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& Abstract

discuss the lattice dynamics of argon, krypton and xenon overlayers
on the Ag(111) surfacs. We consider monalayer, bilayer, trilayer, and
twenty-five layer fiims of each of these ad;orbam. Data are also presented
on the dispersion relation of selected branches of the phonon spectra of
these overlayers. The data have been cbtained by the mthod of angle-resolved
inelastic He scattering. Several models of the lattice dynamics are compared
with the data. It is concluded that the gas phase potentials proposed by
Barker and co-workers prove suitable for a description of lateral inter-
actions between the adsorbatas, within the accuracy of the available data, .
provided that the phonon spectra are calculatad for a lattice with the
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I. Iatzoduction

Duzing the past two or three years, the dispersion relations
of surface phoanons and suzrface resocnance mades have been studied
o:p;:incn:ally on several crystals. Three methods have been
used. The fizst is the inelastic scattezring of highly monocenez-
getic beass of helium atoms from suzfaces.! The second, neutzon
scattering, has been done on adsorbed monolayers, but this method
.only.wézks for high suzface area substrates (for example,
exfoliated graphits), and only for monolayers composed of
materials with good coherent neutzon scattering cross s.etiﬁns.
Of the taze gases, oaly az36 ga11s intc the latter czeoqozyz.
The thizd is the inelastic scattezing of low enezgy electzon
_l:«:u.3 All three technigques aze vezy similazr from the
concsptual point of view, and provide &s with realizations of a
suzface analogue of tho.tnolastic neutzon scattering ixpc:inonésw

that have played such a ezﬁcial_ro;o in elucidating the nature of

elementary excitaticas im bulk crystals. We now have detailed
data ia haand ;n a oumber of alkali halide suzfaces,’ those of
noble metals,l and both cleand and adsocbate covered®’d surfaces
of transition metals.

This paper discusses data on the surfaces phonon dispersion
curves associated with systems distinctlé different in nature
from those just mentioned. These are ordered overlayers of the
heavy rare gases (argon, kzypton, xenon) on the Ag(lll) surface.
The emphasis here is on the vibzational motions of the raze gas

"adsorbates. The zare gases are physisorbed, rather than chemi-

sorhbed on this surface. The physisorption potential well is both
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shallow and broad, with the consequence that the restoring focce
for vertical motion of the adlayer is very weak, and the ‘
asaeciaeod vibrational fzequency is low. At the 20ne boundazy of
the two dimensional Bzillouin zone, the phonon fzequencies of
these adlayers lie well below those of the substsate, in
constrast to those associated with light chemisorbed atoms, which
tend to lie well above the substzate phonon bands throughout the.
two dii.nsional Brillouin zone.S Helium beams offer a unigue
means of probing such very soft suzface phonoas, whose
fzequencies lie below 30 -l thzoughout the B8zillouia zone for
the systsms considered hers. The enezgy zesolution available
'£ZGI the inelastic electzon scatteriang aethod is as yet
inaut!icicnt to enable resolution of these modes.

| Extsnsive studies of such raze gas overlayers on Ag(lll) have
been rzeported bf Szuch, Webb, and co-workers.’+$ ?ho.phyaieal
picture whick ‘ngu is tho following. PFrom the pc:ipoetin of
the zare gas atom, tholhq(lli) su:tici lﬁéka pi::néfly smooth;
the substrate provides only the physisorption potential, V(2),
which binds the ;l:t gas atoms to the surface, and thesge is no
evidence for any ianfluence of the appa:cyely.vc:y weak modulation
of this potential in the two dizections parallel to the suzface.
Thus, the adséibatns form hexagonal overlayers incommensurate
with the substrate, apparently with lattice constant contzolled
only principally by latezal interactions between the rare gas
atoms. The lattice constants measured are quite close, though
not precisely equal, to those calculated through the use of rare gas

intezaction potentials deduced !:oﬁ gas phai. data.
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This paper reports data on the phonon dispersion curves of
argon, krypton and xenon monolayers, bilayers and trilayers on
the Ag(lll) surface. In addition, we report data on films formed
from approximately twenty five layers of adsorbate; to the helium
atom, these apear very similar to semi-infinite crystals. We
also present calculations of the dispersion curves of such
structures for a range of models of various levels of sophisti-
cation. Throughout the paper we assume, following Webb and co-
workers, that the substrate is passive, and its only role is to
provide the physisorption potential V(z). We then explore the
sensitivity of the calculated phonon dispersion curves to varia-
tions in the lattice dynamical models, which range from the

nearest neighbor central force models applied to unrelaxed

multilayer structures, to calculations on fully relaxed multi-
layer structures, with lateral interactions modeled through use
of currontvraxc gas pair potentials extracted f:oﬁ gas phase
data. The results are compazed with the data, to test the
adequacy ot such pair potentials for describing lateral inte:-
actions in the adsorbed state.

We should comment on the philosophy of the theoretical
analysis contained in the present paper. For the rare gas
adsorbates considered here, excellent gas phase pair potentials
are available, as indicated in the preceding paragraph. Of
course, these pair potentials are necessarily modified somewhat
in the course of adsorption. It is very difficult to estimate
these changes in a quantitatively reliable manner. Also, new

sources of lateral interaction can occur, such as those
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associated with adsorption induced dynamic electric dipole

moments (whose strength is unrelated to the static dipole moments
deduced from work function changes). In addition, when
multilayer films are considered, the physisorption potential
experienced by adsorbates in the second and third layer differs
from that of adsorbates in the innermost layer, because of
M screening of the van der Waals interaction by the inner layers.
o This is also difficult to quantify reliably, at the microscopic
distances of interest here. PFinally, the influence of motions of
é- substrate atoms can induce frequency shifts of the adsorbate
R, phonons. A number of authors have explored coupling of adsorbate
and substrate atom motions,9 but the calculations are not applicable

to the systems of present interest unfortunately. Elsewhere, within

{1 a simple model, we have discussed this question cxplicitlylo for the
k$ present systems. There are indeed frequency shifts produced

%é comparable to those'associatod with the above mentioned corrections.
e We thus proceed by inquiring whether these modifications are

}y’ crucial by simply using the unquifiqd gas phase pair potentials'tb
;%§ model the lateral interactions, and 'coubining this with the Cole-
o Vidali form of the physisorption potential appropriate to an

;ﬁ isolated adatom. We find, in fact, that the picture just described
%ﬁ works very well indeed, when the experimentally measured lattice

constant is employed in the calculations. We also explore the
‘g phonon spectra generated from some simpler models, such as a nearest

Ly neighbor central force model, and also use of the Lennard-Jones
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potential to model lateral interactions, and we find these clearly

inadequate.
Section II of this paper discusses the experimental procedure

and the data, and Section III discusses our theoretical calcula-

tions, and comparisons between theory and experiment. Section IV is

devoted to conclusions which may be drawn from this work.
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II. Experimental Procadure

The suzface phonon disperzsion curves discussed in this paper
weze obtained using angle resolved inelastic He scatteziag as the
dynamical probe. The actual time-of-£flight Eror) measurements
were cazzied out in am ultza-high vacuum scattezing apparatus
having a base pressuzre of ~ 2 x 10719 rorz. 1a this appazatus
the incident and £final scat,t.:iﬁg angles can be independently
vazied, thus allowing the jmlastic scattezing TOP spectza to be
coilcct.d across the entirze Brillouin zone using a fixed angle of
incidencs. This is an important feature of the present experi-
mental azrangement for agcnzatoly determining inelastic scatter-
ing probabilities. Detection of thi scattered He atoms was
accomplished u;ihg a differentially pumped qnuadrupole mass
spectrometer, for which the czystal to ionizer daistance was 14.435
cn.' The angulaz :‘solution of the detectot was ~ 0.67°. A more
detailed description of the cxpo:imcntal appazratus and pzoéndu:os
will be presentsd elséwheze [11]. |

_T*he substzate for these experiments was a single crystal of
Ag, cut and polished to within 0.5° of the (lll) face, as checkad
by Laue X-ray back-ceflection. The czystal surface was cleaned
using Az* ion bombardment. Clesnliness was verified using Auger

spectroscopy. After annealing, the surface order and otientation

were checked using Hq diffraction. Suzface coherence was also
checked by analyzing the specular ceflection angular profile
using a 63 meV He bean. The coherencs length was found to be

on the order of 100 A after annealing at 7%0° K. Temperature was

monitored bv a Chromel-Alumel thermocouple spot-welded dizectly
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=0 the back of the czystal. The czystal temperacure was held
at 25 % 1°% for Xz and Xe a-asu:eﬁonts, and at 21 = 1°% for ar
Zmeasuzements. )

A new liquid aitrogea cocoled beam source was used to producs
a very stable 138 meV He boan[llj, The velocity dispersion, av/v,
at this enezgy was ~ 1%. The incident beam was mechanically
L chopped by a rotating slotted disk having a shutter function of
. 3 psec PWHM., The beam was collimated £o0 an angular divergences of
0.3°. | .
%: The thin £film grovtﬁ procedures developed during the eazly
-3. stages of these experinments were guiciod by the large quantity of
stzuctural and thermodynamic data that had been previously
compiled for rare gas overlayers physisorbed on Ag(lll) (7,8].

