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He atom scattering and theoretical study of the surface phonons
of a simple benchmark system: Xél11)
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Low-energy inelastic helium atom scattering measurements of tfielXesurface phonon dispersion curves
are presented and compared with the results of extensive lattice dynamics analysis and complete one-phonon
and multiphonon scattering calculations in the exponentiated distorted-wave Born approximation. The com-
parisons show that the X&11) surface phonon dispersion curves and the individual excitation time-of-flight
peak intensities are well described using the gas-phase He-Xe and Xe-Xe pair potentials.
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[. INTRODUCTION xenon monolayers on @tl1l) where all three phonon
branches were found for the first time, so that the assignment
The surfaces of the rare gas solids and their thin films aref the new mode as being SH is now assured for these three
considered to be ideal model systems for the investigation ohonolayer system®. This study showed, further, that the
interlayer and intralayer interactions since the two bodySH mode is only observable for low incident He atom ener-
forces between the rare gas atoms are well knb@ense-  gies of about 8-10 meV. This still leaves open the question
quently, the structure and dynamics of the rare gas monc@s to the actual mechanism by which the SH mode is excited
layer and bulk solid surfaces have been studied extensivel the sagittal-plane scattering geometry.
using inelastic neutron scatteringNS),? helium atom To shed more light on this problem, new HAS measure-
scattering® (HAS), low-energy electron diffracticht® ments of the phonon dynamics of thi&l1) surface of a

(LEED), ultraviolet photoemission spectroscdpy® (UPS), multilayer solid consisting of approximately 160 layers of

angle resolved ultraviolet photoelectron emission ‘€ atoms on Ri11) were undertaken for incident energies

spectroscopy 2 (ARUPS, inverse  photoemission in the same low-energy range as for the monolayer solids.

. Since the Xe-Xe gas phase potential has been well
spectroscopi** (IPES, thermal desorption spectroscdpy characterized® and gthe F;<e bulﬁ phonons extensively

(TDS), scanning tunneling microscofy(STM), and scan- studied®” the Xe surface provides an important benchmark
ning force tunneling microscopy(SFM). The large body of  model system. Moreover, because the local environment of
information made available from these studies has also prahe uppermost xenon layer is quite different from that of the
vided important information on the interactions among noblemonolayer-metal substrate, the results should serve to reduce
gas atoms in the condensed phase. the number of possible explanations for the anomalous exci-
Of particular interest in recent years has been the firstation of the SH mode in the monolayer films. Previously,
observation of low-frequency dispersive modes in xenorthe Xg111) surface had been extensively studied by HAS
monolayers on several different metal substrates using lowRefs. 3—8 but only for higher incident energies, above 18
energy HAS, in addition to the intense and nearly dispersionmeV. Those studies provided detailed information on the
less, perpendicularly polarize® modes?’~33 These disper- surface Rayleigh phonon branches but, unfortunately, no sig-
sive modes were initially interpreted as being due to the kinatures of either the shear horizontal or the longitudinal
nematically allowed excitation of the longitudinal acoustic modes were found. The present HAS study presents evidence
(L) phonon branch in the sagittal plane. However, in the caséor both of these additional dispersive modes as well as of
of Xe monolayers on Q001),°° Cu(111),***2and NaC{001)  additional multiphonon effects which may show up already
(Ref. 33 substrates this interpretation required a decrease @it low He atom incident energies. These results are inter-
the values of the intraplanar Xe-Xe force constants by a facpreted with the aid of lattice dynamical analyses in combi-
tor of 4 relative to those obtained from the gas phase potemation with simulations of the HAS time-of-flighf OF) in-
tials. The excitation of the shear horizont@H) phonon elastic scattering intensities based on complete one-phonon
modes was initially ruled out due to their nearly orthogonaland multiphonon calculations in the exponentiated distorted-
polarization with respect to the sagittal plane in which thewave Born approximation, encompassing also the evaluation
beam scattering experiments were carried®détt about the  of the relevant phonon-induced Debye-Waller factors. The
same time it was pointed out that the SH-mode dispersiogood agreement with the experimental results demonstrates
curve calculated from the Xe-Xe gas phase potentials prothat the dispersive phonon branches can be correctly mod-
vided a good fit to the new dispersive mode in the systeneled using unperturbed gas-phase potentials, as found previ-
Xe/Cu001).3* This controversy has recently been resolvedously for the Rayleigh mode.In addition, no anomalous
by a detailed study of the phonons of argon, krypton, andntensity behavior is evident, indicating that the earlier ob-
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servation of the SH modes in the rare gas monolayers is
probably related to the interaction with the metal substrate, 1.00
possibly through the surface corrugatitn.

This paper is organized as follows. In the next section the
experimental details will be presented, followed by the HAS
results in Sec. Ill. The Born—von Kman analysis of
Xe(111) phonons is presented in Sec. IV. The theoretical
model of inelastic atom-surface scattering is presented in
Sec. V and discussed in Sec. VI in comparison with the
experimental results. The main conclusions are summarized
in Sec. VILI.
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Il. EXPERIMENTAL
0.01
The high-resolution helium atom surface scattering

apparatu® (HUGO 1) incorporates a variable temperature
(To=20-400 K supersonic helium atom beam source with 1 10 100 1000 10000

a typical velocity full width at half maximum ofAv/v Exposure Time t [sec]

=1%. The scattered helium atoms are detected at a fixed

total Scattering ang'e OBSDZ 95.8° with respect to the in- FIG. 1. Dependejce of the helium specular signal measured
coming beam by a homemade electron bombardment masslong the Ril11) [112] azimuth, normalized to the @fl1) clean
spectrometer detector mounted 1.4 m from the target. A widgurface, during xenon exposureTat=50 K and an incident helium

range of parallel momentum transfer is accessed according f§om beam energi;=5.3 meV. The maximum at 60 sec corre-
sponds to completion of the first monolayer and exposure is contin-

AK=Kk;sin(65p— 6;) —k; sin( 6;), (1) ued to about 160 monolaye0 000 sek The specular signal prior
to exposure was about 8.0 counts/sec.

wherek; andk; are the incident and final momenta of the
helium atoms in the sagittal plane, respectively. Time-of-
flight (TOF) measurements, with an energy transfer resolyordered monolayer. Exposure was continued until an esti-
tion of typically S(AE)=0.2 meV, were made by pulsing mated 160 monola}yers had been a_dsprbed assuming layer-
the helium beam using a mechanical chopper mounted bdy-layer growth with a constant sticking coefficient. The
fore the Samp'e’ and measuring the ﬂ|ght times of he"un-pont|nu|ng dOWnWard IntenSIty IS attl’lbuted to the Cumula‘
atoms to the detector. tive build up of defects in or on the xenon layers.

