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Inelastic multiphonon helium scattering from a stepped Ni (977) surface
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The multiphonon energy exchange between a neutral He atom and a steg9éd Mirface has

been measured in order to examine how the presence of a regular array of atomic-scale steps on a
surface modifies energy exchange in the classical multiphonon scattering regime. At elevated
substrate temperatures, we compare the multiphonon scattering with the predictions of a classical
theory that has previously been used by others for assessing energy exchange involving a smooth
surface. There is a significant discrepancy between the theoretical predictions and our experimental
data, which we attribute to differences between a smooth and stepped surface. Specifically, changes
in the vibrational modes and associated surface density of states due to the presence of extended
surface defects have a fundamental impact on the details of the energy exchange mechanism.
© 1998 American Institute of Physids$0021-960808)70640-3

I. INTRODUCTION metal surfaces, several theories have shown agreement with
some or all aspects of energy and momentum transfer. Early
Energy transfer from a gas phase atom or molecule to godels for energy exchange include the hard cube nfddel,
solid surface has been the subject of much study because @hich assumes parallel momentum conservation, A,
its importance in energy accommodation, sticking, and otheL. g The exchange takes the form of an impulsive collision
gas—surface phenomena. The details of energy exchange, i the z direction only. This model gives qualitativand in
cluding angular dependencies and energy and momentugpyme cases quantitativagreement for several systems, al-
partitioning, can be precisely examined with the use of motnough generally only systems involving heavier noble gases
lecular beam—surface scattering experiments. For instancgych as Xe, Kr, or AfL22

experiments using energetic beams of noble gases scattered another method, first developed by Adelman and
from single crystal surfaces have been carried out on manyq|123-27 gnd |ater refined by Tullf®~* uses a bath-system
metal surfaces to study energy transfer. Some systems stugparation of variables to reduce the dimensionality of the
ied mclude7 He/C(D0D,™ Xe/Ag(100," Xe/P(111)”  system. The classical generalized Langevin equai@irE)
Ar/Pt(111,>" and H4e/P(t11])-8 Semiconductor surfaces, formalism is used to treat a bath of phonons driven by col-
such as Xe/GaA410" and Xe/G¢100," and dl|electr|c sur- Jision with gas atoms or molecules. Stochastic classical tra-
faces, such as He/L{B01)° and He/KCNO00D),'® have also jectories are run by numerically integrating tiieow re-
been examined. Molecule-single crystal scattering experiguced equations of motion. This method requires the
ments for systems such as,#g(11D,"" D,/Ag(11D,""  ,otential energy surface for the interaction between the gas
HD/Ag(111)," Np/Ag(11D),* N,/P(111), " CH,/P(11D,"  4tom and the surface to be known very accurately; this is a
and NO/Ad111)* have allowed energy transfer to other de- problem for many systeméncluding He/N{977)). In addi-
grees of freedonfvibrations and rotationsto be examined. tjon, a friction force and a random fluctuating force must be
In addition, studies have been performed using a polycrysgonstructed to reproduce the appropriate surface dynamics.
talline tungsten surface, Ar/oly)*® and N,/W(poly),*®al-  This method has been used on a variety of systems and has
though the effects of a regular array of defects cannot bgnown good agreement with several different experi-
determined from such studies. ments28—34

The differences in the electronic and vibrational density  jzckson has recently reported reduced density matrix
of states of a surface with defects, as compared to a defefiethod which treats the bath phonons and the particle evo-
free surface, are well establish¥d™ Studies performed ytion rigorously. However, surface structure is ignored. In
with polycrystalline surfaces provide angular information av-aqdition, the bath dynamics are assumed to be Markovian,
eraged over different crystal directions and a range of inCij ¢ the time scale for bath relaxation is much shorter than
dent angles. Thus, effects due purely to defects are difficulize particle interaction time. At higher collision energies, and
to extract and the influence of a periodic array of defects oyhorter collision times, such as in our experiment, this as-
energy transfer is not known. To this end, a regularly steppegumption may not be valid.
surface offers a model system to explore these issues. We have chosen a theory developed by Manson, Celli,

