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The phonon dispersion curves for monolayer Xe adsorbed dflOuwere measured along tHeX and
T'Y directions using inelastic He scattering. The dispersion along these two orthogonal high-symmetry direc-
tions is fundamentally different as a consequence of the substrate anisotropy. Coupled dynamics calculations
using a slab model are performed on the square low-order commens(Pate€?) structure and on th€6
X 2) high-order commensurate phase of the Xe monolayer, the latter being stable at low temperature. The
calculations allow a quantitative interpretation of the hybridization and avoided crossings between the longi-
tudinal and perpendicular monolayer branches and the Rayleigh mode@ﬁ'@ey can also account for the
unexpected behavior of the monolayer longitudinal mode alo¥igrevealing a different type of dynamical
coupling between this monolayer branch and the longitudinally polarized Rayleigh mode of the substrate. This
coupling is responsible for a polarization exchange by which both modes become susceptible to He scattering
detection[S0163-182817)03319-5

[. INTRODUCTION monolayer coupled, through a perpendicular force constant,
to a substrate which is approximated by an elastic
Valuable information on the dynamical properties of sur-continuum? This model is appropriate for monolayers phys-
faces is obtained from the investigation of the dispersion ofsorbed on very smooth substrates. The second case applies
surface phonons. Surface vibrations of a variety of metal$o low-order commensurate monolayers with a limited num-
and dielectrics have been experimentally stutint it was  ber of atoms per unit cell. Slalr Green's functio tech-
shown that the surface phonon dispersion is quite differenbiques are used to diagonalize the dynamical matrix and to
from what is expected from the mere truncation of the bulkdetermine the mode dispersion. However, as the size of the
solid. Detailed theoretical analySesf the dispersion curves unit cell increases, by taking into account several inequiva-
for clean surfaces have been performed using slab calculdent adsorption sites, the corresponding size of the dynamical
tions or the Green'’s function formalism. In many cases, thesenatrix increases significantly and the dispersion curves dis-
methods have proven to be successful in interpreting thelay a much more intricate behavior including the energy
main experimental features. One of the difficulties encoungaps of quasiacoustic and quasioptic branches, the avoided
tered in the calculation of the dynamical matrix is the modi-crossings and the splittings due to the degeneracy removed
fication of the force constant values between crystal atoms iby the non-commensurate overlayer.
the vicinity of the surface. Tractable potential calculations The Xe/Cy{110) system can be considered a model sys-
are, in general, not accurate enough to account for the atomtem for the richness of its structural phase diagram. Helium
and electronic redistribution in the surface region and tocatom scattering experimefitshow that high-order commen-
bring a reliable answer to this problem. As a way to worksurate(HOC) structures containing up to 38 Xe atoms per
around this problem, semiempirical parameters describingnit cell appear to be stable for temperatures below 75 K.
the influence of the surface on the atom bonds are often usethese HOC phases have ‘“centeredhx2) geometries
to quantify the changes of the surface force constants. ~ (n intege) indicating that the Xe atoms are aligned along the
If, in addition, a monolayer is adsorbed on the substratesmooth potential valleys alonpl10], i.e. parallel to the
the study of the dynamics of the whole system requires thelose packed Cu atomic rows. The much larger corrugation
knowledge of the monolayer-substrate interactions as well agf the holding potential along the perpendicul@01] direc-
the intralayer potentiaf$.Preliminary investigations of the tion forces the Xe overlayer into perfect registry. Increasing
equilibrium structure of the layer are necessary in order tdhe surface temperature up to 75 K leads to the sequential
conduct reasonable dynamical calculations. Most of the thesccurrence of HOC-HOC phase transitions which have been
oretical studies have been performed assuming the simplifieexaminated by He atom diffractichAt a low temperature,
scheme of either of two idealized situations. In the first casethe (26X 2) phase appears to be the most stable structure
an assumedly incommensurate monolayer is coupled to while the simple commensurat€2x2) can be considered
quasiplanar substrate through a single force constant; astae limiting structure at high temperatur€sThe two-
result the entire dynamics is reduced to that of a floatingdimensional(2D) unit cell of the (26X2) phase is repre-
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FIG. 1. Surface unit cells of the Xe monolayer on(C10): (26X 2) phasg@) andc(2 X 2) phasegb). In (c) the first Brillouin zone of the
Cu(110 substrate is shown together with the high-symmetry points. The reciprocal cell of2b€2) structure is indicated by the hatched
area. By symmetry, for the(2x 2) structureY=X andI'=S.

