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Room-temperature Kondo effect in atom-surface scattering: Dynamical ™M approach
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The Kondo effect may be observable in some atom-surface scattering experiments, in particular, those
involving alkaline-earth atoms. By combining Keldysh techniques with the noncro€s®4) approximation
to solve the time-dependent Newns-Anderson Hamiltonian itdthex limit, Shao, Nordlander, and Langreth
found an anomalously strong surface-temperature dependence of the outgoing charge state fractions. Here we
employ a dynamical N expansion with a finite Coulomb interactidhto give a more realistic description of
the scattering process. We test the accuracy of tReekpansion in thél=1 case of spinless fermions against
the exact independent particle solution. We then compare results obtaineddna-threlimit with the NCA at
N=4 and recover qualitative features already found. Finally, we analyze the realistic situation of Ca atoms
with U=5.8 eV scattered off G001) surfaces. Although the presence of the doubly ionizetl Gpecies can
change the absolute scattered"Gaelds, the temperature dependence is qualitatively the same as that found in
theU—co limit. One of the main difficulties that experimentalists face in attempting to detect this effect is that
the atomic velocity must be kept small enough to limit kinematic smearing of the Fermi surface of the metal.
[S0163-182608)09435-1

[. INTRODUCTION at least in the static cas&ijt can only be easily applied to the
dynamical problem in thé&) —« limit. However, renormal-
The interaction of a localized spin impurity with the con- ization group(RG) calculations show that the parameters of
duction electrons of a metal is a well known and interestinghe system in the finité} casé?*3 can differ significantly
problem! The Kondo effect arises as a result of the interacfrom those in thdJ) — o limit; in particular, the Kondo tem-
tion, and thermodynamic properties such as susceptibilitperature depends od. Thus physically reasonable values
and specific heat have been thoroughly studied for manyor U should be used in realistic calculations. Finally, NCA
years, both theoretically and experimentdlif.Nonequilib-  has additional problems as it neglects vertex corrections.
rium properties of these systems, however, are not well Unzermj jiquid relations are not recovered at zero temperature.

derstood. _ , Instead spurious behavior shows up in the spectral density of
Recent advances in the construction of small quantung, . impurity4

dots permit a high degree of control in the coupling between

localized and extended electronlc stgtes. Measurements ﬂl;e dynamical ™M method. Details of the method have been
transport through dots give clear evidence for the Kondog

effect® Shao, Nordlander, and LangretlSNL) recently presentgd ifh11.X° Both resonant and Aug(_ar.processes can be
pointed out that atomic scattering off metal surfaces is an-lreated in the same framework, as can fitite The metho.d.
other arena for the Kondo effect. The rich variety of atomicN@S been used to study charge transfer between alkali ions,
levels, work functions, and couplings permits the investiga-SUch as Li and Na, and metal surfaces. Semiquantitative pre-
tion of many regimes. For example, as it encounters the sufdictions of Li(2p) excited state formation and final charge
face, an atom can evolve from the empty orbital regime intdractions agree well with experimeht;” in contrast with
the local moment regime, passing through the mixed valenciidependent particle theories which ignore the essential
state at intermediate distances from the surface. Strikinglyglectron-electron correlations. Here we extend the previous
the Kondo scale can easily attain room temperature becau®eork of [1] by including a new sector in the wave function
the atomic level crosses the Fermi energy. The velocity ofvhich describes the amplitude for two particle-hole excita-
the incoming ion may also be tuned to probe the differentions in the metal. As this sector is of ordeN#/the accu-
regimes. However, only at sufficiently small velocities is racy of the expansion is improved. A further extension of the
there enough time for a well-developed Kondo resonance tgolution permits treatment of nonzero substrate temperature.
form. The Kondo screening cloud manifests itself in en- This paper is organized as follows: In Sec. Il we briefly
hanced neutralization probabilities at low speeds and reducediscuss the theory and its new features. In Sec. Ill we present
temperatures. results in both theJ—oo limit and in the physical finite-U
One theoretical approach used to analyze highly nonequisase. TheJ —« limit is studied for the purpose of compar-
librium atom-surface systems is the Keldysh Green'sing our 1N results atN=4 with previously published NCA
function techniqué:® combined with the noncrossing ap- results® As a further test of the N expansion we also
proximation (NCA).>° This approach typically takes the present results extended down to the spinNssl limit. In
repulsive Coulomb interaction strendgthbetween electrons this case, there are exact independent particle results which
residing on the impurity or scattered atom to be infinite. Al-can be used to test the accuracy of thd &kpansion. Fi-
though NCA has been extended to treat the case of fihite nally, the physically relevant case of finité andN=2 is

In this paper we present an alternative approach, namely,
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examined to determine whether or not Kondo effects are acsettingU=0 andN=1 in Eq. (1), on the other hand, yields
cessible to charge-transfer experiments. We conclude in Sethe  spinless  independent-particle ~ Newns-Anderson
IV with a discussion of the conditions which must be satis-Hamiltonian&1°

fied in charge-transfer experiments which search for the Explicit time dependence enters through the classical ion
Kondo effect. trajectory. As the ion’s kinetic energy is typically much
larger than the electronic energy, the trajectory to a good
approximation may be considered fixed. Thus the distance of
the ion away from the surface may be written simply as

Independent-particle descriptions of charge transfer fail to
account for many interesting and nontrivial phenomena. z()=z;—uit; t<tym=(z—20)/U;,
Here we briefly review the main features of correlated model

we employ and its approximateN./solution. Details can be
found |I;)] [|)]/_15 PP z(t)=zo+ug(t—tym); >ty ()

Il. THEORETICAL BACKGROUND

In other words, at timé=0 an incoming atom at position
A. The model z=2z; moves at perpendicular velocity towards the surface.

