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The surface-phonon-dispersion curves of commensurate Xe monolayergXiiCand incommensurate Xe
monolayers on Q®01) surfaces have been measured using He-atom scati@gfifng) time-of-flight (TOF)
spectroscopy. The TOF spectra are interpreted by combining quantum scattering calculations with the dynami-
cal matrix description of the surface vibrations. Both a vertically polarized Einstein-like mode and another,
acousticlike mode of dominantly longitudinal character are identified. The latter mode is characterized by the
presence and absence of the zone-center frequency gap in the commensurate and incommensurate adlayers,
respectively. The microscopic description of the TOF spectral intensities is based on the extensive theoretical
studies of the interplay of the phonon dynamics, projectile-surface potentials, multiple quantum interference,
and projectile recoil, and their effect on the HAS spectra. Both single and multiple quantum spectral features
observed over a wide range of He-atom incident energies and substrate temperatures are successfully explained
by the theory[S0163-182699)10507-1

I. INTRODUCTION analysis of the scattering data. This provides direct informa-
tion on the force constants which couple the adsorbates to
In the past, investigations of physisorption potentials forthe substrate, the effective corrugation of the potential en-
particles on solid substrates as well as the potentials descrilergy surface describing the motion of the particles on the
ing interadsorbate interactions were mainly motivated by exsubstrate, and the force constants coupling the adjacent ad-
perimental studies of adsorption and phase transitions at susorbates. Although the first HAS TOF measurements on rare-
faces. Several developments have recently stimulatedas overlayers were carried out almost 20 years ago, these
renewed interest. First, the possibility to manipulate and disearly experiments were only able to detect the vertically po-
place single atoms and molecules with low-temperaturdarized Einstein-likeS mode®’ Only recently was an addi-
scanning tunneling microscopéshas not only added to our tional mode found for Xe on Ga10),® and shortly thereafter
understanding of adsorbate-substrate interactions but alsdso for Xe on C(001),° Cu(111),*° and NaCl001) (Ref. 11
underlined the need for more detailed microscopic data. Sesurfaces. This mode was interpreted as being due to low-
ond, the recent progress in understanding sliding friétion energy longitudinally polarized motion of the adsorbates.
calls for more precise information on the potential-energyHowever, simple model calculations suggest a significant
surfaces and energy dissipation to the subsfratthough  discrepancy between the fits based on this assigrirtfent
physisorption energies can be determined in a rather straigh&nd empirical potential models used so far to model the
forward fashion using thermal-desorption spectroscopyadsorbate-adsorbate and adsorbate-substrate interactions.
(TDS), information on the interparticle potentials can be only This has created some controversy in the literatéirghich
extracted indirectly, either through precise analyses of thealls for a critical reassessment of the HAS data on the low-
shape of TDS peaks or by detailed investigations of phasenergy vibrations of physisorbed Xe monolayers.
transitions within the adsorbed adlayers. In this paper we present the analysis of the experimental
As the interplay between adsorption and interadsorbatdata obtained for a commensurai® K v3)R30° Xe adlayer
potentials determines the low-energy dynamics of adlayersadsorbed on GQi11) and a similar system, viz. the hexago-
studies of physisorbed rare-gas monolayers are of speciabl incommensurate Xe adlayer adsorbed 0(0Cl). Mea-
interest in the above-discussed context because of their aburements are reported on the dispersion curves and the ex-
legedly simple vibrational properties. In the present paper weitation probabilities of two adlayer-induced modes: the
describe a determination of the parameters of these potentiatertically polarized Einstein-like phonon branch over the en-
on the prototype commensurate and incommensurate physre surface Brillouin zone(SB2), and the in-the-surface
isorbed monolayers of Xe on CLl1) and Cy{001), respec- plane-polarized acousticlike mode over the main part of the
tively, by using He-atom scatterinHAS) time-of-flight ~ SBZ. In particular, for the latter mode in Xe/Cl1), it was
(TOF spectroscopy to measure the dispersion of the lowpossible to measure the zone-center phonon gap which pro-
energy adlayer modes in combination with a theoreticalvides particularly important information on the Xe-substrate
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potential-energy surface, and to compare this result to thelsewheré! The crystal was mounted on a homemade crys-
recently published data on the incommensurate Xe overlaydal holder, and the sample could be cooled down to 40 K
adsorbed on Q001).° The first, tentative, assignment of the with liquid helium. The sample temperatures were measured
modes observed in both systems was made by combining thesing a cromel-alumel thermocouple, and could be stabilized
symmetry selection rules applicable to the excitation ofto within 0.5 K. The C111) crystal previously oriented to
phonons of different polarization in the single phonon-within 0.15° was cleaned by cycles of Ar-ion sputtering
scattering regime with the results of lattice-dynamical analy{600 eV, 1uA/cm?) followed by annealing at 1100 K. Prior
sis of the adlayers. This analysis showed that a good agreé the experiments described here the cleanliness and the
ment between theoretical and experimental dispersion curvestructural quality of the surface were checked by x-ray pho-
for Xe-induced modes could be obtained only with intralayertoemission spectroscopy and low-energy electron diffraction
force constants derived from a Xe-Xe pair interaction unex{LEED). The 99.99% pure Xe gas was backfilled into the
pectedly softer than the one deduced from accurate gas-phaseattering chamber through a leak valve to a pressure of 4
potential$® or bulk phonon data? As the use of this proce- x 10 8mbar. During the preparation of the Xe monolayer
dure was recently questionétifurther progress in under- structures, the crystal temperature was kept at 70 K in order
standing the HAS data for monolayers of Xe on(Cll) and  to avoid the formation of bilayers and multilayers, which are
Cu(00)) necessitates resolving this controversy by carryingstable only at temperatures below 68 K. For temperatures
out a comprehensive and consistent analysis of the measurédlow 68 K the He-atom TOF spectra revealed the appear-
spectral features. Here we demonstrate that additional supnce of an additional loss, which could be assigned to verti-
port to the discussed assignments, and in particular of theally polarized vibrations of the second layer of Xe atoms.
dominantly longitudinal character of the observed acoustidAt the temperature of preparation of the Xe monolayer on
mode, can be obtained by carefully examining the scatterin@€u(111), the commensurate-incommensurate transitions are
intensities in the HAS TOF spectra. To this end we havenot expected, as they have been detected to occur at around
performed detailed calculations of the absolute and relativé7 K. A description of the preparation of the Xe monolayer
excitation probabilities of the adlayer localized modes in theon the C001) surface was given in Refs. 9 and 19.
single- and multiple-phonon-scattering regime using a re-
cently developed theoretical approdch® and compared
them with experimental HAS TOF intensities. A good agree-
ment of the results of calculations with the experimental data The right-hand side of Fig.(&) shows the structure of the
provides a strong and convincing argument in favor of thecommensuratev3 X v3)R30° monolayer of Xe atoms ad-
present assignments, and therefore of the strong modificatiasorbed on C(111) surface’>?and indicates the two princi-
of the monolayer force constants. It thereby points to somgal directions(azimuths of the substrate crystal surface. The
peculiar characteristics of the Xe-Xe interaction in adlayergeft-hand side shows the first SBZ of the substraashed
of monoatomic thickness which still await a microscopic in-lines) and the two-dimensional Brillouin zone of the adlayer
terpretation through detailed calculations of the adlayer elecull lines). Figure 1b) shows an angular distribution of He
tronic and structural properties. atoms scattered from/g X v3)R30°Xe/Cu(111) surface for
The present paper starts with a brief description of thean incident wave vectd,=9.2 A~* (E;=45meV) and the
experirr_lenta_l procedure and the_preparation of Xe monolays, ,strate temperatur&.= 60K along the[lTO]-azimuth
ers outlined in Sec. Il. The experimental results are presented, 4tive to the substrate surface. The intensities are normal-
in Sec. lll, where ateptatlve assignment and interpretation Olfzed to the specular peak height. In addition to €0
the modes opserved in HAS from Xe monolayers 0it1a® __diffraction peak, two additional Xé},0) and(4,0) diffraction
and Cy001) is dlscus:;ed. T'h'e theoretical mode! used t_o 'n'peaks of the ordet were observed® The sharpness of the
terpret the HAS TOF intensities measured both in the singlepeas and relatively low background indicate the presence of
and muItlple_-phonon-scattermg regimes is described in Se well-ordered, largely defect-free Xe overlayer.
IV.. The basic ingredients of the mod.el relevant to t_he calcu- Figure 2 shows an angular distribution along the substrate
lations of HAS from adlayers are discussed and |IIustrate(E100] azimuth obtained by scattering He atoms from a mono-

for the example of realistic He-Xe interaction potentials. In) yer of Xe atoms adsorbed on @01 for incident wave
Sec. V the experimental HAS TOF intensities are compared o k. =5 25 A1 (E,;=14.36 meV) andT,=52K. This
| " | . S "

with the theoretical model predictions, and physical implica'distribution indicates a well-defined structure. The earlier

tions of the good agreement are discussed. Section VI PreEED studies afT.:>77 K have identified a hexagonally

sents a way to determine the corrugation of the adlayerérdered adlayer incommensurate with the underlying

substrate potential-energy surface using the present oy ai@223 5o a5 that thg100] substrate direction lies

f"‘pproaCh- Finally, _Sec. VIl summari;es all the_ r(_alevant ﬁnd'along equivalent non-high-symmetry directions for the two
ings and the most important conclusions. Preliminary report

| ¢ th K h b blish omains of the Xe monolayer, one rotated by 30° from the
on some results of the present work have been publisheginer, The geometrical structure of these domains is shown

previously: in Fig. 6 of Ref. 22 and Fig. 2 of Ref. 23. The present
out-of-the-high-symmetry-plane  measurements indicate
sharp diffraction peaks commensurate with the orientation of
the Xe overlayer along the @@01) [110] azimuth, except
The experiments have been carried out in a highfor the two bumps at each side of the specular peak. Their
resolution He atom-scattering apparatisase pressure presence is related to inelastic resonance processes involving
8x 10 ™mbar, fixed total scattering anglésp) described the CY001) surface Rayleigh wave and an intense nondis-