In particular, rare gases form azimuthally aligned but trans-

ot

P N S

lationally incommensuzates structures on this surface. Ovezrlaye:cs
‘ weze grown using a differentially pumped dosing beam inclined at
’% 159 to the scattesing pianﬁ, A fall :.cip; for the rather |

| complicated process of growing good overlayers Qill be presented
in a subsequent éapoz (11]. However, it is important to note that

our overlayer growth p:ocodu:i is not based upon thin film growth

e e
oo e e
Fafa'a'a

occurring at equilibzium., In brief, the Ar, Kz, and Xe mono-

layers were grown by contzolling the dosing beam pressure and the

Anaoas il

substrats temperature. Multilayer films could then be grown on

P

the initially deposited and carefully anealed monolayers using

computer controlled dosing times and a multistep annealing

. 3, e
Ll

procedure. The long-range order and lateral spacings were

checked by elastic He diffraction; examples arze shown in Figure 1
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. for 1, 2, 3, and 25 layer (111) oriented films of Ar. Analysis of the

specular peak widths shown in Figure 1 indicates that all of the rare gas
fiims have coherence lengths that are only slightly smaller than the Ag
substrats, ~ 100 R The very low diffuse scattering occurring between dif-
fraction peaks is another indication of the high quality of the cverlayers.
The experimentally derived lattice constants for each of the overlayers dis-
cussed in this paper are presented in Table 1. In general, a rare gas film
could be used for several hours before being discarded. When each experi-
ment was completad, the coverage was checked using temperature programmed
thermal desorption. Since the monolayer desorption peak always occurs at a
higher temperature than that of the muitilayers (due to the magnitude of the
rare gas-Ag holding potantial), the ratio of the total integratad ares to

the monolayer peak area was used to quantitatively measure the coverage. The
TOF data collected were used only when the coverage determined fell within 10%
of that expectad. '

Data collection was performed with a computer controlled multichannel
scalar. An incident angle of 45° was used for most of the experiments
reported in this paper. The entire surface 8rillouin zone cnuid be probed
by varying the detector angle while holding the angle of incidence f1ixed.
However, phonon energies under 1 meV could not be well resolved due to inter-
ference from the elastically scattared peak. Most of the TOF spectra had
to be signal averaged for 1 hour in order to achieve a reasonable signal-to-
noise ratio. This was necessitated by both the low probability of inelastic

scattering, and by the high mass 4 background in the 1onfomoed detector.
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A non-linear least squares routine was used to accurately fit the TOF

»

spectra. Phonon energies were determined by comparing the peak positions

PN

of the inelastic transitions to the time-of-flight of the specular beam.

T e

Although using peak positions is not rigorously correct, the error intro-

duced by this procedure is much smaller than the experimental uncertainty,

TERER

due to the extremely narrow energy spread of the incident He beam, ~200ueV.

Figure 2 presents some typical TOF spectra and fits obtained in this study.

~ The well defined peaks indicate that single phonon exchanges are the domin-
ant inelastic scattering channel. Each TOF spectrum also includes an elastic
feature, which we attribute to incoherent scattering from crystal defects.

% The computer simulations in Fig. 2 are forward convolutions which have been

‘ scaled to show excitation lineshapes, but not probabilities, and which 1)

2 use as input the experimental dispersion curves 1ii) include the instrument

transfer function and i1i) assume single bhonon exchanges having delta-

function energy widths. '

K Finally, surface phonon dispersion curves were constructed by plotting

"g the observed phonon energies versus parallel momentum. This can be accomplished

in a very strafghtfohvard way using the conservation equations for total energy

énd crystal momentum. Figure 3 shows the results as observed along the M

, direction for Ar(11l) films of 1ncrgasing thickness. The dispersion curves

shown in this f*lgure‘ clearly reveal how the surface dynamics of a thin rare

3 gas film evolve, on a layer-by-layer basis, from monolayer to bulk. The mono-

layer mode is dispersioniess, (characteristic of an Einstein oscillator mode)

-
by

while the bulk (25 layers) mode will be shown to be the surface Rayleigh wave.

o L
o

| oy

Similar dispersion curves have been measured for Kr and Xe. The comparison of
the curves to the results of lattice dynamics calculations using various force

laws and structures as input forms the central theme of this paper.
19

Yy, Vi ”\""‘.. >
| 30N (A

nrd S XgA 2L AT s A b, 4 O I DR




10

IIl.The Lattice Oynamics of Rare Gas Overlavers

The theory of lattice dynamics can calcula:e the dispersion

cuzves of phonons by solving for the eigenvalues of a certain
matzix, kaown as the dynamical matziz, at selected points §,
along the line of interest in the two dimensional suzface
Brillouia zone. The oichviluos at the point ﬁ, are simply the
squazes of the phonon tzoqponcios. In ozder %o use the tach-
nigques of lattice dynaiics. theze is a certain minimum set of
information needed before calculations can be done. This
information falls into two classes: the first is the geocmetrzrical
stzuctuzre of the system (i.e. the positions of the atoms), and
the second deals with the interactions between the atoms. Given
this information, then lattice dynamical calculations of varying
degrees ot soﬁnxsexc&czcu can oe daone.

'Por the rare gases on the Ag(lll) surface, the gases adsord
to zozn.ozdo:od multilayers, as.uintionod»qazllcr. These layers
have hexagonal structure parallel to, and are incommensurzate
wigh, the Aqklll) suzface. .Thus, for the strzuctural i{anputs to
the lattice dynamics, we will use a set ot'layo:s with a
hexagonal lattice structure. Por the trilayer case we will
congsider the effects of fcc stacking of the layers (abec) versus
hep stacking (aba) on the dispersion cuzves.

The Ag surface appears %o provide primarily a suppozrt on
which the rare gas crystal can be gzown., The rare gas-substrate
iﬁto:action is a potential with stzong dogcndnnco on the height
of the atom above the suzface, and verzy wo;k, so far as one can

see from earlier experiments, dependence on the atom's lateral
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sesiticn. The atom-substrate potential, V(z), can be modeled as

a van der Waals l/z3 tail at lazge 2 combined with an exponential
repulsive term at small 2. This is the form that Vidali, Cole
and chinlz have used to dofiv. & proposed universal physisozp-
tion potential. PFollowing theizr work, we take

. V(z) = D g(z*) (1)
vheze z° = (2-23) /2. Here g(o) = - 1, so that D is the depth of
the potential at the minimum, 2, is the location of the minimum
of the potential (which is the position where the atoms in the
monolayer sit), and L is a parameter with units of length defined
by £ = (G0 1/3. Here ¢; is the coefficient of the 1/2° tem ia
V(z) i.e. V(2) » = c3/z3 as 2 » o (We have tak-n the positive 2z
axig to the no:nil to the surface and pointiang into the

Jacuutm) . The tunctionai torm O 91:'; is given as

(x+a)

g(x) = (Eé!) .-ux/a - _;_L_z ,.(2)

The pazan.tois u and a are dimensionless and are related by the

condition that g(8) = =1,

In order to model the atom-substrate interaction, it is
necessary to determine the values of DO, C3, £, &, and u.
Although there are five parameters, tliere are only three
independent ones D, C3, and a (or u). D has been determined
o:po:ihoncally by Onguzis, et. 11.13 for the systems of interest
heze. We have chosen to use the value of C3 calculqcod by

Zaremba and Kohn.14 The third piece of information that we have

is the frequency of the monolayer vibrations associated with

R DS PT AS LE L, (0 T F LA e AT T X R PR R T AT M N T N s e AS T ARV RS
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adsorbate motion normal to the surface. This is provided by the

data reported in the present paper. This tells us the second
derivative of V(z) at its minimum. This, together with D and C,q
is sufficient to determine a and hence u. The V(z) has been
determined, and we can then incorporate the influence of V(z) on
the lattice dynamics. For the three adsorbates of interest,
Table 1 provides the parameters we have used.

