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Temperature-dependent scattering of hyperthermal energy K ions
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Extensive experimental and theoretical results are presented for the scattering of a beaionsfikcident
on a Cy00) surface along th€100) 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' Knergy-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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[. INTRODUCTION ions obtained as a function of the surface temperature are
compared with a classical scattering thebrpur measure-
Experimental and theoretical studies that probe the scatments are not sensitive to the thermal charge transfer effects
tering dynamics of hyperthermal ener@y¢l eV to 1 ke that can arise for Nabeams’ Therefore, unlike the Na
ions with surfaces are important because they provide fundameasurements made by DiRubéo al.?> we obtain relative
mental knowledge about ion-surface interactibriRecent  scattering intensities for the*kas a function of surface tem-
experiments, for example, have studied the dynamics of scaperature. From these data, theoretically predicted
tering, trapping, and charge transfer for hyperthermal energiemperature-dependences of the widths, intensities, and inte-
alkali ions incident on metal surfacé®. The knowledge grated intensities of the peaks are tested.
gained from this work can be applied to the many techno- This paper is organized in the following manner. In Sec.
logical processes that rely on ion-surface scattering, such ds we describe the experimental apparatus and technigques
ion-beam etching, desorption, and secondary ion mass spegsed to obtain the Kscattering data. The classical scattering
trometry (SIMS).10-12 theory used to model these data is discussed in Sec. lIl. In
Few studies have focused on the role that surface tenSec. |V, the experimental data and theoretical calculations
perature plays in the scattering process at hyperthermalre presented and compared. Finally, in Sec. V, we summa-
energies:>813-150f those measurements, the most notablgize our results and present some overall conclusions that one
were aimed at demonstrating a sensitivity to the effects ofan draw from this work.
surface dynamics and focused on the thermal broadening of
peak widths in either energy-resolved or angular spectra. For
example, Verheyet all® and Poelsemat all*'> measured
the thermal broadening of peaks in the energy-resolved spec- The data presented here were obtained in an ultra high
tra of Kr* scattered from G@01). By comparing simulated vacuum(UHV) chamber and beamline described in detail
and experimental results for the broadening of peaks due to@sewherd/~1°The K* beams were produced in a Colutron
particular triple scattering trajectory, they were able to obtairion source which has been modified to allow efficient pro-
a value for the surface Debye temperature. A more recerduction of alkali ions from commercially available solid state
investigation focused on the scattering of'Neom Cu001)  ion sourceg?-22Beams produced by this source are typically
as a function of surface temperatdrin this work, DiRubio ~ Gaussian in shape with a size of 0.8 n{FWHM).2% The
et al. demonstrated that experimentally observed backincident beams were directed along #i®0 azimuth of a
scattered ion distributions fail to be described by simple theCu001) single crystal at an incident angle of 45° from the
oretical models, such as the trajectory approximation. Acomsurface normal. Using low energy electron diffraction
pletely classical scattering theory, however, that includesLEED), the (1000 azimuth of the sample was aligned to
both the recoil and thermodynamics of the(Qd) target,  within £2° of the incident ion beam direction. This align-
has been shown to provide a reasonable description of scatient was fine-tuned to within £0.5° by monitoring the scat-
tering processes in this energy rarfdé. tered ion beam intensity, which is highly sensitive to the
In this paper, we examine a series of experiments involvazimuthal orientation. The sample was cleaned by repeated
ing K* scattering from C(01) with incident energies be- cycles of 500 eV Af sputtering followed by anneals at
tween 50 and 154 eV. Energy-resolved spectra of scatteregD0 °C. The cleanliness and order of the sample were moni-

II. EXPERIMENT

1098-0121/2004/101)/1154138)/$22.50 70115413-1 ©2004 The American Physical Society



POWERSet al. PHYSICAL REVIEW B 70, 115413(2004

TZZ paths lose similar amounts of energy and form a single

0 Calculation . L

8 - —— All Trajectories peak in the energy resolved spectra that cannot be distin-
""""" DZZ Trajectory guished as two separate processes. We refer to this combined
- - —-TZZ Trajectory

peak as the multiple scatteririylS) 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.
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Ill. THEORETICAL MODEL
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In this section we review the theoretical model that we
have used to describe our*Kexperimental results. Our