Our model for atom-surface system is the generalize(f‘t the turning pointz=z; it reverses course and leaves with

time-dependent Newns-Anderson Hamiltonian. For concreteX€10City U . We also consider trajectories which start from

ness we first consider the case of alkali atoms, and then latdh€ Surface at=0 a”>d2220' Perpendicular incoming and
show how a particle-hole transformation permits the descrip@Ut90ing velocitiesu;=uy can differ to account for loss of

tion of alkaline-earth atoms. To organize the solution sysKkinetic energy during the collision. We assume in the follow-

tematically in powers of N, the atomic orbital is taken to "9 that energy deposited as lattice motion is decoupled from

beN-fold degenerate. The physical case of electrons with UIShe electronic degrees of freedom, at least over the relatively

and down spins can then be studied by settihg2 short time scale of the atom-surface interaction.
’ The energy of a neutral alkali atom relative to the Fermi

energy, which we denote [ A°], shifts due to the image
& & o o otential and saturates close to the surface:
HO=2 [ (2)P1+€2(2)P2]e} Car+ 2 elcis potent ! !

E[A%]=€;"(2)

+N-Y2Y IV E(2)P+VE(2)P,]cl ¢, + H.c.
;k{[ i 2P+ Vai(2)P2lea e J =W, +[INZ + 16(2— Zi) 2422,

1 .
+ EZ Uaana(na_ 1)+ 2 Uabnanba (1) z= Z'm
a a>b
E[A°]=W—1,+Vyaxi, Z<Zim- (4)

where the indicea labels the discrete set of atom states and . o _
k labels the continuum of electron states in the metal. ProHerel , is the ionization energy required to remove one elec-

jection operators?; and P, project, respectively, onto the tron from thea qrbitaI,W i,s the work funct?on, and/max|_is
one and two electron subspaces and can be written explicitl}?e maximum image shift of the atomic level as it ap-
in terms of the occupation number operators. Implicit sumProaches the surface.

mation over repeated raised and lowered spin indices,  !tiSimportant to notice thatin the Hamiltonian of Eq),
=1,2,... N, is assumed. the unoccupied atomic state’ is defined to have zero en-

Parameterg(2), €2(2), Vi)(2), andV2)(z) are, re-  ET9Y SO that it isE[A°] and notE[A™] which shifts. Like-
spectively, the orbital energies and matrix elements for 1 and’'>€ the energy of the douk_)ly occupied conflgurat!on does_
2 electrons. The use of the projector operators enables us t .Sh'ft as thglengrgy_ required 1o convert a negative alkal
use different couplings depending on the number of electron®" Into a positive ion 'S cqnst(a?t at all d|.stiances from the
in the atom. The couplings are divided by the square root oftrface. Thus the cgmpmanorrz (2) + Uaa is independent
the degeneracy/N so that the atomic widtiNI' remains of z(t) and we obtain simply
finite and well defined in th&l—« limit. As excited states
of the atom with two electrons occupy orbitals high in en-
ergy they are excluded. We therefore tdlkg,—~ whena Finally the Coulomb interaction can be expressed as the dif-
#0 andb+#0. In the limit U=Uy—x the above Hamil- ference between the affinity and the ionization levéls:
tonian reduces to a simpler, but still nontrivial, form as now=U,,=A+1,, where the affinity is a negative quantity.
the atom can be occupied by at most one electron:

eP=W-1,. (5

B. The model for alkaline-earth atoms

H(t)= W(2\P.ctoc. + cloc While a fre_:e alkgli atom, say Li., has one electron in the
® Ea: €a (2P1Ca"Cay Ek: €k Cko valences orbital, Li(2s'), an alkaline-earth atom, say Ca,
has a filleds-shell configuration, Ca(). Due to the image
+ N2 v (2 P.ct?c, +H.cl. 2 potential, the neutral Li atom tends to ionize by_transfer of its
g‘( Va(2)Pica ek t @ valence electron close to the Cu surface, yielding the closed-
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shell configuration Li(1s?). In contrast, the most probable The total energy of the two-hole configuratigh, E™ ", then
state of a Ca atom close to the surface is' @s') which  shifts like

has an unpaired spin in the valence orbital. This difference is 47— (2)