With V(z) now determined, we have a model of the rare gas
atoms' interaction with the substrate, but before any calcula-
tions can be done, we need to know how the rare gas atoms
interact with each other. If we simply wanted to model the
lattice dynamics of the system, we could take a set of force

constants between the rare gas atoms, and determine their values

by adjusting them until the measured dispersion curves have been

matched. Rather than do that, we have chosen to make use of some

of the excellent gai phase pair potentials that have been deter-

mined by Barker and co-workers. The potential used for argon was

that described by Barker, Fisher and'Watts.ls' The potential used
for krypton was the Barker K2 potentia1,16 and the Barker X4
potontia116 was upod'for xenon. These potentials are multipara-
meter in nature, and reproduce a wide range of physical processes
quite well. Since they have analytical forms, it is quite easy
to calculate the derivatives required for the lattice dynamics.
Although these potentials roproduée liquid and solid properties
as well as gas phase properties well, there should be some

changes in the pair potentials because of the proximity of the

adsorbates to the Ag surface. However, at the current time there
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is no clear experimental information available on what these
changes might be and available theories are quite approximate in
nature. Hence we will use the unmodified pair potentials and we
may then regard the comparison between our calculations and the
data as a test of whether these forms may be applied to physi-
sorbed rare gas atoms. This analysis then provides a base upon
which a systematic study of deviations may be based. Deviations
from the gas phase potentials may be produced by the inclusion of
three body forces such as Axilrod-Teller forces, and substrate

mediated forces such as those of chachlan.17

In our view, among
the most important is incorporation of the influence motion of
substrate atoms on the overlayer lattice dynamics in an explicit
fashion. We presently have this problem under study, and we
describe our results in a subsequent publication.lo

With the structure, adsorbate-substrate and lateral interac-
tions between adsorﬁates determined as just outlined, it is now
possible to do lattice dynamical c&lculations, We have chosen to
explore three basic models, arranged in order of increasing
sophistication. The first model, model A, assumes that only
nearest neighbor central force interactions exist. Thus, each
atom is connected by "springs" only to its nearest neighbors.
The nearest neighbor spacing is that of a pair of atoms in
equilibrium. The only coupling between the substrate and the
rare gas lattice occurs from the first layer (the one nearest the

surface) to the substrate with the spring constant kg4 dgterminod

from the second derivative of V(z). The rare gas-rare gas force

constant k, is determined from the second derivative of the pair
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potentials, evaluated at the minimum of the potential. This is

the simplest model used.
The second model, model 3, aqaia uses only nearest neighbor

central forcas between the rare gas atoms. Here again the

neazest neighbor spacing is the same as in model A. The
differencs is that now every layer in the rarze gas crystal is
connected to the substzats by a fozce constant k.uz), where 2,
labels the layers. Ia model A, k'(l:) s 0 i 2,4 l. Model 8
takes into account the fact that the atoms in the higher laye:cs
feel V(3); we compute k‘(xz) fzom V(3).

. In model C we allow all tba Sare gas layers to relax both
pazallel and aoaaal to the silver substrats, to assume a

configuzation in which the ataelc potential enezgy is minimized.

At the same time, we also extend the a!ﬁacta.ot the Backer
potentials ocut beyond the nearest neighbors. This is accon-
plished by generating the dyua-léal laezl:'by a computer :outlaa
rather than setting it up analytically. Thna any numbes of
neighbors can be used. The model allows us to see the attacta of
the long range tail of the rare gas paiz potential, and also of
the relaxzation a!éacta just described. The number of neighbors
used is shown in a subscript to the model, in the subsequent

discussion. rhat is, the Ce model which iacludes interactions

thzough £ifth neighbors, and so on

In Pigures 4 to 6, we show the results of eba_lae:ica
dynamics calculations for the three rare gasas on Ag(ﬂ'l). Parts a, b, ¢
and d show the dispersion curves for the monolayer, bilayer, trilayer using
Model B, and 25 layers using Model A, respectively. For 25 layers, Model A

will nnt diffar aocoreciably from Mode! 8. The
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cuzrves are qualit=atively similaz fozr all three models. We shall

elabozates on the gquantitative differences below. Por the mono-
layer, the motion nozmal to the surface is decoupled from the
motion parallel to the surface in any model within which latezal
interactions between adsorbates have centzal fozce chazacter.
rbis‘p:opozty is shazed by all three models. Also, the two modes
that involve motion parallel to the suzface decouple into a pure
transverse mocde and a pure longitudinal mode along the entirze
line I to H. Note that the parallel modes are acoustic in
natuze, while the motion normal to the surface acts like an
Binstein oscillator, with zezc dispersion.

Por eho.bilayoz. there are sixz modes for each value of Q‘.
Two of these aze transverse nodoi and are :op:nsouto& by the
dashed lines in the figuzes. The éehct four modes are sagittally
poi;:iz.d in the y-i plane, and tgoiz pola:izaﬁlon changes as one
moves along the ¥ - # line. Let us label the modes by thei:
pola:ization.at the ff péint: - Then there are two loagitudinal
modes L; and Ly, and two perpendiculaz modes L4 and Lqs ia
addition to the two transverse modes T; and T3. At ff, T, and L}
are zero !roquoncy acoustic modes where an atom in cnch layez
displaces by the same amount in the appropriate di:oetion.
At ¥, the modes T, and Ly have optical character, and thus the
atoms in the different layers move by the same amount, but in
opposite dizections. The uoéo L has atoms in the different
layers all movinqliu the + ; dizection, bug by different amounts,
while L, has the atoms moving in opposite dizections 180° out of

phase, again with diffezent magnitudes of displacement.

SEE X S




the loangitudinal notiqu of the second iafc: atoms. Por all of
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. At M, the sicuatién is less simple, as the atoms in the

diffezent layers no longer move exactly in phase or out of

.phasg. Here T agd T, femain transverse modes with the atoms

having the same magnitude displacements, but now the atoms in the
second layez are 120° in phase ahead of the first layer atoms in
Ty, while they are 60° behind for T,. The mode L; is now no
longer a simple longitudinal mode. It is dominated by the motion
of the seccnd layer atoms in the ; dizection. 1Ia cﬁut:ast to
this, Ly is still longitudinal, and is dominated by the
longitudinal motion of the fizst layer atoms along the ;
dizection. The model 1L, is noé dominated by the motion of the

fizst laye:r atoms normal to the surface, while Lz'ts dominated by

the sagittal modes, the other layer has scme motion in the y-z

plane, but over 80% of the contzibution to the normalization |
sum |} |o¢(13)|z comes froa the dominant motion. Hece e(t,) is
2. : .
2 .
the displacement of the atom in layer L and the sum just quoted
equals unity. ioeh'bl and lq have the second layer lchiuq the

gizst by 120°, while Lj and L, have it trailing the fizfst lazger
by 60°. | |
The situation is different for the trilayer. Here the |
motions are exactly in phase or out of phases at f and also |
at § as well. At ¥, the tzansverse and longitudinal modes form
three degenerats paizs. The firzst paiz, T; and L, are unifora
displacements of the atoms in all three lyers and tepresent rigid
body translations of the rare gas crystal. These thus have zero

t:oquonc&, by virtue of the independence of V(z) on the adsorbate

N et T e e e T N L e L T R A ML S e L L e Ay
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1 co-ordinates in the plane parallel to the .surface. The second

L, paiz, L3 and.rz are analogous to the symmetric stzetching mode of
a linear triatomic homonuclea: molcchlo. The atoms in the fizst

;} and thizd layers move with equal magnitudes and in opposite

5 dizections, while the atoms in the second layer are motionless.

o The last paiz, T3 and L3, aze analogs to the asymmetrzic stretch,

| as the atoms in the fizst and thirzd layers move by the same

s amount in the same direction, while the second layer atoms move

3 in the opposite dizection with twice the displacement. The modes

Ll' Lz, and Ly all have the atoms moving along the z-direction,

with {, Baving all the atoms uﬁving in ‘the same dizection by

different amounts. At A Ty, T3, and T3 have exactly the ‘same

3 oAty T

LY

digonvoceo:s that-thoy had at F. However, L; is now dominated by

ol

the normal motion of the thizd laycziﬁéous. while the major

contzibution to Ly comes from the normal motiocn of the fizst

. e i
X oS AN

layer atocms. Finally, L3 has the cigcuvocéo: that Ly had.
at F, i.e. it is now the analog to the symmetric stretch,
wvhile Lq is now dominated by the longitudipal motion of the

..n-.a,
(i el

. X

second layer atoms.
As we go from 3 layers to 25 layers, we approach the case of

semi-infinite azgon. Now we see a single Rayleigh wave, above

oAl Lo

!

