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We present physical arguments and quantitative calculations which indicate that under c
conditions atoms moving near metal surfaces exhibit a dramatic temperature and velocity depen
caused by a collective (mixed-valent) state. Charge transfer experiments are proposed to obser
phenomenon. [S0031-9007(96)00799-5]
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The interesting phenomena that may arise in the con
of impurity states in a metal are well established [1,
In certain parameter ranges there exist collective ma
body states, which exhibit unusual low energy behav
In particular, resonances appear in the electronic spe
functions near the Fermi level associated with the scre
ing of the spin of the impurity (the Kondo effect) or wit
slow fluctuations between the local charge configurati
(mixed-valent behavior) induced by the interactions of
impurity state with the continuum of many-body excit
tions in the metal. The analogous collective many-bo
effects should also occur in the problem of an atom o
side a metal surface [3,4] provided that the motion of
atom is slow enough. The purpose of this Letter is
propose that, with appropriately chosen systems, the p
ence of this state should cause dramatic temperature
pendence in experiments sensitive to charge transfer in
hyperthermal energy range, such as atom-surface sca
ing. Indeed, atom-surface measurements may provid
ideal way to probe these states because of the wide ra
of parameters that can be varied.

Suppose that an atom or an ion is held in a fix
position near the surface. The collective state mentio
above can form if the energy levels of the atom a
shifted by the image potential in such a way that t
equilibrium configuration of the atom is degenerate, i
would have an unfilled subshell (in the absence of wa
function overlap with the substrate). We find in th
calculations presented below that, in order to freeze i
remnant of such a correlated state, the relevant ioniza
or affinity level must also cross the Fermi level on t
outward trajectory. These conditions are typically not m
in experiments to date [5]. Specifically, an alkali me
atom has its unpaired spin state as a neutral atom on
vacuum side of the crossing of the Fermi level, rath
than on the surface side. It does not matter, in princip
whether it is the affinity level or the ionization level th
crosses the Fermi level during the outgoing trajectory [
In the former case, we predict an anomalous tempera
0031-9007y96y77(5)y948(4)$10.00
xt
].
y-
r.
ral
n-

ns
e
-
y
t-
e
o
es-
de-
the
ter-
an
ge

d
ed
e
e
.,
e

a
on
e
t
l
the
r

e,
t
].
re

dependence in the negative ion yield and, in the lat
an anomalous temperature dependence in the positive
yield. In the discussion below, we use the negative
case since it is easier to visualize intuitively. The posit
ion case can be obtained simply by reversing the role
electrons and holes.

Consider a neutral singlet atom held in a fixed posit
outside a metallic surface. Suppose that its affinity le
is about 1 eV above the Fermi level when the atom is h
far away, in which case the image potential will shift th
level below the Fermi level when the atom is held clos
than about 8 a.u. Such a system is characterized by
parameters, the level positionE and a width parameterG,
the latter representing the one-body mixing of the atom
states with those of the metal. Although the degener
of the atomic level may beN, where N is at least 2
from spin degeneracy, intra-atomic Coulomb repulsionU
will typically prevent more than a single electron fro
occupying the atomic level. The atom interacting w
the surface problem is analogous to the impurity state
the bulk metallic problem, and the fluctuations in a
out of this state as a result of the mixing will lea
in the presence of intra-atomic Coulomb interaction,
two qualitatively different regimes: (i) the Kondo-typ
regime whereE is well below the Fermi level and (ii)
the mixed-valent regime in whichE is within a range,G

of the Fermi level. These two situations are illustrat
through the associated behavior of the spectral functi
in Figs. 1(a) and 1(b), respectively. The peak at
Fermi level in the Kondo region, which is not present
treatments where the intra-atomic correlation is neglec
provides a slow time scale for the problem in additi
to the time scale1yG resulting from the hybridization
between the atomic level and the metallic surface.
the mixed-valent case there occurs only a single pe
which can be regarded as resulting from the merg
of the Kondo peak and the peak at the atomic le
position. Its position, width, and temperature depende
differ qualitatively from what would be expected in
© 1996 The American Physical Society
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one electron theory. In particular, the mixed-valent pe
remains just above the Fermi level for a wide ran
of parameters and hence leads to a marked variatio
the thermal average occupancy of the atomic level
the temperature is varied. This is illustrated in Fig.
where the thermal population of the atomic level in t
mixed-valent regime [Fig. 1(b)] is shown by the sol
curve. The temperature dependence can be unders
from the fact that, as the temperature is raised, more
the peak’s spectral weight is sampled; in addition, t
peak becomes broader with increasing temperature,
moving its effective boundary to lower energies.