sented in Fig. (8). It contains 30 Xe atoms which are ar- and structural dat%® Different theoretical models are dis-
ranged in a quasihexagonal lattice, distorted by thecussed. The one that takes into account the anisotropic dis-
anisotropic Cu surface. The overlayer is in perfect registrytortion of the Xe monolayer in th26x 2) phase is shown to
with the substrate along tH@01] direction, while along the describe all the main experimental features. More specifi-
[110] direction, 15 Xe atoms cover 26 Cu lattice distancescally, the behavior of the monolayer vibrational modes can
The distance along the close packEﬂlO] direction is  be explained in terms of a strong hybridization with the sur-
axe=4.42 A and the distance between neighboring Xe atface Rayleigh mode of the substrate. In Sec. Il, we present
oms across the close packed Cu rowsdyjs=4.23 A. The the dispersion curves obtained from inelastic He-scattering
lattice parameter for the ideal floating Xe monolayer is Intel’—expenments Section Il provides the theoretical background
mediate, about 4.36 A. By contrast, thé2x 2) Xe phase and the results of the slab calculations. The comparison be-
contains one atom per unit cgfFig. 1(b)] and has a lower tween the experimental and calculated phonon dispersion is
density since the Xe interatomic spacings @g=5.10  presented in Sec. IV.
A and by,=4.42 A, respectively. Potential calculatiGns
based on semiempirical parameters can quite well reproduce
the sequence between the various HOC phases and they can
accurately account for the values of the isosteric heat of ad-
sorption for the Xe monolayer. The structure and phase transitions of Xe adsorbed on the
Inelastic helium atom scattering experiments are preCu(110) surface are described in detail elsewHetélere we
sented here for the most stable low temperat(@&x2)  report on the dynamics of the Xe monolayer in the most
phase and the dispersion curves are interpreted on the basigble structuré26x 2) phase. The energy and dispersion of
of the potentials already used to analyze the thermodynamithe Xe adlayer vibrational modes and the dynamical cou-

Il. EXPERIMENT
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FIG. 2. He energy loss spectra recorded from (@@x 2) HOC FIG. 3. He energy loss spectra recorded from @&x 2) HOC

Xe monolayer on C{110) along thel'X direction for different in-  Xe monolayer on C{1.10 along thel'Y direction for different in-

cident anglesd; . Incident He beam energl;=18.3; the spectra cident anglesd;. Incident He beam energy;=18.3; the spectra
were taken af <25 K. were taken aff <25 K.

pling to the underlying C{110) substrate were investigated SPectra at a different wave vector trans@marallel to the
by inelastic He scattering. surface. This is achieved by rotating the sample around its
The experimental setup is described in Ref. 11. For thdolar axis, changing both the incident and outgoing angle
present experiments a He beam with an enefgy 18.3 U¥; and¥; of the He beam with respect to the surface normal.
meV and an energy spread of about 0.2 meV was generategince the total scattering angle is fixed at 90°:
by expanding He from high pressure- (50 bay through a 9+ 9;=90°. Under these conditions, the conservation of
liquid nitrogen cooled nozzlé5 um diametey. The beam is  €nergy and parallel momentum can be used to relate the ob-
scattered from the sample and detected with of a quadrupoferved phonon energyw and the corresponding parallel
mass spectrometer. The angular divergence of the incomingomentum transfe@:
beam and the angle subtended by the detector are both
0.2°. For the present purpose an “in-plane” scattering ge-
ometry was used, in which the surface normal lies in the
same plane as the incoming and outgoing beams. We have
further limited ourselves to azimuthal orientations of thewherek;=\2mE/%. The above expression is referred to as
sample along either one of thgl10] and [001] high-  scan curveAt a particular angle of incidencé; only those
symmetry directions of the Qu10) surface. In order to de- phonons withQ and% w values defined through E{l) can
termine the energy transfer during the collision, a pseudorarbe observed experimentally.
dom time-of-flight analysis is performed on the scattered He The sample is a high-quality single crystal (CLO) sur-
atoms before they enter the detector. Knowing the length oface with a miscut angle<0.2°. It was cleanedn situ by
the flight path (=790 mm) the time-of-flight distribution is  repeated cycles of sputtering with Arions and heating to
readily converted into an energy spectrum. From the chara@bout 1000 K. The quality was routinely checked by He
teristic peaks in the energy spectrisee Figs. 2 and)3he  diffraction, which constitutes a sensitive measure for surface
single-phonon loss and gain features can be identified. Thedefects and impurities. The base pressure in the scattering
phonon dispersion curves are obtained by recording energshamber was in the low 10'* mbar range.

h(l):Ei 1 ’ (1)

Sin’l}i + Q/kl 2
cosy; a
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FIG. 4. Measured phonon dispersion cur¢esded into the first Brillouin zonﬂ)r the (26X 2) HOC Xe monolayer on Q.10 obtained
from He energy loss spectra as shown in Figs. 2 and 3 and usinglEda) I'X direction; (b) I'Y direction. Dashed lines: Caculated
dispersion curves using a simple two-dimensional model ignoring adlayer-substrate dynamical o@gwindgl A) (Ref. 19. The disper-
sion of the substrate Rayleigh wave is taken from Ref. 15.

