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Extensive experimental and theoretical results are presented for the scattering of a beam of K+ ions incident
on a Cu(001) surface along thek100l azimuth with incident energies of 50 to 154 eV. Energy-resolved
scattered intensity spectra reveal three distinct peaks whose widths and intensities vary with surface tempera-
ture. Using the results of a classical trajectory simulation, four distinct ionic trajectory types are assigned to
these peaks. Using a classical mechanical theory that contains the correct equilibrium thermodynamics of the
Cu crystal, general features of the K+ energy-resolved spectra are calculated for each trajectory type and
compared with the experimental results. For the case of single ion-surface atom collisions, the dependence of
the peak intensities and widths on the incident energy and surface temperature is well explained by the classical
theory.
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I. INTRODUCTION

Experimental and theoretical studies that probe the scat-
tering dynamics of hyperthermal energys<1 eV to 1 keVd
ions with surfaces are important because they provide funda-
mental knowledge about ion-surface interactions.1 Recent
experiments, for example, have studied the dynamics of scat-
tering, trapping, and charge transfer for hyperthermal energy
alkali ions incident on metal surfaces.2–9 The knowledge
gained from this work can be applied to the many techno-
logical processes that rely on ion-surface scattering, such as
ion-beam etching, desorption, and secondary ion mass spec-
trometry (SIMS).10–12

Few studies have focused on the role that surface tem-
perature plays in the scattering process at hyperthermal
energies.2,3,6,13–15Of those measurements, the most notable
were aimed at demonstrating a sensitivity to the effects of
surface dynamics and focused on the thermal broadening of
peak widths in either energy-resolved or angular spectra. For
example, Verheyet al.13 and Poelsemaet al.14,15 measured
the thermal broadening of peaks in the energy-resolved spec-
tra of Kr+ scattered from Cu(001). By comparing simulated
and experimental results for the broadening of peaks due to a
particular triple scattering trajectory, they were able to obtain
a value for the surface Debye temperature. A more recent
investigation focused on the scattering of Na+ from Cu(001)
as a function of surface temperature.2 In this work, DiRubio
et al. demonstrated that experimentally observed back-
scattered ion distributions fail to be described by simple the-
oretical models, such as the trajectory approximation. A com-
pletely classical scattering theory, however, that includes
both the recoil and thermodynamics of the Cu(001) target,
has been shown to provide a reasonable description of scat-
tering processes in this energy range.2,16

In this paper, we examine a series of experiments involv-
ing K+ scattering from Cu(001) with incident energies be-
tween 50 and 154 eV. Energy-resolved spectra of scattered

ions obtained as a function of the surface temperature are
compared with a classical scattering theory.16 Our measure-
ments are not sensitive to the thermal charge transfer effects
that can arise for Na+ beams.9 Therefore, unlike the Na+

measurements made by DiRubioet al.,2 we obtain relative
scattering intensities for the K+ as a function of surface tem-
perature. From these data, theoretically predicted
temperature-dependences of the widths, intensities, and inte-
grated intensities of the peaks are tested.

This paper is organized in the following manner. In Sec.
II, we describe the experimental apparatus and techniques
used to obtain the K+ scattering data. The classical scattering
theory used to model these data is discussed in Sec. III. In
Sec. IV, the experimental data and theoretical calculations
are presented and compared. Finally, in Sec. V, we summa-
rize our results and present some overall conclusions that one
can draw from this work.

II. EXPERIMENT

The data presented here were obtained in an ultra high
vacuum (UHV) chamber and beamline described in detail
elsewhere.17–19 The K+ beams were produced in a Colutron
ion source which has been modified to allow efficient pro-
duction of alkali ions from commercially available solid state
ion sources.20–22Beams produced by this source are typically
Gaussian in shape with a size of 0.8 mm(FWHM).23 The
incident beams were directed along thek100l azimuth of a
Cu(001) single crystal at an incident angle of 45° from the
surface normal. Using low energy electron diffraction
(LEED), the k100l azimuth of the sample was aligned to
within ±2° of the incident ion beam direction. This align-
ment was fine-tuned to within ±0.5° by monitoring the scat-
tered ion beam intensity, which is highly sensitive to the
azimuthal orientation. The sample was cleaned by repeated
cycles of 500 eV Ar+ sputtering followed by anneals at
600 °C. The cleanliness and order of the sample were moni-
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tored by Auger electron spectroscopy and LEED, respec-
tively.

