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Electronic friction in the presence of strong intra-atomic correlations for atoms moving
near metal surfaces
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We present a theory of energy transfer between metal surfaces and atoms moving near the surface. We
investigate the effects of the intra-atomic electron correlations on the nonadiabatic energy transfer, related to
electronic friction. Two special cases of atoms moviagparallel and(b) perpendicular to the surface are
discussed. Analytic expression is derived for the energy transfer of an interacting system with atoms moving
parallel to a smooth surface with finite velocity. In the Kondo regime, we find substantial enhancement and
strong temperature dependence of the friction coefficient. The maximum effect occurs when the substrate
electronic temperature is of the order of the Kondo temperaliye,The interference between the parallel and
perpendicular directions of motion is small for all experimentally relevant conditions. However, the parallel
component of velocity affects the energy transfer that one would find under the conditions of perpendicular
motion.[S0163-182609)14627-7

[. INTRODUCTION near the surface are free to move and thus represent a local-

ized dynamic perturbation of the Fermi sea. The response to

One of the interesting recent developments in surface scBuch a perturbation is never adiabatic and the system exhibits
Kondo resonance in the electronic structure of magnetic aghhanced by the Coulomb interactfon.

: : r is th
oms chemisorbed on metal surfaces. Two independent ex- One of the most fundamental surface processes is the
. : .charge transfer between metal surfaces and ions adsorbed on
periments were performed using low-temperature scannin

. . . _ ; O scattering from the surface. The intra-atomic correlations
tunne!lng microscopySTM) with atomic-scale resolution on ;oo predicted to cause strong temperature and energy de-
two different atom-metal systems Co/All) (Ref. 1) and  pendence of ion yields in scattering experiméftdhe cen-

Ce/Ag(11]) (Ref. 2—well known to be Kondo impurity al-  tral question addressed in this paper is how the Coulomb
loys with high Kondo temperatur€ ~300 K and~1000 repulsion affects electronic friction. Its knowledge is impor-

K, respectively. The observed feature appears as a narrot@nt because the nature of many surface processes is deter-
resonance at the Fermi energy of the host metal and is mined by how energy flows between the various degrees of
spatially limited to the vicinity of the adsorbed magnetic freedom involved. For example, electronic friction is directly
atoms. The inferred Kondo temperatures are 80 K for Cofelatgq to activation rates in desorptlor) induced by electronic
Au(11]) and 50 K for Ce/A¢l111). We note, however, that traEI1_S|t|ons(I?j!ET, DIME;I’k)), bontc_i Pr(;a]!(m%”] eté' lomb |
alternative explanation for the resonance cannot be ruled o% WO conditions must be satistied tor the L,oulomb repul-

t this ti d atrul bi lusi i .~ Sion to have significant physical consequences in real pro-
at this ime and a truly unambiguous conclusion Will TeqUIr€ .o ssas  First of all, the intra-atomic correlations must have a

further studies of the temperature and magnetic field depensonsiderable effect on the electron-hole mechanism and must
dence. modify the nonadiabatic energy transfer. Indeed, large ef-
The Kondo resonance is a manifestation of many-bodyects have already been predicted under certain conditions.
interactions between the metal electrons and the local impu-owever, this by itself is not sufficient because other chan-
rity moment. It forms as a consequence of spin-flip scatteringnels for energy transfer always participate and frequently
of the conduction electrons at the Fermi surface from thelominate in the processes. Therefore, the conclusions from
uncompensated spin of the magnetic atom. This leads to eur theory, which deals only with the electronic degrees of
screening of the local spin at low temperatures and the forfreedom, will be relevant for processes which are activated
mation of a singlet many-body ground state. Physical consear otherwise dominated by the electronic mechanism. We
quences of the Kondo resonance are widely discussed in thievote the next few paragraphs to this issue.
context of dilute magnetic alloyswhere it is known to give The importance of electronic involvement in various
rise to anomalous transport properties—the Kondo effect. atomic and molecular processes at metal surfaces has been
However, very little is currently known about its possible demonstrated experimentally in recent years. The idea of
effects at surfaces. Fundamentally important questionslectron activated processes was invoked a long time ago by
which are not encountered in the problem of magnetic impuBohnenet al® in connection with catalytic reactions of H
rities in metals, emerge in the context of surface physicsatoms on metal surfaces. They view the chemical reaction as
First of all, it is unclear what, if any, effects the intra-atomic a Brownian motion of the system on its reaction trajectory.
Coulomb repulsion can have in surface processes. Secontlhe small system, the H atom in this case, is assumed to be
the surface problem exhibits the interplay between nonequin contact with the electron heat bath of the metal. The reac-
librium and many-body effects. This is because the atomsion rate is then controlled by the dissipative p@fectronic
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friction coefficient) of the interaction between the reagent by Krim et al?’ As of now, however, the question of the

and the degrees of freedom of the heat bath, formally exelectron contribution to sliding friction is not fully resolved.
pressed in terms of the force autocorrelation function. Théur work is not directly related to these experiments since
electronic friction of atoms near metal surfaces was latefve are dealing with electronic friction of single atoms and
considered in detail by Nourtiér. molecules. _

The electron-hole mechanism has been suggested by Per- The conclusions drawn from the abov_e experiments show
sson and Persshas a determining factor in vibrational life- that many surface processes of great importance are elec-
times of CO adsorbed on CL00). Infrared reflection spec- tronically activated. A variety of theoretical approaches has
troscopic studies of the system indeed showed very litld?€€n émployed in their study. A common feature appearing
temperature dependence of the linewidths, thus lending! these processes is the presence of an atom-induced reso-
strong support to the idea of electronic involvemErie ance close to the Fermi level which dominates in the dy-
Studies of vibrational line shapes confirmed this vig#tin ~ namics. In the laser-induced desorption experiments, hot
addition, molecular-dynamics simulations of vibrational electron excitations into this level result in the Franck-
damping of the different CO/QLO0) vibrational mode<® Condon process. In the STM experiments, the electron tun-

and finite cluster modeling of the C-O stretch moden€ling through the resonance leads to vibrational heating.

lifetimes 617 all found the electronic mechanism very im- The importan(_:e of electronic fricti<_)n deri\_/es_ not only from
portant. the fact that it causes the damping of ionic translational,