Our understanding of the details of the dynamics of enynq Himed%%" to compare with our experiment. The theory
ergy transfer continues to undergo refinement. For modelas peen successfully applied to several syst&nfé,and
systems, such as noble gas atoms and weakly corrugatggcent work on the He/@001)' 2 system shows excellent
agreement in all aspects of the multiphonon energy ex-
AElectronic mail: s-sibener@uchicago.edu change, including mean energy exchange, angular depen-
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to pumps The supersonic nozzle source has three differentially
HELIUM ATOM PR SCATTERING pumped regions. The first region contains the variable tem-
SOURCE CHAMBER perature nozzle; in these experiments a2 Mo pinhole,
nozzle [ ] <V {1\ —ion gun and an electroformed skimmer. The second region contains a
_— § f:hopper wheel for t.ime-of-fligr(tTOF) me_asureme'ntg, rotgt-
\ CMA ing in these experiments at 100 Hz with four timing slits.

The third region is a buffer region to reduce the gas load in
the scattering chamber. Ultrahigh purity heliu®9.999%

was used at a backing pressure of 300 psi; the incident beam
energy could be selected by tuning the nozzle temperature.
ionizer The experiments reported here were performed with a 63
meV beam. For the current configuration, we have measured
a Av/v of 3.5%, corresponding to an energy resolution of
about 4.4 meV for a 63 meV beam.

The scattering chamber is pumped by diffusion, Ti sub-
limation, cryo and ion pumps. Sample heating is provided by
Mo button heaters mounted on the rear of the sample plate.
A two-stage closed-cycle helium refrigerator provides
sample cooling via a copper braid. A base pressure of 7
X 10 ! Torr is routinely achieved. While scattering in the
TOF mode, the scattering chamber pressure rises to about
2.0x 10 1° Torr. The sample is mounted on a three-axis ma-
nipulator with polar, azimuth, and tilt capabilities. The ma-
nipulator is mounted off center on a large rotatable lid, so

®) that the sample can be positioned in front of surface charac-
FIG. 1. A schematic of the high resolution helium scattering machine ist€fization and cleaning instruments such as LEED, a double-
shown in(a). The monoenergetic helium atom source is on the left, thepass cylindrical mirror analyzer for Auger electron spectros-
scattering chamber is in the upper right, and the rotatable quadrupole magopy, and a sputter ion gun.

spectrometer is on the bottom. Top and side views of t@8M) surface are . - )
depicted in(b). The scattering plane contains the normal to ¢th&l) ter- Scattered helium atoms are ionized by electron bom
races, and the scattering directi@,is parallel to the steps. In both views, bardment and detected with a quadrupole mass spectrometer.
atoms located at the step are shaded. The detector is triply differentially pumped with a He base
pressure in the ionizer region on the order of 1

X 10~ Torr. The entire detector is mounted on a rotatable

quadrupole mass
spectrometer

DETECTOR

dence, temperature dependence, and linewidth. In additio ; o Thi
’ ' 'rm with an angular range af20°. This arrangement allows
for the He/C@001) system, the temperature dependence o w au g ! g W

the multiphonon intensity clearly distinguishes between two easurement of a range of final scattering states for a given
: . A Initial condition[see Fig. . Rotation is performed under
forms of the theory. Since the He/@®1) interaction is [ 9. 2] P

similar to the He/Ni111) interaction, we expected qualita- c_omputer control with oan qptlcal encoder providing the rela
. e ) e tive accuracy of+0.02°, with an absolute accuracy of less
tively similar behavior for the NB77) surface(the majority o : .
N L than =0.4°. The chopper-to-crystal distance is 55.1 cm and
of which is composed of N111) terrace§, although it is o . . .
the chopper-to-ionizer distance, the effective total flight path,
reasonable to expect that the presence of the steps, and he

nec
the modified surface vibrational and electronic density o Sek__)r?]s (sir':m le used in these studies is 49K7) crystal
states, may alter the energy exchange behavior. The tempera- n y