Ill. EXPERIMENTAL RESULTS

Il. EXPERIMENT
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FIG. 1. (a) Right panel: Structure of avfxXv3)R30° mono- AK A -1
layer of Xe atomgshaded circleson a(111) surface of Cu crystal, [ ]

with two high-symmetry direction&@zimuth$ in the substrate sur-
face plane denoted. Left panel: Two-dimensional Brillouin zones o
the CyY111) surface(dashed lingsand the Xe adlayeffull lines).

(b) He-atom angular distribution along thel10] azimuth of
Cu(11)) from a Xe (/3 Xv3)R30° monolayer for an incident wave
vectork;=9.2 A~1 (E;=45meV) and surface temperature 60 K.
Peaks normalized to the height of the specular peak. other substrates?° this mode is assigned to the excitation of

collective vibrations of Xe atoms with a polarization vector

persive Xe mode with polarization perpendicular to the survertical to the surface, and is designated Senode. The
face, as determined by the TOF measurements described bgck of dispersion indicates that the frequency of the verti-
low. These characteristics of He-angular distribution spectraally polarized phonon is mainly determined by the adsor-
from Xe/Cu002) for T,<65 K indicate a “floating” incom-  bate coupling to the substrate, with only a weak coupling to
mensurate Xe adlayérHence, in the case of both Cu sub- adjacent adsorbates. Deviation from a dispersionless behav-
strates, the Xe adlayers may be considered planar and pefbr occurs only at the intersection with the substrate Rayleigh
odic with hexagonal symmetry, irrespective of tii®)  mode??® The energy of thisS mode ¢ ws=2.62meV), is
commensurability with the underlying substrate. The periodslightly larger than for the(110) face of Cu [fwg
icity and symmetry of the adlayers are then reflected in thei=2 5 meV (Ref. 8]. The small, but significant deviation of
vibrational properties. The adlayer vibrational modes can b@.12 meV is consistent with a slightly deeper potential well
classified as dominantly in-plane polariz@dngitudinal (L) for Xe on Cy111) and C{001) than on C110).%":?8
and shear horizontd5H)] and shear verticalS).** In addition to the intens& peaks the measured spectrum

Figure 3 shows typical He-atom TOF spectra for thealso reveals the presence of a weak but clearly resolved fea-
(v3xXv3)R30°Xe/Cu(111) surface along th&12] substrate ture (labeledL) near the elastic or zero energy-loss line. The

azimuth (i.e., along thel'Ky, direction of the superstruc- €nergy of this mode changes with the angle of incidefice
ture), for Osp=6,+ 6;=90.5° and three different He-atom and thus shows dispersion. The ;pectral intensity of this
incident energie€; spanning the transition from the single Mode relative to that of th& mode in each TOF measure-
to the multiple-quantum scattering regime. The TOF spectr&'€nt was found to decrease strongly with the magnitude of
have been converted from a flight time scale to an energylfS wave vector, so that for the Hexe/Cu(111) system the
transfer scale. Arbitrary units are used for spectral intensitie§0rrésponding data points could only be obtained for a par-
on the vertical axis. The spectrum at the lowest incident en@llél wave vector up to one-third of the distance between
ergy (E;=9.9meV) is typical of the single-phonon- theI’ andKy, points in the first Brillouin zone of the super-
scattering regime, and is dominated by two well-definedstructure(the interval shown in Fig. )5 Since in the dis-
peaks at+2.62 meV on the energy-loss and -gain sides ofplayed TOF spectra the energy of thenode is always sig-
the TOF spectrum, respectively. Within the experimental ernificantly below that of the lowest surface phonon of the
ror these energies do not change in the interval beybiid  clean C¢111) surface?® this must be a pure Xe adlayer-
=0.1A"1 in the first SBZ of the superstructure. In accor- induced mode which cannot couple to the substrate for
dance with previous works on noble-gas atoms adsorbed omave vectors over a wide range of the SBZ. As for th8 (

FIG. 2. He-atom angular distribution along 0] azimuth of
fthe substrate from an incommensurate hexagonal monolayer of Xe
atoms adsorbed on Q@01) for k;=5.25A"1 (E;=14.36 meV),
and an substrate temperature 52 K.
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FIG. 3. Series of measured HAS TOF spectra for a monolayer

?f Xtﬁ on Culld altort1.g ths[lltZJ d'Tec.t('jO“ ff the substrdatae sm:jrface of Xe on CY001) along thg 100] direction of a Cu surface for three
or three representative He-atom incident energigsand s de- representative He-atom incident energies. The vertical scale is in

note the angle of incidence and the fixed total scattering angle.arbitrary units. Scattering parameters are shown in the insets.

respectively. The vertical scale measures relative peak heights in
arbitrary units. Scattering parameters are shown in the insets.

FIG. 4. Series of measured HAS TOF spectra for a monolayer

atom incident energies due to the very low excitation ener-

Xv3)R30°Xe/Cu(111) system, thg112] direction has a 9ies of the adlayer-inducesimodes whose vertical polariza-
high-symmetry mirror plane, and the vibrational modes ardion gives rise to a strong projectile-phonon couplifu.
partitioned in two orthogonal class&sTwo-thirds of the Sec. IV). Although some single-phonon features are still dis-
modes are polarized in the sagittal plafiacluding the cernible at incident energl;=21.4meV, both spectra are
adlayer-induced andL modes. The remaining one-third of dominated by a number of uniformly spaced peaks at ener-
the modes are polarized in the surface plane and normal tgies =nx2.62meV. ForE;=45.1meV, the true multiple-

the mirror plane, and designated shear horizontal or Shbhonon-scattering regime is reached because the intensity of
modes. The three possible adlayer-induced orthogonal modeise elastic peak is smaller than that of the multiple quantum

with the wave vector in thg112] direction[cf. Fig. 1(a)] are ~ S-peak forn=2.
thus characterized by either a combination of the compo- Figure 4 shows three representative He-atom time-of-
nents with S and L polarization or pure SH polarization. flight spectra for the incommensurate Xe monolayer on
Combining the symmetry selection rules pertinent to theCu(001) for three different He-atom incident energies along
probabilities of excitation of in-plane phonons at ideal sur-the (100 substrate azimuth, which lies halfway between the
faces(cf. Refs. 31 and 32, and Sec. IV belpwith the fact  two high-symmetry directions of the adlayer SBZ. In all es-
that the data were recorded in the first SBZ of the superstrucsential aspects these spectra are similar to those shown in
ture and in the sagittal plane which coincides with the highFig. 2. They also exhibit a strong dispersion of thenode,
symmetry plane of the Xe/Qlill) system, the observation and the multiple excitation oS modes at energies=n
of the SH mode under these experimental conditions can b& 2.71 meV. In addition, the Rayleigh modabeled RW of
ruled out. Hence this mode is tentatively assigned to thehe underlying C(001) substrate is also observed at low and
longitudinal mode of the adlayer which is known to coupleintermediate energids; . The RW dispersion curves of clean
to the scattered He atoms under similar conditim€How- Cu(111) and C{001) surfaces are well known from the pre-
ever, as demonstrated for NaCl, the SH modes can be excitadbus work?>2°
along a high-symmetry direction in the second SBZ. It is noteworthy that for both adlayers the multiple-
The other two spectra in Fig. 3 demonstrate the transitiophonon lines are all, to within experimental error, located at
from a single- to a multiple-phonon-scattering regimeEas integral multiples of a fundamental frequeneys, 2.62
is increased. This transition takes place at rather low HemeV# for Xe/Cu11l) and 2.71 meWi for Xe/Cu001). At
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. . FIG. 6. Phonon dispersions for a Xe/001) surface along the
EG'_5' F_’honon fjlspersmns for a Xe/@a) surface along the [100] direction relative to the Cu substrate as determined by HAS
[112] direction relative to the substrate as determined by K86 (7| circles). The full curve represents the best fit achieved for the
circles. The solid line denotes the best fit achieved for the |0n9it”'|ongitudinal (L) mode, the flat dashed curve shows a theoretical
dinal (L) mode in the Xe adlayer, and the dash-dotted line is thegispersion curve for th& mode, and the dot-dashed line indicates
result for theL mode using the gas-phase Xe-Xe potential. Theyhe position of the. mode using the gas-phase force constant. The
theoretical dispersion curve for the vertically polariZ@dnode is  gashed curve indicates the position of the Rayleigh wave on the

