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Anharmonic effects on monolayer phonons

L. W. Bruch
Department of Physics, University of Wisconsin–Madison, Madison, Wisconsin 53706

A. D. Novaco
Department of Physics, Lafayette College, Easton, Pennsylvania 18042
~Received 4 June 1999; revised manuscript received 14 October 1999!

The anharmonic frequency shifts of the phonons in monolayer solids of Ar/Pt~111! and commensurate
Xe/Pt~111! are calculated with quasiharmonic perturbation theory and with self-consistent-phonon theory.
Results from the two methods are in good agreement for Ar/Pt~111!. Uncertainties in the frequency shifts for
the Ar/Pt~111! modes are small compared to present uncertainties in the interaction model and in the experi-
mental data. Anharmonic effects in the commensurate Xe/Pt~111! solid at 80 K are large, both because of the
small adatom-adatom force constants in this dilated lattice and because of the large degree of thermal excita-
tion. A version of the improved self-consistent-phonon approximation is used for comparison to experimental
data, and it is found that the anharmonic terms cause changes on the scale of adjustments in Xe-Pt forces
previously found necessary to achieve fits of the harmonic theory to the data. The contribution of static
adsorption-induced dipole moments to the monolayer lattice dynamics is analyzed and is found to be negligible
for Xe/Pt~111!.
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I. INTRODUCTION

While the theory of anharmonic processes in monola
solid lattices has been formulated for a long time,1,2 the ac-
tual measurement of the phonon dispersion relations
monolayers on single-crystal surfaces is a rec
accomplishment.3–8 In a few cases,8 all three branches of the
dispersion curve of a monatomic solid with one atom p
unit cell have been observed. Remaining doubts3–9 about
whether to assign observed excitations to the shear hori
tal ~SH! or to the longitudinal acoustic~LA ! branches may
be reduced by precise comparisons of the observed dis
sion relations with those calculated using realistic interact
models. For given interactions, the evaluation of lattice
namics in the harmonic approximation10 is now straightfor-
ward. However, the experiments include cases of relativ
small mass adsorbates and of quite dilated lattices; in s
instances, anharmonic frequency shifts and temperat
dependent lifetimes may be appreciable.11 The two
examples12 treated in this paper, an incommensurate latt
of Ar/Pt~111! with L'3.79 Å and the commensurat
A3R30 ° Xe/Pt~111! lattice with L54.80 Å, show suc-
cesses and limitations of the methodology, respectively.

Inert-gas solids in three dimensions13 and as monolayers14

are proving grounds for the theory of dense phases bec
the interatomic potentials are thought to be nearly equa
those for the isolated pair determined by scattering exp
ments or by analysis of gas-phase data. In this context, a
solids are intensively studied because the masses are
enough that quantum effects are small while the many-b
interactions, with magnitude roughly scaling as the cube
the atomic polarizability, are still small. Both features e
hance the accuracy with which the theory can be imp
mented. The xenon solids are stable over a wider tempera
range than the argon solids and have smaller quantum
rections. Although the many-body interaction terms a
PRB 610163-1829/2000/61~8!/5786~7!/$15.00
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larger, lattice dynamics in the harmonic approximation
accurate for the three-dimensional~3D! xenon solid. How-
ever, the applicability of these ideas to monolayer solids is
question and is invalid if the most widely observed phon
mode3–6 is LA rather than SH.

Four different approximations, denoted QHT, QHP
SCP, and ISCP, are used to evaluate the phonon dispe
relations. Comparison of the approximations provides a w
to judge the degree of convergence of the truncated pe
bation theory. Quasiharmonic theory~QHT! gives the har-
monic normal mode frequencies for a thermally expand
lattice. In quasiharmonic perturbation theory~QHPT!, anhar-
monic corrections to the QHT frequencies are evaluated w
perturbation theory carried to first orderv1(4) in the quartic
and to second orderv2(3) in the cubic anharmonic terms o
an expansion of the adlayer potential energy in displa
ments from the average lattice sites,

v~QHPT!5v~QHT!1v1~4!1v2~3!. ~1.1!

Another approach is the self-consistent-phonon~SCP! ap-
proximation, which retains all even-order terms in the d
placement expansion. The improved self-consistent-pho
theory ~ISCP! forms final frequencies by adding the cub
anharmonic term of the QHPT to the SCP result,15

v~ ISCP!5v~SCP!1v2~3!. ~1.2!

