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Intra- and extramolecular vibrations of fulleride surfaces

C. Silien, P. A. Thiry, and Y. Caudano
Laboratoire de Spectroscopie Mole´culaire de Surface, Faculte´s Universitaires Notre-Dame de la Paix, 61 Rue de Bruxelles,

B-5000 Namur, Belgium
~Received 25 August 2002; published 25 February 2003!

The surfaces of K-doped C60 thin films have been studied by high-resolution electron energy loss spectros-
copy in reflection geometry. In addition to showing the expected intramolecular infrared-active modes ofT1u

symmetry, as well as their usual behavior upon doping, the K4C60 and K6C60 phases display two K-related,
dipole-active, extramolecular phonons. In K3C60, the electronic screening limits the dipolar probing depth to
the topmost layer and only one K-related phonon is observed. Our data also reveal that the Raman-activeAg

vibrations dominate the intramolecular energy region. The properties and the modified K/C60 stoichiometry of
the outmost surfaces of fullerides are discussed accordingly.

DOI: 10.1103/PhysRevB.67.075412 PACS number~s!: 61.48.1c, 68.55.Nq, 68.35.Ja, 68.49.Jk
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I. INTRODUCTION

Since C60 ~Ref. 1! has been available in sizab
quantities,2 its vibrational excitations have often been inve
tigated, especially because phonons are expected to pla
important role in the high-temperature superconduct
phase,3 but also because they probe the molecular envir
ment and provide an alternative way to enlighten our und
standing of fullerene surfaces and interfaces. Here we
concerned with the surface properties of intercalation-do
C60, such as K3C60, which presents a moderate transitio
temperature of 18 K.4 In recent years, it has been propos
that the extreme surface of doped fullerenes, like K3C60,
may possess specific properties compared to the bulk o
compound. This concept has been discussed in the ligh
photoemission experiments5 and electron energy loss spe
troscopy ~EELS! studies.6 Here, we report on a high
resolution EELS~HREELS! study of K3C60, K4C60, and
K6C60 thin crystalline films and discuss the properties a
stoichiometry of their respective surfaces.

While isolated, C60 belongs to theI h point group, so that
only the fourT1u modes are infrared~IR! active and the two
Ag and eightHg modes are Raman active. In the solid sta
the intramolecular phonons can be regarded as ‘‘on-ball’’
citations slightly perturbed by the molecular environmen7

However, solid-state condensation induces the appearan
extramolecular excitations~below 200 cm21) associated
with the rotational and translational degrees of freedom
the isolated molecules. Librations and translational bulk
citations have been measured by far-infrared and Ra
spectroscopies,8 as well as inelastic neutron scatterin
~INS!.9–11 Inelastic He scattering revealed surface libratio
and Rayleigh waves.12,13The intercalation of alkali atoms in
C60 gives rise to additional vibrational excitations, in add
tion to modifying the intramolecular phonons because
the charge transfers. Raman,14 high-resolution EELS
~HREELS!,15 INS, and theoretical investigations have f
cused on those excitations in K- and Rb-doped C60
films.16–19In short, the observed frequencies probe the alk
atom site and the nature of the doping atoms, as well as t
stoichiometry with respect to C60. The HREELS technique
allows the observation of both extra- and intramolecular
0163-1829/2003/67~7!/075412~6!/$20.00 67 0754
-
an
g
-

r-
re
d

he
of

d

,
-

of

f
-

an

s

f

li
eir

-

brations and is sensitive to their dipolar character. In ad
tion, the limited probing depth of the technique restricts t
analysis to the surface, enabling the investigation of its pr
erties. The high resolution achieved here allows us to se
rate the excitations of the topmost C60 layer from those of the
layers underneath, providing a deeper understanding of
surface properties of fullerides.