FIG. 1. Energy-resolved intensity spectra as a function of thé'nOdeI is similar to tha,t employed in previous work on"Na
fractional final energy at the incident enery=154 eV and tem- and rare gas scattering from @01) and molten metal
peratureTs=675 K. The experimental data are shown as poims.surface§.6'32*33Th|s particular theoretical treatment provides
The solid curve is the sum of contributions from the four trajecto-Simple closed-form analytic expressions for scattering events
ries discussed in Sec. Il of the text. The leftmost and rightmostn terms of differential reflection coefficients. As we discuss
peaks correspond to the SS and DF trajectories, respectively. THelow, multiple reflection coefficients can be convolved, al-
middle peak contains both DZ#&lashed curveand TZZ (dotted  lowing us to model relatively complex scattering events,
curve) contributions. such as the TZZ and DZZ scattering trajectories described in

Sec. Il. Here we describe the reflection coefficients and dis-
tored by Auger electron spectroscopy and LEED, respeccuss the parameters we have used to model our experimental
tively. data. Also, we outline the predicted temperature-dependence

Energy-resolved spectra of the scatteretl Were mea- Of the widths, intensities, and integrated intensities of peaks
sured with an electrostatic analya&SA) at a final angle of in the scattered spectra. _ _
45° from the surface normal for incident'kenergies of 50, A trajectory that involves the single collision scattering of
99, and 154 eV. The ESA has an energy resolution oftn atom-like projectile from a surface at temperafligean
AE/E=0.016 and an effective angular acceptance of apbe described in terms of the differential reflection coefficient,
proximately +0.5°. For each incident energy, the temperatur_é'R(l)/ d€)dE;, which gives the fraction of particles scattered
of the Cy001) sample,Ts, was varied between approxi- into the solid anglel()¢ and energy f;nngf centered af);
mately 325 and 925 K. This variation in temperature, whichand Er. This coefficient is given b
was monitored with a Chromel-Alumel thermocouple, was

achieved using a combination of cooling from a liquid nitro- dRP(ps,p) _ mPpy 2( T\

gen reservoir connected by copper braids and heating from dQdE 87T3ﬁ4piZ|Tfi| AEgksTs

an electron-beam heater mounted behind the sample. Mea- 5

surements made using a neutral particle detétthave p{— (AE +AE) } (1)
shown that neutralization effects at these incident energies 4k TAE, |

and sample temperatures are small, typically less than
~1.5%.25-27 Therefore, no corrections for neutralization where AE=E;—E; is the difference between the final and
were included in the data presented in this paper. initial projectile energies|r;|? is the scattering form factor

A typical spectrum obtained for Kis shown in Fig. 1. of a unit cell,mis the projectile mass, and the momentpgn
This spectrum and all other spectra of scattered ions preof a particle in state is divided into componenté&P,, p,,)
sented in this paper consist primarily of three broad but disparallel and perpendicular to the surface, respectively. The
tinct peaks. The trajectories that contribute to the peaks imecoil energy shift isAEy=(ps—p;)?/2M,, whereM, is the
the spectra were previously identified, through comparisonsiass of an atom in the crystal. The differential reflection
with classical trajectory simulatiorf$®30 as the result of coefficient given by Eq(l) is appropriate for K scattering
four well-defined scattering pathgél) Single scattering di- in the hyperthermal regime, as it describes the scattering of
rectly from one Cu atonSS); (2) double forward scattering the incident atomic projectile with a surface made up of dis-
(DF), in which the ion collides with a Cu atom and then crete scattering centers that are initially in thermodynamic
moves forward nearly parallel to the surface and suffers &quilibrium. Other forms of this reflection coefficient, appro-
second collision with the next nearest neighkd®0 Cu  priate for scattering from corrugated and flat-repulsive sur-
atom3! (3) double zig-zag scatteringDZZ), in which the faces, have also been obtain€d35
second collision is with the next forward nearest neighbor in  More complex scattering trajectories, involving succes-
the adjacent(100 row; and (4) triple zig-zag scattering sive collisions with different target atoms, can be written as a
(TZZ), which consists of the two collisions of the DZZ tra- convolution of the corresponding single-particle collisions.
jectory(case 3 aboveollowed by a third collision with a Cu  For instance, the contribution to the differential reflection
atom in the originak100 row. lons following the DZZ and  coefficient arising from double scattering is expressed as
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2) N o 1) 1) ) TABLE I. Values for the intermediate scattering angles at each
M => f quf do dR (p1.Pg) dR (Pg,P1) , of the three measured energies, determined by trajectory simulation
dQdE -1J0 AQ, b dOdE;  dOdE, and given in degrees.
2
50 eV 99 eV 154 eV

where the summation is over the set of target atoms with

which second collisions can occur aA€),, is the solid angle O4p 20.0 23.5 25.5
subtended by the classical cross section of ntie atom. Oqr 8.5 13.0 15.5

