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Phonons in a quasi-two-dimensional solid: Cesium monolayer on Cu„001…
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The phonon dispersion curves of a well-ordered Cs monolayer epitaxially grown on Cu~001! were measured
over the entire Brillouin zone using high-resolution He atom scattering. In addition to the Rayleigh mode an

additional perpendicular resonance near theḠ point and a longitudinal film mode were observed. The appear-
ance of a distinct longitudinal mode, which was not observed for the corresponding monolayer films of Na or
K, is attributed to the small interface corrugation seen by the Cs atoms and the phonon velocity mismatch
between the film and substrate. Thus the lateral motion of the film is effectively decoupled from the substrate
and reveals a quasi-two-dimensional phonon behavior.
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Whereas the spectroscopy of molecular normal mo
provides a direct way to obtain information on the inte
atomic forces in molecules the corresponding analysis
solids is rather indirect since the phonon modes involve c
lective displacements of many atoms and depend on the
non wave length. Only at the Brillouin zone boundary are
phonon energies directly related to the nearest neighbo
teractions. Information on the force field at interfaces can
obtained from an analysis of interface induced phon
modes such as surface phonons1 or confined interface
phonons in periodic super lattices.2 However, since the cor
responding displacement patterns of these modes deca
ponentially with the distance from the interface proportion
to the wave length they are strictly localized at the interfa
only in the limit of short wavelengths.

Other localized phonon modes are found for ultrath
films of rare gases as reported by Gibson and Sibener fo
on Ag~111!.3 Because of the weak lateral interactions t
perpendicular mode is without any dispersion. For thic
films several modes appear, which were identified as pho
modes in a rare gas slab,4 and hence demonstrate the tran
tion from a two-dimensional~2D! system to the surface of
3D system. In later studies the entire dispersion curves of
Rayleigh mode and the longitudinal mode have also b
measured for a Xe monolayer on all the low index cop
surfaces.5–8 The additional observation of the shear horizo
tal mode for Ar, Kr, and Xe monolayers on Pt~111! as re-
cently reported9 allows a detailed analysis of lateral intera
tions in this 2D system.

Surprisingly, localized phonon modes in ultrathin me
films have not yet been observed. Instead the experiment
thin metal film dynamics which were carried out for a num
ber of systems such like Fe/Cu~001!,10 Co/Cu~001!,11

Ni/Cu~001!,12 Pb/Cu~111!,13 and Ni/C~001! ~Ref. 14! reveal
basically a modified substrate Rayleigh mode. Only in
case of thin alkali metal multilayer films unexpected vibr
tional properties appear which were observed for epitaxi
grown Na films on Cu~001! by Benedeket al.15 and which
were later also found for K and Cs films.16 Due to the large
impedance mismatch between the soft alkali metals and
substrate these films can support standing waves with lo
tudinal polarization directed along the film normal.17
PRB 620163-1829/2000/62~12!/7771~4!/$15.00
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In the present He atom scattering~HAS! study of a Cs
monolayer epitaxially grown on Cu~001! three phonon film
modes—the Rayleigh mode, a longitudinal film mode, an
perpendicular resonance—were observed. Since the lon
dinal vibrations are found to be decoupled from the subst
the quasi-2D monolayer phonons provide direct informat
on the interatomic forces within the metal monolayer.

The HAS apparatus~base pressure 1310210 mbar! is de-
scribed in detail elsewhere.18 After cleaning the Cu~001!
substrate by cycles of Ar1-ion sputtering and annealing t
950 K the films were preparedin situ by evaporation of
cesium from SAES getter dispensers at a rate of 0.2–0.4
per minute at a surface temperature of 100 K. The clea
ness of the substrate and the films was checked by x
photoelectron spectroscopy. Growth was monitored by m
suring the HAS specular intensity during Cs deposition. T
characteristic intensity maxima, which appear upon comp
tion of each monolayer16 reflect a layer-by-layer growth
mode, so that a single monolayer film could be grown. Af
annealing at 250 K the intensity and width of the He specu
peak was almost identical to that obtained for the cle
Cu~001! surface indicating a monolayer film with a sma
defect density. Due to the weak localization of their valen
electrons alkali metal surfaces reveal an extremely small
face corrugation19 and in the case of the Cs monolayer no H
atom diffraction peaks could be detected within the lar
sensitivity range of the current apparatus ofI spec/I min'106.
Therefore the lateral structure of the Cs monolayer had to
characterized by low energy electron diffraction~LEED!
which confirmed the structure proposed previously
Coustyet al.20 As shown in Fig. 1~a! Cs forms a quasihex
agonal monolayer oriented with its closed packed rows p
allel to the^110& surface directions of the Cu~001! substrate
in two domains rotated by 90° against each other. For e
domain the Cs-Cs distance along this epitaxial direct
amounts to 5.1 Å whereas along the other direction
Cs-Cs bond length is contracted to about 4.8 Å.

