PHYSICAL REVIEW B 79, 155446 (2009)

Energy transfer in quasibinary and collective scattering events at a Ag(001) surface
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We have measured the in-plane scattered distributions of K* ions incident on a Ag(001) surface with
energies from 9 to 100 eV. Energy- and angle-resolved spectra of the scattered flux show multiple peaks
distinctly separated in energy corresponding to specific ion trajectories at the surface. Using a calculated
interaction potential combined with the classical scattering simulation SAFARI we are able to model these
trajectories and detail their energy-loss characteristics. At energies below approximately 24 eV we find that the
ions scatter with a larger energy than one would expect from quasibinary collisions. Our trajectory analysis
reveals this is a transition from the quasibinary behavior to a collective surface response more commonly

associated with thermal energy atom scattering.
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I. INTRODUCTION

Hyperthermal energy ion scattering measurements at sur-
faces have long been used to probe the repulsive or hard-wall
interatomic potential between the surface and scatterer.'™ Al-
kali ion scattering from metal surfaces are ideal systems for
such studies. The noble-gas electronic structure of singly
ionized alkalis simplifies the construction of the interaction
potential and the well-understood electronic behavior simpli-
fies the interpretation of the energy spectra. Although previ-
ous work has shown that in the hyperthermal energy regime,
an interaction potential that is summed over several surface
atoms is required to match the experimental results, the scat-
tered spectra have always been described as sequential gua-
sibinary collisions between the ion and the surface atoms.
The results contained in this work represent a quantitative
study®’ of collective effects that are not quasibinary in na-
ture.

Prior work focused on scattering phenomena at these en-
ergies was carried out by Cooper and co-workers®~!3 using
alkali ion beams in the Cu(110) and Cu(100) systems, how-
ever collective effects were never observed in these studies.
In this paper we present a detailed study of the scattering
dynamics and interaction potential for hyperthermal (9-100
eV) K* scattering from Ag(001). Using experimental results
combined with simulations we are able to study the scatter-
ing dynamics as well as extract an interaction potential for
the K*-Ag(001) system. We present energy- and angle-
resolved scattering distributions and compare them to simu-
lations using a model potential that includes an attractive
image term. Using the calculated potential we are able to
accurately model the evolution of the scattered energy distri-
bution as a function of incident energy. For the lowest ener-
gies used in this work we found that collective effects must
be considered to interpret the data.

The paper is organized as follows. First, we describe the
experimental setup used to produce the hyperthermal energy
beams and experimental technique (Sec. II). A discussion of
the data, the classical scattering simulation SAFARI (Ref. 14)
and the model potentials, follows. Then, we present energy-
and angle-resolved data and compare them to results from
SAFARI to identify trajectories that correspond to peaks in the
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measured energy spectra (Secs. IT and III). Finally, we sum-
marize our results (Sec. IV).

II. EXPERIMENTAL TECHNIQUES

Both the hyperthermal energy ion source and the crystal
surface utilized in the measurements reported here were
mounted in a unique ultrahigh vacuum (UHV) scattering
system.'> The source consists primarily of a Colutron G-2
ion gun.'® For our measurements, a home-built source!” that
incorporates a commercially available potassium-doped alu-
minosilicate emitter'® is used to produce our K* ions. The
ions are scattered from the target in a two-tier UHV chamber
that houses various surface analysis tools, two scattered par-
ticle detectors, and a six-axis manipulator stage. The upper
tier of the scattering chamber contains sample analysis in-
struments including a sputter gun, Auger-electron spectrom-
eter, Kelvin probe, and a low energy electron diffraction
setup. The ion detector is located in the lower tier of the
scattering chamber. The detector lies in plane with the inci-
dent ion beam. The ion detector uses a 180° electrostatic
analyzer (ESA) and channel electron multiplier to detect ions
with an energy resolution of 1%.

The sample target is a 10 mm diameter hat-shaped
Ag(001) single crystal obtained from MaTecK.'” In prepara-
tion for the scattering experiments, sputter and anneal cycles
were performed for cleaning the sample. Each cycle con-
sisted of exposure to a 500 eV Ar* beam for 20 min followed
by annealing at 420 °C for 10 min. Sample cleanliness was
verified using Auger-electron spectroscopy. Also, surface or-
der and the scattering azimuth were verified via low energy
electron diffraction.

