
PHYSICAL REVIEW 8 VOLUME 46, NUMBER 19 15 NOVEMBER 1992-I

Inelastic x-ray scattering in single-crystal C6o
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We have measured energy-loss spectra of electrons in a single crystal of C60 for several momentum

transfers (0.65 ~ q ~ 1.15 A ) with energy resolution of 1.5 eV by the inelastic scattering of synchrotron
x rays. Two features dominate the spectra; an interband transition near 5 eV due to the carbon 2p, elec-

trons, and a bulk plasmon mode peaked near 30 eV, which arises from all four of the carbon valence
electrons. The spectra are isotropic.

An understanding of the electronic structure in un-
doped C60 crystals is essential for an understanding of the
effects of electron doping and the nature of complex
states such as superconductivity and magnetism. Recent-
ly, there have been a number of measurements of the
electronic excitation spectrum in undoped C60. However,
techniques such as photoionization are limited to surfaces
or gases of C60 molecules, and are difficult to interpret. '

High-energy electron-energy-loss spectroscopy (EELS)
experiments are limited to small momentum transfers or
very thin samples because of multiple scattering and are
very sensitive to surface effects. The most suitable
technique currently available to probe electronic struc-
ture in the 1-eV energy resolution region is inelastic x-ray
scattering spectroscopy (IXSS). The weak interaction
between x rays and the electronic system greatly reduces
multiple scattering, which in principle allows IXSS to
probe the bulk system over a broad range of momentum
transfers. The availability of bright synchrotron x-ray
sources in fact allows us to perform such experiments.

We present IXSS measurements in a single crystal of
C60 with an energy resolution of 1.5 eV. These measure-
ments have been made for several momentum transfers
along the [001]and [111]crystal axes with an incident en-

ergy %co=5.66 keV. We observe two spectral features.
At an energy loss near 5 eV there is a sharp interbandlike
feature for momentum transfer q =0.65 A, which

O

disperses to 6.5 eV at q = 1.15 A '. At an energy loss of
27 eV there is a broad bulk plasmonlike mode for
momentum transfer q =0.65 A ', which disperses to
30.3 eV for q =1.15 A . Finally, the integrated intensi-

ty of the bulk plasmon mode grows by a factor of 5 over
this momentum range while the intensity of the smaller,
low-energy peak remains unchanged. These spectra will

be compared to those for a gas of C60 molecules taken

with EELS, and to those for graphite taken with IXSS.
The measurements of the energy-loss function, S(q, co),

reported here, were carried out at the dipole magnet
beamline X14 and at the wiggler beamline X25. The en-

ergy of the incident beam was tuned to 5.66 keV with a
full width at half maximum (FWHM) of approximately 1

eV at X14 and 0.7 eV at X25 as determined by double-
crystal monochromators and collimating slits. The
single-crystal C60 sample size was approximately
0.2X0.3X0.5 mm with glossy, black [001] and [111]
facets that were both normal to the 0.5-mm sample face.
A mosaic spread of 0.02 degrees attested to the high qual-
ity of the crystal. The experiments were carried out at
room temperature with the sample mounted in vacuum
on a tungsten pin with the [001) and [111]axes both nor-
mal to the pin. With this con6guration, both axes could
easily be rotated into the scattering vector q.

Single crystal C60 is favorable for IXSS studies because
the relatively low x-ray absorption of carbon allows a
large sample volume for scattering. The x-ray absorption
length in single crystal C60 is approximately 0.5 mm at
5.66 keV. X-ray absorption has limited IXSS studies to
materials lighter than silicon (Z =14). However, this is

expected to change with the availability of brighter
sources, such as the insertion device X21 at the National
Synchrotron Light Source and future machines such as
the ESRF and APS. Unfortunately, even with low ab-
sorption in carbon, long counting times were necessary
because in general IXSS cross sections are small. In addi-
tion, the x-ray beam spot size was approximately 1 X 1

mm, which is considerably larger than our sample. For
example, a counting time of about 160 min was necessary
to obtain a single spectrum at q =1.15 A ' with better
than 2% statistics in the plasmon peak (see Fig. 1).

The scattered radiation was collected by a cylindrically
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FIG. 1. (a) S(q, co) for a single crystal of C60 for q =0.65 A

and parallel to the [100] axis. The elastic peak is shown divided
by a factor of 30. The energy resolution, as described in the
text, is 1.5 eV. (b) S(q, co) for a single crystal of C60 for
q = l. 15 A, for q parallel to the [100] (open circles) and [111]
(filled circles) crystal axes, respectively. The scans are very
similar within our experimental uncertainty.

bent, 5 cm axialX7. 5 cm tangential, highly oriented py-
rolytic graphite mosaic (0.4') crystal analyzer, bent to a
500-mm radius-of-curvature by Union Carbide. The cy-
lindrical (flat) axis was in the vertical scattering plane and
was chosen as the dispersive direction. The analyzer was
placed equidistant (500 mm) from the sample and a 10-
cm-long position-sensitive proportional counter. This
configuration gave a one-to-one para-focusing of the
source onto the detector with a total bandpass of 80 eV.
In this way the entire energy-loss spectrum was obtained
simultaneously.

