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Low-frequency phonon dynamics of the Gy(111) surface
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High-quality G, films, with a thickness of about 100 A, were epitaxially grown ianvacuo cleaved
GeS001)) single crystal surfaces and characterized with helium atom diffraction. Phonon dispersion curves of
the Go(111) surface were obtained from high-resolution inelastic helium atom time-of-flighE) spectra.
Pronounced inelastic peaks corresponding to the Rayleigh modes and to the frustrated r@itatioss of
the G molecules were observed along 140 and(112 directions. The anharmonicity of the librations was
found to be slightly larger than in the bullkgg The contribution of the g vibrations(without librong to the
inelastic TOF peak intensities was estimated from lattice dynamic calculations based on the intermolecular
potential of Girifalco[J. Phys. Chen92, 858 (1992]. [S0163-182@7)08939-X]

I. INTRODUCTION the allowed Raman active modéibrons) of the sc phasé&’
The two latter mode$5.1 and 6.1 meYwere attributed to
The study of the dynamical properties ofs@ulleritesisa  two of the four infrared-active phonof$which were previ-
subject of intense activitymotivated by the further interest ously measured by infrared spectroscopy at 5.0 and 6.8
of explaining the superconductivity of alkali-doped fullerites. meV#®On the other hand, far-infrared transmission spec-
Whereas the phonon structure is well understood in the C tra of G have also revealed peaks at 1.0, 1.6, 2.2, and 2.7
bulk material? much less is known about isurfacedynam-  meV1°
ics. The present work aims at filling this gap by providing The effects of the missing &Cgo bonds at the surface
results on the low-frequency lattice modes corresponding tand other possible surface effects on the phonon-libron spec-
the vibrational degrees of freedom of the molecule as drum of the fullerite are unknown. An initial attempt at mea-
whole (phonon$ and the rotational degrees of freedom suring the low-energy phonon dispersion curves of the
(librong) .24 Ceo(111) surface with HAS was first reported by Schmicker
At room temperature, the crystal has a face-centeredet all’ The 1-2-ML-thick G, films were grown on a mica
cubic (fcc) structure, where the gg molecules rotate freely. substrate at room temperature. However, due to a rather poor
With decreasing temperature, the rotational degrees of freeruality of the films, the authors were only able to obtain
dom of the Gy molecules becomes more and more hinderedveak indications of two modes at around 1.5 and 3 meV,
and the solid undergoes an orientational ordering transitiomwith an energy accuracy of about 30% and no clear evidence
from the fcc phase to the simple culigr) structure at 260 K for the Rayleigh mode was found. This surface acoustical
in the bulk® At the surface where the molecules have fewerwave has recently been detected by means of surface Bril-
neighbors to interact with, low-energy electron diffraction louin scattering on &111) film of Cg, on Ni(110),*® which
(LEED),® x-ray diffraction/ and helium atom scattering revealed that the phase velocity of this model460 m/s)
(HAS) 2 all reveal that the surface phase transition occurs alvas somewhat dependent on the azimuthal direction.
T.~235 K, which is about 25 K lower than in the bulk. In this paper, high-resolution HAS measurements of the
According to molecular-dynamics calculations, the bulkCgy surface phonon dispersion curves are presented. In addi-
density of states of thegintermolecular modes extends up tion to two librational modes of the g{111) surface, the
to an energy of 7.6 meV and has two peaks with strondgRayleigh wave was also observed. From the measured tem-
libronic character at 2.3 and 3.7 mé\By means of neutron perature dependence of the libron frequencies the surface
scattering on polycrystalinegg Neumanret all®detected a anharmonicity constants were determined. The phonons dis-
librational motion of the g, molecules at an energy that persion curves—including the Rayleigh wave—were com-
shifted from 2.8 meV at 20 K down to 2.0 meV at 250 K, puted for a slab using a 12-6 Lennard-Jones interatomic po-
while getting broader as the temperature increased. Pintschtential, for which there is no librational force constant, since
vius et al* also measured theggphonon dispersion curves the molecules are viewed as spheriCaHowever, as the
with inelastic neutron scattering in polycrystaline sampledibron modes are weakly dispersive in bulkCthey can be
and reported on slightly dispersive librational modes ateasily projected on these calculated surface phonon bands.
around 2.4, 3.6, and 4.6 meV &, ,=200K. In high- This simplified description was adopted here since in addi-
resolution Raman spectroscopy at 77 K, Horoyski, Thewalttion to providing a rather good agreement with experimental
and Anthony? observed three sharp peaks at 2.2, 2.6, andlata, it is much less time-expensive than a “brute force”
3.0 meV, as well as weaker and broader bands at 4.0, 5.5urface dynamics calculation for a potential which accounts
and 6.1 meV. The four lower modes have been identified afor atom-atom interaction and was proposed for buj &+°
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II. EXPERIMENTAL SETUP AND FILM GROWTH