Energy-resolved spectra of the scattered K+ were mea-
sured with an electrostatic analyzer(ESA) at a final angle of
45° from the surface normal for incident K+ energies of 50,
99, and 154 eV. The ESA has an energy resolution of
DE/E=0.016 and an effective angular acceptance of ap-
proximately ±0.5°. For each incident energy, the temperature
of the Cu(001) sample,TS, was varied between approxi-
mately 325 and 925 K. This variation in temperature, which
was monitored with a Chromel-Alumel thermocouple, was
achieved using a combination of cooling from a liquid nitro-
gen reservoir connected by copper braids and heating from
an electron-beam heater mounted behind the sample. Mea-
surements made using a neutral particle detector24 have
shown that neutralization effects at these incident energies
and sample temperatures are small, typically less than
,1.5%.25–27 Therefore, no corrections for neutralization
were included in the data presented in this paper.

A typical spectrum obtained for K+ is shown in Fig. 1.
This spectrum and all other spectra of scattered ions pre-
sented in this paper consist primarily of three broad but dis-
tinct peaks. The trajectories that contribute to the peaks in
the spectra were previously identified, through comparisons
with classical trajectory simulations,2,28,30 as the result of
four well-defined scattering paths:(1) Single scattering di-
rectly from one Cu atom(SS); (2) double forward scattering
(DF), in which the ion collides with a Cu atom and then
moves forward nearly parallel to the surface and suffers a
second collision with the next nearest neighbork100l Cu
atom;31 (3) double zig-zag scattering(DZZ), in which the
second collision is with the next forward nearest neighbor in
the adjacentk100l row; and (4) triple zig-zag scattering
(TZZ), which consists of the two collisions of the DZZ tra-
jectory(case 3 above) followed by a third collision with a Cu
atom in the originalk100l row. Ions following the DZZ and

TZZ paths lose similar amounts of energy and form a single
peak in the energy resolved spectra that cannot be distin-
guished as two separate processes. We refer to this combined
peak as the multiple scattering(MS) peak. The spectra were
fit to a sum of three Gaussians plus a small linear back-
ground term. The peak positions, intensities, and widths ex-
tracted from these fits were then compared to the results
obtained from the classical scattering theory discussed in the
next section.

III. THEORETICAL MODEL

In this section we review the theoretical model that we
have used to describe our K+ experimental results. Our
model is similar to that employed in previous work on Na+

and rare gas scattering from Cu(001) and molten metal
surfaces.16,32,33This particular theoretical treatment provides
simple closed-form analytic expressions for scattering events
in terms of differential reflection coefficients. As we discuss
below, multiple reflection coefficients can be convolved, al-
lowing us to model relatively complex scattering events,
such as the TZZ and DZZ scattering trajectories described in
Sec. II. Here we describe the reflection coefficients and dis-
cuss the parameters we have used to model our experimental
data. Also, we outline the predicted temperature-dependence
of the widths, intensities, and integrated intensities of peaks
in the scattered spectra.

A trajectory that involves the single collision scattering of
an atom-like projectile from a surface at temperatureTS can
be described in terms of the differential reflection coefficient,
dRs1d /dV fdEf, which gives the fraction of particles scattered
into the solid angledV f and energy rangedEf centered atV f
andEf. This coefficient is given by16,34

dRs1dsp f,pid
dV fdEf

=
m2up fu

8p3"4piz
ut f iu2S p

DE0kBTS
D1/2

3expH−
sDE + DE0d2

4kBTSDE0
J , s1d

where DE=Ef −Ei is the difference between the final and
initial projectile energies,ut f iu2 is the scattering form factor
of a unit cell,m is the projectile mass, and the momentumpq
of a particle in stateq is divided into componentssPq,pqzd
parallel and perpendicular to the surface, respectively. The
recoil energy shift isDE0=sp f −pid2/2Mc, whereMc is the
mass of an atom in the crystal. The differential reflection
coefficient given by Eq.(1) is appropriate for K+ scattering
in the hyperthermal regime, as it describes the scattering of
the incident atomic projectile with a surface made up of dis-
crete scattering centers that are initially in thermodynamic
equilibrium. Other forms of this reflection coefficient, appro-
priate for scattering from corrugated and flat-repulsive sur-
faces, have also been obtained.16,32,35

