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Room-temperature Kondo effect in atom-surface scattering: Dynamical 1/N approach

J. Merino and J. B. Marston
Department of Physics, Brown University, Providence, Rhode Island 02912-1843

~Received 10 April 1998!

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 noncrossing~NCA! approximation
to solve the time-dependent Newns-Anderson Hamiltonian in theU→` limit, Shao, Nordlander, and Langreth
found an anomalously strong surface-temperature dependence of the outgoing charge state fractions. Here we
employ a dynamical 1/N expansion with a finite Coulomb interactionU to give a more realistic description of
the scattering process. We test the accuracy of the 1/N expansion in theN51 case of spinless fermions against
the exact independent particle solution. We then compare results obtained in theU→` limit with the NCA at
N54 and recover qualitative features already found. Finally, we analyze the realistic situation of Ca atoms
with U55.8 eV scattered off Cu~001! surfaces. Although the presence of the doubly ionized Ca21 species can
change the absolute scattered Ca1 yields, the temperature dependence is qualitatively the same as that found in
theU→` 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.
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I. INTRODUCTION

The interaction of a localized spin impurity with the co
duction electrons of a metal is a well known and interest
problem.1 The Kondo effect arises as a result of the inter
tion, and thermodynamic properties such as susceptib
and specific heat have been thoroughly studied for m
years, both theoretically and experimentally.2–4 Nonequilib-
rium properties of these systems, however, are not well
derstood.

Recent advances in the construction of small quan
dots permit a high degree of control in the coupling betwe
localized and extended electronic states. Measuremen
transport through dots give clear evidence for the Kon
effect.5 Shao, Nordlander, and Langreth~SNL! recently
pointed out6 that atomic scattering off metal surfaces is a
other arena for the Kondo effect. The rich variety of atom
levels, work functions, and couplings permits the investi
tion of many regimes. For example, as it encounters the
face, an atom can evolve from the empty orbital regime i
the local moment regime, passing through the mixed vale
state at intermediate distances from the surface. Strikin
the Kondo scale can easily attain room temperature bec
the atomic level crosses the Fermi energy. The velocity
the incoming ion may also be tuned to probe the differ
regimes. However, only at sufficiently small velocities
there enough time for a well-developed Kondo resonanc
form. The Kondo screening cloud manifests itself in e
hanced neutralization probabilities at low speeds and redu
temperatures.

One theoretical approach used to analyze highly none
librium atom-surface systems is the Keldysh Green
function technique,7,8 combined with the noncrossing ap
proximation ~NCA!.9,10 This approach typically takes th
repulsive Coulomb interaction strengthU between electrons
residing on the impurity or scattered atom to be infinite. A
though NCA has been extended to treat the case of finiteU,
PRB 580163-1829/98/58~11!/6982~10!/$15.00
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at least in the static case,11 it can only be easily applied to th
dynamical problem in theU→` limit. However, renormal-
ization group~RG! calculations show that the parameters
the system in the finite-U case12,13 can differ significantly
from those in theU→` limit; in particular, the Kondo tem-
perature depends onU. Thus physically reasonable value
for U should be used in realistic calculations. Finally, NC
has additional problems as it neglects vertex correctio
Fermi liquid relations are not recovered at zero temperat
Instead spurious behavior shows up in the spectral densit
the impurity.14

In this paper we present an alternative approach, nam
the dynamical 1/N method. Details of the method have be
presented in@I#.15 Both resonant and Auger processes can
treated in the same framework, as can finiteU. The method
has been used to study charge transfer between alkali i
such as Li and Na, and metal surfaces. Semiquantitative
dictions of Li(2p) excited state formation and final charg
fractions agree well with experiment,15–17 in contrast with
independent particle theories which ignore the essen
electron-electron correlations. Here we extend the previ
work of @I# by including a new sector in the wave functio
which describes the amplitude for two particle-hole exci
tions in the metal. As this sector is of order 1/N2 the accu-
racy of the expansion is improved. A further extension of t
solution permits treatment of nonzero substrate temperat

This paper is organized as follows: In Sec. II we brie
discuss the theory and its new features. In Sec. III we pre
results in both theU→` limit and in the physical finite-U
case. TheU→` limit is studied for the purpose of compa
ing our 1/N results atN54 with previously published NCA
results.6 As a further test of the 1/N expansion we also
present results extended down to the spinlessN51 limit. In
this case, there are exact independent particle results w
can be used to test the accuracy of the 1/N expansion. Fi-
nally, the physically relevant case of finiteU and N52 is
6982 © 1998 The American Physical Society
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examined to determine whether or not Kondo effects are
cessible to charge-transfer experiments. We conclude in
IV with a discussion of the conditions which must be sat
fied in charge-transfer experiments which search for
Kondo effect.