what makes the alkaline-earth atoms interesting candidates EIA-E"T]=2¢7(2)+U

for revealing the properties of the Kondo screening cloud =2(|a—W)+U—4[1Nﬁ1aX,|
near metal surfaces. We may easily treat the case of alkaline- o) 411l
earth atomgdenoted byA_E) within the wave-function an- +16(z—zm) /€]

satz discussed below in the next subsection by performing a
particle-hole transformation. This canonical transformation
is implemented by switching all of the electron creation and E[A_E**]1=2(1,~W)+U =4V ai, 2<zim. (7)

annihilation operatorsc,— —cl, cI——c,, c,—c}, and
t

72>Zim

. . . HereV ,ax andV .4 are, respectively, the maximum shifts
Cx— Ck. Minus signs have been introduced to keep g in the one- and two-hole orbital energies. Far from the sur-

matrix elements invariant. i, _is particle-hole symmetri_c a5 face, the doubly ionized level shifts four times as much as
we assume, the transformation leaves the Hamiltonian ury i

changed up to an irrelevant additive constant as long as tngﬁtssglgehg/%r:zvig;&v% g?hn:regl:geg.tly it can play an impor
energy of the atomic orbital is also reversed in sign. Thus

€1 should now be interpreted as the energy time of one hole C. Approximate solution of the model

in the s orbital of the atom, corresponding to a positive
alkaline-earth ionA_E™* . In this case it is appropriate to set
the energy of the neutral atom to zeE,A_E°]=0. Also
the image shift is reversed in sign. Again taking into accoun
image saturation close to the surface, the level variation as
function of distance is given by

The time-dependent many-body wave function is system-
atically expanded into sectors that contain an increasing
umber of particle-hole pairs in the metal. Amplitudes for
ectors with more and more particle-hole pairs are reduced
8y powers of IN. This approach was used with success by
Varma and VYafé® and by Gunnarsson and

E[A_E*]=eD(2) Schsmhammer!?2 to describe the static ground-state prop-
B a erties and spectral densities of metal impurities such as Ce. It
=1,—W—[1INZ + 16(z2— z;,)2le*] 12, was first applied to the dynamical problem in 1985 by Brako

and Newns? three sectors were included in this pioneering
z>z,,  work. Subsequent work extended this ang4t?:*The im-
proved ansatz for our wave function now has six sedfars
E[A_ET]=1,—W—Vax, Z<Zp. (6)  details, seél)):

[2(t)) = F($)I0) + D bu(t)la; k) + Z;JeL,k(tﬂL,k) + 2 dig(t)|k, q)
k,

a; k q<k

A
+ Z Sa;L kq(t)]@; L7k’q>s + Z aa;Lkg(t)|a; L, Kk, q)
a; L, q<k a; L, g<k

+ Z gLrpyqu(t)lL’ P’ k’ q>s + Z thprkyq(t)|L7 P’ k7 q)A
L>P, q<k L>P, q<k

new sector

+ {rest of Hilbert space} . )

Here |0) represents the unperturbed filled Fermi sea of the As the last sector included in the above expansion(&q.

metal and either an empty alkali valence orbitAl") or a is O(1/N?), the accuracy of the W expansion has been
filled alkaline-earth orbital A_ EO). As the Hamiltonian improved compared td] which only considered terms up to
conserves spin, the many-body wave function describes thg(1/N). The orthonormal basis for this two particle-hole

spin singlet sector of the Hilbert space. The physical meansair sector can be written as the superposition of two ampli-
ing of each of the amplitudes differs for alkali and alkaline 'E)udes perp P

earth atoms. For alkalig_,(t) is the amplitude for a positive
ion with an empty valence shell, one electron in state
>kg of the metal, and one hole in state kg of the metal,
wherekg is the Fermi momentum. For alkaline earths, on the S— ta 18
other hgndeL,k(t) is the amplitude for a neutral atom with a IL.Pk,a)°= 2N(N— 1){CL CiaC' Cas|0)
filled s orbital, an electron in state>kg of the metal and a ta ig

hole in statel <kg in the metal. +¢[“CqaCp Cipl0)}-
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10° : . ; .

1
LPKkaor=—" scle 18
ILPka) \/2N(N+1){CL CaC Cael O)

—cl“CquCCisl 0)}. 9

-1

The decomposition into symmetric and antisymmetric parts 10
reflects the different ways that two electrons can move from
two occupied states of the metal labeledlbgandq to two N
unoccupied states labeled ByandL. The sector is depicted, o
along with all the lower order sectors, in Figh8of [I]. The
retention of theO(1/N?) sector improves loss of memory,

2 |

the experimental observation that the outgoing charge prob- p——

ability distribution of alkali and halogen ions is independent —-— N=2

of the incoming charge stat but otherwise does not alter — Nt

any of the results presented below qualitatively. 10° ‘ : : ‘ ‘ :
0.0 50.0 1000 150.0 2000 250.0 300.0

The equations of motion are obtained by projecting
the many-body Schobinger equation, id/dt|W¥(t))
:ﬂ(t)?p(t», onto each sector of the retained Hilbert FIG. 1. Final pos_itive fractions_ a=0Kasa func_:tion of the
spacel. As a practical matter, the metal is modeled by a sefnverse of the velocity for_t_hrc_ae different degeneradies 1, 2, 4.
of M discrete levels both above and below the Fermi energy!he atom starts from equilibrium @5=3 a.u.
and the Fermi energy is defined to be zero. Typically . _
=20 in our calculations, but we test the numerical ac:curaC)ges'er t.hermal average. In practice only 30 random states
by using larger values d1 up to M =50. The states in the are required to yield accurate results.
metal are sampled unevenly: the mesh is made much finer
near the Fermi energy to account for particle-hole excitations 1. RESULTS AND DISCUSSION
of low energy, less than 100 K. To be specific, the energy
levels have the following form:

Inverse perpendicular velocity (a.u.)