It is considered to be the most reliable form of the pertur
tion approach to the anharmonic effects.2 In these approxi-
mations, the phonon lifetimes~linewidths in response func
tions! arise from three-phonon processes in second-o
perturbation theory.

Initial comparisons of the approximations were made
the Ar/Pt~111! lattice at zero temperature. As discussed
Sec. III, the QHPT and SCP approximations were in su
good agreement that the further work is based on the fin
5786 ©2000 The American Physical Society



o

e

I
io

le
g
a

a
on
ti

f

ke

he
th

si
te

n
i

n
lcu
p
th

n
th

n
lc
o-
ur

rb
io

-
th

m
it

e
a-

-
the
to

n in

of
the
d-
nd-

e is

i-
der

al
ree-

the
on
ics

a-

The
e
-
lar-
wo

the

the
o be

PRB 61 5787ANHARMONIC EFFECTS ON MONOLAYER PHONONS
temperature form of the QHPT. However, the application
QHPT to the commensurate Xe/Pt~111! lattice at 80 K shows
such large anharmonic terms that the comparisons to the
perimental data are based on the ISCP approximation.

The organization of this paper is as follows. Section
contains a description of the components of the calculat
Section III presents the application to Ar/Pt~111! and Sec. IV
the application to commensurate Xe/Pt~111!. Concluding re-
marks are given in Sec. V. The contribution of polarizab
adatom dipole moments to the elastic constants of a trian
lar lattice is estimated in the Appendix. Supplementary m
terial has been deposited in the EPAPS archive.16

II. COMPONENTS OF THE CALCULATION

A. Structures and interactions

The triangular Ar/Pt~111! lattice is approximated as
floating unmodulated monolayer solid, and the lattice c
stantL53.79 Å is that corresponding to the recent inelas
helium atom scattering~HAS! measurements8 at 23 K. The
only parameter of the adatom-substrate potential required
the calculations is the frequencyv0' of the vibration perpen-
dicular to the monolayer plane at zero wave number, ta
from the HAS experiments to bev0'54.85 meV. The an-
harmonic effects all arise from the anharmonicity of t
adatom-adatom potentials, which are a combination of
HFD-B2 multiparameter pair potential,17 constructed from
3D data, and the McLachlan substrate-mediated disper
energy. Full statements of the models and their parame
are given in Appendix A of Ref. 8.

The A3R30 ° Xe/Pt~111! lattice, with L54.80 Å, is
greatly dilated from the usual range for xenon lattice co
stants, 4.4–4.6 Å. The Xe-Xe potential is constructed
analogy to that used for Ar-Ar. Contributions of adsorptio
induced xenon dipole moments are omitted from the ca
lated dispersion curves as estimates presented in the Ap
dix show them to be less than 0.1 meV throughout
Brillouin zone. The Barker-Rettner model18 is used for the
Xe-Pt potential. Anharmonicity of the Xe-Pt interactio
makes major contributions to the anharmonic shifts of
normal mode frequencies.

B. Estimating anharmonic effects

The data for the Ar/Pt~111! monolayer solid are at low
enough temperatures so that effects of thermal expansio
the z coordinate are anticipated to be small. The SCP ca
lation for Ar/Pt~111! is at zero temperature and follows pr
cedures outlined in Ref. 1. The effects of finite temperat
are estimated atT523 K using the QHPT formalism;16,19

resonant energy denominators in the second-order pertu
tion terms are treated with the Lorentzian approximat
@half width at half maximum~HWHM! '0.005 meV# used
by Hall et al.20 For Ar/Pt~111!, the perpendicular motion de
couples from the in-plane motion and the calculation of
in-plane modes is done for mathematical 2D.

The phonon data for theA3R30 ° Xe/Pt~111! lattice are7

at 80 K, and thermal effects should be included when co
paring to data for the incommensurate monolayer solid w
L'4.33 Å at 50 K~Ref. 8! and 25 K~Ref. 20! or to data for
the 2D gas near 100 K~Refs. 8 and 21!. Thermally driven
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changes in the overlayer height cause changes inv0' and in
the zone-center gapv0i of the commensurate layer. Thus th
finite-temperature forms of the QHPT and SCP approxim
tions are required. The heightzQHT that minimizes the quasi
harmonic free energy is used as the reference point in
QHPT calculation at the given temperature; it is very close
the height calculated in the SCP approximation, as show
Table I.

