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Resonant charge transfer during low energy ion scattering reveals correlated-electron behavior at high

temperature. The valence electron of a singly charged alkaline-earth ion is a magnetic impurity that

interacts with the continuum of many-body excitations in the metal, leading to Kondo and mixed valence

resonances near the Fermi energy. The occupation of these resonances is acutely sensitive to the surface

temperature, which results in a marked temperature dependence of the ion neutralization. We report such a

dependence for low energy Srþ scattered from polycrystalline gold.
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A system of many electrons can display emergent phe-
nomena that cannot be extrapolated from the behavior of
independent electrons. Such correlated-electron effects
lead to a variety of exotic phenomena and are a central
focus of condensed matter physics research. A method for
triggering correlated-electron behavior is to introduce a
spin impurity into a metal, which then causes the free
electrons to respond collectively as, for example, in the
Kondo effect. This arrangement can be modeled at a fun-
damental level via low energy ion scattering experiments
that employ a projectile with an unpaired valence electron
[1–3], such as a singly charged alkaline-earth metal ion.
Here, we report measurements of the neutralization of
scattered strontium ions (Srþ) from polycrystalline gold
(Au) as a function of surface temperature, which provide
the first clear experimental evidence that electron correla-
tions can participate in atom-surface scattering.

Low energy ion scattering involves projectile kinetic
energies in the range of 0.5–10 keV [4], where the ion-
surface interaction is a mix of classical elastic collisions
and quantum mechanical charge exchange. The elastic
collisions are dominated by binary scattering events such
that the energy spectrum of the scattered projectiles pro-
vides the mass distribution of surface species. Charge
exchange can occur through a number of different mecha-
nisms that depend on the specific electronic structures of
the projectile and target. For the interaction of Srþ ions
with a metal surface, resonant charge transfer (RCT) is
expected to be the dominant process [5]. RCToccurs when
there is sufficient overlap between the projectile’s valence
level and the surface conduction band so that electrons can
transfer without gain or loss of energy.

Although RCT has been explored both theoretically and
experimentally, the role of more complex correlated-
electron processes in charge exchange has remained one
of the challenging unsolved problems in the physics of
atom-surface collisions [6]. Electron correlations induced
by a single spin localized on the projectile could, in turn,
affect the charge exchange during atom-surface scattering.
Two independent theoretical investigations have supported

this concept, and both predicted that an anomalous depen-
dence of the charge transfer probability on the sample
temperature would serve as the signature of correlated-
electron behavior [1–3].
Figure 1 shows a schematic energy level diagram for Srþ

interacting with a Au metal surface. The Sr 5s level and
surface bands overlap, as the ionization energy of atomic
Sr (5.7 eV) is slightly larger than the target’s work function
(� ¼ 5:1 eV). As the projectile approaches the surface, the
image charge causes the Sr 5s level to shift upwards
towards the Fermi energy while overlap in the wave func-
tions causes the level to broaden, as illustrated in the
center of the figure. Since the scattering occurs on a very
short time scale (on the order of femtoseconds), the charge
state distribution is frozen in along the outgoing trajectory
while the projectile is still close to the surface, typically
within a few angstroms [5,7]. In the absence of multielec-
tron effects, the measured neutral fraction (NF) depends on
the alignment of the surface work function with the (broad-
ened and shifted) projectile ionization level, as well as the

FIG. 1 (color online). Schematic energy level diagram for the
half filled Sr 5s level ( � 5:7 eV), interacting with a Au metal
surface (� � 5:1 eV). The left side of the figure indicates the
density of filled states in the metal and shows the position where
a Kondo resonance would appear. The right side shows the Srþ
ion with a single spin on its valence level. The center of the
figure illustrates how the 5s level would broaden and shift as the
projectile nears the surface.
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velocity of the outgoing projectile. In general, the NF
increases as � is reduced, and vice versa.

When the projectile ion has a single unpaired electron or
hole, correlated-electron behavior would induce either a
Kondo resonance or mixed valence state at the Fermi ener-
gy, as first predicted by Shao, Nordlander, and Langreth [1]
and illustrated in Fig. 1. The type of resonance formed
would be a function of the projectile-surface distance, but
the occupancy in either case would be a strong function of
the surface temperature. Merino and Marston [2] used a
different theoretical approach and concluded that, under
certain conditions, the Kondo resonance would cause a
negative temperature dependence of the neutralization
probability in alkaline-earth ion scattering. Thus, it is
expected that electron correlations would manifest through
a dramatic temperature dependence of the neutralization
probability.