The helium atom scattering apparatus, used in this work,

is described in detail elsewhéfé'and, thus, is only briefly o
presented. A highly monoenergetic He beéull width at 200

half maximumAv/v~1%, AE/E~2%) is produced by a uvg‘ﬂ%E)I@
free jet expansion through a }m aperture into vacuum. ‘I“I"I\‘I"X :
The beam is then chopped and after scattering from the crys- . VAYERYAY,TE

tal surface, the He atoms pass through three differentially
pumped stages and are detected at a distance of about 140
cm from the target by a magnetic mass spectrometer operat-
ing in the ion-counting mode. The angle between incoming
and outgoing beam® g, is fixed at 90 ° so that the incident
0, and final®; scattering angles, measured with respect to
the surface normal, are given &5p=0;+ ®;=90°. Dif-
ferent momentum transfersK parallel to the surface were
probed by polar rotation of the sample around an axis per-
pendicular to the sagittal plane and for elastic scattering are
given by AK=k;(sin®;—sin®,), wherek; is the incident
wave vector. The inelastic scattering experiments reported
here were carried out at an incident beam eneEHyy
=13.5Am1ev, corresponding to an incident wave vedtpr
=52A"".

The GeS crystals, used as substrates for epitaxially grown
Ceo films, were attached on a metal plate that was mounte%

on the sample holder of the manipulator. The (@€8) sur- Reciprocal latticg(outer hexagontogether with the first Brillouin

face was cleavem situ at pressures in the 16 mbar range  ;5ne (inner hexagon For the sc phase, the length of reciprocal
by means of a piece of scotch tape connected by a wire 10 gyice vector is given bya*|=0.36 A~ 1.

rotary feed through. After the cleavage, the scotch tape was

removed though a vacuum lock from the scattering chambeEhe microscopic quality of the films has recently been
V[\)In:r(i:rr\]gtr:ﬁg Vr;aesastl)ﬁ(t?r?er?tgt ftcr:]reagggé 2porer;s-auir:ez?/t/)asc.in t@ported and indicate that the dy films grow on the
middle 10 ! mbar range. The final annealing of the crystal e300 surface according to the "step-flow” growth

t0 550 K for abot2 h resulted in a sianificant improvement mode. Furthermore, the results of the helium atom diffrac-
_— ' SIg P tion demonstrated that the long- and short-range order of the
of the surface as indicated by an increase of the He specul%r

. : i pitaxially grown G, films was comparable with that of the
peak intensity from X 10° counts/s(cps to 6x 1P cps ac cleavedin situ GeS substrate surface.

companied by a substantial reduction in the width of the

diffraction peaks. The temperature of the crystal was regu-

lated via cooling with the liquid-helium cold finger or heat- |||. MEASUREMENTS OF THE PHONON DISPERSION

ing with a resistively heated filament mounted immediately CURVES

behind the sample holder. The crystal temperature was mea- ) )

sured by two NiCr/Ni thermocouples pressed to the metal All the inelastic HAS measurements of the surface pho-

plate behind the sample. The temperature measurements dtn dispersion curves described in this paper were carried
estimated to be accurate to within 1—2 °C. out at Tg,~=130K, in the low-temperature sc phase of