Third order scattering events can be similarly written as a 6 7.0 10.5 12.0

double convolution over a product of three single scattering
terms3? To accurately describe our data fof Kcattering, we
must account for the four trajectory types described in Seclable |, are larger for higher incident beam energies. All
Il. Therefore, the total differential reflection coefficient used calculations were carried out using an average over the two

in this work is the sum of the single and double scatteringhaturally occurring stable isotopes of Cu, i.e., 69.17% of
terms of Egs(1) and(2) plus a triple scattering term. Cu and 30.83% of°Cu as well as an average over the two

In addition to describing K scattering trajectories in Stable isotopes of K, i.e., 93.26% BK and 6.73% of K. It

terms of the differential reflection coefficients discussedshould also be noted that the calculations presented here do
above, we have also made several simplifications which argot include effects of the attractive image potential. Indepen-
noted here. First, we take the form facfeg|? to be constant, dent ion scattering experiments have clearly demonstrated
which is appropriate for classical hard sphere scattéfing. that for singly charged ion scattering on Cu surfaces, charge
Additionally, since the solid angles subtended by the targetransfer and ion neutralization are negligible effects at the
atoms in the second and third collisions of the DF, DZZ, ancenergies and surface temperatures considered *féfe.
TZZ trajectories are small, we assume that the angular delherefore, the projectile will remain singly charged through-
pendence of the intermediate differential reflection coeffi-out the scattering trajectory and will be affected by the image
cients can be ignored. Therefore, the angular integration capotential. However, using our classical trajectory simulation,
be replaced by a multiplicative factor af(),. For DF scat- We have observed that the effects of a typical surface image
tering in the (100 surface azimuth, the classical cross- potential well(~1-2 eV) on scattering at the incident ener-
section of the target atond\(, is the solid angle subtended gies considered here are negligibe.
by the cross-section of a Cu atom at the lattice spacing dis- For hyperthermal incident energies and small mass ratios
tance ofa=3.61 A. The simplest approximation fa€)/4w  (#=m/M <1), such as the case we are dealing with here,
is the ratio of the Cu cross section to the area of a sphere ¢he differential reflection coefficient of Eql) is nearly
radiusa, and based on the Cu atomic radius of 1.57 A orGaussian in shape and the characteristics of the scattered
covalent radius of 1.17 A this implies expected values ofintensity are straightforward to describe. The calculated most
AQ/ 4 for DF trajectories that lie between 0.047 and 0.026,probable energypeak position of Eq. (1) is approximately
respectively. For the DZZ and TZZ trajectories, which in-the zero of the argument of the exponentid=E;
volve excursions out of the scattering plam&f) is conse-  _Ag () which can be expressed as the familiar Baule for-
qugntly Iarger by a factor of 2, duel to the smaller nearesty, ja for energy transfer in a collision of two point particles,
neighbor distance between successive surface Cu atoms. Fltgr_]c . .
all calculations in this paper, the value af)/4+ for DF i=f(0)E;, where ¢ is the total scattering anglghe angle
collisions was chosen to be 0.031 corresponding to a cHétweenp; andpy) and
radius of 1.28 A which lies between the accepted values for 1= 2sio 2
the covalent and atomic radii. f(0) = ( VI-psir o+ p COSH) _
As we discussed above, trajectory analysis indicates that 1+u
'i/iésD;;a? ﬁzu,sta Eg Iozfsiggggt?gedsescgzggngjr tgaetar?rlrr?]z;rys_g]e width of the Gaussian-like distribution, expressed as the
trajectory is accounted for by Eql) and depends on no mean square deviatiofAE?) from E; is
adjustable parameters. DF trajectories, involving successive )
collisions with two nearest-neighbor surface atoms in the (AE?) = 29(0)EiksTs, (4)
(100 direction, depend on only one parametaf). DZZ where
trajectories involve next nearest neighbor particles in the for-
ward (110 direction and depend on an additional parameter, Gra()
the intermediate scattering anglgp. TZZ trajectories de- g(e) = —
pend on two additional angular parameteis, and ,1,2-32.3 (1+ = pcos6/NE(6)
as they involve scattering from both a next nearest neighbor d
in the forward(110 direction and a next nearest neighbor in an

the forward(110) direction. . N gra(0) = w(1+1(6) - 2\;@(:030), (6)
Values have been obtained for the additional DZZ and

TZZ parameters using a classical trajectory simulatfolf. is the value taken by(6) in the trajectory approximation.

