper is as follows. In Sec. II, we
discuss the theoretical framework and approximations in-
volved. Relevant details and derivations are arranged into One standard way of describing the above situation, is to

appendices. In Sec. Ill, we discuss the numerical results, ani@place the equations describing the details of the motion and
we summarize our findings in Sec. IV. transitions of the individual electrons, and incorporate their

effect in a single stochastic equation for the motion of the
adsorbate, that is a generalized Langevin equation

A. Electronic friction and the Markovian limit
of energy transfer

II. CONCEPTUAL FOUNDATION AND THEORETICAL
MODEL 1 . dV(R) J't

. . L . . MR(t)=— —E(t)=—
We wish to describe the situation that is approximately v(t) dR

described by the adsorbate moving along a diabatic

potential-energy curvd/o(R) outside a metal, as illustrated +1(0). 2.1

in Fig. 1. The electronic structure of the adsorbate is as-

sumed to be dominated by the effect of a single degenerafdore generally, one could take account of multiple dimen-

energy level in the vicinity of the substrate’s Fermi level. Sional adsorbate motions, as well as substrate atom motions

The occupation of this level is subject to change due to tunthrough a set of coupled equations of this tfpéut that
neling to and from the substrate, which give it a witithand would _d|stract from the issues we wish to address here. Here,
due to thermal fluctuations. When the adsorbate is in a nega{t)=R(t) is the velocity of adsorbate(t) is a random

tive (positive ion excited state, its motion is controlled by force, and the integral proportional tqt) is the frictional

the curve marked/;(R). This differs fromVy(R) by the force. The nonlocal kernel\ (t—t"), contains the dissipative
image potentia(plus a constantexcept at short distancé$. forces and takes into account the dependence on the memory
Note that to the extent thdt is not vanishing, each of these of the system. The contribution th(t—t") of the electronic
curves is a shorthand for a continuum of essentially paralletlegrees of freedom can be expressed in terms of the nona-
potential-energy curves, differing by the energies of the condiabatic coupling between electronic states. Frictional and
tinuum of electron-hole excitations that are possible in theandom forces are related by the fluctuation-dissipation theo-
substrate. For most of this paper we suppose that the velocitgm, which is an expression of the mechanism that drives the
of the adsorbate is sufficiently slow, that one is to averageystem toward local thermal equilibrium. One should not be
over the effect of multiple electronic transitions. In that casemisled by the simplicity of Eq(2.1): for a nonuniform sys-

the adsorbate will be driven by an average force derivedem the quantity\ is a functional of R(t)]; the more trivial
from an averagdadiabati¢ potential curveV(R) part way dependence obh—t’, explicitly shown, is to facilitate the
between the two curves shown, but typically much closer tdater discussion of the range of the nonlocality in time. The
Vo(R). In addition, the fluctuations in the force on the par-random forcef(t) has an autocorrelation function that is also
ticle lead to a dissipative or frictional force proportional to a functional off R(t)].

dt' A(t—t")o(t")
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The theory presented in this paper focuses on the dissipa- N
tive forces of the Langevin equation in a regime where intra-
adsorbate electron correlations are important. Specifically it N-1

is a theory of the frictional force integral,

. t . .
Edt)=0(0 | dUAC-t0), @2 Nyl - £4+U
in Eq. (2.1) for a specifiedR(t) and not a theory of the full N, —= o0 €,
solution of Eq.(2.1) in an arbitrary force field.
There is one situation in which E@2.2) becomes fairly No‘l ] ® ] SO'U

simple, and that is where the adsorbate moves only a short
distance during the time range of the kermel This could

occur because of the constraints from the poterigal., a 2 : PY
harmonic oscillation in the bottom of the welBut it always U
occurs for sufficiently small velocity. In either of these 1 ® €

cases one may use linear response theory in the displacement empty

R(t)_R(t,) abc_)ut the posmorR_(t’) to calculate the f”(_:' FIG. 2. Schematic representation of the single-particle energy

tional force at timet. The result is a force-force correlation |gye|s inv,,=0 limit of an N-fold degenerate adsorbate complex.

function, which has been discovered and rediscovered by g |apels the energy leved, near the Fermi energidashed lines

number of groupé:? This is particularly simple in the latter

case, where the friction kernel in E.2) becomes local:  on the other quantum numbés only. The quantityn,,

N Sie et =clacka1 is the number operator for the conduction electrons

A=) =at-th)MaR(V), @3 in the indicated state. The time-dependent hybridization ma-

and the system dynamics is described by the standard Lang#ix element between the substrate and adsorbate electrons is

vin equation, V\(t). The time dependence of tlee V,, andU parameters
arises only by virtue of the fact that they are functions of
. dV(R) spatial coordinatd®, which in turn is time dependent.
MR(t)=-—r~ ~M7RORO+HD). (24 Our basic model consists in assuming thatis large

] S enough so that none of the other ionization states are rel-
More generally, .Eq(2.4) is an approximation that we refer oyant. This will be the case ifeg=U — eg|>max(T,T")
to as the Io_ca! friction approxmano@._FA). It becc_)mes eX-  where €0=€emptyt (No— 1)U, T is the width of the level,
act in the limit of smallv. Its essential feature is that the 504 T is the temperature in energy units. It will not matter
dissipative force is describable by a simple friction coeffi-ihai y splits all ionization states equally or even that some
cient , whose only_tlme dependence is throug_h _|ts p05|t|0nmay be unbound and in the continuum, because we really
dependenc&(t). This paper focuses on determining the be-oy yseU as a device to exclude the ionization states that
havior of  in situations where Eq2.4) is valid, and more  4re far from the Fermi level and deemed to be irrelevant to

generally of Eq(2.2), when it is not. the physics at hand. The spectrum of these states for the
trivially soluble caseV, =0 is shown in Fig. 2; the levels
B. Hamiltonian refer to the energies required to add additional electrons, not

We describe the interaction between conduction electrontal energies. This figure shows notation that we use
in the metal and the electrons on the localized adsorbatiiroughout this paper. There ake ionization levels corre-

level by means of the time-dependent Anderson HamilSPonding to theN-fold degeneracy of the orbitals, while the
tonian, Fermi level of the substrate, indicatédr two possibilities

by the two dashed lines, lies near the ionization state con-
+ taining Nq electrons, so that this one can be either filled or
H(t)=§ eempt)(t)na_FgI; eknka+§ [Vi(t)ckaCatH.C] empty. We can then effectively replace Eg.5 by

+ > Utn,n,. (2.5 H<t>=§ eo(t>na+§ eknka+§ [Vi(t)c) Cat H.C]

a>a’
2.6
Hereegmpy(t) is the instantaneous energy required to add the ) o ) (20
first electron to a previously empty adsorbate orbital comWith the constraint that the subspd& within which H(t)
plex. The indexa enumerates thé&l relevant adsorbate or- acts is just a subset of the original Fock space given by
bitals, assumed degenerate. We assume that it corresponds to

symmetries that are shared with the conduction electfions {IS);n=0,1, 2.7
cluding at least the conservation of a spin component, and
. . . . where
possibly orbital symmetries such as the reflection through
planes perpendicular to the surface as el thata can be N
used as a quantum number for the substrate electrons as well. n=2, N,— No+1. (2.9

Therefore the substrate band eneegys assumed to depend a=1
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It is the effect of the constrainf2.7) arising from the the phase are what give the friction entirely, so that the
intra-adsorbate Coulomb correlations that is the topic of thigheory presented here is incomplete. The effects arising from
work. We will refer to this as th&) = case for a particular these phase variations for parallel motion, or for some rota-
value ofN, in contrast to the often us&dU =0 model, con- tional motions, are very interesting, and will be the subject of
sisting of the Hamiltoniari2.6) without the constrain(2.7). a future paper. Using the above parametrization, the adia-
Of course, the two models coincide for thessentially batic tunneling ratd’(e,t) can be written
physically nonexistentcase ofN=1. The intermediate re-
gion of finite U’s effects our theory in two wayg1) If the I(et)=2m|u(t)|?é(e), (2.10

Coulomb repulsion does not separate the two levels Sum\'/vheref(e)=p(e)|v(e)|2 and p(e) is the density of states.

ciently, so that the condition of the previous paragraph isH 4 21N 0
. g ere we take =3[1-(e°/D?)] for |e|]<D and
violated, our theory breaks down qualitative(g) The quan- —0 otherwise g\(/veigrDi[S ei/e. Al g%ergie|se|in this pase(:re)are

titative conclusions of our theory become inaccurate, e.g. : =
estimates of Kondo temperature, unléss |€y|. One further Mmeasured from the Fermi Ieve&;{_— 0). NO‘?_tha‘f dgpends
.on bothe andt. If the value ofe is unspecified, it will refer

remark: There is no necessity that the creation operators i .
y b 0 the value ate= ¢y(t), which most closely represents the