Following each cleaning cycle, the room-temperature
crystal was exposed to a K* beam and ions scattered from
the surface were detected using the ESA. A typical spectrum
is shown in Fig. 1, where the scattered intensity is plotted
versus the scattered ion energy. For all spectra obtained here,
the number of scattered ions detected at each ESA pass en-
ergy is obtained by summing counts during a predetermined
dwell time of 5 s. In addition, the counts obtained at each
pass energy have been multiplied by 1/E to account for the
transmission function of the ESA. The pressure in the scat-
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FIG. 1. A representative energy-resolved spectrum showing K*
ions detected after scattering from a Ag(001) crystal along the (110)
azimuth at an incident energy and angle of 96.6 eV and 45°, respec-
tively. Inset depicts the scattering geometry used in the experiment.
The line connecting successive data points is included to guide the
eyes.

tering chamber during the experiment was typically in the
high 107! Torr range.

Spectra were obtained for K* ions scattered from the
Ag(001) surface at incident energies between approximately
9 and 100 eV. The K* ions were scattered from the single-
crystal Ag(100) target along the (110) crystal azimuth at an
incident angle of 6;,=45° with respect to the surface normal.
In the representative data taken at ¢,=45° in Fig. 1, four
well-defined peaks that correspond to significant energy
losses are clearly resolved. One or more of these peaks are
observed consistently across our range of final scattered
angles. In the sections that follow we will examine the tra-
jectories that make up these data and their evolution as a
function of angle and incident energy.

III. RESULTS AND DISCUSSION

In the incident energy regime used here, the simplest de-
scription of our observed scattering data would employ the
binary collision approximation (BCA), which relies on con-
servation of energy and momentum. Within the BCA, the
kinematic factor, k, gives the ratio of the final and incident
energies of a projectile ion (Z—g) following a single collision
with a target surface atom as

2 1 1272
k(p, Orsa) = —2[005 0T5A+< —sin 9TSA> ] .
(1+w) w
(1)

This factor is a function of the projectile-to-target mass ratio
u=—2% and the total scattering angle, Orsa=180°—6,— 0y.

Miarget

For the K*-Ag(001) scattering data shown in Fig. 1, two
in-plane trajectory types are easily identified using this for-
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malism. Specifically, the peak labeled as quasisingle (QS)
coincides with a single K*-Ag collision and has a calculated
final energy of 45 eV or k=0.468. Additionally, the peak
labeled as quasidouble (QD) has a calculated final energy of
63 eV and a “combined” kinematic factor of 0.649. The QD
peak corresponds to a trajectory where a K* ion scatters se-
quentially from two Ag atoms and travels parallel to the
surface plane along the (110) direction between the colli-
sions. As such, the QD trajectory is described by the product
of two identical kinematic factors, i.e., k(u, frsa=90°) for
the data shown in Fig. 1.

Although the BCA is able to predict the peak positions for
both QS and QD trajectory types, it is clear other trajectories
must be present in the data of Fig. 1. These trajectories,
which are more complex and typically out of plane, are not
readily calculated within the BCA. In addition, the BCA
makes no allowance for the relative intensities observed for
different trajectories at a given energy and offers no straight-
forward mechanism for following the evolution of allowed
or nonallowed trajectories as the incident energy is varied.
To identify and follow all allowed trajectories as a function
of incident energy and angle, a simulation method is required
that incorporates a realistic ion-surface potential and that
models the surface crystal structure. Although standard simu-
lations such as TRIM (Ref. 20) and KALYPSO (Ref. 21) are
possible solutions, neither is designed for the hyperthermal
energy regime nor is able to reproduce our experimental
data. Therefore, we have employed the simulation SAFARI to
interpret these data.

Within SAFARI, it is assumed that the energy loss for a
scattered ion is due solely to momentum transfer to the re-
coiling surface atoms. Although one could consider addi-
tional energy-loss channels such as electron-hole pair forma-
tion, the typical losses to this channel are less than a few
tenths of an eV for ions interacting with metals at our
velocities.?>”>> Such small contributions would not alter our
results and are therefore not included in the present
simulations.2® In the sections that follow, we describe the
ion-surface interaction potential that is used to model scat-
tering for this system (Sec. IIl A), the trajectory types that
were found to match our data within SAFARI (Secs. III B and
III C), and the unexpected role that collective surface inter-
actions play in determining the scattered distribution at our
lowest incident energies (Sec. III D).

