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Determination of the lateral Xe-Xe potential in a single xenon layer adsorbed on Cu„110…
from surface phonon dispersion measurements
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The dynamics of high-orderc(2632) Xe monolayer adsorbed on Cu~110! was determined using high-
resolution inelastic He-atom scattering. In addition to the vertically polarizedS1 mode we observed a longi-
tudinally polarizedL mode with a small excitation probability, which has been seen before for Xe adlayers on
the two other low-index Cu single-crystal surfaces Cu~100! and Cu~111!. The L mode exhibits a zone-center
gap of 0.5560.15 meV along the@001# direction, which allows us to estimate the corrugation of the Xe-
Cu~110! potential-energy surface. The dispersion of theL mode reveals an anomaly in the interaction between
adsorbed Xe atoms. Likewise, in previous studies of Xe monolayers on Cu surfaces, the data analysis reveals
an anomalous softening of the Xe-Xe interaction.

DOI: 10.1103/PhysRevB.68.075403 PACS number~s!: 68.35.Ja, 63.22.1m, 34.50.Dy
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I. INTRODUCTION

Single layers of noble gases physisorbed on single-cry
surfaces are considered to be ideal model systems with
gard to a detailed understanding of the structure and dyn
ics of adsorbates.1 The general interest in these systems
based on the assumption that the interaction between no
gas atoms is only slightly modified when deposited on
metal surface. However, recent experimental results on
anomalously small force constants describing the couplin
Xe atoms adsorbed on different Cu surfaces have challen
this assumption.2,3 A lattice-dynamical analysis of a longitu
dinal mode in Xe monolayers adsorbed on Cu~100! and on
Cu~111! reveals numerical values for the force constants c
pling the adjacent atoms that are only 30% of the val
expected from the corresponding precise gas-phase po
tials. Recently, however, the interpretation of the experim
tal data has been challenged by Bruch who suggested a
ferent assignment of the low-energy vibrations seen in
He-atom scattering~HAS! data.4 In addition, new data on the
vibrational properties of noble-gas adlayers adsorbed
Pt~111! were interpreted in terms of a rather good agreem
with theoretical expectations.5 With regard to the anomaly in
the Xe-Xe potential for monolayers on Cu substrates it
also remained unclear why the anomaly was not observed
Cu~110! in the previous work by Zeppenfeldet al.6,7 Here
we report the results of a reinvestigation of thec(2632)
overlayer of Xe on Cu~110!. Our new data strongly sugge
that the earlier data reported in Refs. 6 and 7 have to
reassigned. Our precise determination of theL mode for this
surface reveals the same anomalies seen for the two o
low-index Cu surfaces. In addition, the fact that the pres
surface exhibits a twofold symmetry only allows for a cle
distinction between the shear-horizontal and longitudi
modes, thus fully corroborating our earlier assignment
the case of Cu~111! and Cu~001! surfaces. Furthermore, from
the zone-center phonon gap observed in the present w
along the@001# direction, we can estimate the corrugation
the Xe-Cu~110! potential-energy surface along this directio
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II. EXPERIMENTAL SETUP