The availability of time-resolved experimental techniquesv'brat'onal' or rotational motion, but also because it is di-

with resolutions on femtosecond time scales makes it pod€ctly related to the activation rate of many surface pro-
sible to study the dynamics of the energy flow between in-CESSES: Hence, it enters the theoretical description of a large
dividual degrees of freedom involved in the process. FofiUmber of phenomena. _
instance, recent femtosecond pulse laser experifferitar- The spin degrees of freedom are usually neglected in the
ried out on CO/C(L1) and NO/P@L1l) systems come descrlpnon, or they_are included trivially as a degeneracy
close to being able to control the lattice and electronic tem{2CtOr in the appropriate sums. Such theories neglect the po-
peratures independently. Using sequences of two laser pulsitially important effects of Coulomb correlations. The
with different time separations, the desorption times werdonadiabatic coupling between different potential surfaces,
found to be less than 1 ps—too short to be explained by th&vh'_Ch gives rise to electronic frlctlon_and is essential in the
conventional thermal desorption. The lattice temperature igctivation process, can be strongly influenced by the intra-
too low on this time scale to explain the high desorption rate@tomic Coulomb repulsion especially in open-shell atoms.
by the traditional thermal desorption. Furthermore, the delor e_xample, the Kondo or m|x§d-valent resonances cquld
sorption yield is a highly nonlinear function of the laser flu- form in atom-r_netal compl(_axe_s W.'th appropriate com_bl_natlon
ence. These two characteristics strongly indicate that the dé&f Work functions ¢ and ionization potentialgor affinity
sorption is induced by multiple electronic transitions I€VelS of the atom. In a previous papehereafter referred to

(DIMET) of hot substrate electrons in and out of the negative?S |» We studied, in detail, the electronic friction in the pres-
ion resonance (2*). ence of strong intra-atomic Coulomb interaction for adpar-

A different conceptual framework for desorption medi- ticles whose motion is normal to the surface. We found the

ated by a single highly nonequilibrium hot electr(DIET) nonadiaba_tic_energy transfer is affected both qualitativ_ely
was used by Gadzuktal?° to explain earlier desorption and quantitatively by the presence of the Coulomb repulsion.

experiments for NO/R111) system induced by nanosecond In this paper, we study the electronic friction for atoms
laser pulses of significantly smaller fluence with fully two-dimensional motion. One question asked by

(~500 wJicn?). The analysis of the final-state distribution this study is whether the parallel component introduces sig-

as a function of the photon energies and the linear depeﬁqificant interference effects with the perpendicular motion

dence of the desorption yield indeed suggest that an excita‘bat COUI.d destrgy the correlatiqn effects occurring in purely
tion by a single photoelectron into the excited potential enperper)dpular dlrect|on.desorpt|on? The conclusions of our
ergy surfacePES takes place study indicate that the intra-adsorbate Coulomb correlations

Closely related to DIMET is the process of vibrational could significantly enhance the activation rates of magnetic
heating invoked by Gaet al2! and Walkupet al?2 as the adsorbates with the Kondo scale. The most promising among

mechanism involved in the atom transfer via SThtomic these processes is the manipulation of atoms with STM tip.

switch?®and in STM assisted single molecule dissociation atTh'S problem is now under investigation. . .
We present the conceptual and theoretical framework in

metal surface$? The common feature of this set of problems he followi ; In Sec. IV di h Its of
is a potential-barrier crossing or bond breaking through vithe fo owing section. [N Sec. 1V, We dISCuss the resu ts 0
our numerical calculations and we summarize our findings in

brational activation. At small tunneling currents, the activa-S V. Certain th ical detail din A di
tion is dominated by(coherent inelastic scattering of a “¢¢- V- Certain theoretical details are presented in Appendi-
eces A and B.

single tunneling electron. At larger tunneling currents, th
activation process involves many cycles of competing pro-
cesses. The vibrational energy gains achieved(inieoher-
end inelastic scatterings of the tunneling electrons are ac-
companied by vibrational deexcitations via electron-hole and We consider a single atom or molecule in the presence of
phonon excitations in the metAl. a smooth surface of a simple metal. We want to emphasize
Another area where electronic friction seems to play arthat molecules with appropriate electronic structure are cov-
important role is the sliding frictiof in the systems studied ered by our theory. Most of the formulation, as well as con-

Il. THEORETICAL DESCRIPTION
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clusions, presented here are general enough to be applicaldlsscussed below. We first write the matrix element for an

to different phenomena discussed in the Introduction. Foatom at rest a distancéfrom a metal surface,

this reason, the reader is free to interchange the frequently

used words “atom” or “ion” for “adsorbate” or “projec- S - - -

tile” as it applies. Ve 2)= | P (Ovx),z=2)¢,(x),2-2). (2.3
We define a vectoR=(Ry,Z), which determines the L _ _ _

time-dependent position of the atom with respect to a refertHere ¢,(r) is the wave function for the atomic leval This

ence point on the surfacg, being the distance from the IS the usual “static” matrix element describing the electron

surface andin being the lateral displacement from a refer- scatt.erlng n arr]1d out O,f thle atomic levels. In the case of a

ence point on the surface. We further assume that a singf8©Ving atom, the matrix element becomes

N-degenerate atom-induced resonance near the Fermi level

er dominates the dynamics. The degeneracy is at least 2 due Va,ﬁ,Q(R(t)):f Br g (Nv(X),2=2)pa(r), (2.4

to spin, but could be higher.

where now¢;(F) is the wave function for the atomic leval
as viewed from the metal surface. This wave function is
We describe the atom-metal electronic system by a timerelated through a coordinate transformation to the solution

A. Basic model

dependent Hamiltonian, [ $a(r —R)] in the frame in which the atom is at rest,
2 — t t t R I R I
HR=2 €x(Z)cicat HinZ,036a] + 2 eChaCra ¢é(r)=¢>a[r—R(t)]eXF{iQ(t)-[r—R(t)]
. Byt it
+§ {Vaka(R)CraCatH.CH, (2.) + Ej Q?(7)dr|, (2.5

whereQ is the electronic momentum shift associated Withwhere(j(t) is the electronic momentum shift due to the atom