The response function of the analyzer-detector com-
bination was determined by scanning the beamline mono-
chromator energy while measuring the intensity of the
elastic peak on the wire detector for a fixed analyzer an-
gle. The spectra presented below have been divided by
this measured response. The energy resolution as given
by the FWHM of the elastic peak (see Fig. 1) was mea-
sured to be 1.5 eV. It should be noted that the angular
spread of the elastic peak, and hence energy resolution at
the wire, is a function of energy, i.e., from Braggs law
68=(he@/co)tan8, where bco is fixed by the monochro-
mator. However, since all of the spectral features were
considerably broader than the instrumental resolution,

particularly at large energy transfer (smaller energy pho-
tons) no deconvolution was necessary. Finally, the spa-
tial resolution of the wire was 50 pm, which at the high-
angle side (larger energy transfer and nearer backscatter-
ing) of the wire corresponded to an energy spread of
about 100 meV. Therefore, the wire oversampled the
data by at least a factor of 15, allowing us to integrate
flux over 250 pm (0.5 eV) of detector wire without de-
grading the energy resolution. This was accomplished
with a multichannel analyzer which measured the output
signal of the detector.

The experimental data were processed in two ways.
First, the elastic line was removed by fitting it to a sym-
metric function. The fit is shown in the figure reduced by
a factor of 30. Due to the high intensity of the elastic line
the data in the 0-4-eV energy-loss range was somewhat
less reliable. As such, the line shape of the low-energy
spectral peak was somewhat uncertain, while the peak
position was better determined. Second, all of the spectra
were normalized via the f-sum rule,

f o S(q, c0)codco=fiq /2m. Errors in the normalization
were due to the presence of scattering from the core elec-
trons (i.e., 2p and ls). These were less than 10' since
most of that scattering was at higher energy loss with a
sharp onset at 72.5 eV (Ltt& edge), and only exponential
tails extended to lower energy loss.

The energy-loss spectrum for q =0.64 A ', with q
along the [001] crystal axis, is shown in Fig. 1(a). The
spectrum shows two distinct peaks; one at 4.9 eV with a
FWHM of 3 eV, and a second peak at 27 eV with a
FWHM of 14.7 eV. In addition, there is evidence for a
shoulder on the low-energy side of the second peak, near
20 eV. In Fig. 1(b) two sets of data are shown for
q =1.15 A ' with the momentum transfer along both
the [001]and [111]crystal axes, respectively. The spectra
are similar, i.e., there is no evidence for anisotropy. It
should also be noted that both of these IXSS spectra are
very similar to the spectra in a crystalline powder of C60
obtained by us previously. The spectrum itself shows
that the lower-energy peak shifts to 6.5 eV while the
broad peak shifts to 30.3 eV. A shoulder on the high-
energy peak is still present. In addition, while the in-
tegrated intensity of the low-energy transition remains
nearly unchanged, that of the broad peak grows by a fac-
tor of S. Finally, the width of the 4.9-eV peak broadens
from 3 to 4 eV, while the 27-eV peak broadens from 14.6
to 15.4 eV.

Comparison of our IXSS measurements in the solid
with intermediate energy (1 keV) EELS in a gas of Cso
molecules reveals a number of differences. The dominant
low-energy feature in the molecule is observed at 6 eV
with q =0.42 A ', while there is a weaker peak at 4.9
eV, where we observe the low-energy peak in the solid.
Though the IXSS experiment does not have good enough
energy resolution to observe this fine structure, we sug-
gest that it is possible that the intermolecular overlap in
the solid could wash out the fine structure.

At higher energies in the molecule there is a broad
feature which is centered near an energy loss of 22 eV
and has a multiple bump structure. This is in contrast to
the single peak seen in the solid near 30 eV. It has been
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suggested by the authors that the structure might be at-
tributed to the high degree of symmetry of the C6p mole-
cule, i.e., band structure on the molecule. Finally, the
relative scattering intensities of the two principal peaks in
the molecule is reversed, with the low-energy peak being
considerably stronger.

IXSS measurements in graphite with the momentum
transfer in the a-b plane show two spectral features
which are remarkably similar to the single-crystal C6p
spectra. There is a spectral peak at 8 eV with a FWHM
of about 3 eV which does not disperse for intermediate
momentum transfers. There is also a feature peaked near
30 eV, whose width is about 15 eV. In addition, the ratio
of intensities of the high-energy to low-energy peaks
grows with momentum transfer in much the same way as
in the C6p solid.