The Xe monolayer was adsorbed by exposing the coldlongI’X andI'Y and the results are plotted in Figgagand
Cu(110 surface &50 K) to a Xe partial pressure or by 4(b), respectively. We have used a reduced zone scheme,
means of a doser positioned in front of the sample. The X&ased on the first Brillouin zone of the quasihexagonal Xe
coverage was controlled by monitoring the specularly re1attice[Q(E):O.98 AL Q(M)=1.422 AL Q(7)=0.87
flected He intensity. Once the monolayer coverage Wa%\—l]_lz As can be seen, there is no indication for any peri-

reached, the Xe gas was pumped off. Finally, the sample WSfdicity in the dispersion curves other than due to the quasi-

carefully annealed at arolund 55. K and cooled down to abo exagonal arrangement of the Xe atoms. Indeed, a significant
20 K where most of the inelastic He spectra were recorded. . L —-— .
hortening of the Brillouin zone along thEX direction

The so prepared Xe monolayer showed a diffraction patterry ; _ )
characteristic of thé26x2) phase shown in Fig. (&) %12 (backfolding would be expected if Umklapp processes in

Time-of-flight spectra were recorded along the two highthe He scattering due to th{g6x2) adlayer periodicity were

symmetry axes of the substrate, i.e., along f&0] and  Strong enough. _ _
[001] directions in real space, corresponding, respectively, to  USing Figs. 4a) and 4b), we can summarize our experi-
the TX andTY directions in reciprocal spadeig. 1(c)]. mental fmmgs or.1 the dispersion of the Xe adlayer along the
Besides the diffuse elastically scattered bea@E €0), two ' X andT'Y directions as follows: The perpendicular mode
phonon peaks aAE=2.6 meV andAE=5.3 meV can be for a wave vector transfer@O.S)_A‘l is almost dispersion-
clearly distinguished in Figs. 2 and 3. They are attributed tdess for both directions. Alond’'X, it exhibits for smaller
the single and double excitations @nd. ,, respectivelyof ~ Q values an avoided crossing leading to the appearance of
the perpendicular vibrational mode of the Xe overlayer. branchesH, andH,. While a similar hybridization feature
The third feature at intermediate energies dendteid the  seems to exist also in Fig(), it is rather difficult at this
I'X direction (Fig. 2 has been assigned to the longitudinal stage to identify the exact nature of the mddeassociated
Xe phonont? For smallerQ values theL. mode is split into  with a phonon energy of about 3 meV close to Theoint.
two structuresd; andH, appearing at around 3 meV and 1.6 The longitudinal phonon mode in Fig. 2 has been reported
meV in the topmost spectrum of Fig. 2. Along th¥ direc-  previously in Ref. 12. The dispersion of this mode has been
tion (Fig. 3), the perpendicular vibrational modesand L , shown to be strongly affected by the anisotropic distortion of
are observed at the same energies as alokgvith again a  the Xe monolayer.
peak splitting or broadening of (H) apparent in the two The highly dispersive phonon mode labeletlin Figs. 3
lower spectra. In addition, a phonon branch labet&ds and 4b) has an unexpected behavior since it appears to fit, at
observed at low energies and another one labefestarting ~ least on a restricted range Qf values, the Rayleigh mode
off at around 1.6 meV in the upper spectrum and exhibiting(R) of the clean Cu surface. This characterizes a different
a strong dispersion towards values above 6 meV in the spedype of dynamical coupling phenomenon. The following
trum atd;=30.0°. As will be shown below, this mode*, in question arises: how can this signal possibly be associated
particular, cannot be assigned in a straightforward way to th#ith the longitudinal mode of the Xe monolayer along this
unperturbed longitudinal Xe mode along this direction. In-I"Y direction and/or why are the He atoms sensitive to this
stead, a special coupling mechanism to th¢1@Q) substrate substrate mode. It is the aim of this paper to give a consistent
has to be taken into account. interpretation of the experimental data. In particular, we will
From a large number of spectra taken at different scatterdiscuss the obvious difference in the dispersion behavior
ing angle we have extracted the phonon disperdiafQ) along thel’X andI'Y directions.
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lll. CALCULATIONS close to the Rayleigh modeRj of the bare Cu substrate.
Moreover, the pronounced hybridizations leading to the

The interpretation of the dispersion curves for the : .
. ) .__.._curvesH; andH, [Fig. 4@] andH andG [Fig. 4b)] cannot
(26x 2) HOC monolayer phase requires the diagonalizatiorbe explained without including the dynamical coupling be-

of the dynamical matrix associated with the 2D unit cell Oftween monolaver and substrate modes
the monolayer. Its area i$6.3x7.2) A2 and it contains 30 y '
Xe atoms. We use a slab model to describe the monolayer-

substrate dynamics with a minimum of 40 substrate planes. B. The c(2x2) commensurate phase dynamically coupled
This slab width of about 100 A can be considered as a com- to the substrate

promise between the required accuracy of the substrate dy- The total number of atoms to be considered in the slab
n_amics and the simplicity necessary to interpret the dispe_rmode| for ac(2x 2) geometry is 82 when 40 Cu planes are
sion curves. To avoid possible artefacts connected to thigseq to describe the substrate. Each substrate plane contains
finite width, tests were performed using a larger numBer 5 Cy atoms and the two outer planes on both sides of the
and 80 of atomic planes. They do not reveal significant 515 contain one Xe atom each.