II. THEORETICAL BACKGROUND

Independent-particle descriptions of charge transfer fa
account for many interesting and nontrivial phenome
Here we briefly review the main features of correlated mo
we employ and its approximate 1/N solution. Details can be
found in @I#.15

A. The model

Our model for atom-surface system is the generali
time-dependent Newns-Anderson Hamiltonian. For concr
ness we first consider the case of alkali atoms, and then
show how a particle-hole transformation permits the desc
tion of alkaline-earth atoms. To organize the solution s
tematically in powers of 1/N, the atomic orbital is taken to
beN-fold degenerate. The physical case of electrons with
and down spins can then be studied by settingN52,

H~ t !5(
a

@ea
~1!~z!P̂11ea

~2!~z!P̂2#ca
†scas1(

k
ekck

†scks

1N21/2(
a;k

$@Va;k
~1!~z!P̂11Va;k

~2!~z!P̂2#ca
†scks1H.c. %

1
1

2(a
Uaana~na21!1 (

a.b
Uabnanb , ~1!

where the indicesa labels the discrete set of atom states a
k labels the continuum of electron states in the metal. P
jection operatorsP̂1 and P̂2 project, respectively, onto th
one and two electron subspaces and can be written expli
in terms of the occupation number operators. Implicit su
mation over repeated raised and lowered spin indicess
51,2, . . . ,N, is assumed.

Parametersea
(1)(z), ea

(2)(z), Va;k
(1)(z), andVa;k

(2)(z) are, re-
spectively, the orbital energies and matrix elements for 1
2 electrons. The use of the projector operators enables u
use different couplings depending on the number of electr
in the atom. The couplings are divided by the square roo
the degeneracyAN so that the atomic widthNG remains
finite and well defined in theN→` limit. As excited states
of the atom with two electrons occupy orbitals high in e
ergy they are excluded. We therefore takeUab→` whena
Þ0 and bÞ0. In the limit U5U00→` the above Hamil-
tonian reduces to a simpler, but still nontrivial, form as no
the atom can be occupied by at most one electron:

H~ t !5(
a

ea
~1!~z!P̂1ca

†scas1(
k

ekck
†scks

1N21/2(
a;k

$Va;k
~1!~z!P̂1ca

†scks1H.c.%. ~2!
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SettingU50 andN51 in Eq. ~1!, on the other hand, yields
the spinless independent-particle Newns-Anders
Hamiltonian.18,19

Explicit time dependence enters through the classical
trajectory. As the ion’s kinetic energy is typically muc
larger than the electronic energy, the trajectory to a go
approximation may be considered fixed. Thus the distanc
the ion away from the surface may be written simply as

z~ t !5zf2uit; t<t turn[~zf2z0!/ui ,

z~ t !5z01uf~ t2t turn!; t.t turn . ~3!

In other words, at timet50 an incoming atom at position
z5zf moves at perpendicular velocityui towards the surface
At the turning point,z5z0 it reverses course and leaves wi
velocity uf . We also consider trajectories which start fro
the surface att50 andz5z0 . Perpendicular incoming and
outgoing velocitiesui>uf can differ to account for loss o
kinetic energy during the collision. We assume in the follo
ing that energy deposited as lattice motion is decoupled fr
the electronic degrees of freedom, at least over the relativ
short time scale of the atom-surface interaction.

The energy of a neutral alkali atom relative to the Fer
energy, which we denote byE@A0#, shifts due to the image
potential and saturates close to the surface:

E@A0#5ea
~1!~z!

5W2I a1@1/VmaxI
2 116~z2zim!2/e4#21/2,

z.zim

E@A0#5W2I a1VmaxI , z,zim . ~4!

HereI a is the ionization energy required to remove one el
tron from thea orbital, W is the work function, andVmaxI is
the maximum image shift of the atomic level as it a
proaches the surface.

It is important to notice that in the Hamiltonian of Eq.~1!,
the unoccupied atomic stateA1 is defined to have zero en
ergy so that it isE@A0# and notE@A1# which shifts. Like-
wise the energy of the doubly occupied configuration do
not shift as the energy required to convert a negative al
ion into a positive ion is constant at all distances from t
surface. Thus the combination 2ea

(2)(z)1Uaa is independent
of z(t) and we obtain simply

ea
~2!5W2I a . ~5!

Finally the Coulomb interaction can be expressed as the
ference between the affinity and the ionization levels:U
[U005A1I 0 , where the affinity is a negative quantity.