We measured the temperature dependence of the
neutralization of 2.0 keV 88Srþ ions scattered from a poly-
crystalline Au surface. For comparison, the same set of
experiments was performed with 2.0 keV gallium (Gaþ)
ions. Gaþ has a pair of valence electrons with no net spin
and is therefore not expected to induce correlated-electron
behavior.

The experiments were performed in an ultrahigh vac-
uum chamber described previously [8]. A polycrystalline
Au foil was cleaned in situ by cycles of 0.5–1 keV Arþ
sputtering for 60 min and heating to 650 �C for �5min to
remove the embedded Ar. The purity of the surface was
confirmed with Auger electron spectroscopy using low
energy electron diffraction optics as a retarding field ana-
lyzer. In addition, we monitored the emission of recoiled
impurities induced by Arþ bombardment as a sensitive
measure of surface cleanliness [4]. The surface work func-
tion was monitored by the position of the secondary elec-
tron cutoff measured with the retarding field analyzer [9].

Time-of-flight (TOF) spectroscopy was used to collect
spectra of the scattered projectiles. 2.0 keV Srþ and Gaþ
ions were produced and accelerated in a Colutron ion
source chamber by heating Sr metal and gallium iodide,
respectively, in an Arþ plasma. The desired isotope was
selected with a velocity filter and deflected across an
aperture to produce �100 ns ion pulses at 25 kHz. The
beam was electrostatically bent by 5� before entering the
main chamber to prevent primary neutrals from reaching
the sample. After the primary ions have impacted the Au
surface, the particles scattered at 135� were collected by a
microchannel plate detector positioned at the end of a TOF
leg containing a pair of deflection plates. The deflection
plates were held at ground potential to collect the total
scattered yield, while a voltage was placed between them
to remove the ion signal and collect spectra of the scattered
neutrals.

Figures 2(a) and 2(b) show typical TOF spectra of the
total yield and neutrals for 2.0 keV Srþ ions scattered from

clean Au foil at surface temperatures of 300 and 573 K,
respectively. The spectra each display a pronounced single-
scattering peak (SSP) that results from projectiles that have
undergone a single binary elastic collision with a surface
atom [4]. The SSP rides on a broad structure that results
from multiple scattering. The NF is calculated by dividing
the area of the neutral SSP by that of the total yield SSP
after first subtracting a background [10], as indicated by
shaded regions in Fig. 2. It can be seen from the raw data,
for example, that the NF is enhanced by about a factor of 2
when the surface temperature increases from 300 to 573 K.
Figures 3(a) and 3(b) show the temperature dependence

of the NF for 2.0 keV Srþ and Gaþ ions, respectively,
scattering from clean polycrystalline Au. While the Ga
data show a monotonic rise in NF with temperature, the
NF of Sr rises with temperature until it reaches a maximum
at around 600 K, above which it drops.
Although polycrystalline Au is not expected to undergo

structural or compositional changes with temperature, we
are able to exclude this possibility with the following
considerations. First, the sample was reprepared often to
assure reproducibility. Second, the curves in Fig. 3 are
reproducible whether subsequent spectra were collected
by increasing or by decreasing the temperature. If there
were temperature-dependent changes to the composition or
structure, they would likely occur while the sample tem-
perature was high and would be irreversible. Finally, the
work function of the sample was monitored as its tempera-
ture was adjusted, and the variations in going from 300
to 873 K were found to be negligible, which is a strong
indication that the surface structure does not change with
temperature.

FIG. 2 (color online). TOF spectra of the total yield and
neutrals (enhanced by a factor of 5), collected at a 135� scat-
tering angle for 2.0 keV Srþ ions scattered in the surface normal
direction from clean polycrystalline Au at (a) 300 and (b) 573 K.
The shaded regions indicate how the areas of the SSP were
determined.
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A rise in surface temperature increases the electron
occupancy above the Fermi energy, which could then lead
to an increase in the measured neutralization within the
RCT model [11–14]. This has sometimes been shown to
have a negligible effect on measured neutralization rates,
however, as the magnitude of the additional occupancy is
usually small compared to the typical energy scale in ion
scattering. Thus, a positive or negligible temperature de-
pendence of the neutralization rate would be expected
based on single electron physics, and this could explain
the initial rise in the NF with temperature for Sr and the rise
for Ga.