The experiments to be presented here were performed
high-resolution helium-atom surface scattering appara
~GURKE!. The experimental setup has been described in
tail elsewhere,8 so only a brief description of the main cha
acteristics will be given here. The energy of the nearly m
noenergetic supersonic helium-atom beam with a typical
width at half maximum~FWHM! of DE/E>2% is deter-
mined by the nozzle temperature, which can be varied in
range ofTN540– 500 K (Ei>10– 120 meV). The scattere
helium atoms are detected at a fixed total scattering angl
QSD590.5° between incoming and outgoing beams with
homemade magnetic mass spectrometer, mounted at a
tance of 1.08 m from the target. Angular diffraction scans
measured by rotating the crystal around an axis perpend
lar to the scattering plane in the steps ofDQ i50.05° ~polar
angle!. Energy-loss spectra are recorded using a time
flight ~TOF! technique. The overall angular resolutio
amounts to aboutDQ>0.25° and the resolution in the
energy-loss measurements tod(DE)<0.3 meV ~see
Smilgies and Toennies9 and Hinchet al.10!. Both values de-
pend on the various machine parameters: the values g
above are valid for the energy range ofEi510– 25 meV.
The TOF setup was calibrated by using a molecular beam
HD seeded in He~10% H2, 10% D2, 80% He passed
through a heated Mg reactor! and determining the well-
known excitation energy of the first~11.06 meV! and second
~33.12 meV! rotational states of the HD molecule.11 For the
present experiments it was essential to be able to rapidly
down the crystal~400–40 K in 10 min! in order to avoid a
contamination of the sample. During the experiments
ported here, the base pressure in the scattering chambe
in the low-10211-mbar-pressure range. The cooling to 30
was accomplished by using a liquid-helium cold finger. T
temperature measurement accuracyDTS565 K of the abso-
lute surface temperature, measured with a Ni-NiCr~K-type!
thermocouple attached to the side of the specimen, was
terminedin situ with a calibrated Si diode~Lakeshore DT-
©2003 The American Physical Society03-1
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471-SD! and by recording thermal desorption spectra of m
tilayers ofn-alkanes.12,13

The mechanically polished Cu~110! crystal was first
aligned to within 0.1°, then cleanedin situ in vacuum with
multiple cycles of argon-ion sputtering~1 mA cm21, 700 eV!,
and finally annealed atTS5900 K. After this preparation no
contamination could be detected with x-ray photoemiss
spectroscopy~less than 5% of a monolayer for carbon co
taining species! and the helium diffraction pattern showe
intense diffraction peaks and a low diffuse background. E
posure to Xe was carried out by using an effusive sou
mounted at a distance of 7 mm in front of the crystal surfa
During exposure, the pressure inside the chamber incre
to 131028 mbar: the pressure at the surface is estimate
be about 2 orders of magnitude above this value.

III. RESULTS

A. Structure

As discussed by Zeppenfeldet al.14 in their detailed
analysis of the various temperature- and coverage-depen
high commensurate~HOC! Xe overlayers on Cu~110!, the
c(2632) phase is the most stable structure in the temp
ture range fromTS560 to 40 K. Below 40 K the bilayer
formation starts and special care has to be taken to a
bilayer formation at lower temperatures. The adsorption
Xe on the Cu~110! surface was monitored by recording th
intensity of the specular HeI (0,0) beam versus time~i.e., the
surface reflectivity!. In Fig. 1 we display a typicalI (0,0) vs
time plot, recorded using a Xe background pressure o
31028 mbar and a cooling rate ofdTS /dt50.3– 0.1 K/s
~the substrate temperature as a function of time is show
the inset of Fig. 1!. The results reveal the onset of Xe a

FIG. 1. Intensity of the specularly reflected He beam recor
during Xe exposure~Xe pressure: 131028 mbar) and slowly de-
creasing sample temperature (TS594– 50 K; He beam energyEi

510.7 meV). ~A! Beginning of the adsorption process atTS

581 K. ~B! Formation of the Xec(2632) phase in a narrow tem
perature interval fromTS555– 52 K. The reflectivity of the Xe ad
layer is reduced to 1% of the reflectivity of the clean surface.~C!
End of Xe exposure and reformation of the (2632) overlayer. Gray
rectangle: bilayer formation belowTS552 K at a Xe pressure o
131028 mbar ~Refs. 33 and 34!. The inset shows the variation o
the sample temperature with time.
07540
-