The trajectory simulation shows that these angles, listed ifquation(6) is defined by

3

(5
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e = To illustrate that both the DZZ and TZZ trajectory types
ABy(E) = gral0)E;, (" are included in the MS peak &/E ~0.38, thel calcalla%g)d
which demonstrates that the trajectory approximation is coneontributions from these two trajectory types have been plot-
tained within Eq.(1) if one assumes thatE, appearing in  ted separately in Fig. 1. One can see that the SS and DZZ
the numeratorbut not that in the denominatoof the argu-  trajectories have comparable intensities, while the TZZ tra-
ment of the exponential is a constant. The intensity at théectory has a smaller contribution that coincides in energy
point of most probable energy transfer, the peak intensity, i¥Vith the DZZ peak. This overlap between the DZZ and TZZ

given by the envelope function, which appears as trajectory types makes it difficult to separate their individual
contributions in the experimental data. Therefore, as we dis-
1 1 cussed in Sec. Il, we refer to these two contributions as the

| max (KeTAE) 2 = (gra(O)kaTE) Y2’ ® ms peak. One should note that for all the calculations shown

here and in successive figures, the results were normalized to
For fixed initial and final scattering angles, the width of thethe experimental data for each given incident energy at a
Gaussian-type distribution goes é5ksTg)*? as shown in  surface temperature of 675 K.
Eq. (4) and the intensity from Eq@8) goes as(EjkgTs) 2 The results shown in Fig. 1 demonstrate the qualitative
Therefore, the integrated intensity of the single scatteringdgreement that we obtain between experiment and theory.
peak should be independent of both temperafiyand en- ~ They also show that there is a systematic difference in en-
ergy E;. One should expect similar temperature dependence®’@y between the peak positions of the experimental and the-
for the higher order scattering terms, as they are simply coneretical spectra. This difference is especially apparent for the
volutions of the Gaussian-type single scattering term. In théimpler SS and DF trajectory types and has been observed at
next section, these temperature-dependent peak paramete?ier incident energies and substrate temperatures. It is much

the width, intensity, and integrated intensity, are comparedess evident for the more complicated MS trajectories. Two
with our K* scattering results. 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 Kscattering and in the present
theoretical treatment was discussed in Sec. lll. There we
noted that the incident Kprojectiles are expected to remain
Using the experimental and theoretical techniques outpositively charged throughout their trajectories, which im-
lined in the previous two sections, we have investigated th@lies that the path the ions take near the surface will be
scattering of K ions from C@001) at incident energies of affected by the image potential. However, when one exam-
50, 99, and 154 eV and sample temperatures between 328es the relative energy scales involved in the scattering, it is
and 925 K. In this section, we compare our experimentaFlear that the effects will be small, which is why we have
data and calculated results, focusing on the following feachosen not to account for the image potential in our current
tures in the energy-resolved spectra: peak positi@ec. calculations. Nevertheless, given the quantitative discrepan-
IV A), peak intensities and width€Sec. IV B), and inte- Cies observed in Fig. 1, it is reasonable to consider whether
grated intensitiegSec. 1V O. 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-
A typical experimental and theoretical energy-resolvedgoing angles. For the simplest case of scattering, the SS tra-
spectrum obtained for 154 eV'Kat a surface temperature of jectory type, this image potential refraction will lead to a
675 K is shown in Fig. 1. In the experimental spectrum ondarger total scattering angle, which will give a greater energy
can see three peaks which arise from the different trajectorioss and shift the calculated results of Fig. 1 further out of
types discussed above. Using the trajectory simulatiomgreement. An alternative explanation for the reduced energy
SAFARI?® we have determined the dominant trajectory|oss observed in the experimental data is the quasiness of the
types for these peaks to be, in order of increasing fractionatollisions between the Kions and the Cu surface atoms. To
final energy(E(/E;), the SS, MS, and DF &/E~0.26, be specific, the collisions can be more accurately represented
0.38, and 0.49, respectively. This particular ordering of theas occuring between both the main collision partners dis-
peaks with respect to energy is not surprising if one consideussed in Sec. Il as well as between the scatterihagpi and
ers the trajectories and the collisions associated with them ia number of neighboring surface atoms. A detailed analysis
terms of Eq(3). Specifically, one finds that although the MS of this effect was carried out using the trajectory simulation
and DF trajectories involve more than one collision with CUSAFARI, where it was shown that quasiness is in fact the
atoms, the scattering angheassociated with each collision is most probable source of the reduced energy loss that is ob-
small compared to that for the SS trajectoéy90°). There-  served for K36
fore, the total energy loss for an MS or DF trajectory is less We have accounted for the quasi-collisions betweén K
than what one obtains for a large scattering angle collision ofons and the Cu surface in our calculations by assuming that
the SS trajectory type. This result is completely accountedhe K* ions collide with an object that has an effective mass
for by the classical scattering theory presented in Sec. llislightly larger than that of a single Cu surface atom. In Fig.
and, as one can see in Fig. 1, the results of our theoretic&, we compare the data of Fig. 1 as well as data for all other
calculations agree qualitatively with the experimental data. temperatures measured B{=154 eV to calculated results