The original RCT model cannot, however, explain the
negative temperature dependence for Srþ neutralization
above 600 K. The decrease in the NF above 600 K can
result from the formation of collective many-body states
due to the spin impurity. The unpaired valence electron
induces the formation of a Kondo resonance near the Fermi
energy [2], as illustrated in Fig. 1. As the affinity level
bends up and crosses the Fermi level, the slow fluctuations
between the projectile’s broadened electronic spectral
function and the Kondo resonance peak produce a sharp
mixed valence state. The measured charge distribution of
the scattered ions is directly related to the occupancy of
this sharp state, which has a very pronounced dependence
on the surface temperature. Merino and Marston predicted
a negative temperature dependence of neutralization
probability by including the Kondo effect in their calcu-
lation of the NF for alkaline-earth ion scattering with Caþ
[2]. Although the calculations in Ref. [1] were for negative
ion formation, extrapolation of their results to positive ion
formation would also result in an inverse dependence of the
neutralization on temperature.

The Kondo effect is applicable to our experiments as,
based on the calculations of Ref. [2], the projectile’s per-

pendicular exit velocity (� 0:0134 a:u:) is sufficiently
small for a well-developed resonance to form. Such
correlated-electron effects can be observed well above
room temperature in this experiment because the projec-
tile’s ionization level shifts and crosses the Fermi energy as
it approaches the surface where the interaction between the
localized and conduction electrons is very strong. Merino
and Marston predicted a Kondo temperature around 0.1 eV
(� 1000 K) [2], which is close to the position of the
maximum shown in Fig. 3(a).
The calculations in Refs. [1,2], however, predict a mono-

tonic decrease in NF with temperature rather than a maxi-
mum. The maximum in the temperature dependence for
Srþ scattered from Au could possibly result from a tran-
sition from thermal effects based on independent electron
physics to the correlated-electron behavior, if it is assumed
that the empty resonance level lies primarily above the
Fermi energy. When the surface temperature is below
600 K, the electron distribution has not yet reached this
sharp peak. As a result, the increased population of states
leads to the normally expected increase in NF. As the
surface temperature increases further, however, electrons
are eventually promoted to the resonance state where the
correlated-electron effects lead to a negative temperature
dependence of the NF. This is one manner in which the
complexity of the electronic states for Srþ scattering from
Au could lead to a nonmonotonic dependence.
To verify that the negative temperature dependence

occurs only in the presence of a single unpaired electron,
it is useful to compare to experiments using ions that have
either no valence electrons or a pair of electrons that have
no net spin. Experiments in the literature for the scattering
of hyperthermal Naþ from metal surfaces [15,16] show
that, in the absence of valence electrons, only a positive
temperature dependence is observed. In these experiments,
increases in the neutralization probability of about a factor
of 2–3 were found when the sample temperature was raised
from room temperature to 900 K. Figure 3(a) shows a
similar factor of 2–3 increase in the NF of scattered Srþ
when the surface temperature goes from 300 to 600 K.
Figure 3(b) shows that when a group III ion with a pair of
valence electrons, Gaþ, is employed, there is also a
monotonic increase of the NF with temperature. By insert-
ing the Ga velocity from the present measurements
(� 0:0186 a:u:) into the results given in Ref. [16], a simi-
lar increase would also be predicted. Thus, the magnitudes
of the NF enhancements as the temperature is raised up to
600 K are all consistent with the single electron physics,
while the decrease in the Srþ NF above 600 K is not.
In comparing the Sr and Ga results, two things can be

noted. First, 2.0 keV 88Sr has a velocity of 0.0134 a.u. after
scattering from Au, which is slower than the velocity of
scattered Ga. Thus, the temperature increase due to tradi-
tional RCT should be more dramatic for Sr than for Ga. In
going from room temperature to 600 K, the Sr NF increases
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FIG. 3 (color online). Neutral fraction vs surface temperature
for 2.0 keV (a) Srþ and (b) Gaþ scattered at 135� from clean
polycrystalline Au along the surface normal direction. The
dashed lines are drawn to guide the eye.
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by almost a factor of 3, while the Ga NF increases only
slightly, thus confirming this expectation. Second, the Sr
ionization potential is smaller than that of Ga (6.0 eV),
which explains why the Sr NF is always less than for Ga
scattering.