n

-
e
.
ed
to

ent

a-

id
f

1

in

sorption atTS581 K ~A! and the formation of a terrace in th
adsorption curve in the narrow temperature interval fro
TS555>TS>52 K ~B!. The latter feature could be related
the formation of a Xec(2632) phase as evidenced by th
He diffraction scans. For the following experiments the X
adlayer was prepared by adsorption at a fixed temperatur
53 K, yielding a well-orderedc(2632) HOC structure.
When monolayer coverage was reached, the Xe gas
pumped off and the crystal was cooled to 30–35 K before
inelastic He scattering data were recorded. To maintain
quality of the adlayer over longer periods of time~typically
6–8 h! the surface was periodically annealed to 55 K
remove bilayer Xe formed by adsorption from the residu
gas. In Fig. 2 typical angular distributions measured alo
the two high-symmetry directions of the Cu~110! surface are
displayed. Along the@001# direction ~B! the relative intensi-
ties I (0,1)>I (0,2) of the ~60,1! Cu and~60,2! Cu diffraction
peaks with respect to the specularly reflected intensityI (0,0) ,
I (0,1) /I (0,0)>1 were found to be significantly larger than fo
the clean surface whereI (0,1) /I (0,0)<1/35. No new diffrac-
tion peaks are seen along this azimuth. Along the@11̄0#
direction ~A! a more complicated scenario is observed.
addition to the small diffraction peaks located at the~1,0!
and ~21,0! positions of the clean Cu~110! substrate atDki

562.46 Å21, intense diffraction peaks labeledDeff are de-
tected atDki560.38 Å21 and a new peak labeled~1,0! Xe
is seen atDki562.84 Å21. The positions and intensities o

d

FIG. 2. He-atom diffraction scans of the well-defined, high
ordered commensurate Xec(2632) structure recorded along th

two high-symmetry directions@11̄0# ~A! and@001# ~B! of the cop-
per fcc ~110! surface at an incident He energy of 10.8 meV and
sample temperature of 50 K. Small peaks at the~61,0! Cu position
imply that the Xe overlayer has only a small corrugation amplitu

equal to the substrate corrugation in@11̄0# direction. In the@001#
direction Xe diffraction peaks fit perfectly to the underlying su
strate structure.
3-2
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DETERMINATION OF THE LATERAL Xe-Xe . . . PHYSICAL REVIEW B 68, 075403 ~2003!
these peaks are directly related to the HOC adlayer struc
as explained in the sketch of the real andk-phase scheme
plotted in Fig. 3. Whereas in the@001# direction the adlayer
is in perfect registry with every second row of the Cu su

strate, along the@11̄0# direction the Xe atoms form a high
order commensurate structure with the unit cell size amo
ing to 26 times the Cu-Cu distance@see the solid rectangle i
the top view of the sketch shown in Fig. 3~A!#. The resulting
quasihexagonal Xe structure@solid parallelogram in Fig.
3~A!# is slightly compressed with respect to an ideal float
two-dimensional~2D! Xe overlayer. Perpendicular to the C
troughs the Xe-Xe distance is reduced fromaXe

54.36– 4.40 Å for the ideal layer tobXe54.23 Å ~Ref. 3!.
Parallel to the copper rows the equilibrium Xe-Xe distance
slightly relaxed toaXe54.42 Å, corresponding to a positio
of the ~1,0! Xe peak in the He diffraction scan at 2.84 Å21

@compare Fig. 3~B!#. The small long-range corrugation re
sulting from the misfit between the Xe HOC layer and t
substrate is shown in the side view~solid line! of Fig. 3~A!.
The large periodicity of this modulation,Deff516.58 Å,
gives rise to the diffraction peak labeledDeff in the He dif-
fraction pattern. For the schematic model depicted in F
3~A! we assume an on-top adsorption site of the Xe atom
accordance with recent experimental results from low-ene
electron diffraction studies of Xe on Cu~111! and Kr on
Cu~110! ~Refs. 15 and 16!.

FIG. 3. ~A! Schematic model of the HOCc(2632) Xe over-
layer on Cu~110!. In the top view the first and second substra
layers~gray and dark gray! are shown together with the Xe adlaye
The HOC Xe adlayer unit cell and the primitive cell of the qua
hexagonal lattice~solid rectangle and parallelogram! are also
shown. The lower sketch of the side view~first and second rows o
the HOC structure are marked as small white and black balls! illus-
trates the small modulation of the corrugation profile introduced
the Xe overlayer. The periodicityDeff of this pattern causes shar
diffraction peaks in the He-atom angular distributions.~B! Image of
the reciprocal unit cell of the copper substrate and the quasihex
nal Xe adlayer~see also the He diffraction pattern in Fig. 2!. ~C!
Related Brillouin-zone scheme and high-symmetry directions of
Xe adlayer and Cu~110! substrate structure.
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B. Phonon dispersion: Xe on Cu„110…†11̄0‡