The inelastic HAS measurements were performed al
the two high symmetry substrate azimuths@100# and@11̄0#.
Figure 2 shows some typical time-of-flight~TOF! spectra
converted to an energy scale recorded at five angles of i
dence. For both directions two well separated sharp ene
loss peaks~labeledR andL) and a broad feature~labeledP)
were observed.
R7771 ©2000 The American Physical Society
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Figure 3~a! summarizes the energy and momentum tra
fer of all the energy loss peaks obtained from over 40 T
measurements. As shown below in connection with a lat
dynamical calculation the two film modes which extend ov
the entire Brillouin zone are assigned to the Rayleigh m
~R! and the longitudinal mode~L! with zone boundary ener
gies of about 6 and 5 meV, respectively. Since along
@100# direction the azimuths of both Cs domains coincide
shown in Fig. 1~b! the presence of two phonon modes can
be caused by the domains but, rather reflects the existen
two different phonon modes. Compared to the@100# direc-
tion the observed energy loss peaks are somewhat bro

along the@11̄0# direction since in this case somewhat diffe
ent azimuths of the two domains are measured simu
neously. Upon an increase of the sample temperature f
100 to 200 K a strong decrease of the~incoherent! elastic
peak in the TOF spectra was obtained~see Fig. 2!. This
reflects the small Debye temperature (uD5113 K! of the soft
alkali metal films21 which limits the present measurements
low surface temperatures.

The additional broad energy loss peakP at about 7 meV
observed for both azimuth directions is assigned to a perp
dicular mode since it appears only for wave vectors close
the Brillouin zone center~see Fig. 3! where the momentum
transfer normal to the surface is greatest. Such an assign
is further supported by EELS measurements of the Cs
stretch mode for which an energy of\vS'6.5 meV was
obtained for submonolayer coverages of Cs on Cu~111!.22

The theoretical analysis of the lattice dynamics of ul
thin noble gas layers, first introduced by Rouffignacet al.,23

predicts that the longitudinal mode is expected to have a
at the Brillouin zone center if the film forms a commensur

superstructure. In fact such a gap at theḠ point has been
observed recently for a monolayer of Xe on Cu~111!.8 A
careful inspection of the present phonon dispersion cur
however, revealed no evidence for a gap at the Brillo
zone center within the energy resolution of 0.2 meV. T
can be understood in terms of the large difference betw
the lateral spacing of the Cs atoms (>4.8 Å! compared to the
copper surface~2.55 Å!. Moreover, at the large distance o
the film with respect to the substrate surface of about 3
~Ref. 24! the Cs atoms experience virtually no lateral cor

FIG. 1. ~a! Structure model for the Cs monolayer on Cu~001! as
proposed by Coustyet al. ~Ref. 20!. The actual Cs layer~gray balls!
consists of two domains rotated by 90° against each other.~b! Cor-
responding surface Brillouin zones of the two rotated Cs doma
~solid and dashed hexagons! and their orientation relative to th
Brillouin zone of the copper substrate. Note that the substrate@100#
direction is equivalent for both Cs domains.
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gation from the substrate as expected from measuremen
the frustrated translation mode of isolated Cs atoms on
Cu~001! surface.25

When exceeding the Cs coverage slightly above the
monolayer an entirely different behavior was observed.
stead of the Rayleigh mode and the longitudinal mode ch
acteristic nondispersive phonon modes at energies of\v
52.3, 1.4, and 1.0 meV appear for films of 2, 3, and 4 M
thickness, respectively. These so-calledorgan pipemodes
were previously found for various alkali multilayer films15,16

and correspond to longitudinal standing waves normal to
surface. A theoretical analysis17 yielded a power law for the
energy dependence of such modes on the numberN of lay-
ers: v(N)5v(1)N2g. From a fit to the experimental data
values ofg51.260.05 and\v(1)55.460.5 meV were de-
termined. The energy of the fundamental vibration\v(1) is
in fairly good agreement with the EELS Cs-Cu stretch f
quency\vS56.5 meV and the perpendicular film frequenc
\vP.7 meV indicating only a small variation of the sub
strate interaction over a wide range of coverages.