) which the bulk bands ere present. Note the
g gap ian the bulk bands in the vieinity of . A suzrface mode of
= primarily longitudinal pcla:izaeicn is present in the gap. Hints

3 of the gap can be seen from the dispersion curves for the
J
DI
!ll

tzilayer case.
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Since the polarization changes as cne moves aczoss the zone,

diffezent branches can be :csponsiblo for exciting the
cxpczinontallf observed peaks in different pazts of the zone,
since it is the perpendicular atomic motions that dominate the
loss czoss section.

‘In Pigs. 4 through §, the chained lines zepresent a best !it
to the experimental data. .It should be remarked that model B
does not provide one best £it to the data, but this compazison
- will provide an initial orientation. At F, the Ly is zesponsible
for the pesk, but as one moves along the line ¥ - M, a .
hybridization occurs at abeut 1/S5 of the way to H, and the Lj
, branch beccmes the mode excited by the atoms t:ci.thczn eo H.
Por the Ar and.lr'hilayczs.rtho:o 1a experimental qvi&.nct for a
second peak at a higher frequency. One should associats this
poni with either the i or the Ly braach; we shall discuss the
iatecpretation of this feature later. ”

Having seen sq-.ehiﬁg.bg thp natuce of the different phonon
bzanches, and how theiz chazacter varies over thc;linc f - H. it
is useful to examine the sensitivity of the theoretical zesults
to the input parameters and to the choice of model. We present
results of our compazison ;t various models in the form of a
sequence of tables which list frequencies at { and H, because '
sone differences are too small to show up ia dispersion curve
plots. Table 3 shows the force constants (in ?uzz) used for
model A, including two choicas foc k,, one fzom the.accuzate pai:c
potentials and one from the lLennazd-Jones 6-12 potential, for the

three rare cases. The value for k., was defined from the experi-
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mentally measured monolayer frequency via kg = zmgxpt' and other
force constants defined in this paper are in equivalent units.
That is, in the case where the force constant is proportional to
the second derivative of the two particle potential, our tabu-
lated force constants are twice this second derivative divided by
the adsorbate mass. It is immediately obvious that the Barker
pair potential value for k, is about 50% larger than the Lennard-
Jones value for k,. Hence those frequencies which depend only on
ko, should be about 20% larger for the Barker pair potential then
they are for the Lennard-Jones potential. This can be seen in
Tables 3 through 8 by comparing the columns labelled A (B) and
A(LJ). Column A(B) gives the results using model A with k, from
the accurate pair potential, while A(LJ) is the results using
model A with the Lennard-Jones value for k,. In all cases, the
frequencies are lower in the column A(LJ) than those in column A
for the same branch, and the Lennard-Jones results are in clear
disagreement with experiment. |

Another interisting issue is the lateral position of the top
layer in the trilayer. Does it sit over the ﬁcp or fcc site?
Bulk rare gas crystals form fcc latticos,la but it might be
possible for the layer to sit in the hcp site for the trilayer
system, particularly when one considers that energy differences
between the bulk hcp and bulk fcc structure are very small. The
results for the hcp site calculations can be seen in Table 6 to 8
under the column A (hcp), and also that labeled Cg(hcp). Notice

that at ¥ and R there is no difference between the frequencies

8 that lattice dynamics predicts for the fcc and the hcp models,
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using model A, and only small changes in model C. As one moves

away from these high symmetzy poihu towazd the csnter of the line
F - %, then scme small differences appear, but the differences ace
SO small that the experiment cannot resolve them at present.  Thus
we can make 10 decision oa this question at the present time.

.Whea the atom-surface potential is allowed to influence the
atoms in the higher layers, and not only that closest to the
mtaco.. it czeatas a driving force to cause relaxatiocn between
the rare-gas overlayers. This driving force moves the higher
planes inwazd, awvay from thei:z é-:het czystal positions. If k4
is held fixed, then the resulting changes to the dispersion

curves are small and occur mainly in the tzansverse modes, which

. have not yet been seen expezimentally. More ixapoztant aze the

changes ia the dynamical matrix for the higher layers caused by
V(zi. The one parametsr which is undetermined in the Cole and
Vidali form of V(3) is 2z, the location of the potential
ainimum. This presents no probles for the monolayer, as it must
sit at 2,. Hence we can choose the minimum to be the origin
(220) and the value of 2z, is irzelevant. BSut for multilayer
structures, we must allow the layers to relax, and the innermecst
layer no longer sits at 'a minimum of V(2). We have performed a
simple calculation to get a zough idea of the amount of inter-
layer reslaxation that occurs. We have calculated the energy per
unit csll by summing the pair potentials over shells of atoms
until the sum converges, and then added the contzibytion from
V(z). We varied the two dimensicnal lattice constant a, aad the

location of the layers %o locate the mianimum in the total
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enezgy. The results are summarized in Table 10. As =might be

;% expected, the firzst layer is pushed closer to :he substrate by

| the layers above it. Kanowing the position of the layers, it is
then possible to calculats the force coastant acting on that

2y layer fzom V(z). The k (1,) are shown in Table 11. Their effec:

can be seen in Tables ¢ tp:eugh 9 under the column labelled B.

IE ' Note that in model B the interplanar spacings are not changed,
e
h? only the forces connecting the planes to the substrate are

altezed. It can be seen that only those modes with vibration
.E\ | no:na; to the surface are affected, when these results are
compared with column A. The degree t0 which they are affected
depends directly on eho.annnne of normal vibration thoy.havc,'
' hence the L) and L, and A modes are the most strongly affected.

Since the zare gas palr potentials aze faizly long ranged,

5§§ one must inquize about the role of distant neighbor interactions.
;éi We thus.tu:n to a discussion of tﬁc calculations based on model
';L C. It was found that th-‘éanvcgqonc: was very rapid, as we

'%E included p:oé:ossiv.ly nn:c.nniqhbo:s. The most important

% change, however, was the fact that this method incorporates

changes in the nearest neighbor distances. ' In the nearest

neighbor models A and B, the atoms within a given plane have as

theizr equilibrium position the minimum of the pair potential.

T vl FIR T

) Hence k, is calculated frzom the second derivative of the pair

$ potngtial evaluated at its minimum. When we use model C, the

e igoua are no longer at the minimum. They are at the locations
;% shown in Table 10. The lattice constant is smaller than the

[

distance at which the pai:z éoeoneial has its minimum, since the
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1a§tice can lower its total energy this way. Table 12 shows the difference

that this makes for the Ar bilayer by going from model B, to -odel Gy (near-
est neighbors, but with a new ko). We see that the frequencies are rajsed
(with the increased ko) at the reduced separation of the atoms. As we add
more neighbors to the calculation of model C we see the frequencies are now
reduced.from the values given by model C1. Note that convergence is rapid,
and that by the time five neighbors have been used, the frequencies have
converged to four figures. Finally, we present in Table 13 the normal mode
frequencies at M for the Ar, Kf, and Xe Rayleigh waves calculated using models
A and CS' .

The last general consideration we discuss is the effect of relaxation
normal to the substrate of the multi-layer structure, within the framework of
model C. In model C, the force constants will vary as the crystal relaxes, and
thishas the pgssibiTiiy of influencing the frequencies considerably. This can
be seen by cdlparing the relaxed resuits (column Cs (r)) and the unrelaxed
results (column CS) in Tibles 4 tg 9. Changes in f}equency as large as ten

percent can occur as a consequence of interlayer relaxation.