IV. COMPARISON OF THEORETICAL AND
EXPERIMENTAL RESULTS

A. Peak positions
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FIG. 2. Energy-resolved intensity spectra for an incident energy
E;=154 eV and several different temperatures as marked. The ex-
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perimental data are shown as points and the solid curves are the 300 400 500 600 700 800 500 1000

calculations withM, increased by 5% and witt,p, 6,7, and 6, 1 T, &)

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

, K inci . (b) mean-squared width plotted as a functionTgf'? and Ts, re-
obtained for K'incident on a Cu crystal where the Cu atomic spectively, for the three indicated incident energies. The symbols

mass has bee!". increaged by 5%. In theS(_a calculations, W& |ines correspond to the experimental data points and calculated
have also modified the intermediate scattering angles for thgsuits, respectively. The error associated with the experimental
MS contributions, increasing them by 15% over the valuesoints is on the order of the displayed symbol sizes.

shown in Table I. These slightly increased angles are closer

to the angles obtained by tracing straight lines between thgq, (o the experimental result, one sees that the two results
substrate atoms and thus are closer to the initial dlrect|on§gree well at high temperatures. The lowest temperature ex-
taken by the K projectiles just after the intermediate colli- herimental data, however, show a distinct departure from the
sions than the average angle obtained from the classical tray|cylated result. This offset is magnified by the fact that

jectory simulations. As one can see from Fig. 2, these modigach set of intensity values have been normalized to the cal-
fications improve the quantitative agreement of thegjation at 675 K.

calculations with the experimental spectfaFurthermore, The remarkable linearity seen in the experimental peak
the data in the figure s_how that there is no discernible tem[ntensity data as a function (ﬂém is particularly interesting.
perature dependence in the peak positions, a result that {§gemonstrates that the*kSS trajectory, under these experi-

consistent with the classical theory. mental conditions, is most accurately described by the dis-
crete scattering model discussed in Sec. Ill. This can be con-
B. Peak intensities and widths trasted with the temperature dependence observed in

revious measurements made for the scattering of atomic Ar

The theoretical model presented in Sec. Il predicts tha rom molten Ga and In surfac@&in that work, the tempera-

the peak intensity and squared width should vary linearly a?ure dependence of the intensity was found to be approxi-

R -1/2 §
a function ofTs *[Eq. (8)] andTs [Eq. (4)], respectively, for mately T¢', a result that is intermediate between the discrete
single scattering trajectories. These predicted temperature

. r T<'2 dependence and ti&>2 dependence one obtains for
dependences also apply approximately to the more comple cat?eringpfrom a flat unc%rrugar'zed surf&®eOne should
trajectory types, since single scattering terms are convolveaISO note that previou's measurements made usirigiNder
to model these trajectory types. Here we compare these prg-

dictions with the experimental data for*Kcattering. Similar experimental conditions were unable to address the

discrete scattering prediction for the temperature dependence
of the peak intensity because of neutralization effééfShe
scattering of K, however, is not sensitive to temperature-
In Fig. 3(@ the experimental peak intensitgymbolg is  dependent neutralization effects as we stated edlier.