The Xenon Crysta| was growi‘n situ by exposing a Figure 2 shows two angular distributions for an incident
Pt(111) surface to xenon gas from a 60 cm distant differen-energy of 10.4 meV and a surface temperatiige=40 K
tially pumped effusive source directed normal to the surfaceobtained from the freshly grown X&11) surface along the
The mechanically polished @tL1) single crystal surface was Pt(111) high symmetry directiong110] and[ 112]. The dif-
first aligned to within 0.2° and mechanically polished beforefraction spots do not exhibit any splitting which would indi-
being inserted into the vacuum chamber where it wasate the presence of domains in the Xe film that are rotated
cleanedin situ in vacuum with repeated cycles of argon ion relative to each other and to the substrate high symmetry
sputtering (1 xAcm™2 at 900 eV and annealing aff  directions. The absence of the two Novaco-McTague
=1200 K until no contamination could be detected with Au-rotated® Xe adlayer domains observed earlier for
ger spectroscopy and the helium scattering diffraction pattermonolayer$® and multilayer8 is presumably due to a
showed a smooth surface with a low concentration of desomewhat higher step density on the prese(it12j surface.
fects. The target chamber, in which the platinum sample wagience, the R111) surface direction§110] and[112] cor-
mounted, was kept at a base pressure-6ix 10 “mbarto  yoqnong to the X@11) T-M andT-K azimuths in the first
maintain sample cleanliness during the experiments. The SULyrface Brillouin 20ne(SB2), respectively, indicating that

face temperature was cpntrolled using a Ni_—CrNi thermo—,[he Xg(111) surface is rotated by 30° with respect to the
couple clamped to the side of the sample with an abso“"tﬁ’t(lll) surface. Further, the angular distributions show that
accuracy OiATs~ %5 K. the surface of 160 monolayers of xenon orf1Rf) at T,
=40 K is hexagonal with a unit cell size a&=4.37 A . This
corresponds to thél1l) face of fcc xenon, although the
Figure 1 shows the variation of the surface reflectivitylattice constant is 0.04 A larger than the valueasf4.33 A
obtained by measuring the helium specular peak intensity gsreviously reported for the surface B{=25 K.*° This dif-
the Pt111) surface is exposed to xenon at a constant rateference arises from thermal expansion of the adlayer due to
Since the surface temperatureTaf=50 K during growth is  the higher temperature used in the present experiments. As
lower than the multilayer desorption temperatureTgf55  shown in Fig. 2, the first order diffraction peak intensities are
K, a thick Xe layer is expected. The specular reflectivitya factor of 4—10 smaller than the specular peak, indicating a
decreases sharply to a minimum after 50 sec before rising tmoderately corrugated He-XelL1) surface potentigi®#!
a small maximum at 60 sec, indicating the formation of an Figure 3 shows a series of TOF measurements in which

Ill. RESULTS
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FIG. 3. Several time-of-flight spectra for incident angles greater
than specular ;= 47.9°) (a) and less than speculép) for helium

scattering from the X@11) surface along thd’-M azimuth. The
spectra are separated by an angle of 2° and have been converted
from flight time to energy transfer scale. The incident energy was
E;=5.5 meV and the surface temperature Was-50 K. In addi-

tion to the diffuse elastic peak &E=0, the dispersive Xd11)
surface Rayleigh phonofRW) can be clearly seen for both energy
loss and gain. The spectra are vertically offset from each other by
02 T 2000 counts/sec/meV for clarity.

0 10 20 30 40 50 60 70 80 90

Incident Angle 6, [deqg]

Total Signal [counts/sec]

monotonically with increasing angles for incident energies
Ei=15 meV.

_ ) o —_ Time-of-flight measurements were also made along the
FIG. 2. Helium scattering angular distributions for theM and

T1KC azimuths of the X@1 ¢ .= 40 K and an incid Xe(111) I'-K direction for an incident energy dt;=5.7
-K azimuths of the X@11) surface aff=40 K and an incident o\, ang a surface temperatufe=40 K. Several spectra
energy ofE;=10.4 meV. The upper distributiol’¢M) has been =

offset by a factor of 10 for clarity. The specular peak is located at'® shown in Fig. 4. As for the-M azimuth, the Rayleigh
6;,=47.9°. The intense diffraction peaks AK=+1.66 A1, AK

=+3.32 A1 (I'-M), andAK = +2.88 A1 (I'-K) indicate a regu- 7
lar hexagonal unit cell with a surface lattice constanaef4.37 A. 3(ei111)
The uneven background under the diffraction peaks is attributed to 6K

variations in the inelastic intensity which is a significant contribu-
tion to the total signal.

the flight time has been converted to energy transfér,

along the X€111) I'-M azimuth for a low beam energy of
E;=5.5 meV and a surface temperatureTaf=50 K. The
most dominant peaks are the incoherent elastic peaks at zero
energy transfer A\E=0) which correspond to scattering
from defects in the X@ 11) surface, such as adatoms, vacan-
cies, and steps. In addition to the incoherent elastic peak
other dispersive peaks on both energy gain and loss sides are
clearly visible. From a comparison with the results reported 0=32.9°
previously for 25 monolayer$;2 the dispersive peaks can be
assigned to the X@&11) Rayleigh wave phonongRW). As

can be seen from the TOF spectra in Fig. 3, the Rayleigh
phonon intensity does not decrease monotonically with angle FIG. 4. Several time-of-flight spectra separatedAoy=1° for
from the specular peak a=47.9°. This is most clearly nelium scattering from the X&11) surface along th&-K azimuth.
seen for the energy loss peaks in Figb)3in which the  The incident energy wal; =5.7 meV and the surface temperature
Rayleigh wave and diffuse elastic peak intensities exhibit avas T,=40 K. In addition to the incoherent elastic peak /e
different variation with the incident angle . Previously for =0, the dispersive X@11) surface Rayleigh phonofRW) can be

the CY11)) (Refs. 42,43and RH{111) (Ref. 49 systems the clearly seen for both energy loss and gain. The spectra are vertically
RW inelastic peak intensities were observed to decreaseffset from each other by 2000 counts/sec/meV for clarity.

Intensity [1 o* counts/sec/meV]

-3 -2 -1 0 1 2 3
Energy Transfer AE [meV]
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FIG. 5. Experimental Rayleigh phonon peak intendipeak
area for positive momentum transferAK>0) and energy loss 9=32.9"
(AE<O) for the r-mM (circles and r-K (squarey azimuths. The 4 6

incident energy wag;=5.5 meV and the surface temperature was
T,=40 K. Inset: theoretical Rayleigh peak excitation probabilities
PEi""’TS(A K) (denoted by the same symbols for the same experimen- FIG. 7. Several time-of-flight spectra separatedd=1° for

tal conditiong calculated in the flat surface approximation, as dis- helium scattering from the X&11) surface along th&-K azimuth.
cussed in Sec. VI. The incident energy wals; = 10.2 meV and the surface temperature
wasT¢=40 K. In addition to the diffuse elastic peak ®E=0, the
dispersive X€111) surface Rayleigh phono(RW) peaks at both

the energy loss and gain sides, a nondispersive mode at about
—4.3 meV (indicated by an upward directed arrpig clearly dis-
cernible. The spectra are vertically offset from each other for clar-
ity.