IV. Discussion and Concluding Remarks
A result of our comparison between the various models is that the

overall structure of the dispersion curves is rather insensitive to

the manner in which the lateral interactions between adsorbates is modeled;

clearly use of the Lehnard-donQS'potant1al gives results substantially at

variance with the other models explored, however. B8y and large, a nearest
'é; neighbor central force model, possibly with force constant calculated

from the potential of Barker and co-workers, provides a description of

the dispersion curves fully adequate to account for the data
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presently available. In fact model Cgq, which gives the best

agreenent with experiment, yiolds.croquoncics at M and [ which
are at most §% higher than fzequencies of model A for those modes
which aze detected in the experiments. Relaxation oﬁfocts also
have a modest influence on the phonon spectza. To repeat an
earliez comment, we believe that codpling between the adsorbates,
and substzate atom motions, is potentially more impoztant than
modest variations in the uaeuzo.of the adatom-adatom potential.
In our view, eazlier work in the azea has perhaps over emphasized
this last issue, though unambiguous determination of substrate-
induced modifications to the lateral interactions between physi-
sorbed atoms is surely an issue of fundamental iaterest. wi now
tuzn to a nn:n'd.eailod discussion of the comparison between
theory and czpc:in.nt.' '

.!ho most sophisiicaeed model used abcvo.is model C, where the
phonon dispersion :Qlationi are calculated hy const#uctinq a
dynamical matrix about a static configuration whiéh ainimizes the
total energy of the model system. When the p:bdict;ons of this
model are ccuéa:od with the data, there a:i in fact some signifi-

' ecant discrepancies between theory and experiment. Por the ar

bilayer, the calculated width of the phonon band is distianctly
too lazge, and we find a similar problem with all the tzilayers.
The lattice constants we calculate by minimizing the total
enesgy cf model C are in fact slightly smaller than those
measured in the experiment. This may be seen t:oq Table10. The
disczepancies are lgzgcse for the Ar bilayer, and all the

tzilayers, and it is in these cases we have the greatest diffi-
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culty fitting the phonon dispersion curves. 1In fact, in our
model, we have omitted all three body contributions to both the
static energy, and to the dynamical matrix used in the lattice
dynamics. We have verified explicitly that the phonon fre-
quencies are affected only very slightly by the inclusion of
three body interactions. We haéc. for example, assessed the
contribution of the Axilrod-Teller triple dipole interaction, to
find its contribution is quite negligible. However, from
theoretical studies of buik crystals, it is established that
three body couplings are required to generate the proper |
lattice constant. Our problem here, if we wish to fully include
them in the analysis, is that we have no information on non-
central force contributions to the energy that are unique to the
adsorbed state. We envision three body interactions, in which
one of the three entities is a substrate atom.

However, if it is indeed true that the phonon frequencies are
influenced only very modestly by the three body eoﬁplings,_thon

we may calculate phonon dispersion curves by simply using the

measured lattice constant, rather than by using that provided by

ou:'onc:gy minimization calculation. As seen from Table 10, the
experimental lattice constant is a bit larger than we calculate
with our procedure. We argue that a small expansion of the
lattice parallel to the surface is d:ivdn by three body inter-
actions, and other lateral interactions ignored in our model. We
have performed calculations using the experimental lattice
constant, but with interlayer spacing relaxed in the manner

provided by our model; this picture does not provide an optimum
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account of the data. The best agreement is found by using the
experimental lattice constant, but then choosing an interlayer
spacing appropriate to a perfect fcc lattice. The lack of
vertical relaxation has its likely origin in screening of the
holding potential by the inner adsorbate layers, the interlayer
spacing may be expanded a bit for the same reason (e.g. three
body interactions) as the two dimensional unit cell is expanded.
It is possible that a small amount of interlayer relaxation is
present; the present precision in the data permits no clear
conclusion on this point. This picture provides an excellent fit to the

data. In Fig. 7, we show a comparison between theory and experiment, for the
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3§? _ three dilayer systems. The crosses are the data points, the soiid line a

_ﬁﬁ best fit to the data, and the triangies are provided by the theory, assuming
gﬁi the L, ad 14 modes are responsible for the Tos§ feature, as described eariier.
f%:' Fig. 8 shows a similar comparison for the three trilayers, and Fig. 9 for
§£$ the twenty-five layer slab. We also show in Tables 14-16 (again using the

{3% experimental lattice constants) the values of Iczlz for the varifous modes that

2, 3, and 2S-layer f{lms of Ar, Kr, and Xe/Ag(111) have along the T-H direction.

Jg' The most significant discrepaancy between theory and experi-
f: @ent occurs for the xenon tiilayez, where the theory systamati-
520 cally falls below the data, ia the vic;aity of . We hive no
'Eé clear suggestion to offer about the origin of this differencs,
L2 vhich amounts to roughly 0.2 meV for the data closest to . We
izﬁ aze investigating the possibility that coupliang batween the

kﬁ substzate and adsorbats ineicns =ay ralse the frequency of the
V: _aasorsacs moces near F. o

;l Por the Az and Kr bilayez, a weak loss faature is obsezved at
iit frequencies considerably higher than the range covezred bf Pig.
o 7 .  The structure is seen near the H# point for both cases. Ia
,§§ Pig. ld , the crosses landicats these features, and on the plot
.i? ve superimpcsed the dispersion relatiocns of the L and L, modes,
l; both of which have displacement components normal to the suzface,
,;A and thus can be expected to produce loss features in this

i; ©  spectrzal range. Ia fact, vhen we calculate 10312. the square of
gg the eigenvector component normal to the surface for the out-:nos:'
:f adsozbate layer, the two are comparable in magnitude for these
;g two modes. Thus, we argue the loss feature is produced by the
é% .combined action of these two eigenmodes, and is an unresolved

,:. doublet. If we construct a single loss feature by superimposing
b ,
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two rather diffuse Lozentzians, and assume the incegrated

stzength of each scales like the square of the eigenvector [nzIZ,
f we expect the peak of the resulting structure to occur at the
: frequency & (ullcél)lz + u2[C£z)[z)/2(|¢£l)|z + |c£2)|z). Zoz
: the azgon and kypton bilayer, the frequency @ at M is iadicated
‘ by an arzow placed on the plot. The frequencies weighted in this
fashion are in very good accord with the position of the two loss
features at R. At Q/Qpay = 0.5, 1, has the largest value of Iezlz.

In ocur view, a very intriguing aspect of the present work is

that {t shows vividly how. the Rayleigh wave of the semi-infinite

A D

solid evolves, as a function 9of layer thickness, cut of the
normal modes of a simple monolayer.l9:20 This is i1lustrated very
beautifully in Pigure 3 . The Rayleigh wave on the semi-
infinite sclid is always an admixturs of motions parallel to, and
normal to the suzfacs. .!o: the monolayez, with lateral interac-
tions of csntrzal force character only, éﬁo normal modes are

polarized either parallel to the surface (2 branches), or normal

ol -

to the surface, when coupling to substrate motions is ignorzed.

| &

(L

Thus, since He atoms scatter predominantly from the normal
component of displacement, we see the vizrtually dispezionless

monolayer mode in Pig. 3 . Por multilayer stzuctures, except at

M Wou 1950

high symmetzy points, the modes polazized in the sagittal plane

have mixed chazacter, except at the high symmetzy points. The

i e t] i

mode that evolves into the Rayleigh wave acgquires dispersion, and
the frequency at {7 drops monotonically as the film .aicknes.
deczeases, =0 zezo in the limit of infinite thickaess. 1If we

1 consider a thick £ilm, with thickness 4, then the dispersion
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telation of the low frequency Rayleigh mode will srack that

appropriate to the solid in the regime where Q. d >> 1, where Q
is the wave vector of the wave, parallel to the suzface. Ia this
zregime, the wave is :t'xzficiontly localized to the adlayerz/vacuum
interface that it does not "feel"” the adlayer/substrate inter-
face. Whea Q,d beccmes the ozder of unity, then the wave '
penetzates deeply enough to feel the adlayer/substzate intszfacs,
and its frequency saturates to a finits value. At Q = 0, ve
have a pure z polazized mode, and one may argue (for a £ilm many
atomic layers thick) that its frequency should be xc./2d, wheze
Gy is the appropriate transverse sound velocity. If we apply
this simple formula to eh- tzilayez and gho bilayez, then as