We first compare the IV expansion with the NCA ap-
proach in thed — oo limit. Then we study the more realistic
case of finiteU =5.8 eV which describes a scattered calcium
[ek-V2IM_1]  k=1,2,...M. (100 atom.

€= +

e’-1

HereD is the half-band-width of the metal. Thus, the spac- A. U— o case

ing of the energy levels close to _the Fermi energy s reduced yyo begin by considering an alkaline-earth atom initially
from the evenly spaced energy intervaliM by a factor i, oquilibrium close to the surface. At tinte=0 it leaves the

of y/(e”=1)~1/13 for a typical choice of the sampling P& surface at constant perpendicular veloeity and we follow
rametery=4. The density of statep=M/D, however, is  ,o charge transfer along the outgoing trajectory. For the
kept uniform by including compensating weights purpose of comparing with previous work, the atom-surface
U TR system is modeled with the same parameters as those em-
\ /7— (11) ployed by SNL® By setting Vo we obtain the pure
e’—1 image shift of the levele,(z) =e,(*) —e%/4(z— z,) with
in all sums over the continuum of metal statesvhich ap- the image plane positioned as .it should be for a Cu surface:
pear in the equations of motion for the component ampliZim= 1.0 &.u. away from the jellium edge. The energy of the
tudes. Numerical solution of th@(M*) coupled differential atomic level far from the surface is set &(=)=1 eV
equations is performed with a fourth-order, Runge-Kutta al-220ve the Fermi energy. This positive level is the energy of
gorithm with adaptive time steps. The double-precision code2n€ hole in a alkaline-earth atom, as explained above in Sec.
written in C using structures to organize the different sectordl- We set the turning point in the trajectory of the ion at
of the many-body wave function, runs in a vectorized formZo=3 &.U. The half-width of the level\, is dgfmed using
on Cray EL-98 and J-916 machin®s. the independent particle formula &s,=wpV;, and the
Nonzero temperature is incorporated by sampling excitedalf-band-width of the metal is set 0=5 eV. The atomic
states, weighted by the Boltzmann factor. That is, at initiaWidths A can be obtained from first-principle independent-
time t=0 when the atom is either far from the surface, or atParticle calculation$®~* Following SNL; we assume a

the point of closest approach, the operator simple exponential drop off for the width by settidg,(z)
=Aqpe” %, whereA;=0.75 anda=0.65 a.u.

, B . N In Fig. 1 we plot the final positive populations versus the
= lim (1_ mH(O)) (12 inverse of the velocity for three different values of the de-
N—oo

generacy factoN=1, 2, and 4, and at zero surface tempera-
is applied to a set of random initial wave functions, and eachiure, T=0 K.
resulting wave function is then integrated forward in time As the electron-hole transformation has been employed
until the atom is far from the surface. Observables such abere to describe the alkaline-earth atom, Biecharge frac-
the atomic occupancy are then computed, and an averadi®ns plotted in Fig. 1 should be compared with theutral
over the ensemble of initial states is performed, yielding thedccupancies plotted in Fig. 4 of SNLFigure 1 shows that

1 .
exr{ — E,G’H(O)
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TABLE I. Comparison at different perpendicular velocities of 10° ‘ 1
the exact independent particle solution to the spinless Hamiltonian
and the IN expansion aN=1.
u; (a.u) 1u; (a.u) P*(exac} P*(1/N)
10"
0.1 10.0 0.717 0.630
0.03 33.3 0.555 0.417
0.01 100.0 0.2384 0.189 t
0.003 333.3 0.0112 0.0143 ,
10%
the final positive fractions decrease with increasing degen- T I:;gOKK
eracy factoN. This is as expected from static calculations. — T=1000K
For a fixed atomic position, the spectral weight right above N ‘ . ‘ . . ‘
the Fermi energy is enhanced as the degeneracy of the 1 00 500 1000 1500 2000 2500 3000
atomic level is increased, reducing the occupied fraction be- Inverse perpendicular velocity (a.u.)

low the Fermi energy. This effect can also be understood
from the Friedel-Langreth sum rufé.