. repared by the Princeton Scientific Corp. Th€9Ni7) sur-
ture dependence for scattering from a stepped surface m Y e [shown schematically in Fig.(t)] is prepared by cut-
also differ, as is examined in detail in Sec. V. This experi- :

ment, therefore, provides a test of two key aspects of tthg—al Ni single crystal 7.02° from théel11) plane in the

scattering theory: the influence of extended defects and t Iriql]c:j"s?;l“g:éhz:% :}?ﬁ:@gﬂﬁgﬁ%%ﬁ VYI’?]Z l;i(ar?a::()e (;%?]'_
temperature dependence of energy accommodation. y e

sists of eight atom widé€111) terraces separated by mon-
atomic (100 steps. Alternatively, the surface can be labeled
using microfacet notation as [N#(111)X(100)]. The
These experiments were carried out in our highsample was cleaned by repeated cycles of sputtering with
momentum- and energy-resolution helium atom scattering. kV Ar* atoms with the surface held at 1000 K followed by
apparatus. The helium scattering instrument has been dannealing above 1030 K until C and S levels were below our
scribed elsewher® but a brief review is given here. The Auger detection limit. A sharp LEED pattern with splitting
instrument essentially consists of three main parts: a supeof half of the (111) spots(characteristic of the stepped sur-
sonic helium beam source, an UHV scattering chambeface confirmed surface crystallinity. Experiments were car-
equipped with appropriate surface characterization tools, anded out in the temperature range of 700—1000 K and all
a rotating, long flight path, quadrupole-based detector. Avere carried in out in the TOF mode, allowing us to energy
schematic is shown in Fig.(4). resolve and isolate the multiphonon and elastic intensities.

Il. EXPERIMENT
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FIG. 2. Top panel: Six representative TOF spe¢filted circles taken at  FIG. 3. Top panel: Four representative TOF spe(fitied circles taken at
Ts=1000 K with a smoothed line as a guide to the eye. Each spectrum wa§;=1000 K with a smoothed line as a guide to the eye. Each spectrum was
taken under the same initial conditiong; & 63 meV, 6,=25.4°) with dif- taken under the same initial condition§; & 63 meV, 6,=33.4°) with dif-

ferent final angles, as indicated in the figure. The scattering kinematics arterent final angles. The scattering kinematics are in phase, i.e., Bragg con-
out-of-phase, i.e., anti-Bragg conditions, with respect to the steps heightitions, with respect to the step height between adjacent terraces. The elastic
between adjacent terraces. The elastic flight time is 888Bottom panel:  flight time was 888us. Bottom panel: Energy transfer spedfiied circles
Energy transfer spectréilled circles calculated from spectra in the top calculated from spectra in the top panel. The solid line is a guide to the eye.
panel. The solid line is a guide to the eye.

During a series of TOF measurements, no signal degradatidi’d 2l surface temperatures. Therefore, although all of the
occurred, and Auger measurements performed at the end oidéf‘ta have been analyzed in detail, for the rest of this work we
series of measurements showed no measurable surface cdi!! Present only analyses for data taken at the out-of-phase
tamination. A reference spectrum was takerTat 1000 K condition. _

at the beginning of each day to normalize small changes in 7OF @ given temperature, when the TOF signal for each

the scattered intensity and elastic flight time. final angle is integrated, the resulting angular plots are
equivalent to diffraction spectra. Figure 4 shows the resulting
ll. RESULTS diffraction spectra as a function of surface temperature for all

o ~ TOF spectra taken in the out-of-phase condition. For the
The top panel in Fig. 2 shows TOF data, taken using 8