A. Interaction potential

In order to compute the forces that act between the inci-
dent K* ion and the Ag crystal within SAFARI a user-defined
interaction potential is required. Based on previous alkali
ion-surface studies,® we have constructed an ion-surface po-
tential that is a sum of repulsive pair potentials with an ad-
ditional attractive term included to account for the image
interaction. Explicitly, we take the full repulsive term to be
the sum of the individual repulsive contributions from the n
nearest Ag atoms to the K* ion, Vrep(r) 2 Voair(ry). By
forming the repulsive term in this way, it is possible to vary
the number of “interacting” or nearest-neighbor Ag atoms at
the surface during a simulated scattering event. As we show
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FIG. 2. (Color online) Measured and simulated energy spectra
are compared for ions scattered specularly at 45°. The interaction
potential described in the text is used and the surface is modeled to
be at 0 K. Each peak in the simulated spectrum is numbered and
associated with the trajectories depicted in Fig. 3.

in Sec. III D, this allows us to isolate specific collective or
multiatom effects that are responsible for the trajectories
contained in our scattered spectra.

The individual repulsive term V,,,;(r) we use here is a
calculated Hartree-Fock pair potential. Although other uni-
versal forms for the repulsive term are often used in low
energy ion scattering simulations, in particular the Ziegler-
Biersack-Littmarck potential,”’ previous work has shown
that these fail in the hyperthermal energy regime.® Our single
repulsive pair term was found by first calculating the ground-
state energy of an isolated K-Ag dimer with interatomic
separations between 0.5 and 2.0 A. The isolated ground-
state energies of individual K and Ag atoms were then cal-
culated and subtracted from these dimer values to isolate
the repulsive contribution to the energy, ie., V(1)
=E[K-Ag](r)-E[K]-E[Ag]. The values for V,,;(r) were all
calculated using the Hartree-Fock code in the quantum
chemistry package GAUSSIAN 98.28

The attractive bulk interaction that arises due to the image
charge formed in the metal was represented within SAFARI as
a z dependent function

Voul(2) = — €2N16(z — 20)* + €4V, 2)

where z is the perpendicular distance from the top layer of
Ag surface atoms. Written in this way, V,(z) is saturated to
Vimin close to the surface and tends smoothly to 1/4z for large
values of z. V;, and zy determine the depth of the image
well and are the only adjustable parameters in the total po-
tential. For this work z, was taken to be 1.26 A from the
atomic cores? and a V,,;, value of 0.5 eV was found to give
the best agreement with the experimental data. An example
of a simulated spectrum obtained using the full interaction
potential described here is shown in Fig. 2 for £;=96.6 eV.
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FIG. 3. (Color online) Top and side views of the ion trajectories.
The left side represents a top view with lines representing the ion
trajectories and the circles depict the surface atoms. Peaks 1 and 2
are the QZZ trajectories, 3 and 5 are the DZZ trajectories, and 4 and
6 are the QS and QD trajectories, respectively.

B. Trajectory analysis

A comprehensive analysis of the individual scattering
events or trajectories that give rise to the energy-resolved
peaks within all spectra across our incident energy range of
9-100 eV has revealed three main results. First, the scatter-
ing in this energy range occurs almost entirely from first
layer atoms. This result is consistent with previous studies
and reinforces the need for including the actual Ag(001)
crystal structure in the simulation. Second, along with the
in-plane QS and QD trajectory types, there are three out-of-
plane trajectory types present within our data. The relative
position and occurrence of these trajectories within a given
spectrum are energy and angle dependent (Sec. III C). Third,
we find that as the incident energy is lowered and the appar-
ent corrugation of the crystal surface decreases, complex out-
of-plane trajectories become less probable. However, at the
lowest incident energies where one would expect the image
charge interaction to control the energy distribution, a collec-
tive scattering event dominates the scattered intensity (Sec.
I D).

The experimental and simulated spectra taken at our high-
est incident energy and shown in Fig. 2 provide clearly re-
solved, well-defined peaks for a discussion of the trajectory
types seen across our full incident energy range. The simu-
lated peaks, labeled 1-6, contain the four trajectory types
shown in Fig. 3. The simplest trajectories, present in peaks 4
and 6 of Fig. 2, are the QS and QD trajectories, respectively.
We note that the prefix guasi- is included when describing
these and other events because a scattered K* ion can in fact
interact with multiple surface atoms along its trajectory. The
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FIG. 4. (Color online) A comparison between the data and the
simulation using the total interaction potential for detector angles
ranging from 20° to 65°. The chain loop results from impact pa-
rameters lying along the (110) azimuth and the zig-zag loop is
caused by trajectories that scatter in the (110) channel. The low
energy-loss peaks at 6 of 60° and 65° are the result of scattering
from a room-temperature crystalline sample (see text).