Also apparent in the semi-logarithmic plot of Fig. 1 is a
breakdown in linearity ilN =2 andN=4 cases in contrast to
the spinlessN=1 case. Although a similar upturn at high dependence of the final scattered fractions. Although spectral
velocities is found within the NCA approach, the effect heredensities are of interest and contain more information, we
is quantitatively smaller. SNKRef. 9 explain the upturn as restrict ourselves to the calculation of physical observables:
a nonadiabatic effect due to the existence of two time scalege occupancies of the various sectors along the trajectory.
in the problem, a slow time scale set by the Kondo temperaThese quantities give indirect information of the highly cor-
ture and a rapid time scale set by the level width. Anothefrelated states formed close to the surface. In Figs. 2 and 3,
interesting feature in the figure is the convergence ofNhe we present the final fractions versus the inverse of the veloc-
=2 andN=4 yields to the spinlessi=1 yield at the lowest ity for different temperatures and with spin degeneraty
perpendicular velocities. As the velocity is decreased the=4 and 2, respectively. We observe that the final positive
freezing distance moves outwards and eventually the atorsharge fractions are enhanced as the temperature is in-
attains the empty orbital regime. In this regime the many—reased. The W method reproduces the qualitative tempera-
body and the independent particle solutions agree as the efare dependence found in the NCA appro&obmpare Fig. 2
fect of the electron-electron interaction is negligible. with Fig. 4 of SNL (Ref. §]. We do not expect to get the

We would not expect the i/ expansion to give accurate same absolute yields as the NCA. For example, while we
results atN=1. Yet in the static case it has been have used a constant density of states to model the substrate,
demonstrated that the 1IN expansion is surprisingly accu- SNL (Ref. § use instead a semielliptical band. Because the
rate even down tdN=1. In contrast, the NCA approach re- Kondo scale depends on both high and low energy processes,
tains spurious remnants of the Kondo peak in the spectrais numerical value will differ depending on the choice of the
density of the impurity aN=1. The breakdown in NCA, an band structure. Nevertheless, the good qualitative and semi-
approximate solution which sums up a selected set ofjuantitative agreement between the two approaches suggests
O(1/N) diagrams, can be attributed to the neglect of vertexhat the NCA breakdown at low temperatures is not a prob-
correctiond! which are one order highe®(1/N?). The IN  lem here®
expansion includes these diagrams, but does not resum them. As emphasized by SN(Ref. 6 the final fractions show
As a consequence, static calculations of the impurity spectratrong temperature dependence which cannot be understood
density within the IN expansion can only yield & function  from an independent particle picture. Again settihg 1 the
peak at the Kondo resonance. The integrated weight is coresults of Fig. 4 show that the temperature dependence is in
rect, but only within a resummation scheme like NCA does itfact negligible as expected. There is some small temperature
broaden out with nonzero widfH. dependence at high temperatures, but this is just the usual

In Table | we present values for the final charge fractionshermal effect encountered previously in simple independent
obtained from the exact independent particle solution to thearticle pictures®

FIG. 2. Final positive fractions versus the inverse of the velocity
for four different temperatures:=10, 300, 1000 K in the cadd
=4 andU—o~. The atom starts from equilibrium a=3 a.u.

spinless Hamiltonial? and the 1N approximation aN=1 In Fig. 5 we have also plotted the temperature dependence
andT=0 K as a function of different perpendicular veloci- of the final fractions for four different degeneracies of the
ties. impurity: N=1, 2, 4, and 8 and at a fixed velocity of

The number of particle-hole pairs formed is always small,=0.003 a.u. While in thé&N=1 spinless case the final posi-
typically less than £ and this fact accounts for why sectors tive fractions remain fairly constant, faN>1 there is a
in the wave function of order higher tha®(1/N?) do not  strong temperature dependence of the final fractions with the
contribute significantly to the final fractions. Thus théN1/ temperature. As expected the temperature dependence is
expansion retains high accuracy even in the most unfavorstronger for larger degeneracies of the atomic orbital.
able case oN=1. Thus, as the temperature of the substrate decreases, neu-
Up until now we have only considered the case of a zeroiralization takes place more efficiently. The effect may be
temperature metal surface. We now study the temperatunenderstood from the static picture, as the screening of the
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10° , . ; : 0.20 ; . ;
0.15 -
10 ]
+ 010
+ﬂ. a
107 .
——— T=10K 0.05 |
——- T=300K
—-— T=600K
— T=1000K -y
10° ‘ ‘ ‘ ‘ . ‘ 0.00 : : : :
0.0 50.0 100.0 150.0 200.0 250.0 300.0 350.0 0.0 200.0 400.0 600.0 800.0 1000.0
Inverse perpendicular velocity (a.u.) T(K)

FIG. 3. The same as in Fig. 2 but settiNg=2. FIG. 5. Final positive fractions versus temperature for a fixed

velocity of u;=0.003 a.u. and different degeneracies of the atom:

unpaired spin of an impurity in a metal becomes more effecN=1, 2, 4, and 8. Th&J—c limit has been taken, and the atom
tive as the temperature drops below the Kondo scale. In thgfarts az=3 a.u. in the equilibrium ground state.
dynamical problem the final outgoing charge fractions reflect . . . . .
this fact as screening of both the unpaired spin and charg@e metal enhancing the final positive fractions. For distances
occur together. larger tharz= 8.0 a.u., the system reaches the empty orbital