B. The model for alkaline-earth atoms

While a free alkali atom, say Li, has one electron in t
valences orbital, Li(2s1), an alkaline-earth atom, say Ca
has a filleds-shell configuration, Ca(4s2). Due to the image
potential, the neutral Li atom tends to ionize by transfer of
valence electron close to the Cu surface, yielding the clos
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6984 PRB 58J. MERINO AND J. B. MARSTON
shell configuration Li1(1s2). In contrast, the most probabl
state of a Ca atom close to the surface is Ca1(4s1) which
has an unpaired spin in the valence orbital. This differenc
what makes the alkaline-earth atoms interesting candid
for revealing the properties of the Kondo screening clo
near metal surfaces. We may easily treat the case of alka
earth atoms~denoted byA2E) within the wave-function an-
satz discussed below in the next subsection by performin
particle-hole transformation. This canonical transformat
is implemented by switching all of the electron creation a
annihilation operators:ca→2ca

† , ca
†→2ca , ck→ck

† , and
ck

†→ck . Minus signs have been introduced to keep theVa;k

matrix elements invariant. Ifek is particle-hole symmetric a
we assume, the transformation leaves the Hamiltonian
changed up to an irrelevant additive constant as long as
energy of the atomic orbital is also reversed in sign. Th
ea

(1) should now be interpreted as the energy time of one h
in the s orbital of the atom, corresponding to a positiv
alkaline-earth ion,A2E1 . In this case it is appropriate to se
the energy of the neutral atom to zero,E@A2E0#50. Also
the image shift is reversed in sign. Again taking into acco
image saturation close to the surface, the level variation
function of distance is given by

E@A2E1#5ea
~1!~z!

5I a2W2@1/VmaxI
2 116~z2zim!2/e4#21/2,

z.zim

E@A2E1#5I a2W2VmaxI , z,zim . ~6!
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The total energy of the two-hole configuration,A2E11, then
shifts like

E@A2E11#52ea
~2!~z!1U

52~ I a2W!1U24@1/VmaxII
2

116~z2zim!2/e4#21/2,

z.zim

E@A2E11#52~ I a2W!1U24VmaxII , z,zim . ~7!

HereVmaxI andVmaxII are, respectively, the maximum shif
in the one- and two-hole orbital energies. Far from the s
face, the doubly ionized level shifts four times as much
the singly ionized level. Consequently it can play an imp
tant role even whenU is rather large.

C. Approximate solution of the model

The time-dependent many-body wave function is syste
atically expanded into sectors that contain an increas
number of particle-hole pairs in the metal. Amplitudes f
sectors with more and more particle-hole pairs are redu
by powers of 1/N. This approach was used with success
Varma and Yafet20 and by Gunnarsson an
Schönhammer,21,22 to describe the static ground-state pro
erties and spectral densities of metal impurities such as C
was first applied to the dynamical problem in 1985 by Bra
and Newns;23 three sectors were included in this pioneeri
work. Subsequent work extended this ansatz.24,16,15The im-
proved ansatz for our wave function now has six sectors~for
details, see@I#!:
~8!
n
o
le
pli-
Here u0& represents the unperturbed filled Fermi sea of
metal and either an empty alkali valence orbital (A1) or a
filled alkaline-earth orbital (A2E0). As the Hamiltonian
conserves spin, the many-body wave function describes
spin singlet sector of the Hilbert space. The physical me
ing of each of the amplitudes differs for alkali and alkali
earth atoms. For alkaliseL,k(t) is the amplitude for a positive
ion with an empty valence shell, one electron in stateL
.kF of the metal, and one hole in statek,kF of the metal,
wherekF is the Fermi momentum. For alkaline earths, on
other hand,eL,k(t) is the amplitude for a neutral atom with
filled s orbital, an electron in statek.kF of the metal and a
hole in stateL,kF in the metal.
e

he
n-

e

As the last sector included in the above expansion Eq.~8!
is O(1/N2), the accuracy of the 1/N expansion has bee
improved compared to@I# which only considered terms up t
O(1/N). The orthonormal basis for this two particle-ho
pair sector can be written as the superposition of two am
tudes

uL,P,k,q&S[
1

A2N~N21!
$cL

†ackacP
†bcqbu0&

1cL
†acqacP

†bckbu0&%.
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uL,P,k,q&A[
1

A2N~N11!
$cL

†ackacP
†bcqbu0&

2cL
†acqacP

†bckbu0&%. ~9!

The decomposition into symmetric and antisymmetric pa
reflects the different ways that two electrons can move fr
two occupied states of the metal labeled byk andq to two
unoccupied states labeled byP andL. The sector is depicted
along with all the lower order sectors, in Fig. 8~b! of @I#. The
retention of theO(1/N2) sector improves loss of memory
the experimental observation that the outgoing charge p
ability distribution of alkali and halogen ions is independe
of the incoming charge state,15 but otherwise does not alte
any of the results presented below qualitatively.