more complex trajectories beyond the QS and QD types can
be grouped into two types. The first, present in peaks 1 and 2
of Fig. 2, corresponds to quadruple zig-zag (QZZ) trajecto-
ries. In these events shown in Fig. 3 the K* ion undergoes
four small-angle collisions at the surface as it travels along a
channel in the (110) direction. The difference in energy be-
tween events in peaks 1 and 2 is caused by the different
impact parameters involved in the initial surface collisions
for each trajectory. That is, although an ion strikes the same
number of surface atoms in both cases, the scattering centers
and hence the energy losses differ giving rise to distinct
peaks in the simulated spectrum. This particular trajectory
type has not been observed in other alkali ion-surface experi-
ments performed in this energy range. The second type of
complex trajectory is present in peaks 3 and 5 and corre-
sponds to double zig-zag (DZZ) trajectories where the ion
strikes two surface atoms across the (110) channel from one
another. As in the case of the QZZ trajectories, the final
scattered energy for a particular DZZ trajectory is deter-
mined by the initial impact parameter. Peak 3 represents ions
in a DZZ trajectory where the second target atom is directly
across the (110) channel from the initial target atom, while in
peak 5, the second atom is located diagonally across the
(110) channel. The large-angle scattering event that makes
the DZZ of peak 3 possible also inherently involves a large
energy loss, which explains the energetic separation of the
two otherwise similar DZZ trajectories.

C. E-60; comparison

As a rigorous test of our calculated K*-Ag interaction
potential and the trajectories simulated within SAFARI, we
present the angle-resolved data set or £-6, plot of Fig. 4. The
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experimental results presented here consist of multiple
energy-resolved spectra, where each spectrum has been fit to
a sum of Gaussian terms. The peak positions extracted from
these fits are plotted as a function of the detection angle (6,)
over the range of 20°—-65°. The SAFARI-simulated data are
represented here first as a series of two overlapping loop
structures shown as dashed lines and second as a gray-scaled
background showing the full E/E, region that is predicted to
lead to a minimum scattered intensity. As such, the loops
(dashed lines) are representative of the maximum scattered
intensity and are expected to correspond most closely to the
peak position we have extracted from our fits to the experi-
mental data.

The general agreement present in Fig. 4 between the
simulated and the experimental data demonstrates that the
interaction potential we have constructed is valid across our
range of accessible 6, values. Looking more closely, we note
that the observed trend in both data sets as a function of
increased 6 is toward an increase in the final scattered
energy. This is understandable qualitatively based on the
fact that larger ¢, values correspond to smaller total angular
deflections for an interacting ion and hence collisions or tra-
jectories that involve progressively lower energy loss. The
presence of the looplike structures (labeled chain and zig-
zag) is consistent with previous results on alkali ion-surface
systems®!! and is indicative of crystalline order at the sur-
face of our Ag(001) sample. Moreover, the matching of the
loop structures seen between the experimental and simulated
data further indicate the accuracy of our calculated potential,
since it is the detailed corrugation of the crystal lattice that
gives rise to these loops. A deviation is seen between the two
data sets, however, at the largest 0 values. This is an ex-
pected deviation from perfect crystalline order that one
should observe in a thermally vibrating surface.3%3! That is,
in a perfect crystal there would be a merging of the trajectory
types and a maximum in scattered intensity at the angular
maxima or rainbow angles.*3%33 The fact that our data devi-
ate at this point is a consequence of our Ag(001) sample
being at room temperature during these measurements.

If we examine the loops more closely within SAFARI using
single-shot trajectory analysis, we see that there are four dis-
tinct branches present over this ¢, range. These branches can
be assigned to the trajectory types discussed in Sec. III B. In
general, we find that the zig-zag loop represents the param-
eter space of impact points that lead to out-of-plane zig-zag
trajectory types and that the chain loop is the basis of the
chainlike QS and QD trajectories that scatter solely along the
(110) azimuth. More specifically, we see that the low energy
branch of the zig-zag loop is due to QZZ and DZZ trajecto-
ries, while the low energy branch of the chain loop is due to
the QS trajectory. The upper or high energy branch of the
zig-zag loop is due to the diagonal DZZ trajectory (peak 5 of
Fig. 3), and the upper branch of the chain loop is due to the
QD trajectory. The spreading of the intensity or the grayscale
in Fig. 4 below the zig-zag loop and down to b%~0.2 is an
indication of the many impact parameters that can lead to the
QZZ and DZZ trajectory types. We see this spreading clearly
in the data of Fig. 2, where peaks 1-3 represent an energy-
broadened distribution to which a single peak has been fit
within our E— 6, plot of Fig. 4.
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FIG. 5. (Color online) Scattered spectra for a range of incident
energies are compared for a constant specular scattering geometry
of 90°. For reference, the kinematic factor for a single binary col-
lision is plotted as a dashed line at E/Ey=0.47. The label CZZ is
given to the channel zig-zag trajectories which consist of the DZZ
and QZZ trajectories. Each spectrum has been normalized by the
incident energy (E;) for comparison. For low incident energies the
peaks shift to a higher energy due to collective surface-atom effects.