Insight into the anomalous temperature dependence cd§9ime and the bare and renormalized energy levels converge
be obtained by analyzing the renormalization of the param@S Many-body effects are negligible. Of course in the spinless
eters of the system when the atom is held at a fixed distandd =1 c@se, the level remains unrenormalized, anc:%there IS
from the surface, at equilibrium. Table I records the valued'€dligible temperature dependence in the final fractions.
of the bare atomic level. the unrenormalized width. and YWhen the atom is sufficiently close to the surface it enters
Haldane’s scaling invariat E* for different distances at € local moment regime. If the atom stays for a long time in
zero temperature. Although perturbative scaling can only pdhis S|tuat!on, the_ electrons gt the Fgrm| level couple antifer-
safely applied in the weak-coupling reginte,<D and U romagnetically with the unpaired spin of the atom and screen
>D>|e¢,|, at sufficiently large distances from the surfacethe_ Impurity spin. Agtestlmate. of the Kondo temperature
(see Table N these conditions hold. The fractigiE* /A | using I:he I3~ethe—ans rlls_olhutlon n t_heU|—>oc atz=3 'aﬁu.h
determines what regime the impurity is in. For most of the9!VeS keTx~0.1 eV which approximately agrees with the
trajectory, the impurity is in the mixed-valence regime position of.the Kondo peak obt_amgd from_a PlOt of sp.ectral
(IE*/A,[<1). In this regime,E* can be identified as the density using the NCA approximaticfi.While in the spin-
renormalized levéland we see from Table Il that the level is less cas;:‘ thi atorr:clc Ie\_/eI hcro;ses the Fermi Iivell Whlen It
just above the Fermi energy in the relevant spatial regior@PProaches the surface, in the degenerateNast the leve
where the level width is sufficiently large to permit signifi- SItS Just above it for a wide range of distances and eventually
cant charge transfer. As the temperature is increased theEonves into a Kondo resonance during the close encounter.

renormalized level is thermally populated with holes from A simple estimate,_ within the in_dependent particle pic-
ture, of the freezing distanag, at which the charge transfer

rate becomes small gives for=0.01 a.u. the value;,~8
a.u. This means that for perpendicular velocities 0.01 the
empty orbital regime is always inside the freezing distance.
This fact is corroborated in Fig. 1 as the charge fractions for

TABLE ll. Haldane’s scaling invariant and renormalized levels
for N=2. All energies are given in eV.

+n_ z(a.u) €a(2) A(2) E*(2) E*/A,
> 3.0 2.4 2.90 —1.482 —-0.510
oy ] 4.0 ~1.27 1516  -0474  —0.312
5.0 -0.7 0.7913 —-0.122 —0.155
—— T=1000 K 6.0 —0.36 0.4131 0.0267 0.0647
7.0 -0.13 0.2156 0.113 0.523
107 ! ! ! ! L ; 8.0 0.028 0.1126 0.180 1.602
0.0 50.0 1000 150.0 200.0 250.0 300.0 350.0
Inverse perpendicular velocity (a.u.) 9.0 0.150 0.0587 0.2412 4.104
10.0 0.244 0.03 0.30 9.722

FIG. 4. The same as in Fig. 2 but settiNg=1.
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FIG. 6. Different initial conditions: positive ion or neutral states  F|G, 7. Temperature dependence with different initial condi-
starting from far away, withuj=uy, and the initial equilibrium  tjons for the case of an alkali atom with the same parameters as
ground state starting frorsy=3 a.u. The temperaturé=0 K, N used in Fig. 6.
=4, and we have taken thg—oo limit.

such as Li or Na. Close to the surface the atom is in the
N>1 converge to those of the independent particle picture a#mpty orbital regime, there is no unpaired spin to be
low enough perpendicular velocities and at zero temperaturascreened, and there is no renormalization of the atomic-level
However, for increasing surface temperature, as explainednergy. Farther out from the surface the local moment re-
above, the renormalized level becomes populated. Analysigime can occur, but the widths are too small for significant
of the properties of this level via the spectral density led SNLcharge transfer to occur and the final fractions do not reflect
(Ref. © to conclude that the integrated charge under theany temperature dependence. Indeed, our calculations verify
Kondo peak actually freezes in the mixed valent regime, thathis picture, as shown in Fig. 7. Here the alkali atom has the
is closer to the surface than what an independent particlsame parameters as the alkaline earth in the above calcula-
picture suggests. This hypothesis explains why the anomaions, withN=4 in theU—o limit. Only the nature of the
lous temperature dependence persists even at very low vatomic states has changed.
locities. Upon increasing the value Nffrom 2 to 4 or 8, the It is reassuring to see that loss of memory is recovered in
energy renormalization increases further and the renormathe alkali case and there is a negligible temperature depen-
ized level lies above the Fermi level even for distances aslence in the final occupancies.
close az=3 to 4 a.u.