: ¢ motion at timet. The time-varying magnitude and phase of

N the matrix element each have qualitatively different effects
this paper,Q=v=R. The time dependence of the,,  and itis useful to exhibit them explicitly. We assume that the
Vak.o, andH; enters parametrically through the spatial co-surface is uncorrugated in the regions important to the matrix
ordinateR. The time dependence of the many-body interacelement. Then the Bloch state¢ is of the form i

tion term H;,; has its origin in the screening of the intra- =u, (Z)enzu.x”, and the metal-atom interactioviy(z) only

mic repulsion h n ion electrons in the metal. . .
atomic repulsion by the conduct 0_ P?Ct 0_ sint e_ eta depends on the distance from the surface. Then the matrix
We also note that, for general motioQ, itself is a function

_ ) = ) . element can be written
of time. We will specify the time dependence explicitly
where necessary, but omit it where no confusion can arise.
The first term describes the relevant electronic structure of
the atom in the presence of the surface. The atomic levels
. . e where
€,(Z) are given by their value for infinite atom-surface sepa-

ration e, shifted by the interaction/s(Z) with the metal
surface, Vai 6(2)= | @16 (4, 2+ 20 (D)

€(2)=€,+V2). (2.2

the projectile veIocityi. In atomic units adopted throughou

Vaio(R1=Vai g (2)e%a®), 2.6

Ef dzhg,@H(Z,Z) 2.7

The second term in E¢2.1) takes into account the intra-
atomic many-body interactions. The opera(xircreates an
electron in the atomic orbital. The indexa is shorthand for
the complete set of quantum numbers specifying th

only contains the effects of parallel velocity and may always
be taken real for the uncorrugated surface considered here. In

. . he rest of this paper, we choose the coordinate origin so that
N-degenerate atomic levels. We assume that it correspon

to symmetries which are shared with the conduction elec- a""QH(Z) 's indeed real. The. phase hés contr.|but.|ons
trons including at least the conservation of spin and pOSSibl)f/rom both parallel and perpendicular motion and is given by
orbital symmetries, such as the reflection through planes per- .
pendicular to the surface. Therefoeecan be used as a quan- 0 6(R)=—K-Ry+ %f QA7 dr+Big(2), (2.8
tum number for the substrate electrons, as well. The operator
ci, creates a conduction electron in the indicated symmetry ...
state. The substrate band energégsdepend on the wave
vectork only. The third term in Eq(2.1) thus describes the
electronic structure of the metal. j dzzfx_g(z.2)

The last term in the Hamiltoniaf2.1) provides for the bi6(2)=Q, . (2.9
electron hopping between the atom and the metal. It incor- J dzh_5.(2.2)
porates the effects of atomic motion in a nontrivial fashion as Qe
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We refer the reader to Ref. 28 for detailed discussion of thevelocities®?**° The energy transfer includes two qualita-
assumptions and approximations involved here. We defingvely different contributions, one from the perpendicular and
the adiabatic raté’,(w,Z) for electronic tunneling between one from the parallel component of the atomic motion. The
the metal and atomic states, analysis of Eq(2.11) for perpendicular motion was the sub-
ject of study in I. In the present study, we investigate addi-
_ ) 2 tional effects originating from the presence of an off-normal
Ta(w,.2)= ZﬂEIZ [Vak(2)] é(w—ew). (210 component in the atomic trajectory. As a first step, we turn to

. _parallel motion.
We need to comment on the question of nuclear motion

which is absent in the Hamiltoniaf2.1). The position and 1. Parallel motion

velocity of the atom enters the problem implicitly through . . . .

th y trization o7 (R dp 2 Af ”p | yl i g The resonance,(Z) and the adiabatic tunneling matrix
€ parametrization o7, (R) ande,(Z). A full calculation elementV{(Z) are both constants in this case. The only

(e.g., molecular dynamigsvould proceed from a given ini-

tial configuration of the nuclear and electronic degrees of!Me dependence enters througf{t). The rate of the energy
freedom, which specifies the forces acting on the nucleaf@nsfer is then given by

motion. Classical equations of motion are then solved in a )

self-consistent manner by recalculating the forces at each E(RQ)=—21Im>, eif)ﬁ,c}(R)g;Eé(t,t)

step of the calculation. The generalized electronic friction ka o

coefficient »(R) studied in this work is related to the elec- : EN

tronic congnzant of the dissipative forces, which enter the X(0ka(R)_'Q”'Vk)va"*QH(Z)' (212

equations of motion. This expression follows directly from E¢2.11) with con-

stantZ and Q(t)=Q(t), and from the form of the matrix
- o elementV, ; 5(R) in Eq. (2.6). We note tha€(R,Q) does
We now turn to the description of the nonadiabatic energyhot have any adiabatic contribution and is thus directly re-
transfer. The details of the theoretical approach are discusségted to the generalized friction coefficient through
o . ; ) he genel
elsewheré® Here, we generalize the theory to include thevan”(R,Q)=EH(R,Q). We use the Keldysh formalisth

most general trajectory of the atom. The rate of addieg ; . < g .
moving energy to the system described by E2J) is given to write the Dyson equations dea’k’Q(t,t ) which, on the

B. Energy transfer

by’ real time axis, become
ERG)=3 e(2)0, 4t Gaigtt)= J,xdTVZ,@@”@(T>>{GE<LT>9§,@<”’>
+Gi (t,1 05 5(.t)}. (2.13

+ 2 {Vaks(RG: 5(t,H)+H.c.
% {Va’k’Q(R)ga""Q(t’t) Heh We insert this expression in ER.12 and obtain an expres-
(2.11) sion for energy transfer in terms of the self-energies and

Green'’s functions of the atomic level electrons,
valid for general motion. Hereg_ 5(t,t')=(ci(t')ca(t))s

and g:lzyé(t,t’):<cla(t’)ca(t)>@. The subscriptQ indi- E(RQ)=-2Im> J dT{R:’Q(t,T)g;é( t)
cates nonthermal, velocity-dependent average. In writing Eq. a i

(2.11), we neglected the contribution from the time depen- =< i

dence inHim[Z]. + Ka’Q(t,’T)g:Q( Tvt)}1 (2.14

The nonadiabatic parE, ,(R,Q), of the energy transfer where theZ dependence enters the integrand parametrically
(2.11) determines the dissipative energy flow from variousthrough e,(Z) andVa,,;,Q(Ifi). The quantitieskayé(t,t’) are
nuclear degrees of freedom. The kinetic energy is the onlyjefined by
form of energy involved if the projectileadsorbatgis struc-
tureless. However, different degrees of freedom—such as ro-