char_iges |n_the curves f@ values iarger than 0.1 A*, but The interactions between atoms belonging to the substrate
the increasing number of dispersion curves at very s@all o tg the Xe adlayer are described by pairwise potentials and
values lead to a much more intricate scheme. This leads us tge components of the corresponding force constant tensor

conclude that a 40 planes slab model is quantitatively acCussgociated with the coupling between atomand j at a
rate forQ=0.1 A~* and sufficiently correct for smalle® distanceR;; are defined by

values to allow a qualitative discussion. Within this model,

each substrate plane contains 52 Cu atoms and the dynamical , RERP ,

equations of motion lead to @420x 6420 square matrix D 400,j)=— i 5 — ij )
i i i i aplly) R. “ef' R2 i R

which should be diagonalized for each wave vector. While, ij ij i

in practice, such a calculation is time consuming but trac-
table, it will give rise to a multifolding of the dispersion where;; and ¢;; are the first and second derivatives of the
curves due to the dramatic decrease of the size of the firgotentials. The components of the force constant tensor de-
Brillouin zone (BZ), as compared to that of the cledah  scribing the bulk Cu substrate are expressed in terms of a
% 1) Cu(110 surface. The maximum value of the wave vec- single nearest neighbor force constait. At the surface the
tor Q= (Qy,Q,) at the edge of the BZ alonfX, equal to  force constant is modified to take into account the relaxation
1.23 A~ for the free Cu surface, reduces to 0.094%for  of the Cu110) surface®® four values correspond to nearest
the (26x 2) structure. Such a behavior is not observed in theneighbor Cu atoms located into two adjacent or two second
experiment where the data points of the longitudinal modeadjacent substrate planes and four others describe the inter-
along I'X reflect the periodicity of the guasihexagonal Xe actions between the nearest neighbor alphy0] and the
primitive cell. It thus appears irrelevant to perform the wholesecond nearest neighbor Cu atoms alpd@l] in the surface
calculation for the(26X 2) structure and we rather consider plane. These eight surface force constants are given, in units
three situations which are well suited for the interpretation ofof ¢y, in Tables | and Il of Ref. 15.
the experimental features. The interactions between adsorbate and substrate atoms
are described by pairwise shifted Morse hybrid potentials
which have been shown to reproduce quite well the thermo-
A. The distorted incommensurate monolayer phase dynamic and structural properties of the monoldykr.par-

The monolayer is assumed to be adsorbed on a rigid ar1T('5cular_, the per_per_idicular mode frequency calculated with the
strictly planar substrate, without corrugation. The adsorbatePest fit potential is equal to the measured val2® me\).
substrate coupling is taken into account through a singlézor the interactions between Xe atoms within the adsorbate

force constant which describes the stiffness of the Xe atomi@Yer. the Lennard-Jones potential given in Sec. Il A yields
surface bond. The value of this force constafy,=196 appropriate values for the intralayer force constants.

meV A2 is obtained from the experimental frequency of The dynamical matrix for the(2x 2) structure can then

the perpendicular monolayer modg as¢,,~M wf i M is be written as

the Xe atomic mass and, =2.6 meV33The Xe-Xe inter-

actions are modeled by a Lennard-Jones potential with paP«g(SP.s'P",Q)

rameterse=24.87 meV andr=23.885 A 0
The hexagonal incommensurate structure of the mono- :[MpMp’]_l/ZZ @aﬁ(

layer is then distorted by varying the length of the sides of I sp sp’

the regular lozange defining the unit cell in order to simulate

the expansion of the distance between Xe atoms along dengéere the indices, p, andl represent the atom numbein

Cu rows and its contraction along the perpendicular directiorthe Ith two-dimensional unit cell of th@th plane.M, cor-

in the (26X 2) phase. In this way, the dispersion of the lon- responds to the Xe atomic mass fo+1 and 42 and to the

gitudinal modeL is indeed well reproducéd[Fig. 4a)]. In  Cu mass fop=2,...,41. The components of the force con-

contrast, the model cannot explain the corresponding dispestant tensor between atorw (1,s,p) andj=(l',s’,p’) are

sion branchL* along the[001] direction as apparent from given by Eq.(2) andR(l) defines the position of thigh 2D

Fig. 4b). Instead of following the calculated curve charac-cell. The corresponding eigensolutions Df are obtained

teristic of a floating monolayer, the data points lie ratherfrom the dynamical equation

!

)eiQ-R(I’), (3)
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Y Doy(sps'p’.Q)ex(s'p’,Q.j) = w(Q)e (sp.Q.j). %0
B.s’.p’
(4)

o and e characterize the eigenvalues and the eigenvectors
associated with th¢th branch {=1,...,246) for the wave
vector Q.