ps/channel dwell periods fof;=25.4° and T4=1000 K.
The bottom panel of Fig. 2 shows the corresponding energy
transfer spectra. All data presented in this work were col- 0o 1000K 900K
lected using a room temperature beam, corresponding to an
incident helium atom energy of 63 meV. Six representative
final angles are shown. At final angles further than three
degrees from specular, the multiphonon signal decreases to
the level of the background. The elastic flight time is indi-
cated by a dashed vertical line. Figure 3 contains four repre-
sentative TOF and energy transfer spedtop and bottom
panels, respectivelyfor the other initial angle studied
=33.4°, atT4=1000 K, with the elastic flight time again
shown as a vertical dashed line.

The scattering kinematics were chosen so that the inci-
dent wave vector was nominally out-of-pha&mti-Bragg
scattering or in-phaseBragg scatteringwith respect to the
step height between adjacent terraces. The out-of-phase con- e Tl
dition is 6;=25.4°, and the in-phase condition ig, %2 24 25 25 27 2823 24 25 26 27 28
=33.4°. Since multiphonon scattering is typically incoher- 8 6
ent, we did not expect to see any differences in the two

conditions as a result of the phase condition, and, indeed, rf(ilG 4._Inte_grated TOF as a function of_angle. The flllgd squares are the data
shown in Fig. 2 and used to compare with the theory in the remainder of this

diffe_rence was seen. The same behavior was _O_bserved_ for th8per. The arrow in each panel indicates the specular angle. For all spectra
multiphonon energy transfer peaks for both initial conditionsused to generate these plots=25.4° andg; =63 meV.
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25 TABLE |. Debye—Waller exponents,\¥, for both Bragg and anti-Bragg
incident conditions, as a function of the surface temperature. Pér 8,
classical scattering is considered a good approximation.

0; (2 2W (Ty) 1000 K 900 K 800 K 700 K

25.4 22.9 8.8 7.9 7.1 6.2
27.9 8.5 7.6 6.8 5.9
33.4 30.4 7.6 6.9 6.1 5.3
36.4 7.1 6.4 5.7 5.0

AEmp (meV)

Voo 23 24 25 26 27 28 29 scattering as a model for the gas—surface interaction of our
o, system is based on the relatively high energy of the colli-
sions under study.
FIG. 5. The most probable energy transfeltiphonon peak positigras a Previous work has suggested that classical behavior be-
function of the final angle shown fdFs=700 K—-1000 K. comes important when the Debye—Waller exponeh, 2s
larger than 4 and should dominate fon2>6.° The Debye—
1000 K data, the filled squares are the TOF spectra shown i%VaIIer exponent can be calculated, assuming a Debye model

the top panel of Fig. 2. The coherent specular beam is cIearI;?r the phonon spectrum, using

visible, even at the highest surface temperature, and in- B 372 AK? T,
creases in intensity as the surface temperature is lowered. It 2W(Ak)= Mk,032 @)

is important to analyze only spectra that have no coherent . ]
component; Fig. 4 allows us to choose spectra satisfying thi¥hereMs is the surface atom mas$, is the surface tem-
requirement. pere}tureAk is the momentum chgnge of the gas atom, and
Each of the energy transfer spectra in the bottom panel@o i the Debye temperature. Within the Debye model for
of Figs. 2 and 3 exhibits a broad peak centered away fronf® Phonon spectrum, the Debye—\Waller exponent is an es-
AE=0. For final angles less thah0.2° away from specular, timateé of the average number of phonons exchanged in a
a weak diffuse elastic peak is present in the TOF spectrollision. The 2V values for the conditions of this experi-
Final angles farther thart0.2°, however, have no diffuse Ment are found in Table I. From these values it is apparent
elastic or single phonon peaks: only the multiphonon backthat n.ea.rly all of the_ kmema}tlc conditions used in this study
ground is present. This is consistent with other Iow-energJa" within the classical regime. Note that da_ta fqr surface
helium beam diffraction measurements of the specular diffémperatures below 700 K are not presented in this paper, as
fraction peak(even at 1000 K which found an angular j[h|s is the regime where qugntum contrlbutlon§ become more
width of approximately 0.249 important, i.e., 2W<§. No single-phonon or Fhffuse elast!c
We now examine the multiphonon background. The in-Peaks are observed in the TOF spectra, leading us to attribute

tensity of the multiphonon peak decreases quickly as thdhe observed intensities to the multiphonon energy exchange.