Energy Transfer AE [meV]

10

phonon peaks can be seen for both energy loss and gain. In
addition, the Rayleigh phonon peak intensity was observed
to increase for angles of incidence close to the specular peak
and decrease for larger angles.

The Rayleigh phonon intensitiegeak aregs for the

['-M andl'-K azimuths for positive momentum and negative

counts/sec/meV]
[e)]

5t energy transfers with an iﬂcident energyehE=5.5 meV are
L 4l shown in Fig. 5. Along th&-M direction the Rayleigh mode
o has a maximum atnK=0.2 A~! whereas the maximum
> 3 along thel'-K is somewhat broader and occursA{=0.4
& AL
2 2 As can be seen from the spectra in Figs. 3 and 4, only the

low-frequency Rayleigh phonon modes are excited at the
low incident energy of 5.5 meV. In order to excite the SH

0 and L surface phonons which lie at higher frequencies, the
incident beam energy was increasedte- 10.5 meV similar
6 -4 2 0 2 4 6 to the energies used in the earlier monolayer experim@nts.
Energy Transfer AE [meV] Figure 6 shows several TOF spectra at a surface temperature

of T,=40 K along thel’-M azimuth for incident angles be-

tween ,=33.9° andf;=45.9°. As for the measurements at
E;=5.5 meV, the relative intensity of the Rayleigh mode
(RW) peaks varies significantly with incident angle, particu-

. . . larly on the energy gain side. However, in addition to the
dispersive X€111) surface Rayleigh phono can be clearl . = . . .
se:n for botr?le;)ergy loss ant)jl ggin,pas wg:?\éws several less iﬁten%aylelgh mode, additional |nel_ast|c peaks car: be opfserved n
peaks up ta\E= — 4.3 meV (indicated by an upward directed ar- several of the spectra. In particular fér=39.9°, additional
row) in some of the spectra. The spectra are vertically offset frorrpeakS are seen @tE=-2.7 meV andAE=-4.3 nlex
each other for clarity. Figure 7 shows a similar set of TOF spectra for fhe&

FIG. 6. Several time-of-flight spectra separatedd§=1° for

helium scattering from the X&11) surface along th&-M azimuth.
The incident energy was;=10.5 meV and the surface temperature
wasT,=40 K. In addition to the diffuse elastic peak ®E=0, the
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FIG. 8. Experimental Rayleigh phonon peak intendipeak

area for positive momentum transferAK>0) and energy loss FIG. 9. The X¢111) surface phonon dispersion curves deter-

(AE<O) for theI'-M (circles andI'-K (squarep azimuths. The  mined from HAS time-of-flight measurements for incident energies
incident energy wak; =10.5 meV and the surface temperature wasof E;=5.5 meV and 10.5 meVopen circley shown on a reduced
T,=40 K. Inset: theoretical Rayleigh peak excitation probabilities zone scheme. The solid curves show the results of calculations for
PIZV,VTS(A K) (denoted by the same symbols for the same experimenthe Rayleigh phononR), Longitudinal acoustic I(), and shear

tal conditions calculated in the flat surface approximation, as dis-horizontal (SH) modes. A further dispersionless mo@¢) at i w
cussed in Sec. VI. =4.3 meV is also observed.

azimuth and an incident energy of 10.2 meV. An interesting<&man force constant scheme in which the Xe crystal is
feature of the displayed TOF spectra is the peak at abodfodeled by a 80 atom thick fcc slab bounded(tg1) sur-
AE=—4.3 meV which is particularly visible at smaller in- faces on each sid€. Three-body Xe interactions were ne-
cident angles. At intermediate angles the intensity of thedlected and the HFD-B2 pair potential of Azét al*® was
Rayleigh wave exceeds the intensity of the incoherent elastigsed, since this potential provided a good description of the

: : A i 5,46
peak, whereas all the other inelastic features are significantghonons in Xe monolayers on a(Pt1) surface?®*°In the
less intense. present calculations the nearest neighbor Xe-Xe equilibrium

distance is fixed aa=4.37 A, the value determined from He
atom diffraction measurementsee Fig. 2 at the same sub-
T ] - strate temperature as for the inelastic scattering experiments.
shown in Fig. 8. At the higher energy the-K azimuth  pyrther, in the present dynamical matrix model all the effects
shows a greater intensity than tlieM direction and the due to perpendicular relaxation of the (&1 surface are
intensity maxima are at about the same momentum transfergglected because relaxation of the rare gad ic surfaces

as at the lower energy. The Rayleigh mode alongﬁhﬁ has been found to be small in this moé&The radial@ and
direction has its maximum at about the same valua\lf tangentiala force constants corresponding to the first and

~0.2 A~1 whereas the maximum along theK direction is second nearest neighbor atoms are listed in Table I.
e , To intr the normal m f th tem into th
shifted slightly to a smaller value dfK=0.3 A1 © oduce the normal modes of the system into the

i model we define a three-dimension@&D) unit cell which
The energy_losses and gains from the TOF spectra alc’n@xtends from one surface of the slab to the offidihe com-

the I-M and I'-K azimuths for the incident energies; plete slab is generated by applying the two-dimensi¢2@)
=5.5 and 10.5 meV fall together on the same curves as

shown in Fig. 9 on a reduced zone scheme. The majority of TABLE I. The values of the radial3, and tangentialg, force

the inelastic peaks are from the intense Rayleigh wave whileonstants for the firgtl) and second2) nearest neighbors in the fcc
the less intense dispersive modes, which are observed alomgnon crystal used in the present analysis. The values were obtained
both directions, lie at higher frequencies. In addition, a broadrom the HFD-B2 potentia(Ref. 3§ using the experimental inter-
dispersionless feature at abdub=4.3 meV(denoted byx) atomic distance oa=4.37 A obtained for substrate temperature

is also evident along both azimuths, particularly close to thes=40 K.