marked by the long dashed line, and those of the Rayleigh phonoeu(om) surface. For force constants, see the main text.
and the projected bulk phonon edge of the Cu substrate by the full

thin and dotted lines, respectively. For force constants, see the main
text. tance d*¢*¢=4.42 A. The interaction between nearest-
neighbor Cu atoms was accounted for by a single radial force

first sight this seems to imply a very harmonic Xe-Cu poten-constant Cu=28.0N/m, as obtained from a fit of the bulk
tial since anharmonic shifts, which are expected to be negd=u phonon-dispersion curvé®.The other parameters de-
tive, would produce overtone energies smaller than the corscribing the coupling of the Xe atoms to the nearest-neighbor
responding multiples of the fundamental frequen@yg  Cu substrate atoms were fitted to the dispersion curves,
(cf. Sec. V). However, the theoretical analyses of the Xe-which yielded a radial force consta*®=3.7 N/m and a
metal interactior'?®3* show that the potential is notably tangential force constan&”®=0.086 N/m. Assigning the
anharmonic but, as we show in the next sections, the mullongitudinal character to the observédmode to comply
tiple spectral peaks can be explained by multiple excitatiorwith the above-discussed symmetry selection rules, the inter-
of delocalized phonon modes which involve the lowest har-action between the atoms in the adlayer could be described
monic states of many adatoms rather than a single highdyy a radial force constarg”®*®=0.5N/m and a tangential
anharmonic state localized on a single adatom. In this casierce constaniv*®*®=0. The results of the full calculation
there is no anharmonic shift, as each multiple-phonon exciare shown in Fig. 9 in Sec. VI and in Fig. 5 we present only
tation is distributed over several Xe atoms in the overlayer.the dispersion for the surface project8dand longitudinal
From up to about a couple of hundred of TOF spectranodes which reproduce the experimental data very satisfac-
with different 6’s the experimental dispersion curves torily. The radial Xe-Xe force constam@*®*®=0.5 N/m re-
were determined, and are shown in Figs. 5 and 6. For bothulting from this procedure is, however, significantly smaller
Xe/Cu(11l) and Xe/Ci001), the vertically polarize& mode than the value predicted from the highly precise HFD-B2
exhibits a negligible dispersion over the major part of thegas-phase potenti&l, B5¢3°=1.67 N/m, which produces a
SBZ except at the point of avoided crossing with the subsignificantly steeper dispersion curve for longitudinal
strate RWE® The most striking difference between the vibra- phonons denoted by the dash-dotted curve in Fig. 5.
tional dynamics of the two adsorbate phases manifests itself In the case of an incommensurate monolayer of Xe on
in the dispersion of th& mode. TheL mode for the com- Cu(001), it was only possible to set up a three-dimensional
mensurate Xe/Qd11) structure exhibits a zone-center gap dynamical matrix describing the three vibrational modes lo-
of about 0.4-0.1meV, whereas for the incommensuratecalized in the adlayer, namely, th®, L and SH modes
phase the frequency at the zone center goes to zero linearfgf. Refs. 7 and 24 Since the experimental data were taken
with the wave vector. halfway between the two high-symmetry directions of the
To aid further the assignments of the modes in thetwo-dimensional hexagonal Xe adlayer Brillouin zone, the
He—Xe/Cu(111) TOF spectra, and analyze their dispersionbroken symmetry no longer forbids excitation of the SH
we have carried out a full lattice-dynamics calculation of themode. However, since the calculated polarization vector of
vibrationally coupled ¥3Xxv3)R30°Xe/Cu(111) system the SH mode is nearly perpendicular, and that oflttreode
with Xe atoms placed in on-top sites on both sides of anearly parallel, to the present azimuthal directiéthe cor-
40-layer-thick slab of substrate atoms and interadsorbate disesponding excitation probabilities of the SH phonon are ex-



PRB 59 COMBINED He-ATOM SCATTERING AND THEORETICA . .. 5903

pected to be much smaller than those of thephonon characterized by their parallel wave vector and branch index.
(cf. Refs. 31 and 32, and Sec.)l\Hence, as in the case of The model Hamiltonian describing inelastic atom-surface
the commensurate system, a longitudinal polarization is alsoollisions can then be cast in the form

assigned to the observed low-energy adlayer-induced acous-

tic L mode in the incommensurate system Xe@i). The H=HB>"+HE"+V(r), (1)
interadsorbate distance was fixedd&t*®=4.40 A and the

best-fit force constants in thg001] direction are g*® where
=3.8N/m, BX®Xe=0.42N/m, and o«5®**®=0.012N/m, p?
which are similar to force constants for the (Cll) sub- Hga”=m+U(Z) 2

strate. These results are also presented in Fig. 6, and repro-

duce the experimental data very well. For comparison thés the Hamiltonian describing unperturbed motion of the pro-
dispersion of the. mode calculated by usingﬁgge is also jectile in the flat static potentidl (z) of the target. The pro-
shown as a dash-dotted line, and does not fit to the datgectile particle is characterized by its coordinate and momen-
However, in the case of both Xe adlayers, the physical originum operatorsr=(p,z) and p=(P,p,), respectively, and

of the unexpected large softening of the radial Xe-Xe forcemassM. Herep,z andP,p, denote the paralldlatera) and
constants introduced to reconcile the symmetry requirementgertical (norma) to the surface components ofandp, re-
with the experimental data remains unclear. A clue to thispectively.H5" is the Hamiltonian of the unperturbed pho-
effect in the case of G001) and Cy111) surfaces may be non field which can be constructed once the dispersion and
provided by their peculiar electronic structure, which givespolarization of the vibrational modes of the Xe/Cu system
rise to surface electronic states with corresponding electronigre known, and/(r) is the dynamic projectile-surface inter-
wave functions extending far across the adsorbed Xection. The distorted wave§ |k)={p,z|K,k,), which are
atoms’® Alternatively, a delocalization of the electronic the eigenstates aﬂga”, are described by the quantum num-
charge within the monolayer itself could give rise to a soft-pers K=P/# and k,=p,/%, denoting, respectively, the
ening of intralayer forces, which then might explain the sameysymptotic parallel and normal projectile wave vectors far
phenomenon observed for an insulating substrate likgutside the range of the potentidi(z). The corresponding

NaCi001)." _ unperturbed energy of the projectile is then given By
Recently, it was suggested that the obsertednode =#2(K2+k?)/2M. Using the box normalization, these
could be interpreted as a SH mode, as this would be consigjgenstates can be orthonormalized to satishik')

tent with a thermodynamic analysis of the Xe(QDdl) =S

systemt? This has created the controversy in the literature, erturbed incoming and outgoing states, satisfying the scat-

referred to in Sec. | and additionally motivated the presen ering boundary conditior Explicitly, for a flat surface we
study. However, the model calculations of the HAS TOF4ve in the coordinate representation

intensities reported in the next sections do not support such
an interpretation.

, and are, except for a phase factor equal to the un-

e x(2)
(rl)=———-, &)
IV. THEORETICAL DESCRIPTION OF He-ATOM \/LZLg
SCATTERING FROM Xe ADLAYERS L .
ON Cu(001) AND Cu(111) wherelL ¢ andL, are the quantization lengths in the parallel

_ . . . and perpendicular to the surface directions, respectively, and
Since the assignments of the peaks in the expenmenta}(lkz(z) satisfies the |imib(kz(2—>°°)—’2 cosk,z+ 7). A more

TOF spectra discussgd in the Sec. i have been qugstf‘&ned etailed description of the distorted wave scattering formal-
additional corroboration by theoretical arguments is calledgy, was given in Refs. 31, 32, and 44—46.