Egs. (2.5 and (2.6) be defined to create particles—they i ; .
- ) . ctual width of the level. On the other hand, we will define
could just as well have been defined to create holes instea e Fermilevel half-width parametes, such thatA(t)

this means that at the present level, the ddge1 is the

1
same adNo=N, No=2 is the same ad,=N—1,and soon. 2I'(0D).
We give some practical examplés. CO standing upright
over a Cu surface: fourfold degeneraté affinity level a C. Energy transfer
little above the Fermi level, so that=4, Ng=1, essentially The rate of adding energy to a system described by Eg.

a closed-shell case, where no major correlation effects ar@.g), with or without the constraint(see Appendix B for
expected.(ii) A Li atom moving 8 a.u. outside of an Al detailg is

surface(or closer to a cesiated onaonization level a little
below Fermi level, affinity level several eV higher, or essen- . . -

tially out of the picture, so thall=2, No=1; major differ- E(t)=§ fo(t)”a(t)+kza [V (Ona(t) +H.c],

ences betweet=0 andU =, (iii) NO upright over Cu (2.11
surface with temperature much larger than the spin-orbit

splitting: positive ion state several eV below the Fermi level,where n,(t) =<c;(t)ca(t)> and nak(t)=(c;(t)cka(t)), each
and out of the picture; the negative ion state an eV or séndependent o& in our case. The diagonal and off-diagonal
above Fermi level is the active level, so thdt=4, No=2;  occupation numbers,(t) and n,(t) do not follow their
major differences fromJ =0 theory expectediv) NO ob-  equilibrium values except in the very slow limit, and we
lique or lying over Cu: oner spatial orbital has largdf than  denote the deviations from these values 8y,(t) and
the other, so that the effect of the weakly coupled one can bén,(t). The nonadiabaticenergy transfer, as expressed by
neglectedN=2, Ny=2 (or N=2, Ny=1 in the equivalent Eq. (2.2 is then given by

description in terms of holgsmajor differences from the

U =0 theory expected. - _ : ‘%

The complete model Hamiltonian that would yield the E“O”(t)_g GO(t)éna(tH% [Vic(t) onai(t) +H.c].
generalized Langevin equatid®.4) would in addition to the (2.12
Hamiltonian(2.6) contain the kinetic energy of the adsorbate
1MR? and the diabatic potentialo(R). The multiple tran-
sitions between the curvag andV, in Fig. 1 are described
by the first term in Eq(2.6): €y depends ort through its
dependence oR(t), andV;(R) —Vy(R) = €3(R). From now

Equation(2.12 can also be cast in a form, which is physi-
cally more intuitive and suitable for analytic approximations
of certain limiting behavior. For that purpose, we introduce
the Wigner distribution functions,

on, we will imagine thatR is simply the one-dimensional w - r
distancez from the surface. na(w,t)zf d7-< c;(t+ = ca<t— = >e“‘”, (2.13
We conclude this section by discussing the parameteriza- - 2 2

tions of the quantities in the Hamiltonid®.6) that we follow

here. We define the full width parametgras with a corresponding expression for, (w,t). The off-

diagonal function in Eq(2.12 can be eliminated with the
help of the Fourier transform of the equation of motion,

F(e,t)=2'rr; IVi(1)[28(e— ), (2.9

. . . [0—eo(D)Ina(@,) =2 Vi (Ona(o,). (2,14
which is, to lowest order, the adiabatic tunneling rate be- 3
tween the band and the adsorbate level electrons. We assurﬂ
that thek dependence of(t) comes only in the form o€,
and that its shape is time invariant. In this case, the potenti
is separableV,(t)=u(t)v(e,). Note that by doing this we 3 Act)
are excluding the.effect.s of the variations in thbgseof Enon(t):f — )+ ——[w—eo()]|on(w)1),
V,(t). In the one-dimensional case treated here, this does not — 2T A(t)
matter, but for motions parallel to the surface, variations in (2.15

%ing Eqg. (2.14), the equation for energy transfer can be
é/lvritten as

)
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where 6n(w,t)=2,0n,(w,t)=Ndn,(w,t). This provides exact criteria for validity of the approximation have been
an explicit expression suitable for numerical evaluation.  formulated by Shaet al.?® for the caseéN,=1. This is the

In the LFA limit, we can expand the expressithl12 in  temperature-induced friction or DIMET limit of the theory. It
powers of velocityv and keep the lowest term. This is is more important than this validity criteria would suggest,
readily done by expanding the functiofn(w,t) in Eq.  because at least one of the analytic results valid in this region
(2.15. For theU=0 case the result can be expressed inpersists in the other regions we have studied.
terms of the adiabatic phase shift for the Anderson model For smallT" the transitions may be described by Fermi

golden rule master equations. For example, the rate of

J” dw( t9f(w)) -52((0 0 change of adsorbate occupation due to electrons tunneling

. - _ 2 _ e
lim Epo( ) =Mv=n(t) =N Jw out of the adsorbate can be written

v—0

— oo

(2.16 dn
( ) =—2w2 |<f|k2 Vi ClaCali)|28(Es—E))P; .
out ! a

This result has been obtained by a number of authoté. dt
For our case of a parabol# €), the phase shift is given by (2.19
E(w)A(1) Heren, as defined by E¢2.8), is now an expectation value.
tand(w,t) = o) : (217 The initial state]i) is the product of one of thal, particle
w—€o(t)— TA(t) adsorbate states of degeneraey( No) and an arbitrary sub-
strate state. The probability; is the product of occupation
Here, ¢(w) is defined below Eq(2.10), and probability of this adsorbate state=fi/g) and the thermal

occupation probability of the substrate state indicated.by

) D+ : on i
?\(w)EPf 40 §Q) —3% o) Straightforward evaluation yields
w—Q D D-—w dn
Equation (2.16) [but not, of course, Eq(2.17)] has been at =—INg(1-fg)n, (2.19

showr? to be valid for the interacting Anderson model in the out

very low temperature regime, as well. wheref, is the equilibrium Fermi functiong?<+ 1) ! at the

One can use Eg2.17) to get a reference point for our energye=ey(t) andl'=TI"(ey(t),t). In a similar manner one
discussion of correlation effects in the next two sectionscan obtain the rate at which electrons enter the adsorbate,
Clearly, the friction will be large whei, passes through the which when combined with Eq(2.19, gives the master
Fermi level, especially at low temperatures and for smallequation
width A. However, situations where, is neareg, but does d
not cross the Fermi level, are of great experimental interests. n_ _ N _
Then there are two ways in which the parameters can be such ~ dt TINo(2=fo)n=(N=No+1)(1=n)fo].
as to give a substantial contribution to E®.16): (i) the (2.20
temperature is high enough to give the Fermi-function de-F

rivative in Eq.(2.16 sufficient width that the denominator in : : o - :
. . : semiclassical limit of the more general equations discussed
Eq. (2.17) can be small, andii) the half-width A is large g a

. later in this paper. It should be contrasted with the master
enough that the numerator is large. These two cases ha

been clearly elucidated by Brandbyeeal 18 In the first case \épquatlon for the =0 case,

the friction is caused by multiple thermally induced transi- N,

tions between the curves in Fig. 1, a process that has been gt = Fl(1=fo)na=fo(1—na)]. (2.2

called DIMET (Ref. 19 when used to describe desorption

induced by hot electrons. The other linfit) involves mul-  Equation(2.2]) is widely used, but probably almost never

tiple transitions induced by the level width of the states, andralid, because il is sufficiently small for the perturbation

is the more traditional friction mechanism invoked, for ex- theory to work, then the intra-adsorbate Coulomb interaction

ample, by Persson and Perssam by Head-Gordon and will almost always be sufficient to enforce the constraint

Tully.?® In Sec. II D below, we discuss the effects of the (2.7), thus implying that Eq(2.20 should be used instead.

constraint(2.7) on the friction in the limit(i). Following that A feature of the correlated system satisfying the constraint

in Sec. Il E we lay the groundwork for our discussion of the(2.7) is that the equilibrium occupation of the adsorbate,

limit (i), and also for our more general theory that bridgeswhich we calln,,, does not follow simple Fermi statistics

between the two limits. Our conclusion is that the effect of This can be shown directly by writing down the grand par-

the constraint is significant, irrespective of where one is withtition function for the correlated system, or alternatively by

respect to the above limiting cases in open-shell systems. setting the time derivative in Eq2.20 equal to zero and
solving forn. In either case the result is

orNy=1, this equation has been shadto be the rigorous

D. Electron friction induced by the temperature and the role

of semiclassical master equations (N—No+1)

Ned™ NexpBeo+ (N—Ng+ 1)’