final angle is moved away from the specular direction. As ~ Within the classical approximation, the theory can take
mentioned previously, at final angles greater thz8f from two forms, depending upon the surfac;e behavior. For a sur-
specular, the multiphonon signal is reduced to the level oface“that_beha\{’es as a smooth continu(nereafter called
the noise. The behavior of the most probable energy transfdf€ “continuum” mode), the differential reflection coeffi-
(multiphonon peak positignas a function of both the final cient(i.e., the fraction of particles scattered into a final solid
scattering angle and surface temperature is shown in Fig. &ngled(}; and a final energglE;) takes the form

With increasing the final an_gle, the most prqbable energy dr m5|kf|UZR , PY I

transfer decreases monotonically from approximately 17—20 4. dE. ~ 27355 S, | 75l

meV to —1 to —4 meV, i.e., creation events begin to domi- i iz=u.c. s
nate at wide angles. We estimate an upper bound on the error (AE+AEq)?+ 27 203AK?

in the most probable energy transfer to be 1 meV, shown by Xexp — 4k TAE, . (2

a representative error bar on the 1000 K data. Within the . ® _

limit of this error, no consistent change in the most probabld=0r & surface whose potential arises from a collection of

energy transfer as a function of temperature is noted. discrete scattering centefisereafter referred to as the “dis-
crete” mode), the reflection coefficient takes the form
IV. REVIEW OF THEORY dR m ki h2m |12

|Tfi

The theory of inelastic multiphonon scattering developed dQ¢ dE;  87°hk;,
by Manson, Celli, and Himes has recently been summarized (AE+AE,)?
elsewheré®®° In this section we highlight some of the sa- X p(— —0).
lient features of this theory. We have used the classical scat- 4koTs AEg
tering version of this theory, as developed within the trajecdn these equationan, is the gas particle mas$k;| is the
tory approximation. Justification for the use of classicalmagnitude of the final gas particle momenturg,is a char-

()
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acteristic phonon velocityk;, is the perpendicular compo- The fourth term, the Gaussian-type function, contains
nent of the gas particle momentuf, . is the unit cell area, two interesting variables. One, the recoil enefdy,, serves

7¢; IS a scattering matrix elememt E is the recoil energy of as the energy scale for the multiphonon energy exchange
an individual surface atonT is the surface temperaturdE predicted by this theory. The other variabte;, is found

is the energy exchange, aiK is the parallel momentum only in the continuum model, where an additional term con-
exchangeAE,, the recoil energy of an individual surface tainingué serves to add additional width to the multiphonon

atom, is given by peak. Because this term scales|AK |2, for the small par-
allel momentum transfer observed in these experiments it is
h? Ak? negligible
AEy=—F7—, 4 .' . . .
2Mg The interaction potential used to calculate scattering ma-

. _ trix elements is a purely repulsive potential. However, a re-
whereAk is the momentum change ahd is the mass of @  jistic He/N{977) potential has an attractive portion that ac-
surface atom. _ _ celerates the incoming atom toward the surface. The well-