'Q, » 0, the néio: of the frequency of the trilayer moede to that
of the pilayo: wvould be predicted éo be 2/3, wanica 18 Temarxanly
eloic to the zatio we see in ug'. 3. -

In summary, we have 1nvcst19§ud the surface phonon spectroscopy of rare
gas overlayers adsorbed' on AQ(]il). us1n§ inelastic He scattering as the dynamcal
probe. This n; done on a layer-by-layer basis for 1, 2, 3, and 25-layer (111)
orientad films of Ar, i(r, and Xe. The monolayers exhibited a dispersioniess
Einstein oscillator mode, with the rare gas atoms vibrating in an uncorrelated
manner in the holding potential of-thc Ag substrate. As progressively more
layers were added, the observed modes showed increasing dispersion, until at 2S5
layers a bulk-like Rayleigh .modc was observed. This evolution {s due to the
increase in surface-to-substrate distance as the film gets progressively
tﬁickcr, making the Ag-rare gas intaraction less important with.respect to the

wedker rare gas-rare gas potantial in determining thi dynamical behavior of the

A
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surface. The experimental results were compared with lattice synamics cal-
culations using realistic rare gas pajr potentials derived from gas phase
experiments, and a Ag-rare gas potential derived in part from the gbserved mono-
layer frequencies. [t {s important to note that only the laterally averaged
Ag-rare gas paotential is necessary, since all of these rare gas systems are
translationally incommensurats with respect to the Ag substrate. When all
layers are coupled to the substrats, and the rare gas-rare gas intsractions are
modelled with a realistic gas phase pair potential summed over all neighbors
necessiry for convergence, very good agreement is reached between theory and

experiment.
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' Table 1

’ Experimental lattice constants, 2, for the systems stuciad. Results

are accurate to : 0.02 X.

ol Rl

riblc 2

The imput parameters used %o construct V(z), for the taree
3 adsorbates of interest in the present papec.
; Table 3
y . loput parameters for model A used to describe the rare gas
| overlayers. The second column is the value of kg PEovided by the
Cole=Vidali potential, obtained by fitting to the measuzed value
of the monolayer vibration normal to the surface. The two values
ot.ko aze deduced from the paiz potsntials proposed by Bazker et.
al. (thizd column), and that determined from the Lannazd;aonos
p potential (fourth column). The f£inal column lists values of k,
cbtained clpi:iéaily by £itting the measured phonon ::oquanéy

at # ror a twenty five layer tiim to Snac generatea DYy mocel A

" Som s

applied to such a slab.
Table 4
The normal mode frequencies calculated for the various models

CRE Yo Ko F- Py

discussed in.thc text, at F'and 8 in the two dimeansiocnal Brillouin .
zone of the Ar biiiyo:. The column A(B) are frequencies

; calculated for model A, with the force constant between rare gas

3 atoms determined by the Barker gas phase poton;ial, the colunn'
A(LJ) uses the Lennard Jones potential to generzate this force

\ constant (see Table 3), that labeled B is model 8, and two

! versions of model C are explored. BCach sums over paizs out to a

distance equal to five neazest neighbc~e. the firzst (column

[

labeled Cq) treats an unrelaxed bilayez, and one (column labeled

Cq(z)) tzeats a fully relazxed system. All fzequencies ace in meV.

.
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Table S

The normal mode frequencies at ¥ and H in the two dimensiocnal
8zillouin zone, for the Kr bilayer. The columns are labeled by
the coavention used iz Table ¢
Table 6§ )

.The normal mode frequencies at P and A in the two dimensional
Brillouia zone, for the Xe bilayex. The colunns.azo labeled by
the coavention used in Table 4.

Table 7 .

The normal mode frequencies at I and R for the Ar trilayer,
for the three models explored in this work. We also calculate the
frequencies for a trilayer with HCP stacking arrangement ABA,
zather than the IFCC arrangement ABC., This has been done for model
A and model Cgq) and the cesulits zor eacn ars in tne coiimns
labeled A(HCP) and Cq(BCP). See the caption of Table 4 for the

rtnainiﬁq conventions.

Table 8

The normal mode fzequencies at ff and R for the Xr trilayer,
for the three models used. The columns azo‘ labeled by the

convention used in Table 7.

Table 9

The norzal mede frequencies at [ and H for the Xe trilayer,
for the three models used. The columns are labeled by the

convention used in Table 7.

Table 10

The effect on static properties of the bilyers and trilayers

of extending the influence of V(2) beyond the layer closest to

i) ) r AR TN ) s - " .‘ §
‘] »,
' " ) ST AT S c'.‘t o3 M WA L o ',' /] f:'a.- ;.!.nr' X, l?”v‘l.n’ij’*
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the substrate. Here in the first column z(1) is the position of the inner-
most layer, measured relative to 2, d12 anﬁ d23 are the spacings between
the first and second, and the second and third layers, respectively, and 3,
is the lattice constant calculated for the structure. The last column gives
the experimentally measured lattice constants.
Table 11

The force constant ks(zz) for the various layers, generated by V(z)
after the structures are fully relaxed. The units are as described in the
text.
Table 12

For the argon .bﬂayer, we show frequences at T and M calculated with
mode! 8, and with variéus versions of model C. The subscript on C in the

various columns shows the number of neighbor shells included in the dynamical

matrix.
Table 13 '

The normal mode frequencies at M using models A(B) and Cg for the
Rayleigh wave of bulk Ar, Kr, and Xe. |
Table 14 ' |

vValues of lezlz.’thc square of the eigenvector component normal to the
surface, for Ar bilayer, fri]aytr, and 25-layer films (Rayleigh wave only).
in the case of the monclayer, Iezl2 is equal to 1 for the | mode, and Q for
the other modes.
Table 15

Same as Table 14, but for Kr.

Table 16
Same .s Table [4, but for Xe.
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& ‘ Table 1

Adsorbats Monolayer ao(l) Bilayer ao(i) Trilayer ;o(:l) 25 Layer ao(i).

a3 Ar 3.80 3.77 3.77 3.77
Kz 4.02 4.00 4.00 4.00
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Table 2

“3 Adsorbate D (meV) Cq (mev-23) 2(R) u
5

Ar 66 1620 2.91 5.45 0.766
;2 Kr 108 2259 2.76 4.77 0.718

Xe 168 3270 2.69 4.64 0.707
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Table 3

Adsorbate Kk (fit) . (pp) (THz?) k. (L-J) (TH.?) Kk (fit)

Az 62.10 34.006 24.889 30.0
Kz 39.32 20.387 .13.871 18.72
36.28 15.270 10.589 15.24

&
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: Table 4

Az Bilaye:z

2:‘ ¢

R L

n Modes A(B) A (LJ) 3 S g (E)
s |

& T1,0 0.000 0.000 0.000 0.000 0.000
Ea 1r5l

) T2:0g 2.714 2.322 2.714 2.730 3.002
~:i L 2.298 . 2.192 2.342 2.39¢ 2.452
¥

H L, 6.1372 s.498 6.250 6.592 7.073
- 2 3.838 3.284 3.838 3.963 3.938
" T, s.701 4,022 4.701 4.975 s.151
by 3.438  4.ved 30397 3.534 © 3.747
E?