(2.22
An important limiting case of the theory, which can be
called the semiclassical approximatié8CA), appears at which is to be contrasted with the =0 result,ne;=Nf,.
high temperatures and for slowly moving adsorbates withThis difference has a significant effect on the DIMET rate.
narrow resonances satisfying the conditieg— ez|[>I". The  One way of explaining the resu{.22) is to note that the
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average number of single-particle states pushed a long wayf our knowledge, has not been obtained previously. The
from the Fermi level byJ is dependent on itself. Indeed, a differences in these two expressions are significant and in
simple calculation shows that the average number of singlesome cases substantial.
particle stated\ left available for fluctuating occupancies is ~ We conclude this subsection by noting that in cases like
no longerN as in theU =0 case, but rather this, the LFA should be expected to break down unjgss
<TI'. Then one must revert to the numerical solution of the
Ns=(1=n)(N=No+1)+nN, (2.23 master equation simultaneously with the equations of motion
instead[see also Eq(A10)]. on the potential curve on which the adsorbate temporally
Another important feature is that the relaxation rate isresides. But one should use the right master equation!
dependent on temperature agl it is not equal to the raté’
from one-electron theoryrhis may be seen by writin@.20 E. Electronic friction induced by the level width, and beyond
in a way that displays the rate of relaxation of theUsing

Eq. (2.22 in Eq. (2.20, we obtain A different picture of electronic friction emerges for sys-

tems with large adsorbate level widlh(~|ey— eg|) and

dn small temperature3(<I"). Electronic friction in this case
at Pe(N—ngg)=—T'gxon, (2.29 arises from resonant electron tunneling induced by the adsor-
bate width. In this limit, the LFA should provide an excellent
where theeffectiverateI' o is given by approximation for systems, where intra-adsorbate correla-
tions are not important. The only time scale introduced by
Fe=T[(N=Ng+1)fo+No(1—fo)]. (229 the substrate-adsorbate interaction then corresponds to the

This result is also relevant for discussions of the width of thetunneling ratel’. The criterion for validity of the limit can
occupied(unoccupiedl level on the adsorbate as might be formally be expressed as a condition thetl™?| and |T'/T"?|
measured by photoemissidinverse photoemissionit is  are much smaller than unity. Indeed, for typical values of the
noteworthy that such a measurement does not measuie thelevel widthI'(~1 eV) and realistic parameterizations for the
that would be predicted directly by electronic structureposition dependence ef, andI",%° an adsorbate of unit mass
theory. This is one of the predictions of the simple SCAsatisfies the above condition up to kinetic energies of the
theory that persists to other regimes, at least qualitatively. lbrder of an eV. At the same time, the electronic friction will
is certainly true that the width of the resonant level changeshow very little temperature dependence in the experimen-
by a substantial factor when the Fermi level is crossed, #ally relevant regimeT<TI.
factor that is completely missing in the uncorrelated theory. However, it is well known from condensed matter that
We now calculate the friction coefficient in the LFA. In strongly correlated magnetic impurities in the bulk of simple
the region of validity of the semiclassical approximation, metals exhibit anomalous low-temperature behawitre
I'<[e;—ee| and the second term in E§2.12 can be ne- Kondo effec} with origin in magnetic scattering. The spin-
glected to first order. We can write the energy transfer in thiflip scattering of substrate electrons or holes from the un-
case as compensated impurity spin provides an additional hybridiza-
. ) tion channel, which lowers the energy of the metal-impurity
Enor(t) = €o(t) on(t). (2.26  complex. The system then has a tendency to rearrange its

As discussed earliefsee also Brunner and Langréttand electronic structure in order to maximize the rate of the low-
Head-Gordon and Tulf), the LFA may be obtained simply €nergy scattering, and produces a narrow resonatiee
by linearizing the equations about small time differences, 4<0ndo or mixed valent statgs the local density of states,

procedure equivalent to calculating the force-force correlaVhich fo:{mﬁ nea(ljr thef Fherrr;(i Ie:j/el. The width oLthis r(;eso-
tion function (see D'Aglianoet al?). Here such a procedure nance, of the order of the Kondo temperatliie, depends

is trivial, and we obtain the solution of E42.24 corre- on € and A, and is therefore a function of the adsorbate’s
; ; position. The dependence ®f on these parametees and
sponding to this as : .
A has an analytical solution for the degenerate Anderson
1 dngg model with rectangula&(e). Using the Bethe ansat?,t is
on=— T dt (227 found that the Kondo temperature for the low-energy scale
€

(calledT, there is given by

This leads to the predictions for the friction

1/de\? d( N T I‘1+1D(NA " p( 77"5') (2.30
€ = — exp — -1, .
Mp=—| -2 | - — ———— (2.28 K N/ "\ 7D, NA
F dZ dEO expﬁfo+ 1
for U=0. and wherel is the gamma function arld, =e YD is rescale®’
' for the assumed parabolic shape&gt).
1 [dep\? d N—Ng+1 An adsorbate-substrate system can typically form these
M p= —( —) - —( strongly correlated states at some point along the trajectory
Ler| dz deo\ NoexpBeo+N—No+1 2.29 of a moving adsorbate, in contrast to the typical situation for

a bulk impurity state, where the parameter ranges are re-
for U=w. The expression for th&/=0 case can also be stricted to those of the static binding site. The narrow reso-
obtained simply as the small limit of the phase shift ex- nance in the spectral density introduces long electronic time
pression(2.16). However, theU = expression, to the best scale, which can significantly alter the analysis of the first
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paragraph. It is one of the goals of this paper to examine ththese metals are in the range 4% eV. An isolated CO
effects of these strongly correlated states on electronic fricmolecule has a closedm2shell with ionization potential of
tion. ~14 eV. In the adsorbed form, this level is deep below the
The approximations of the previous section break dowrFermi energy. The negative ion state with an electron in the
and we have to resort to the general solution of the problem@#* orbital lies about an electron volt above the Fermi level.
described by Hamiltonia(2.6) with the constraint2.7). We It is this negative ion resonance that is active in the energy
do this for open-shell adsorbates with one eleciffowle) in  transfer. The Coulomb interaction in this empty orbital re-
an otherwise emptyfull) shell. In the notation used in the gime plays a minor role since the level occupation is small
previous section, we consid& degenerate levels withl, (<1).
=1 or Ng=N-1 depending on whether we have in mind The NO molecule adsorbed on these metal surfaces forms
electrons or holes, respectively. a very different system. An isolated NO has an additional
We adopt a standard textbook technidi& the non-  uncompensated electron in ther® orbital. Typically when
crossing approximatioGNCA). It is a self-consistent, high- adsorbed on the above metals the spectral density shows a
temperature approximation, which has been shown to beegative ion peak an eV or so above the Fermi level, while
usefuf® to energy scales down B¢ and below by compari- the positive ion peak is typically several eV below the Fermi
son with exact renormalization-group calculations for quandevel[for example, on C{111) these two numbers are 1.3 eV
tities that can be expressed in terms of the so-called auxiliargnd 2.5 eV, respectiveﬁ/]. Since the level widths are be-
propagators, as can be done h¢see Appendix A The Jieved to be comparable to or smaller than the separation of
NCA has been extended to the nonequilibrium situation bythe nearer of these two peaks from the Fermi level, and much
Langreth and Nordlandéf,and solved numerically by Shao, smaller than the separation of the farther peak, it is reason-
Langreth, and Nordlandéf,where the details are given. We able to use thd) = description of the negative ion reso-
outline the method below, and give details of this specificnance to model the situation. This view is further strength-
application in Appendix C. ened by the experimental evidence found by Ertl's gfup
The constraint2.7) is effected by introducing an auxil- for the paramagnetism of NO on several of these surfaces. In
iary (slave boson®* which is created whenever an electron is fact Yoshimor® has already argued that NO on @11 is a
transferred from the adsorbate level complex to the metal ok ondo system, although in this case with a rather low Kondo
destroyed in the opposite process. The operator that does tﬁ@mperaturebS K). A system of particular interest because
is aa=b'c,, whereb' is the boson creation operator. The of the hot-electron desorption experiments is NGIRd),
bosonized form of the effective HamiltonidB.5) is which has been extensively modeled by Brandbgyell8
assuming that & =0 description is valid. They used alter-
H) =2 eo(Nat > eiat > [Va(t)CibTca+H.cl. nately the assumption of level width induced friction as in
a K ak model A and thermally induced friction as in modBI [see
(2.3)  Egs.(3.1) and (3.2, and below as limiting cases, in the

The quantityQs=ng(t)+ n(t), wheren(t) is defined in Eq. absence of perfect knowledge of the actual parameters. Here

(2.8), and is here just the total number of electrons in thele solve these models with the identical parameters, but as-

open shell.Qg commutes with Eq(2.31), so that the total suming instead that thd_=00_descriptior_1 s val_id. We find in
anber of?allaectronsmt) in the gfsell 2Ius the number of each case that the friction is substantially different.
bosonsng(t)=(b'b) is conserved, and the subspaces of the

Fock space with definit€g are disjoint. The physical sub- B. Spectral functions
space on which the Hamiltonian must be diagonalized corre- e consider open shell adsorbates with a single electron
sponds taQg=1. (hole) in an otherwise emptyfilled) shell as described in

The approach to solving Eq(2.31) is based on the gecs. 11D and Il E, that is we takd,=1. In the main body
Green's function method developed by Kadanoff andof this paper we follow Brandbyget al*® and model the

