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Energy loss of slow Cq," ions during grazing scattering from a KCI(001) surface
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The energy spectra of 1-3 keV Cgy* ions reflected from a KCI(001) surface under grazing incidence are
measured with an electrostatic spectrometer. Although both nuclear and electronic energy losses are expected
to be almost completely suppressed in the grazing scattering of such extremely low energy ions (v
~0.01 a.u.) from the wide-band-gap insulator surface, we observe anomalously large energy losses ranging
from ~25 eV (6;=1°) to ~100 eV (6,=6°). Fragmentation of Cg,* ions via sequential C, loss is also ob-
served during grazing scattering. We find a strong correlation between the energy loss and the fragmentation.
From these results the observed anomalous energy losses are attributed to the internal excitations of Cgy* ions.
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I. INTRODUCTION

The dissipation of the kinetic energy of projectile ions in
solids is one of the most fundamental phenomena in ion-
solid interactions. Since the pioneering work by Bohr the
stopping of energetic ions in solids has been extensively
studied. The stopping is divided into two major components:
nuclear stopping (binary collisions with target atoms) and
electronic stopping (energy transfer to the target electrons).
When cluster ions are used as projectiles, interesting aspects
may arise in the stopping phenomena. One of the most inter-
esting aspects is the interference effects between the con-
stituent ions [1,2], which is now well understood after exten-
sive studies. Another interesting but rarely investigated
aspect is the role of the internal degrees of freedom. The
kinetic energy may be transferred to the internal excitations
of the cluster ion. In ion-solid collisions, however, the cluster
ions are easily dissociated into fragments. Only under special
conditions, the energy loss of the cluster ion can be measured
without fragmentation. Susuki et al. measured energy losses
of 10 MeV/amu H,* and H;" ions passing through ultrathin
carbon foils without fragmentation [3,4]. The observed en-
ergy losses, however, were well explained in terms of the
electronic stopping power and no clear signature of the en-
ergy loss due to the internal excitations was observed. In
order to investigate the effect of the internal excitations on
the energy loss, the usual energy loss mechanisms, i.e.,
nuclear and electrostatic stopping powers, should be sup-
pressed.

Regarding the fragility of the cluster ions, the Buckmin-
ster fullerene ion Cgy" is unusually stable against surface
impacts [5,6]. Recent Monte Carlo simulations for Cg, im-
pact on a structureless potential wall showed that there is a
threshold impact energy of ~150 eV for fragmentation of
Cqo [7]. This threshold energy corresponds to the grazing
angle of incidence 6,=7° for 10 keV Cg,*, indicating that the
energy loss of keV Cg," ions can be observed without frag-
mentation under grazing scattering. In addition, the grazing
scattering provides other advantages for the investigation of
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the energy loss due to the internal excitations. Borisov et al.
demonstrated that both the nuclear and electronic energy
losses can be suppressed under grazing scattering of keV
ions at LiF(001) [8]. The nuclear stopping power is reduced
due to the channeling effect [9] and the wide band gap of LiF
also suppresses the electronic excitation almost completely at
slow projectile velocities (v=0.1 a.u.) [8].

In the present paper, we measure the energy losses of
1-3 keV Cg,* ions reflected from a KCI(001) surface under
grazing incidence. In spite of the suppression of the nuclear
and electronic stopping powers, we observe rather large en-
ergy losses, which are attributed to the internal excitations of
Cgo" ions.

II. EXPERIMENTAL

A single crystal of KCI was cleaved in air and mounted on
a five-axis precision goniometer in an ultrahigh vacuum
chamber (base pressure 2X 107" Torr). The surface of
KCI(001) was heated to 300 °C to prepare a clean surface
[10] and kept at 250 °C during the measurements to prevent
surface charging [11]. A beam of Cg," ions produced by a
10 GHz electron cyclotron resonance (ECR) ion source was
collimated to less than 0.5X 0.5 mm? after mass separation.
The beam was guided into the chamber and incident on a
KCI(001) surface at a grazing angle. The azimuth angle of
incidence was adjusted to avoid surface axial channeling.
The energy spectrum of the reflected ions was measured by a
cylindrical electrostatic analyzer (CEA). The CEA was
placed 100 mm downstream of the target KCI crystal and
was able to rotate around the target. The measured energy
resolution of the CEA was less than 0.25%.

The angular and charge state distributions of the reflected
particles were also measured by a two-dimensional position-
sensitive detector (2D PSD) equipped with a pair of electric
field plates. The diameter of 2D-PSD was 40 mm and was
placed 160 mm downstream of the target KCI crystal.