The equations of motion are obtained by projecti
the many-body Schro¨dinger equation, id/dtuC(t)&
5Ĥ(t)uC(t)&, onto each sector of the retained Hilbe
space.15 As a practical matter, the metal is modeled by a
of M discrete levels both above and below the Fermi ene
and the Fermi energy is defined to be zero. TypicallyM
520 in our calculations, but we test the numerical accur
by using larger values ofM up to M550. The states in the
metal are sampled unevenly: the mesh is made much
near the Fermi energy to account for particle-hole excitati
of low energy, less than 100 K. To be specific, the ene
levels have the following form:

ek56
D

eg21
@eg~k21/2!/M21#, k51,2, . . . ,M . ~10!

HereD is the half-band-width of the metal. Thus, the spa
ing of the energy levels close to the Fermi energy is redu
from the evenly spaced energy interval ofD/M by a factor
of g/(eg21)'1/13 for a typical choice of the sampling pa
rameterg54. The density of statesr[M /D, however, is
kept uniform by including compensating weights

Ageg~k21/2!/M

eg21
~11!

in all sums over the continuum of metal statesk which ap-
pear in the equations of motion for the component am
tudes. Numerical solution of theO(M4) coupled differential
equations is performed with a fourth-order, Runge-Kutta
gorithm with adaptive time steps. The double-precision co
written in C using structures to organize the different sect
of the many-body wave function, runs in a vectorized fo
on Cray EL-98 and J-916 machines.25

Nonzero temperature is incorporated by sampling exc
states, weighted by the Boltzmann factor. That is, at ini
time t50 when the atom is either far from the surface, or
the point of closest approach, the operator

expS 2
1

2
bĤ~0! D5 lim

N→`
S 12

b

2N
Ĥ~0! D N

~12!

is applied to a set of random initial wave functions, and ea
resulting wave function is then integrated forward in tim
until the atom is far from the surface. Observables such
the atomic occupancy are then computed, and an ave
over the ensemble of initial states is performed, yielding
s
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desired thermal average. In practice only 30 random st
are required to yield accurate results.

III. RESULTS AND DISCUSSION

We first compare the 1/N expansion with the NCA ap-
proach in theU→` limit. Then we study the more realisti
case of finiteU55.8 eV which describes a scattered calciu
atom.

A. U˜` case

We begin by considering an alkaline-earth atom initia
in equilibrium close to the surface. At timet50 it leaves the
surface at constant perpendicular velocityuf , and we follow
the charge transfer along the outgoing trajectory. For
purpose of comparing with previous work, the atom-surfa
system is modeled with the same parameters as those
ployed by SNL.6 By setting Vmax→` we obtain the pure
image shift of the level:ea(z)5ea(`)2e2/4(z2zim) with
the image plane positioned as it should be for a Cu surfa
zim51.0 a.u. away from the jellium edge. The energy of t
atomic level far from the surface is set toea(`)51 eV
above the Fermi energy. This positive level is the energy
one hole in a alkaline-earth atom, as explained above in S
II. We set the turning point in the trajectory of the ion
z053 a.u. The half-width of the level,Da , is defined using
the independent particle formula asDa5prVa

2 , and the
half-band-width of the metal is set toD55 eV. The atomic
widths D can be obtained from first-principle independen
particle calculations.26–29 Following SNL,9 we assume a
simple exponential drop off for the width by settingDa(z)
5D0e2az, whereD050.75 anda50.65 a.u.

In Fig. 1 we plot the final positive populations versus t
inverse of the velocity for three different values of the d
generacy factorN51, 2, and 4, and at zero surface tempe
ture,T50 K.

As the electron-hole transformation has been emplo
here to describe the alkaline-earth atom, theP1 charge frac-
tions plotted in Fig. 1 should be compared with theneutral
occupancies plotted in Fig. 4 of SNL.6 Figure 1 shows that

FIG. 1. Final positive fractions atT50 K as a function of the
inverse of the velocity for three different degeneraciesN51, 2, 4.
The atom starts from equilibrium atz053 a.u.
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6986 PRB 58J. MERINO AND J. B. MARSTON
the final positive fractions decrease with increasing deg
eracy factorN. This is as expected from static calculation
For a fixed atomic position, the spectral weight right abo
the Fermi energy is enhanced as the degeneracy of
atomic level is increased, reducing the occupied fraction
low the Fermi energy. This effect can also be understo
from the Friedel-Langreth sum rule.30

Also apparent in the semi-logarithmic plot of Fig. 1 is
breakdown in linearity inN52 andN54 cases in contrast to
the spinlessN51 case. Although a similar upturn at hig
velocities is found within the NCA approach, the effect he
is quantitatively smaller. SNL~Ref. 9! explain the upturn as
a nonadiabatic effect due to the existence of two time sc
in the problem, a slow time scale set by the Kondo tempe
ture and a rapid time scale set by the level width. Anot
interesting feature in the figure is the convergence of theN
52 andN54 yields to the spinlessN51 yield at the lowest
perpendicular velocities. As the velocity is decreased
freezing distance moves outwards and eventually the a
attains the empty orbital regime. In this regime the ma
body and the independent particle solutions agree as th
fect of the electron-electron interaction is negligible.