Baym™ and KeldysH? The details of the method and de- adsorbate’s level position and level half-width variation, re-
scription of the exact numerical solution are discussed ispectively, by

Langreth and Nordlandéf,and Shacet al?®
€= €,—Ce (3.9
Ill. RESULTS AND DISCUSSION

— — DX
In this section, we present a comprehensive numerical NA=Age™™, (32
study of electronic friction and its various limits as discussedynhere x is measured from the equilibrium position of the

in the previous two sections. We demonstrate the many-bodyysorbate. We define two models:and B, similar to those

effects by studying different models of adsorbate-metal syszt Ref. 18. For both models we take =5 eV, C=3.5 eV,
tems. a=0.45 a.u., ancb=1.0 a.u. For modelA, A;=1.5 eV,
while for modelB, A;=0.12 eV. The choicé3.1) is similar

A. Discussion of the correlation effects of simple molecules to the possibly more realisti@nd more slowly varyingim-

adsorbed on simple metals age potential form,

Ignoring the intra-adsorbate correlations seems like a jus-
tifiable approximation for the CO molecule on metals like Pt, e+ e
Pd, and Cu. This is because the typical work functions of 0 =T 42— zimagej'

2
(3.3
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FIG. 3. The total adsorbate spectral densities at different dis
tance from the surface for the mode[see Eqs(3.1) and(3.2), and
below]. The dotted and solid lines correspond to the nondegeneral
U=0 and doubly degeneratd =« models, respectively, at tem-
peratureT=0.001 Hartreg316 K). 0.5

z(au.) z (a.u.)
If we take thezy,,ge=1 a.u., and the other parameters as

above, then Eq93.1) and(3.3) have Fermi-level crossings )
qs3.J) (3.3 g the adsorbate-substrate separatioiThe N=1 curve corresponds

at the same place if we take the minus sign in &43) and to friction of the noninteracting, nondegenerat i Its t
z=x+3.8 a.u., a definition that we take throughout this pa- 9 generae system. s tempera-

er. We will present some calculations using 13 in the ture is not shown, as it is essentially temperature independent in the
prendix p 9 range shown. The left panel shows=2 and right paneN=4

L . L degenerate system. All temperatures are in atomic (@i6d1 a.u.
We will first discuss the modéA. Its parametrizatiofisee :3g16 K]. Y P to

Egs. (3.1 and (3.2), and below is illustrated in Fig. 3. It
corresponds to the regime of friction induced by level width, The NCA allows us to treat the cadly=1 for electrons
in which the adsorbate level width is much larger than tem-or No=N for holes. Other values o, have been studied
perature and of the same order as the energy difference i, the equilibrium cas&’ and have Kondo-like resonances in
—€fl. _ ) i their spectral functions foeither position of the level with

In Fig. 3, we show the spectral function for this model at egpect to the Fermi level in Fig. 2 with Kondo temperatures
several distances from the surface. The dotted lines COrT&jiven by expressions similar to E@.30. Application of the
spond to the uncorrelated systetN<1, U=0) and solid N =1 results for the open-shell Fermi-level position to such
lines correspond to a doubly degenerate correlatéetd,  cases is therefore perhaps a viable option, qualitative at best,
U =) system at temperatufe=0.001 Hartre¢316 K). We  pyt sill likely to give more reasonable results than the
should note that we keelA constant in calculations com- —g models often used. It would obviously be desirable if a

paring the same systems with different degenefdcgince  nonequilibrium theory specifically fd¥,# 1 could be devel-
such approach produces comparable level widths and Spegped.

tral densities, as suggested by E2.25. For the same rea-

FIG. 4. Electronic frictionM % in the LFA limit as a function of

son, when comparing = with U=0 results, we normally -
. . N C. The LFA limit
will take N=1 for theU =0 results, irrespective of what the ) - o
actual value oN is. The corresponding, position dependent friction for the

The correlated states are characterized by the appearand®del A atv—0 is shown in Fig. 4. The quantity plotted
of narrow Kondo resonance in the Spectra| function rear here is the electronic friction normalized to unit md&mu
Ilts energy(measured frong:) and width are of the order of =atomic mass unitM »=E/v2. The U=0,N=1 system
the Kondo temperaturgy . As the system parameters vary has a friction(as shown in the figuewhich is to a large
along the adsorbate trajectory, so does the Kondo temperdegree independent of temperature and slowly varying with
ture Tx . We show the position dependent Kondo temperajosition. It is increasing as the leve} approaches the Fermi
ture, calculated from Eq2.30), inside of each panel in Fig. level. Its value at the equilibrium positiozg~3.8 a.u., of
3. Far from the metal surface€5), Tx is much smaller the NO(CO) molecule adsorbed on the metal is in agreement
than the substrate electron temperatiireand the Kondo with that used by Brandbyget al,'® as long as the degen-
resonance is destroyed by the high temperature. There is thesacy factor of 4 is taken into accoufthey useU=0, N
very little difference between the =0, N=1 spectral func- =4).
tion and the correlated one at the actual valublo€loser to The interacting systeml=«) shows a considerably en-
the surfacelbetweenz=3.5 andz=4 a.u), T¢~T and the hanced electronic friction in the region between 3.5 and
system exhibits the anomalous logarithmic temperature bez=4.5 a.u., right in the region where the adsorbed species are
havior known as the Kondo effect. The spectral weight shifteexpected to spend most time. We compare frictions of a two-
from the broad resonance of widtdI' centered ate, to-  fold degenerateN=2) system(left pane) and a fourfold
wards the Kondo peak neaf. Even closer to the surface, degenerateN=4) system with identical tunneling ratel".
whereT¢>T, the Kondo resonance sharpens further and beThe much larger frictions ail=4 are result of the fact that
comes temperature independent, although this regime is natore spectral weight is concentrated in the Kondo peak and
fully accessible via the NCA. the relative importance of the correlated state is thus in-
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creased. An adsorbate system witk-4 and with the mass 60 -

of the NO or CO moleculé~30 amy has a large electronic

friction »=5.4 ps ! at room temperature and the equilibrium 15 eV
positionz,. In contrast, for théJ =0, N=1 system,»=0.25 T
ps ! at the same position. w0 s N

1. Region of maximum friction enhancement

(amu/ps)

In the absence of correlations, large frictions occur in the = \
spatial region where the adsorbate resonance is near th* N
Fermi level. The rapid charge fluctuations in and out of the w07 T Modeld
adsorbate level in this region create electron-hole excitation:s ‘
in the metal, which produce the nonadiabatic effects respon
sible for the dissipative energy transfer. [T T ST —

On the other hand, the position of the maximum many- ‘
body enhancements is given by the conditidp(z)~T 0.001 0.01 0.1
where the nonadiabatic effects of the correlated states ar. T (Hartree)
most pronounced. This can be understood in terms of prop- FIG. 5. Temperature dependence of the frictiém in the LFA
erties of the Kondo resonance. lts widtly)(and posit-ion limit at z=3.8 a.u. for modelA (dashed lingsand modelB (full
(measured froneg) are of the order off for not too high  |ineq The thin and bold lines correspond to the nondegendsate

temperatures {<T). As the local environment changes —g and doubly degeneraté=c models, respectively.
with the adsorbate motion, so does the equilibrium electronic

configuration. The rate of this change is characterized b

Ty Under dynamic conditions, electrons rearrange in réxqnition discussed in the previous section. The resonance is

sponse to the dynamic perturbation according to the Kondog, s narrower at lower temperatures, and produces a longer

induced relaxation time, which is of the order of the inverseg|ocironic time scale, larger nonadiabaticity, and larger fric-

Kondo resonance widtly. The resulting nonadiabaticity is tjons, At the same time the friction is strongly position de-
characterized by the raR, =Ty /Ty . However, atTc<T,  pendent and, therefore, is not necessarily a monotonic func-
temperature broadens the Kondo peak and the widthTs  tion of temperature at a given position.