More complex scattering trajectories, involving succes-
sive collisions with different target atoms, can be written as a
convolution of the corresponding single-particle collisions.
For instance, the contribution to the differential reflection
coefficient arising from double scattering is expressed as

FIG. 1. Energy-resolved intensity spectra as a function of the
fractional final energy at the incident energyEi =154 eV and tem-
peratureTS=675 K. The experimental data are shown as points.
The solid curve is the sum of contributions from the four trajecto-
ries discussed in Sec. III of the text. The leftmost and rightmost
peaks correspond to the SS and DF trajectories, respectively. The
middle peak contains both DZZ(dashed curve) and TZZ (dotted
curve) contributions.
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where the summation is over the set of target atoms with
which second collisions can occur andDVn is the solid angle
subtended by the classical cross section of thenth atom.
Third order scattering events can be similarly written as a
double convolution over a product of three single scattering
terms.32 To accurately describe our data for K+ scattering, we
must account for the four trajectory types described in Sec.
II. Therefore, the total differential reflection coefficient used
in this work is the sum of the single and double scattering
terms of Eqs.(1) and (2) plus a triple scattering term.

In addition to describing K+ scattering trajectories in
terms of the differential reflection coefficients discussed
above, we have also made several simplifications which are
noted here. First, we take the form factorut f iu2 to be constant,
which is appropriate for classical hard sphere scattering.32

Additionally, since the solid angles subtended by the target
atoms in the second and third collisions of the DF, DZZ, and
TZZ trajectories are small, we assume that the angular de-
pendence of the intermediate differential reflection coeffi-
cients can be ignored. Therefore, the angular integration can
be replaced by a multiplicative factor ofDVn. For DF scat-
tering in the k100l surface azimuth, the classical cross-
section of the target atom,DV, is the solid angle subtended
by the cross-section of a Cu atom at the lattice spacing dis-
tance ofa=3.61 Å. The simplest approximation forDV /4p
is the ratio of the Cu cross section to the area of a sphere of
radius a, and based on the Cu atomic radius of 1.57 Å or
covalent radius of 1.17 Å this implies expected values of
DV /4p for DF trajectories that lie between 0.047 and 0.026,
respectively. For the DZZ and TZZ trajectories, which in-
volve excursions out of the scattering plane,DV is conse-
quently larger by a factor of 2, due to the smaller nearest-
neighbor distance between successive surface Cu atoms. For
all calculations in this paper, the value ofDV /4p for DF
collisions was chosen to be 0.031 corresponding to a Cu
radius of 1.28 Å which lies between the accepted values for
the covalent and atomic radii.

As we discussed above, trajectory analysis indicates that
SS, DF, DZZ, and TZZ trajectories comprise the primary
types that must be considered to describe our data. The SS
trajectory is accounted for by Eq.(1) and depends on no
adjustable parameters. DF trajectories, involving successive
collisions with two nearest-neighbor surface atoms in the
k100l direction, depend on only one parameter,DV. DZZ
trajectories involve next nearest neighbor particles in the for-
ward k110l direction and depend on an additional parameter,
the intermediate scattering angleuqD. TZZ trajectories de-
pend on two additional angular parameters,uqT andurT,2,32,36

as they involve scattering from both a next nearest neighbor
in the forwardk110l direction and a next nearest neighbor in

the forwardk11̄0l direction.
Values have been obtained for the additional DZZ and