The technique of g film growth on Ge®001) is sur- Ceo(111. Figure 1a) shows the real-space structure and the
veyed in detail in Ref. 23. The chromatographically puriﬁeds_urface unit ce_II of th_e sc phase. Due to the distinct orienta-
Cso powder [purity >99.9% (Ref. 22] was loaded into a tions of _the neighboring molecules at,,<235 K, the sur-
graphite crucible of a Knudsen ceMVA technology, UK, face lattice vectora and_b are equal to the double spacing
located about 15 cm from the sample, and carefully outbetween the nearest neighbors and can be expressed through
gassed, first for 12 h at a temperature of 650 K, and then foihe bulk lattice constant bya| = 2|a,, =20.02 A. The
1 h at 690 K. G, was evaporated at a source temperaturé:orresponding reciprocal lattice of the sc phase is shown in
Teei=700 K on the GeS surface @t,=470 K. Since this Fig. 1(b), where aside from the unit cdlbuter hexagon the
substrate temperature is only 20 K lower than the desorptiofirst Brillouin zone(inner hexagohwith the main symmetry
temperature of the filmT 4.=490 K, there is sufficient mo- points (',M,K) is also shown. For this phase, the length of
bility of the adsorbed & molecules to assure formation of reciprocal lattice vector is given bjg*|=0.36 A™*. Corre-
well-ordered and nearly defect-free films, which were foundspondingly, for the high-temperature fcc phase, the recipro-
to remain stable for several days at temperatures Upyje  cal space can also be represented by Fig) but with re-
=470 K. By heating the sample for several hoursTgj; Ciprocal lattice vectors that are twice as long as those of the
=550 K the Gq layer was completely desorbed and thesc phase. The corresponding high-symmetry points in the
original quality of the substrate was restored. An extendedrillouin zone will be denoted by, M, andK;.

HAS investigation of the film growth mechanisms as well as Four of a total of 60 measured TOF spectra along the

FIG. 1. (@) The real space structure of the sc phase of the
s0(111) surface showing the main crystallographic directioffs.
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FIG. 3. The surface phonon dispersion curves constructed from
all the measured TOF spectra. The scan curves corresponding to the
four spectra shown in Fig. 2 are shown as dashed curves. The ver-
tical dashed-dotted lines denote the positions of the Brillouin-zone
centers(I" points.

[

whereK;=k; sin ©; is the parallel component of the incident
beam mom entum®;=90°—0;, andE; is the incident en-
A ergy of the beam.
6-5-4-32-10123 456 The phonon wave vectors together with the corresponding
measured phonon energies are presented in Fig. 3 for the
Energy Transfer AE [meV] (110 direction. This figure also shows the four scan curves
FIG. 2. A series of representative time-of-flight spectra mea-cOrr€sponding to the incident angles of the TOF spectra in
sured along the g(111(110 direction at the given incident angles Fi9- 2. The vertical dashed-dotted lines denote the positions
0, for a surface temperature &t,+=130 K and the incident beam 0f the Brillouin zone centerél” pointg. Two nearly disper-
energy of 13.6 meVE,; andE, denote two Einstein modes, while sionless Einstein modeE; and E, with energies of 1.8
RW is for the Rayleigh wave. +0.2 and 3.20.2 meV, respectively, were clearly observed
(110 direction, converted to an energy-transfer scale arin both annihila.tion and creation. These modes had rather
’ ' PStrong features in the TOF spectra and were observed for all

displayed in Fig. 2. The diffuse elastic peaks AE measured phonon wave vectors. The energ¥ pfs suffi-
=0 meV are attributed to incoherent scattering from symme- P ' 9¥-H

try breaking surface defecté The relative signal intensity of ciently smaller than twice that &, (3.6 meV) so'that Itis
these peaks indicates that the surface studied has a relativd}PSt Probably not an overtone of mods . Aside from
low density of defects and that the quality of the surface idese Einstein modes, parts of the Rayleigh walRe4/s)
comparable with other previously studied single-crystal di-Were also observed outside the first Brillouin zone. The RW
electric and semiconductor surface<® is clearly visible in the TOF spectra shown in Fig. 2@t
Besides the diffuse elastic peak, each spectrum has @23.5°, 36.0°, and 56.0°. Furthermore, there are some weak
number of other fairly sharp peaks at positive- and negativeindications(see Fig. 3 for additional Einstein-like phonon
energy transfers. The peaks at the positive-energy side comodes at around 2.3 and 5.0 meV. However, due to the low
respond to the annihilation of single phonons, while those orsignals of these modes, their dispersions along the Brillouin
the negative side are due to single phonon excitations. Frormone cannot be established accurately.
the energy transfeAE of each peak together with the cor-  The TOF spectra were also measured along 214) azi-
responding incident angl®;, the associated parallel mo- muth. Four of a total of 50 TOF spectra are depicted in Fig.
mentum transfeAK can be calculated from conservation of 4. Numerous phonon peaks are clearly visible and can be

energy and momentuii(scan curvi attributed to the same type of vibrations as in the other azi-
AK\2 i ©. _muth. The peaks are Iabe_led b_y the same mode notations as

ho= _Ei[l_(lJr _) : '}, (1)  in Fig. 2. The corresponding dispersion curves, constructed