In both of these forms, we can think of the reflection | qwn “Beeby correction®* accounts for this by adding an

coefficient as consisting of four part¢l) a temperature-  gmount of energy equal to the well depth near the surface in
independent prefactof2) matrix element(3) temperature-  yhe girection perpendicular to the gas particle. The He/

dependent prefactor, arfd) a Gaussian-type function. Note Ni(110 attractive well depth has been found to be 4.2
that the Debye—Waller factor does not appear explicitly inev/52 Because the attractive well depth of He/métal)

the theory. The temperature-independent prefactor Coma"}%tentials are typically 1-2 meV higher than that of He/
some constants, kinematic factons,(and k;) and, in the metal110 potential$’> we estimateD to be 6 meV for the
continuum model, @% term. The characteristic phonon ve- He/Ni(111) system. For a helium atom with an incident en-
locity, vg, accounts for correlated vibrations in the solid andergy of 63 meV, this amount becomes significant. Jackson
should be of the same order as the Rayleigh wave veloCityenried a study of the one-phonon molecule surface scatter-
(since these modes should dominate the energy tra)nsfering using a Gaussian wave packet approach, where the
Note that since the presence of the phonon velocity arisegeeby correction appeared to be invaiidn that work, the
from correlated v?prations, _the disqrete model contains gio energy transfer did not scale with perpendicular energy, so
factor. The transition matrix amphtugeﬁ , was chosen 1o simple correlation between the well depth and the energy
be of the same form as Hofmaet al,” and is resolved into gy change was found. For multiphonon excitation, as in the
a product of parallel and perpendicular components. The pagyeriment presented here, the perpendicular component of
allel component is a Gaussian cutoff function, while the peryhe incident energghouldaffect the energy transfer. As is
pendicular component is a Mott—Jackson matrix elementident from Eqgs(2) and(3), the incident perpendicular mo-

(see, for example, Goodman and Wachffian mentum appears explicitly, as does the final momentum vec-
__AK2202 tor. Additionally, the matrix elements have initial and final
THi— € VM- ) momentum as well as angle dependencies. The Beeby cor-

rection should, therefore, be a necessary and valid approxi-
mation for this experiment. Accordingly, we have included a

Beeby correction in all calculations, although changes in the
behavior of the theory due to the Beeby correction are small.

Here,AK is the parallel momentum transfé&),. is a parallel
momentum cutoff parametéf,and the Mott—Jackson matrix
element,vy_;, is calculated for an exponentially repulsive
potential of the form exp{B2). Both the steepness of the
repulsive potential, and parallel momentum cutoff).,
are used as adjustable parameters. The form of the transitiqgp AnaLYSIS
matrix element is the same for both the continuum and dis-
crete models. We can use the theory just reviewed to calculate our
The third term, the temperature-dependent prefactorgnergy transfer spectra and examine the temperature behav-
contains the fundamental difference between the two model#or of the multiphonon spectra. To fit the calculated energy
In particular, the temperature dependence of the reflectiotransfer spectra to the experimental data, an interfsitgl-
coefficient isT %2 for the continuum model an@i— Y2 for  ing) parameter was used as well as the following previously
the discrete model. The temperature dependence of the muliscussed quantitiesr, Q., andpB. The intensity parameter
tiphonon scattering intensity should therefore distinguish beserves to normalize the predicted final flux with respect to
tween the two forms of the gas—surface scattering theorythe experimental incident flux. Accordingly, the intensity pa-
Work on Cu001) showed excellent agreement with the con-rameter should ideally be fixed at a single value for all con-
tinuum modek-3 so the similarity between Ni and Cu might ditions. This leads to poor agreement with the measurements.
lead one to expect that the continuum model would alsalherefore, we allowed the intensity parameter to change at
adequately describe the energy exchange for H8mMJ).  each final angle, though it was fixed as a function of tem-
However, the Ni977) surface contains a regular array of perature.
steps, with associated differences in the surface density of Previously, multiphonon energy exchange on(G@1)
vibrational states and the surface’s electronic band structurdas been fit using ag value of 3000 mAand on P111),
It is possible that the stepped surface is described more apvith vk values of 1909 and 1234 m/s? The Rayleigh wave
propriately as a discrete lattice, leading to a temperature derelocity for Ni(111) (near thel” point) has been measured to
pendence that varies froffi *2. be 425 m/s by Stirnimaet al>® For Ni(977), the calculated
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FIG. 6. Six energy transfer spect@pen circley with continuum model fits ~ FIG. 7. Six energy transfer spect@pen circley with predictions generated
(solid liney, and discrete model fitédashed lines taken atT,=1000 K.  from the continuum modekolid lineg and discrete modétashed linesat