fbor. 'I;jo thlshend we Iha(\j/e c?rneg fOlIJIt extensive calgu:at:co_ns The theoretical description of the scattering event de-
ased on the recently developed fully quantum model of ingqineq by Hamiltoniarl) is sought in terms of a scattering

e]astic He-atom surface scatteri%6'39'40Wh2%Q1is €SPe- spectrumN(AE,AK), which gives the probability density
cially suitable for scattering from adlayefs'%4! In this that an amount of energyE and parallel momentumiAK
model, the single- and mult_lple-phonon excitation processeg o i ansferred from the He atom to the substrate phonon
can be treated on an equivalent footing without invokinggie| ‘The particular choice of these two variables is dictated

add[t|i)n?jl quaslcélg‘lsaskzatlj ap;ljrgx(ljmatu_)n; for fthr? sca’gelre y the symmetry of the problem, the conservation of the total
particle dynamics: etailed description of the mode energy and, for a periodic surface, the conservation of the

was tp;estintedlln IRtgf. 15, fsl—c|) Aosnlg’ Its sg:|ent properneﬁ rel arallel momentum to within a reciprocal-lattice vectér
ﬁ\é‘:‘g 0 the caiculations o rom adlayers areé oullin€lrparefore AE and AK completely determine the final state
L L - of the scattered particle provided its initial state
In view of the HAS angular distributions characteristic of = (K,.k,) is well specified. With these prerequisites the en-

the present Xe/Qud11) and Xe/Cy@001) surfacedcf. Figs. 1 . .
and 2, the static corrugation of the He-surface interactiongg%zgdbggﬂﬂmg%emum resolved scattering spectrum is

potential will be neglected, so that the Xe overlayers are

assumed to be flat and free_: of defects. T_he _a_ssumptlon of a N, (AE,AK)= Iim(‘l’(t)l&[AE—(th—si)]
planar and perfectly periodic Xe adlayer justifies the use of ' oo

the dynamical matrix approach in the description of the vi- R

brational properties of the surface in terms of phonon modes X 6(hAK — Pph)lllf(t)>, 4
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wherePP! is the parallel momentum operator of the unper-SPectrun® Based on the translational symmetry of the sys-
turbed phonon fieldg; is the initial energy of the phonon tem, we shall in the following describe the phonon modes

field, AK =K,—K;, and|¥(t)) is the wave function of the propagating in Xe monolayers by their wave vedfpparal-

entire interacting system. For calculational convenience, th!ael to the surface,7bzzanch md@xpolanzaﬂop vectoR(Q, ),
. and energyiwq ; . " The problem of localized modes char-

phonon creatior(annihilatior) processes are assigned posi- ,qaristic of either mixed layers with broken or reduced
tive (negativgé AE and AK, since they refer to the phonon angiational symmet®y or of isolated adsorbates will be
field quantum numbers. The corresponding experimentaleated elsewhere.

quantities have, however, opposite signs because they refer ynder the conditions in which the HAS experiments were
to the measured changes of energy and parallel momentugarried out, the uncorrelated phonon exchange processes
of the projectile. Spectruni4) is inherently normalized to dominate over the correlated on€sThen the angular re-
unity, and hence satisfies the optical theorem. It is also disolved scattering spectrum is accurately represented by the
rectly proportional to the experimental time-of-flight expression

= drd’R
NE?@S(AE,AKFJ ——— MBI A (AOR] e JWEBAR, 1) — 2WEBA0,0)], (5)

»(27h)3
whererandR=(X,Y) are auxiliary variables occurring after the temporal and spatial Fourier representation of the energy and
parallel momentums functions, respectively, are introduced on the right-hand side of expre@Bidoh2WEBAR, 7) is the
exponentiated Born approximatiaf=BA) expression for the so-called scattering or driving function which contains all
information on uncorrelated phonon exchange processes in the atom-surface scattering event. Its zero point value
2WEBA(0,0)= 2W$fA gives the Debye-Waller exponent in the EBA, and the corresponding Debye-Waller (BtdF),

exr[—2\/\/$SBA], gives the probability of the elastically scattered specular b&&@ince in the EBA the correlations between two
subsequent phonon scattering events are neglected, the expresﬁkﬁﬁﬁ‘ga E,AK) on the left-hand side of Eq5) must be

combined with the conservation laws for the total energy and parallel momeatum.

The EBA expression for the scattering spectr@®h holds irrespective of the form of the projectile-phonon coupling.
However, it has been showhthat, for the projectile-phonon coupling to all orders in the lattice displacements, the higher-
order phonon exchange processes which involve only single-phonon vertices and originate from linear coupling give a much
larger contribution to the scattering matrix than the nonlinear many-phonon processes of the same multipli€igy 1 of
Ref. 53 and Fig. 1 of Ref. J5Hence, in the present approach, only the linear projectile-phonon coupling will be retained, in
which case the scattering function takes the form

2WEBAR,1)= [V O () M(hwg )+ L]e (i QORI [y fr 2 C

. !
Q.G.j.k,

(=) wg e @ei (@GR,

(6)

Heren(wq ) is the Bose-Einstein distribution of phonons of enefgy, ; at the substrate temperatufg, and the symbols

K, Q+G,j
k; Ky

K,TQ+GK;

1% (t)=27TVk;'kZi I’jé(EKiIQ+G,k£_EKi,kziiﬁ(x)QJ) (7

denote the on-the-energy and momentum-shell one-phonamation the energy conserving function in Eq.(7) is con-
emission (+) and absorption(—) matrix elements or the verted into the Kronecker symbol following the identity
probability amplitudes of inelastic He-atom surface
scattering® expressed through the corresponding off-the-

. . . KiFQ+G,K; L —
energy-shell interaction matrix elemen‘@,' kQ+ " (see 2775(EK:Q,k'—EK,kZiﬁwQ,j)=—Z5k' ’;Zi(k;),
! z z

z "z 7
below). In the present fully three-dimensional calculations hiyuzv,
the wave vectors of real phonons exchanged in the collision ®
will be restricted to the first SBZ of the superstructdre., — —
G=0) because the major part of the experimental data wawherekZ=*2K;-Q—Q*+ K5+ 2Mawq /fi, and O (kZ) is
recorded in this region. However, for integrated quantitieshe step function restrictiniZ only to open scattering chan-

such as the DWF, the relevant summations sometimes neeg|s in whichik.,2/2M>0. The factor ol_, appearing in Eq.
to be extended beyond the first SBake below. The matrix Ki*Q.Ki.j

elements given by expressign) are normalized to unit par- ky kg
ticle current normal to the surfacg,=v,/L,=#Ak,/ML,. which arises from the box normalization of the projectile
This can be easily verified if according to the box normal-wave functiongcf. Eq. (3)]. This enables a straightforward

(8) is canceled by the factdr, * appearing inv
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summation ovek, on the right-hand side of expressi®).  wherev(K'—K,z) is a two-dimensional Fourier transform
The quantization lengths in the parallel directions also cancedf v(r) which appears in expressidid2) after taking the
out from expression(6) after the final summation ove®. matrix element between the parallel components of the pro-
The Debye-Waller exponent is then obtained from @yby  jectile wave functiongp|K') and{p|K). The scalar product

a straightforward substitutioR=0 and 7=0. appearing in expressiorill) gives the aforementioned

In the following we shall adopt foV:/ﬁkaKivl the expres- symmetry-selection rules for excitation amplitudes of the

2 Kai various one-phonon-scattering processes. In particular, for a

sions obtained by taking the matrix elements of the vibratingyurely SH-polarized phonon with a polarization vector in the

partV(r) of the total He-Xe/Cu potentidly(r), which will  surface plane and perpendicular to the mode wave veégtor
be modeled by a pairwise sdfrof atomic He-Xe interaction  in the first SBZ, the scalar product in E@.1) will be equal

potentialsy (r —r7).>>% Hence to zero, leading to a vanishing excitation probability. Expres-
sions(11) and(12) also indicate that for small parallel mo-

V(r):(vtot(r))uib:(z U(r—r|—u|)> , (9  mentum transfer to phonons the projectile-phonon coupling

[ vib is strongest for vibrations with a polarization vector perpen-

dicular to the surface.
The parallel or K’ —K) dependence af (K’ —K,z) was
modeled by introducing the cutoff wave vectQr., which

wherer,=(py,z)) ranges over the equilibrium positions of Xe
atoms, andy, denotes the displacement of thé Xe atom

from equilibrium. The static part ofo(r), which is equalto  gives an approximate upper bound on the parallel momen-
the average of the pairwise sum in the brackets on the righty,, transfer in the one-phonon exchange processes

hand side of Eq(9), is th(_en |ant|f|ed Wllth tr;?t ;:tatlc atom- (Hoinkes-Armand effeé®). DenotingK’ —K = Q, this yields

surface potential (z), which is included irH§?" in Eq. (2).