rather than~T . The nonadiabaticity at high temperatures  In scattering or sticking experiments, the electronic fric-
is thus characterized byx/T (<Rg), and the friction is tions of modelA produce energy losses that are only a small
smaller there. AtT>T, one enters the Fermi-liquid-like fraction of the maximum kinetic energy of the scattering
region?! which is again describable by E(.16),> with & atom_or moleculé? I—_|0wever, f[he outcome of ads_orption or
=n=/N. In the extreme Kondo region whene=1, so thats ~ feaction processes is determined by values of friction at the

is roughly independent of system parameters, one expects@luilibrium position in the potential well, where the adsor-
very small friction again. Although this region is not fully bate spends most of its time. If the equilibrium position co-
accessible to the NCA, nevertheless our results show thicides with the region of large friction, the electronic de-
expected falloff asTy becomes greater that grees of freedom can significantly enhance the desorption
The arrows in the right panel of Fig. 4 show the values offates. Moreover, if the adsorbate is in the strongly correlated
Tk (in a.u) at different positions, and demonstrate that the'®gime, as defined above, the desorption could show strong
largest enhancement occurs whéfg passes through the and anomalous temperature dependence. This is illustrated in
electronic temperatur€. SinceTy is only weakly dependent Fig- 5 where we show the temperature dependence of the
on N, the position of maximum friction is essentially the friction M7 at z=3.8 a.u. for theN=2 modelA (dashed
same in both panels. We must stress, however, that the cof0e9- In the absence of the Coulomb repulsiop,shows
dition for maximum friction enhancement need not alwaysvery little temperature dependence in the experimentally in-
coincide with that for maximum friction. This is because theteresting temperature rang&<t0.02 Hartree~6000 K. In
total friction also contains a contribution from the conven-contrast, the interacting system has strongly temperature-
tional mechanism. If such a contribution is not small, maxi-dependent friction exactly in this temperature range with the
mum friction will occur at a position closer to where the largest enhancement at low temperatures. Itis easy to under-
adsorbate level passes through the Fermi energy. This is tisdand why the friction decreases Wlth. increasing temperature.
case at higher temperaturéSig. 4), particularly for theN The Kon_’ndo_ resonance broadens with temperature and the
—2 system, the friction of which is less dominated by theelectrqnlc time scales becomg s_horter. This leads to reduced
correlated states. At temperaturgs Ty, the friction con- nonadiabaticity and smaller friction. One should note, how-

verges to that of the noninteracting system with appropriat&€Ver: that the behavior is not always a monotonic falloff as
width, and becomes independentof here. Inspection of Fig. 4 shows that at closer distances to the

surface, the friction willincreaserapidly with temperature
before it falls off.
One issue that needs further investigation before a quan-
The dramatic and anomalous temperature dependence titative application to the hot electron induced desorption
consistent with the notion of the Kondo-induced nonadiabaproblem is the question of how tme-dependenglectron
ticity. The width of the Kondo peak in the region of large temperature affects the results. We have a large friction that

¥riction is of the order of temperaturé by virtue of the

2. Temperature effects
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comes from a sharp resonance, so that the friction will prerameterse; and A do not. The nonadiabaticity induced by
sumably not effectively reach its value at the peak temperathe electron interactions is then large compared with the con-
ture instantaneously as the electron temperature is raisedentional source of nonadiabaticity, characterized by the
One might then expect 'thi.s would enhance the d'esorpt_iopates erfa/F and R.=¢,/T" evaluated near the Fermi-
even more, since the friction would tend to remain at its . _ _
S . : level crossing. For exampl®y /R,=9.6 andRy/Rr=7.8
initial, in many cases higher value, during a part of the cru- .
cial time period. If this argument is correct, then the desorp—'cor the modelA at the d|§tancez.=3'.8 a.u., whereTy
tion should occur extremely quickly, because the period of 0-001 and where the maximum friction occurs at that tem-
highest friction would be limited to short time after the tem- Perature. Another way to understand the large frictions is to
perature rise. reallz_e that the two cont_nbutlons in ER.15 add up con-
Experimental verification of the Kondo-induced friction Structively under these circumstances.
should be possible if the heating curve of substrate electrons Qualitatively different behavior occurs in systems with
is short on the Kondo time scale-(inverse width of the the adsorbate resonance shifting away from the Fermi level
Kondo resonangeIn such a case, the friction at peak elec-as the surface is approached. In this case, the two contribu-
tronic temperature should carry information about the initialtions in Eq.(2.15 have opposite sign. If both of the contri-
equilibrium conditions, e.g., the initial ambient temperature.butions are large, and none of them dominant, the resulting
The desorption yield should then exhibit strong, logarithmicfriction will necessarily be small. An equivalent statement
dependence on the initial substrate temperature. Dependirfgllows from exploring the position dependent Kondo tem-
on the value of the Kondo temperature at the equilibriumperature. The exponent in expressith30 varies much
position of the adsorbatésee Fig. 4, the desorption yield more slowly than in the previous case and produces thus
can either increase or decrease with the initial substrate tengmaller deviations from equilibrium under identical equilib-
perature. We estimate, fdix of order of room temperature, rjum conditions.
the laser pulse duration needs to48.2 ps. It can _be even We demonstrate these issues on two model systems in
longer for lower temperatures, but shorter for higher tem-etail in Appendix D where we also discuss the many-body

peratures. » effects in regions where the traditional mechanism produces
The desorption yield should also be sensitive to the Spee%rge frictions.
g

at which the temperature of substrate electrons rises durin
the laser heatingon the Kondo time scalebecause the ac- . . o
tual friction will be unable to follow the adiabatic friction 4. DIMET and semiclassical approximation

versus temperature curve. For the situation in Fig. 4, the g far, we have discussed cases in which the large fric-
desorption yield ;h_ould increase with the slope of the heatinggns are produced by low-energy electron-hole excitations.
curve, as the friction at peak electron temperature wouldrhese processes dominate the energy transfer whenever the
have a higher value, characteristic of the previous lower temyigth of the adsorbate resonance is comparable with its dis-
perature. o ) ) _ ) tance from the Fermi level. In the DIMET regime, the de-

Other promising experiments for direct confirmation of sorption is induced by multiple transitions between the metal
the Kondo induced friction enhancements are the measurgnq the adsorbate of hot, nonequilibrium electrons thermally
ments of vibrational line shapes of adsorbed molecules. Thgycited in the substrate by laser pulses. We demonstrate such
damping should show strong and anomalous temperature dgjations on modeB [see Eqs(3.1) and (3.2, and belov
pendence near the Kondo temperature of the system. Wgnmjjar to modelA but with smaller widthA—0.08\. We
plan to investigate this issue thoroughly in a later publica-choose this parameterization so that a comparison with
tion. Brandbygeet al8is possible. Figure 5 shows the calculated
frictions versus temperature &=3.8 a.u. for modelA
(dashed lingsand modelB (full lines). The inset highlights
the differences in spectral functions between the two cases.

So far, we have only demonstrated the importance of th&@he broad resonance of modehA produces almost
intra-adsorbate Coulomb repulsion for an adsorbate-metaémperature-independent friction in the absence of the corre-
complex in the magnetic state and with the adsorbate levdationsU. As we noticed earlier, the introduction of the intra-
shifted by the adsorbate-metal interaction towagielsin this  adsorbate Coulomb repulsion leads to Kondo-enhanced en-
section, we discuss in detail the conditions that lead to largergy transfer with strong temperature dependence.
many-body enhancements. In model B, virtually no friction exists forT<e;. How-

Two conditions have to be satisfied for the enhancemengver, at high enough temperatureb~(¢,) the friction be-
to be large. First of all, the correlated states must form somezomes large and temperature dependent even in the absence
where on the adsorbate trajectory opening up the additionalf the interactionU. This is because the narrow widih
nonadiabatic channel. Second, the Kondo temperature chantroduces a long electronic time scale and, consequently,
acterizing these states must change rapidly on time scalésrge nonadiabaticity when excitations into the level are pos-
given by the Kondo resonance-{T}). sible, i.e., afT~|eg|.

The second condition is ideally realized in systems such The effect of electron correlations at higher temperatures
as the model (Fig. 3), in which ¢, shifts towardser on  can be discussed in simple terms because this regime is well
approaching the surface, so the magnitudd egf- €| de-  described by the SCA limit. In fact, the friction of modgl
creases whefA| increases. Under this scenario, the Kondoin Fig. 5 is accurately reproduced by the analytic expressions
temperaturg¢ Eq. (2.30] may change rapidly even if the pa- (2.28 and(2.29.

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



PRB 58 ROLE OF INTRA-ADSORBATE COULOMB . .. 2201

—_

{72

£

=
_

g 2 ¢ T=0.001

- B

1= E / v=0.0000

= & v=0.0005
= - v=0,0050
= v=0.0400

=
\

z(a.u.)