Figure 4 shows a series of typical TOF spectra recor
for the c(2632) Xe overlayer along the@11̄0# direction
(ḠX̄CuiḠK̄Xe) for different incident energiesEi and angles of
incidenceQ i . The TOF spectra have been converted from
flight time scale to an energy-transfer scale. Besides the
fuse elastically scattered signal (DE50), the spectrum is
dominated by intense peaks located at62.63 and25.25
meV on the energy-gain and -loss sides, respectively. Th
peaks are assigned to the excitation of collective Einste
like vibrations of the Xe atoms polarized normal to the s
faceS1 and the corresponding first overtoneS2 ~Ref. 17!. In
addition to these strong peaks, a weak but distinct fea
labeledL can be identified. This feature is located at smal
frequencies than the transverse modeS1 and reveals a strong
variation of the energy with angle of incidence. In analogy
the findings reported for the dynamics of Xe monolayers
the copper~001! and ~111! surfaces, we assign this mode
the longitudinally polarized adlayer vibration.2,3 The weak
feature markedR is assigned to the substrate Rayleigh wa
phonon. The weak feature aboutDE54.3 meV ~labeledX!
present in some spectra@Figs. 4~A! and 4~C!# is reminiscent
of the feature that was also observed in HAS from t

y

o-

e

FIG. 4. Series of He-atom energy-loss spectra recorded for
c(2632) Xe overlayer on Cu~110! along theGX direction at a
sample temperature of 35 K. The lower curves show the raw~dots!
and smoothed~solid line! data, respectively. The experimental da
~single points! were smoothed using the Savitzky-Golay algorith
assuming a theoretical resolution corresponding to 90% of the e
tic peak FWHM~at DE50). The curves shown in the upper par
compare the smoothed spectra~here: dots! with curves~solid lines!
obtained from a fit with Gaussian profiles~nonlinear Levenberg-
Marquardt routine with Lorentzian minimization!.
3-3
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BOAS, KUNAT, BURGHAUS, GUMHALTER, AND WÖLL PHYSICAL REVIEW B 68, 075403 ~2003!
Xe~111! surface18 and assigned to a two-phonon event
volving two Rayleigh phonons with wave vectors corr
sponding to opposite edges of the first Brillouin zone.2,19,20

In the present He-Xe/Cu~110! scattering system theL mode
may play the role which the low-energy Rayleigh wave pla
in HAS from the Xe~111! surface. However, in view of very
low L-mode excitation probabilities already for the wa
vectors in the first half of the surface Brillouin zone@which
is not the case in the He-Xe~111! system#, this assignment
seems less likely than the one involving localized mod
associated with defects present on the Xe surface~cf. discus-
sion in Sec. VI of Ref. 2!. For theL andS modes a precise
determination of the peak positions has been carried out
fitting procedure using Gaussian line profiles~nonlinear
Levenberg-Marquardt routine with Lorentzian minimiz
tion!. The results of the fitting procedure are shown as so
lines in the upper part of the spectra shown in Figs. 4~A!–
4~C!. Only peaks with intensities clearly above the no
level were considered, and a Gaussian-shaped backgr
was added for higher He atom incident energies.9,21The faint
features enclosed in parentheses are located at the po
expected for Rayleigh- andL-mode phonons, but were not—
because of their small intensities—included in the fitting p
cedure. Most of theL-mode events are detected at He-ato
incident energies below 18.6 meV in the single-phonon
citation regime where the multiphonon background, com
cating the identification of the single-phonon peaks, is s
nificantly reduced in intensity. A transition to th
multiphonon regime can be seen as a rising backgroun
the spectrum at the bottom of Fig. 4~Refs. 20 and 22!. Fig-
ure 5 shows a compilation of phonon peak positions
tracted from a large number of TOF measurements~;500!,
recorded at various He-atom incident energies and incid
angles. In order to aid the analysis, all points are plotted
reduced zone diagram~Fig. 5!, where energy and momentum