The perturbation theory for the Xe/Pt~111! case is more
complex than that for a 3D solid. When thermal expansion
the overlayer height is included, the expansion relative to
harmonic Hamiltonian includes first-order as well as thir
and fourth-order terms in the displacement. The seco
order perturbation correctionv2 to the frequency includes
the first-derivative terms. The consistency of the procedur
tested by calculating the perturbation shiftdz in the average
height fromzQHPT using linear and cubic terms. The contr
butions are nearly offsetting, and most of the remain
comes from a cubic anharmonic mixing ofz and lateral mo-
tions that was not included in the calculation of the therm
expansion. Even so, there are no energy-conserving th
phonon processes to give a lifetime~broadening! of the in-
plane modes. While one might extend the treatment of
quartic~four-phonon! process to second order in perturbati
theory, a more promising route is to use molecular dynam
simulations to estimate the further processes.

TABLE I. Comparison of values from quasiharmonic perturb
tion theory ~QHPT! and self-consistent perturbation~SCP! theory
for commensurate Xe/Pt~111!. Overlayer heightsz in Å and zone-
center,G-point, frequenciesv0 in meV. i and' denote motions
parallel and perpendicular to the monolayer plane, respectively.
dispersionDv i is given for in-plane modes from the Brillouin zon
G point to theK point, Q50.873 Å21. The in-plane branches rig
orously have either shear horizontal or longitudinal acoustic po
ization along this high-symmetry axis. Furthermore, the t
branches have equal frequencies at theG andK points, so that only
one entry is needed for each approximation. Also listed are
mean-square amplitudes of vibration, in Å2, evaluated by the QHT
and SCP approximations. The ISCP entries for frequencies and
SCP entries for mean-square vibration amplitudes are thought t
the ‘‘best estimates’’ of those quantities.

T (K) 0 25 50 80

z QHT 3.341 3.346 3.357 3.374
SCP 3.344 3.351 3.366 3.385

v0i QHT 1.28 1.28 1.27 1.25
QHPT 1.27 1.25 1.20 1.13
SCP 1.25 1.23 1.20 1.16
ISCP 1.24 1.22 1.18 1.11

v0' QHT 3.60 3.56 3.48 3.33
QHPT 3.60 3.55 3.44 3.43
SCP 3.68 3.63 3.58 3.52
ISCP 3.61 3.54 3.40 3.38

Dv i QHT 0.39 0.39 0.40 0.40
ISCP 0.47 0.59 0.58 0.71

(dz)2 QHT 0.0043 0.0063 0.0114 0.0191
SCP 0.0043 0.0064 0.0114 0.0181

(dr i)
2 QHT 0.022 0.061 0.120 0.194

SCP 0.0202 0.0511 0.0880 0.1275
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5788 PRB 61L. W. BRUCH AND A. D. NOVACO
The temperature-dependent SCP theory is reviewed
Ref. 1. The SCP frequencies are the solution to a variatio
harmonic approximation of the Helmholtz free energy
which the force constants are correlated Gaussian aver
of the terms used in the QHT approximation.16 The self-
consistent determination of the vibrations has a more sig
cant influence on the in-plane motions than on thez motions,
as shown by the comparison in Table I of mean-square
brations calculated in the SCP and QHT approximations

III. INCOMMENSURATE MONOLAYER SOLID:
Ar ÕPt„111…

The QHT and QHPT results for the Ar/Pt~111! phonon
dispersion curve at 23 K andL53.79 Å are compared to th
results8 of inelastic HAS experiments in Fig. 1. The previo
identification of the experimental phonon branches with
shear horizontal~SH! and longitudinal acoustic~LA ! mono-
layer modes was made on the basis of comparing to
results of the harmonic~QHT! approximation, and that iden

FIG. 1. Dispersion relations for the phonons of a monola

solid of Ar/Pt~111! along the@112̄# (GM ) and @11̄0# (GK) azi-
muths. The data, Ref. 8, are for a triangular lattice withL
53.79 Å at 23 K. The calculated curves are the results of h
monic lattice dynamics~QHT—solid lines! and of quasiharmonic
perturbation theory~QHPT—dashed lines! at 23 K for an interac-
tion model consisting of the HFD-B2 pair potential augmented
the McLachlan substrate-mediated dispersion energy. The t
branches are labeled by their polarizations: LA for longitudin
acoustic, SH for shear horizontal, andS for the vibration perpen-
dicular to the monolayer plane.
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tification is maintained when the anharmonic corrections
included. The slight irregularity in the QHPT results for th
LA branch near 1 Å21 along the@112̄# azimuth arises from
the second-order cubic anharmonic terms and might wel
reduced in a self-consistent calculation.