Figures %a) and 3b) display the dispersion curves
;(Q) calculated with the above model for a wave vector
Q along the[110] and[001] directions, respectively. The
phonon energies range between 0 and 30 meV. Above 1§
meV, they correspond to nearly undistorted substrate vibrat
tions since the dispersion scheme compares quite well to tha®
calculated elsewhere for the bare (C10) substraté® Note %
that, as shown in Fig.(b), the unit cell of thec(2X 2) phase
is twice the size of the clean substrate unit cell and thus its
first Brillouin zone is half as large as the one of the pure
Cu(110 surface. As a consequence the dispersion scheme of
the substrate vibrations for the(2x2) phase along the
[110] and[001] directions is a mixture of th&'X, SY, and
T'Y, SX dispersion curves, respectivéfyA direct compari-
son of the bulk dispersion curves of the pure Cu substrate
and of the Xe covered Cu substrate thus requires us to re-
move the folding of the branches. After this procedure, the
known scheme of the clean QL0 vibrational mode¥ is
recovered, indicating that the Xe monolayer has no appre-
ciable influence on the high frequency bulk modes.

By contrast, the modes below 10 meV, in general, are 3q
combined adsorbate and substrate surface vibrations and they
are thus characteristic of the influence of the adsorbed mono-
layer on the dynamics of the whole system. For the two
perpendicular directionQ, andQ,, the three modes rang- 25 ==
ing between 2 and 4 meV are clearly monolayer vibrations.
These modes are polarized along the longitudihg| (rans-
verse (), and perpendicularl() directions with respect to
the wave vectoQ, respectively. The almost nondispersive 20
mode at about 2.6 meV characterizes the vibrations of the Xe
atoms perpendicular to the surface. The other four branche
labeledL,, Ty, Ly, andT, are assigned to the Xe vibrations
parallel to the surface plane. Along theX direction(which
corresponds to thg110] or x direction in real spage the
force constant and thus the mode frequency is smaller than
along thel'Y direction (001] or y direction, as expected
from examination of the asymmetry in the values of the near-
est neighbor Xe-Xe distances in tb€ X 2) unit cell. Hence,
the lowest energy branches around 3.3 meV are attributed to
the longitudinalL, and transvers&, modes while the other
two modes at larger energ¢t.7 me\j correspond to the
transversd’, and longitudinal., monolayer vibrations. Note
that these branches are strongly hybridized with substrate
modes forQ=<0.25 A~! and that they have a quasiacoustical
behavior.

The dispersion curves intersecting the zone edge at 12
meV along thel'X direction and at 7.3 meV along tHeY
direction are identified as the substrate Rayleigh mode.
These values are close to those obtained for the Rayleig
wave of the pure 0110 substrat (7.2 and 12 meV, re- along thel'X direction(a) and along thé'Y direction(b). L, T, and

spectively. Along both directions, the Rayleigh mode exhib- . N .

. . . T - 1 characterize the longitudinal, transverse, and perpendicular
its avoided crossings and hybridizes with the Xe monOIaye?nonolayer mode<R labels the Rayleigh mode of the substrate
modesL and L for Q<0.2 A~ The appearance of addi- ' '

15
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FIG. 5. Calculated dispersion curves for tbg X 2) phase of
e adsorbed on Qa10. Energy(meV) vs wave vectoQ (A1)
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tional modege.g., the one which intersects the zone edge at
7.3 meV along thd'X direction is due to the already men-
tioned folding. They correspond, in fact, to substrate surface
modes along th&X and SY directions.

8

C. A model for the (26x 2) structure:
The modified c(2x 2) phase

As already mentioned, the dynamics of 26X 2) HOC
phase can be approximated by consideringdf&x 2) ge-
ometry and assuming that the distortion of (26X 2) ge-
ometry can be integrally taken into account through the
modification of the lateral force constants between Xe atoms.
Such a modification appears, in a straightforward way,
through the change of the interatomic distances in the Xe-Xe ©
potential. The new force constants are calculated from Eq.
(2) by considering that the inter- and intra-row nearest neigh-
bor Xe distances are those obtained for the HOC struéture,
i.e., axe=4.42 A andby,=4.23 A, respectively. Such an
approach could appear arbitrary for highly corrugated sub-
strates, since changing the Xe-Xe distance and thus the ad-
sorption sites for each Xe atom could introduce dramatic
modifications in the atom-surface bond strength. The situa-
tion is quite different for the QW10 surface since it has
been shown that the equilibrium troughs for the Xe atoms are 0 1 ' ' ’ ‘ T
flat® this is indeed the main reason for the occurrence of 60 02 04 06 08 10 12
several metastable HOC phases for this sytéitherefore, (@ Q A1)

a change of the Xe-Xe distance in the monolayer will have a

negligible effect on the values of the force constants between 8

the layer and the substrate, provided that the Xe centers of R

mass remain confined along the troughs of the holding po-

tential. As a result, the monolayer dynamics will be changed 7 7

without concomitant influence on the substrate dynamics. L,
Figures @§a) and Gb) exhibit the dispersion curves for this B

distortedc(2x 2) phase along thé'X andI'Y directions. 6

nergy (meV)