In light of these re_sults, it is interesting to reconsider how B. Finite U: Ca atoms bombarding Cu surfaces

the Kondo effect might alter the phenomenon of loss of ) )
memory, the experimentally observed fact that the outgoing 't was first suggested by SN(Ref. 6 that alkaline-earth
charge probability distribution of simple atoms such as alka@toms scattered off of noble metal surfaces are good experi-
lis and halogens does not depend on the incoming initiamental candldgtes to eXthI't the anom.alous temperature d_e—
charge state. A stringent test of loss of memory is to studyaendence. lonization energies of a!kallne-earth atoms are in
different initial conditions for the incoming ion: start the the range 4—9 eV, and work functions of noble metal sur-
atom far away from the surface in a neutral and in a positivdaces range between 4 and 5 eV. The position of the atomic
ion state. In Fig. 6 we see that both the neutral and positivéevel with respect to the Fermi energy should not be greater
yields are greater than the equilibrium ones. This breakdow#han about 2 eV; otherwise the yield 8L E* ions is too
of loss of memory for the case of the alkaline-earth atom$mall to be detected experimentally at the small velocities
can be explained from the fact that the incoming atom crefequired. To be specific, we analyze in some detail the prob-
ates particle-hole excitations in the metal which rise the temlem of calcium atoms scattering off copper surfaces. The
perature of the metal. In other words, the surface is heate@Xperimental measured ionization energy of Ca is 6.1 eV.
locally by the formation of particle-hole pairs during the The work function of the C(001) surface isW=4.59 eV.
atom-surface interaction. Heating is greater in the case of thé/e now utilize a more realistic three parameter form for the
incoming positive ion as it induces a larger number ofwidths to account for saturation at the chemisorption dis-
particle-hole pairs than an incoming neutral atom, because iNCe:
both cases the atom emerges largely neutral. We find that an

atom starting from equilibrium at,=3 a.u. with the surface A
at temperaturéT=300 K gives similar final fractions as Aa(2)= =zt (Ag/Aga)t—1Y4 (13
those obtained for the positive ion scattered off of a zero- €
temperature surface. In all calculations that follow we takd,=0.75 a.u.,Ag

In contrast to the alkaline-earth atoms, we do not expect 0.15 a.u., andv=0.65, both for the C§4s?) and for the
strong temperature dependence in the case of alkali atont3a” (4s') levels. These parameters represent a “best guess”
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FIG. 8. Final fractions versus inverse of the velocity for a Ca  FIG. 9. Evolution of the different charge fractions along the

atom scattering from a Cu surface. The atom starts from the equirajectory of a Ca atom starting from equilibriumzt=3 a.u. with
librium ground state az,=3 a.u. surface temperature set To=10 K.

but it should be possible to obtain the parameters from firsttion of distance, 8/4(z— z;,,,), compared to the first ioniza-
principle, independent-particle calculaticis?® tion level, which varies ag®/4(z—z,,). This effect pushes
We switchN to its physical valueN=2, to model the the recombination of Caions into C4 out to further dis-
actual spin degeneracy of the 4s level. The value olitie  tances from the surface where the widths are not sufficiently
given by the difference between the first and second ionizalarge for complete neutralization of the positive fractions.
tion levels. The energy required to remove an electron fronThis explains the enhancement in the probability ot @ans
the Ca 4s orbital is 11.9 eV, sty =5.8 eV. We allow the seen in Fig. 8 for perpendicular velocities as smalluas
level to vary in accord with the saturated form given in Sec.=0.0015 a.u. aT =10 K.
I, namely Eq.(6). We take the saturation of the first ioniza-  Finally we plot in Fig. 10 results for a Ca atom with the
tion energy of Ca to b¥®,,,=3 eV. This choice is justified same parameters as those used previously in the limit
by recent density functional calculations in an atomic orbital o, The Cd populations decay more quickly fdr=10 K
basis which give the total energies of protons and s  in the U—c limit than in the U-finite case. However, the
on Al metal?®3® As discussed below, the qualitative behav-T=1000 K plot in Fig. 10 resembles thé=5.8 eV case at
ior of our results do not depend on this choice. We alsazero temperature.
chooseV,ax1=3 €V so that the second ionization energy of  For finiteU Haldane’s scaling approach can be applied by
the Ca atom crosses the Fermi energy only #er3 a.u. replacing the half-band-widthD by U in the
Although this choice may overestimate the production ofrenormalization-group formuld$.For U~D the position of
ca&* close to the surface, it is a conservative condition tothe renormalized level and the scaling invariant do not
test the temperature dependence found above irtUthec  change much from th&) —o case for distancez>5 a.u.
limit. Recent trajectory simulations of Na atoms scatteredvhere perturbative scaling is justified.
from Cu surfaces in the hyperthermal energy rdhgaggest
that a turning point aroung,=3 a.u. is reasonable. In Fig. 8
we plot the final fractions as a function of the inverse of the
perpendicular velocity. 107
We have extended the calculations to perpendicular ve-
locities as low as1;=0.0015 a.u. We see that although the 10
temperature dependence is somewhat reduced in comparisor 1o
to the U—x, the anomaly remains. The positive ion yield
flattens out at low velocities, instead of decreasing rapidly, , 10+ [
presumably because activity in the Lachannel enhances &

2 |

the Ca fraction. This feature should be tested experimen- 10° | ;

tally as it indirectly shows the role played by the virtual PR S p— T=10K "
C& ™" state. We have also tried doubling the total widths of 1 | ——- T=300K 3
the double hole-occupied state. The same temperature depen- - | el \

dence is recovered.

