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Observation of a Zone-Center Gap in the Longitudinal Mode
of an Adsorbate Overlayer: Xenon on Cu(111)
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Using inelastic scattering of thermal energy He atoms we have determined the phonon dispersion
curves in commensurate/3 X +/3)R30° Xe monolayers adsorbed on Cu(111). In addition to the well
known transverse acoustic mode the dispersion curve of the longitudinally polarized phonon branch
could be measured. Since this is the first case where a finite zone-center phonon gaf.4 here
0.15 meV) has been seen for@resolved phonon branch, a normal mode analysis and theoretical calcu-
lations on the phonon excitation probabilities have been carried out to confirm the assignment. From the
gap magnitude important information on the corrugation of the Xe-atom—substrate potential is derived.
[S0031-9007(97)04932-6]

PACS numbers: 68.35.Ja, 63.22.+m

Recently the properties of monolayers of noble gago (2) one may expect the force-constant coupling of the ad-
atoms, in particular Xe, adsorbed on solid substrates haverbed Xe atoms to be very similar to that predicted from
attracted interest in connection with fundamental experiaccurate gas-phase potentials [6] or from the analysis of
ments on the microscopic origin of friction carried out by bulk phonon data [7], but recent work has revealed a huge,
Krim and co-workers [1]. Up to now, however, no con- unexpected softening for the Xe-Xe interaction in adlayers
sensus has been achieved concerning the proper theoreticiimonatomic thickness [8].
modeling of these layers. Two recent attempts to theoreti- The experiments to be described here were performed in
cally analyze the results of the friction experiments [1]a HAS apparatus with a fixed angle between the incoming
using molecular dynamics have obtained rather differenand outgoing beam of 90°%base pressur@x 10~ '! torr)
results [2,3]. These discrepancies may in part be due to urdescribed in detail elsewhere [9]. The structural properties
certainties concerning the proper model potentials descrilsf the Xe monolayer [10] were characterized by He-atom
ing the corrugation of the metal substrate as seen by the Xdiffraction. The width of the adlayer-induce§i and %
atoms. These uncertainties result from the lack of directiiffraction peaks in the scan along tfi¢10] direction
experimental information on the potential energy surface
governing the lateral motion of Xe atoms on the substrate.
So far it has only been possible to extract indirect infor-
mation from, e.g., detailed analyses of thermodynamical ~
properties and thermal desorption spectroscopy [4]. |

In the present Letter we will describe the outcome of |
experiments where high resolution scattering of thermal l
energy He atoms (HAS) has been successfully used to de-
termine the dispersion of the longitudinal phonon in the
commensuraté/3 X +/3)R30° Xe overlayer on Cu(111).

A detailed analysis of this mode provides two important
pieces of information: (1) At the zone center of the sur-
face Brillouin zone [cf. Fig. 1(a)] this mode corresponds
to a lateral displacement of the whole Xe layer, and the
corresponding frequency thus directly measures the cur-
vature of the potential energy surface describing the in-
teraction of the individual Xe atoms with the substrate.
(2) From the slope of the longitudinal phonon dispersion AK, [A"] b)
curve (or the velocity of sound) the force-constant cou-

pling between adjacent Xe atoms can bg pbtained. As tEare Cu(111) surface (dashed line) and & X 3)R30°
(1) aQ-resolved phonon branch with a finite zone-centelgyciure (solid line). The inset shows a hard sphere model

phonon gap has not yet be_en seen_expe.rimentallly, although the (/3 x +/3)R30° Xe/Cu(11l) surface. (b) Angular
in previous neutron scattering studies this quantity has beedistribution of the (v/3 X +/3)R30° structure recorded along
extracted from the total density of states [5]. With regardthe[110] direction.

Normalized Intensity

IG. 1. (a) Diagram of the surface Brillouin zones of the
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[Fig. 1(b)] reveals the presence of a well-ordered Xe overearrying out a lattice-dynamical calculation (for details on
layer with (+/3 X +/3)R30° structure [Fig. 1(a)]. the computational approach see Ref. [15]). The interac-
Figure 2 shows a series of time-of-flight (TOF) spectration between nearest-neighbor Cu atoms was accounted
recorded for the same adlayer along fhé2] direction.  for by a single radial force constap" = 28.0 N/m as
The spectra are dominated by a peak at 2.6 meV (labelesbtained from a fit of the bulk phonon dispersion curves
“FT;") exhibiting only very little variation with incident [16]. The coupling of Xe atoms (which were placed in
angle. This feature can be assigned to a Xe vibratiomn-top sites) to nearest Cu substrate atoms was described
with a polarization vector normal to the surface, whichby a radial force constar8x® and a tangential force con-
has been seen previously for several noble gas atomsant 87°, which were treated as parameters, as well as
adsorbed on a number of other metal surfaces [11,12}he radial force constariz~° coupling nearest-neighbor
We note that the measured frequency is similar to thake atoms. The results of the calculations are shown in
of Xe adsorbed on Cu(100)ik; = 2.7 meV [8]) and  Fig. 3. The agreement with the experimental data is very
Cu(110) wz = 2.5 meV [13]). In addition to this strong  satisfying, and the calculations thus are consistent with an
peak, the spectra shown in Fig. 2 reveal the presence ofasignment of thé. mode to the longitudinally polarized
weak feature (labeledZ”), the energy of which is found phonon in the Xe adlayer.
to strongly disperse with angle of inciden€g (denoted A rather disturbing consequence of this assignment,
in Fig. 2). Inspection of Fig. 3, where the experimentalhowever, is the fact that the radial Xe-Xe force constant
data are shown together with the results of the latticeresulting from this fitting proceduregx <~° = 0.5 N/m,
dynamical analysis, which will be discussed later, revealss significantly smaller than the value predicted from the