II. SAMPLE PREPARATION AND CHARACTERIZATION

Fullerene thin films~about ten C60 layers! were obtained
by sublimating C60 ~99.9% purity, MER Corporation! from a
resistively heated Ta crucible, on a clean Cu~111! @or
Ag~111!# single crystal kept at room temperature. In order
improve the quality of the films, one pure C60 monolayer was
always predeposited at 600 K~550 K!, and a low deposition
rate was used~about 15 min per C60 layer!. After completion
of the fullerene film growth, doping was achieved by evap
rating potassium from a commercial source~SAES Getter!.
Adequate K dosing, monitored by Auger electron spectr
copy ~AES!, and subsequent annealing at about 570 K~550
K! allowed us to obtain thin films of single phases of KxC60

(x50, 3, 4, and 6!. The distillation procedure used here ma
induce fullerene evaporation and therefore hampers a pre
determination of the final film thickness. Hence, only estim
tions ~though supported by AES and HREELS! can be given.
The base pressure in the ultrahigh-vacuum preparation ch
ber was about 3310210 Torr.

HREELS was performed with a Delta 0.5 spectrome
~Vacuum Science Instruments! capable of a resolution of 8
cm21 ~evaluated from the full width at half maximum of th
elastic peak!. In this study, the routine resolution was abo
15 cm21. The electron beam incidence and analysis ang
~given in the figure captions! are measured with respect t
the surface normal. The primary energy was set at 4 eV.
spectroscopic investigations were carried out at room te
perature in a vacuum of about 7310211 Torr. In addition to
AES, the purity and composition of the different phases w
checked by recording electronic excitation spectra with
HREELS spectrometer. Those data~not shown here! were
©2003 The American Physical Society12-1



lu
a

S

a

th

lar
er
in

olar
e-
.

lso
e
me
ra-
ular

e
sily
the

i-
t

ity

a-
c-

r
a

tio
he
io

to
of
ig.

C. SILIEN, P.A. THIRY, AND Y. CAUDANO PHYSICAL REVIEW B67, 075412 ~2003!
measured with a primary energy of 10 eV and a low reso
tion of about 20 meV. Good agreement with literature dat20

was found for all phases.

III. RESULTS AND DISCUSSION

A. Intramolecular vibrations

The specular spectrum of pure C60 shown36 in Fig. 1
~lower trace! agrees well with previously published HREEL
data of multilayers grown on Ag~111! ~Ref. 21! or Si~100!-
H(231) ~Ref. 22!. The four dominant modes are located
527, 574, 1177, and 1424 cm21 and all exhibit a clear dipo-
lar character, as their intensities are drastically reduced
off-specular geometry. Obviously, they correspond to
four intramolecularT1u infrared-active modes of C60.23

FIG. 1. Vibrational excitation spectra of C60, K3C60, K4C60,
and K6C60 thin films ~from bottom to top!, recorded in specula
geometry. The incidence angles are respectively 75°, 55°, 65°,
65°. For all spectra, the primary energy is 4 eV and the resolu
is about 15 cm21. The spectra are normalized with respect to t
elastic peak intensity, and the scale factors of the blown-up sect
are indicated on the figure.
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Many peaks appear in the corresponding off-specu
spectrum37 ~parts of this spectrum are shown in the low
trace of Fig. 2!. Their frequencies match those measured
specular geometry, and some of them show a small dip
contribution, which could stem from the loss of the icosah
dral symmetry of C60 in the bulk or at the surface of the film

The vibrational excitation spectra of K3C60, K4C60, and
K6C60 thin films, recorded in specular geometry, are a
displayed in Fig. 1. For all C60 phases, we measured th
off-specular spectra as well. In our interpretation, we assu
that the dipolar and impact interactions dominate the vib
tional fingerprints measured in the specular and off-spec
directions, respectively.

In the K4C60 and K6C60 specular spectra of Fig. 1, th
peaks visible in the intramolecular frequency range are ea
interpreted, owing to the large set of infrared data from
literature.24,25 In both cases, the spectra are obviously dom
nated by theT1u(2) andT1u(4) modes, which are located a
572 and 1359 cm21 in K4C60 and at 572 and 1352 cm21 in
K6C60, respectively. The increase of their infrared activ
with doping26 is well reproduced here.