A lattice dynamical analysis was used to identify the ph
non mode polarization and the interaction strength within
film. The high desorption temperature of aboutTD*530 K

FIG. 2. A series of He-atom time-of-flight~TOF! spectra~con-
verted to an energy transfer scale! for a Cs monolayer on a Cu~001!

surface taken along the@100# and @11̄0# directions. The surface
temperatures and beam energies were 100 K, 21 meV, and 20
and 27 eV, respectively. In the top panels the regions covered
the displayed TOF spectra are shown in theDK2DE plane ~so-
called scan curves!. The energy loss peaks are identified byR ~Ray-
leigh mode!, L ~longitudinal mode!, and P ~perpendicular reso-
nance!.
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for the Cs monolayer using HAS specular reflectivity f
detection indicates a vertical binding energy ofEB.1.7 eV
to the copper substrate.26 This strong binding and especiall
the smaller phonon velocity of the soft but dense Cs fi
compared to the substrate27 leads to a ‘‘loading’’ of the sub-
strate vibrations28 so that most of the dynamical motion
concentrated in the layer. To account for the coupling w
the substrate a lattice dynamical calculation was perform
for a 37 layer slab~35 substrate layers with one Cs layer
each side! using only nearest neighbor radial (b) and tan-
gential (a) force constants, defined by the derivatives of t
pair potential with respect to the distancesR, b5V9(R), and
a5V8(R)/R. The Cs film was modeled by ac(432) super-
structure. Because of the negligible lateral corrugation of
substrate holding potential25 ~as discussed above! no tangen-
tial force constants were considered for the Cs-Cu inte

FIG. 3. ~a! Measured phonon dispersion curves of a Cs mo

layer along the@100# and @11̄0# directions.L and R denote the
longitudinal and Rayleigh mode, respectively, andP the perpen-
dicular resonance. The dashed-dotted lines indicate the Brillo
zone boundaries for the two domains of the Cs film and the g
dashed line shows the Rayleigh phonon curve of the undistu
bare copper surface.~b! The phonon density of states of the C
atoms calculated from a best fit of the measured dispersion cu
for a c(432)Cs overlayer on Cu~001! ~shown in the inset!. The
calculated vibrational frequency spectrum has been convoluted
Gaussian of 0.25 meV FWHM. The solid and dashed lines repre
displacements perpendicular and parallel to the surface.
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tion. From the measured perpendicular resonance at thḠ
point a force constant ofbCs-Cu555.0 N/m was determined
and the copper substrate was described by a single effe
radial force constant ofbCu-Cu528.0 N/m.29 To reproduce
the measured dispersion curves only the radial Cs-Cs fo
constant was varied and a value ofbCs-Cs52.2 N/m was
found to provide an excellent fit for both, the Rayleigh mo
and the longitudinal mode as displayed in Fig. 3~b!.

To compare the Cs interaction in the film with the bulk
effective radial bulk force constant~neglectinga) was deter-
mined from a fit to the Cs bulk phonon dispersion curve30

which yields a value ofbbulk51.75 N/m. This indicates a
stiffening of the lateral interaction in the film of about 25
which is not unexpected since the nearest neighbor dista
in the film is reduced compared to the bulk (d55.24 Å!.

A closer inspection of the displacement patterns for
various phonon modes indicates that the longitudinal mod
strictly localized in the Cs monolayer whereas the Rayle
mode involves a substantial displacement of the copper s
strate atoms. Such a mode mixing with the bulk phonon b
is even more pronounced for the perpendicular resona
which results in a broad density of states@shown as the
hatched area in Fig. 3~b!#.

Attempts to measure corresponding film modes for
monolayer of Na or K on Cu~001! have not been successfu
Instead only the Rayleigh modes of the substrate with
slightly reduced frequency due to mass loading, but no l
gitudinal film mode, were observed. The corresponding s
calculations indicate that due to the reduced mass of th
alkali metal atoms their longitudinal film mode shifts to
wards higher energies and degenerates with the subs
phonon bulk bands.

Since Xe and Cs are very similar in size and mass i
interesting to compare the phonon dynamics of a monola
for both systems. Whereas in the case of the Xe monola
on Cu~001! only very weak energy loss peaks were obtain
for the longitudinal mode7 they are anomalous intense for th
Cs film over the entire Brillouin zone~see Fig. 2!. On the
other hand the Xe film has a substantial corrugation lead
to intense He-atom diffraction in contrast to the smooth
kali metal surfaces19 for which no diffraction has been ob
served. Such an electronic smoothing of the surface in c
nection with an enhanced excitation probability of t
longitudinal surface phonon mode was observed previou
also for the bare Cu~001! surface31 and was explained by a
pseudocharge model in which the impact induced distorti
of the electron gas are transferred to the phonons.32 Since for
the present system the longitudinal mode is a pure film m
a more elaborate lattice dynamical scattering analysis wi
the framework of the pseudocharge model would be de
able in order to get detailed information about the late
interaction in this metallic quasi-2D phonon system.

The authors thank P. Rudolf for providing the unpu
lished EELS results and A.P. Graham for valuab
discussions.
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