A detailed comparison of the approximations for seve
wave vectors is presented in Ref. 16. At 0 K, the increm
v(SCP)2v(QHT) agrees with thev1(4) term in the QHPT
frequency to within 3% for both the SH and LA branches
all the wave vectors tested. Hence, the QHPT approxima
is used for the comparisons to the experimental data in
1. The contributions ofv1(4) andv2(3) significantly offset
each other over most of the wave number range. The
effect in the SH branch, apparently the better-determin
case of the Ar/Pt~111! dispersion curves, is smaller tha
present uncertainties of 0.2–0.3 meV in the experimen
data. The corresponding terms for the 3D solid of Ar a
significant in tests of interaction models because of
greater accuracy, better than 0.05 meV, in the inelastic n
tron scattering measurements of the dispersion relations22

The calculations presented in Fig. 1 include t
McLachlan adsorption-induced dispersion energy. Howev
the frequency shifts for Ar/Pt~111! from the McLachlan term
are less than 0.25 meV in the LA branch and less than
meV in the SH branch. Thus, comparisons to the data do
give strong evidence for the presence of this term.

The QHPT linewidths~lifetimes! follow an anticipated
pattern. The SH frequency of QHT is a concave function
the wave number and hence the SH branch is intrinsic
stable. Its linewidth arises from scattering by thermally e
cited phonons rather than from processes involving spo
neous and stimulated emission of phonons. At 23 K the la
est width~HWHM! in the first Brillouin zone is 0.22 meV a
Q50.4 Å21 along theG –K azimuth, but for most of theQ
range from G to K and to M, the width is small,
D(HWHM)/v(SH),0.05. For the LA branch, spontaneou
three-phonon decay processes are possible and excep
wave vectors close to theG point, the dominant processe
involve spontaneous and stimulated modes of decay ra
than the scattering from thermally excited phonons. At 23
the half-widths are mostly in the rangeD(HWHM)/v(LA)
'0.05–0.1.

IV. XeÕPt„111…

In earlier work,7 the harmonic lattice approximation to th
phonon dispersion relations of theA3R30 ° Xe/Pt~111! lat-
tice was evaluated. The force constants of the Xe-Pt inte
tion were evaluated at the zero-temperature overlayer
tancez0(QHT). Surprisingly, the SH and LA branches a
nearly degenerate in the QHT approximation for both theG –
M andG –K azimuths of the xenon Brillouin zone. The fre
quency differences for given wave vectors are at the leve
0.1 meV and are smaller than the present resolution in
atomic scattering experiments. To fit the HAS data bette
was suggested to adjust the Barker-Rettner potential sur
by lowering v0' from 3.6 meV to 3.4 meV and increasin
v0i from 1.3 meV to 1.6–1.7 meV.

The present work shows that there are rather large an
monic shifts in the phonon frequencies. At 80 K, the anh
monic shifts lead to differences between the SH and
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frequencies of order 0.5 meV for wave vectors near
boundary of the first Brillouin zone; thus there are obse
able differences at the current level of experimental reso
tion. The anharmonic frequency corrections at 80 K are
large that calculation to an accuracy of better than 0.1 me
still not assured. However, because the Brillouin-zone-ce
gap is large,v0i.1 meV, there are no energy-conservin
three-phonon decay processes for modes with polariza
vectors in the plane of the monolayer, and hence they do
contribute to the phonon lifetime.

A. Commensurate XeÕPt„111…

Results of the QHT and ISCP approximations to the
and LA branches of the phonon dispersion relation
shown in Fig. 2 forT580 K. The Barker-Rettner Xe-P
potential energy surface is used and the McLachlan term
included in the construction of the force constant matr
although it is not a large contribution. The entries in Tabl
are less than complete characterizations of the dispersio
lations but span the temperature range from 0 K to 80 K and
demonstrate that the anharmonic effects increase so ra
at temperatures above 50 K that the QHT results miss
portant features of the spectra at 80 K.