plotted for the SS trajectory at incident energies of 50, 99, In Fig. 3b) we plot the mean square deviation as a func-
and 154 eV as a function df;"'% Also plotted are the theo- tion of Tg for the SS trajectory. The predicted linear depen-
retical predictionglines) for the SS trajectory type at these dence is clear for the calculated results, and the experimental
incident energies. By plotting the intensity as a function ofdata are in relatively close agreement with these results at the
Tgl’z the predicted dependence on temperature clearly mantwo higher incident energies. The experimental data at 50 eV
fests itself for the calculated results. Comparing the calculaalso exhibit a linear trend, which is consistent with the pre-

1. Single scattering
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FIG. 4. Double Forward TrajectoryThe (a) peak intensity and FIG. 5. Multiple Scattering TrajectoryThe (a) peak intensity
(b) mean-squared width plotted as a functionTaf’? and Ts, re-  and(b) mean-squared width plotted as a functionTgf’? and Ts,
spectively, for the three indicated incident energies. The symbolsespectively, for the three indicated incident energies. The symbols
and lines correspond to the experimental data points and calculatethd lines correspond to the experimental data points and calculated
results, respectively. The error associated with the experimentaksults, respectively. The error associated with the experimental
points is on the order of the displayed symbol sizes. points is on the order of the displayed symbol sizes.

diction of Eq. (4), but they are offset from the calculated MS trajectory types, any adjustment would offset the calcu-
result. This quantitative difference could be attributed tolated MS values as well. An alternative approach would be to
temperature-independent peak broadening arising from prassign independent values for the DF and MS trajectory
cesses other than the phonon exchange mechanism includegpes, but this was not attempted in the current study. Future
in the present theory. Examples of additional process mighapplications of our calculation method will explore this pos-
be atomic excitations, electron-hole pair creation, surfaceibility. If we focus solely on the temperature-dependent
and bulk plasmon creation, and charge transfer. A similar butrends in the data, it is clear that there is a significant devia-
significantly larger deviation was also observed for the casgon from the predicted linearity at loWg values in the 99
of Na* scattering from C(001).%16 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 |ol¢ values. The one

In Figs. 4a) and %a) the peak intensities are plotted as atrend present in the data that is consistent with the calcula-
function ongl’2 for the DF and MS trajectory types, respec- tion is that the peak intensities approach a common value at
tively, at incident energies of 50, 99, and 154 eV. Also plot-high surface temperatures.
ted are the theoretical predictions for these two trajectory For the more complex MS results in Figiay the experi-
types. In both sets of results, significant differences are obmental data and the predicted results also show disagree-
served between the experimental data and the calculationsient. Although there is some quantitative agreement for the
Looking first at the DF results, it is clear that unlike the 154 eV data at high surface temperatures, all of the incident
results for the SS trajectory type, there is a large offset beenergies exhibit a linear dependence that has a smaller slope
tween the experimental and calculated peak intensities. Nothan the predicted results. Moreover, the calculations predict
ing that all of the calculations were normalized to the SSa large variation in intensity for the different incident ener-
peak intensities, the offsets we observe indicate that the catfies. The data, however, exhibit a similar peak intensity at
culation is not reproducing the relative peak intensity that issach surface temperature value that is essentially indepen-
measured for the SS and DF trajectory types. Such an offsefent of the incident energy.
can be accounted for in the calculation by increasing the Significant differences between the experimental data and
solid angle orA(Q) value for the DF trajectory type. Indeed, the calculated results are also observed for the mean square
as we discussed in Sec. Ill, we chose a value for the solideviations of the DF and MS trajectory types, which are
angle that was intermediate between that given by the Cplotted in Figs. 4b) and §b) as a function ofls. For the DF
atomic and covalent radii. However, since one consisiéht trajectory type the experimental data at 50 eV give reason-
value is carried throughout the calculation for both DF andable agreement with the calculation. The data at 99 and

2. Double forward and multiple scattering
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154 eV, however, depart distinctly from the calculated result. ——T - T - T T T
In particular, the experimental data at both energies show Data Caleulation | E,=99eV

.. . 015 [SS ®
larger mean square deviations than the calculation. As we

discussed above for the SS trajectory type, this could be the e f«'; Q. ...........

result of an offset arising from additional mechanisms that 5

are not accounted for in the present theory. However, unlike @ 010 k am
the SS trajectory type, the offset seems more severe for these & a 0 = "

two higher incident energy values. Furthermore, at By £ u

values there is a clear deviation from the predicted linear k| S O

trend for these incident energies. For the MS trajectory type 3 005 ® ' 2 2 ¢ ee
data shown in Fig. ®), a large offset from the calculated g

result is apparent for all incident energies. However, the rela- ﬁ

tive offset between the three incident energies appears to be

consistent with the calculation. Also, the predicted linear ooob— 1 v
trend as a function ofgis clearly present in the experimen- 300 400 500 600 700 800 900 1000
tal data. Temperature (K)