& tq 6.987 5.992 6.993 7.559 7.688
A L $.231  4.789 s.389 '$.589 . 5.787
i L, 7.120 6.114 7.129 7.689 7.838
<.
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N
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A(D)

0.000
2.102
1.813
4.786

2.972 -
 3.640

2.669
S.412

4.095

$.518

 Table S

Kz Bilaye:z
A(LI) 3
0.000 0.000
1.733 2.102
1.704 1.798

. 4.200 4.830
2.451 2.972
3.002 3.640
2.240 2.620
4.478 S.414
3.688 4.162
4578 5.519

Sg
0.000
2.116
1.837

$.103

3.076
3.863

2723

$.866

4.320

$.965

c,(:z
0.000

2.321
1.881
S.470

-3.0952

4.000
2.918
s.964
4.472
6.079
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Table 6

ottt

Py Wy

N R N e R - 2
N

w2 g
o
P

Xe Bilayer

,,.
-
=

“-_”ﬂ
3
o
®

Am) ARY) ] N Setz).
lel 0.000 0.000 g.000 -0.000 6.000
1.819 1.518 1.819 1.796 1.987
LI 1.700 1.583 1.663 1.698 1.783
Lz _ 4.288 3.833 4.312 4.487 4.804

o
P ym :
x

i
3
»
-
o
~

e

" 2.572 2.142 2.572 2.618 2.891
B, 3.150 2.623 3.150  3.290 3.417
N .33 197 2.288  2.343 2.528
€02 2

ana
oow

de
[

€
(Y )
(¥ ]
de
®

“w
w
de
(M ]
[ ]

[4]
[ ]
~

£ 4o 3.728 '3.386 3.764  3.860 - 3.973
- J 4.786  4.037 . 4.7%  $.080 S$.199
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Table 7

Az Trilayer

Mode A(B)  A(hep) A(LJ) 3 S Ce(r) = Cg(hep)
TysLy 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Tehg 1.919  1.919  1.642  1.919 2,017 2.012 2.039

T3shq 3.32¢ 3.32¢ 2.844 3.324  3.494  3.491 3.494

L4 1.666 1.666  1.546  1.674 1.762 1.770 1.7%0
Ly 4713 4713 4.263 4.826  S.188  5.139  5.133
L 6.885° 6.838S  6.003  6.919  7.7%2 7,770 7.751
"

1 3.833  3.33%°  3.384  3.833  $.183  $.233  $.183
T2 4.292 4291 3.6M 6292 4.7 4.709  4.720
T, 5,078 5.078  4.344  5.078  S.618  5.616  S5.618
Ly 3.387  3.387  2.913  3.381 3.603 3.551  3.663
Ly S.401  S.461  4.890  5.548 6.041 6.065 6.192
Ly 6.920 6.920  5.920  6.919 7.866 7.865 7.834

L 4.824 4.824 4.260 4.882 S5.260 S.244 5.016
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Table 8

Kz Trilayerz

ki

Mode A(B)  A(hep) A(LJ) 3 Cs Cg(r) Cqlhep)
Ty,Ly 0.000 0.000 0,000 0.000 0.000 0.000 0.00G0
TaoDg 1.486  1.486 1,226  1.486 1.554 1.%39 1.563

; Tqely 2.574 2.374 2.123 2.574 2.691 2.669 2.691

; L 1.310 1.310  1.188  1.281 1,357 1.358 1.349

: L, 3.683 3.683  3.259 3,722 4.011 3.989 3.974

% Ly - S.345  S.345  4.331 5,348 S.976  5.949  5.97S .

A d .

: T, 2872 2,872 3.am1 2,872 2,187 2178 s.cT

: ?, 3323 3323 2741 3.323 3.636  3.630  3.642

3 L 3.932  3.932 3.243  3.932  4.338  4.323 4.338

: Ly  2.625 2.625  2.178  2.617 2.773 2.722  2.823

» Ly 4.253 -4.253 3,748 4.281  4.661 4.661 4.77

i Ly  5.358  S.358  4.419  S.358  6.067 6.063 6.043 |
4 L, 3.761  3.761  3.208  3.769 4.057 4.026 3.872 |

- -
Vo

L $.599 5.9%99 4.626 $.598 6.349 6.334 6.39%9
S.744 5.744 4.761 $.747 6.477 6.467 6.47S

T Pt el

VAR
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N
4 . ]
L
s
. Xe Trilayer
i .
X5
\3« ?
(B

Mode A(B) Allep) A(LI) 3 S Cglz) Cglhep)
i Tyeby 0.020  0.000 0.000 0.000 0.000 0.000 0.000

B ?3,Lp 1.286 1,286  1.070  1.286 1.311 1.328  1.324
e Tyoby 2.228 2,228 1.885  2.228  2.270  2.303  2.270
b

. I 1.203  1.203  1.082  1.171  1.23¢ 1.238 1.214
L,  3.321  3.321  2.989 3.342 3.532 3.328  3.491

B L4 4.691  4.691  4.085 - 4.694 S.099 S.180 S.098

12

i

!

:.’ .. . )

33 Ty 2.372 2.572 2.142 2.572 2.647% 2.670 2.K7%
3 T, 2.876  2.876  2.398 2,876 3.073  3.082  1.080
N T 3.403  3.043 2,833 . 3,403 3.670 3.694 3.670
5 &y 2.280 2.280  1.908  2.271 2.358 2.362 2.187
¥ Ly  3.809  3.809  3.440  3.838  4.044 4.083  4.134

*@ La 4.637 4.637  3.861  4.637 S.12¢ S5.128  5.106

b Ly 3.329 3.329  2.825  3.316 3.530 3.552 3.394
_ L, 4.850 4.850  4.047  4.846 S5.366 $.393  $5.370
- Ly 4.983  4.983  4.184  4.986 S.478  5.%502 S5.477
e

"l

1%




-

P

T
"L

8ilayer
Adsorbate

2(1)(A)

Ar
Kr

Trilayer
Adsorbate

Ar
Kr
Xe

-0.0§
-0.0§
-0.08

2(1)(A)

-0.08
-0.06
-0.08
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Table 10

i}ZL‘M aQLA)

3.00 3.73
3.19 3.97
3.47 4.33

3.02 3.
.2 ‘ 3.95
3.50 4.31

ao(.A) » &Xpt.

3.77
4.00
4.33

dyq(A) a,(A), expt.

3.04 3.77
3.2 4.00
3.52 4.33
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Table 11

kg (1)
€2.171
71.998

71.985

39.379
42.656
43.239
36,978
38.798
38.798

‘20 357
‘2.317

-1.520

«1.2358

GQUR hi Lt LA RS

h o Ay T p
3 . P B
& -‘»-«.‘l‘,&;h‘.h 2 f_&- y

N 0 R A e

‘002‘8

-0 0131

-0.108

.......

¥

Sehisiad



™
-

-

e

,., ,
e e
L ol

ot

R

-
-
-
-

o
ERR

B rdod b O

<

L

| B

=
X

i

A
K
Wy
s

[

»
——
v
’
IS
1

£y
¥

px, .

9.000
2.714
2.342
6.230

3.838
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s.389
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Table 12

&
0.000
2.397
2.401
6.640

4.113
S.088
3.998
7.580
$.608
7.734

S
0.000
2.741
2,395
6.592

3.970
4.978
3.533

7.563°

S.588
7.690

=11
0.000
2.730

2.395

6.592

3.963
4.97%
3.533
7.559
$.589
7.688

Yy P 1.".?1?.'13“?
- 1l

0.000
2.730
2.398
6.592

3.963
4.97%
3.833
7.559

$.589
7.688
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Table 13

i Adsorbace A(B) ©C

Ar 3.368 3.236

M

2.608 2.532

a a8 -‘
R

Xe- 2.237 2.268
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N

Q/Q 0

Mode

T

w

[
w

.l ol

1

0.0000
0.0000
0.0000
0.0000
0.7530
0.2470

0.0000
0.0000
0.00q0
0.0000
0.0000
0.0000
0.3601
0.3395
0.1004

0.l

0.0000
0.0000
0.0029
0.1042
0.8479
0.2630

0.0000

0.0000,

0.0000
0.0109
0.1032
0.0002
0.4511
0.3333
0.0993

0.0870

0.2 0.3

0.0000 0.0000
0.0000 0.0000
0.03512 0.6776
0.0839 0.0635
0.6264 0.0321
0.2385 0.2268

0.0000 0.0000
0.0000 0.0000
0.0000 0.0000
0.4477 0.5342
0.0867 0.0848
0.0034 0.0234
0.0498 0.0001
0.3186 0.2680

0.0958 0.0895

0.1309 .0.2018
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Table 14 (Ar)

0.4 0.5

BILAYER
0.0000 0.0000
0.0000 0.0000
0.7364 0.7665
0.0549 0.0592
0.0014 0.002S

0.2073 0.1713

© TRILAYER

0.0000 0Q.0000

0.0000 0.0000
0.0000
0.5720 0.6121
0.1202 0.1069
0.0535 0.0099
0.0173 0.1261
0.1577 0.0818