The thus formulated scattering theory is equally appropriate v(Q,2)= D(e—za(z—z())e—QZ/zQ'g’_Ze— a(z—zo)e—QZ/Qg)_

to treat single- and multiple-phonon-scattering processes in ' (13)

HAS, and incorporates the single-phonon distorted-wave

Born approximationf DWBA) scattering theory reviewed in with the propertyv (Q=0,z)=U(z). The appearance of dif-

Refs. 31 and 32 as a special limit. ferent effective cutoffs in th€ dependence of the repulsive
To simplify the numerical calculations and in particular and attractive components 0fQ,z) in Eq. (13) (viz. v2Q,

the treatment of the interaction matrix elements and the scatrersusQ.) is a consequence of the different ranges of the

tering function, we shall approximatd(z) by a suitably repulsive and attractive components of the model pair poten-

adjusted Morse potential: tial v(r —r,) consistent with expressidn0).>® In the case of
o o exponential potentials of rangefdl/the value ofQ. is ap-
U(z)=D(e ?** %) —2e~ (2" %)), (10 proximately given by

whereD, z,, anda denote the potential well depth, position

of the minimum, and inverse range, respectively. This ap- Q.= \/E (14)

proximation is justified in the range of energies of the ¢ z

present HAS experimenté. The values of these potential )

parameters appropriate to the two studied collision system@here z is the (energy-dependentaverage value of the

are given in Sec. V, in which they are explicitly quoted as€-atom turning point in the surface potentid(z). Al-

the input in the calculations of the scattering intensities for’ough the numerical evaluation of the matrix elem¢is.

comparison with the experimental results. (12)] avom!s the explicit introduction of).,>" the effect of
Following the findings of Ref. 58 that the repulsive and th€ cutoff in the parallel momentum transfer remdhghe

attractive components of the pair potentials contribute to théhatrix elements described by EG2) were all calculated by

vibrating part of the total dynamic atom-surface interaction,Using the pair potentials (r—r) to obtain v(Q,2) [Ea.

both components are included in the dynamic atom-adlaye(rl3)]* with the parameters corresponding to the two studied

interaction. Then the matrix elements for linear atom-phonorpyStems explicitly defined in Sec. V. Figure&jrand 1b)

coupling acquire a simple forth32 iII.ustrate the behavior of the one-dimensional off-shell ma-
- trix eIements(Xk;|v(Q=O,z)|XkZ) and (Xk;|—(a/(92)v(Q
VE;S’K'J=U*(Q,J')-F(K’—K,ké K)krk=q, (1) =02)|x,) which determine the parallel and perpendicular

. i ) components of expressigh?2), respectively. The minima oc-
whereu(Q,j) is the vector of quantized displacement of the crring in these plots are the consequence of the competition

adlayer atoms corresponding to the phonon mddg)X de-  petween the contributions coming from the repulsive and
fined below in Eq(15). The parallel momentum-conserving aitractive components af(Q=072).
Kronecker symbolsy k- arise as a result of the summa-  Ag js clear from Eq(11), the calculations of the full in-
tion over adsorption sites of pair potential contributions fromieraction matrix elements also require the dynamical dis-
all adsorbates in the periodic adlayer. The matrix element Of)lacementsm of atoms in the adlayer. For Xe adsorption on
the force F(K' —K k; ,k,) exerted on the projectile by an cy(001), the overlayer structure is incommensurate with the
atom in the adlayer is expresse underlying substrate which necessitates an approximate but
, , o consistent description of the adlayer vibrational properties.
F(K' =K kz ko) ={xic| (I(K" =K), =3/ 32) Following the experimental evidence indicating a defect-free
and well-structured monolayécf. Fig. 2), as in Sec. Il we

XU(K/_K'Z)|X'<Z>' (12) assume a planar “floating adlayer” with perfect hexagonal
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% 30 r T T FIG. 8. Calculated dispersion curves &fL and SH phonons
g b ) (from top to bottom over% of the two-dimensional first Brillouin
e zone, i.e., between two equivalent high-symmetry directions, corre-
8 20k § sponding to a floating Xe adlayer on @01). For force constant
% 3 : parametrization, see the main text. The anfjis measured relative
2 to I' My, direction of the Brillouin zone of the superstructure.
S 10t ]
*2 ability of phonon excitation in a floating adlayer are more
& TN stringent than in the case of a dynamical matrix description,
o 0 which includes the substrate dynamics in some way. This is
x - L . reflected in the calculated probability of excitation of a SH
= 0 5 10 15 20 phonon for in-the-sagittal plane inelastic scattering within
E kz' [1/A] the first SBZ of the superstructure. This probability turns out

to be much smaller than for themode for all azimuths, and
FIG. 7. (a) Off-shell matrix elements of the potential which e

= X e b is exactly zero along the two high-symmetry directidiéy
couples the projectile to the in-plane surface vibrati@es texkfor — .
Q=0 and three different values of the incoming perpendicular2Ndl’Mxe Of the superstructure. These effects will be further
wave vector:k,;=3.5A (full line), k,=7.0A (dashed ling and  discussed below in conjunction with the effects which the
k,i=14.0 A (dotted line, as functions of the scattered wave vector SCattering potential imparts to the scattering intensities, and
k, . Potential parameters corresponding to the XéICl) system. in Sec. V, where we discuss a comparison between experi-
(b) Same for projectile coupling to perpendicular vibrations. mental and theoretical results.

To calculate the required eigenfrequencies and the corre-
symmetry in which the phonon dynamics takes into accounsponding polarization vectors of the full dynamical matrix
only the averaged Xe-substrate potential perpendicular to theorresponding to the commensurate Xe/fi) system, we
surface as well as interadsorbate interactions. In this case tfi@ve used the force constants given in Sec. Ill. The results
polarization vectors and eigenfrequencies are solutions of &r the dispersion curves are shown in Figa9Here we can
three-dimensional dynamical matfiXHence, the adsorbate also trace how each phonon mode of the composite system is
displacements can be expanded in terms of normal phondacalized at the surfacé.e., within the adlaygrand how
modes of the adlayer in terms of phonon creatiaéjj() and typical surface modes may become delocalized for certain
annihilation @q,;) operators, values of the wave vector. A measure of the adlayer local-

ization of theS, L, and SH modes near the center of the first
vz BZ of the superstructure is shown in Figlb® Further im-
u=>, (—> e'Q"'e(Q,j)(aQ,j+atQ,j), portant information concerning the ellipticity of polarization
Q. 2MaNan,j . . . .
(15) (perpendpula_r versus Iongnu_du)abf the L mode in the
same region is illustrated in Fig(®.
which also definesi(Q,j) = (7/2MN,wq ;) ¥%(Q.}) in Eq. The calculation of the force matrix elemerf&qg. (12)]
(11). Herep, is the parallel component of the radius vector of can be performed analyticaffyusing the wave functions of
thelth adsorbate in equilibrium, ardd , andN, are the mass EQ. (3) and the two-dimensional Fourier transform of the
and the number of Xe atoms in the adlayer, respectively. Ipair interaction[Eq. (13)].>® With the aid of these matrix
the floating adlayer model the indgxranges over thes  elements, and using Eqé/) and (8), we can obtain first-
(shear vertical L (longitudinal horizontgl and SH(shear order or distorted-wave Born approximation transition prob-
horizonta) adlayer modes. By construction the floating ad-abilities for He atoms in Eq(6). Multiplying them by the
layer phonon modes are localized in the adlayer and the peorresponding Bose distributions, we obtain the DWBA in-
larizations of L and SH modes are strictly in the surface elastic state-to-state reflection coefficients for one-phonon
plane. The corresponding dispersion curves calculated witgcattering:® Carrying out the summation ovéf by making
the adjusted force constants quoted in Sec. Ill are shown inse of Eq.(8), fixing 65p= 6,+ 6;, E; and T4, and varying
Fig. 8. Consequently, the symmetry-selection rules for prob#; we obtain theQ-dependent scattering intensities which
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FIG. 9. (a) Dispersion curves for a Xe/Ql11) system along the

[112] direction calculated using the dynamical matrix approach
(see text with Xe atoms on top of Cu atoms. Force constants pa
rametrization same as in Ref. 10. Note tBe L-, and SH-mode
dispersion curves detached from the bulk quasicontinibjmSur-
face localization of Xe induce§, L, and SH modes on the adlayer
expressed through the sum of the components of the respectiv
polarization vectors in the adlayer. The numbers below symbols
denote frequencien meV) of the Smode.(c) Ellipticity (vertical
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FIG. 10. (a) Calculated DWBA and EBA scattering intensities
for emitting oneS phonon(lower and upper full curves, respec-
tively, marked by(+)] and absorbing on& phonon[lower and
upper dashed curves, respectively, marked(by] in HAS from
Xe/Cu001) as a function of exchanged phonon wave veQdor
the scattering conditions as denoted. For potential parameters, see
the main text. Inset: Corresponding projectile transition probabili-
ties in one-phonon loss and gain processes denoted by full and
dashed lines, respectivelgh) Same for the Xe/Gl 1l system.

a single dispersionlessphonon in HAS from the “floating”
Xe adlayer on the Q00J) surface. The calculated intensities

reveal a relatively simple and expected structure as a func-
tion of the exchanged phonon momentum, which is mainly
due to simple properties & phonons characteristic of the
dloating” adlayer model(absence of dispersion and the po-
larization vector localized in and perpendicular to the ad-
layer). On the other hand, due to the more complicated

vs. longitudinal polarizationof the L mode in a Xe adlayer on a Model of vibrational dynamics of the commensurate Xe

Cu(111) substrate as a function of the phonon wave vector. Them0n0|?_y9r adsorb?d on the Clﬂl)_ SUFface, the ana!OQOUS
percentage above the full squares denotes the surface localization itensities shown in Fig. 18) exhibit a more complicated

the L mode.

structure despite the similarity in the corresponding potential
parametergfor the magnitude of the latter, see Seg. Mere

can be directly related to the one-phonon intensities in théhe Sphonon polarization vector becomes delocalized over