FIG. 5. Phonon dispersion plot of the Xe monolayer in
reduced-zone scheme for theGX direction. The dash-dotted line
marks the Rayleigh wave~Ref. 6!, whereas the solid line is the
calculatedL-mode dispersion curve taken from Ref. 23. The dot
line corresponds to the dispersive curve of a Xe adlayer with
radial force constant relaxed to 30% of the Xe bulk value and
assumed to be of sinusoidal shape.
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transfer are folded back into the first Brillouin zone. The C
substrate Rayleigh wave~dash-dotted line! can be easily
identified as well as the nearly dispersionless Einstein-likeS1
mode with its second harmonicS2 located at 2.63 and 5.25
meV, respectively. The avoided crossing of theS1 and Ray-
leigh modes at aboutQ50.2 Å21 could not be resolved. In
contrast to previous results,7 a new highly dispersive phono
branch labeledL is seen~dotted line!. The intensity of this
mode is found to strongly decrease with transferred w
vector so that data points could only be obtained for the fi
half of the copper surface Brillouin zone. As emphasized
the dotted line, along this direction theL mode shows no or
only a very small zone center gap: i.e., the curve tends to
origin of the dispersion plot (E50 meV, Q50 Å21). From
the data we obtain an upper limit for a possible phonon g
of 0.2 meV.

C. Phonon dispersion: Xe on Cu„110…†001‡

In Fig. 6 a typical series of spectra recorded for the
HOC monolayer along the other high-symmetry azimuth
the Cu surface, the@001# direction (ḠȲCu5ḠM̄Xe), is
shown. Similar to the spectra along the@11̄0# azimuth, a
weak but distinct peak labeledL can be identified besides th
dominant peaks of the transverse modeS1 at 62.63 meV
~and its second harmonicS2 at 25.25 meV!. The L mode

d
e
s

FIG. 6. Series of He-atom energy-loss spectra recorded for
c(2632) Xe overlayer on Cu~110! along theGY direction at a
sample temperature of 35 K using different kinematical conditio
Similar to Fig. 4 the lower curves show the raw~dots! and
smoothed~solid! data. The upper curves show solid lines obtain
using a fitting procedure assuming Gaussian line shapes on to
points corresponding to the smoothed raw data.
3-4
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DETERMINATION OF THE LATERAL Xe-Xe . . . PHYSICAL REVIEW B 68, 075403 ~2003!
appears at smaller energies than the more intenseS1 mode,
and the precise energy varies strongly with the angle of
cidence: i.e., theL mode exhibits significant dispersion. I
analogy to the situation for Xe on Cu~111! ~Ref. 2! and Xe
on Cu~100! ~Ref. 3! we assign this mode to the longitud
nally polarized Xe vibration. Most of the observed weak fe
tures~labeledR enclosed in parentheses! which energetically
coincide with the substrate Rayleigh phonon dispers
curve are too weak to be explicitly included in the pe
analysis.

In Fig. 7 the results extracted from a total of 350 TO
spectra are plotted in a reduced-zone scheme. A detaile
vestigation reveals a rather similar situation to that for

@11̄0# high-symmetry azimuth discussed above, except
only few peaks which could be assigned to the subst
Rayleigh wave were detected. The most significant diff
ence is the fact that forQ50 the L mode extrapolates to
nonzero value,vL(0)50.5560.15 meV. A zone-center pho
non gap of similar size, 0.4 meV, was observed previou
for a commensurate ()3))R30° monolayers of Xe on
Cu~111! ~Ref. 2!. Here it is also related to the fact that alon
this direction the Xe overlayer is commensurate with a rat
small unit cell~see below!.