Contrary to the spectra of K4C60 and K6C60, the HREELS
spectrum of K3C60 does not match the corresponding infr
red data, although it is clearly dipolar. However, this spe

nd
n

ns

FIG. 2. Intramolecular vibrations of C60 and K3C60 films pre-
sented in the energy ranges of theAg(1) ~left panel! and Ag(2)
~right panel! modes. From bottom to top, the curves correspond
off-specular data of C60 and to off-specular and specular data
K3C60. Note that the relatively intense background observed in F
1 for K3C60 is not reproduced here for clarity.
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trum shows remarkable similarities with the energy lo
spectrum of one C60 monolayer adsorbed on metals lik
Ag~111! ~Ref. 21! or Cu~111! ~Ref. 27!. Dipolar modes are
observed at 348, 486, 571, and 1438 cm21. As in the case of
C60 monolayers adsorbed on metal, we propose to assign
peaks at 486 and 1438 cm21 to theAg(1) andAg(2) vibra-
tions of C60 and the peak at 571 cm21 to theT1u(2) mode.

It is tempting to explain the discrepancy between
infrared-absorption and the dipolar HREELS fingerprints
invoking the different probing depths of the two techniqu
From the dielectric theory of HREELS,28 we estimate a prob
ing depth of about ten molecular layers for C60, as well as
for K4C60 and K6C60. However, if the substrate is metallic
strong screening is expected and the probing depth shou
drastically reduced. As K3C60 is known to be metallic at
room temperature,29 we can infer that the dipolar modes d
tailed here above are localized in the topmost layer of
K3C60 film. The intense and rather constant backgrou
~within the energy range presented here! observed on the
specular spectrum testifies to the existence of free carrier
it corresponds to the left wing of thet1u plasmon peak~lo-
cated at 0.6 eV!, characteristic of the metallic state. In add
tion, the very low intensity of theT1u(2) mode compared to
the other phases is an independent proof of the reduced
polar probing depth in K3C60.

Ag molecular vibrations are only Raman active in t
icosahedral symmetry. Because the inversion symmetr
broken at the bulk surface, these modes can nevertheless
some infrared activity. Indeed, a deformation of the molec
at the surface may explain the small infrared activity of t
Ag(2) observed when C60 is physisorbed on hydrogenate
Si~111! ~Ref. 30! and on CO-dosed Cu~100! ~Ref. 31 and
32!. However, this argument is unable to justify the inten
infrared activity of theAg modes measured here and
C60/metal interfaces.21,27,31–33This phenomenon has bee
previously explained by the occurrence of a dynamic cha
transfer at the C60/metal interface33 or by couplings involv-
ing the Ag(2) mode, a low-frequency mode~the frustrated
translation has been suggested!, and induced surface state
arising from the hybridization between the molecular a
substrate electronic states.31,32 Therefore, we infer that thes
processes also occur at the topmost layer of K3C60, as a
result of the metallic character of the underlying fulleri
film.

Depending on the preparation procedure, oxidation sta
of C60

2.52 or C60
1.52 have been identified for the topmo

layer of K3C60 films.5 The lower valence is found when th
sample is obtained via the distillation method. The frequ
cies of the intramolecular modes are very sensitive to
charge carried by the C60 molecules. Consequently, the hig
surface sensitivity of our HREELS data of K3C60 allows us
to discuss the effective oxidation stage of C60. In Fig. 2, we
show K3C60 data recorded in specular and off-specular
ometry, restricted to the energy ranges of theAg(1) ~left
panel! and Ag(2) modes ~right panel!, respectively. Off-
specular data of undoped C60 are added for comparison. I
the left panel, one can follow the evolution of theAg(1),
T1u(1), andT1u(2) modes. A clear 11 cm21 downshift of
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the T1u(1) mode is observed from C60 to K3C60. Assuming
a linear downshift with doping and using bulk infrared data24

to calibrate the relation of the frequency versus the cha
transfer, one obtains about one electron per C60 for the K3C60
surface. TheAg(2) mode frequency of 1438 cm21 ~right
panel! falls between the values of 1432 and 1445 cm21 re-
ported by HREELS for one monolayer of C60 adsorbed on
Cu~111! ~Ref. 27! and Ag~111! ~Ref. 21!, respectively. The
metal substrates donate about 1.5~Ref. 34! and 0.75~Ref.
35! electrons per C60 for those interfaces, so that a charg
transfer of about one electron is acceptable for the K3C60
surface. Consequently, our data confirm that the distillat
method produces an underdoped surface.