The overall trend shown in Fig. 2 is that the anharmo
terms increase the magnitude of the dispersion between
SH and LA branches near the Brillouin-zone boundary. M

FIG. 2. Dispersion relations for the phonons of the commen
rate A3R30 ° Xe/Pt~111! lattice along theG –K –M azimuth. The
data, Ref. 7, are for a triangular lattice withL54.80 Å at 80 K.
The calculated curves are the results of harmonic lattice dynam
~QHT—solid lines! and the self-consistent-phonon approximati
with cubic anharmonic corrections~ISCP—dashed lines!. The inter-
action model consists of Xe-Xe interactions formed from t
HFD-B2 potential with the McLachlan correction and the Bark
Rettner Xe-Pt potential energy surface. The curves at about
meV denote theSbranch. At 1 to 2 meV, the curves are labeled
their polarizations, SH and LA. The steeply rising line of da
points forQ in the range 0.1 to 0.3 Å21 is the platinum Rayleigh
mode.
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of the HAS data are atQ.0.5 Å21. Even though the
present calculations have reducedv0i , the increases near th
zone boundary have the effect that the agreement with
experimental data remains satisfactory. There is no evid
need for thead hoc increase ofv0i made in Ref. 7 to im-
prove the fit to the data. The comparison of the ISCP res
to the experimental data in Fig. 2 suggests that both the
and SH branches were detected in the HAS experiment,7 as
occurred also in a later experiment8 on incommensurate
monolayers.

The results in Table I from the four approximation
~QHT, QHPT, SCP, and ISCP! can be used to recover thev1
andv2 in Eqs.~1.1! and~1.2!. As expected, the size of thes
terms increases rapidly with increasing temperature and t
is substantial cancellation between them. The zone-ce
gapv0i decreases with increasing temperature, both beca
of the increase ofz and because of the increasing anharm
nicity. The effects of the anharmonicity are most pronounc
in the frequency dispersion, which depends on the rela
motion of atoms. Comparison of the mean-square in-pl
displacements (dr i)

2 calculated with the QHT and SCP ap
proximations suggests, as found by the more detailed c
parisons, thatv1(4) is an overestimate of the leading anha
monic shift. As the best estimate for the calculat
dispersion curve to compare with the experimental data,
use the ISCP approximation, even though the cubic an
monic termv2 is not determined self-consistently.

The zone-center gap for in-plane motions of the comm
surate lattice decreases with increasing temperature, Tab
At 100 K, very close to the melting temperature of the sol
it is still larger than 1.1 meV; thus there is probably n
‘‘floating solid’’ at the commensurate lattice consta
4.80 Å with free translations of the center of mass along
substrate plane.

The values ofv' at 80 K run 0.1–0.2 meV below thos
of the QHT theory, so that the reduction in the Xe-Pt for
constant resulting from thermal expansion inz accounts for
most of the reduction ofv0' to 3.4 meV that was suggested7

to better fit the 80-K data.

B. The S mode of incommensurate XeÕPt„111…

The calculated values of theS-mode frequencyv' high-
light a remarkable feature of the experimental data that
not been emphasized in previous work. The frequencyv' of
incommensurate Xe/Pt~111! (L.4.33 Å) is reported to be20

in the range 3.70–3.35 meV~using data at theG and K
points! at 25 K and to be8 about 3.4 meV at 50 K. Further
both in the commensurateA3R30 ° Xe/Pt~111! lattice7 and
in a dilute 2D gas8 of Xe on Pt~111! at 105 K the values are
v'.3.5 meV. However, the average adatom environme
for the 2D gas and the incommensurate layer are gene
considered to be quite different from the adsorption at
atop site for the commensurate lattice. At 80 K, the value
v0' calculated16 for the laterally averaged Xe/Pt~111! poten-
tial is 2.20 meV, 1.2 meV smaller than the value for t
commensurate Xe lattice. Thus the measured frequencies
what are believed to be quite different circumstances,
much more similar than simple model calculations wou
indicate. A reduction inv' , driven by a change in the over
layer height, of a few tenths of an meV~a few kelvins! is

-
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anticipated for a temperature increase from 50 K to 100
This shift is close to present limits on experimental reso
tion.

There is another process that should lead to differen
betweenv' of the commensurate solid and the 2D gas.
both cases the adsorbate mode is embedded in a contin
of substrate modes, so there may be hybridization with
substrate modes and shifting and damping of the adsor
resonance. Data for the incommensurate solid have been
cussed as an example of this process.20 The corresponding
theory23 for the 2D gas treats the lifetime but not the fr
quency shift of the mode.