T (Hartree)
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FIG. 6. Temperature dependence of the fricthdm in the LFA ~ T=0.001(316 K) and T=0.008 (2420 K is plotted for different

limit of the semiclassical approximation. Each curve shows the fric-velocities @) of adsorbate motion. Arrows indicate the direction of

tion for specific position ofe (indicated by dashed lines in the Mmotion.

legend with respect to thé&N=4 adsorbate level complex. We nor-

malize the effective widtH ¢ SO that all cases shown here have in Fig. 6. For the closed shell cases, on the other hand, there

identical widthI'=0.12 eV at zero temperature. The cases plottedis no suppression in this region, thatNgg/N=1.

are (1) N():l, 6021.5 eV, (2) Nozl, 50:_1.5 eV, (3) N0=2,

€0=1.5eV;(4) Nyg=2, ,2=—1.5 eV; andU =0 the corresponding

N=1 noninteracting systeng, is measured from the Fermi energy. D. Finite velocities

The results presented in Fig. 4 are based on a linear re-

Here we parametrize our models in a way that kedps ~ Sponse theory calculations—a generalization of the suscepti-
fixed in comparing systems with differeft. This ensures bility calculations discussed by Brunner and LangrétGal-
that atT=0, T'.4=NT is identical to the width of theJ culations of the full susceptibil_ity are interesting in _their own
=0 model. AsT—, Feg—[(N+1)2] T, i.e., T for the right as they allow a comparison of the contributions from
N=2 system shown in Fig. 5. The smaller width of the in- varying I' and 5. We will discuss the details in a separate

teracting system eventually leads to larger frictioriTas . SUbl'C&‘ctj'ohrgr:%ngﬁrr{e (E:ltri]o;mvsi?rr]t?rr\](ta :Z?ug f?iiﬁgist?ogﬁ dai(rj1-

If we replacel’—T'¢ in Eg. (2.28 to make theU=0o and ressed here in 9

U=0 svstems spectroscoically equivalent at all tem erathe LFA limit (Fig. 4. Namely, can these enhancements sur-
— U Systems spec pically €q . PEI&ive the dynamic effects of finite velocities? The answer is

tures, then the friction of th&J =~ system is alwaysup-

) -~ far from obvious. As demonstrated by Figs. 3 and 4, the
pressedrelative to theU=0 system at the sami¥, except  gatia| extent of the region with strong correlations is very

for the uninteresting closed-shell cases, whereltke0 and  jimjted. The time required to form the narrow Kondo reso-
U= cases have the same friction. , nance is of the order of T, *. If the adsorbate traverses this

In Fig. 6, we show the solution of the analytic mastergpatia| region in less than this characteristic time, the effects
equation results in the SCA approximatiffags. (2.20 and e likely to be destroyed.

(2.2D]. We compare the friction of the= 1 noninteracting At finite velocities, the frictional dissipation is a func-
adsorbate and of the interactifg=4 adsorbates for four tional of the adsorbate’s trajectory. To simplify the interpre-
different Fermi-level positions as described in the caption taation of the results we picked trajectories with constant ad-
the figure. The comparison is done by normalizing the effecsorbate speed, and have arbitrarily taken them to start at
tive adsorbate level width in each caset0.12 eV at low infinity, with the adsorbate approaching as neaz-a2.5 a.u.
temperature. The cases label@giand(3) in the figure most to the surfaces, then reversing direction, and proceeding out-
closely describe CO and NO on @d1) and similar sur- ward toz=c again. The main features are shown in Fig. 7,
faces, respectively. where, for the N=2 model A and at temperature§

In the vicinity of the threshold of DIMET activationl =0.001 andT=0.008 Hartree, we plot the frictionl  at 3
~0.01 Hartree in the illustrated case, the friction varies aglifferent velocities,v =0.0005, 0.005, and 0.04 a.u., with
exp(—|e&l/T)/T for all models. It is then a fair question to ask arrows indicating the direction of the adsorbate motion. The
what numbemNg, one should multiply theJ =0, N=1 fric-  friction in the LFA limit (bold) is also shown except for the
tion by to get the corredt) = friction. Brandbygeet al’®  smallestz values, where NCA breakdown began to occur.
implicitly assumed thalN¢=N. A simple calculation yields The main effect at low velocities is the development of a
Ner=(N—No+1)/Ng for eg>er and Neg=Ng/(N—Ng+1)  hysteresis in the friction along the direction of motion as the
for eg<ep. This leads to auppressiorfactor Ng;/N of 1/4  electronic configuration adjusts to local conditions with cer-
in the open-shelN=2 case, and 1/16, 3/8, and 1/6 for the tain lag time. Generally, on the inward trajectory the adsor-
three open-sheM=4 cases labeled 2, 3, and 4, respectively,bate experiences larger friction because the largest nonadia-
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baticity occurs closer to the surface where th€z) and states available for fluctuating occupancy, rather than being
I'(z) curves are steeper. The Fig. 7 also demonstrates th@e constanN as in theU =0 case, is a function of the level
approach to the LFA limit is temperature dependent. Foioccupation, which increases as the occupation decreases.
instance, ab =0.0005 a.u., the friction is well described by This in turn leads to an occupation probability whose energy
its LFA limit at T=0.008 while significant deviations al- derivative has a smaller magnitude than thatNofimes the
ready exist al =0.001. The cause of the temperature depenfermi-Dirac distribution. This implies smaller nonadiabitic-
dence can be traced to the width~T) of the Kondo reso- ity and friction in theU=« case. The second effect comes
nance, which is about eight times smalleiTat 0.001 than it from the changing width of the adsorbate resonance between
is at T=0.008. Thus it takes a longer time for the resonanceNI’ when the level is fullysingly) occupied and” when it is

to form at lower temperatures and hence the larger deviatior@mpty. The electronic time scales thus change with the level

from the LFA limit. occupation, and hence temperature and level positions.
A further increase in velocity affects the formation of the
Kondo peak, erasing its effect almost completely wat ACKNOWLEDGMENTS

=0.04 forT=0.001. Although no abrupt crossover from the ) ] ]
high to low friction regime exists, significant enhancement We thank Peter Nordlander for discussions. This work

persists to velocities ~0.005 a.u. even at room temperature. Was supported in part by NSF Grant Nos. DMR-94-07055
These velocities correspond to kinetic enekyy 19 eV for and DMR-97-08499.
an adsorbate with madd ~30 amu.
Two competing factors thus affect the Kondo-enhanced APPENDIX A: PHYSICAL PROPAGATOR
friction at finite velocities. On one hand, more rapid variation AND SPECTRAL DENSITIES

In Ty in a region wherd~T leads to stronger frictions in In this appendix, we present definitions and identities rel-

the LFA limit. At the same time, the larg& limits the  eyant to the theoretical formulation of energy transfer within
spatla_ﬂ_ extent of the Kondo region and consequently slowef,e NCA for open-shell systems with one electidole) in
velocities will destroy the many-body enhancement. How-gp gtherwise emptyfull) shell. In the slave boson technique

ever, our calculations indicate that even systems with exyged here, the propagation of the real electron is described in
tremely rapid variation of the Newns parameters have strongsyms of a two-particle Green’s function

frictions persisting to experimentally interesting values of
kinetic energies. ALt =(Teaa(t)ag (1)), (A1)

IV. CONCLUSIONS where the operatora,(t) =b(t)c,(t) and the symboll
orders all operators according to their position on a contour
We have studied the influence of strong intra-adsorbate in the complex time plane, which can be taken to be the
Coulomb correlations on electronically induced energy transk adanoff-Baym contout® the Keldysh contout® or a more
fer between metallic surfaces and atom or molecular adsoiyeneral choiceA,(t,t') can be diagrammatically expanded

bates moving outside of the metal. Although we consideregh terms of single-particle Green’s functions,
specific models of adsorbate-metal systems in our numerical

calculations, the most general conclusions presented in this iGa(t,t’)z(cha(t)c;(t’))
paper apply to many different electronically activated surface
processes. We summarize those conclusions here. and
We have shown that open-shell atoms and molecules in
interaction with metals can experience electronic frictions iB(t,t")=(Tcb(t)b™(t")), (A2)

much stronger than _p_redlcted by the traditional rneChan";mWhich are merely auxiliary quantities in this formulation.
The necessary condition for such an enhancement to occur i3, . .
The NCA expression for the physical electron propagator

that the Kondo temperature be of the same order of magni-_ . .. . o

i . consists in making the factorization
tude as the physical temperature of the substrate conduction
electrons. Maximum enhancement in the LRA+£0) limit A (tt)~iG(t,t)B(t' 1) (A3)
occurs at a distance from surface where the position- an an o
dependent Kondo temperatufg(z)~T. This point is typi-  while throwing away the spurious terms introduced thereby
cally closer to the equilibrium position of the adsorbate, tharthat would come from the wrong part of the Fock space.
for the traditional mechanism. The magnitude of the frictionThen a standard analytic continuation onto the real-time axis
enhancement at that point is proportional to the time variaallows us to relate the analytic piecé§2<aa(t)a;(y)>

tion of Ty relative to the low-energy scale given by the and A<=(al(t")a,(t)) to those of the auxiliary Green’s

Kondo peak width, i.e[~ (T /Tk)]. functions(A2). These are
The main effect of velocity igi) to shift the region of
large friction along the direction of adsorbate motion, and AZ(t,t")=ga(t,t")B=(t',1),
(i) to reduce the Kondo enhancement. However, significant (A4)
enhancements are found at kinetic energies large enough to AS(t,t") =G5 (t,t")b(t’,1),

be considered important under typical conditions.

Away from the Kondo region, the main many-body ef- where — g.(t,t')=G, (t,t')+G;(t,t') and b(tt’)
fects are traced to two properties of the strongly correlated=B~(t,t’)—B<(t,t’). The advanced and retarded Green’s
U= systems. First, the average number of single-particléunctions are
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AZT(LE) =GRt )B= (1) = GZ (1t )BRA' 1), f do 7 do

(A5) Ew A;(w,t)=J

5no G (,t).