that this mode is located significantly below the lower bulkhighly precise HFD-B2 gas-phase potential [6], hamely,
band edge of Cu [14] (dotted line in Fig. 3) and must pHFD _ (.,aTZV(r) — 167 Nm-!.

. . . R
therefore be due to a Xe-induced mode. The intensity of "Thig large discrepancy, which has recently also been

this mode was found to strongly decrease with transferred,carved for Xe monolayers on Cu(100) [8], is rather
wave vector so that dqta points could be obtained only fo’éurprising considering that previously the gas phase po-
the first third of 'Fhe Brllloum zone. . tentials were believed to provide a good approximation

In order to aid the assignment of this mode the dy-or gescribing the Xe-Xe atoms on the surface of a metal

namical properties of a Cu(111) surface cove_red bY @ke Cu [4]. In a recent comment on the X@u(111) re-
(v/3 X /3)R30° monolayer of Xe were determined by gits Bruch has suggested a different assignment of the

L mode, namely, to a mode of shear horizontal charac-
ter [17]. In the present case, however, the measurements

12 Tg=60K ‘ 0=44° were recorded along a high symmetry direction with a
9 [E=9.9meV i T mirror plane [inset of Fig. 1(a), dash-dotted line], in con-
6| : trast to the measurements for Xe on Cu(100). The pres-

ence of a symmetry plane results in a strict partitioning
31 into two orthogonal classes of vibrational modes [18]: the
0 X%
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i e P | P \aggmng , FIG. 3. Experimentally determined and calculated phonon
4 3 2 A 0 1 2 3 4 dispersion curves along thgl12] azimuth for 1 ML Xe&
Cu(111). Besides the best fit achieved for the longitudinal
mode of the Xe layer (solid line) also the longitudinal
FIG. 2. Series of measured (open circles) and calculated (soligolarized mode calculated using the force constants derived
lines) TOF spectra of 1 monolayer (ML) X€u(111) along from the gas-phase Xe-Xe pair potential (dash-dotted line)
the [112] direction. The peaks corresponding to the observedtnd the projected bulk-phonon edge of the copper substrate
longitudinal mode of the monolayer are denoted byand  (dotted CIlne) are shown.X The fitted force, constants (see text)
marked by an arrow. The vertically polarized mode of thewere Br" =28 N/m, Bz =3.7N/m, B; = = 0.5 N/m,
monolayer is denoted b¥T;. and B87° = 0.086 N/m.
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first class is polarized in the sagittal plane (formed by thdrom surface phonons on clean metal surfaces, this method
phonon wave vector and the surface normal), and the sebas so far not been applied to scattering from vibrations
ond class consists of purely shear horizontal modes witin adlayers. In the following we will briefly describe the
odd symmetry as regards a reflection at the mirror planeresults of calculations using a novel approach [21] which
Since the He atoms cannot couple to such odd modes [19as already proved successful in reproducing multiphonon
an assignment to the transversely polarized phonon modexcitation probabilities for Xe monolayers on Cu(100) and
can unambiguously be ruled out. Cu(111) substrates [22,23]. A detailed description of the
Considering the above-mentioned controversy on thealculations will be presented in a forthcoming paper [24].
mode assignment it seems worthwhile, however, not only The probability density that a transfer of enerdy¥
to exclude the assignment of tliemode as a transversely and lateral momenturAK occurs upon collision of a
polarized phonon but to corroborate its assignment to @rojectile (here the He atom) with a solid substrate is given
longitudinal adsorbate phonon by accurately computing thby the energy and lateral momentum resolved scattering
phonon excitation probabilities. Despite the success ispectrumV(AE, AK) [25]. Inthe regime of HAS itis very
the pioneering work of Bortolaret al. [20] in describing  well approximated by the so-called exponentiated distorted
the excitation probabilities in the scattering of He atorPSNave Born approximation (EBA) expression [21,23]:

“drd’R _ ,
NEBAAE,AK) = j, Cni? W/ MIABT=RAKR] ey DWEBAR, 7) — 2WEBA(0,0)], (1)

with the scattering function

K;.Q.j = —i(wg,;7—Q-" K;.Q.j = i(wg,;7—Q-"
WEBAR, 7) = Y [ Vg (1) [i(hwg,) + 1] @em=Q@R o [V (25544 )eil@a—0R] - (9)
Q’j’kf

Here i(wq,;) is the Bose-Einstein distribution at teml- agreement of the relative excitation probabilities for the
peraturel; and the symbolﬁVf};?”(ﬂP denote the one transverse and longitudinal phonon gives additional credi-

phonon emissiori+) and absdrptiorﬁ—) probabilities of bility to the experimental assignm_ent of the e_xperimentally
inelastic He atom-surface scattering [21]. Their explicitobservedZ mode to the longitudinally polarized phonon
form depends on the choice of the total He atom-—xedranch.
overlayer interaction. As mentioned in the introduction one feature of this

Previous calculations of the multiphonon spectra for thdongitudinal mode is of particular interest, namely, the
same collision system at higher incident energies and thegone-center gap. The analysis of our data yields a value of
comparison with experiment have indicated that the totaf-4 * 0.15 meV. In the previous measurements of a Xe
potential describing the He-Xe adlayer interaction is nofmonolayer adsorbed on Cu(100) the zone-center phonon
obtainable from a straightforward pairwise summation ofd@p was found to be zero (within experimental error). This
the gas-phase potentials. It has been found necessary f@sult was expected, since in an incommensurate structure
renormalize the position of its minimum and the softnesghe overlayer is translationally invariant with respect to
Of the repulsive part (“meta”ization” Of the Overlayer) Iateral dISplacementS, the |Ong|tud|na| vibration ceases to
so as to produce the correct ratio of the intensities ofXist at the zone boundary, and a new phonon mode
multiply excited FT, modes [23]. The static part of this (‘Goldstone mode”) with zero frequency at the zone center
renormalized potential was modeled by the Morse potentiggmerges [27].
with the parameters: well depth = 4.5 meV, position of The energy of the zone-center phonon gap of 0.4 meV
the minimum relative to the Xe atom centegs= 4.84 A, seen here can be directly used to estimate the corrugation
and the range/ = 1.8 A. From this the dynamic part ofthe_Xg-substrate pot.ential. For this purpose the potentir_sll
of the potential was obtained following the proceduredeSC”b_'ng the interaction between Xe atom and surface is
outlined in Ref. [26] withQ, = 0.57 A~ approximated by [28]

bUgingdt?e disp;]erslion. relaé[ions (c_mdI polalrizgtioc? VeQLOVSV(r) — Eglexp 224G — gxp @G —2)]
obtained from the lattice dynamical analysis describe _al(z—
above we have calculated tr):e scattering fﬁnction (2) and + Ugl2 — coskx) — codky)lexp ), (3)
thereby the scattering spectrum for the collision condiwith Ep the Xe-Cu(111) binding energ®U, the ap-
tions typical of the TOF spectra described above. Figure proximate activation barrier for diffusion [28], arld=
shows comparisons of the experimental and theoretical r&w/a. The parametetr can be obtained from th&T;
sults for three different angles of incidence. As expectenergy via [28]a = [Mw3/(2E)]~"/2, and U, can be
the longitudinal mode, although exhibiting also partialestimated from the zone-center phonon gap energ¥))
(weak) vertical polarization in this range @ values, via Uy = Mw;(0)*>/k?, yielding a total corrugation of
couples significantly weaker to the He atoms. The goo@U, = 1.9 meV.

127



VOLUME 80, NUMBER 1 PHYSICAL REVIEW LETTERS 5 ANuARY 1998

This corrugation is twice as large as that used by Cieplak[7] M. T. Dove, Introduction to Lattice DynamicéCambridge
et al.[2] in their molecular dynamics simulation of the University Press, Cambridge, 1993).
friction in Xe adlayers on Ag(111). Since no dramatic [8] A.P. Graham, M.F. Bertino, F. Hofmann, J. P. Toennies,
differences are expected between Cu(111) and Ag(111) and Ch. WGll, J. Chem. Phy$06, 6194 (1997).
(He-atom diffraction intensities do not indicate a signifi- (9 B-J. Hinch, A. Lock, H.H. Madden, J.P. Toennies, and
cant difference in noble gas atom-surface corrugation [29] G. Witte, Phys. Rev. Bi2, 1547 (1990). .
the present results suggest that the previous molecular di/l—o] The growth of Xe bilayers or multilayers was avoided

. . . L by adsorbing xenon with the sample temperature set to

namics (MD) §|mulat|ons [2] should be repeated with im- Ts = 70 K, 5 K above the bilayer desorption temperature
proved potentials. (65 K).
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[17]. The present results suggest that potentials us 5l (Rl'ggBZe)mdt’ A. Lock, and Ch. Woll, Surf. Scb76 213
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