If the formulation of the hybridization theory of Ref. 24
used for the monolayer solid, the shiftdv' varies by about
0.33 meV across the Brillouin zone, while the dispers
from the adatom-adatom interactions is about 0.1 meV.
frequency shift for the single isolated adatom is ill-defined
the elastic substrate theory of Ref. 23. If the wave numbe
the 2D substrate surface Brillouin zone is taken as a cuto
the theory, the shift from the unperturbed frequency
20.4 meV.

These estimated shifts are all near the current leve
experimental resolution for measuringv' . However, the
difference from the frequency calculated for the lateral av
age of the holding potential is so large that the conclus
appears to be that the experimental data forv' show that
most of the xenon is at atop sites. This is a very differ
picture than the floating solid picture used to model the
commensurate solid and the low-density gas nearly free
lateral forces used to model the quasielastic helium a
scattering21 of the 2D gas at 105 K.

V. CONCLUDING REMARKS

The agreement between the various approximations
the lattice dynamics of the Ar/Pt~111! monolayer leads to the
conclusion that one can reliably evaluate the dispers
curve to a precision of 0.1 meV. In spite of the light ma
the net effect of the anharmonic terms is rather small,
though they lead to lifetimes~linewidths! that may be re-
solved in future experiments.

On the other hand, the dilated lattice of theA3R30 ° Xe/
Pt~111! monolayer has rather small force constants for re
tive displacements of the adatoms and large anharmonic
fects at 80 K, the temperature of recent measurements.7 The
anharmonic terms increase the frequency of the SH m
over most of the Brillouin-zone, generally by 10% to 20%
The percentage increases are much larger for the LA m
and raise the prospect that the perturbation theory is in
equate for an accurate calculation of the frequency. It
pears that there is a difference of order 0.5 meV between
SH and LA branches near the Brillouin zone bounda
Comparing to the data suggests that both branches were
tected in the experiment.

In a previous analysis of the HAS data for commensur
xenon,7 it was suggested that the value ofv0' be reduced
from the 3.60 meV of the Barker-Rettner model~0 K! to 3.40
meV to better fit the data. As discussed in Sec. IV A, th
are temperature-dependent anharmonic frequency decre
of order 0.2 meV caused by thermal expansion and it is
longer evident that the adjustment is necessary. Ifv' in the
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incommensurate layer were determined by a lateral ave
of the Xe-Pt potential, there would be much larger frequen
differences between the commensurate and incommens
solid, but the measured values ofv' are actually quite simi-
lar. The similarity is not understood at present.

Our calculation gives further evidence that the Bark
Rettner model is the best available potential surface for
Pt~111!, but, besides the question just discussed of the s
larity of v' in different surface phases, there are tw
unresolved challenges to it arising from the fact that it is
quite corrugated surface. First, the corrugation is la
enough that the nature of the ground-state structure of mo
layer xenon in this potential is not evident. Our explorato
calculations indicate that the structure of lowest energy i
strongly modulated incommensurate solid. Second, a qu
elastic scattering experiment21 to measure in-plane mobility
of dilute gaseous xenon found no detectable effect of
corrugation, although a simulation indicated there sho
have been one for motion on this surface.

Both the reliable calculation of frequencies in the xen
solid at 80 K and near its melting temperature and the p
non lifetime are questions that might be addressed wit
molecular dynamics evaluation of the spectrum of lattice
brations. Two features enhance the prospects for such
application: Temperatures of 70 to 100 K are high enou
that the classical mechanics approximation should be a
rate and the Xe-Pt potential energy surface of Barker
Rettner has had enough successful tests to warrant the in
ment of effort that would be required.
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APPENDIX: DYNAMICS OF A LATTICE
OF POLARIZABLE DIPOLES

The commensurate Xe/Pt~111! lattice is so dilated relative
to the spacings in 3D solid xenon that one must recons
contributions to the adatom-adatom forces that are usu
thought to be negligibly small. One such process is the
pulsive interactions between the adsorption-induced xe
electrostatic dipole moments. The presence of the mom
is shown by changes in the work function of the metal. Ho
ever, the interpretation of the work-function changes is co
plex because there are large depolarizing fields on an ada
from the moments on the other adatoms and the scree
charges of the metal also make large contributions to
effective interactions of the adatom dipoles.25 For Xe/
Pt~111!, the available information consists of the report
0.65-eV change in the work function by the monolayer26 and
the 3.4-Å distance of Xe to the nearest surface Pt atom27