In summary, we have demonstrated the role of
correlated-electron effects in the scattering of low energy
ions from a solid surface. A negative temperature depen-
dence is seen with alkaline-earth ions that have an unpaired
valence electron that acts as a spin impurity (Srþ) and is
absent when the ion has no net spin (Naþ and Gaþ).
Neutralization in ion-surface scattering is a novel approach
for investigating the electronic structure of complex mate-
rials, which could lead to a better understanding of collec-
tive phenomena in general. Further experiments will
involve well-characterized single crystal surfaces to enable
detailed studies of the relationships between the formation
of correlated-electron states and the atomic structure of the
solid. We also expect this result to trigger a renewed
theoretical interest in the problem of correlated-electron
contributions to atom-surface scattering.

We acknowledge Vivek Aji for useful discussions and a
careful reading of the manuscript, Peter Nordlander for
useful discussions, and Vincent On for assistance with the
data collection. This material is based on work supported
by, or in part by, the U.S. Army Research Laboratory and
the U.S. Army Research Office under Contract/Grant
No. 52723PH.

*Corresponding author.
yarmoff@ucr.edu

[1] H. Shao, P. Nordlander, and D. C. Langreth, Phys. Rev.
Lett. 77, 948 (1996).

[2] J. Merino and J. B. Marston, Phys. Rev. B 58, 6982 (1998).
[3] M. Plihal, D. C. Langreth, and P. Nordlander, Phys. Rev. B

59, 13 322 (1999).
[4] J.W. Rabalais, Principles and Applications of Ion

Scattering Spectrometry: Surface Chemical and Struc-
tural Analysis (Wiley, New York, 2003).

[5] J. Los and J. J. C. Geerlings, Phys. Rep. 190, 133 (1990).
[6] R. A. Baragiola, Nucl. Instrum. Methods Phys. Res., Sect.

B 237, 520 (2005).
[7] R. D. Gann, J. X. Cao, R. Q. Wu, J. Wen, Z. Xu, G.D. Gu,

and J. A. Yarmoff, Phys. Rev. B 81, 035418 (2010).
[8] X. Chen, Z. Sroubek, and J. A. Yarmoff, Phys. Rev. B 71,

245412 (2005).
[9] J. H. Fritz and C.A. Haque, Rev. Sci. Instrum. 44, 394

(1973).
[10] C. B. Weare and J. A. Yarmoff, Surf. Sci. 348, 359 (1996).
[11] R. Brako and D.M. Newns, Vacuum 32, 39 (1982).
[12] S. I. Easa and A. Modinos, Surf. Sci. 183, 531 (1987).
[13] H. Nakanishi, H. Kasai, and A. Okiji, Surf. Sci. 197, 515

(1988).
[14] F. O. Goodman and K.W. Sulston, J. Chem. Phys. 114,

3265 (2001).
[15] E. G. Overbosch, B. Rasser, A. D. Tenner, and J. Los, Surf.

Sci. 92, 310 (1980).
[16] C. E. Sosolik, J. R. Hampton, A. C. Lavery, B. H. Cooper,

and J. B. Marston, Phys. Rev. Lett. 90, 013201 (2003).

PRL 105, 176806 (2010) P HY S I CA L R EV I EW LE T T E R S
week ending

22 OCTOBER 2010

176806-4

http://dx.doi.org/10.1103/PhysRevLett.77.948
http://dx.doi.org/10.1103/PhysRevLett.77.948
http://dx.doi.org/10.1103/PhysRevB.58.6982
http://dx.doi.org/10.1103/PhysRevB.59.13322
http://dx.doi.org/10.1103/PhysRevB.59.13322
http://dx.doi.org/10.1016/0370-1573(90)90104-A
http://dx.doi.org/10.1016/j.nimb.2005.04.121
http://dx.doi.org/10.1016/j.nimb.2005.04.121
http://dx.doi.org/10.1103/PhysRevB.81.035418
http://dx.doi.org/10.1103/PhysRevB.71.245412
http://dx.doi.org/10.1103/PhysRevB.71.245412
http://dx.doi.org/10.1063/1.1686141
http://dx.doi.org/10.1063/1.1686141
http://dx.doi.org/10.1016/0039-6028(95)01013-0
http://dx.doi.org/10.1016/S0042-207X(82)80194-2
http://dx.doi.org/10.1016/S0039-6028(87)80226-1
http://dx.doi.org/10.1016/0039-6028(88)90643-7
http://dx.doi.org/10.1016/0039-6028(88)90643-7
http://dx.doi.org/10.1063/1.1339283
http://dx.doi.org/10.1063/1.1339283
http://dx.doi.org/10.1016/0039-6028(80)90259-9
http://dx.doi.org/10.1016/0039-6028(80)90259-9
http://dx.doi.org/10.1103/PhysRevLett.90.013201