T it 41 — i 05 6(R) —tN\W* . . (B
tations and vibrations—participate in general. It is not the Kao(tt )_212 G-t )Va,k,QH(R )
purpose of this work to study the details of the final energy _
distribution, althoug_h its knowledge is certainly very impor- X[HQ,Q(R)—iQ”-V;z]Va,;z_Q”(Z),
tant for the dynamics of many processes. The expression
(2.11) also describes the energy flow in the opposite direc- (2.15

tion, i.e., from the system of hot electrons into the nuclear = = == N
degrees of freedom. This follows from the fluctuation- WNETeR=R(1), Z=Z(1), andR'=R(t"), andG(t—t") is
dissipation theorem. the Green'’s function fqr the bqre condu_ctlo.n electrons. The
. . - P retarded Green’s function and its analytic pieces are defined
V;/e qef'f'e the gein(irahzed frlct|_on coefficienR.Q) by the usual way with the convention used in Ref. 32.
MvZ7(R,Q)=Ena(R,Q). Here,M is the mass of the atom  Equation(2.14 is the most general expressions for the
(in atomic mass uni}s The generalized coefficieni(R,Q) electronic energy transfer between noncorrugated surfaces of
reverts to the usual friction coefficientin the limit of slow  simple metals and atoms moving parallel to the surface, as
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long as the relevant physics is described by the Anderson R o If(w) Yy .
model. We use Eq2.14) in our numerical calculations. We Ej(Z,Q))=-21m2>, J do| — e > Ok 6VakoR)
summarize all relevant numerical details in Sec. Il C. & .

XGR(€)V; k(R S e—w), 2.2
2. Steady statev(|= const) GaleV, (R d(e— ) (2.20

If the fractional loss of the nuclear kinetic energy is smallWh e w d th®—0 limit of the matrix element
during a time short compared with the longest electronic ere we use EQ? ot the ma elements
time scale, it is reasonable to consider a simple case of cor¥ak6(R), but kept theQ dependence of the phasgg be-
stant parallel atomic velocity, i_e(jH= const. In this case, Causebo=0 in this limit. The terms under the sum can be
> o 4 v <R ~ is ind q ¢ expressed in terms of the many-body scatteringatrix,
Q- Wak-,(2)=0 and b o(R)=0Oxq s independent of 1 - o, &y - (R)GR(w)V* ;, (R), which can in tun
time and position. Hence, the double time Green’s functlona o

) ; . e written in terms of the corresponding phase shift
and self-energies depend on the time difference only an (©,2), defined by

E|(R.Q)=E|(Z,Q)). We now derive general analytic ex-

pression for the steady-state energy tranEf‘ﬁéZ,QH) in or-

der to make connection with known results in certain limit- Traka=—

ing cases. ’ p(w)
We first perform the Fourier transform on the right-hand

side of Eg.(2.14 and use the identity for the conduction However, Traka depends on the wave vector through

electron Green’s functions, only. We thus write the steady-state solution for the energy

transfer in terms of the phase shift

sins,e'%

(2.21

Gy (0)=27f=(0)8(w—¢), (2.1
< ; ; ; > < - = » do if(w)) .o
wheref~(w) is the Fermi function and” (w)=1—f~(w). E||(Z,QH)=22 f — | = —— (0 5>3'”2 Sx(w,2).
We introduce the steady-state spectral density of one- a J-eo T dw '
electron state#\, g(w)=— (1/m)Im g;@(w) and write the (2.2

steady-state Green’s function in the forng. - . . . L .
y r@a’Q(w) This formula is valid for slowly moving interacting systems

=27F(Q,0)A, 6(w), whereF(Q, ) =f~(w)+0(Q? for  and was obtained first by Yoshiméf Equation(2.17) is a

systems with inversion symmetry. The solution is obtainetyeneralization of this expression. For noninteracting systems,

by inserting these expressions in Kf.14), the form of the scattering phase shift in §§.22 is known
analytically?3

EH(FE,Q):; f:dwra(w,Z)

. i N an alw, = :
X (O 5[ (0= 0;.6)—F(Q,0) ) Ass( @), 0= €a(Z2)~Ag(w,2)

217 where A, (w,Z2)=PJ (dQ/7) [A;(Q,Z2)/o—Q]. The ex-
valid for interacting systems at all values of parallel velocity. PliCit €xpression for energy transfer in a noninteracting sys-
The band average in Eq.17) is defined by tem can also be obtained directly within our formalism by

expanding Eq(2.14) in powers of velocity and keeping only
the lowest term. At low velocities, the frictional force is pro-
> g(k,Q)|V, -G (Z)|?8(w— e— 6 3) portional tov;. We discuss the validity of Eq2.22 in the
K - ' following section. Equatiorf2.22) is related to the familiar
5 expression for resistivity due to impurity scattering through a
zk: Vai(2)|*8(w—e) Galilean transformation.

(2.18

(2.23

(9(k,Q)),=

3. General motion

In the limit vi—0, referred to here as the local friction  when the atom moves on a general trajectory, the varia-
apprOX|mat|or(LFA)., the energy_transfer assumes t_he linear+ions in €.(Z) as well as in the magnitude Mka(ﬁ) also
response form and is fully described by the equilibrium propye to be taken into account. It is convenient to cast the

erties of the system expression for energy transfer as a sum of two contributions,

. = * if(w)| ., Lo o L .o
EH(Z,Q||)=§ fﬁwdwFa(w,Z) T e (0 5 oPa( ). E(R,Q)=E,(RQ)+E|(R,Q). (2.24
(2.19
The first term is the only contribution t&(R,Q) when the

We can rewrite Eq(2.19 by replacing the spectral func- atomic trajectory is perpendicular to the surface. We write it
tion A (w) and the widthl" ;(w,Z) with their definitions in terms of the nonequilibrium Green’s function
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EL(RQ=2 e(2)G 410 HR=2 &(2)cicat 2 eCiaia
A(Z) * R < . .P\~T
= - - + Vv R)c,,CatH.C}. 3.2
+3 3z Re| _drlKIg(tnG, gm0 2 {Vaig(RcueatHel 32
+K:é(t,7)gg\( )} (2.25  The noninteracting Anderson model is expected to describe
: accurately the physics of closed-shell atoms, where correla-
with the quantitiesk , 5(t,t'") defined by tions play a minor role. A strongly correlated system is

treated in the limitU=c«. The range of validity of theJ
= model is given by the condition th&t is large enough,
Kag(tt)=2 VaigRO)IGK(t—t)Vz s(R(L)). so that only one level from the multiplete{=nU, n
k o =0,1,... ,N—1) contributes significantly to the charge and
(2.26 spin fluctuations. This will be the case fE,+nU— €|