TZZ parameters using a classical trajectory simulation.28,36

The trajectory simulation shows that these angles, listed in

Table I, are larger for higher incident beam energies. All
calculations were carried out using an average over the two
naturally occurring stable isotopes of Cu, i.e., 69.17% of
63Cu and 30.83% of65Cu as well as an average over the two
stable isotopes of K, i.e., 93.26% of39K and 6.73% of41K. It
should also be noted that the calculations presented here do
not include effects of the attractive image potential. Indepen-
dent ion scattering experiments have clearly demonstrated
that for singly charged ion scattering on Cu surfaces, charge
transfer and ion neutralization are negligible effects at the
energies and surface temperatures considered here.25–27

Therefore, the projectile will remain singly charged through-
out the scattering trajectory and will be affected by the image
potential. However, using our classical trajectory simulation,
we have observed that the effects of a typical surface image
potential well(,1–2 eV) on scattering at the incident ener-
gies considered here are negligible.29

For hyperthermal incident energies and small mass ratios
sm=m/Mc,1d, such as the case we are dealing with here,
the differential reflection coefficient of Eq.(1) is nearly
Gaussian in shape and the characteristics of the scattered
intensity are straightforward to describe. The calculated most
probable energy(peak position) of Eq. (1) is approximately

the zero of the argument of the exponential,Ēf =Ei

−DE0sĒfd, which can be expressed as the familiar Baule for-
mula for energy transfer in a collision of two point particles,

Ēf = fsudEi, whereu is the total scattering angle(the angle
betweenpi andp f) and

fsud = SÎ1 − m2 sin2 u + m cosu

1 + m
D2

. s3d

The width of the Gaussian-like distribution, expressed as the

mean square deviationkDE2l from Ēf is

kDE2l < 2gsudEikBTS, s4d

where

gsud =
gTAsud

s1 + m − m cosu/Îfsudd
s5d

and

gTAsud = ms1 + fsud − 2Îfsudcosud, s6d

is the value taken bygsud in the trajectory approximation.
Equation(6) is defined by

TABLE I. Values for the intermediate scattering angles at each
of the three measured energies, determined by trajectory simulation
and given in degrees.

50 eV 99 eV 154 eV

uqD 20.0 23.5 25.5

uqT 8.5 13.0 15.5

urT 7.0 10.5 12.0
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DE0sĒfd = gTAsudEi , s7d

which demonstrates that the trajectory approximation is con-
tained within Eq.(1) if one assumes thatDE0 appearing in
the numerator(but not that in the denominator) of the argu-
ment of the exponential is a constant. The intensity at the
point of most probable energy transfer, the peak intensity, is
given by the envelope function, which appears as

Imax~
1

skBTSDE0d1/2 <
1

sgTAsudkBTSEid1/2. s8d

For fixed initial and final scattering angles, the width of the
Gaussian-type distribution goes assEikBTSd1/2 as shown in
Eq. (4) and the intensity from Eq.(8) goes assEikBTSd−1/2.
Therefore, the integrated intensity of the single scattering
peak should be independent of both temperatureTS and en-
ergyEi. One should expect similar temperature dependences
for the higher order scattering terms, as they are simply con-
volutions of the Gaussian-type single scattering term. In the
next section, these temperature-dependent peak parameters,
the width, intensity, and integrated intensity, are compared
with our K+ scattering results.

IV. COMPARISON OF THEORETICAL AND
EXPERIMENTAL RESULTS

Using the experimental and theoretical techniques out-
lined in the previous two sections, we have investigated the
scattering of K+ ions from Cu(001) at incident energies of
50, 99, and 154 eV and sample temperatures between 325
and 925 K. In this section, we compare our experimental
data and calculated results, focusing on the following fea-
tures in the energy-resolved spectra: peak positions(Sec.
IV A ), peak intensities and widths(Sec. IV B), and inte-
grated intensities(Sec. IV C).