We would not expect the 1/N expansion to give accurat
results at N51. Yet in the static case it has bee
demonstrated21 that the 1/N expansion is surprisingly accu
rate even down toN51. In contrast, the NCA approach re
tains spurious remnants of the Kondo peak in the spec
density of the impurity atN51. The breakdown in NCA, an
approximate solution which sums up a selected set
O(1/N) diagrams, can be attributed to the neglect of ver
corrections31 which are one order higher,O(1/N2). The 1/N
expansion includes these diagrams, but does not resum t
As a consequence, static calculations of the impurity spec
density within the 1/N expansion can only yield ad function
peak at the Kondo resonance. The integrated weight is
rect, but only within a resummation scheme like NCA doe
broaden out with nonzero width.31

In Table I we present values for the final charge fractio
obtained from the exact independent particle solution to
spinless Hamiltonian15 and the 1/N approximation atN51
andT50 K as a function of different perpendicular veloc
ties.

The number of particle-hole pairs formed is always sm
typically less than 1,15 and this fact accounts for why secto
in the wave function of order higher thanO(1/N2) do not
contribute significantly to the final fractions. Thus the 1N
expansion retains high accuracy even in the most unfa
able case ofN51.

Up until now we have only considered the case of a ze
temperature metal surface. We now study the tempera

TABLE I. Comparison at different perpendicular velocities
the exact independent particle solution to the spinless Hamilto
and the 1/N expansion atN51.

uf ~a.u.! 1/uf ~a.u.! P1~exact! P1(1/N)

0.1 10.0 0.717 0.630
0.03 33.3 0.555 0.417
0.01 100.0 0.2384 0.189
0.003 333.3 0.0112 0.0143
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dependence of the final scattered fractions. Although spec
densities are of interest and contain more information,
restrict ourselves to the calculation of physical observab
the occupancies of the various sectors along the traject
These quantities give indirect information of the highly co
related states formed close to the surface. In Figs. 2 an
we present the final fractions versus the inverse of the ve
ity for different temperatures and with spin degeneracyN
54 and 2, respectively. We observe that the final posit
charge fractions are enhanced as the temperature is
creased. The 1/N method reproduces the qualitative tempe
ture dependence found in the NCA approach@compare Fig. 2
with Fig. 4 of SNL ~Ref. 6!#. We do not expect to get the
same absolute yields as the NCA. For example, while
have used a constant density of states to model the subs
SNL ~Ref. 6! use instead a semielliptical band. Because
Kondo scale depends on both high and low energy proces
its numerical value will differ depending on the choice of t
band structure. Nevertheless, the good qualitative and s
quantitative agreement between the two approaches sug
that the NCA breakdown at low temperatures is not a pr
lem here.32

As emphasized by SNL~Ref. 6! the final fractions show
strong temperature dependence which cannot be unders
from an independent particle picture. Again settingN51 the
results of Fig. 4 show that the temperature dependence
fact negligible as expected. There is some small tempera
dependence at high temperatures, but this is just the u
thermal effect encountered previously in simple independ
particle pictures.33

In Fig. 5 we have also plotted the temperature depende
of the final fractions for four different degeneracies of t
impurity: N51, 2, 4, and 8 and at a fixed velocity ofuf
50.003 a.u. While in theN51 spinless case the final pos
tive fractions remain fairly constant, forN.1 there is a
strong temperature dependence of the final fractions with
temperature. As expected the temperature dependenc
stronger for larger degeneracies of the atomic orbital.

Thus, as the temperature of the substrate decreases,
tralization takes place more efficiently. The effect may
understood from the static picture, as the screening of

FIG. 2. Final positive fractions versus the inverse of the veloc
for four different temperatures:T510, 300, 1000 K in the caseN
54 andU→`. The atom starts from equilibrium atz053 a.u.
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unpaired spin of an impurity in a metal becomes more eff
tive as the temperature drops below the Kondo scale. In
dynamical problem the final outgoing charge fractions refl
this fact as screening of both the unpaired spin and cha
occur together.

Insight into the anomalous temperature dependence
be obtained by analyzing the renormalization of the para
eters of the system when the atom is held at a fixed dista
from the surface, at equilibrium. Table II records the valu
of the bare atomic level, the unrenormalized width, a
Haldane’s scaling invariant12 E* for different distances a
zero temperature. Although perturbative scaling can only
safely applied in the weak-coupling regimeDa!D and U
@D@ueau, at sufficiently large distances from the surfa
~see Table II! these conditions hold. The fractionuE* /Dau
determines what regime the impurity is in. For most of t
trajectory, the impurity is in the mixed-valence regim
(uE* /Dau,1). In this regime,E* can be identified as the
renormalized level1 and we see from Table II that the level
just above the Fermi energy in the relevant spatial reg
where the level width is sufficiently large to permit signi
cant charge transfer. As the temperature is increased
renormalized level is thermally populated with holes fro

FIG. 3. The same as in Fig. 2 but settingN52.