The infrared intramolecular fingerprint of the K3C60 sur-
face, obtained by HREELS, is thus different from the bu
one, measured by infrared spectroscopy. This difference
tween the surface and bulk dielectric properties is confirm
and extended to all fullerides, by the investigation of t
extramolecular phonon frequency range, discussed in
next section.

B. Extramolecular vibrations

Intense, low-energy, dipolar losses and gains are well
solved below 200 cm21, in the HREELS spectra of ful-
lerides~Fig. 1!. For the sake of clarity, they are reproduced
the left panel of Fig. 3 and all the frequencies are reported
Table I ~along with their off-specular values!. One single
peak is observed at 71 cm21 for K3C60; two peaks are

FIG. 3. Energy loss and gain spectra of C60, K3C60, K4C60, and
K6C60 in the extramolecular vibrational range, recorded in specu
~left panel! and off-specular~right panel! geometry.
2-3
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present at 72 and 108 cm21 for K4C60 and at 88 and 135
cm21 for K6C60. All these peaks are observed both as e
ergy gains and losses. The off-specular counterparts
shown in the right panel of Fig. 1. In the case of K3C60, an
additional shoulder and a peak are detected, respective
27 and 99 cm21 in the off-specular data. By comparison wi
INS studies16,17and theoretical works,18 the 27 cm21 feature
is attributed to librations of the C60 molecules. The peak
detected at 99 cm21 is ascribed to a combination of the l
bration and the 71 cm21 peak.

In a previous work, we have shown that K-doped C60
monolayers adsorbed on Ag~111! display one characteristi
low-frequency dipolar excitation, whose frequency varies
a function of the compound stoichiometry. For K1C60 it is
located at 63 cm21 and its frequency increases with
doping.21 As such excitations are absent from the spectra
undoped C60 monolayers and multilayers, these low
frequency modes are related, in both doped monolayers
multilayers, to alkali versus C60 displacements rather than t
lattice phonons of the C60 host crystal.

Regarding K4C60 and K6C60, it is interesting to determine
the nature of the dipolar activity of these modes. Indeed
these nonmetallic compounds, the probing depth of the d
lar coupling mechanism is about ten fullerene layers, so
both extreme surface and bulk excitations are probed at
same time. Calculations, of the bulk phonon density
states, that include alkali atoms in the C60 matrix give either
two peaks at 80 and 117 cm21 for Rb6C60 ~Ref. 18! or one
broad peak at 150 cm21 for K6C60 ~Ref. 19!. The dipole-
active phonon measured at 135 cm21 for K6C60 matches this
energy range predicted for the alkali-C60 vibrations of bulk,
fully doped C60. The modes observed here could thus be
the same nature as the calculated excitations. It is also
sible that they actually are Fuchs-Kliewer phonons, wh
are known to develop at the interfaces of ionic materia
Although we are not aware of similar computations for t
K4C60 phase, we attribute the peaks on the K4C60 spectrum
to excitations comparable to those of K6C60.

In order to clarify the origin of those vibrations, we gre
K4C60 films of various thicknesses, ranging from about fo
to ten monolayers. The corresponding spectra are show
the upper panel of Fig. 4. All spectra were recorded in
same geometry (55°-55°). The highest-frequency peak
pears very much affected by the sample thickness and, o
ously, grows as the thickness increases. We also perfor
an angular analysis of the four-layer thick K4C60 sample and
report the data in the lower part of Fig. 4. In specu

TABLE I. Frequencies~in cm21) of the extramolecular excita
tions of fulleride thin films, observed by HREELS in the specu
direction and~given in brackets! in off-specular geometry.