The results shown in Figs. 4 and 5 illustrate that for these
more complex trajectory types the predictions of temperature FIG. 6. Temperature dependence of the integrated peak intensity
dependence that appear in our classical calculation do nder the single scattering, double forward, and multiple scattering
agree in a straightforward way with the experimental datatrajectory types aE;=99 eV. The symbols and lines correspond to
For the intensities of the DF and MS trajectory types, thethe _experirr_lental and ca_lculated re_sults_, respectively. The error as-
calculation does not correctly reproduce the relative intensitgociated with the experimental points is on the order of the dis-
with respect to the normalized SS trajectory values. MorePlayed symbol sizes.
over, the dependence on surface temperature is only repro-
duced in limited instances, with significant deviations ap- V. CONCLUSIONS

pearing as the incident energy is increased. Similarly, \ve have presented the results of an experimental and the-
quantitative offsets and deviations from linearity are ob-gretical study of the scattering of singly charged potassium
types. It is clear that a more complex model that can morgy the scattered ions were made at three different incident
accurately describe the double and triple scattering trajectqsnergies in the range SOE; <154 eV and at surface tem-

ries that occur at hyperthermal and low energies is requirecheratures of 325 Ts< 925 K. These spectra, obtained ét

=0;=45°, show three distinct peaks, which have been iden-
tified using a classical trajectory simulation. These peaks cor-
respond to singlgSS), double forward(DF), and double
The combined effects of the surface temperature on botfDZZ) and triple zig-zag(TZZ) scattering trajectories be-
the peak intensities and mean-square deviations can be sewmveen the incident Kions and Cu surface atoms. By oper-
in Fig. 6 which shows integrated peak intensities as a funcating in a regime that eliminated temperature-dependent
tion of Tg for an incident energy of 99 eV. As we discussedcharge exchange effects, this experiment was able to quanti-
in Sec. lll, the calculations give results that are constant fotatively measure the relative peak intensities as a function of
all temperatures. The experimental data for the integratedurface temperature.
intensity of the SS trajectory type at this energy is also con- The behavior of the peaks in the energy resolved spectra,
stant over all temperatures with a value that agrees quite wedls functions of incident energy and crystal temperature, was
with the calculated result. One should note that the quantitaanalyzed with a scattering model that includes only these
tive agreement obtained for the SS trajectory type is primafour scattering paths. In this model, the single scattering con-
rily due to the fact that the peak intensity of the calculationtribution to the intensity is expressed as a simple analytical
was normalized to match the experimental data. The experexpression while the more complex scattering trajectories are
mental data for DF and MS trajectory types show a slightdescribed in terms of convolutions of single scattering
temperature dependence as well as a significant offset fromvents. At all measured energies, the theoretical model gives
the predicted integrated intensity value. Specifically, over theeasonable quantitative agreement with the observed peak
measured temperature range, the integrated intensity of th@sitions of all the trajectory types. The model also gives
DF trajectory type decreases by about 20% while that of thgood agreement for the temperature dependence of the ob-
MS trajectory type increases by about 20%. These resultserved peak intensities and mean-square deviations of the SS
simply reflect the deviations seen in the intensity and widthgrajectory type. The agreement observed for the SS trajectory
of the DF and MS trajectories, respectively, that was seen itype provides confirmation of thE:’2 behavior of the mean-
Figs. 4 and 5. They are a further indication that the data fosquare deviation and th'Egl’2 behavior of the peak intensity
the more complex DF and MS trajectories do not completelypredicted by the theoretical expression of Eq. Significant
follow the predictions of the quasi-Gaussian approximatiordeviations from the theoretical model are observed for the
of Egs.(4)—(8). Similar results for the integrated peak inten- more complex DF and MS trajectory types. The level of
sities were obtained at incident energies of 50 and 154 eV.disagreement indicates that at hyperthermal and low energies

C. Integrated peak intensity
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a more complex model is required to reproduce the observeghethod may be required to provide an accurate description

temperature-dependent trends for these trajectories. of the more complex multiple-scattering trajectory types.
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 ACKNOWLEDGMENTS
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