The Rayleigh phonon peak areas for eVl and I'-K
azimuths for a higher incident energy Ele_().5 meV are

I' points. Force constant ValuéN/m)
, , IBXe7Xe 1.636
IV. THE BORN —VON KA RMAN CALCULATION OF THE )l(e—Xe )
SURFACE PHONON DISPERSION CURVES P2 —o.088
ayexe 0.002
The phonon dispersion curves and polarization vectors for ajexe 0.012

the present system were calculated using the Born—vosa
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FIG. 10. Calculated phonon dispersion curves as a function of 14 Egg & Egg
the two-dimensional wave vectd® along the boundanl’ —K 0 ; ; 015 - 020
—M—T of the irreducible part of the first surface Brillouin zone *] L s — S bos
(SB2) of an 80 layer fcc Xe slab witfi111) surfaces. The zone %' 44 .
boundary vectors arE-K=0.958 A%, K-M=0.83 A%, andT- £ 3 _
M=0.479 A1 Three surface localized modes detached from the 3 21 M_
bulk continuum are clearly discernible; the dominantly perpendicu- 1] K
larly or Z-polarized Rayleigh wave below the bulk continuum, the 5
dominantly shear-horizontally polarized or SH mode in the gap 5]
around thekK point (this mode becomes degenerate with the bulk 4] SH
continuum in the remainder of the SBZand the dominantly lon- -
gitudinally polarized or L mode in the gap extending frirto M %
points of the SBZ, and turning into a longitudinal resonance in the 2]
remainder of the SBZ. 14
0 1 [] 1

translation group and the entire slab has a periodic 2D struc 59~ 03 06 0_'9 Q [1/A] _0'.6 03 00
ture in the directions parallel to the surface. The equilibrium

position of an atom in the slab is described Ry, = (R, FIG. 11. Top panel: The experimental 141 surface disper-
+R,.z,), where the 2D vectoR,, which is parallel to the sjon curves(open circles from Fig. 9 shown on a reduced zone
(x,y) plane of the surface, is associated with tifeunit cell.  scheme are compared with the maxima of the surface projected

(R,,z,) is the basis vector in the unit cell which gives the phonon densities of states calculated from E).for vertical (2),
position of thexth atom in the layer fixed by the perpendicu- in-plane longitudinalL), and in-plane shear horizont@H) polar-

lar coordinatez,, where k=1 denotes the topmost layer. ization which are denoted by the solid, long dashed, and short
Ul,K:(ULKH ,U ..) denotes the displacement of thig«)th dashed lines, respectively. The lower panels display separately the
Xe atom from equilibrium position af , and the periodicity ~Z-, L-, and or SH-polarized density of phonon states projected onto
of the slab in the directions parallel to the surface is exthe topmost layer of Xe atoms in the slab, as calculated by the
ploited in order to represenf , as a Fourier series in terms dynamical matrix method descrlb_ed in Sec. IV._Comparlson with
of normal modes in the slab. The normal mode vibrationthe,“pper panel reveals the polarllzatlon propert.les of t‘he three ex-
frequencieswq; and orthonormalized polarization vectors pengwlentei:ly_ d_zteCt_?_d s_urfacc_e kp])rohjec';ed lm_oges in the f||rst .SB_Z and
e.(Q.j) associated with ath layer, which are functions of ©nables their identification with the Rayleigh walfW), longitu

2D phonon wave vectdd and a branch indej are obtained dma! (L), and shear horizontd5H) mOd?S' The scale of the D.OS
. . . maxima[ <1, see Eq(2) and thereaftdris given on the left ordi-
as solutions of the standard dynamical maftrix.

. . nate.
The phonon dispersion curves calculated for a slab con-

sisting of 80 Xe Iayer_s u§ing the forcg constants listed inyave vectors. This is illustrated by calculating and plotting
Table | are presented in Fig. 10. The dispersion curve of thgo 7. | . and SH-projected phonon densities of states
surface localized phonon which develops from the S mode "EDOS) ’defihed by

monolayer solid® is detached from the lower edge of the

bulk continuum over the entire irreducible part of the hex-

agonal first surface Brillouin zonéSB2). This phonon is Di(0,Q) =2 [(€-1(Q))iI*(0—wq)), 2
dominantly vertically orZ polarized and therefore can be '

identified with the Rayleigh wave. In addition, some surfacewherei denotes the Z, L, or SH polarization apdanges
projected modes are also discernible in the gaps of the bulkver all mode branches in the slab.

continuum whereas others appear as resonances in the con-Figure 11 compares the measured dispersion points with
tinuum. These in-plane surface modes can be assigned eithiéye calculated surface-projected phonon DOS defined in Eq.
the longitudinal(L) or the shear horizontalSH) character (2) for the three surface modes. In plotting the calculated
according to the relative directions of their polarization andresults each function on the RHS of Eq(2) was replaced

115411-6



He ATOM SCATTERING AND THEORETICAL STUDY & ... PHYSICAL REVIEW B 63 115411

by a Gaussian of width 0.19 meV to consistently model the TABLE Il. Parameters for the potentidlg,(z) in Egs.(7) and
experimental resolution. In this case the maxima of the thusd)-

integrated phonon DOS cannot exceed unity because of the
orthonormality of the mode polarization vectors. These DO (MmeV) d (A) zo (R) b (A)
plots clearly demonstrate that the most intense phonog 625 0.641 3514 3572
branch is the dominantly Z-polarized Rayleigh mode. How-_ ' i i

ever, it should also be observed that alonglthK direction

the surface modes with SH polarization also exhibit a wealpotential for the present system, the He atom interaction with
Z-polarization component which may make their detectionthe topmost layerx=1 of Xe atoms was first calculated
possible for this scattering direction. The comparison alsaising the potentials from Refs. 48 and 49 to yield

indicates that the mode, which is observed in the bulk con-

tinuum gap between th& and M points (see Fig. 18 is U, y(2)= 1 v(r)d2R, ©®)
dominantly L polarized. AcJsur
whereA is the area of the 2D surface unit cell. The contri-
V. CALCULATION OF THE INELASTIC INTENSITIES butions from thexth layers in the crystal are approximated
The calculation of the intensities for scattering of He at-PY @ssuming the following generalized Morse potential:
oms from phonons of the X&11) surface will be carried out Ufit(z): D[(1— e~ 2b/d)g~2[z+ (x—1)b-2l/d
within the appropriately modified theoretical formalism de- K
veloped in Refs. 32 and 47. The application of this formal- —2(1— e Pdyg[z+(k=1)b=zl/d] (7)

ism to the present problem requires a careful examination , . , )
and modeling of the He-surface interaction potentialWhereb is the normal distance between two adjacent equiva-