While the calculation of the depolarizing and screening fie
is straightforward for a uniform adatom lattice, experimen
do not give very strong support to the modeling.28 Nonethe-
less, in this Appendix we estimate the contribution of t
adsorption dipoles to the dispersion curves by evaluating
contributions to the monolayer elastic constants with suc
model. The result is that the terms contribute approximat
0.1 meV to the frequencies near the Brillouin-zone bound
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and are much smaller through most of the Brillouin zon
Thus they are on the order of, or less than, the present
perimental accuracy and do not affect the conclusi
reached in the text. This analysis has a basic significa
because the depolarizing fields amount to many-body fo
and the elastic constant contributions do not follow t
Cauchy conditions for a triangular lattice.

The electric field at sitei from a dipolepW j at sitej is

EW i~ j !52
I 23R̂i j R̂i j

Ri j
3 •pW j . ~A1!

The self-consistency equation determining the dipole m
ment at sitei is

pW i5pW 081aEW i~ i 8!1a (
j (Þ i )

@EW i~ j !1EW i~ j 8!#, ~A2!

wherea is the polarizability of the adatom, the prime on th
site index denotes the electrostatic image~equivalent to the
substrate screening charges! of the dipole at that site, andpW 08
is the dipole moment of an isolated adatom without the s
image contribution. That is, the dipole moment~perpendicu-
lar to the substrate! on the adatom at very low coverage is

p05p08/@12~a/4l 3!#, ~A3!

using the distancel from the adatom to the effective electro
dynamic surface of the substrate. Solving the se
consistency equation and calculating the energy to asse
a monolayer lattice of dipoles leads to the Toppi
formula.25 Here the substrate screening charges increase
the interaction energy and the effective polarizability of t
adatom.

For a monolayer configuration with a general set of
plane displacements from the triangular lattice, the s
consistency equation Eq.~A2! leads to components of dipol
moment parallel as well as perpendicular to the surfa
However, in the approximation that the lateral distances
the dipole moments are large compared to the perpendic
distance 2l to the plane of the image dipoles, the paral
component is zero. We assume this to be valid for the
Pt~111! monolayer and then find that the self-consisten
equation is a scalar equation for thez component of the di-
poles:

@12~a/4l 3!#pi5p0822a (
j (Þ i )

pj /Ri j
3 . ~A4!

The elastic constants are determined as the coefficien
second-order terms in the expansion of the assembly en
in powers of the Lagrangian strain tensor.29 Define the dipole
moment at monolayer coverage to bepf , the area per ada
C
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tom in the triangular lattice to beac5L2A3/2, with L the
nearest-neighbor spacing, and a lattice sumA3.11.03 . . . .
The relation to the ‘‘bare’’ moment ispf5p08/ f with

f 5@12~a/4l 3!#1~2aA3 /L3!. ~A5!

The contributions to the 2D pressuredf and bulk modulus
dB are

acdf5
3A3pf

2

L3 ; ~A6!

acdB5
A3pf

2

L3 F15

4
2

9aA3

f L3 G . ~A7!

The elastic constantsC11,C12,C33, in Voigt notation, are
related by

C115C1212C33; ~A8!

B5C121C33. ~A9!

For pair potentials, the elastic constants follow the relat
for a Cauchy solid,C125C33, and determining the bulk
modulus is sufficient to construct the speeds of the ela
waves. However, the depolarizing fields break the Cau
relation and the contributions from the dipoles are

acdC125
A3pf

2

L3 F15

8
2

9aA3

f L3 G ; ~A10!

acdC335
A3pf

2

L3 F15

8 G . ~A11!

The contributions in the squared speeds of longitudinal
transverse sound for the triangular lattice of atoms of masm
are

mdcl
25ac@dC112df#; ~A12!

mdct
25ac@dC332df#. ~A13!

The work-function change26 of 0.65 eV corresponds to a
dipole momentpf50.32 D in the lattice withL54.8 Å.
The xenon polarizability isa54.0 Å3 and the distancel
52.0 Å. Thenf 51.50 and atq51.0 Å21, the added piece
in the squared frequency is 0.26 meV2 for the LA branch, or
an increase of less than 0.1 meV inv ~LA ! at q51.0 Å21.
In the SH branch the effect is about 3 times smaller. W
these parameters the dipole contribution toC12 is negative,
an unusual circumstance but one that does not appear to
late any general requirements on the elastic constants
triangular lattice.
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