TOF spectrdcf. Sec. ). Here we shall only illustrate some the first few layers of the Xe/Cu slab for the values@ft

of their general and most interesting features.
Figure 10 shows a plot of the DWBA scattering intensi- curves of substrate phonofisf. Fig. 9a)]. This makes the

ties for emissior{energy lossor absorptionenergy gaii of

which the Sphonon-dispersion curve meets the dispersion

coupling of the He atom t& phonons weaker in this region
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of the Q space, which is then reflected in the occurrence of  0.0020 —————————————
pronounced minima in the scattering intensities. L a ) He—=Xe / Cu(001)
However, for nondispersivé phonons, the intensities of Ei=85meV, Tg=50K
the measured single quantum loss or gain peaks acquire ac  0.0015 8 gp = 95.8° .
ditional weight due to the multiple quantum interference be-
tween the emission af+1 and annihilation oh nondisper-
sive phonons of different wave vectd¥s®® These additional
contributions are automatically included in the EBA with
account of recoil effects, as demonstrated in Ref. 64. The_,
difference between the sing@phonon loss and gain scat- 0.0005 | "~
tering intensities obtained in first-order DWBA theory and in N
the EBA (which takes into account such interference pro- \
cessepis also visualized in Figs. 18 and 1Qb) for incom- 0-000(_)1 o
mensurate and commensurate Xe adlayers, respectively. It i '
seen from the figures that for given projectile incoming en-
ergies these differences may already be quite substantial. I ¢, 003 —————— —
particular, the noticeably larger EBA intensities for larger b ) Ho— <1125Xe / Cu(111)
wave vectors are solely due to multiple quantum interference E,=9.9meV, Tg=60K -
processes. This necessitates the use of the EBA in calculatin 6. = 90.5°
the scattering intensities for comparison with the experimen- 5, so- T
tal data. On the other hand, we have found that the same typ >
of renormalization of the scattering intensities of dispersive @
L modes by emission and absorption of nondispersive
modes gives a negligible effect.
The differences in magnitude between the projectile tran-—
sition probabilities in one-phonon loss and gain processes
can be best illustrated by repeating the above calculation fo

0.0010

intensity

‘ 010 .
Q [1/A]

- inte

0.001

the scattering intensities but without multiplying the phonon e T
loss and gain transition probabilities by the corresponding %% Y 0.0
Bose distributions. The results of such a calculation for an Q[1/A]

Smode emission and absorption are depicted in the inserts in
Figs. 1@a) and 1@b). These differences arise from and give  FIG. 11. (a) Calculated DWBA HAS intensity foi.-phonon
a measure of the quantum recoil effects, and are more pr@mission(full curve) and absorptiorfdashed curvein Xe/Cu001)
nounced at lower projectile incoming energie$ Fig. 6 in  as a function of exchanged phonon momentum. For an interpreta-
Ref. 19. The trend that the results for loss processes givéion of the maxima and minima, see the main téj.Same for the
smaller values than for the gain processes reflects the fage/Culll) system.
that the phase space or density of states for transitions of the
projectile to a state with lower energgase of phonon emis-  Q dependence of thie-phonon scattering intensity shown in
sion) is smaller than to a state with higher ener@ase of Fig. 11(a). In contrast to the.-mode behavior, the polariza-
phonon absorption tion of the SH mode remains dominantly perpendicula®to
Figure 11a) shows first-order or DWBA intensities for also outside the high-symmetry directions of the first SBZ of
HAS from L phonons in the incommensurate adlayer of Xethe superstructur&. Therefore, for ideally structured “float-
on Cu00)) surface for finite substrate temperatdigwhich  ing” adlayers, it will always give a much smaller contribu-
determines the temperature of the Bose-Einstein distributiongon to the intensity of the one-phonon processes for HAS in
for adlayer phonons in expressié). In the present “float-  the sagittal plane an@ restricted to the first SBZcf. Sec.
ing” adlayer model for the dynamical matrix, tHemode V).
frequency follows acoustic dispersiasg  =c Q for small Figure 11b) shows the singlé-phonon HAS intensity for
Q (cf. Fig. 8. The corresponding polarization vece{Q,L) the Xe/Cy11l) system as a function of the phonon wave
lies strictly in the adlayer plane, and remains dominantlyvector on the same scale as in Fig.(@1 Apart from the
parallel to Q even outside the high symmetry directions trends leading to zero scattering intensities for some isolated
of the BZ of the superstructure. Consequently, lthghonon  Q values due to the behavior of the off-shell matrix elements
DWBA intensity for small Q (for which wq *Q) and  shown in Fig. 7a), which are common to both incommensu-
finte Ty becomes proportional to the factor rate and commensurate Xe layers, some basic differences
|Q~e(Q,L)|2kTS/wéVL, which saturates at a finite value for with respect to the Xe/G001) system can be observed. The
Q—0. As a result of that and the properties of the matrixcommensurability of the adlayer with the substrate gives rise
elements depicted in Fig(&, theL-phonon scattering inten- to nonvanishing Xe-Cu shear stress force constants entering
sity in the case of the incommensurate monolayer exhibits ¢he full dynamical matrix of the Xe/Cu slab, thereby produc-
maximum near the zone center. The minima in the intensityng two important effects regarding the phonon dynamics.
occur for those values @ at which the on-the-energy-shell First, it causes the appearance of a zone-center phonon gap
counterparts of these matrix elements go through a minimurim the dispersion curves af phonons and hence the intensity
or zero. All these features clearly manifest themselves in théactor |Q-e(Q,L)|2kTS/w(2?YLocQ2 for small Q because
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- . tween the projectile recoil and temperature effects. The am-
He — Xe/Cu(001) plitude for a transition of the projectile to a state with higher
E,=85meV, 6 =50° energy is larger than to a state with lower enefgly insets
in Figs. 1Ga) and 1@b)] because of the larger phase space
for the states of higher energy. Thus, for the same incoming
energy the matrix element3/(—)|? for phonon absorption
in expression(6) for the scattering function will be generally
larger than |V(+)|?, which describe phonon emission
(cf. also Fig. 6 in Ref. 1 On the other hand, the tempera-
ture effects entering expressi@®) through the correspond-
0.05 : : : : : : : . . o _
0 20 40 60 80 ing Bose-Einstein distribution factorsand (n+ 1) for pho-
Ts K] non absorption and emission, respectively, act just in the
opposite direction because<(n+1). Hence the total scat-
FIG. 12. Plots of the various contributions to the Debye-Wallertering intensity for phonon emission or absorption calculated
factor pertinent to the He Xe/Cu001J) collision system as function from the scattering functiori6) depends on the trade off
of substrate temperaturgs, and for the scattering conditions as petween these two effects.
denoted. Dotted line: onlg phonons included; dashed lifeandL
phonons included; full lineS, L, and SH phonons included. Note
the logarithmic scale on the ordinate axis. HereGhsummation in
Eq. (6) needed to obtain the DW exponent was carried out over the
first and second surface Brillouin zones of the superstructure.

DWF

0.1

V. COMPARISON OF THEORETICAL
AND EXPERIMENTAL RESULTS

A real test of the assumptions underlying the present
wg-o, # 0. Second, the polarization vector of thgghonons ~ model interpretation of HAS from Xe monolayers on
is no longer constrained to the surface plane, but for thé€u(001) and Cy111) surfaces should come through a com-
values ofQ at which theL mode and substrate modes are parison of relative excitation intensities of the various modes
degenerate it also acquires a component in the direction peid the experimental and calculated scattering spectra. This is
pendicular to the surface and its localization to the adlayer i€qually relevant for the single- and multiple-phonon-
reduced[cf. Figs. 9b) and 9c)]. For a completely in- scattering regimes.
surface-plane polarization of tHe mode and finiteT, the In this section we first calculate the relative intensities of
first effect causes a drop in the scattering intensity which ighe various adlayer modes in the single-phonon-scattering
quadratic inQ toward the zone center. The beginning of thisregime using the approaches described in the preceding sec-
trend is clearly visible in Fig. 1(b). However, by increasing tions. The parameters characterizing the He-Xe potential
Q the second effect begins to play a role and, since the codn expression (13) are given by D=6.60meV, a*
pling to perpendicular vibrations is much stronger than to the=0.8202 A, andz,=3.49 A for the commensurate system
parallel ones, thé-phonon scattering intensity rises rapidly Xe/Cu111), and D=6.40meV, a *=1.032A, and z,
up and reaches a maximum in two spikes near the zone cer3.6 A for the incommensurate system Xe(Qd). These
ter. Hence the interplay between the parallel and perpendiciare not the parameters obtained from pairwise summation of
lar polarizations, or the ellipticity of the-mode polarization pure He-Xe gas-phase potentigfis which yields Dgas
in the commensurate Xe/Cll1) system, introduces fast =7.2meV, agz},s:o.??A, andzy4,s=3.51A, but slightly
variations of the scattering intensity as a function of the ex-modified ones to produce a softer He-surface potential. The
changed phonon momentum. Regarding the role of the Sigresent set of parameters for the Xe{Cll) system also
modes of the slab on the HAS intensities, we find that thediffers from the one quoted in Ref. 10, which is a result of
situation here is completely analogous to the case of a floatdditional consistency requirement imposed to obtain a uni-
ing Xe adlayer, i.e., within the present model descriptionfied set describing the TOF spectral intensities equally well
their coupling to the He atom is generally negligible for in- in the single- and multiple-phonon-scattering regimes. Such
sagittal-plane collision geometry ar@ lying in the first a necessity for modification of the sum of gas-phase pair
SBZ, and is strictly zero along the high-symmetry directions.potentials is not uncommon in HAS studie$. Refs. 60 and
However, this conclusion does not apply to the magnitude 065), and here it is also necessary to reproduce the relative
the Debye-Waller factor, because the Debye-Waller expopeak intensities in the measured TOF spectra consistently.
nent is obtained by carrying out the momentum-transfer A comparison of the experimental and calculated spectral
summations over the entire first SBZ and also beyond if thentensities ofS andL modes in the single-phonon-scattering
coupling matrix elements are strong théoé. Figs. 10 and regime of HAS from Xe/C(L11) is shown in Fig. 13. Here
11). In fact, for the matrix elements of appreciable magni-we note that our calculations always yield smaller intensities
tude in the second SBZ the SH mode can produce evefor the elastic peaks compared with the experiment, as the
larger contributions to the DW exponent than themode latter also includes contributions from diffuse elastic scatter-
due to its lower excitation frequency. This situation is illus-ing from defects not accounted for by the present model.
trated in Fig. 12. Hence this missing component has been added to the elastic