U(r.{u .}) which depends on the position vectoof the He ~ 1ent Xe&(111) planes b= y2/3a=3.568 _'89- The parameters
atom, and on the equilibrium positions , and displace- D andd were determined by a best fit to the values of the
mentsu, . of the atoms in the crystal. In this section we OPMOSt layer potentidl;(z) in the interval around the turn-
present a generalization of the model outlined in Ref. 32 s¢"9 Point, with the requirement that the fitted potential cor-
as to account for projectile interactions with all the atoms off€ctly reproduces the value at the potential minimum ob-
the Xe van der Waals crystal. Thus, the total He-Xe crystaf@ined from the numerical integration of Ed6). The
potential is assumed to be a pairwise addition of two-bodyPotential in Eq.(7) is then summed over all subsequent un-
gas phase He-Xe potentialér —r, .—u, ), whose depen- derlying layers to finally yield the laterally averaged static
dence on the spatial coordinates can be modeled by usidge-X&111) potential in the Morse form

expressions from either Ref. 48 or Ref. 49. For the present o

purposes both potentials yield practically indistinguishable —; y_ Ufit(z)=D[e 2@ 20)/d_ 9~ (z-20)/d

results. The resulting total He-XEL1) potential can be writ- st 2 Kz’l «(2)=DI 1

ten as (8

_ The parameters of the potentidl;,{(z) obtained using this
V() =Usal D+ Vrdu,d), & procedure are listed in Table II.
where Ug,(r) is the static He atom-Xe crystal interaction  The computation of the matrix elements needed in the
obtained by setting all displacements, equal to zero, viz. calculation of inelastic scattering intensities is now greatly
simplified since the Schdinger equation with the potential

of Eg. (8) can be solved analytically to yield the distorted
Usal =3 0(r=n1,0). @ OrEa® tically to y

The dynamic interaction contained in the te¥(r,{u, ,}) is

obtained from the expansion of the total potential in a Taylor (rlk)=(R,z|K k)= exp(iKR) xk (2), 9
series of which only the terms linear in the displacements are \/Lng
retained:

which describe the elastic projectile motion in the static sur-
face potentialg,(z) (Refs. 50—5%and satisfy the normal-
V(r,{uLK}):E [—Vrv(r—r,'K)]-u,ykzg Fio(r)-u . ization (k|k')= 6y . HereLs andL, are the quantization
e i« lengths in the directions parallel and perpendicular to the
5) surface, respectivel¥ is the wave vector describing unper-
TheF, (r) are the forces exerted by the crystal atomn gt turbed projectile motion parallel to the surface, andlays
on the projectile atom at. the role of the quantum number describing the motion in the
As in our earlier studies of inelastic scattering from direction perpendicular to the surface so that the perpendicu-
monolayer Xe surface®, the effect of the corrugation of the lar energyEz—>h2k§/2M for z—oo,
static potential, Eq(4), on inelastic He atom transitions is Equations(3)—(9) provide the necessary ingredients for
neglected and only the surface average of the potential of E@lefining the inelastic scattering spectriNv(AE,AK) which
(4) is accounted for. To obtain the surface averaged statigives the probability density that amounts of eneryi

115411-7



éIBER, GUMHALTER, GRAHAM, AND TOENNIES PHYSICAL REVIEW B63 115411

=E¢—E; and parallel momentaK =K —K; are transferred Heren(wq ) is the Bose-Einstein distribution of phonons of
from the He atom to the substrate phondh¥°® For the energyfiwg j at the substrate temperatufg, and the one-
current experimental conditions the uncorrelated phonon exphonon emissiori+) and absorption {) scattering ampli-
change processes dominate over the correlatedomes the  tudes 1™"%"®/(+) are calculated from the projectile-
latter are neglected altogether. In this regime the angular Kz ki Ki 0+6

resolved scattering spectrum, which depends parametricallghonon interaction matrix elemen\‘q(,' P

L . . _ z'"zi
on the surface temperatufig and initial prOJectll_e MOMEN"  them to the energy shell and normalizing the resulting values
tum 7k; , can then be accurately calculated using the expo

. Y . to the projectile current normal to the surfaé’ The matrix
nentiated Born  approximation (EBA)  scattering K;.Q+G,] ) o ) i
formalism®6-58 This yields the EBA scattering spectrfifn elementsvk, ) of the inelastic interaction potenti@b)

J by confining

z '"zi
are expressed in terms of the two-dimensional Fourier trans-
. 2 form z—z,) of the atomic pair potentials
NER (884K = [ TSR gmiee o vorelz 2 PP
bs —=(27h)3 . % 172
i J_ * :
xex 2W s (R, 7) —2WiPr (0,0)], Vi i, KZl (—2,\, MXer,,-) f dzx7 (2)eQ.))
(10 , N
X —i(Q+ G)'ZE vo+a(Z2—2)xi(2), (13

where 7 and R=(X,Y) are the variables of the so-called

EBA scattering or driving functionWEf’-?s(R, 7), explicitly  \whereM,, is the mass of a Xe atom and only the first and

given below[see Eq.(12)], which contains all the informa- second layer corresponding to=1,2 were included in Eqg.
tion on uncorrelated phonon exchange processes in the atorf3) since they give the dominant contribution. The expres-
surface scattering event. After carrying out thesion in the square brackets in the integrand on the RHS of

(7,R)-Fourier transform on the right-hand sidBHS) of Eq. (13) derives from the gradient operator in E§) andz

Eqg. (10) the values ofAK andAE are confined to the scan denotes the unit vector perpendicular to the surface. Here,

curve. This yields the theoretical intensities as the functiorfonowing the procedure of Bortolani and co-work&&* and

of AE which can be Compared with the eXperimental HASConsistent with expressioﬁ?)' theQ dependence OlﬁQ(Z)

TOF intensities” leading to expressiof8) is, to a good approximation, repre-
The value 3V o7 (R=0,7=0)=2W;"7_gives the EBA  sented by a Gaussian cutoff arising from the simultaneous

expression for the Debye-Waller expon€éDWE) pertaining  interaction of the projectile with several substrate atoms.

to the present inelastic scattering model. It has also beehhis yields

showr?’ that this DWE represents the mean number of

phonons excited in all inelastic scattering events with projec- vo(z—2,)=AD[(1— e*2b/d)ef2[Z+(K71)b7201/defQZ/ZQ§

tile initial momentun:k; and substrate temperatufg. The

corresponding Debye-Waller factoDWF) given by —2(1—e—b/d)e—[2+('<—1)b—zol/de—Q2/Q§],

exp[—ZVVEiB’#S] represents, according to E@.0), a common

attenuating factor for all the spectral features in

N§®7 (AE,AK) for particular initial conditionsk; and Ts.  with Q.= y2/z,d and wherez, is the energy dependent clas-

The spectrum(10) also includes the elastically scattered sical turning point for the projectile motion in front of the

specular beam intensity which is given®3$* Sur‘f’ize.scalar oroduct on the RHS of B43), viz

(14

EBA
[NKr(AB, AK) Tspecua € 2" T.O(AE) S(AK).