Ki | si O as described above for the other direction, are presented in
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L FIG. 5. The surface phonon dispersion curves together with the
scan curvegdashed linescorresponding to the four TOF spectra
shown in Fig. 4. The vertical dashed-dotted lines denote the posi-
tions of the Brillouin-zone centerd” points.
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spheres. As a consequence, the sc and fcc structures are en-
ergetically equivalent, but the first Brillouin zone of the sc
phase is folded in order to account for the reduced size of the
o T Brillouin zone.
6-5-4-3-2-101234586 The Girifalco model reproduces fairly well the elastic
Energy Transfer AE [meV] constants of solid g deduced from a more sophisticated
intermolecular potential. However, these constants seem-
FIG. 4. A series of representative time-of-flight spectra mea-ingly overestimate the Brillouin scattering d&thy as much
sured along the £(111)(211) direction at the given incident angles as 60%, and this might exagerate the acoustic phonon fre-
0, . The crystal temperature and the incident beam energies are tiguencies by 25%. By contrast the highest phonon frequency
same as in the measurements of Fig. 2. given by the Girifalco potential for bulk & is 7.0 meV, in
good agreement with inelastic neutron d4ta.
Fig. 5 in an extended zone diagram. The vertical dashed- Figure §a) shows the phonon dispersion curves computed
dotted lines indicatd points. The two modeg, andE, are  for a(111) film of 50 layers of Gy with the (1X1) unit cell
also very pronounced for all phonon wave vectors, and somef the fcc structure. Of special interest is the pair of Rayleigh
parts of the RW can also be seen. These measured dispersigaves located at the two free surfaces that rapidly coalesce
curves will be discussed in Sec. IV in connection with theinto a single branch foQ away from thel” point and culmi-

results of the calculations. nates to 3.2 meV at thi, point. In order to compare the
calculations with the low-temperature experimental data, the
IV. CALCULATION OF THE DISPERSION CURVES sc (2x2) unit cell was used to calculate the surface charac-

ter of the phonons. The results are shown in Figp) or a

The surface phonon dispersion curves @f(C11) films  12-layer film where the gray scale represents the sum of the
were calculated with the Girifalco intermolecular potentfal. square amplitudes on the four molecules composing the top-
This simple, radial potential is obtained by integrating themost layer and projected along the normal vector at the sur-
12-6 Lennard-Jones interactiong,/r *>—cq/r®, wherer is  face (SP, polarization. This polarization was chosen since
the distance between two parts in adjacegg Spheres of with HAS the probability for exciting the SPmodes is usu-
radius 3.55 A. The two parametels,, andcg) of the poten-  ally greater than for exciting the $Pnods?’ whereas the
tial were adjusted to reproduce the lattice parameter and thexcitation of the shear horizontal modes is forbidden along
sublimation energy of the 45 fullerite at room temperature. high-symmetry direction®
This model is unable to reproduce the orientational-ordering Doubling the unit cell has the important effect that the
transition involving the librational degrees of freedom sinceRayleigh wave is folded back into the reduced first-Brillouin
the molecules are approximated by smooth noncorrugatezbne and, thus, gives rise to a nearly flat band at around 3
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TABLE I. The energiegmeV) of the libron modes determined
in bulk Cso by Raman spectroscopy and neutron inelastic scattering,
extrapolated to 130 K using the anharmonicity coefficigpt
=0.017, are compared to thH®, andE, energies measured at the
same temperature by HAS.

Cgo(111) 1x1 (50 layers)

Ramar Neutror? HAS®

2.0 21 1.8
2.4 2.6
2.8 2.8
2.8 2.9 3.2
3.8 4.0

Phonon Energy 7o [meV]

\ . aReferences 1 and 12.
<R11> <110> <110> bReferences 1 and 11.