D. Adsorption of CO on the XeÕCu surface

In the present work we observe that the He-atom ene
loss peaks assigned to theL mode exhibit an intensity which
is significantly smaller than that of theSmode, in agreemen
with previous work related to Xe monolayers adsorbed
other two low-indexed Cu surfaces.2,3 Such a small excita-
tion probability is also in accordance with theoretical resu
for the excitation probability of differently polarized adso
bate vibrational modes19,22and can be related to the fact th
this mode exhibits a longitudinal polarization which coup
to the He atoms much weaker than the transversely~normal
to the surface! polarizedSmode.19,22The present results are

FIG. 7. Phonon dispersion plot of the Xe monolayer in
reduced-zone scheme for theGY direction. The dash-dotted line
corresponds to the Rayleigh-wave surface phonon~Ref. 6! of the
clean copper substrate. The dashed line is intended to serve
guide to the eye and indicates the dispersion of theL mode.
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however, inconsistent with the previous reports on the ob
vation of theL mode in this Xe monolayer, where rathe
intense peaks~excitation probability comparable to theS2
mode! were reported.7

In order to resolve the discrepancy between our meas
ments and the results reported by Ramseyeret al.23 and
Zeppenfeldet al.,7,14 we made several attempts to reprodu
the pronounced peak at 3.75 meV seen in their TOF spe
by recording the data under identical kinematical conditio
~i.e.,Q i536.0°,Ei518.8 meV). Prior to recording He-atom
energy-loss spectra, an angular distribution was record
which is shown in the inset of Fig. 8 and which demonstra
the presence of a high-qualityc(2632) HOC phase. An an-
gular distribution recorded after measuring the energy-l
spectrum~not shown! was practically identical. In Fig. 8 we
compare a He-atom energy-loss spectrum recorded a
angle of incidence of 36°~curve A! to the corresponding
spectrum reported by Zeppenfeldet al.7 ~curveB!. The posi-
tions and intensities of the peaks at62.5 and65.1 meV,
single and double annihilations, and excitations of the tra
verse S mode are in good agreement with the previo
results.7 However, the important mode at 3.75 meV seen
Zeppenfeldet al.7 is missing in our data. We have recorde
He-atom energy-loss spectra also at a number of diffe
angles of incidence and also for Xe adlayers with differe
~lower density! structures, but in no case were we able
observe the feature at around 3.75 meV. In order to reso
this surprising inconsistency we have investigated the in
ence of coadsorbed CO on the structural and dynam
properties of thec(2632) phase. To this end we have e
posed a clean, perfect Xec(2632) adlayer to CO at a sur
face temperature ofTS550 K by backfilling the chamber to
a pressure of 531028 mbar for different amounts of time
As can be seen in the inset~B! of Fig. 9, the influence of the
coadsorbed CO molecules on the lateral structure is ra
weak, and the angular distribution recorded after exposu
of 1.2 L (1 L5131026 mbar s) is virtually identical to tha
for the perfectc(2632) overlayer. In Fig. 9 a TOF spectrum
of the clean Xe surface is compared with spectra recor

s a

FIG. 8. ~A! He-atom energy-loss spectrum recorded for t
c(2632) Xe overlayer on Cu~110! at a sample temperature of 35
for an angle of incidence of 36° and at He-atom incident energy
Ei518.2 meV. The inset shows a He-atom angular distribution
corded before the TOF measurements.~B! He-atom energy-loss
spectrum taken from Zeppenfeldet al. ~Ref. 7!. The peak at;3.7
meV ~arrow! is absent in the new data.
3-5
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BOAS, KUNAT, BURGHAUS, GUMHALTER, AND WÖLL PHYSICAL REVIEW B 68, 075403 ~2003!
after CO exposures of 1.2 and 4.8 L. As can be seen in
spectra~B! and ~C!, the adsorption of CO leads to the fo
mation of a new energy-loss peak located atDE53.7 meV
~labeled FTCO). This energy is identical to that seen after C
adsorption on the clean Cu~110! surface24 and, in accordance
with previous work,24 we assign this mode to the CO fru
trated translation parallel to the Cu~110! surface.