It is formally identical with Eq.(C5) of | (Ref. 7) valid for |>> mlax (-5{) f(?{;] a”t but onetn. H_ere,l“ is the V\t'idt:'t of_ltlhe ¢
perpendicular motion. However, its value is different, be- evel and ! IS e temperature in energy umis. ft witl no

cause the effect of nonzero parallel velocity enters the calcynatter thatUbsphtsbaII |%n|za:j|qn st:]ates egually orbeven that
lation of the Green’s functions and the quantitiess(t,t"). some may be unbound and in the continuum, because we

We must emphasize that E@.25 is not as general as the really only useU as a device to exclude the ionization states
formulas presented in the previous sections because this e at are far from the Fermi level and deemed to be irrelevant

. - = . o the physics at hand.
pression assumes the separability/gf 5(R) allowing us to We perform theU =e¢ limit by adopting the slave-boson
write I';(w,Z) in the form of Eq.(3.10. These additional

. . X technique following Colemaf and Langreth and
assumptions are discussed in Sec. Il C.

oL Nordlander*? The bosonized Hamiltonian is
The second term is the only contribution §(R,Q)
when the atom moves parallel to the surface. It is formally R
identical with Eq.(2.14), but the parameterg,(Z) and HR)=2 Ea(Z)C;Ca+§|; €ChaCka
I',(Z2) are in general functions of time ar@, is nonzero. 2 2
Thus the two contributions to the energy transfer in Eq. s by
(2.24 are each influenced by the other component of the +§ {Vaka(R)cgb'ca+Het. (3.3
velocity. We investigate the interference effects later in the

paper. We use the equation of motion method of Kadanoff and
Baynt® to solve the Hamiltonian within the noncrossing ap-

1. NUMERICAL STUDIES proximation(NCA).

We now turn to the study of a more specific model, which
can be solved numerically in the end. The systems we con-
sider are open-shell atoms with eith@r one electron in an The energy transfer for strongly correlated systems is nu-
otherwise empty shell, ofii) one hole in an otherwise full merically obtained within the NCA. The calculation is done
shell. We assume the shell consistd\eflegenerate levels. In in two steps for both the steady state and fully dynamic
the discussion of the numerical results, we choose the largonditions.
guage of electrons, i.e., the first approach here. However, the First, the auxiliary Green’s functiors, g are found self-
reader should keep in mind that the results from the twaconsistently as described in the preceding subsection and in
formulations are identical, provided that the sigregis also  the references cited therein. In the second step, the calculated
changed in going from one formulation to the otkemergies Green’s functions are inserted in the expressions for

B. Numerical procedure

are measured with respect ¢p). E(R,Q) andE, (R,Q). All equations in Sec. Il are entirely
general and could, in principle, be used as the basis for the
A. U=0 and U= limits of the theory approximate (NCA) numerical calculations, provided the

) o ) ) physical propagators are formed and used.
The first approximation we discuss relates to the interac- However, we write the numerical NCA solution in terms
tion term in the Hamiltonian. We write the many-body term of the auxiliary Green’s function§, 5(t,t") and the NCA

in Eq. (2.2) in terms of Coulomb repulsiotd ,,; between : R Lo : . C :

two electrons in states denoted byanda’, i.e.. self-energies2 , 5(t,t") Whlch are |degt|cal in form with
2,.06(t,t"), butK, 5(t,t") is replaced byK, 5(t,t"). The ex-

: - pression forE“(Ifi) is then written in analogy with Eq2.14)

HilZ.cleal= 2 Uaa(Z)clcacycar. (3D as

a>a’
We 'wish to compare the theorgtical predictions based on the EH(Q,Q): —2Im> Jw dT{i:,Q(t:T)G:,Q(Tat)
noninteracting systemU=0) with those from the strongly a J-e

correlated systemU=«). A noninteracting system is de- - A
scribed by the Hamiltonian +2, 6L 7)G, s(7. 0} (3.9
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The numerical version of Eq2.25 is p(w)v(w)
K(w)=———. (3.9
p(0)v(0)
EL(R,Q)ZE Ea(Z)G;Q(t:t) We use a parabolic band with(w)=(1— »?/D?) for ||
<D and zero otherwise, and the band half-wi@itk-5 eV.
A(Z) o We take the band to be half filled. Different choices«gtv)
+> 22 Ref dT{E:Q‘(t,T)G:Q‘(T,t) andD produce only quantitative differences. The Fermi-level
a Al — ’ ' half-width parameterA(Z)=3I'(0,2) is used as an input
< A parameter in our calculations along wity(Z) and kg.
+2a,Q(t’T)Ga,Q(T’t)}' @9 Since the atom-metal interaction is proportional to the wave-

éunction overlap, we parametrize by an exponential depen-

We conclude this section by defining the model used in th dence on the distance from the surface,

numerical calculations.

NA(Z)=Aqe P2 (3.9

C. Model-specific assumptions and parametrizations . . .
P P P Here,N is the degeneracy of the atomic lewgl. The width

For the purpose of the numerical calculations we maken Eq. (3.7) can thus be written in the form
additional approximation and specify our model system.
First, we neglect the contribution to energy transfer from the I'w,2)=2k(w)A(Z). (3.10

term[QH-VgVayg,@H(Z)], which arises from the force on the The electronic levele,(Z) is assumed to shift due to the

electrons moving with the atom due to the atomic accelerainteraction with the metal surface. With the exception of
tion. SinceVa,lz_ch(Z) is typically a slowly varying function ~Very small separation, the shift is controlled by the image