Ci
Ceol111) 2x2 (12 layers) Present work.

64 £ H fcc cell is only an approximation. However, it is believed
that most of the important effects are already accounted for
by the folding.

The HAS dispersion curves of Figs. 3 and 5 are plotted in
Fig. 6(c) in the reduced zone corresponding to the sc phase.
The modes; andE, are nearly dispersionless with energies
of about 1.8 and 3.2 meV, while the points arising on both
sides of thd” point are attributed to the Rayleigh wave. For
comparison, the horizontal dashed lines show the frequencies
of the bulk G librons measured by Raman spectroscopy and
<211> <110> <110> neutron inelastic scatterin@gee Table)l

Even though the calculated phonon bands of Fig) 6o
. , not acount for the librational modes, they nicely reproduce
e . : 1 several of the experimental features summarized in Fig. 6
The folding of the Rayleigh wave itself might suffice to ex-
. R plain dispersionless data, especially since the folded branch
I Do e onT e g is found right at the same energy as thgmode. However,

‘ : the frequencies of th&,; andE, mode depend on the tem-
perature, due to the anharmonicity of the observed vibrations
as discussed in the next section. In addition, the frequency of
T fet — the Rayleigh wave at th&; point may be overestimated,

P e KA R since the calculations yield a Rayleigh wave phase velocity
e i ] ] of 1850 m/s along211), which is about 30% higher than the
oL i - il 1(c) experimental value determined by surface Brillouin
M r K M scattering® Taking this correction into account would shift

<@L1> <110> <110> the folded Rayleigh branch down to 2.4 meV, between the

E, and E, modes where indeed some experimental points
FIG. 6. (a) The surface phonon band structures computed for 3re found.

slab of 50(111) layers of G in the extended Brillouin zone corre-
sponding to the high-temperature fcc structile.Surface phonon
characters with SPpolarization computed in the reduced Brillouin
zone corresponding to the low-temperature s& @3 structure. The
band structuresa) and (b) were obtained with the Girifalco poten- To obtain information on the anharmonicity of the
tial on relaxed structures of the films. The labklsandM, in () phonons on the £(111) surface, the TOF spectra were mea-
are the high-symmetry points of the first Brillouin zone generatedsured for different substrate temperatures between 130 and
by the fcc structure, an& and M in (b) are the corresponding 270 K. The measurements were performed along(11i€)
points in the reduced zone shown in Figbjl (c) Experimental  direction at an incident angl®,=36°, with an incident
dispersion curves deduced from the HAS spectra recorded at 130 fgeam energy of 13.6 meV at different surface temperatures.
with the horizontal lines indicating the energies of the bulk libronsFigure 7 exhibits the eight measured TOF spectra. The wave
listed in Table I. vector transfer associated with the elastic peakAi
=1.12 A~1. At higher temperatures, multiphonon scattering
meV all along the high-symmetry directions. Of course, inresults in a reduction of the single phonon peak intensities
the real (2x2) structure, the four molecules in eattill)  and in an increase in the background. R{,+~=250 K, the
layer are not equivalent and folding the band structure of theingle phonon peaks are no longer detectable. For the same

Phonon Energy o [meV]

v, | (b)

=l
—
=
=l

Phonon Energy hw [meV]

L EPYPR VS

V. ANHARMONICITY OF THE SURFACE PHONONS
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24 T - - - - T - - hwo<kgT, the temperature dependent energy shi(T)
- 110 = 4 can be expanded and simplified to the following form:
r < > () 7
E
o0l Ei= 13.6 meV %3-\9\8\8\9\2\' E2 i AE:_Xeﬁwo(2n0+ l): _2XekBT (3)
©;=36 g 2 ' 1] Thus, comparing this equation with the linear regression fits
8 g, T8 of the (AE— T, curves, shown in the insert of Fig. 7, the
> 16} 120 140 160 180 200 220 | anharmonicity constantg.; and ., for the two observed
£ ' Temperature To,q [K] librational modes can be easily calculated:
g 14¢ .
(]
9 12 1 bl
% sl E2 E, Xe1=— e =0.020+0.002,
g 4
£ 8}
b,
6 Xe2=— =— =0.029+0.009. (4)
2kg
4
o These values are comparable to the anharmonicity coeffi-
cients of 0.0175 and 0.024 measured for the Rayleigh wave
0 s s - s - 270K on Cu001) and AK111) surfaces, respectivefy.
8 -6 -4 2 0 2 4 6 8 10