An important point to be observed in connection with peak intensity, because in combination with the finite peak
Figs. 10 and 11 is a relatively large difference between thavidth it can also contribute to the background intensity of
one-phonon loss and gain scattering probabilities at lowethe L peaks. With this proviso a good agreement between
projectile incident energies. This is due to an interplay be-experimental and theoretical results is achieved, which illus-
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. . FIG. 14. Comparison of experimental and calculagdand
FIG. 13. Comparison of experimental and calculaidand | 44e intensities in the single-phonon scattering spectra typical of
L-mode intensities |r.1t.he single-phonon-scattering spectra typical Olf-|e—>Xe/CL1001) collisions. Expanded contours in the topmost
He—Xe/Cu11]) collisions. panel show the positions and relative intensities of thmode
peaks calculated with the present softened Xe-Xe radial force con-
trates the consistency of the present interpretation of the irstants(full curve) and unmodified gas-phase potential-derivef.
elastic peaks in the TOF spectra. 13) force constantédiamonds. Similar differences are obtained for
Since in the floating adlayer model applied to the Xe/other two spectra. SH derived peaks are not discernible on the
Cu(001) system the interference between the adlayer moderesent scale.
and the substrate Rayleigh wave cannot be obtained, we have
selected the TOF spectra in which the peaks assignedl to loss side in the lower panel of Fig. 14, where the aforemen-
andL modes could be maximally separated from those of theioned avoided crossing between the substrate @Wergy
RW and then calculated only the adlayer mode intensities ioss at 3.05 meYand the adlaye mode takes place, with
the EBA by neglecting th&mode frequency shifts and de- the effect of theSmode frequency shift and intensity en-
localization occurring at avoided crossing with the dispersiorhancement. In Fig. 14 we also demonstrate how the use of
curve of the RW. Along the direction of measurement thethe unsoftened force constants derived from the three-
polarization of the SH mode is not strictly perpendicular todimensional Xe-Xe gas phase poterfigiroduces the posi-
its wave vector, and this in principle could give rise also totion and intensity of. peaks for which the disagreement with
SH-mode-induced structures in the TOF spectra. Howevethe experimental data is evident. On the other hand, the SH
in this direction the present theoretical analysis gives theeaks calculated for the present scattering geometry by using
SH-mode intensity of the order of only 5% relative to the the same gas-phase potentials are of negligible relative inten-
contribution from theL mode. Only the introduction of cou- sity to be experimentally observable, although their fre-
pling of the SH mode to the modes of the underlying sub-quency may coincide with that of the measured acoustic
strate could induce a breakdown of symmetry, leading to anode. Hence, with the present mode assignments and the
removal of such stringent selection rules and thereby to gorresponding model dispersion relations based on the soft-
larger SH-mode excitation probability. The calculated rela-ened radial intralayer force constants, we can consistently
tive intensities of theS and L modes for the Xe/C@01) describe the HAS TOF intensities for the Xe(001) system
system in the single-phonon-scattering regime, but with inas well.
clusion of multiple-quantum interference of nondisperss/e As the coupling of He atoms t8 modes is much stronger
modes, are compared with the experimental data in Fig. 14han to theL modes, as illustrated in Figs. 10 and 11, the
Given all the approximations used in the calculation, it ismultiple-phonon-scattering spectra will be dominated by a
seen that the model reproduces the relative TOF intensitieseries of multiple-quantun® peaks. All other dispersive
quite satisfactory. The only exception occurs on the energymodes may only add weak structures on top of this basic
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' " ' ' ' ' contribution in the theoretical plot, the agreement for the

ra ) He— <112>Xe / Cu(111) commensurate Xe/QUll) system is better. Interestingly
L o E=4511meV, Tg=582K] enough, in the latter cadéig. 15a)], the diffuse elastic-
8, =50°, 8¢, = 90.5° scattering correction for the elastic line was unnecessary due

to the true multiple-phonon character of the spectrum at this
higher incident energy. This spectrum can be viewed as a
convolution of a series of well-defined equidistant peaks, sig-
nifying the uncorrelated multiple emission and absorption of
nondispersiveS phonons and not the overton@sr overtone
frequencies see Sec. Vlwith a broad background arising
from the multiple excitation oL and SH phonongwhose
polarizations in this regime are no more constrained by the
symmetry-selection rulg¢s and also from the substrate
surface-projected modes which may couple to the scattered
He atoms. As implied in expressidf), the phonon absorp-
Energy transfer [meV] tion processes of any kind can take place onlyTgr0.
T : . . . : . . . It is also noteworthy that the resulting multiple-quantum

Intensity

| He— Xe / Cu(001) i S'mode intensities in the spectra shown in Figs(al&nd
b ) g E;=16.27meV, Tg=50K 15(b) do not generally follow the Poisson distribution. This
® 0 _45.9° 6. =058 arises as a consequence of the projectile recoil effects and the
@ %i=499, Ugp =90 . ,
| i dependence of the magnitude of each peak maximum on the
% exchanged parallel momentum, which both act so as to pre-
% vent the appearance of a simple Poissonian structure. These

features were discussed in detail in Refs. 19, 64, and 66.

Intensity

VI. CORRUGATION OF Xe-Cu (111) POTENTIAL-ENERGY
SURFACE

The value of the zone-center gap for the longitudinal-
phonon mode in the case of Xe adsorbed on thélCl)
surface also provides information on the Xe(Cll)
potential-energy surface. Since, in the past, precise informa-
tion on the lateral corrugation for noble gases adsorbed on

FIG. 15. (a) Comparison of experimental and calculated EBA metal surfaces has been missing, an approach based on the
multiphonon scattering spectra typical of HXe/Cu11l) colli-  work by Steelé’ has frequently been used in applicatiShs,
sions using the same potentials and dispersion relations as in Fign which the periodic adsorbate-substrate potentigr) is
13. (b) Same for He-Xe/Cu001) collisions, using potentials and obtained by a summation of Lennard-Jones pair potentials
dispersion relations as in Fig. 14. V(r)=4€[(a/r)'2— (o/r)®] describing interaction between

noble-gas atom and substrate atoms. The resulting sum can
gPe expressed in the form

Energy transfer [meV]

one. Eventually, these structures will turn into a broa

Gaussian-like backgrouridf. Eq.(73) in Ref. 15 and Eq(9) N
and Fig. 3 in Ref. 16in the limit of high incident projectile _ -
energies. The multiphonon scattering spectra from Xe/ Vs(p,2)=e VO(Z)JFfVl(Z)i:El cosGi-p)|, (16