There can be no question that the system goes thro
the mixed-valent regime ifE passes through the Ferm
level on the atom’s trajectory toward or away from the su
face. The main question is whether one can find situati
in which the system evolves slowly enough to sample
longer characteristic times of the highly correlated sta
and hence to be affected by its anomalous temperature
pendence. We present a case here that shows the an
might be yes. The ideal thought experiment would be
hold the atom in the position of Fig. 1(b), until it came
thermal equilibrium with the substrate, and then to ya
it away so fast that the temperature dependent popula
probability gets trapped. Although this limiting case is o
viously impossible, we argue that a rough approximat
to the physics it illustrates probably can be made to occ

To make things specific, we make a simple model
how E andG vary with distancez from the surface:E ­
Eszd ­ Es`d 2

1
4 sz 2 1d21 andG ­ Gszd ­ 1.5e20.65z ,

where all quantities are expressed in atomic units (a.
This is a realistic parametrization that approximates
results of electronic structure calculations [7], except
the closest distances where the charge transfer rates
so large that the system typically loses memory of wh
happened there. We will takeEs`d ­ 1y27.2 ­ 1 eV in
the model calculations presented here.

The curves shown in this Letter are calculated w
the above parameter modeling in the largeU degenerate
Anderson model [8]. This was solved in the so-call

FIG. 1. Equilibrium spectral weights at 200 K for (a)z ­
3.5 a.u. (Kondo region) and (b)z ­ 8 a.u. (mixed-valence
region).
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noncrossing approximation (NCA) [9,10], which is a we
established self-consistent approximation [1,2] kno
to give better than qualitatively correct results [10,11
except at very low temperatures [12]. The NCA h
been generalized to the time dependent nonequilibri
situation a while ago [13]; the nonequilibrium calculation
reported here use the exact (numerical) solution [3]
the time dependent equations. The NCA has rece
been shown [11] to be accurate for the functions us
here to calculate charge transfer (the so-called auxili
spectral functions), even in its worst case ofN ­ 2 and
low temperatures.

We used our solution to make detailed calculations
the average population of the level vsz for a trajectory
starting atz ­ 3 and proceeding outward with a speedy

for various temperatures. The temperature dependenc
the final average populations (in this case, negative
yield) is shown in Fig. 2 fory ­ 0.004 and 0.03 a.u. It
is this unusual temperature dependence for charge tran
that we suggest that experiments look for. We have a
made nonequilibrium calculations using the tradition
picture neglecting intra-atomic Coulomb interaction, a
find, as expected, essentially no temperature depende
We note that the temperature dependence is simila
that of theequilibrium population of a hypothetical atom
held fixed in the mixed-valent state, as if this temperat
dependence had been frozen in, as speculated earlier.
return to this point below.

The reason for the temperature dependence can
understood from theequilibrium spectral functions plus
an understanding of the time scales of the problem a
how they change with the distance of the atom from t
surface. The important features of the spectral den
affecting the slow time scale are the position´ and width
g of the narrow spectral feature just above the Fer
level. These are plotted versus distance from the surfaz
at 200 K in Fig. 3(a). For simplicity, we have not show
results at other temperatures, but simply state that´ shows
very little temperature dependence, whileg increases

FIG. 2. Solid curve: thermal equilibrium population vs tem
peratureT for z ­ 8 a.u. Dashed curves: final nonequilibrium
populations vsT for the indicated velocitiesy.
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FIG. 3. (a) Widths and energies vs distance. (b) Rate ra
derived from the curves in panel (a).

somewhat with temperature (roughly doubling when
temperature is quadrupled). Also plotted for reference
E and GyN, essentially the input parameters, but whi
also represent the approximate position and width of
only spectral feature present in a noninteracting mod
The low energy scale depends sensitively on the r
of G to E (exponentially in the Kondo regime), so th
it is important to find systems where the variation
this quantity withz is not too rapid. Here the decreas
in G with z is roughly offset by the decrease in th
magnitude ofE with z, leading to low energy scales s
by g and ´ that do not change rapidly over the ran
of z right beforeE crosses the Fermi level. This low
energy scale,́ low ; kBTl , can be calculated exactly a
T ­ 0 in the Kondo regime via Bethe ansatz leading to
simple analytic formula (see Refs. [1] and [10]), which
also plotted in Fig. 3(a). We found the formula useful f
making estimates, although it does not correctly give
low energy scale in the mixed-valent regime.