(11) e(Q.j) (15)

J
_l(Q+G)|ZOE

In the present approach, in which only the linearingicates that the strongest dynamical coupling nearlthe
projectile-phonon coupling, E¢S), is retained in Eq(3), the  point will occur with the vertical or th& component of the

. . . 7 . 3
EBA scattering function in Eq(10) takes the forrfh polarization vectors of the three surface modes, and that the
coupling to the Iorgitudinally polarized modes will be great-
_ i Q+Gj t away from thd™ point (i.e., for largerQ+ G). The cou-
2WEBA (R, 7)= Ve +)|? est away P ! g e cou
ki 'Ts( m QGEjk' [ Kz Kz ol pling of He atoms to SH modes for the case of in-sagittal-
G.jk, -
_ _ plane scattering along the high symmetry directlo in
X[n(hwg;)+ 1]e 'loqj7~ QORI the first SBZ is identically equal to zero because in that scat-
K, .Q+G\] = tering.geomet.ry _the scalar product E45) vanishes. This
|V, K, (=) n(fhag) selection rule is independent of the surface temperature and
L hence applies equally well to one-phonon emission and ab-
x glleq 7= (QTORI] (12 sorption in HAS from defect-free planar surfaces. However,
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FIG. 12. The magnitude of the total phonon-induced Debye- . . . . »
Waller exponen{DWE) ZWEB;T\ as a function of He atom inci- FIG. 13. The experimental diffuse elastic peak intensities
dent angle calculated for t\I/\/YoS experimental incident enerfigs Igiﬁ(ei)‘ obtained by numerical integration of the elastic peEk_areas
=10.2 meV(solid line) and E;=5.7 meV (dashed ling for fixed ~ In the experimental TOF spectra fé@; =10.5 meV in thel'-K
substrate temperatuiB,=40 K. The magnitudes of the contribu- direction are plotted as a function of the incident scattering angle.
tions to the Debye-Waller exponents from He atom transitions into! n€ full, dot-dashed, long dashed, and short dashed curves denote
the bound states of the atom-surface potentigy(z) are denoted the fits through these points using Eg6) with R,=1, 3, 4, and 5
by filled and empty squares for the quoted two incident energiesRxe: respectively, where Ry, is the distance of the Xe-Xe pair
respectively. potential well minimum.

EBA : H :
the presence of surface defects relaxes the phonon mome@¥ponent 2V, appearing in Eq(10) and measuring the

tum selection rul® and defect concentration may be tem- mean number of phonons exchanged with the heat bath in
perature dependent. the course of the collisioff. The Debye-Waller exponents

Quite generally, the scattering spectrum calculated frontalculated for the present scattering conditions are shown in
Eq. (10) encompasses three distinct features arising from th&ig. 12[compare with Fig. 12 in Ref. 32 for Xe monolayer
(7,R)-Fourier transform of the various terms in the poweron Cu001)]. The points denoted by full and open squares
series expansion of eEQWEiB’#S(’R,,T)]_ The zeroth order indicate the contributions from inelastic, i.e., phonon assisted
term (i.e., unity) gives rise to the elastic peak described byHe atom transi_tions into the bound states of the projectile-
Eq. (11), the first order or the distorted-wave Born approxi_surface potential. Th_e calculated Debye-Waller exponents
mation (DWBA) term gives rise to the single phonon fea- &€ greater than two in the whole range of the experimental
tures in the spectrum, and the remaining terms all contributdcident angles, which means that even the measurements at
to the multiphonon background. It should also be noted thaki=5-5 meV were carried out in the regime between single
all three types of spectral features are multiplied by one2nd multiphonon scattering. This explains the presence of the
and the same phonon-induced Debye-Waller facto,relatlvely_large background intensities in the TOF spectra
exl —2W{P; | that depends on the incident projectile en- reported in Sec. IIl.

E I dth b Tte b To establish the presence of defects such as adatoms, va-
ergyE;, angleg;, and the substrate temperatlig but not 5 jes small islands, or clusters on the surface, whose build
on AE or AK. As the true multiphonon regime in which

EBA : : ) up would be also consistent with reduction of the He specu-
2W "7 >1 is reached, the weight of the no-loss line and|; signal for higher exposure times in Fig. 1, the diffuse
one-phonon features is strongly suppressed by the Debyelastic peak areas in the experimental TOF spectra were in-
Waller factor, while the multiphonon background, which tegrated numerically and plotted as a function of the incident
tends to a Gaussian limif,takes over the spectral weight. angleso; between the zeroth and first order diffraction peaks.

These values, denoted BS;rf(ei) and shown as full squares

in Fig. 13, were fitted to the following expression:
VI. THEORETICAL INTERPRETATION AND

DISCUSSION OF EXPERIMENTAL RESULTS i
IM(6;)=AF(k; ,Rq,6;,6)+B. (16)

Before discussing the inelastic TOF spectra it is useful to ) ) ] )
first delineate the scattering regime in which the measuretiere F(ki R, 6;,6;) is the Fraunhofer intensity for diffuse
ments were carried out and the effect of surface defects ofilastic scattering from a hemispherical defect with an effec-
the discussed inelastic scattering data. Since the phonon elfve radiusR, on a planar surface as discussed in detail in
citation energies in the heavy Xe system are relatively smallSec. IV of Ref. 65. The constantsandB, which depend on
multiphonon excitations can take place even at low He bearfe effective defect density, were varied to obtain the fits of
incident energies. The scattering regime depends on the maiie “experimental” diffuse elastic scattering intensities with

nitude of the exponent of the phonon-induced Debye-WalleEg. (16) for the I'-K direction with E;=10.5 meV andd;
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+6:=65p. The fits of the “experimental” intensity points in 2
Fig. 13 indicate that the diffuse elastic intensities are consis-
tent with the presence of defects with an effective radius in
the range Ry.<Ry<5Ry, where Ry,=4.36 A is the dis-
tance of the minimum of the Xe-Xe pair potentfal.