FIG. 4. The same as in Fig. 2 but settingN51.
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the metal enhancing the final positive fractions. For distan
larger thanz58.0 a.u., the system reaches the empty orb
regime and the bare and renormalized energy levels conv
as many-body effects are negligible. Of course in the spin
N51 case, the level remains unrenormalized, and ther
negligible temperature dependence in the final fractions.34

When the atom is sufficiently close to the surface it ent
the local moment regime. If the atom stays for a long time
this situation, the electrons at the Fermi level couple antif
romagnetically with the unpaired spin of the atom and scr
the impurity spin. An estimate of the Kondo temperatu
using the Bethe-ansatz1 solution in theU→` at z53 a.u.
gives kBTK'0.1 eV which approximately agrees with th
position of the Kondo peak obtained from a plot of spect
density using the NCA approximation.34 While in the spin-
less case the atomic level crosses the Fermi level whe
approaches the surface, in the degenerate caseN.1 the level
sits just above it for a wide range of distances and eventu
evolves into a Kondo resonance during the close encoun

A simple estimate, within the independent particle p
ture, of the freezing distancezf r at which the charge transfe
rate becomes small gives forv50.01 a.u. the valuezf r'8
a.u. This means that for perpendicular velocitiesuf<0.01 the
empty orbital regime is always inside the freezing distan
This fact is corroborated in Fig. 1 as the charge fractions

FIG. 5. Final positive fractions versus temperature for a fix
velocity of uf50.003 a.u. and different degeneracies of the ato
N51, 2, 4, and 8. TheU→` limit has been taken, and the atom
starts atz053 a.u. in the equilibrium ground state.

TABLE II. Haldane’s scaling invariant and renormalized leve
for N52. All energies are given in eV.

z~a.u.! ea(z) Da(z) E* (z) E* /Da

3.0 22.4 2.90 21.482 20.510
4.0 21.27 1.516 20.474 20.312
5.0 20.7 0.7913 20.122 20.155
6.0 20.36 0.4131 0.0267 0.0647
7.0 20.13 0.2156 0.113 0.523
8.0 0.028 0.1126 0.180 1.602
9.0 0.150 0.0587 0.2412 4.104

10.0 0.244 0.03 0.30 9.722



e
ur
ine
ys
N
th
h
tic
m
v

a
a

ow
o
in
ka
itia
d

e
tiv
tiv
w
m
re
m
te
e
t
o
e
t

s
ro

e
om

the
be
vel
re-
nt
ect
erify
the
cula-

in
en-

eri-
de-

e in
ur-
mic
ter

ies
ob-
he

eV.

he
is-

ss’’

es di-
s as

6988 PRB 58J. MERINO AND J. B. MARSTON
N.1 converge to those of the independent particle pictur
low enough perpendicular velocities and at zero temperat
However, for increasing surface temperature, as expla
above, the renormalized level becomes populated. Anal
of the properties of this level via the spectral density led S
~Ref. 6! to conclude that the integrated charge under
Kondo peak actually freezes in the mixed valent regime, t
is closer to the surface than what an independent par
picture suggests. This hypothesis explains why the ano
lous temperature dependence persists even at very low
locities. Upon increasing the value ofN from 2 to 4 or 8, the
energy renormalization increases further and the renorm
ized level lies above the Fermi level even for distances
close asz53 to 4 a.u.

In light of these results, it is interesting to reconsider h
the Kondo effect might alter the phenomenon of loss
memory, the experimentally observed fact that the outgo
charge probability distribution of simple atoms such as al
lis and halogens does not depend on the incoming in
charge state. A stringent test of loss of memory is to stu
different initial conditions for the incoming ion: start th
atom far away from the surface in a neutral and in a posi
ion state. In Fig. 6 we see that both the neutral and posi
yields are greater than the equilibrium ones. This breakdo
of loss of memory for the case of the alkaline-earth ato
can be explained from the fact that the incoming atom c
ates particle-hole excitations in the metal which rise the te
perature of the metal. In other words, the surface is hea
locally by the formation of particle-hole pairs during th
atom-surface interaction. Heating is greater in the case of
incoming positive ion as it induces a larger number
particle-hole pairs than an incoming neutral atom, becaus
both cases the atom emerges largely neutral. We find tha
atom starting from equilibrium atz053 a.u. with the surface
at temperatureT5300 K gives similar final fractions a
those obtained for the positive ion scattered off of a ze
temperature surface.