The incident angled; , is 25.4° for each spectrum and the incident energy is Ts= 700 K. The incident angleg;, is 25.4° for each spectrum and the

63 meV. The parameters used to generate the continuum model fits were tfiecident energy is 63 meV. The parameters used to generate the theoretical
following: B=2.9 A%, Q.=3.2 A%, vz=2500 m/s. The discrete model Spectra were those determined at 1000 K.

fits were the following;3=3.4 A~1, Q,=2.2 A%

the temperature dependence of the multiphonon intensity and

multiphonon energy exchange spectrum exhibits minimal deeompare the two forms of the theory. As discussed in the
pendence on variations in the parameter from 100 to 5000 Introduction, the discrete model hasTa 2 intensity enve-
m/s. Accordingly, this parameter was fixed at 2500 m/slope while the continuum model intensity goesTas’?. The
throughout this work. procedure for comparing the temperature dependence of the

The remaining two parameters were determined by conelata to the two forms of the theory is as follow$) best fit
sidering the spectra taken at the six final angles shown in thparameters were determined for both forms of the theory
bottom panel of Fig. 2. A global best fit for fixed values@®f using the data taken at 1000 K) all parameters were fixed
and Q. was obtained using a sum of the goodness of fiffor surface temperatures lower than 1000(8);the goodness
parameters determined for each final angle. For the corf fit parameters of the two forms of the theory were com-
tinuum model, the best fit parameters determined in thipared as a function of temperature.

fashion wereB=2.9 A~! andQ,=3.2 A1. Using the dis- The results of this comparison are shown in Fig. 8 for
crete model,83=3.4 A" andQ,=2.2 A™1; recall that the two illustrative final anglesg;=24.9° (left column and 6;
discrete form of the theory contains m@ terms. We note, =25.9° (right columr). The data at these angles most clearly

however, that the fits are not very sensitive to the valugd of demonstrate the temperature dependence of the multiphonon
and Q.. The results of the theoretical fits using both theintensity. At angles farther from specular, the capacity of the
continuum and discrete models, along with the experimentailata to distinguish between the two forms of the theory is
data afT= 1000 K, are shown in Fig. 6. In Figs. 6 and 7, the minimal. Each panel in Fig. 8 contains four spectra, one at
open circles are the data, the solid lines are the continuuraach of the four surface temperatures studied. The experi-
model theoretical spectra, and the dashed lines are the spauental spectra are shown in the top row of panels. Spectra
tra calculated using the discrete model. The two forms of thealculated using the continuum model are shown in the
theory agree equally well &t;=1000 K because the adjust- middle row of panels, while the bottom row of panels con-
able parameters are optimized independently for each mod&ins the discrete model spectra. From this figure, it is evi-
in an attempt to fit the 1000 K dataset; it is only when thedent the continuum model follows the measured trend more
temperature dependence is analyzed that the models diverggosely, i.e., al ~ ¥ intensity dependence gives a somewhat
The results forT,=700 K, the lowest temperature studied, better prediction of the experimental results. We stress that
are shown in Fig. 7. In general, the peak shape and width ahe temperature-dependent “fit{at T;<1000 K) are made
well reproduced, although the predicted peak posifitie  with no free parameters.
most probable energy lgssloes not show agreement for The theory thus far adequately explains the line shape
some conditions. and, to some extent, the temperature dependence of the mul-
Using the parameters obtained above, we now examingphonon energy transfer. It does not, however, explain the
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serves in Fig. 9 as a convenient reference. Clearly, the data
and the theory disagree as to the partitioning of momentum
into parallel and perpendicular components. On the one
hand, the theory predicts a large change in parallel momen-
tum as a function of the final angle; the parallel momentum
increases from 4.3 to about 5.2°A as the final angle is
increased from 22.9° to 27.9°, while the corresponding de-
crease in perpendicular momentum is very small, approxi-
mately 0.3 A, On the other hand, our experiment shows
that parallel momentum is nearly conserved, increasing only
by 0.1-0.2 Al Additionally, the measured perpendicular
momentum decreases with increasing final angle by approxi-
mately 1.0 A, In other words, nearly all the energy transfer
occurs in the perpendicular coordinate. Upon examination of
Figs. 6 and 7, theory and experiment appear to show better