A relevant issue arising in connection with the presence
of clusters on the surface is the existence of vibrations local-
ized at such defects. Although it is not possible to carry out
a dynamical matrix analysis of the modes associated with the
randomly distributed clusters, our additional dynamical ma-
trix analyses have shown that the Xe atoms underneath
single adatoms forming a ¢83) superstructure exhibit
dominantly L-polarized quasilocalized modes whose fre-
guencies in a back-folded first SBdr equivalently the first
SBZ of the 3x 3 superstructupeare nearly dispersionless at
around 4 meV. Thus, it may be envisaged that modes of
similar character may also exist along the circumference of

Intensity [1 0’ counts/s/meV]

adsorbed Xe islands or clusters and thus be observable in % 202 46420248
HAS. Energy transfer AE [meV]
In turning to the theoretical analyses of the TOF spectra . ) o
we note that since only the spectraBat=10.5 meV exhibit, FIG. 14. Comparison of experimentéhin noisy ling and cal-

besides the Rayleigh waves, additional inelastic featuregmated EBA(thick full line) phonon excitation intensities as func-
) tions of energy transfer for in-sagittal-plane He atom scattering

their interpretation is of special interest. To this end we have —=
first carried out the DWBA calculations of the one-phononfrom Xe(11]) surface along_ th.E'M direction. The four panels
scattering intensities based on the model outlined in Sec. \?how spectra for the same incident enefgy- 10.5 meV and sub-

) der to be able t K . s f I I | trate temperaturés=40K and for four different incident angles
In order to be abie o make assignments for all Well reSOVeq,  rq jnconerent elastic peak arising from imperfections in the

peaks in the measured spectra, excluding only the peaks ﬁlg(lll) surface, which does not derive from the EBA formalism

AE=0 which are due to incoherent scattering from surface,ined in Sec. v, is denoted by the shaded peak. The dashed curve
defects not accounted for by the present EBA formalismgenotes the calculated multiphonon background which exhibits
These DWBA calculations enable clear assignments of thgaxima at about twice the RW frequency at the zone edge. Note
RW, L, and SH modes in the measured spectra but are URhat the experimental peaks denoteddgre not reproduced in the
able to explain the intensity of the dispersionless p&ak one-phonon calculations utilizing the dynamical matrix of a perfect
clearly discernible at- —4.3 meV in some of the spectra for Xe(111) surface.

AK values close to the center of the first SBZ. Several

complementary explanations of such incomplete descriptiogarried out on a rigorous quantitative level within the theo-
in the present DWBA calculations are possible. Thus, theetical formalism outlined in Sec. V.

appearance of the peakcan be associated witl) spurions Assessments of the effects of higher order phonon pro-
which have already been detected in the various earliegesses on the scattering spectra necessitate the full EBA cal-
analyses of the HAS TOF spect&®® (i) excitation of de-  culations to be carried out. This means that also the terms
fect modeglocalized phononssince the presence of defects beyond zeroth and first order in the series expansion of
on the surface has been confirmed by the above analyses @f(qzwlfi%s(n, 7)] should be retained in the integrand on

the Qiffuse elastic pe_ak intensities from the TOF s.p_ectiia, the RHS of Eq(10). On the other hand, once the elastic and
multiphonon scattering processes Whose intensities can ljEﬁ1e-ph0non scattering intensities have been calculated, the
calculated only by going beyond the first order DWBA treat-; o multiphonon background encompassing two, three,

ment of the scattering spectrum. Each of these explanationg,y other higher order processes is obtained by taking
" First, careful examinations of the scattering conditionsl1e _(r;R)-Fourer tansiorm _of | the _expressian
’ EBA EBA : :

and the scan curves corresponding to the TOF spectra sho ﬁxp[ZWki 'TS(R‘ nl-1-2w Ki 'Ts(R’T)} and multiplying

in Figs. 6 and 7 enables to rule out spurions connected with ~ PY EBth corresponding ~ Debye-Waller  factor
the one-phonon proces&&<® as a possible origin of th& ~ €xH—2W, "1 ]. Now, the specificity of the multiphonon
peak. Second, single adatom defect modes, which are exomponent of the HAS spectra in the present scattering re-
pected to have vibrational frequencies of less than 3 meV fogime is in the dominance of one- and two-phonon processes,
the most favorable threefold hollow sites, can be also ruleds evidenced by the values of the Debye-Waller exponents
out.”® Hence, only the modes associated with clusters or isshown in Fig. 12. In this situation the probability of two
lands, as was discussed at the beginning of this section, aphonon scattering reaches maximum in the cases involving
possible candidates for the explanation of the origin ofXhe two RW phonons with wavevectors from the opposite edges
peak in some of the spectra. The examination of the thiraf the first SBZ where their density of states is largest. This
possibility, i.e., the multiphonon origin of thé peak, can be gives rise to maxima in the multiphonon scattering spectra at
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arising from the two RW phonon exchange processes that
produce “decepton type” of maxima in the calculated mul-

tiphonon background. For thE-K azimuth similar good
agreement between the measured TOF and calculated EBA
HAS intensities is found for the same incident energy of 10.5
meV (Fig. 15.

The experimental and theoretical results shown in Figs.
11, 14, and 15 present strong evidence for the observation of
all three expected dispersive surface phonon modes, namely,
the Rayleigh wavegRW), longitudinal (L), and shear hori-

10 . 110 zontal (SH) phonons. The Rayleigh phonon peaks are the
most intense along all directions, as expected from their pre-
dominant Z polarizatiorisee second panel in Fig. 11The

longitudinal mode is most clearly seen in the experimental

M results along thd-M azimuth and weakly along thE-K
L A direction, which is also reproduced in the calculated spectra
6 420 2 46420246 in Figs. 14 and 15. As shown in Fig. 11, the shear horizontal

Energy transter AE[mav] mode was not observed along thieM azimuth. Since this is
a high symmetry direction of the surface and of the semi-
infinite Xe(111) crystal one hag,.(Q,SH)L Q and the SH
contribution to theZz-polarized density of states is zero along
this direction, due to which expressigh5) vanishes in the

| [ SH

Intensity [10° counts/s/meV]

| RW

o

FIG. 15. Same as in Fig. 14 but along tAeK direction of the
surface Brillouin zone.

around*=4.3 meV, i.e., approximately twice the RW energy ,. ; N L
at the zone edge. The Ff[ﬁus calculéted multiphonon bgzmrst SBZ. However, the SH mode has discernible intensity in
ground juxtaposed with the earlier calculated one-phonof® .meisireﬁ spectra along the other iurfacgsym.metry di-
DWBA scattering intensities will serve as a basis for ourrectionI’-K-M’, particularly between th& andM’ points.
theoretical interpretations of the TOF spectra. This is expected because it is not a high symmetry direction
Figure 14 shows a comparison of four representativedf the surfgce with respect to the underlying Xe layers. Here

HAS-TOF spectra(“noisy” thin full line ) recorded atE;  along thel'-K segment of the first SBZ the SH-mode ac-

=10.5 meV along thé'-M direction with the full EBA scat- quires a fractionaZ polarization, and along thK-M’ seg-
tering intensitiegfull thick lines). Since the absolute experi- ment outside the first SBZ the exchanged parallel momentum
mental inelastic intensities which depend on many factor\K =Q+ G is nearly parallel to the polarization vector of
are unknown, all calculated intensities in a particular specthe SH mode. Both effects give rise to a nonvanishing scalar
trum have been scaled bya@mmon factorso as that the product in Eq.(15), and thereby to a nonvanishing coupling
largest calculated and measured intensitipsak areds matrix element in Eq(13).