In Cqo, the energy shift with the temperature of the libra-
Energy Transfer AE [meV] tional modes has already been observed in the bulk by means
of neutrort® and Ramalf scatterings. Fitting these data with
FIG. 7. TOF spectra measured from thg(@11) surface along a linear regression results in the bulk anharmonicity constant
the (110 directions for various surface temperatures. The decreasggg'k: 0.017+0.001, which is a factor 0.88 smaller that that
with temperature of the librational modes is plotted in the inset.  of the surface mod&;. The enhanced surface anharmonic-
ity can be caused by a number of factétshe most impor-
reason the diffuse elastic peak also decreases with th@nt of which probably is the reduced coordination of the

temperatu_ré.l o surface molecules as compared to the bulk.
From Fig. 7 it is apparent that the peaks corresponding to

modesE,; and E, shift towards lower frequencies with in-
creasing temperature. The inset in Fig. 7 shows the tempera-
ture dependence of both modes. As can be seen from this High-resolution elastic and inelastic helium atom scatter-
plot, the energy decay for both modes can be fitted withing experiments have been carried out to investigate the low-
linear functions of the form\E=a+bTg,;. The linear re- frequency vibrational dynamics of the;films grown epi-
gression for theE,; and E, modes yieldsa,;=2.13 taxially on the cleaved G€&801) surface. The phonon
+0.1meV and b;=—-3.4+05ueV/K, and a,=3.85 dispersion curves of the sc phase @§C11 were measured
+0.25 meV and,= —5.0+ 1.5 ueV/K, respectively. Tha  at Tq,v=130 K along two high-symmetry directions. Three
parameters correspond to the phonon frequencies extrapoiodes were clearly identified in the time-of-flight spectra,
lated to the surface temperature of 0 K, while the slope cotwo of them being dispersionle¢g, and E, mode$, while
efficientsb; and b, are related to the anharmonicity con- the other one could unambiguously be attributed to the sur-
stants of the g, surface. face acoustic Rayleigh wave. The energies ofEheandE,
Anharmonic effects on surfaces have been discussed byode aftTg,;=130 K are 1.8 and 3.2 meV. They deviate by
Benedek and Toenni®sand have been previously observed 0.3 meV from the frequencies of the liboron modes deter-
on several clean metal surfaces as well as on several adsanined for bulk Gy by Raman and neutron inelastic scatter-
bate layer$® In an anharmonic potential well, the energy ing experimentgsee Table). By measuring the temperature
eigenvalues are not equidistant, and at higher temperaturelependence of the libron energies, the surface anharmonicity
the quantum transitions— n+ 1 with largen make increas- constants were found to be about 12% higher than the cor-
ing contributions, thus, leading to the asymmetric broadeningesponding bulk ones.
and shift of the phonon peak. To a first approximafidthe Surface phonon dispersion curves were also calculated on
anharmonic shift of the phonon energies is proportional tdhe basis of the Girifalco intermolecular potential, with the
the harmonic energy of the oscillatbw, and is given by Cgo molecules being approximated by smooth uncorrugated
spheres. The calculations demonstrated that the Rayleigh
mode, when folded back to the first Brillouin zone of the sc
E=fo(Te =hwo— xiwg(2nyg+1), (2)  Pphase, gives rise to a nearly dispersionless mode at around
3.2 meV, which might contribute to the measutegdmode.
where x. is the anharmonicity constant ang, is the However, renormalizing the potential parameters to fit the
temperature-dependent occupation number for Bose statighase velocity of the Rayleigh wave measured by surface
tics: no=[expfw/ksT)—1] . Since the surface tempera- Brillouin scattering at thd™ point could lower the energy of
ture range used in the present measurements is such ththe folded branch by 0.8 meV and, therefore, the predicted

VI. CONCLUSION
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coincidence with thé&e, mode may be accidental. In closing would be desirable in order to fully understand these new
it is worth recalling that the calculations were performed inexperiments.

the harmonic approximation and no temperature effects were

included. Furthermore, the force constants were taken to be ACKNOWLEDGMENTS
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