0.0794 0.0633

BULX
0.2959 0.3996

0.0000

0.6

0.0000

0.0000 -

0.7969
0.0912
0.0240
0.0879

0.0000
0.0000

0.0000

0.6385
0.0627
0.0002
0.1867
0.0334
0.0383

0.5019

0.7

0.0000
0.0000
0.8287
0.0992
0.0636
0.0063

0.0000
0.0000
0.0000
0.7097

¢.0503

0.0039
0.1818
0.0302
0.0241

0.5934

0.8

0.0000
0.0000
0.8601
0.0625
0.07%6
0.0018

0.0000
0.0000
0.0000
0.7583
0.0344
0.0029
0.1661
0.0108
0.0276

0.6634

0.9

0.0000
0.0000
0.8849
0.0479
0.0635
0.0017

0.0000
0.0000
0.0000
0.7931
0.0123
0.0009
0.1596
0.0055
0.0286

0.7113

10.000Y

1.0

0.000d
0.000(

0.894
0.045

0.059

0.000

0.0
0.0
0.000
0.80S5

0.0000
0.1609

0.004
0.028

0.7271
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Table 15 (Xz)

Q/Q o o0.r 0.2° 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

BITAYER
1 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0004
0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0600 0.0000 0.0000 0.000(

0.0000 0.0032 0.0734 0.6793 0.7237 0.7526 0.7825 0.8150 0.8480 0.8746 0.385]

0.0000 0.0835 0.0770 0.0608 0.0539 0.0603 0.1035 0.0981 0.0596 0.0458 0.0431
ll 0.7369 0.6503 0.59350 0.0174 0.0003 0.00354 0.0371 0Q.0841 0.09G1 0.0770 0Q.069
lz 0.2631 0.2610 0.2345 0.2626 0.2221 0.181S 0.0770 0.0028 0.0023 0.0026 0.0017

TRITATER
0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.000G
0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.000d
0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 -0.0000 0.0000 0.0000

1 o

T

L, 0.0000 0.0122 0.4552 0.5246 0.5618 0.6022 0.649S 0.7018 0.7513 0.7864 0.7989
L, 0.0000 0.0980 0.0839 0.0861 0.1242 0.1030 0.0633 0.0539 0.0334 0.0168> 0.0010
L

0.0000 0.0003 0.0048 0.0299 0.0553 0.0062 0.0011 0.0045 0.0029 0.0009 0.0000

Ll 0.3486 0.4437 0.0325 0.0001 .0.0253 0.1429 0.1933 0;1851 0.1686 0.1634 0.1663
LZ 0.3453 0.3407 0.3221 0.2642 0.1489 0.0780 0.0520 0.0300 0.0112 0.0064 0.0056
L3 0.1061 0.1050 0.1015 0.0951 0.0847 0.0676 0.0406 0.0247 0.0277 0.0281 0.0282

BULX
ﬁ S1 Q 0.0872 0.1317 0.2030 0.2969 0.4003 0.5026 0.5938 0.6639 0.7119 0.7277
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X

Mt

T, 0.0000

149 q

U 1, 0.0000
1998 2

iy T, 0.0000
5 L, 0.0000
BN Y '

*é@ L, 0.0000
:\3

Ly vy 0-0000
|, o.ssal
5})

fﬁi 1, 0.3619
7z 1, 0.1000
.gbf

y

P

l' :

i

,“"‘ ’

‘.::'.‘.‘

R
»

\)
LG X (3 q
'?:‘o!“t.';‘.’ by 28 T T

0.1

0.0000
0.0000
0.0032
0.1273
0.6245
0.2450

0.0000

0.0000
0.0000
0.0121
0.1192
0.0002
0.4320
0.3373
0.0989

0.0878

0.2

0.0000
0.0000
0.0622
0.0926
0.6067
0.238

0.0000
'0.0000
0.0000
0.4507
0.0909
0.0032

0.0392

0.3207
0.0953

0.1329

0.3

0.0000
0.0000
0.6801
0.0675
0.0238
0.2266

0.0Qq0
0.0000
Q.0000

0.3303

0.0883
0.0217
0.0002
0.2706
0.0890

0.2042

Table 16 (Xa)

0.4

49

Q.5

BILAYER

0.0000
0.0000
0.7354
0.0571
0.0008
0.2067

0.0000
0.0000
0.7664
0.0607
0.0031
0.1698

TRILAYER

0.0000
0.0000
0.0000
0.5690
0.1202
0.0480
0.0225
0.1616
0.0787

0.0000
0.0000
0.0000
0.6096
0.1011
0.0086

0.1347
0.0837
0.0622

BULXK

0.2976

0.4004

0.6

0.0000
0.0000
0.7968
0.0922
0.0274
0.0836

0.0006
0.0000
0.0000
0f6566
0.0629
0.0003
0.1892
0.0541
0.0370

0.3019

0.7

0.0000
0.0000
0.8288
0.0972
0.0650
0.0050

0.0000
0.000Q0
0.0000
0.7078
0.0511
0.0038

0.183s"
0.0308.

0.0231

0.5928

0.8

0.0000
0.0000
0.8604
0.061S
0.0769
0.0013

0.0000

0.0000

0.0000
0.7565
0.0346
0.0027
0.1678
0.0015
0.0270

0.6645

0.9

0.0000
0.0000
0.8851
0.0471
Q0.0661
0.0017

0.0000
0.0000
0.0000
0.7914
0.0123
0.0008
0.1612
0.00635
0.0277

0.7104

1.0

0.0004
0.000(

0.044
0.059
0.001

0.00
0.000
0.00
0.80
0.000
0.00
0.162
0.0057

0.0278

1

a .
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: Pigure Captions

; Pigurce 1: .Diffraction spcct:a' for the Ar overlayers studied.
Experimental results aze shown for that 3 = 45° in the (112)
dizection, Tq = 21° K, incident beam energy of 13 meV, and
v.ith the backgzound substracted. Conditions for all of the
spectza are the same, 30 intensities aze dizectly compazable.
Azzows indicats the angles at which the phonoan spectrzra of
figure 2 were taken.

el

Pigure 2: TOF spectza of the Ar overlayers studied, Tq = 21K,
and incident beam enezgy of 18 meV. The dots arze the
experisental data, s0lid lines aze a least-squazes £it of

these data, and dashed lines are computer simulations (see text).
Arrows indicate position of elastic time of flight. Spectra were taken with

1 usec channels and one hour sfgnal averaging.

Piqure 3: Dispersion curves of the Ar overlayezs fzom [ to H.
! | Open figures arze for enezgy loss of the beasm, cloloé figures
; aze for enezgy gain. Representative ezzor bars are shown for
energy and undintﬁn loss features (gain and loss are with
cespect to the incident beam), which occured in the first
zone (normal processes). $Solid lines are polynomial fits to
the data.

Piquze 4: Por azgon, we show the phcnou. dispezrsion curves

- -
o - 'y

calculation from model 8 for .(a) the nonolayo:.' (b) the

bilayez, (¢) the tzilayer, and (d) 4 "bulk” crystal. The
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information here is synthesized from a calculation based on a twenty
five layer slab. For 1, 2, and. 3 layers, the solid 1ines are calcu-
lated dispersion curves for modes polarized in the sagittal plane, the
dashed lines are transverse modes, and the chained line is a best fit
to the data. For 25 layers, triangles are calculated dispersion curves,
and the chained line is a best fit to the data.

Figure 5: The same as Figure 4, but for krypton.

Figure 6: The same as Figure 4, but for xenon.

Figure 7: A comparison between theory and experiment for the three bilayers.
The crusses are the experimental points. The slashes through selectad
crosses are indications of the error in the data. The solid line is a
best fit to the data, while the triangles are obtained from the theory,
assuming the modes Iy and |, are responsible for the loss peak, as
discussed e#r!for.in the text.

Figure 8: The same as Fig. 7, but for the sequence of trilayers.

Figure 9: The same as Fig. 7, but for a twenty five layer slab.

Fi'gun 10: The dispersion relation of the high frequency loss features near .
M, observed for botﬁ the argon and the krypton bilayers. Superimposed
on the data (crosses) are the dispersion relations of the Li» Lo ana L,

modes; the arrows indicate the value of the frequency w defined in the text.
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