o
@)
QLD PRI

AR

Only energies below 8 meV are shown because the shape of
the bulk substrate modes are not modified, and they are ex- 5
actly identical to the dispersion curves of b2 X 2) phase _ T
displayed in Figs. & and 8b). In addition, we see that also
the substrate Rayleigh mode and the perpendicular mono-Z 4
layer vibration L are not significantly affected by these £
changes. In contrast, the energies of the longitudinal mono-
layer modeL, and, to a lesser extent, of the transvefse 3 -
mode increase substantially, due to the contraction of the © Cu® 0o |
Xe-Xe distance alon§001] and to the concomitant expan-
sion along[110]. A similar behavior is exhibited by the 21
monolayer mode&, and T, along thel'Y direction which
are stiffened for the same reason. Two important conse-
guences, which will be shown to be at the basis of the inter-
pretation of the unexpected behavior of the dispersion
branches in Figs. (4 and 4b), result from these modifica-
tions. (i) For Q,=0.3 A~%, theL, andT, vibrational modes
now lie within an energy window above the perpendicular
monolayer mode and below the substrate Rayleigh mode (®) QA1)
[Fig. 6(@]. (i) The longitudinal monolayer mode, moves
closer to the Rayleigh mode of the substrigtey. 6(b)]. FIG. 6. Dispersion curves for thé26x 2) HOC phase of Xe
For Q$03 Ail, the dispersion curves exhibit a Very adsorbed on Qu10). Energy (meV) vs Q (A’l) along theﬁ
intricate shape with several avoided crossings. Such a behayirection(a) and along thd'Y direction(b). Full curves correspond
ior cannot be analyzed in a straightforward way and it re+o calculations while open circles are the experimental datd,
quires to study simultaneously tli¢ dependence of the ei- andLl characterize the longitudinal, transverse, and perpendicular
genvalues and the eigenvectors of the dynamical matrix, i.emonolayer modesR labels the Rayleigh mode of the substrate.

meV)
\

iy
(]
c
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0 T T T T
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both the vibration energies and the mode polarizations. In- g
stead of plotting the spectral density in a separate figure, we -
give for each dispersion curve the step by step polarization * Eirg;:;f::ar
change along the whole BZ. This is performed by calculat- 7 «  mixed
ing, for each Q value, the mode polarization
=le,(sp,Q,j)| associated with the various dispersion
curves[Eqg. (4)]. Note that the components,(sp,Q,j) of 6
the eigenvectors are complex quantities, hence we take the
modulus of each component. It should be mentioned that the a0
He probe is mostly sensitive to the atomic displacements in
the topmost layer. We can, therefore, limit our analysis to the 3 .
modes within the Xe layer, onlyp(=1 or 42). Moreover, we 4 . L anettffnsan,, saa,
may disregard the transverse polarization since for in- pIane beq . a0 eaa
scattering conditions used here the He atoms are known toc o = W
probe only vibrations which lie in the saggital plane, i.e., a3l " .
longitudinal and perpendicular modes. We thus adopt the gafle
following procedure to eliminate unobservable transverse (] :::
modes(modes alongy for Q alongI'X and alongx for Q 21 1
alongI'Y, respectively and to quantify the longitudinal or
perpendicular character of a vibration. A mode is assumed to s ®
be perpendicular or longitudinal if the corresponding compo- 14, »
nent of the polarizatiofe, or E,—, o y in the Xe layer rep- .
resents more than 10% of the normalized eigenvector N
(E,/E>0.10rE,/E>0.1). | T | ! | |
In Fig. 7, only those Q, 7 w) values which satisfy these 0.0 0.2 0.4 0.6 0.8 1.0 1.2
criteria are plotted. Thus, Fig(&, corresponding t@ along (a) Q (A1)
I'X contains only modes that are polarized alerandz. As
can be seen, such various modes are present throughout the s
Brillouin zone. ForQ,=0.3 A1, the dispersionless mode ,
- : . . T e perpendicular
1 is clearly perpendicular whilk, is longitudinal. The hy- s+ longitudinal L RLL
bridization between these modes and the Rayleigh wave at 7 4| « mixed Thh
small Q, values leads to dispersion curves with partially a
weighted perpendicular and longitudinal polarization; such a°
polarizations will be callednixed It is also interesting to 6 - - as®
note that the mode associated with the Rayleigh wave re- - a®
mains visible, within our criterium, only fo€,<0.4 A~1, s . u?
This mode is polarized partly longitudinal and partly perpen- 514 PR a R
dicular and it hybridizes with the perpendicular monolayer
mode forQ,~0.3 A~1. As a result of the various avoided
crossings at small wave vectd,, most of the curves
around 3 meV are mixed. Note also that, close toltheoint .
(Q=0), the lowest energy curve exhibits the acoustic behav- PLH
ior of the Rayleigh mode, with a perpendicular polarization. ¥ st 1l
Figure 1b) shows the dispersion curves along thy L.
direction. We see that, in addition to theandL, monolayer o trey”
modes, the Rayleigh mode is also visible throughout the en- .
tire Brillouin zone. ForQ,=0.2 A™!, the dispersionless .
monolayer mode. is clearly polarized in the perpendicular q -
direction while L, is longitudinal. Both modes hybridize .
with the Raylelgh wave aQ,~0.2 A~ and for smaller i
values of the wave vectd, they are equally weighted per- . : : : :
pendicular and longitudinal. At the same time the Rayleigh 0.0 0.2 0.4 06 08
mode exhibits a very complex behavior. Initially, as a result (b) y
of the hybridization with the. mode, the polarization of the QA7)
Rayleigh mode is mixed, in close analogy with the behavior
displayed in Fig. 7). Then for 0.25Q,<0.6 A%, the FIG. 7. Calculated dispersion curves with the corresponding
polarization is rather longitudinal, while f@ =06 A1 it mode polarization for thg26x2) HOC phase. EnergymeV) vs
switches again to being mixed and finally, at the zone edgeQ (A1) along thel'X direction(a) and along th@'Y direction(b).
the Rayleigh wave is purely perpendicularly polarized. AtCircles, triangles, and squares characterize modes with mainly per-
first, it appears surprising that the Rayleigh mode could béendicular, longitudinal, and mixed polarization, respectively.
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perpendicularly polarized at thé point. Indeed, for the bare means of Figs. @ and 7a) as the result of a set of hybrid-
Cu(110 surface, the Rayleigh mode along th& direction  ized dispersion curves implying mainly the Rayleigh mode
is strongly softened and polarized along the longitudinal di-and the L and L, monolayer modes. No mode is purely
rection, as a result of the substrate anisotrbplyor the Xe  perpendicular or longitudinal, all are mixed. While points
covered Cu surface, the presence of the monolayer does nit, are clearly due to hybridization between the Rayleigh
appreciably modify its frequency behavior but seems tomode and the perpendicular monolayer mode, pdintsnay
change its polarization drastically. The explanation, how-also include avoided crossings between the substrate modes
ever, is quite simple and intuitive. An analysis of the vibra- (Rayleigh plus other modgsand thel, and L vibrations,