Outmost layer Internal layers

K3C60 71 ~69! —
K4C60 72 ~74! 108 ~102!
K6C60 88 ~85! 135 ~136!
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HREELS, the intensity of the two modes increases with
angle of incidence of the electron beam, with a clear
hancement when the angle is rotated towards 75°, wh
definitively confirms their dipolar activity. However, the e
fect is again more pronounced for the highest-energy pe
All those measurements can be accounted for by the die
tric theory of HREELS if the peak at 72 cm21 is restricted to
the surface and the one at 108 cm21 is allowed to originate
from the layers underneath. A similar behavior is observed
the case of K6C60 and the same interpretation is proposed

In the face-centered-cubic structure of K3C60, all tetrahe-
dral and octahedral sites are necessarily filled by K ato
Phonon density of states calculations for the alkali-C60 ma-
trix give one peak at 140~Ref. 19! or 129 cm21 ~Ref. 18! for
K in the tetrahedral site and another one at 50~Ref. 19! or 32
cm21 ~Ref. 18! for K in the octahedral site. INS effectively
shows one peak17 at 113 cm21. In the extramolecular energ
range, our specular spectrum of K3C60 ~Fig. 3! displays only
one dipolar peak at 71 cm21, whose frequency does no
match any of the expected values. We argued previously t
in K3C60, only the top layer excitations can be observ
because of the metallic nature of this fulleride. Therefore,
assign the peak to a surface excitation that does not exi
the bulk, by analogy with K4 and K6C60.

r

FIG. 4. Evolution of the specular energy loss and gain spectr
K4C60 in the extramolecular vibrational range, with respect to t
thickness of the film~top! and to the incidence angle of the electro
beam~bottom!.
2-4
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IV. CONCLUSIONS

Our measurements allow us to sort out~Table I! the extra-
molecular excitations recorded by HREELS for K3C60 ,
K4C60, and K6C60 thin films. The peaks observed at 71, 7
and 88 cm21 originate from the topmost C60 layer of the
films and the ones at 108 and 135 cm21 come from the
layers underneath. The lower frequency of the surface e
tations reflects an underdoped stoichiometry in the upp
most C60 layer of all fullerides studied here. In the case
K3C60, the discussion of the intramolecular phonons alrea
led to that conclusion. On doped monolayers, frequencie
63, 77, and 92 cm21 are found for K1C60, K2C60, and K4C60
stoichiometries.21 Consequently, the observation here of
peak at 71 cm21 plays in favor of a stoichiometry of about
or 1.5 K atom per C60 for the top layer of K3C60. A similar
stoichiometry can be inferred at the K4C60 surface. The
higher frequency of the surface mode in K6C60 can be inter-
preted as being due to a higher superficial K/C60 ratio of
about 3.

In the layers inside the fulleride crystals, each C60 mol-
ecule shares electrons with the surrounding alkali ato
which are accommodated under and above the fuller
planes. Consequently, the existence of underdoped surf
can be explained solely by the partial or total removal of
layer of alkali atoms that should rest above the last C60 plane
and does not require any geometrical reconstruction of
E.
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surface. The method used to prepare the films is probab
key factor in the determination of the stoichiometry of t
external C60 layer. The distillation-based procedure we us
is expected to produce the lowest surface doping for
phases as the annealing is likely to remove all upper K
oms. In this case, the surfaces are indeed expected to ha
stoichiometry twice lower than their bulk one, in full agre
ment with our data.

The different probing depths of the HREELS techniq
for the fulleride films analyzed here reflect the metallic ch
acter of the bulk of K3C60 and the semiconducting/insulatin
nature of the K4C60 and K6C60 films. However, the observa
tion below 90 cm21 of one huge dipole-active extramolec
ular excitation in the topmost layer of all fullerides sugge
a weak screening of the vibrations at their surfaces as we
a reduced stoichiometry of the uppermost layer, question
again5,6 the metallic character of the K3C60 surface.
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