FR the Fermi surf this i bl . aEotential. We use a model in which the electronic stgte
of k near the Fermi surtace, this 1S a reasonablé approxim orresponds to the ionization level of the atom and write

tion unless|Q|>|Q| when this term might dominate. This
condition occurs any time the atomic motion reverses its e(Z)=¢
direction, e.g., oscillations. a
We are mainly interested in assessing the effect of th
atom velocity on the Kondo induced electronic friction. __.~.
Since the formation of the Kondo resonance is affected or"flfﬂm.ty level. .- . (S
the scaleQk:~ y<1 2% wherey is the width of the many- Given the explicit form of the mteracUo\;la'Ek(Z) and of
body resonance at the Fermi level. Sidge-1, it is suffi-  the bare conduction-band electron propag&gft—t'), we
cient to limit our theory to velocities much smaller than the can write the analytic pieces f, o(t,t") and Ra,o(t,t’) in
Fermi velocity, i.e.Q<kg. In such a case, a simplified in- terms of the quantities defined above as
teraction matrix can be used. We have discussed these as-

sumptions and approximations systematically in Ref. 28. Kfo(t,t’)=ZVA(Z(t))A(Z(t’))fz(t,t’) (3.12
Here, we only summarize theri) the phaseyi 5 includes . i
contributions);rom both the parr(:i)llel ar?d perpké?ﬂdicular Com_Wlth the effect of nonzero parallel velocity incorporated en-

ponents of the ion velocity. We only retain terms of thetIrely in the definition off=(t,t"),

lowest order in velocity and writd; 5= —k-R;; (i) we do L
> o . fz(t tr)= _K(w)fz(w)eflw(tft )<elkH[R(t)7R(I )]>

neglect the effects @) in the magnitude of the matrix ele- ' 2 @

ment and writeVa'l;_éH(Z)—Nfl)z(Z); (iii) finally, we ne- (3.13

glect the anisotropy o’ﬁ/és)» and assume th& dependence and

eI'he opposite sign would appear in the expression for an

k
comes only in the form o§,. The matrix element becomes

KIott)=2VAZM)AZADI=(tt) (314

Vaio(R)=e MRV (2). 36 with

Here, V() (2) is the matrix element defined in Ref. 37 and

considered in I.
We also assume the energy dependence/ﬁk(Z) is

* dw

?Z(t,t’):kglfi ZWK(w)fz(w)efiw(t—t’)

. o . o ik [R()—R(t’
time invariant. In this case, the potential is separable, X (k€' IRO=RE (3.19
S _ . .
nglk(Z)=u(Z)v(ek). The full width of the atomic level de-  \ynere the averages are evaluated in Appendix B for a band
fined in Eq.(2.10 becomes with a parabolic dependence &f on the wave vector.
All numerical results presented here were obtain with the
I'w,Z2)=2mp(0)u?(Z)V¥(w), (3.7 parametrization of the atomic level position according to Eq.

(2.2) with €,=-—0.125 a.u. The half-width is parametrized
wherep(w)=2,8(w—€,) is the density of states. We can with Eqg. (3.9, with A;=0.75 andb=0.65 all in atomic
also expressl’(w,Z) in terms of the Fermi-level width units. We keepNA constant for systems with different de-
I'(0,2). To this end, we introduce a function generacyN. Provided theN-degenerate level is nearly fully
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FIG. 1. Parametrization of the atom-induced resonance and the
equilibrium local electronic structure is shown for several atom-
metal separation&. The dotted lines correspond to the total density
of states and the solid lines to the density of occupied states. The 07— ‘ 3
degeneracy iN=2, T=0.001 hartree, ank-=0.8 a.u. Z (a.u.)

occupied, this ensures nearly the same tunneling rate and FIG. 2. Electronic friction coefficienM in the v—0 limit

level width for such atoms as would be determined, for ex{LFA) vs the atom-metal separatioh for parallel motion along
ample, from photoemission experiments. In addition to thesmooth surface. Each curve corresponds to a different temperature
two Newns parameters, the solution in the presence of nonk The N=2 andN=6 interacting models and the noninteracting
zero parallel velocity involves an additional paramete; (U =0) model are shown.

the Fermi wave vector, which enters through the band aver- o _ S
ages inf= andf=. We used the valuk=0.8 a.u. in all the two-photon photoemission experimefitsyoshimori est-
results shown mated NO/C(@L1]) (Ref. 39 to be a Kondo system with

IV. RESULTS

L . . A. Parallel motion, v|=const
We show the parametrization ef andNA in Fig. 1. We

also plot, for several atom-surface separations, the equilib-_ In this section, we present our calculations of electronic
rium spectral density for aN= 2 interacting U =) system friction for atoms moving at constant spee}q,, parallel to

at T=0.001 hartree €316 K). The dotted lines show the the surface. The friction coefflc:lem is then independent of
total spectral density and the solid lines show the occupie§me and can be expressed in terms of the steady-state prop-
density of states. In the local moment regime considereg'ties of_the system. The energy transfer at con_stant_parallel
here, the spin-flip scattering of substrate electrémsies speed vv_|II prove u_seful to consider for systems in vv_h|§:h the
with the uncompensated spin on the atom provides an addghange in speed is small on the longest characteristic elec-
tional hybridization channel, which lowers the energy of thetronic time scalesr, i.e., for F7/Mv<1. HereM is the
atom-metal complex. The system then has a tendency Btomic mass ané is the frictional force. .

maximize the rate of low-energy scattering by rearranging its We show in Fig. 2 the friction coefficierl y=E/v? in
electronic structure, so that tke number of available states the LFA limit (vj—0) for the parametrizatiofEgs. (3.9

near the Fermi energy is increased. This takes the form of and (3.11)] as a function ofZ. We compare results for the
sharp resonancéhe Kondo resonangén the local density strongly correlated system at several temperatures with that
of states at the atom which appears near the Fermi level der the noninteracting system. We see a strong enhancement
seen in Fig. 1. The corresponding Kondo temperaligeat  of the friction in a region that coincides with the existence of
the given distanc& are shown on the bottom of the figure. the Kondo resonance. We found in a previous Wdtkhat