tion pattern of the Rayleigh mode close to t@oint for the  yielding curves in the energy range between 2.5 — 3.5 meV.
clean Ci110 surface reveals that the atoms in successive Near thel point (Q,— 0), the effect of the hybridization
layers are alternatingly displaced parallel and perpendiculgg requced and the modes tend to recover their polarization
with respect to the surface plane. In fact, the sequence igpecificity. The acoustic mode as well as the modes around
exactly preserved after the adsorption of the Xe monolayer g e\ ‘and 3.2 meV become perpendicular. In contrast, the
The Xe layer adopts the “correct” phase in this SEQUENCE, i rations around 1 and 3.5 meV recover their longitudinal

l{'ed’. It IIIS pollarl_zed Eerpenfdmullarly onBtotp of thg f|(t§r}>g|- Vv polarization. These latter modes cannot be observed since
udinally polarized Cu surface layer. Between 3 and 5 me they lie in a region with dominant perpendicular vibrational

and for Q,<0.2 A, there are some additional curves odes
W.h'Ch charactenze mostly p_erpendlcular surface vibrations. A similar scheme for the data points is obtained along the
Finally, it should be mentioned that the lowest energy——

~ . - 'Y direction in Fig. @b). For Q,=0.25 A™*, two sets of
phonons forQ,~0 correspond to perpendicular vibrations. points[L and L* in Fig. 4b)] can be distinguished. The

experimental points at 2.6 meV correspond to the dispersion-
IV. COMPARISON BETWEEN CALCULATIONS less perpendicular monolayer mode[Fig. 7(b)]. The most
AND EXPERIMENTS. striking feature is observed for the other set of poibts

The experimental data points displayed in Fig&) 4nd when compared to the dispersion curves along the perpen-
4(b) are p|0tted together with the calculated dispersiondicular direction'X. In faCt, L* fits quite well the |Ongitu-
curves in Figs. @) and Gb), respectively. This allows a dinal monolayer modgL, in Fig. &b)] up to Q,=0.4
direct comparison with the calculated dispersion curves withA ~* but then it tends to follow the substrate Rayleigh mode
out obscuring the readability of Figs(f and 7b) to which  (R) for 0.5<Q,<0.87 A™*. An understanding of such a
they should be compared as far as their polarization is corfeature is given by the examination of the polarization of
cerned. If we disregard the two and three phonon excitationsy and the Rayleigh mode in Fig.(). Indeed, axQ, in-
of the perpendicular monolayer mode at about 5.3 and 7.9reases from 0.3 A%, L, recovers its purely longitudinal
meV which are not considered in our calculations, thregoolarization, whereas the Rayleigh mode polarization be-
main modes can be distinguished in Figga)éand &b)  comes mixed for 0.6 Q,<0.8 A~ and then perpendicular
which correspond taH or G, L and L according to the at the edge of the BZ. There is thus a laQg region for
nomenclature in Fig. 4. which (i) the two modesR andL, are clearly longitudinal