A. Peak positions

A typical experimental and theoretical energy-resolved
spectrum obtained for 154 eV K+ at a surface temperature of
675 K is shown in Fig. 1. In the experimental spectrum one
can see three peaks which arise from the different trajectory
types discussed above. Using the trajectory simulation
SAFARI,28 we have determined the dominant trajectory
types for these peaks to be, in order of increasing fractional
final energysEf /Eid, the SS, MS, and DF atEf /Ei <0.26,
0.38, and 0.49, respectively. This particular ordering of the
peaks with respect to energy is not surprising if one consid-
ers the trajectories and the collisions associated with them in
terms of Eq.(3). Specifically, one finds that although the MS
and DF trajectories involve more than one collision with Cu
atoms, the scattering angleu associated with each collision is
small compared to that for the SS trajectorysu=90°d. There-
fore, the total energy loss for an MS or DF trajectory is less
than what one obtains for a large scattering angle collision of
the SS trajectory type. This result is completely accounted
for by the classical scattering theory presented in Sec. III,
and, as one can see in Fig. 1, the results of our theoretical
calculations agree qualitatively with the experimental data.

To illustrate that both the DZZ and TZZ trajectory types
are included in the MS peak atEf /Ei <0.38, the calculated
contributions from these two trajectory types have been plot-
ted separately in Fig. 1. One can see that the SS and DZZ
trajectories have comparable intensities, while the TZZ tra-
jectory has a smaller contribution that coincides in energy
with the DZZ peak. This overlap between the DZZ and TZZ
trajectory types makes it difficult to separate their individual
contributions in the experimental data. Therefore, as we dis-
cussed in Sec. II, we refer to these two contributions as the
MS peak. One should note that for all the calculations shown
here and in successive figures, the results were normalized to
the experimental data for each given incident energy at a
surface temperature of 675 K.

The results shown in Fig. 1 demonstrate the qualitative
agreement that we obtain between experiment and theory.
They also show that there is a systematic difference in en-
ergy between the peak positions of the experimental and the-
oretical spectra. This difference is especially apparent for the
simpler SS and DF trajectory types and has been observed at
other incident energies and substrate temperatures. It is much
less evident for the more complicated MS trajectories. Two
possible sources for these differences are the image potential
and the many-body nature of the ion-surface collision. The
role of the image potential in K+ scattering and in the present
theoretical treatment was discussed in Sec. III. There we
noted that the incident K+ projectiles are expected to remain
positively charged throughout their trajectories, which im-
plies that the path the ions take near the surface will be
affected by the image potential. However, when one exam-
ines the relative energy scales involved in the scattering, it is
clear that the effects will be small, which is why we have
chosen not to account for the image potential in our current
calculations. Nevertheless, given the quantitative discrepan-
cies observed in Fig. 1, it is reasonable to consider whether
the image potential would bring these results into better
agreement. It is well known that the effect of an attractive
image potential is to refract the scattering ion toward the
surface, i.e., towards smaller incident angles and larger out-
going angles. For the simplest case of scattering, the SS tra-
jectory type, this image potential refraction will lead to a
larger total scattering angle, which will give a greater energy
loss and shift the calculated results of Fig. 1 further out of
agreement. An alternative explanation for the reduced energy
loss observed in the experimental data is the quasiness of the
collisions between the K+ ions and the Cu surface atoms. To
be specific, the collisions can be more accurately represented
as occuring between both the main collision partners dis-
cussed in Sec. II as well as between the scattering K+ ion and
a number of neighboring surface atoms. A detailed analysis
of this effect was carried out using the trajectory simulation
SAFARI, where it was shown that quasiness is in fact the
most probable source of the reduced energy loss that is ob-
served for K+.36

We have accounted for the quasi-collisions between K+

ions and the Cu surface in our calculations by assuming that
the K+ ions collide with an object that has an effective mass
slightly larger than that of a single Cu surface atom. In Fig.
2, we compare the data of Fig. 1 as well as data for all other
temperatures measured atEi =154 eV to calculated results
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obtained for K+ incident on a Cu crystal where the Cu atomic
mass has been increased by 5%. In these calculations, we
have also modified the intermediate scattering angles for the
MS contributions, increasing them by 15% over the values
shown in Table I. These slightly increased angles are closer
to the angles obtained by tracing straight lines between the
substrate atoms and thus are closer to the initial directions
taken by the K+ projectiles just after the intermediate colli-
sions than the average angle obtained from the classical tra-
jectory simulations. As one can see from Fig. 2, these modi-
fications improve the quantitative agreement of the
calculations with the experimental spectra.37 Furthermore,
the data in the figure show that there is no discernible tem-
perature dependence in the peak positions, a result that is
consistent with the classical theory.