In Fig. 9 we plot the evolution of the charge fractions 10°®
along the trajectory of the ion for a fixed perpendicular ve-
locity of u;=0.003 a.u. From this figure we see that the
Cca&* recombines into Ca quickly due to the three times FIG. 10. Final fractions for the same parameters as in Fig. 8 in
larger image shift in the second ionization energy as a functhe U—o limit.

0.0 50.0 100.0 150.0 200.0 250.0
Inverse perpendicular velocity (a.u.)
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Although an analytical expression for the Kondo temperathe spinles?N=1 case. The Kondo effect disappears in this
ture versusJ has been obtainétit is only valid to order case, and also for alkali atoms, as it should. _
O(1) in the 1N expansion. We do not expect it to give a A simple perturbative RG scaling argument explains the
realistic estimate of the Kondo scale fof=2. Quantum temperature dependence found in the degenerate cases. The
Monte Carlo calculations of spectral densities for the symbare atomic level is renormalized to just above the Fermi
metric Anderson model suggest an increase in the Kond§nergy of the metal so that it can be thermally populated.
temperature as the value bf is reduced’ In the asymmet- Finally, we examined finite physical values of the Coulomb
fic case, renormalization groufRG) calculations have been repulsionU and_excned fta_ltes appropriate for real Ca atoms.
carried out which give phenomenological expressions for thgvin thoEgh V'rt.lé?l Cd |0Ss are pg)ducr?d closel to the
Kondo temperature. Unfortunately, the validity of these ex-SU"ace, they rapidly recombine into Cas the atom leaves

pressions is questionable for parameters appropriate to t{8€.Surface. Anomalously strong temperature dependence re-
atom-surface scattering problem mains, although absolute yields differ somewhat from those

obtained in thedJ — o limit.

In the above results we have only included the lowest - ; ; ;
Experimental detection of this effect may be possible, but
. 2 + + 6
energy Ca states: &@s?), Ca'(4s) and C&(3p°). We several conditions must be satisfied. First, kinetic energy de-

now consider the effect of extending the atomic configuray,sjted in the lattice during the atom-surface impact must
tions to include the excited C43p°3d) state in the calcu-  remain largely decoupled from the electronic degrees of free-
lation. Its total energy is 7.8 eV with respect to the neutralgom, otherwise the electrons in the surface will be heated
Ce(4s?) and therefore its ionization energy is 3.2 €V mea-and mask the Kondo effect. Furthermore, both the parallel
sured with respect to the Fermi energy of a clearf000)  and perpendicular components of the velocity must be kept
surface. We increase the decay exponent for thistate to  small to avoid smearing the Fermi surface in the reference
a=1.00 a.u. and keep the prefactdp and the saturation frame of the atom. Thukg|u;|<kgT; for T=1000 K this
A, the same. Final fractions yield the same qualitative tems -nslates tdﬁ?|<0.004 a.u. in the case of a @D1) sur-
perature dependence found above. The insensitivity of OYace. As final fractions smaller than 0.1% are difficult to

result to the inclusion of this state suggests that the KOnd(&etect experimentally, it is important to choose the surface

effect is robust. work function carefully. We considered the specific case of
Ca hitting Cy001), but yields can be increased by using
IV. CONCLUSIONS different metallic surfaces with larger work functions. Fi-

We have shown that the Kondo screening cloud whicHlly, local heating of the surface in the form of particle-hole
surrounds an unpaired atomic spin reveals itself in an en€Xcitations produced as a by-product of charge transfer be-
hanced neutralization probability at low surface temperatureV€en the atom and the surface will mask the Kondo effect.
To demonstrate this we employed the dynamichl &kpan- Heating the surface, rather than cooling it, appears to be the
sion, extended to non-zero temperatures. The accuracy of th§St way to probe the anomalous temperature dependence,
1/N expansion was improved in comparison to previous® cléanest signature of the Kondo effect.
work with the addition of a new sector at ord@¢1/N?). We
calculated the final charge fractions of alkaline-earth atoms
for different temperatures in th&)—o limit, and found We thank Andone Lavery, Chad Sosolik, Eric Dahl, Bar-
qualitative agreement with the NCA approach. We also anabara Cooper, Peter Nordlander, and David Langreth for help-
lyzed the size of the temperature dependence for the case fafl discussions. Computational work in support of this re-
degeneraciebl=1, 2, 4, and 8. As expected, the anomaloussearch was performed on Cray computers at Brown
temperature dependence is enhanced with increasing degedniversity’s Theoretical Physics Computing Facility. J.M.
eracy of the atomic level. Furthermore, we performed a strinwould like to thank NATO for financial support and J.B.M.
gent test of the accuracy of theNLexpansion by examining was supported in part by NSF Grant No. DMR-9313856.
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