III. RESULTS AND DISCUSSION
A. Angular and charge state distributions

Figure 1 shows an example of the angular distribution of
the reflected particles observed under operation of the elec-
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FIG. 1. Observed angular distribution of the reflected particles
when 3 keV Cgy* ions are incident onto a KCI(001) surface at 6;
=2°.

tric field plates when 3 keV Cg,* ions were incident onto a
KC1(001) surface at §,=2°. The residual incident Cg,* ions
appear as a sharp peak on the lower left-hand side. The larg-
est peak on the lower right-hand side corresponds to the re-
flected C¢," ions and a small peak seen on the upper right-
hand side corresponds to the reflected neutral particles. The
observed neutral fraction is only ~10% in spite of the very
low velocity (v=0.013 a.u.). This is because the ionization
energy of Cg (7.6 V) locates in the band gap of KCI. As the
result, both resonant and Auger neutralization processes are
not allowed for slow Cg* ions in front of a KC1(001) surface
[12]. This situation is different from the scattering from
metal surfaces. A recent study on the neutralization of keV
Cgo"?* ions during grazing scattering from Al(001) has
shown complete neutralization [13], where the energy loss
associated with the charge exchange processes may not be
neglected.

Figure 2 shows the observed most probable scattering
angles of 3 keV Cgy* and neutral Cg, as a function of 6;. The
dashed line indicates specular reflection. All data points of
Cgo" fall on this line, indicating that the Cy," ions are specu-
larly reflected from KCI(001). This means that there is no
dissipation of the perpendicular energy and the motion of
Cyot is governed by a continuum surface potential. This is
very different from the observation of Cg," scattering from
highly oriented pyrolytic graphite (HOPG) surfaces at 6;
=15° [14]. The Cg,* were scattered subspecularly and the
observed most probable scattering angle changed from 13.5°
to 5° when the incident energy was changed from 0.5 to
5 keV. This subspecular reflection was reproduced by mo-
lecular dynamics (MD) simulation and was attributed to ef-
fective deformation of the surface atomic plane during scat-
tering. For a diamond surface, however, MD simulation
showed specular reflection under analogous conditions and it
was concluded that the subspecular reflection is a conse-

PHYSICAL REVIEW A 76, 032903 (2007)

~ 10 T T T T
4 3 keV Cg —~ KCI (001) o
= I o C+ 7 ]
g 60 8’
T 8 e Cg o ]
S of .
< | . A |
Q
£ 4t s? .
= 8
= L 8 i
£ 8
< 2 g3 i
S .
wn L 4
Q’D"n 0L 1 | | L 1

0 5

1 2 3 4
0;: ANGLE OF INCIDENCE (degrees)

FIG. 2. Most probable scattering angle of reflected ions (closed
circles) and neutral particles (open circles) when 3 keV Cgy* ions
are incident onto a KCI(001) surface. The dashed line indicates
specular reflection. All data points of reflected Cgy* ions fall on the
dashed line while the scattering angles of the neutral particles are
slightly larger than the specular angle due to the image acceleration.

quence of an HOPG structure-specific effect [14].

Looking at Fig. 2 more closely, slight shifts of the Cg,
scattering angle toward larger angles can be seen. These an-
gular shifts can be ascribed to the image acceleration of Cgy*
[15]. The energy gain can be derived from the observed scat-
tering angles,

AE, = Elsinz(ﬁg - 6) —sin’*(g" - 6,)], (1)

where E is the ion energy, and 6} and ¢ denote the scatter-
ing angles of Cg* and Cg, respectively. Because the neu-
tralization takes place mainly near the closest approach x,;,
to the surface, the observed energy gain represents the image
potential at x.;,. The closest approach distance can be esti-
mated by

E Sinz(eg - 01) = VO(xmin)a (2)

where V,(x) is the surface continuum potential for Cy,. Fig-
ure 3 shows the estimated image potential as a function of
the distance from the surface. In this estimation, the sum of
the Ziegler-Biersack-Littmark (ZBL) potentials for the con-
stituent C atoms was used for Vy(x). Recently, the image
potential of Cgy* in front of a metal surface has been calcu-
lated by Wethekam et al. [13] by extending the method de-
veloped by Zettergren ef al. [16]. Here, we modify their re-
sult to calculate the image potential of Cgy* in front of an
insulator surface. The Cq," is treated as a conductive sphere
with a radius R=0.443 nm [13]. The image potential of Cg,*
at a distance r from the surface is given by