Following Kadanoff and Bayri® we introduce new time (A12)

variables; (t+t’)—t and ¢—t')— , and perform the Fou- This is done by realizing that the integral in E@12) is
rier transform, equal to

Ag(w,t)=f dre' A (t+37,t—37), (A6) (A13)
— % atr

aAS (t,t")
Im———— .
t=t’

and similarly forA_ . The spectral density of states at time . o
is thers® The differentiation ofA=(t,t’) produces two terms, one of

which is zero due to the constrai®.7). The other one yields

N > < N R
plwt)= E[Aa (0, t)+A (w,t)]=— ;ImA (w,t),

A7) (A14)

at’

aeg(t,t’))
Im————~| |

t=t’
and the Wigner distribution function for the level occupation
(2.13 used in Eq(2.15 is which again follows from the equal time commutation rela-
tion [b,b*]=1 and the constrain®.7). This completes the
1 proof that the auxiliary functions give the same results in Eq.
Na(w,t)= ZAg(w,t)- (A8)  (2.19 as the physical ones.
One can also prove by a similar method that the more
The sum rule on the spectral function, however, is differenapproximateA; of Eq. (A4) obtained by making the factor-
from that for the noninteracting case because of the nonfeiization (A3) will also give the same result when used in the
mionic equal time anticommutation relations energy expressiof2.15. This means that even the physical
functions obtained with the approximatiofA4) will give the
{aa(t),a;(t)}+=c;(t)ca(t)+bT(t)b(t), (A9) same value to the energy expressi@il5 as the auxiliary
functions obtained directly from the solution of the coupled
which lead to the following expression for the number of NCA equations.
single-particle states,

do APPENDIX B: DERIVATION OF ENERGY TRANSFER
7ImA§(w,t)= N—(N—1)(n(t)), EXPRESSION

(A10) In this appendix, we review basic identities of time de-
pendent formalism at finite temperatures and show the de-
with (n(t))=Z=.(na(t))=N(n,(t)), in agreement with Eq. tails of derivation of the expressidi2.12 for energy trans-
(2.23 whenNy=1. fer.

The principal error in the NCA comes from the factoriza- Let us assume the system is in equilibrium until tibge
tion (A3), that is in going from the auxiliary functior@; to ~ when the perturbation is switched on. The thermal average
the physical functionsA; .33 Here we show that the two (A)=Tr{poA} of an operatorA beforet, can be conve-
integra|s OVGIA; that occur in the energy expressi(ﬁ]la niently evqluated in the bas{$n>} in which the Hamiltonian
are the same as those over the auxiliary func@®ip, even  H(to) is diagonal. Then
when the factorization approximati@¢A3) is not made. Thus
we are able to circumvent the principal NCA error in the _ 50 — B(E.— uN —g0_ — B(E.— uN
actual friction calculations, althoﬂgh npot in the calculations 0=¢’ ; e e )|n>(n|, e’ _; e PEnm Y,
of spectral functions. Fortunately, the latter are used for in- (B1)
terpretative purposes only.

The first integral in question expresses the probability thawvhereH(to)|n)=Eg[n) and() is the grand canonical poten-

the adsorbate state is Occupied at timend is given by tial. The time evolution of State|$l(t)> under the action of
the time dependent Hamiltoniat(t) is

Ns(t)=—Nf

©

> do _ » do __
(r](t))=Nf_oo EAa(a},t):Nf_w ﬁGa(‘*”t)-

(ALD In(t))=U(t,to)|n), U(t,to)=Texp{ —i J;drH(r)].

The second equality in E§A11) is simply the consequence (B2)

of the equal time commutation relatigib,b*]=1 and the The density operatop,(t) =ef?= e AEa~#Nn(t))(n(t)|

constraint(2.7) on the Fock space. thus becomes time dependent fort, with the time evolu-
The second integral in question involves the firsttion governed by the quantum Liouville theorem. However,

moments, for which we similarly can prove the following we will use the Heisenberg picture operatdky(t)

identity: =U(tg,t)AU(t,ty) and write the expectation value
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functions. The first term in Eq2.12 contains the adsorbate
(A1) =Tr{poAn(t)} =€ >, e AE=1N(n| Ay (t)|n) electron Green’s functioG (t,t'), which has been calcu-
" (3) lated by methods described in Shetoal 26 and Langreth and

Nordlander” This section focuses on the calculation of the

with all the time dependence assembled into the operatafecond term with the off-diagonal Green’s function
Ay (t). The energy transfer per unit time can thus be straightGk<a(t’t/).

forwardly calculated according to the formula The equation of motion fo6,,(t,t")
E(D) = STr{poHu (D} =Tr] o B4 ’
( )—a {poHH(1)}=Tr) pg a |- (B4) (iﬁ_fk Gra(t,t')= =12 Via(t)
a!

For the time-dependent Anderson Hamiltonigh31), this

becomes X(Tc[ea (BT (tb(t ) ck(t)]),
(Cy)
E(t)=§ fa(t)Gi(t:t)JF; (Via(D Gt ) +H.c)|, has the formal solution
(BS) ’ : n~0 ” "
where G (t,t")=(cl(t")ca(t)) and Gg,(t,t")=(cl(t")b(t") Gral(t,t )=—|Ldt Gyi(t,t )Z Viar (1)
c.(t)) with the averages defined in E@3). a
So far, we have calculated the total-energy transfer per X(Telca (1B (t")b(t")ck(t)]). (C2)

unit time into and out of the electronic system. For adsor- . _ )
bates moving slowly along a cyclic trajectory, most of it will Usual perturbation theory can be applied to the time-ordered

be a periodic function of time and will integrate to zero. This Product. Within the NCA, the above expression can be writ-
is the adiabatic energy transfer of a system maintained ife" With the aid of the NCA self-energies of the adsorbate

thermal equilibrium at all times during the motion. We are, 'evel,
however, interested in the portion of the energy transfer that
results in irreversible energy loss. That contribution has its Sttt =i VEL(DG(t,t ) Via(t)B(t,t)
origin in the nonadiabatic coupling of conduction electrons k
to the ionic motion, and is referred to as the nonadiabatic . , ,
energy transfer. We find this contribution by subtracting the = Ka(tL)B(LL). (C3)
adiabatic energy transfer from the total given by E8p). Due to the separability of the interaction matrik,(t)

In order to calculate the adiabatic energy transfer, we de=y_(t)v(¢,), the time dependence can be factored out of the
fine adiabatiqequilibrium) states|n,) at timet as solutions  k sum in Eq.(2.12:
of the eigenvalue equation for Hamiltoni&i(t) with time
treated as a parameter, A (

. A(t)
2Re; Vﬁa(t)Gka(t,t)=A—,[)Refcd72a(t,T)Ga(r,t).

H(t)In)=Epny. (B6) ( ca

The energy of a system kept in equilibrium at all times is ) ] ) i
The time-ordered equatiofC4) can be analytically contin-
Ead ) =(H(1))eqi=TrHped )H(1)}, (B7)  ued onto the real-time axis and we can write
where . :
E()=2 (G (LD)
ped) =€ & AEnVIn)(n |,
~ .
(B8) A(t) t R <
- B0 Ty AHD- AN +§ Ao A3 NG (7

Adiabatic processes are characterized by time-independent +2§(t,r)GA( ], (C5)

entropy$ _ <|ﬂpeq(t)>eq1. The co_ndmonS. 0_ leads to t.he where SSR(LE)=K=(LU)B<R(LL') is the adsorbate
expressiork,{t) =(1(t), and f[he tl_me derivative di}(t) is electron self-energy. It is expressed in terms of the quantity
(dH(t)/dt)eqq - The rate of adiabatic energy transfer thus has
the form of Eq.(B5) with the nonequilibrium Green’s func-
tions replaced by equilibrium onédefined in terms of the K;(t,t’)=§k: Vika(1) Gop(t,t ) Via(t))

thermal averagéB7) and (B8)].
— /_ T (41Vf< Y
APPENDIX C: NUMERICAL SOLUTION = V(T (t) T (t=t). (CH)

In this appendix, we discuss the numerical solution of EqHere,I" is the band averaged tunneling rate,
(2.12 for open-shellN degenerate adsorbates wity=1
moving at finite but constant speed This is done using the ™ )= Jdel'(e,t) = 27| us(1)[2 (C7)
equation of motion solution for the nonequilibrium Green's a fdeé&(e) a
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In Fig. 8, we show the frictionM  of two modelsC
(solid lines forU=c and dashed lines fod=0) andD
(dotted line$. These models are defined by the image poten-
tial form (3.3 along with the same exponentially decaying
level width function as beforgEg. (3.2)]. We take the pa-
rameters defining the latter to be the same for both madels
andD, namely,A;=1.72 eV andb=0.65 a.u., while we take
€,=1.088 eV and the minus sign for modelande,.=—3.4
eV and the plus sign for modé&l. Here we take the empty-
orbital region to be above the Fermi level, and the region
where the Kondo state can form below, as opposed to the
“holelike” description used previously, where the Kondo
state could form above. Therefore modelis the analogue
of model A in the main text, while modeC has the new
feature of a Fermi level crossing into the region where the
Kondo state can form.