In Fig. 6(a), for Q,=0.3 A1, two sets of points can be and(ii) the two modes are roughly parallel and close in en-
distinguished, labeled andL in Fig. 4@a). The dispersion- €rgy. Since no other phonons lie within this region, we ex-
less mode at 2.6 meVL() can be clearly assigned to the pect to observe both the longitudinally polarizegand Ray-
purely perpendicular vibration in Fig.(@, since it is the leigh modes. However, the assignment of the measured
only mode which appears in this energy range. The experii-ne|astic signal to one of these two vibrations is difficult due
mental points, labeledl in Fig. 4a), which occur at higher to experimental resolution. At larg€}, values, the, mode
energies, can be assigned to the purely longitudinal mond€mains longitudinal while the Rayleigh mode becomes per-
layer model,, in the calculated dispersion schefifégs. 6a) pendicularly polarized. As a consequence, since the He probe
and 7a)]. Note that the shape of the curve can be interpreteds more sensitive to perpendicular vibrations, we observe a
as the result of the properties of ti26x 2) geometry. In-  signal associated to the Rayleigh mode when moving to-
deed, the energy maximum which occurs @g~0.8 A~  wards the edge of the BZ.
does not appear for the(2x 2) structure. The fact that this  For intermediateQ, values, 0.&£Q,=<0.3 A™*, both the
mode is observed experimentally is rather unexpéésidce  longitudinal L, and thel monolayer mode hybridize with
it is generally assumed that He atoms are mainly sensitive téhe Rayleigh wave and give rise to a set of curves polarized
perpendicular vibrations. It may be noted that the RayleighPartly longitudinally and partly perpendicular[fig. 7(b)].
mode of the substrate lies far apart from the longitudinalThese mixed modesabeledH andG in Fig. 4b)] can there-

Lx mode and therefore we do not expect a strong couplingore be detected with He scattering. The brar@fresults
between these two branches. The observation of a purefjom the hybridization between the and L, monolayer
longitudinally polarized mode is consistent with recent con-modes with the Rayleigh wave. The $¢tof points between
clusions drawn from inelastic He scattering experiments or?.6 and 3.2 meV, in addition, contains contributions from the
clean C((100) and Ag100) surfaces?® hybridization (overlap of the perpendicular mode with

At smallerQ, values, 0.£Q,=<0.25 A~1, some experi- other substrate modes.
mental points in Fig. @) either follow a behavior along a Near thel point (Q,<0.1 A~1), the experiment reveals
straight line around 2.6 meVH;) or dramatically decrease a frequency gap of about 0.7 meV which can be attributed to
in energy with decreasin@ (H,). This is interpreted by the frustrated translation of the adlayer parallel to the
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Cu(110 surface along the'Y direction. It is not clear theoretical calculations obtained for the multifolded zone as-
whether this frustrated translation can be well describedociated with the26x 2) structure, we have developed an
within the present slab model since it crucially depends orintermediate model, relying on thg2x 2) unit cell with the
the correct Xe-Cu potential corrugation energy. In additionforce constants adapted to tk@6X 2) structure. By doing
care must be taken in the interpretation of the dispersiotthis, we have been able to give an accurate interpretation of
curves at very low valuesg=<0.1 A~ 1) because of the error most of the experimental features in the inelastic He-
introduced by the finite width of the slab. Nevertheless, comscattering spectrum. The most interesting result has been to
paring the gap frequency of 0.7 meV with the lowest longi-show that polarization exchange can occur when two disper-
tudinal excitation in the calculation close to thepoint of ~ sion curves run close to each other without necessary inter-
about 0.5 — 1 me\[Figs. 6a) and 7a)] yields a rather sat- secting. This type of dynamical coupling is observed be-
isfying result. tween the Xe longitudinal mode and the Rayleigh wave
along thel'Y direction. As a consequence, the hybridized
V. CONCLUSION Rayleigh wave islongitudinally polarized at intermediate
) ) ) _ ) wave vectorQ but becomes strictlyperpendicularat the
In this paper, we hz;ve investigated the dispersion curvegone houndary. This explains why this mode can be ob-
of the stable(26x2) high-order commensurate Xe mono- served in the He-scattering experiment. In addition, the
layer on Ci110). The experimental data exhibit a character-present results corroborate the usually known rule that the
istic behavior regarding the |anL_Jence _of the subst_rate anisotmodes perpendicular to the surface give rise to the most in-
ropy on the phonon mode dispersion. In particular, th&ense peak in the scattering spectrum. They also show that,
occurrence of avoided crossings implying modes with a highhevertheless, longitudinal modes connected to the monolayer
density of states and the couplings between adlayer and suBr to the substrate surface can lead to observable signals
strate modes warrant a detailed analysis of the dispersioprovided that they lie in an appropriate energy window,

curves and of the corresponding polarizations. namely, a region free of perpendicularly polarized modes.
The low-order commensuraté2 X 2) Xe phase, although

easy and convenient to model, has appeared too far from the
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