The estimates of Kondo temperature used throughout thithe maximum enhancement occurs near the postiomere
paper are based on the Bethe an¥afiarmula for the low-  Tx(Z)~T in the case of atoms moving perpendicular to the

energy scalécalledT, in Ref. 38, surface. A quantitative difference between the two cases ex-
ists. The Kondo enhancement in the parallel motion is much
1 NA | N | €| smaller than it is for realistic parametrization of the perpen-
Te=l| 1+ N Dr(q.,_Dr F{‘ m) (4.3 dicular motion®* As a consequence, the maximum friction

experienced by atoms moving along the surface occurs
whererl is the gamma function arid, =e~ YD is rescaled/  closer to the Fermi-level crossirigere az=3 a.u) than the
for the assumed parabolic shape &fk). The Kondo tem- condition T (Z)~T would indicate. As the temperature is
peratures in the atom surface can vary over a large range d@ricreased, the Kondo resonance broadens and the enhance-
values as the adsorbates move with respect to the surfao@ent of electronic friction due to the correlation effects
For known Kondo systems, the Kondo temperatures are exweakens.
pected to be lower at surfaces due to the smaller adsorbate In the case of parallel motion, we find qualitatively dif-
widths compared to their bulk values. On the other handferent behavior of the friction with the degeneraly{Fig.
new Kondo systems, such as possibly Ca/Cu, can form &(a) and Fig. Zb)]. Unlike in the case of perpendicular mo-
surfaces withT at room temperature or hightBased on tion, where the Kondo enhancement of electronic friction
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FIG. 4. Spectral function for different atomic velocitigsof an

T atom moving parallel to the surface at a dista@ce4.5 a.u. The
-3 dotted line corresponds to the total density of states and the solid
line to the density of occupied states for=100 K, N=2, andkg

=0.8 a.u.

0 0.02 0.04 0.06

v @w) contribute. The Kondo peak broadening, which occurs at
I AR

parallel velocitiesv ke~ (the width of the Kondo reso-
FIG. 3. Electronic friction coefficienM  vs vj atZ=4.5 a.u.  hance, leads to the decrease M » when velocities reach
We show theN=2 andN=6 interacting models at different tem- this order of magnitude. This effect is counteracted by the
peratures and the noninteracting modsl=(1). kinetic population of the resonance. We see the effect of
kinetic population best foN=6 at T=100 K, where the

was stronger at large, we find the opposite relation be- giciion jnitially increases withv| . The reason why the in-

tween the frictionz and the degenerady. This is mani- . oase is present =6 but not inN=2 can be understood

fgsted by comp_aring the right and left panels of Fig. 2. The term of the spectral weight of the Kondo peak, which is
different behavior can be understood by the following arguy,ger in theN=6 system. The kinetic excitations into the

ment. . e Kondo resonance—always near the Fermi level—initially
According to.Eq.(2.19), the friction is, at IOW. enough outweighs the effect of the Kondo resonance broadening. We
temperatures, given bykd(NA(Z))Aa(er), assuming each yemonstrate the behavior of the spectral function vevgirs
of the N atomic levelsa has the same width and spectral g 4 \where we show the steady-state spectral functions at
function. The parameteNA(Z), an input parameter in OUr - gigterent atom velocities foZ = 4.5 a.u. The density of states
calculations, is kept constant for different degeneracies. Thig, yelocities up tov;=0.001 a.u., is virtually indistinguish-
choice ensures that the tunneling rate and the atomic levelye from the equilibrium DOS. The effects of parallel ve-
width are independent dfl in the Kondo regime where the locity on the Kondo resonance are apparemt;at0.002 a.u.
level occupation)y=Nfdwf~(w)A,(w) is almost 1. Thus wherev ke>Ty. | ’
the friction is essentially given by a product of  yne pehavior of the spectral functions in Fig. 4 can be
N-independent quantities and the spectral density of State&plained as follows. When the atom moves along the sur-
Aa(eg) for electrons in levebh. The total density of electron face, the system is out of equilibrium by virtue of the chang-

states at the Fermi leveh(er) =NA,(eg), increases witiN . . -
because the spectral weight shifts away from the broad res ng phase c.)f the potentialy,(R(t)). Th? Kondq resonance
orms on time scales comparable with the inverse of its

nance ate, into the Kondo resonance ap: However, the width. The frequency of oscillations in the phase of the po-
density of states associated with a particular leagl.e.,

A,(er), decreases with degenerady This explains the tential Via(R(1)) is @=vke. As the frequency increases
trend in Fig. 2. and becomes comparable with the Kondo peak width, forma-
We now turn to energy transfer at finite parallel velocities.tion of the resonance is adversely affected by the motion.
We summarize our results in Fig. 3. We show the friction h& Kondo peak is smeared out by the apparent broadening
coefficientM 7 for theN=2 andN =6 interacting systems at of the Fermi surface as electrons moving parallel and anti-
two temperature§ =0.001 andT=0.01 hartree, and for the parallel to the atom motion appear to have diffedent The
noninteracting Ki=1) system aff=0.001 forZ=4.5 a.u. width of the Kondo resonance thus has a lower bound given
We only show one temperature for the=0 model because DY the frequencyn. At the same time, the electron popula-
the friction exhibits very little temperature dependence infion iS seen to be kinetically excited aboeg. Different
this range. At small/, the friction converges to a constant values ofkg rescale the frequenay at a given velocity.
value provided by the LFA limit. The main effect of is the

deviation of the friction coefficienty from its LFA limit at B. General direction, v = const
velocitieskgv~I', wherel" is the width of the narrowest  |n this section we discuss the energy transfer in the case
feature in the electronic structure. of a more general trajectory. In particular, we address the

The correlated system&l=2 andN=6) show the inter-  question of the interference between the parallel and normal
play between the two electronic time scales involved. Deviadirections. We can write the energy transfer formally as a
tions from the LFA values begin to appear at much smallesum of three terms,

v| than in the noninteracting system, and the dependence of oL o
friction on the parallel velocity is nontrivial. Two effects E(R,Q)=E|(R,Q)+E,(R,Q,) +interference. (4.2)
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the velocity. However, as the kinetic energy of the nuclei
vz =0.001 au. increases, the frictiom itself depends on velocities and de-
T=0.001 a.u. viations from the linearity appear. The velocity at which the
LFA breaks down is generally much lower if the strongly
correlated mixed valent and Kondo states are important. The
deviations from the LFA occur whekgv|~ vy, wherey is

the width of the Kondo resonance. Since the Kondo peak is
much narrower than the level width, the effect of parallel
velocity is felt much sooner by the correlated system. The
strong and anomalous temperature dependence of the friction
in the Kondo regime should provide the experimental signa-
ture for the effects studied here.