In contrast to the alkaline-earth atoms, we do not exp
strong temperature dependence in the case of alkali at

FIG. 6. Different initial conditions: positive ion or neutral stat
starting from far away, withui5uf , and the initial equilibrium
ground state starting fromz053 a.u. The temperatureT50 K, N
54, and we have taken theU→` limit.
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such as Li or Na. Close to the surface the atom is in
empty orbital regime, there is no unpaired spin to
screened, and there is no renormalization of the atomic-le
energy. Farther out from the surface the local moment
gime can occur, but the widths are too small for significa
charge transfer to occur and the final fractions do not refl
any temperature dependence. Indeed, our calculations v
this picture, as shown in Fig. 7. Here the alkali atom has
same parameters as the alkaline earth in the above cal
tions, with N54 in theU→` limit. Only the nature of the
atomic states has changed.

It is reassuring to see that loss of memory is recovered
the alkali case and there is a negligible temperature dep
dence in the final occupancies.

B. Finite U: Ca atoms bombarding Cu surfaces

It was first suggested by SNL~Ref. 6! that alkaline-earth
atoms scattered off of noble metal surfaces are good exp
mental candidates to exhibit the anomalous temperature
pendence. Ionization energies of alkaline-earth atoms ar
the range 4–9 eV, and work functions of noble metal s
faces range between 4 and 5 eV. The position of the ato
level with respect to the Fermi energy should not be grea
than about 2 eV; otherwise the yield ofA2E1 ions is too
small to be detected experimentally at the small velocit
required. To be specific, we analyze in some detail the pr
lem of calcium atoms scattering off copper surfaces. T
experimental measured ionization energy of Ca is 6.1
The work function of the Cu~001! surface isW54.59 eV.
We now utilize a more realistic three parameter form for t
widths to account for saturation at the chemisorption d
tance:

Da~z!5
D0

e4az1~D0 /Dsat!
4211/4. ~13!

In all calculations that follow we takeD050.75 a.u.,Dsat
50.15 a.u., anda50.65, both for the Ca0(4s2) and for the
Ca1(4s1) levels. These parameters represent a ‘‘best gue

FIG. 7. Temperature dependence with different initial con
tions for the case of an alkali atom with the same parameter
used in Fig. 6.
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but it should be possible to obtain the parameters from fi
principle, independent-particle calculations.26,35

We switch N to its physical value,N52, to model the
actual spin degeneracy of the 4s level. The value of theU is
given by the difference between the first and second ion
tion levels. The energy required to remove an electron fr
the Ca1 4s orbital is 11.9 eV, soU55.8 eV. We allow the
level to vary in accord with the saturated form given in S
II, namely Eq.~6!. We take the saturation of the first ioniza
tion energy of Ca to beVmaxI53 eV. This choice is justified
by recent density functional calculations in an atomic orb
basis which give the total energies of protons and He1 ions
on Al metal.28,35 As discussed below, the qualitative beha
ior of our results do not depend on this choice. We a
chooseVmaxII53 eV so that the second ionization energy
the Ca atom crosses the Fermi energy only forz,3 a.u.
Although this choice may overestimate the production
Ca21 close to the surface, it is a conservative condition
test the temperature dependence found above in theU→`
limit. Recent trajectory simulations of Na atoms scatte
from Cu surfaces in the hyperthermal energy range36 suggest
that a turning point aroundz053 a.u. is reasonable. In Fig.
we plot the final fractions as a function of the inverse of t
perpendicular velocity.

We have extended the calculations to perpendicular
locities as low asuf50.0015 a.u. We see that although t
temperature dependence is somewhat reduced in compa
to the U→`, the anomaly remains. The positive ion yie
flattens out at low velocities, instead of decreasing rapid
presumably because activity in the Ca21 channel enhance
the Ca1 fraction. This feature should be tested experime
tally as it indirectly shows the role played by the virtu
Ca21 state. We have also tried doubling the total widths
the double hole-occupied state. The same temperature de
dence is recovered.

In Fig. 9 we plot the evolution of the charge fraction
along the trajectory of the ion for a fixed perpendicular v
locity of uf50.003 a.u. From this figure we see that t
Ca21 recombines into Ca1 quickly due to the three time
larger image shift in the second ionization energy as a fu

FIG. 8. Final fractions versus inverse of the velocity for a
atom scattering from a Cu surface. The atom starts from the e
librium ground state atz053 a.u.
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tion of distance, 3e2/4(z2zim), compared to the first ioniza
tion level, which varies ase2/4(z2zim). This effect pushes
the recombination of Ca1 ions into Ca0 out to further dis-
tances from the surface where the widths are not sufficie
large for complete neutralization of the positive fraction
This explains the enhancement in the probability of Ca1 ions
seen in Fig. 8 for perpendicular velocities as small asuf
50.0015 a.u. atT510 K.