D. Collective scattering effects

We have found that the trajectory analysis discussed in
Sec. III C is valid across our energy range down to E,
~24 eV. In Fig. 5, we show a series of specular spectra that
span this range and it is clear that although the scattered
peaks broaden due to thermal effects,? the scattered intensity
is still localized in the region of the QS and QD peaks. Also,
a reduced intensity from the QZZ and DZZ peaks in this
energy range is observed, but this is expected since the pen-
etration of an ion into the channel between parallel (110)
chains of surface atoms becomes more difficult. For lower
energies, however, the scattered intensity is clearly shifted
away from the QS position and toward a higher energy. This
is a somewhat counter-intuitive result, since one would ex-
pect that the image interaction would play a large role, pos-
sibly shifting down the scattered energy of any ions.

Trajectory analysis at Ey~ 14 eV and below shows that
the dominant trajectory type within this lower energy range
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1 % I ) 1 X 1 ¥ I ¥ I L 1 ) I X
- —@—Exp. Data ‘ DZZ .
| == SAFARI :-.
- E,=142¢eV 1| .
1@
) 1
2 i I
Hel D
8 [ ®
Sl 4 '» ]
% |
=]
Q
z d
‘ A '
. O ‘e .
1 1 1 1 1 1 1 1
-2 (1] 2 4 6 8 10 12 14 16

Energy (eV)

FIG. 6. (Color online) Measured and simulated energy spectra
are compared for ions scattered specularly at 45°. With the excep-
tion of the incident energy, the interaction potential for this energy
shares the same parameters as the higher energy spectrum in Fig. 1.
The broadened low intensity peak at ~5 eV is due to QS and QD
trajectories.

has become a modified DZZ-type trajectory that is qualita-
tively similar to peak 5 from Fig. 4. A comparison of a SA-
FARI spectrum and the experimental data at this energy is
shown in Fig. 6. A systematic analysis within SAFARI finds
that this result can only be reproduced if a minimum of two
nearest Ag atoms (n=2) is included in the repulsive poten-
tial. This, in effect, rules out the possibility that the trajectory
is instead a chainlike QD trajectory.

If we interpret the simulation qualitatively, it appears as if
a K* ion undergoing this new DZZ trajectory is colliding
with two Ag atoms simultaneously. This is distinctly different
than the quasibinary nature of all the previous K-Ag colli-
sions that made up the trajectories discussed above. In fact, a
quantitative check on this result finds that a kinematic factor
of k=0.69 can be obtained for scattering from two Ag atoms
in this geometry, giving a reasonable value of £=9.8 eV for
the spectrum of Fig. 6. This agreement is also present for
Ey=8.6 eV and represents a quantitative example of a tran-
sition from the quasibinary nature of scattering trajectories
commonly identified with hyperthermal energy ion scattering
to the more collective surface response that is normally taken
into account to describe scattering at lower, i.e., thermal en-
ergies.

IV. SUMMARY

We have measured energy- and angle-resolved spectra for
hyperthermal energy K* scattered from the surface of
Ag(001) along the (110) azimuth. The angle of incidence
was fixed at 45° and the final angle of the detector was
varied between 20° and 65°. In general the scattered spectra
contained four distinct peaks indicating the presence of spe-
cific ion trajectories at the surface. To interpret these data we
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calculated the repulsive portion of the interaction as a
Hartree-Fock pair potential between the ion and surface at-
oms. An attractive potential was also included to model the
image charge induced in the metal. Excellent agreement was
found between the experimental and simulated data indicat-
ing the suitability of our potential parameterization for this
hyperthermal energy regime.

We have also probed the transition from an ion undergo-
ing multiple quasibinary surface collisions to the surface
having a response that is collective and multiatom in nature.
By holding the incident and final angles constant and reduc-
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ing the incident energy, we find the energy transfer to be less
than that expected from image charge effects alone. This
observed increase in the relative scattered energy is found to
arise from a collective surface response where the combined
repulsive potentials of two surface atoms scatter a K ion
into our detector.
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