IV. DISCUSSION

The structural properties reported here for the most sta
of the Xe overlayers on Cu~110! in the monolayer and sub
monolayer regime, thec(2632) phase, are in excellen
agreement with the previously reported results
Zeppenfeldet al.14 and Ramseyeret al.23 In contrast to the
previous work, however, the present results for the dyna
cal properties demonstrate that the Xec(2632) overlayer on
Cu~110! exhibits a dispersive adsorbate vibrational mode
energies below theS1 mode which shows significant dispe
sion. The situation is thus similar to the case of the other
low-indexed Cu surfaces, the ()3))R30° Xe monolayer
on Cu~111! and the hexagonal incommensurate Xe adla
on Cu~100! ~Refs. 2 and 3!. Similar to the other two surfaces
this longitudinal vibration exhibits a rather small excitatio
probability in inelastic He-atom scattering. As has been d
cussed in connection with a detailed theoretical analysis,
fact can be related to the longitudinal character of this mo
which leads to a much weaker coupling than in the case

FIG. 9. Series of TOF spectra recorded at a He-atom incid
energy ofEi518.8 meV and an incident angle ofQ i536.0° ~simi-
lar to the spectrum shown in Ref. 23! for a contamination-free Xe
surface~A! and after coadsorption of 1.2 L~B! and 4.8 L~C! CO at
a sample temperature of 50 K. The arrow marks the loss peak
lated to the excitation of the frustrated CO vibration parallel to
surface. Inset: influence of the CO adsorption on the Xe H
diffraction scans.
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the transversely~normal to the surface! polarized S1
mode.19,22

Before proceeding with the discussion of theL mode, we
briefly note that the present findings are inconsistent with
previous report on the dynamical properties of this surfa
by Zeppenfeldet al.7 and Ramseyeret al.23 In these works a
peak was seen in the experimental He-atom TOF spe
which carried about the same intensity as theS2 mode. Such
a large excitation probability is inconsistent with the long
tudinal character of this mode.19,22In an attempt to reproduce
the earlier data we recorded TOF spectra under the s
kinematical conditions as were used in the previous exp
ments. These results, which have been published in a pr
ous Comment25 and which are compiled in Fig. 8, demon
strate that we are able to reproduce all features of
spectrum~including theS1 andS2 modes! except the mode
at 3.75 meV. Under the conditions of this spectrum the
tensity of theL mode should be at least about one order
magnitude weaker than that of theS1 mode: e.g., with the
signal-to-noise ratio in spectrumB in Fig. 8 the L mode
would be hardly visible. Since we observe an intense m
at 3.7 meV after coadsorption of CO, we assign the pre
ously observed mode at 3.75 meV to a CO-induced vibrat
~see above and Ref. 25!.

As for the Xe monolayers on Cu~111! and Cu~100!, theL
mode is significantly softer than expected from the Xe-
gas-phase potential. Although a full lattice dynamical ana
sis has not been carried out for the present case, a com
son of theL mode~see Fig. 10! dispersion for the Cu~110!
surface with that seen for Cu~111! and Cu~100! indicates that
also in the present case the force constant that couples
adjacent Xe atoms is reduced to about 30% of the pre
HFD-B2 gas-phase potential, which yields force-consta
coupling nearest-neighbor Xe atoms ofbR

HFD

5(]2/]2r )V(r )51.67 N m21 ~Ref. 26!.
One possible origin of the significant decrease of the

dial Xe-Xe force constant is an exchange-induced sidew
displacement of the surface electron charge upon Xe ph
isorption, as discussed in Ref. 27. An investigation of t
L-mode dispersion curves for the Cu~110! surface is of spe-

nt

e-
e

FIG. 10. Comparison of the experimentalL-mode dispersion
~solid triangles! for the Cu~110! surface with the corresponding re
sults for other low-index Cu surfaces, Cu~111! with a commensu-
rate Xe overlayer~squares!, and Cu~100! with an incommensurate
Xe adlayer adsorbed~rhombs!. The solid and dashed line are dis
persion curves fitted to the phonon peak positions related to
Xe/Cu~111! and Xe/Cu~100! systems~Refs. 3 and 35!.
3-6
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DETERMINATION OF THE LATERAL Xe-Xe . . . PHYSICAL REVIEW B 68, 075403 ~2003!
cial interest since this surface exhibits a twofold symme
only. Along the@11̄0# direction, the Xe adlayer structure
high-order commensurate, and as a result, theL-mode energy
at the Ḡ point ~so-called zone-center phonon gap! is very
small. In the@001# direction, on the other hand, the unit ce
is much smaller and a phonon gap is expected for thL
mode, in analogy to the results presented previously for
()3))R30° Xe overlayer on Cu~111!. Indeed, the experi-
mental data reveal a gap at theḠ point of 0.5560.15 meV.
As has been shown previously,28 this energy can be used t
estimate the corrugation of the Xe-Cu potential energy s
faceV(r ). Reduced to the@001# direction only,

V~y!5EB~e22a~z2z0!22e2a~z2z0!!