_e_§ ( 1 e0)-1 1 )
"”g‘z =""\R-65, &(0)+12r—-R-35,
2

e
2R’

>
n=0

(3)

where £(0)=4.85 is the dielectric constant of KCI,
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FIG. 3. Image potential of Cg" ions in front of a KCI(001)
surface estimated from the observed scattering angles of Cgy* and
Cq. Typical experimental errors are shown. The solid line shows
the calculated image potential.
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The calculated result roughly reproduces the observed image
potential within the experimental error. In the following sec-
tion, we will use both ZBL potential and the image potential
given by Egs. (3)—(5) to calculate the trajectory of Cgy* ions.

B. Energy spectrum of reflected Cgy*

Figure 4 shows examples of the observed energy spectra
of the specularly reflected 3 keV Cgy". The spectrum has a
sharp peak at energies slightly lower than the incident energy
when 6; is small. With increasing 6, the peak shifts toward
lower energies and additional small peaks appear in the low
energy side of the first peak. The number and the intensities
of these additional peaks increase with 6;. Figure 5 shows the
observed energy losses of these peaks as a function of 6.
These peaks are almost equally separated by ~106 eV irre-
spective of ;. Such a multipeak structure might be attributed
to either skipping motion [17] or subsurface channeling [18].
In the case of the skipping motion, however, the energy loss
associated with the first peak is equal to the peak separation
and the intensities of the skipping peaks decrease with in-
creasing 6; [19,20]. These features are clearly different from
the present observation. On the other hand, the energy loss of
the first peak is one half of the peak separation in the case of
the subsurface channeling [18], which is also different from
the present result. Moreover, the diameter of Cg,"(0.7 nm) is
much larger than the interplanar distance (0.3 nm) in the
(001) planar channel, indicating that Cgy* cannot channel
through the KCI crystal.

A possible origin of the observed multipeak structure is
the fragmentation of Cgy". When a Cgy* ion impacts on a
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FIG. 4. Examples of the observed energy spectra of reflected
ions when 3 keV Cgy* ions were incident onto a KCI(001) surface
under grazing incidence. A multipeak structure is clearly seen at
larger 6,.

solid surface with a collision energy larger than but not far
beyond the threshold energy, fragmentation of Cgy* occurs
via a sequential C,-loss process. The C, fragments carry
~1/30 of the kinetic energy of Cqy*, which is in agreement
with the observed peak separation. In order to examine this
explanation, energy spectra were measured at different inci-
dent energies. The observed energy spectra showed similar
multipeak structures and the observed peak separations were
~36 and ~69 eV at | and 2 keV, respectively. These values
are close to 1/30 of the kinetic energies of the Cgy" ions,
confirming that the observed peaks correspond to the Cgy_s,*
ions produced by the sequential C,-loss process. This is sur-
prising, because the perpendicular energy for 3 keV Cgy* at
6,=1.8° is only 3 eV, which is far below the threshold en-
ergy for fragmentation reported in the previous papers [6,7],
and also smaller than the activation energy for C, loss
(~11 eV [21,22]). Nevertheless, we observed a certain
amount of Csg™ after grazing scattering. This will be dis-
cussed later but we first concentrate on the energy loss of the
Cgo" ions reflected from the surface without fragmentation.
Figure 6 shows the energy loss of the first peak as a func-
tion of 6. The observed energy loss is about 25 eV at 6;
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FIG. 5. Energy losses of the observed peaks in the energy spec-
trum for 3 keV Cg* incidence as a function of 6;. The peak sepa-
ration is almost constant (~106 eV) irrespective of 6. The lines
through the data points guide the eye.