For a qualitative determination of the time scale as
ciated with the formation and decay of the many-bo
resonance, we estimate that the energy uncertaintyg rep-
resents the inverse of this time scale. Similarly, the qu
tities j

1
g

dg

dt j and j
1
g

d´

dt j can be taken to be mean fie
estimates of the inverse time scales for the resonance
driven out of equilibrium by the time dependence. Th
whenj

1
g2

dg

dt j andj
1

g2
d´

dt j are much smaller than unity, w
expect local thermal equilibrium to be maintained, whi
if they are much larger than unity, we expect that the
erage populations will be frozen. These quantities [as
rived from the curves in Fig. 3(a)] are plotted in Fig. 3(
for the case of the atom moving uniformly out from th
surface with a velocityy ­ 0.004 a.u. The curves sugges
that the thermal equilibrium distributions will be rough
maintained untilz reaches approximately 8 a.u., at whi
950
s

e
re

e
l.
io

a

r
e

-
y

n-

be
s

,
-
e-
)

point they rather suddenly switch to the rapid limit, su
gesting that the anomalous temperature dependence
ilar to that of the solid curve of Fig. 2 will be froze
in. Since the curves in Fig. 3(b) are directly proportion
to velocity, one sees that the rapid switching from o
regime to the other still occurs for velocities as high
0.01 a.u. or so. The curves shown are forT ­ 200 K;
at higher temperatures, the regime switching continue
occur at even higher velocities.

The above physical arguments provide further supp
and physical understanding of the predicted tempera
dependence, which we plot in a different way in Fig.
showing the predicted populations vs velocity at seve
different temperatures. The fact that these curves are
straight lines on the logarithmic plots reflects the varyi
time scales as discussed previously [4]. The fact that
curves are quite different for different temperatures is
effect predicted here, which should make the observa
of the phenomenon unambiguous.

The effect is robust, in the sense that it does not dep
on special sets of parameters. The temperature rang
which it occurs, however, is fairly sensitive toEs`d rela-
tive to the Fermi level, and hence to the work functio
For example, when we decreasedEs`d to 0.75 eV, the
low energy scale gets lowered, and the temperature
pendence occurred mainly below 300 K. Thus expe
ments should be tried on several different crystal fa
in an attempt to get the temperature dependence to o
in an easily accessible range. Use of alkali coadsorp
to modify the work function should be avoided, howev
because of the uncertain effect of the dipolar potent
produced by such a procedure. We have also tried
ferent parametrizations forE and G, and found that the
temperature dependence persists; it is typically seen
varying strength for the range0.7 , Es`d , 2 eV .

One should note that energy fluctuations of a s
comparable to or larger than the width of the mixe
valence resonance near the Fermi level will weaken
destroy the effect. For the case illustrated in Fig. 3 t
width is ,50 meV in the critical switching region, bu
depends on the parameters of the problem such asEs`d

FIG. 4. Final nonequilibrium population vs1yy.
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as discussed earlier. Even though the energy smea
due to recoils,q2y2Md from the tunneling electron is
completely negligible on this scale (,1 meV or less), the
Doppler smearing$yk ? $q due to the parallel componen
of the atom’s velocity $yk must be controlled by the
experimental geometry, and should be kept less t
about0.0005 a.u. One might also be concerned about t
effect of phonons; such thermal vibrations will introduc
a modulation of ´ or g. A simple estimate of this
effect shows that it is negligible for the temperatures
relevance. Static inhomogeneities are probably even
of a problem, although to the extent that they cann
be minimized in the experiment they will undoubted
weaken the effect somewhat.

From an experimental point of view, there exist a lar
number of atom or surface combinations with paramet
in a suitable range. The basic situations one sho
explore involve atoms with affinity levels from abou
0.7 to 2 eV above the Fermi level, measuring negat
ion yield, or atoms with ionization levels in the abov
range below the Fermi level, measuring positive ion yie
As mentioned earlier, a necessary requirement is that
image potential shift of the relevant energy level produ
a Fermi level crossing such that the atomic species wo
have degenerate ground state on the surface side o
crossing if all wave function overlap effects with th
substrate were turned off [14]. The model problem th
we actually solved also assumes that the atom ha
nondegenerate ground state when at infinity [15]. T
simplest systems that cleanly can be made to satisfy all
above criteria can be chosen from the alkaline earth ato
with noble metal surfaces. The former have ionizati
energies in the5 8 eV range, while the latter have almo
a continuous range of work functions between 4.3 a
5.5 eV. Therefore one can find a number of combinatio
where the ionization level’s energy is,1 eV below the
Fermi level. These would then be examples ofN ­ 2
systems which are electron-hole conjugates of those u
in the curves and previous discussion. One would lo
for temperature anomalies in the positive ion yield.

We thank Andrei Ruckenstein for useful discussio
and suggestions for improving the manuscript. Th
work is supported in part by the National Scien
Foundation under Grants No. DMR95-21444 (P. N.) a
No. DMR94-07055 (D. C. L.).
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