1U0y@12cos~kyy!#e2a~z2z0!, ~1!

whereEB denotes the total Xe-Cu binding energy,U0y the
activation barrier for diffusion, andky the reciprocal lattice
vector. The parametera can be calculated from theS-mode
energyvS5ES /\ and the particle massM according to

a5@MvS
2/~2EB!#21/2, ~2!

and U0y can be estimated from the zone-center gap ene
vL(0)5EL(0)/\ via

U0y5MvL~0!2/ky
2. ~3!

Using the experimental value ofvL(0)50.5560.15 meV,
we obtain a total corrugation ofU0y53.160.8 meV. Note
that this experimental value is considerably smaller~about
80%! than the theoretical result given by Dienwiebelet al.,
which was obtained by a summation over pairwise Lenna
Jones potentials.29

The observation of theL mode along both high-symmetr
directions is also relevant for an independent assignmen
the modes. The assignment of theL mode to the longitudina
mode in the Xe overlayer for Cu~111! and Cu~100! has re-
cently been challenged by Bruch,4 who noted that the experi
mental energies coincide with that of the shear-horizon
mode~SH mode! of the Xe adlayer. Whereas for Cu~100! the
situation is complicated by the fact that the Xe domains
rotated relative to the substrate by 30%~Ref. 30!, for the
()3))R30° structure of Xe on Cu~111! a coupling of the
He atoms to the SH mode can be excluded on the bas
,

o

C

hy
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symmetry selection rules. In the present case of thec(26
32) overlayer of Xe on Cu~110!, the longitudinal and shear
horizontal modes can be uniquely distinguished by their
ergy at theḠ point. Along the@11̄0# direction the longitu-
dinal mode should exhibit no or only a very small zon
center gap, whereas the SH mode is expected to show a fi
value. Along the@001# direction the situation is reversed. I
fact, at theḠ point the SH mode along@11̄0# and the lon-
gitudinal mode along@001# are identical, as well as the SH
mode along@001# and the longitudinal mode along@11̄0#.
The fact that we observe a small but finite zone-center p
non gap for theL mode along the@001# direction thus unam-
biguously supports our assignment of the weak, dispers
mode to the longitudinal mode in the Xe adlayer.

V. SUMMARY

Spectra recorded for the Xe monolayer at low incident
energies allow us to extract information on the longitudin
Xe phonon dispersion curve. In the present high-resolut
He-atom energy-loss study we have clearly observed
highly dispersive vibrational mode with energies below t
first excitation energy of the transverse Einstein-like
monolayer vibration in both high-symmetry directions of t
Cu~110! substrate. Along the@001# direction the experimen-
tal data reveal an energy gap at theḠ point of 0.55
60.15 meV, which allows us to unambiguously assign t
mode to the longitudinalL mode.31,32The L mode of the Xe
monolayer on Cu~110! is significantly softer than expecte
from the Xe-Xe gas-phase potential. The good agreem
with the L-mode dispersion seen for Xe monolayers
Cu~111! and Cu~100! ~Refs. 2 and 3! indicates that in the
present case, in contrast to the previous results reported
the Xe/Cu~110! system, the force constant between adjac
monolayer Xe atoms is reduced to about 30% of the g
phase potential, which yields a force constant ofbR

HFD

5(]2/]2r )V(r )51.67 N m21 ~Ref. 26!. On the basis of the
present results we can rule out that the mode at 3.75 m
observed by Ramseyeret al.23 and Zeppenfeldet al.6,7 is an
intrinsic feature of the Xe monolayer. A likely explanation
the presence of a coadsorbed species, as we could sho
coadsorption of CO on the high-ordered commensur
c(2632) Xe surface.
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