B. Peak intensities and widths

The theoretical model presented in Sec. III predicts that
the peak intensity and squared width should vary linearly as
a function ofTS

−1/2 [Eq. (8)] andTS [Eq. (4)], respectively, for
single scattering trajectories. These predicted temperature
dependences also apply approximately to the more complex
trajectory types, since single scattering terms are convolved
to model these trajectory types. Here we compare these pre-
dictions with the experimental data for K+ scattering.

1. Single scattering

In Fig. 3(a) the experimental peak intensity(symbols) is
plotted for the SS trajectory at incident energies of 50, 99,
and 154 eV as a function ofTS

−1/2. Also plotted are the theo-
retical predictions(lines) for the SS trajectory type at these
incident energies. By plotting the intensity as a function of
TS

−1/2 the predicted dependence on temperature clearly mani-
fests itself for the calculated results. Comparing the calcula-

tion to the experimental result, one sees that the two results
agree well at high temperatures. The lowest temperature ex-
perimental data, however, show a distinct departure from the
calculated result. This offset is magnified by the fact that
each set of intensity values have been normalized to the cal-
culation at 675 K.

The remarkable linearity seen in the experimental peak
intensity data as a function ofTS

−1/2 is particularly interesting.
It demonstrates that the K+ SS trajectory, under these experi-
mental conditions, is most accurately described by the dis-
crete scattering model discussed in Sec. III. This can be con-
trasted with the temperature dependence observed in
previous measurements made for the scattering of atomic Ar
from molten Ga and In surfaces.38 In that work, the tempera-
ture dependence of the intensity was found to be approxi-
matelyTS

−1, a result that is intermediate between the discrete
or TS

−1/2 dependence and theTS
−3/2 dependence one obtains for

scattering from a flat, uncorrugated surface.39 One should
also note that previous measurements made using Na+ under
similar experimental conditions were unable to address the
discrete scattering prediction for the temperature dependence
of the peak intensity because of neutralization effects.2,9 The
scattering of K+, however, is not sensitive to temperature-
dependent neutralization effects as we stated earlier.25

In Fig. 3(b) we plot the mean square deviation as a func-
tion of TS for the SS trajectory. The predicted linear depen-
dence is clear for the calculated results, and the experimental
data are in relatively close agreement with these results at the
two higher incident energies. The experimental data at 50 eV
also exhibit a linear trend, which is consistent with the pre-

FIG. 2. Energy-resolved intensity spectra for an incident energy
Ei =154 eV and several different temperatures as marked. The ex-
perimental data are shown as points and the solid curves are the
calculations withMc increased by 5% and withuq,D, uq,T, andur,T

each increased by 15%.
FIG. 3. Single Scattering Trajectory: The (a) peak intensity and

(b) mean-squared width plotted as a function ofTS
−1/2 and TS, re-

spectively, for the three indicated incident energies. The symbols
and lines correspond to the experimental data points and calculated
results, respectively. The error associated with the experimental
points is on the order of the displayed symbol sizes.
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diction of Eq. (4), but they are offset from the calculated
result. This quantitative difference could be attributed to
temperature-independent peak broadening arising from pro-
cesses other than the phonon exchange mechanism included
in the present theory. Examples of additional process might
be atomic excitations, electron-hole pair creation, surface
and bulk plasmon creation, and charge transfer. A similar but
significantly larger deviation was also observed for the case
of Na+ scattering from Cu(001).2,16