20

15

10

Mn (amu/ps)

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

35 4 4,‘5 5 55 The method for solving the NCA equations has been de-
7 (a.u.) scribed elsewhere both for the equilibrithinand the

nonequilibriun?*’ situations. We refer the reader to these
papers for details. In this appendix, we outline the generali-
zation of the theory due to the nonzero parallel velocity and
we summarize the most important steps and formulas.

_ The equations of motion are written in terms of the aux-
Here,E, (R,Q,) is the perpendicular component given by iliary Green’s functions of NCA. The Green’s function for

Eq. (3.5 and evaluated fof=(0,Q,). The parallel compo- the levela is G, g(t,t")=—i(Tcca(t)ci(t'))s and for the

. N N A Tryr - H
nentE(R,Q)) is given by Eq.(3.4) evaluated at a distance slave bosonBg(t,t") = —i(Tch(t)b'(t"))g. The physical
given by the positionﬁ and assumingjz(d“ 0) at that propagator for the electrons in the atomic leeglis, within

4 . ) ; the NCA  approximation, given by G,a(tt’)
time. The interference term is equal to the difference be_—i(TCaa(t)a;(t'»Q”, where a,(t)=b'(t)c(t) and the

tween the total energy transfer and the two contributions. It bolT -~ orders th ¢ dina to thei ii
is important to ask whether the interference term can be Iarg%ym Ol ¢ orders Ine operators according to their position on

. . 31
under certain scattering geometries and whether it can altét contourG m_the complex time p!an%? The effect of the
the conclusions of the analysis presented here and in I. It iBarallel velocity enters the modified self-energies expressed

certainly possible that an atom moving at an ang@l&ith In terms of the quant|t|eK'a,@(t,t ) defined n E_q.(2.2®. .
respect to the normal to the surface will no longer suffer th The self-energy of the noninteracting system is identical with

friction enhancements found in I. This can happen becaus a'@(.t’t,)' The NCA expressions for the self-energies of the
. - . atomic level electrons are
the Kondo resonance is destroyed by lavge see Fig. 4.

We find the interference term small under all experimen-
tally relevant conditions. However, as Fig. 5 demonstrates,
the parallel velocity has an effect da, (t) equivalent to RA - RA
raising the electronic temperature wikiav~T. Neverthe- Ea,é(t't’):Ka,é(t't’)Bé (6L, (A2)
less, significant Kondo enhancement of electronic friction
persists for angles as large as 60°.

FIG. 5. Electronic friction coefficienM » as a function of scat-
tering angle foN=2 and atv,=T=0.001 a.u. The arrows indicate
the direction of atomic motion.

3oLt =K 5L B (L), (A1)

and the slave boson self-energies are

V. CONCLUSIONS Hg(tt ):é Kag(t' DG, gt (A3)

We studied the effect of intra-atomic Coulomb correla-
tions on electronic friction experienced by atoms or mol- RA L L/ < iy RA . o/
ecules moving near a metal surface. We evaluated the effect Mg .t Za Kag(t'iGagltt). A9
of the off-normal component of atomic motion on the Kondo
enhancement predicted in I. The coupled equations of motion are then solved with these
We have shown that magnetic atoms moving near metdpodified self-energies in exactly the same way as discussed
surfaces experience friction that could be significantly largei" Ref. 37. ) ) A
than that predicted by the traditional noninteracting theory. In the steady stateR;(t)—Ry(t")=Q(t—t"), and the
The Kondo enhancements are not as large for atoms movingglf-energies depend on the time difference only. The system
parallel to the surface as they can be in the case of perpeis thus described in terms of time-independent Green'’s func-
dicular motion. The maximum enhancement occurs at a disions. We can write their solution in a standard way,
tance from the surface where the Kondo temperafyré of
the same order of magnitude as the temperature of the band g:'g(w):[w_ e_zzg(m)]—l (A5)
electrons. The friction is also strongly position dependent. At ’ ’
low velocities, the friction forcé;= M »v is proportional to  and
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< (a)=CR- <. . is the effective mass of the band electrons and the energy is

Gag(®) ga’Q(w)Ea'Q(w)gg'Q(w)' (A6) measured from the bottom of the band. We remind the reader
Given the appropriate form of the self-energies, the last twahat all energies in the other parts of the paper are measured
equations represent model-independent expressions. Hofom e-. We define a wave vectar= J2m* @ of an elec-
ever, care must be exercised in writing the equivalent expresron with energy », and the Fermi wave vectokg
sion within NCA. The two equations are still valid assuming = \/2m* .. Using our convention oé-=0 with the band of
the physical propagatd, () is everywhere replaced by \idth D, the relation between and kr is expressed ag
the auxiliary oneG, g(w) and NCA self-energies are used. —_./(1+ w/D).

In order to obtain a self-consistent NCA solution, we also  For the above model of electron energies, simple calcula-

need the auxiliary slave boson propagators tions yield
BS () =[w—TI§"(w)] " (A7) qv , v
and 2 do-e)=25 XKoo= —. (B2
Bg () =Bg(@)I15(0)B3(w). (A8) and

The solution of the coupled steady-state equations is then . _
formally identical with the equilibrium solution discussed in > e S(w— €)= ———sin(gX). (B3)
Brunner and Langreffi with the modified self-energies de- . 2m°X
fined here. The band average in E¢3.13 is then

APPENDIX B: EXPLICIT FORM OF THE BAND il X\ — sin(q X) B4

AVERAGES (€50 =—x (B4)

In this appendix, we show the calculation of the bandThe average in Eq3.15 is obtained by differentiating the
averages appearing in the text. For this purpose, we makelast equation with respect % and is
further assumption that the magnitude of the atom-metal in-
teraction depends on the wave vector only through the band Xy i |sin(gX)
energy, i.e.Via(Z)=V,a(2). In this case, the potential can (k€)= qx —CoggX) . (BS)
be taken out of the sum in the definitied.18 and we can

Finally, the average appearing in EQ.19 is

write
s 1 w
2 f(k)d(w—e) (=31t g/ (B6)
(f(k)= : (BD) For the parabolic band, we can also write an explicit expres-
Ek o= €) sion for A (w,Z) which was defined below E@2.23),
We will also assume a simple parabolic dependence of the ® D+w>
. -  2rek " Aw,2)=A(Z)| 2=+ k(w)In . (B7)
band energies on wave vectari.e., e,=k“/2m* , wherem D D-w
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