match each other at the largest inelastic peak. The elastic Another interesting feature is the maximum in th&
peaks in the experimental spectrad =0 due to incoher- dependence of the RW intensities shown in Figs. 5 and 8. In
ent scattering from surface defects, which are not present iprevious investigations of the RW intensity peaks as a func-
the EBA calculations for an ideal surface, are indicated bytion of AK a monotonic, nearly exponential fall-off withK

gray shaded peaks. The broad multiphonon background unvas observed for flat metal surfac®s** The AK depen-

der the single phonon peaks, which has been calculated foltence of the RW phonon excitation probabilities,
lowing the procedure described in the previous paragraph, ipR". (AK), calculated within the present model are shown
shown by the dashed lines to facilitate comparisons of the, Iin;,ets in Figs. 5 and 8 for the experimental projectile

relative intensities of the measured and calculated singlg .ijant energies, scattering directions and substrate tem-

phonon features. ; : :
) o . perature, but they are not in accord with the experimental
It is gratifying that the presgnt EBA calculations accu- trends shown in the main panel of the figures. This again
rately reproduce the relative intensities of both the one-

h q itioh I d aain feat in th _I_Olg.ignals that the present theoretical description of inelastic
phonon and muitiphonon 10Ss and gain teatures in the scattering cannot reproduce the absolute scattering intensities

spectra in Fig. 14. In particular, there is a quantitative agreeg,  nonideal surfaces for reasons that are briefly discussed
ment between the measured and computed relative intensiti Slow

of the Rayleigh phonon loss and gain peaks. Most of the Thé variation oY (AK) with AK , and hence witt,

other single phonon features in the TOF spectra are repro- ki Ts ' b
duced and hence can be identified despite the non-negligib@/1S€s from a combined effect of i< dependences from
background. Thé-mode energy loss, which approaches 4.3the phonon induced Debye-Waller facteee Fig. 12 the
meV at theM point, is also nicely reproduced in the calcu- DWBA scattering matrix elementél3), the Bose-Einstein

lated spectrasee upper right panel in Fig. 14The experi-  distributionn(fiw,y rw), and the total energy conservation
mental loss peaks denoted Kyat AE=—4.3 meV withAK  condition. The thus calculate® " (AK) complies with the
values close to the zone center can be interpreted as a featwptical theorem for inelastic scattering fromflat surface
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that manifests itself through the unitarity of the scatteringand gain features with those calculated in the EBA did¥
spectrum(10). The attenuation oPR"; (AK) for largerAK  ferent TOF spectra and shown in the insets of Figs. 5 and 8
17°s

is controlled by the phonon-induced Debye-Waller factor"®duire an accurate knowledge of such total DWF, which is
and the Gaussian cutoff in the potent{a). Other factors not posslble at present. In this S|tuat|on.the only mean|ngful
exhibit nonuniformAK variation over the SBZ, particularly COmparisons can be made for the relative experimental and
the RW polarization vector that is associated with the top_theorencal intensities of the peaks which bear the same total
most Xe layer{see Eq.(2) and Fig. 1]. However, the ex- Debye-Waller factor, i.e., for the peaks from tsemeTOF
perimentally observed dependence of the RW excitation inSPECtrum, as has been done in Figs. 14 and 15.

tensity cannot be described only by teK behavior of
PRt (AK) because it does not includee., is not multi-

plied by) the “total” Debye-Waller factor which describes New helium atom scattering results and theoretical calcu-
the loss of the incoming beam flux into all inelastic andlations for the X€111) surface have been presented. In ad-
off-specular elastic scattering channels open in thalition to the Rayleigh phonon mode, which had been mea-
experiment’ ! Namely, in the case of corrugated surfacessured previously;>"® evidence for the longitudinal and
and surfaces with defects an additional reduction of the inshear horizontal modes of the ¥4.1) surface was found.
elastic scattering intensities occurs due to the scattering ofhe excitation of the shear horizontal mode, in particular,
initial beam flux into the diffraction and diffuse elastic scat-\as only observed in the surface directibhK-M’ for
tering channels, and these processes are not accounted fol[l. hit | trv all d al K tin th
within the present model based on fted static atom-surface W Icn1t1s symmetry aflowed along .segmen. inthe
potential (8). first SBZ and qlong th&-M' segment outside the f|rst. SBZ.
Thus, a rapid variation of the specular beam intensity with  The theoretical model developed here can explain all of
the change of the incident angle has been observed in HAte ex_perlmental inelastic scattering intensities, including the
from monolayers of Xe on graphifd, and interpreted experimentally detected dlsper5|on!e)§sfeature atAE=
theoretically® as due to the diffraction and selective adsorp-—4-3 meV near the zone center, using gas-phase He-Xe and
tion effects(see Figs. 3 and 9 in Ref. ¥3The loss of beam X€-Xe potentials without any modification. The feature,
flux into diffraction and diffuse elastic scattering channelsWhich is resolvable in only some of the spectra, can be at-
will also lead to a rearrangement of the inelastic intensities agibuted either to vibrations associated with surface defects
6, (and henceAK) is varied, and this can be described in which were not included in the_theoretlcal model or, as sup-
terms of the diffraction- and the diffuse-scattering-inducedPorted by th_e present ca!cul_atlons, to multiphonon “de_cep-
Debye-Waller factoré! in analogy to the phonon-induced ton” effects involving excitations of two RW p_honons with
component. It is important to observe that although all thregvavevectors from the opposite edges of the first SBZ. Thus,
components of the total or integrated DWF dependEon f[he present work.shows that there are no anomalous scatter-
6, andTs, they are constant for a particular TOF spectrum!Ng effects for thick xenon layers, unlike the recent results
in which these experimental parameters are fixed. Howevefor xenor?)_ggnon.olayers adsorbed on Cu and NaCl
as the total DWF varies in magnitude from one Scattermgsubstra_teé. This calls forab initio calculations of the
spectrum to another as the scattering conditions are changdftéractions of adlayer Xe atoms with the quoted substrates
it acts as a rescaling factor for the TOF intensities. Indeed@S this could shed more light on the properties of intralayer

our analyses also show that the abrupt variation of the totdPrce constants that represent an essential ingredient in the-
. . o - — o o oretical interpretations of the phonon excitation intensities in
signal intensity in thd’-K angular distribution ad,=40° in

Fig. 2 coincides with the change of the number of open off-HAS from these systems.
specular diffraction channels, and the magnitude of the cor-
respondingAK coincides with the value around which the
experimental RW intensity is maximum. Therefore, compari- The work in Zagreb has been supported in part by the
sons of the absolute experimental intensities of phonon los3oint National Science Foundation Grant No. JF 133.
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