2. Double forward and multiple scattering

In Figs. 4(a) and 5(a) the peak intensities are plotted as a
function ofTS

−1/2 for the DF and MS trajectory types, respec-
tively, at incident energies of 50, 99, and 154 eV. Also plot-
ted are the theoretical predictions for these two trajectory
types. In both sets of results, significant differences are ob-
served between the experimental data and the calculations.
Looking first at the DF results, it is clear that unlike the
results for the SS trajectory type, there is a large offset be-
tween the experimental and calculated peak intensities. Not-
ing that all of the calculations were normalized to the SS
peak intensities, the offsets we observe indicate that the cal-
culation is not reproducing the relative peak intensity that is
measured for the SS and DF trajectory types. Such an offset
can be accounted for in the calculation by increasing the
solid angle orDV value for the DF trajectory type. Indeed,
as we discussed in Sec. III, we chose a value for the solid
angle that was intermediate between that given by the Cu
atomic and covalent radii. However, since one consistentDV
value is carried throughout the calculation for both DF and

MS trajectory types, any adjustment would offset the calcu-
lated MS values as well. An alternative approach would be to
assign independent values for the DF and MS trajectory
types, but this was not attempted in the current study. Future
applications of our calculation method will explore this pos-
sibility. If we focus solely on the temperature-dependent
trends in the data, it is clear that there is a significant devia-
tion from the predicted linearity at lowTS values in the 99
and 154 eV results. This is similar to the observation made
for the SS trajectory type, where these higher incident energy
values also deviated from linearity at lowTS values. The one
trend present in the data that is consistent with the calcula-
tion is that the peak intensities approach a common value at
high surface temperatures.

For the more complex MS results in Fig. 5(a), the experi-
mental data and the predicted results also show disagree-
ment. Although there is some quantitative agreement for the
154 eV data at high surface temperatures, all of the incident
energies exhibit a linear dependence that has a smaller slope
than the predicted results. Moreover, the calculations predict
a large variation in intensity for the different incident ener-
gies. The data, however, exhibit a similar peak intensity at
each surface temperature value that is essentially indepen-
dent of the incident energy.

Significant differences between the experimental data and
the calculated results are also observed for the mean square
deviations of the DF and MS trajectory types, which are
plotted in Figs. 4(b) and 5(b) as a function ofTS. For the DF
trajectory type the experimental data at 50 eV give reason-
able agreement with the calculation. The data at 99 and

FIG. 4. Double Forward Trajectory: The (a) peak intensity and
(b) mean-squared width plotted as a function ofTS

−1/2 and TS, re-
spectively, for the three indicated incident energies. The symbols
and lines correspond to the experimental data points and calculated
results, respectively. The error associated with the experimental
points is on the order of the displayed symbol sizes.

FIG. 5. Multiple Scattering Trajectory: The (a) peak intensity
and (b) mean-squared width plotted as a function ofTS

−1/2 and TS,
respectively, for the three indicated incident energies. The symbols
and lines correspond to the experimental data points and calculated
results, respectively. The error associated with the experimental
points is on the order of the displayed symbol sizes.
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154 eV, however, depart distinctly from the calculated result.
In particular, the experimental data at both energies show
larger mean square deviations than the calculation. As we
discussed above for the SS trajectory type, this could be the
result of an offset arising from additional mechanisms that
are not accounted for in the present theory. However, unlike
the SS trajectory type, the offset seems more severe for these
two higher incident energy values. Furthermore, at lowTS
values there is a clear deviation from the predicted linear
trend for these incident energies. For the MS trajectory type
data shown in Fig. 5(b), a large offset from the calculated
result is apparent for all incident energies. However, the rela-
tive offset between the three incident energies appears to be
consistent with the calculation. Also, the predicted linear
trend as a function ofTS is clearly present in the experimen-
tal data.

The results shown in Figs. 4 and 5 illustrate that for these
more complex trajectory types the predictions of temperature
dependence that appear in our classical calculation do not
agree in a straightforward way with the experimental data.
For the intensities of the DF and MS trajectory types, the
calculation does not correctly reproduce the relative intensity
with respect to the normalized SS trajectory values. More-
over, the dependence on surface temperature is only repro-
duced in limited instances, with significant deviations ap-
pearing as the incident energy is increased. Similarly,
quantitative offsets and deviations from linearity are ob-
served for the mean-square deviations of these two trajectory
types. It is clear that a more complex model that can more
accurately describe the double and triple scattering trajecto-
ries that occur at hyperthermal and low energies is required.