The inelastic x-ray scattering cross section is a direct
measure of the electronic excitation spectrum, i.e., the
dynamic structure factor, S (q, co);

COp

and

2

S(q, co)=
z Im[e '(q, co) j,

4n.e
(2)

where q=(q& —qo) and co=(co, —coo) are the momentum
and energy transferred during the scattering process and

(qo, coo) and (q„co, ) are the momentum and energy of the
incident and scattered radiation, respectively. The corn-

plex dielectric function e(q, co) is a matrix in band in-

dices, (eo, e, ) are the polarization of the incident and scat-
tered radiation, and rp is the classical electron radius. At
low momentum transfers, in a free-electron metal such as
aluminum (i.e., jellium), S(q, co) is dominated by the
plasmon with a small contribution from a single-particle
state at small co. Though band-structure effects are
unimportant in jellium, the structure of S(q, co) is
significantly complicated by electron correlation effects,
which broaden the plasmon at small q and gives rise to
structure in the single-particle peak at intermediate q. '
On the other hand, in semimetals and insulators, such as
graphite or single-crystal C6p, band-structure effects on
S (q, co) become important. At small q, these band-
structure effects appear as dipole interband transitions, as
in the optical spectra, which occur in the eV energy-loss
region of the spectrum. At larger co one expects a
plasmon excitation, which can be modified by the pres-
ence of band structure. For example, this can be seen in
the anisotropic spectra of graphite or lithium.

Attempts to model the electronic structure in C6p have
been limited to the isolated molecule. These models have
taken the two extreme approaches of either the electron
liquid (jellium) or the band-structure model. For exam-
ple, Barton and Eberlein treat a molecule of C6p as jelli-
um consisting of two electron fluids that support mul-

tipole plasmons and include simple screening via a static
dielectric function. ' On the other hand, the tight-
binding approximation has been applied by Bertsch et al.
where the C6p molecule is treated as a collection of isolat-

(3)

where co =+4nne /m =. 21.5 eV. The electron density
is n =3.35 X 10 /cm, which assumes that all four of the
carbon valence electrons (2s, 2p„, 2p~, and 2p, ) contrib-
ute. The Fermi velocity is u+=2. 49X10 cm/sec. From
Eq. (3) the plasmon energy at q =0.65 A ' is expected at
approximately 23.1 eV while at q = 1.15 A it is expect-
ed at 26.5 eV. Although this amount of dispersion is con-
sistent with our measurements, the absolute value of the
plasmon energy does not agree. The disagreement is

probably due to the pushing up of the plasmon energy by
electronic interband transitions. A similar effect can be
seen in graphite, where the observed plasmon energy is

clearly shifted up in energy from the RPA value of 25 eV
and is very anisotropic. '" In diamond the plasmon en-

ergy is observed very close to its RPA value at 31 eV.
The exceptionally high plasmon energy in diamond
decouples the plasmon from the effects of band structure
at lower energies.

We have presented IXSS measurements in a bulk single
crystal of C6p- The lower-energy peak in the spectra of
the solid is similar to a gas of C6p molecules demonstrat-

ing the local nature of this interband mode. The high-

energy plasma oscillation, which arises from the four car-
bon valence electrons is quite different from the molecule.
This is primarily due to the higher bulk electronic density
in the solid. The additional 4-eV discrepancy with RPA
is most likely due to band-structure effects on the
plasmon, similar to what is observed in graphite. Finally,
it will be interesting to determine the eff'ects on S(q, co) of
doping single-crystal C6p into the superconducting re-

gime. In general, the effects are expected to be at ener-

gies below the interband transition at 5 eV, since the

ed atoms. ' While both of these models were analyzed in
the random-phase approximation (RPA), they were
reasonably successful in describing the general features of
the low-energy peak that is observed by us and in the
molecular gas. Unfortunately, since these theories do not
include solid-state effects they are unsuccessful in describ-
ing the high-energy region of the spectrum in our data.

In molecular C6p the carbon 2p, orbitals project nor-
mal to the surface. In graphite, these orbitals form the m.

bonding and m* antibonding states. The peak at 4.9 eV
in the solid is consistent with the energy expected for
dipole-allowed interband transitions between the ~ and
m* states. The similarity of this feature with that ob-
served in the molecule strongly suggests that it is local-
ized on the molecule. The dispersion and slight broaden-
ing of the ~ transition between q =0.65 and 1.15 A ' is
consistent with the itinerant nature of the m electrons on
the molecule, i.e., m bands. However, it will be interest-
ing to determine what the intermolecular effects on these

bands are, by probing with IXSS at

q (2n. /Rc =—0.6 A ', where the distance scales probed

are larger than the size of a single C6p molecule, R c
A preliminary understanding of the high-energy excita-

tion can be attained by considering the RPA plasmon
dispersion which is given by

2
3 qUF

cu(q) -=co 1+—
5 co
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plasmon energy for the relatively low doping concentra-
tion is in the 1-eV range. Since we have demonstrated
the isotropy of the IXSS (in the q

= 1 A range) in a sin-

gle crystal, it will be possible to study a powder of C60
crystallites, where doping is possible.
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