Cu(111) and Xe/CW001) adlayers have been studied in detall

in Ref. 19, and for the sake of completeness here we brieflwhere nowp andz denote the adsorbate parallel and perpen-
illustrate their features in Figs. (& and 1%b), respectively, dicular coordinate, respectively, the latter being measured
by consistently employing the potentials from the corre-from the first layer of substrate atoms. The symbal§; ,
sponding single-phonon calculations. Figurgld5s inter- i=1-3, denote the six shortest reciprocal-lattice vectors, and
esting in that it illustrates the behavior of the experimentalthe definition ofVy andV, is given in Ref. 67. The original
scattering spectra of HeXe/Cu00l) collisions in the expression16) was derived in Ref. 67 for the case- 1, and
single-phonon-scattering regime regarding the modes whicthe extra factof which may differ from unity has been added
weakly couple to He atoms. This is shown by the appearanci®llowing Ref. 68 to adjust the corrugation without changing
of a Rayleigh wave-induced hump, and lmmode-induced the adsorption energy. Since this type of the potential has
shoulder near the elastic line. However, this scattering rebeen used in molecular-dynamics simulations of sliding
gime simultaneously appears to be a multiple-phonon one famonolayers, we can estimate its relevance to the present
the S modes whose coupling to the scattering He atoms iproblem even without invoking the precise information on
much stronger. Concerning the agreement between expetire adsorption sites. Thus, settiogto 3.487 A, the arith-
mental and theoretical results, we observe that although thmetic mean oy . (describing the Xe-Xe interactipnthe
multiple-phonon TOF spectra of the incommensurate XelCu nearest-neighbor distan®,and putting e=19 meV,
Cu(001) system can be relatively well reproduced, except foryields a Xe-surface potential with a total depth of around 200
the elastic line which was not corrected for diffuse scatteringneV, a reasonable valé.For the interaction between
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noble-gas atoms and metal surfaces with highly delocalizedbtained for a wide range of initial scattering conditions
conduction electrons, the paramefehas previously been (E;,6,,T,) spanning the single- and multiple-phonon-
reduced to values of the order 0.1 to account for small corscattering regimes. The data have been carefully analyzed by
rugations observed experimentally, and values as small asombining the dynamical matrix approach for description of
0.03 have been proposed for the case of Kr ort1Ad). the adlayer vibrational dynamics with the developed scatter-
Although we have not used the parametrized expressiofhg theory.
(16) in our dynamical matrix analysis of Xe adlayer vibra-  “For poth substrates the angular distributigdfraction
tions, we would like to point out that for the potential param- spectra of scattered He atoms signified hexagonally ordered
eters appropriate to Xe on CiLD (see abovea value of o onolayers, the commensurai@ & v3)R30° adlayer in
f=0.1 yields a zone-center phonon gap energy of 0.25 MeViy o case of the Ga1l) surface?®? and the incommensurate
significantly smaller than the value reported here. In addl-One in the case of the QIDO],), surface?>23 The measured
tion, using this potential energy surfa@@ES, the computed 01 gispersion relations deduced from the TOF spectra

Shpho?lon energy amou_nts to |4'5|5ﬁ méy;'é;nmh Iarggr for the two types of monolayers exhibited great similarities
than the presgnthglz(p?nhme?:ah valties=2.62 meV,, ar; in the case of the nondispersive optical-l&@honons local-
the anharmonic shift of the fifth overtone t0.5 meV. The ;0 iy the adlayer. However, a striking difference occurred

scarriel conclusior can be alsg 'delgv?d 2b7y Uzinzgs tq_e X€f, the case of the very soft dispersive phonon branch labeled
u(111) potentials parametrized in Refs. an - TO.98Y | the incommensurate phase it is genuinely acousticlike,

the correct curvature of the PES at_the adsorption site on hereas in the commensurate phase it exhibits a frequency
should either change by a substantial amount the depth and gap at the zone center.

poteptia}l (16). in the_ normal direction(governed bye), or The tentative mode assignment was first made by employ-
modify its width which is controlled by, or both. Drastic ; g the symmetry-selection rules applicable to one-phonon

chbanges iln the potential hdepthlllegdirllg tqbtlhg ex.perirr;err]lt xcitation processes in HAS in the sagittal plane, in combi-
vibrational energies are physically implausible in view of the i \vith the dynamical matrix description of the adlayer

cr?rrect fitting of the desorgtlon ﬁ_nerg(;es. On thde othleor(;an ibrational modes. Since in the case of the X&/1) sys-
the correct curvature can be achieved by a modest 10% soffy ., 5 signature of a possible high-order commensurate

ening of the_ repulsive component of the potential. This ISphase has been found, the dynamical matrix treatment of the
can|stent .W'th the softening of thgmode forF:e congtants two adlayers was markedly different. On ©QJ) it was only
discussed in Sec. ll, and the modificati@iso in the direc- — nsqipie to treat the incommensurate Xe adlayer as an ideally
tion of softening of the He-Xe adlayer potential noted in gy,4red hexagonal monolayer floating on a structureless
Sec. V. All three featl_Jres, which derive frpm 'ndependemsubstrate surface with adlayer modes completely decoupled
analyses of the experimental data, unambiguously point 1, those of the substrate. On the other hand, for the mono-
ward the effect of softening of pair interactions involving Xe layer of Xe on C@l11) it was possible to con’struct a full
atoms in adsorbed monolayer phase. dynamical matrix of the vibrationally coupled Xe/Ci1l)

In a previous report of the present results forgyqom pegpite these differences it was possible to establish
Xe/C.L(llD’ an incorrect refr—;renpe was made to the worka unified model interpretation of the observed modes in both
of Cieplak, Sm'th’ and. Robb.|r?§,|n which the results of systems in terms of a consistent set of adjusted Xe-Xe and
molecula_r-dynamlcs simulations for  Kr adsorbeq ONxe-cu force constants. In this picture tBemode is domi-
Au(lll), I.e., not Xe on Agl.ll)' were reported. Con5|der_— nantly adlayer localized anB T, or vertically polarized. In
ing the analysis pre_sented in the last paragraph, we be“evt?rder to reconcile the symmetry-selection rules for excitation
that the PES used in .that wéfkmay be too weakly corru- of in-plane-polarized adlayer-induced modes in HAS from
gated when the factdris reduced to below the value of 0.1. ideally structured adlayers with the dynamical matrix de-

Since the molecular-dynamics results on friction of sliding cription of the modes, we had to assign a dominantly lon-
noble-gas adlayers show a pronounced dependence on téﬁudinal polarization to thé mode(L phonon, with a pos-

i ’70 i i i - . g . . .
strength of Iate_ral corrugaﬂoﬁﬁ, it would be highly desir sibility of a relatively strong vertical or-admixture(up to
able to determine experimentally the zone-center gap of the

longitudinally polarized phonon modes of Kr and Xe ad ~15% near the avoided crossings with other surface-
" projected modes. B istentl i t thi dure,
sorbed on A@l1l) or Au(11l). Unfortunately, however, projecied modes. By CONSISIently carrying out this procedure

we found that the radial Xe-Xe force constants determining
such measurements are hampered by the fact that on th

bstrates. both nobl f . ¢ | dispersion of the thus assigned longitudinal modes turned
substrates, both noble gases, Torm incommensurate overiayy, o ,cn softer than by directly applying the sophisticated
ers in which the zone-center phonon gap is zero because

. ; i FD-B2 Xe-Xe gas phase pair potentfdISuch a modifica-
the translational invariance. tion of the interadsorbate interactions still awaits its interpre-
tation through a detailed calculation of the electronic struc-

VII. SUMMARY AND CONCLUSIONS ture of Xe adlaye_rs on G:g:ll) al_"nd Cy001). The.magnitude
of the band gap in the dispersion bfphonons in the com-

In this work we have carried out a comprehensive com-mensurate Xe/GQl11) phase was used to obtain information
parative experimental and theoretical study of the low-on the corrugation of the Xe atom-substrate potential in this
energy dynamics of monolayers Xe on(Clil) and CY001)  system'®
surfaces by utilizing HAS TOF spectroscopy and a recently The assignment of the observed acoustic modes to shear
developed quantum theory of inelastic HAS from surfaceshorizontal or SH modes in the first SBZ, which were the
which treats single- and multiple-phonon-scattering pro-subject of recent controversywas ruled out for both sys-
cesses on an equivalent footing. The inelastic HAS data wereems first by invoking the symmetry selection ruleg Sec.
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1) for the excitation of the various in-plane modes in HAS. multiple-phonon-scattering regime which is characterized by
Following these arguments, in the present model in whichthe value of the corresponding Debye-Waller exponent larger
the ideal structure of Xe adlayers is an essential ingredienthan unity. Interestingly enough, for th® modes, which
the SH mode can give only a negligible contribution to thestrongly couple to the scattered He atoms, the multiple-
scattering intensity relative to the longitudinal mode. phonon regime is already reached for the scattering condi-
These interpretations were then corroborated by detailetions which still favor the singld_-phonon scattering. The
theoretical analyses of the scattering intensities in the HAShterplay of these two types of couplings gives rise to the
TOF spectra. We have first analyzed and demonstrated tteharacteristic spectral shapes of the multiphonon HAS TOF
difference between the interaction matrix elements couplingpectra. A very good agreement between the calculated re-
the scattering He atoms to the perpendicular and parallel susults and the TOF data in this regime gives further support to
face vibrations of the adlayer for small parallel momentumour earlier assignments; the consistency of the model de-
transfer and variable incoming projectile energy. Combiningscription of the low-energy dynamics of the two distinct
this with the calculated properties of the polarization vectoramonolayer phases of Xe, and the adequacy of the present
of the adlayer modes, we were able to obtain the one-phonamneatment of single- and multiple-phonon He-atom scattering
HAS intensities of the adlayer modes and compare them witfrom these adlayers.
experiments. A good and consistent agreement between ex-
perimental and model theoretical results for t8eand L
modes was obtained in all aspects of the measured data for
both types of Xe adlayers. The work in Zagreb was supported in part by the National
The theory was then extended to calculations of the scatScience Foundation Grant No. JF-133, and the work in Bo-
tering spectra in the transition from the single- to the trulychum in part by the German DFG Grant No. Wo 464/14-1.
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