C. Integrated peak intensity

The combined effects of the surface temperature on both
the peak intensities and mean-square deviations can be seen
in Fig. 6 which shows integrated peak intensities as a func-
tion of TS for an incident energy of 99 eV. As we discussed
in Sec. III, the calculations give results that are constant for
all temperatures. The experimental data for the integrated
intensity of the SS trajectory type at this energy is also con-
stant over all temperatures with a value that agrees quite well
with the calculated result. One should note that the quantita-
tive agreement obtained for the SS trajectory type is prima-
rily due to the fact that the peak intensity of the calculation
was normalized to match the experimental data. The experi-
mental data for DF and MS trajectory types show a slight
temperature dependence as well as a significant offset from
the predicted integrated intensity value. Specifically, over the
measured temperature range, the integrated intensity of the
DF trajectory type decreases by about 20% while that of the
MS trajectory type increases by about 20%. These results
simply reflect the deviations seen in the intensity and widths
of the DF and MS trajectories, respectively, that was seen in
Figs. 4 and 5. They are a further indication that the data for
the more complex DF and MS trajectories do not completely
follow the predictions of the quasi-Gaussian approximation
of Eqs.(4)–(8). Similar results for the integrated peak inten-
sities were obtained at incident energies of 50 and 154 eV.

V. CONCLUSIONS

We have presented the results of an experimental and the-
oretical study of the scattering of singly charged potassium
ions from a Cu(001) crystal surface. Energy-resolved spectra
of the scattered ions were made at three different incident
energies in the range 50,Ei ,154 eV and at surface tem-
peratures of 325,TS,925 K. These spectra, obtained atui
=u f =45°, show three distinct peaks, which have been iden-
tified using a classical trajectory simulation. These peaks cor-
respond to single(SS), double forward(DF), and double
(DZZ) and triple zig-zag(TZZ) scattering trajectories be-
tween the incident K+ ions and Cu surface atoms. By oper-
ating in a regime that eliminated temperature-dependent
charge exchange effects, this experiment was able to quanti-
tatively measure the relative peak intensities as a function of
surface temperature.

The behavior of the peaks in the energy resolved spectra,
as functions of incident energy and crystal temperature, was
analyzed with a scattering model that includes only these
four scattering paths. In this model, the single scattering con-
tribution to the intensity is expressed as a simple analytical
expression while the more complex scattering trajectories are
described in terms of convolutions of single scattering
events. At all measured energies, the theoretical model gives
reasonable quantitative agreement with the observed peak
positions of all the trajectory types. The model also gives
good agreement for the temperature dependence of the ob-
served peak intensities and mean-square deviations of the SS
trajectory type. The agreement observed for the SS trajectory
type provides confirmation of theTs

1/2 behavior of the mean-
square deviation and theTS

−1/2 behavior of the peak intensity
predicted by the theoretical expression of Eq.(1). Significant
deviations from the theoretical model are observed for the
more complex DF and MS trajectory types. The level of
disagreement indicates that at hyperthermal and low energies

FIG. 6. Temperature dependence of the integrated peak intensity
for the single scattering, double forward, and multiple scattering
trajectory types atEi =99 eV. The symbols and lines correspond to
the experimental and calculated results, respectively. The error as-
sociated with the experimental points is on the order of the dis-
played symbol sizes.
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a more complex model is required to reproduce the observed
temperature-dependent trends for these trajectories.

Our results demonstrate that the single scattering of ions
in this energy regime can be well explained by a classical
model of discrete two-body interactions. The model, which
can be written in terms of relatively simple closed-form
mathematical expressions, provides certain advantages over
purely numerical classical trajectory and molecular dynamics
methods. For example, the simple form of this theory allows
a straightforward interpretation of the response of scattered
intensities to changes in initial conditions or to changes of
projectile or substrate. However, our results also demonstrate
that these other methods or a modification of the present

method may be required to provide an accurate description
of the more complex multiple-scattering trajectory types.
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