FIG. 8. M7 in the LFA limit vs the adsorbate-substrate separa- 1he equilibrium properties of systen@andD are iden-
tion z for modelsD (dotted line$ and C at two temperature§  tical at z=4.01 a.u. where the two Newns parameters and
=0.001 (bold) and 0.008(thin) Hartree. For modeCC, we show their derivatives are the samsee inset of Fig. B The
both theU =0, N=1 model(dashed lingsandU=%=, N=2 model  Kondo temperature at that pointTg =0.003 Hartree, but is
(solid lines. nearly constant in model while rapidly decreasing witl
in modelD. We show in Fig. 8 the friction of the two doubly
degenerate systems at temperatufes0.001 (bold lineg
and T=0.008 (thin lineg Hartree. In the interacting model
C, there is no visible enhancement over the friction of the
equivalent, noninteracting system amk(C)~3. On the
other hand, the large friction of modBl is almost entirely
due to the Kondo resonan¢®y(D)~5]. Comparison be-
tween the Kondo-induced nonadiabaticityzat4.3 a.u. and
that of the traditional mechanisms z&8 a.u.(where maxi-
mum friction of noninteracting model occurieads to the
) s rate condition$ Rx(C)/R,.]~[Rk(C)/Rr]~0.5, and implies
sionI'(eg,t)=31(t). that many-body enhancements of electronic friction should

Equation(C5) then becomes not be a major factor in mode, as confirmed by our cal-

culations(Fig. 8).
. . < The large frictions of modeC near Fermi-level crossing
E(t)=§ €a(DGq (L) is produced via the conventional mechanism. The width
NI'~0.012 a.u. az=7.5 (near the Fermi-level crossings

Mn (amu/ps)

and
» de .
f<(r>=f_oﬂg(e)fﬂe)ef'“, (c8)

wheref<(e) is the Fermi function, and?a(t) is related to
I'(e,t) in Eq. (2.10 at the Fermi level through the expres-

(t) t small enough to produce large nonadiabatic effects, and
+ m'mj dt'[K; (t,t)b(t,t")G*(t,t) make the friction strongly temperature dependent. The adsor-
a o bate level crosses; at z=7.25 a.u.(see inset of Fig. B
—KZ*(t,t)B*(t,t")gk (t,t)], (c9  Where we expect the maximum friction of the noninteracting
system(dashed lines However, the two contributions in Eq.
whereg,(t,t') andb(t,t') are defined in Appendix A. (2.15 subtract in the region to the left of the crossing while

The integrand contains quantities that are all known fronf€y add up on the other side. The maximum friction is thus
the solution of theG=(t,t') (Ref. 26 and the numerical shifted somewhat to fche right of the crossing. .
integration is trivial. The calculation is performed for the  The effect of the intra-adsorbate Coulomb repulsion on
nonequilibrium system and the system that is in thermalfiction in this regime is twofold. First, the number of single-
equilibrium everywhere on its trajectory, and the two contri-_part'de states is not constant in the latddimit, but rather

butions are subtracted to yield the nonadiabatic energy trand2creases with decreasing level occupaiiéd0). The result
fer. is a smaller change in electronic occupation of the adsorbate

resonancesn”(t)<&n°(t) in Eq. (2.15 as the adsorbate
state moves across the Fermi level. This factor reduces the
friction in this region. At the same time, however, the effec-
tive width I' ¢ of the U=0 Anderson model varies between
This appendix demonstrates the importance of the posiNI" in the Kondo region and’ in the empty orbital regime
tion dependence o, and A for friction in the Kondo re- (here atz—~). This means that, at large distances, Me
gion, and discusses the many-body effects in the regjpn =2 interacting Anderson model h&g¢ only half the width
~ e Where the traditional mechanism produces large fric-of the noninteracting system, which in turn enhances its fric-
tions. tion over that of thdJ =0 model.

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



2206 M. PLIHAL AND DAVI

1K. P. Bohnen, M. Kiwi, and H. Suhl, Phys. Rev. Ledd, 1512
(1975.

2E. G. D’Agliano, P. Kumar, W. Schaich, and H. Suhl, Phys. Rev.
B 11, 2112(1975.

3W. L. Schaich, Surf. Sci49, 221 (1975.

“A. Nourtier, J. Phys(Pari§ 38, 479(1977).

5A. Yoshimori and J. Goto, J. Phys. Soc. Jga, 1753(1978; A.
Yoshimori and J. Motchanebid. 51, 1826(1982.

K. Schmhammer and O. Gunnarsson, Z. Phys3@127(1980.

’R. Brako and D. M. Newns, J. Phys. 12, 3065(1981)).

8K. Makoshi, J. Phys. @6, 3617(1983.

9B. N. J. Persson and M. Persson, Solid State Comr86n175
(1980.

10R. Ryberg, Phys. Rev. B2, 2671(1985.

1. J. Hirschmugkt al, Phys. Rev. Lett65, 480(1990.

127 Crljen and D. C. Langreth, Phys. Rev.33, 4224(1987).

13A. 1. Volokitin and B. N. J. Persson, Phys. Rev. 3, 2899
(1995.

T, 7. Rantala and A. Rosen, Phys. Rev.38, 837 (1986; M.
Head-Gordon and J. C. Tully, J. Chem. Ph98, 3939(1992.

153, C. Tully, M. Gomez, and M. Head-Gordon, J. Vac. Sci. Tech-

nol. A 11, 1914(1993.

163, A. Prybyla, T. F. Heinz, J. A. Misewich, M. M. Loy, and J. H.
Glownia, Phys. Rev. Letb4, 1537(1990; J. A. Prybyla, H. W.
K. Tom, and G. D. Aumillerjbid. 68, 503 (1992.

"D, M. Newns, T. F. Heinz, and J. A. Misewich, Prog. Theor.
Phys. Suppl106, 411(1992); J. A. Misewich, T. F. Heinz, and
D. M. Newns, Phys. Rev. Let68, 3737(1992.

18M. Brandbygeet al, Phys. Rev. B52, 6042(1995.

19D, M. Eigler, C. P. Lutz, and W. E. Rudge, Natutsondon 352,
600 (1991).

20B, C. Stipeet al, Phys. Rev. Lett78, 4410(1997.

2lSee S. Gao, M. Persson, and B. I. Lundqvist, Phys. Re§5B
4825(1997 and references therein.

22E. Muller-Hartmann, T. V. Ramakrishnan, and G. Toulouse,
Phys. Rev. B3, 1102(1971J.

D C. LANGRETH PRB 58

23). W. Gadzulket al, Surf. Sci.235 317 (1990.

2*M. Head-Gordon and J. C. Tully, J. Chem. Phg63 10 137
(1996.

258, Hellsing and M. Persson, Phys. S28, 360(1984; M. Head-
Gordon and J. C. Tully, J. Chem. Phg@§, 3939(1992.

26H. Shao, D. C. Langreth, and P. Nordlander, Phys. Revi9B
13 929(1994.

27D, C. Langreth and P. Nordlander, Phys. Revi® 2541 (1991).

28T, Brunner and D. C. Langreth, Phys. Rev5B, 2578(1997.

29H. Shao, P. Nordlander, and D. C. Langreth, Phys. Rev. [&t.
948 (1999; Phys. Rev. B52, 2988(1995.

303, W. Rasul and A. C. Hewson, J. Phys1G, 3337(1984.

3IA. C. Hewson,The Kondo Problem to Heavy Fermiof@am-
bridge University Press, Cambridge, 1993

32p_ Fulde, Electron Correlations in Molecules and Solids
(Springer, Berlin, 1996

33T. A. Costi, J. Kroha, and P. Wite, Phys. Rev. B53, 1850
(1996.

34p. Coleman, Phys. Rev. B9, 3035(1984.

35|, P. Kadanoff and G. BaymQuantum Statistical Mechanics
(Benjamin, New York, 1962

36|, V. Keldysh, Zh. Esp. Teor. Fiz47, 1515(1964 [Sov. Phys.
JETP20, 1018(1965)].

37|, Kinoshita, A. Misu, and T. Munakata, J. Chem. Phy€2,
2970(1995.

38\, Sesselmanset al,, Phys. Rev. Lett60, 1434(1988.

39A. Yoshimori, Surf. Sci342 L1101 (1995.

“ON. Read, K. Dharamvir, J. W. Rasul, and D. M. Newns, J. Phys.
C 19, 1597(1986; T. Saso, J. Phys. Soc. JB8, 4064(1989.

41D, C. Langreth, Phys. Red50, 516 (1966.

“2For scattering particles of unit magés amy and withN=2 (left
panel of Fig. 4, the fractional energy loss is 0.29% for
T=0.001, 0.27% foiT=0.002, 0.24% foiT =0.004, and 0.22%
for T=0.008. The adsorbate is assumed to move at constant
speed from infinity to a turning point &=2.5 a.u. where it
reverses direction and moves back.