=1° and increases up to 100 eV at 6,=6° for 3 keV Cgy*
ions. As mentioned above, the energy transfer to the surface
atoms is expected to be negligibly small under the grazing
scattering. Figure 7(a) shows an example of the trajectory of
3 keV Cg," ion at 6;=1.8° calculated using the ZBL potential
and the image potential. The ion is gradually deflected via a
series of small angle scattering events with surface atoms.
The length of the trajectory where appreciable deflection oc-
curs is more than 8 nm in the present case [see Fig. 7(b)].
Considering the size of C¢," (0.7 nm) and the surface atomic
density (~10 atoms/nm?), more than 60 surface atoms are
involved in the series of small angle scattering events in this
case. The energy transfer to the surface atoms can be esti-
mated by
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FIG. 6. Observed energy losses of 1-3 keV Cg," ions reflected
from a KCI(001) surface. The calculated energy losses due to the
optical phonon excitation are also shown. The lines through the data
points guide the eye.
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FIG. 7. A typical trajectory of 3 keV Cgy" under grazing scat-
tering from a KCI(001) surface at 6,=1.8° (a). The change of the
angle with respect to the surface plane during the reflection is also
shown (b). The ion is gradually deflected by a series of small angle
scattering events along the trajectory. The deflection occurs mainly
in the trajectory region from z=-—4 nm to z=4 nm.
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where M; and M, are the masses of the projectile and the
surface atom, respectively, E is the incident energy, and n is
the number of small angle scattering events. The estimated
energy loss is less than 4 eV for 3 keV Cgqt at 6,=1.8°,
which is much smaller than the observed energy loss
(~30eV).

The above conclusion is also confirmed by considering a
scaling law for the energy loss. Using a position-dependent
stopping power, S(x), the energy loss of the specularly re-
flected ion can be written by

AE= f h S(x(z))dz=2 f ) S0 Zax= 2v, f w S0,
dx

. v
- *min Xmin X

(7)

Note that both x,,;,, and v,(x) do not depend on the ion en-
ergy if the perpendicular energy is the same. Consequently, if
S(x) is proportional to E", AE is proportional to E"*!/2 at the
same perpendicular energy.

During the specular reflection, the small angle scattering
events with surface atoms can be well described by the im-
pulse approximation. Thus, the momentum transfer to the
surface atom is inversely proportional to the ion velocity and
the energy transfer is inversely proportional to the ion en-
ergy. Consequently, the position-dependent nuclear stopping
power is proportional to E~'. The nuclear energy loss is,
therefore, proportional to E-%3 if the perpendicular energy is
the same. In order to examine this scaling law, the nuclear
energy losses of 3 and 5 keV Ne’ atoms reflected from
LiF(001) calculated by Mertens and Winter [9] are normal-
ized by E™%° and shown as a function of the perpendicular
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FIG. 8. Energy loss normalized by E™%3 as a function of the
perpendicular energy. If the nuclear stopping is the dominant energy
loss mechanism, all data points fall on a universal curve (see text).
For comparison, the calculated nuclear energy losses for 3 and
5keV Ne reflected from LiF(001) are shown [9]. The lines
through the data points guide the eye.

energy in Fig. 8 (dashed and solid lines). Both energy losses
fall on a universal curve after the normalization, indicating
that the nuclear energy loss satisfies this scaling law. Figure
8 also shows the normalized energy losses for 1-3 keV Cg*
as a function of the perpendicular energy of Cgy*. It is clear
that the normalized energy loss does not follow the scaling
law. This indicates that the observed energy loss of Cgy"
cannot be attributed to the nuclear stopping power.

Regarding the electronic stopping power, the direct elec-
tronic excitation is expected to be completely suppressed for
slow projectiles (v ~0.01 a.u.) because of the wide band gap
of KCIl. The actual stopping power of insulator surfaces,
however, does not vanish at velocities lower than the ex-
pected threshold velocity [23]. The stopping power was
found to be proportional to the ion velocity even in the ul-
tralow velocity regime as is similar to metal and semicon-
ductor surfaces [23]. Therefore, the electronic energy loss
should be proportional to the ion energy if the perpendicular
energy is the same. Figure 9 shows the observed energy
losses normalized by the ion energy as a function of the
perpendicular energy. For comparison, the normalized en-
ergy losses of 15 and 30 keV Ne* ions specularly reflected
from KCI(001) are also shown [24]. The data points of 15
and 30 keV Ne* ions fall on a universal curve, showing the
validity of the present scaling law for the electronic energy
loss. The energy losses of 1-3 keV Cg,* ions, however, do
not follow this scaling law. Thus, the electronic stopping
power is also not responsible for the observed energy losses.
In addition, our previous study showed that the charge ex-
change processes are almost completely suppressed for keV
Cgo" ions in front of a KCI(001) surface [12], indicating that
there is no energy loss associated with the charge exchange
processes.