—— 800K -6

s00K 1 agreement for supra-specular angles than for subspecular

angles. Figure 9 clearly shows that this is a coincidence aris-
ing from the intersection of the momentum partitioning

curves derived from experiment and theory. The experimen-
tal curves are closer to the calculated curves for the su-
praspecular final angles used in this experiment than for the

subspecular final angles.
FIG. 8. Temperature dependence of energy transfer calculated from con-
tinuum (middle row) and discretébottom row models compared to experi-
ment (top row) for two final angles, 6;=25.9° (left column and 6;
=24.9° (right column). The data at these angles most clearly demonstratesVI' DISCUSSION
the temperature dependence of the multiphonon intensity.

»
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The disagreement between theory and experiment may
arise from several sources. First, this theory is only suitable

peak position. To understand the origin of this inconsistencyf0" €xperimental conditions that are essentially classical.
we examine the angular dependence of the final momentun®yantum and semiclassical theories do exist for conditions
Figure 9 shows parallel momentum versus perpendicular mg¥here quantum scattering contributes to the energy
mentum for spectréfilled symbol$ taken at six final angles exchangé,”****however, under the experimental conditions
and the four surface temperatures studied. Also shitines) reported here, classical scattering should be an excellent ap-
are the momenta predicted by the theory. The prediction of &/0ximation, even at 700 K. As mentioned in Sec. IV,
simple hard cube model is also shogollow circley. The ~ Debye—Waller exponentsV&, corresponding to six or more

main feature of the hard cube modeli& =0, so that it also phonons exchanged on average in each collision should en-
sure that quantum mechanical effects are averagedseet

Table ). In addition, we see no evidence for single phonon

120 or diffuse elastic scattering in the TOF spectra. Therefore it
Experiment is unlikely that quantum mechanical effects are the cause of
sl ¢ 1000k s the observed disagreement between experiment and theory.
Lk . Another possibility could be that the origin of the ob-
+ 700K ° . served intensity is not multiphonon exchange, but rather is
11.0 .
/ due to surfacdor step roughening. The effect of a rough
o surface is to average over different impact parameters, lead-
105 - 0,=22.9° N ing to enhancecktlastic signal at off-specular angles. Our
Ky (A / . . 6=279° energy-resolved spectra rule out roughening as the source of
100l s the scattering signal because no elastic signal is seen at off-
== specular angles. In addition, other work on this system has
— ° 2 demonstrated that no roughening occurs, at least up to the
95 H 44 A .
000K . temperatures studiéd.
— - 900K ° In light of the excellent agreement between this theory
soH ™~ %gﬁ . and other experiments on low Miller index surfaces, we look
to the presence of the steps to explain our observations. In
65 \ , , . particular, the electronic and vibrational structure and den-
40 45 50 55 sity of states near a step are modified from that of a flat
Ky (&) surface'’°®-%*The electronic density of states near a step

exhibits Friedel oscillations. The potential near the steps,
therefore, should reflect this behavior and may have a sig-
nificant impact upon the scattering process. However, under

FIG. 9. Perpendicular versus parallel momentum, for experintilied
symbols, continuum model of theorflines), and a simple hard cube model
(open circles
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