Finally we plot in Fig. 10 results for a Ca atom with th
same parameters as those used previously in the limiU
→`. The Ca1 populations decay more quickly forT510 K
in the U→` limit than in theU-finite case. However, the
T51000 K plot in Fig. 10 resembles theU55.8 eV case at
zero temperature.

For finiteU Haldane’s scaling approach can be applied
replacing the half-band-width D by U in the
renormalization-group formulas.13 For U'D the position of
the renormalized level and the scaling invariant do n
change much from theU→` case for distancesz.5 a.u.
where perturbative scaling is justified.

i-

FIG. 9. Evolution of the different charge fractions along t
trajectory of a Ca atom starting from equilibrium atz053 a.u. with
surface temperature set toT510 K.

FIG. 10. Final fractions for the same parameters as in Fig. 8
the U→` limit.
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Although an analytical expression for the Kondo tempe
ture versusU has been obtained11 it is only valid to order
O(1) in the 1/N expansion. We do not expect it to give
realistic estimate of the Kondo scale forN52. Quantum
Monte Carlo calculations of spectral densities for the sy
metric Anderson model suggest an increase in the Ko
temperature as the value ofU is reduced.37 In the asymmet-
ric case, renormalization group~RG! calculations have bee
carried out which give phenomenological expressions for
Kondo temperature. Unfortunately, the validity of these e
pressions is questionable for parameters appropriate to
atom-surface scattering problem.

In the above results we have only included the low
energy Ca states: Ca0(4s2), Ca1(4s) and Ca21(3p6). We
now consider the effect of extending the atomic configu
tions to include the excited Ca1(3p63d) state in the calcu-
lation. Its total energy is 7.8 eV with respect to the neut
Ca0(4s2) and therefore its ionization energy is 3.2 eV me
sured with respect to the Fermi energy of a clean Cu~001!
surface. We increase the decay exponent for this 3d state to
a51.00 a.u. and keep the prefactorD0 and the saturation
Dsat the same. Final fractions yield the same qualitative te
perature dependence found above. The insensitivity of
result to the inclusion of this state suggests that the Ko
effect is robust.

IV. CONCLUSIONS

We have shown that the Kondo screening cloud wh
surrounds an unpaired atomic spin reveals itself in an
hanced neutralization probability at low surface temperatu
To demonstrate this we employed the dynamical 1/N expan-
sion, extended to non-zero temperatures. The accuracy o
1/N expansion was improved in comparison to previo
work with the addition of a new sector at orderO(1/N2). We
calculated the final charge fractions of alkaline-earth ato
for different temperatures in theU→` limit, and found
qualitative agreement with the NCA approach. We also a
lyzed the size of the temperature dependence for the cas
degeneraciesN51, 2, 4, and 8. As expected, the anomalo
temperature dependence is enhanced with increasing de
eracy of the atomic level. Furthermore, we performed a st
gent test of the accuracy of the 1/N expansion by examining
ch
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the spinlessN51 case. The Kondo effect disappears in th
case, and also for alkali atoms, as it should.

A simple perturbative RG scaling argument explains
temperature dependence found in the degenerate cases
bare atomic level is renormalized to just above the Fe
energy of the metal so that it can be thermally populat
Finally, we examined finite physical values of the Coulom
repulsionU and excited states appropriate for real Ca atom
Even though virtual Ca21 ions are produced close to th
surface, they rapidly recombine into Ca1 as the atom leaves
the surface. Anomalously strong temperature dependenc
mains, although absolute yields differ somewhat from tho
obtained in theU→` limit.

Experimental detection of this effect may be possible,
several conditions must be satisfied. First, kinetic energy
posited in the lattice during the atom-surface impact m
remain largely decoupled from the electronic degrees of fr
dom, otherwise the electrons in the surface will be hea
and mask the Kondo effect. Furthermore, both the para
and perpendicular components of the velocity must be k
small to avoid smearing the Fermi surface in the refere
frame of the atom. ThuskFuuf

W u!kBT; for T51000 K this
translates touuf

W u,0.004 a.u. in the case of a Cu~001! sur-
face. As final fractions smaller than 0.1% are difficult
detect experimentally, it is important to choose the surfa
work function carefully. We considered the specific case
Ca hitting Cu~001!, but yields can be increased by usin
different metallic surfaces with larger work functions. F
nally, local heating of the surface in the form of particle-ho
excitations produced as a by-product of charge transfer
tween the atom and the surface will mask the Kondo effe
Heating the surface, rather than cooling it, appears to be
best way to probe the anomalous temperature depende
the cleanest signature of the Kondo effect.
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