Figure 10 shows the observed energy losses normalized
by E~!5 as a function of the perpendicular energy. All data
points fall on a universal curve, showing that the stopping
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power is proportional to E-%, Although this E dependence
cannot be explained by either the nuclear or the electronic
stopping power alone as was discussed above, it could be
reproduced by the sum of the nuclear and electronic stopping
powers. In order to examine this possibility, the observed
energy dependence E~!5 is compared with aE+bE™"3,
which represents the sum of the nuclear and electronic en-
ergy losses. The calculated results with various a and b are
shown in Fig. 11. It is clear that the observed E dependence
cannot be reproduced even if both the nuclear and electronic
energy losses are taken into account.

Thus, the major energy loss mechanisms are not respon-
sible for the observed energy losses of keV Cg," ions. There
is, however, another possible energy loss mechanism in the
present case, namely, excitation of optical phonons [8]. The

-
wn
=

—
L Cép —

KCl

(001)

T
—_—

.
N
Cso

r ® 1 keV 1
T A 2 keV (x1.11)
= 3 keV (x1.18)

et

(=3

=]
T

NORMALIZED ENERGY LOSS (eV)
&
T

=

20 30 40
E. (eV)

FIG. 10. Observed energy losses normalized by £~ as a func-
tion of the perpendicular energy. All data points fall on a universal

curve, indicating that the stopping power is proportional to E~063
(see text).
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optical phonons in ionic crystals can be efficiently excited by
the long range Coulomb field of the projectile ion. It was
shown that the excitation of the optical phonons is the domi-
nant energy loss mechanism for keV Ne* ions scattered un-
der grazing incidence from a LiF(001) surface, where both
electronic and nuclear energy losses are almost completely
suppressed [8]. The contributions of the optical phonons to
the observed energy losses were estimated using Egs. (1) and
(2) of Ref. [8], and the results are compared with the ob-
served energy losses in Fig. 6. The calculation shows that the
contribution of the optical phonons is negligibly small in the
present case. Moreover, the calculated energy loss decreases
with 6;, while the observed energy loss increases with 6.
Thus all the usual energy loss mechanisms cannot explain
the observed energy losses.

A possible origin of the observed anomalous energy loss
is related to the observed fragmentation of Cg,* ions. Beck et
al. showed that 1% of Cgy" ions decay via C, loss when Cg,*
has an internal excitation energy of 38 eV [5]. In the present
case, the observed Csg* fraction is 2.5% for 3 keV Cg" ions
at 6;=1.8° and the corresponding energy loss is 29 eV. If we
assume that the observed energy loss is spent for the internal
excitations of Cgyt ions, the present result is roughly in
agreement with their result. In order to examine this expla-
nation, the observed intensity ratio of Csg* to Cgy* (this ratio
is a measure of the internal excitation) is plotted as a func-
tion of the observed energy loss in Fig. 12. All data points
fall on a universal curve, showing a strong correlation be-
tween the observed energy loss and the fragmentation. This
indicates that the parallel component of the C¢," kinetic en-
ergy is transferred to the internal excitations, which lead to
the fragmentation via C, loss. This scenario is also supported
by the observed fact that the perpendicular energy is con-
served during the grazing scattering (see Fig. 2). Only the
parallel component of the kinetic energy can be responsible
for the internal excitations which cause the observed frag-
mentation.
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FIG. 12. Observed intensity ratios of Csg™ to Cgg™ as a function
of the energy loss of the reflected Cgy*. All data points fall on a
universal curve irrespective of the incident energy, indicating a
strong correlation between the fragmentation and the observed en-
ergy loss.

Now, the remaining question is the mechanism of the en-
ergy transfer from the kinetic energy to the internal excita-
tions. Here, we note the role of the strong alternate electric
field (pseudophoton field) seen by the projectile ions during
grazing scattering from the surfaces of ionic crystals [25].
This alternate electric field causes the resonant coherent ex-
citation [25,26]. The amplitude of the electric field can be as
high as ~0.1 a.u. [26], which is comparable to an intense
laser field. A recent theoretical study has demonstrated that
an infrared ultrashort intense laser pulse (~100 fs) of A
=1800 nm can vibrationally excite Cg, molecules and the
accumulated vibrational energy amounts to several tens eV
[27]. A detailed theoretical study is required for the further
quantitative explanation, which is, however, beyond the
scope of the present work.

IV. CONCLUSION

We have observed anomalously large energy losses of
keV Cg* ions specularly reflected from a KC1(001) surface,
which cannot be explained by either nuclear stopping, elec-
tronic stopping, or the excitation of the optical phonons. A
strong correlation between the observed energy loss and the
fragmentation of Cg," is also observed. These results indicate
that the parallel component of the kinetic energy is effi-
ciently transferred to the internal excitation of Cg,".
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