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Interlayer conduction band states in graphite-sulfur composites
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We present experimental evidence for the existence of interlayer states formed in graphite-sulfur~C-S!
composites. We have studied occupied and unoccupiedp bands of the C-S composites by means of soft x-ray
absorption and emission spectroscopy. New spectral features in the C 1s absorption are interpreted as contri-
butions arising from the interaction of sulfurs states with graphite interlayer states. The equivalence of CKa
x-ray emission spectra of C-S and graphite lets us conclude that the interlayer states are entirely located above
the Fermi level.
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Carbon-based materials have attracted great attention
ing the last years because they are considered promising
didates for high-temperature superconductors.1–4 This was
enhanced by the recent discovery of superconductivity~at
117 K! in hole-doped C60/CHBr3 ~Ref. 5! and in graphite-
sulfur ~C-S! composites at 32–37 K! as shown in Refs. 6–8
A superconducting phase is present at 0.55 K~Ref. 9!, at 20
K ~Ref. 10!, and above room temperature~Ref. 11! as re-
ported for carbon nanotubes, which are graphite sh
folded into a cylindrical shape. The recently discovered
perconductor MgB2 (Tc539 K: see Ref. 12! is electronically
and crystallographically similar to graphite.

The origin of superconductivity in C-S composites is n
yet clear. It is known that the reaction temperature during
C-S preparation is too low in order to destroy the laye
graphite structure. X-ray structural analysis measureme6

suggest a small decrease in distance between the gra
planes in S-doped graphite samples. This fact does not
port a possible presence of the intercalation effect. The
ference in electronegativity of carbon~2.54! and sulfur~2.58!
appears to be too small to possibly amount to signific
charge transfer in C-S composites, although evidence for
donor nature of sulfur in diamond has been reported.13 On
the other hand, it has been shown14 that topological defects
in graphite can be responsible for the formation of curv
fullerene-like carbon fragments, leading to an enhancem
in the density of states as well as top-wave superconductiv
ity. A theoretical analysis15 suggests that sulfur atoms a
sorbed along the boundaries of graphite fragments can
ger a curvature of the graphene plane.

The intention of our study is verification of changes in t
band structure of graphite caused by the carbon-sulfur in
action. In the present work we present x-ray emission
absorption spectra of the C-S composite and compare
results to spectra of pure graphite.

Soft x-ray emission and absorption measurements w
performed at Beamline 8.0.1 of the Advanced Light Sou
~ALS! at Lawrence Berkeley National Laboratory.16 The
emitted radiation was measured using a Rowland-circle-t
spectrometer with spherical gratings and a multichannel t
dimensional detector. The instrumental resolution at the Cs
0163-1829/2002/66~19!/193402~3!/$20.00 66 1934
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is about 0.2 eV. The excitation energy for the nonresona
excited carbonKa emission was 320 eV.

A sample of highly oriented pyrolitic graphite~HOPG!
was ground to powder and pressed into a pellet. The
composite samples were prepared by letting sulfur vapor
act with the graphite powder. Graphite pellet and sulfur po
der were placed into a sealed quartz tube under Ar at
sphere, annealed at 400 °C for 1 h and then cooled to room
temperature with a rate of 4 °C per hour. During this proc
dure the mass was monitored and the mass of the grap
pellet increased by 5.6% as a result of the sulfur adsorpt
The presence of superconductivity6–8 in the C-S samples wa
verified by magnetic susceptibility measurements using a
perconducting quantum interference device~SQUID! magne-
tometer MPMS5.

Figure 1 shows nonresonant CKa soft x-ray emission
spectra~XES! of C-S composite and corresponding referen
samples~HOPG and sulfur!. The radiative carbon 2p→1s
transition probes the occupied density of C 2p states. The
nonresonant CKa emission spectra are practically identic

FIG. 1. Nonresonant carbonKa emission spectra of C-S com
posite and HOPG.
©2002 The American Physical Society02-1
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for C-S composite and pure graphite, indicating the sa
density of the occupied C 2p states for both materials. Figur
2 displays C 1s absorption spectra measured for HOPG a
C-S. According to Refs. 17–19, the first feature of Cs
absorption of HOPG~the p* resonance! around 285 eV is
associated with the conductionp states around theM andL
points of the Brillouin zone~BZ!. The second prominen
feature is thes* peak at 291.5 eV, which is due to th
dispersionlesss states at theG point of the BZ. The elec-
tronic states that correspond to both features have been
tified by previous polarization dependent near-edge x-ray
sorption fine structure measurements.20 The main difference
between the C 1s absorption spectra of C-S composite a
graphite is the broad spectral weight situated at 287–29
eV ~labeled by arrows in Fig. 2!. Taking into account a bind
ing energy of 284.5 eV for HOPG,21 we estimated these
states to be situated 2.5–6.0 eV above the Fermi level. B
structure calculations have revealed that such electr
states can originate from states in the interior of the Brillo

FIG. 2. C 1s soft x-ray absorption spectra of C-S composite a
graphite. The spectra are measured in the total electron yield~TEY!
mode.
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zone that have neithers nor p symmetry,22 but display free-
electron character in the direction parallel to the layers.
conclusively interpret the main difference between the C
and HOPG absorption spectra as due to interlayer conduc
band states of C-S. A similar interlayer band located 4
above the Fermi level of lithium-intercalated graphite h
been verified by inverse photoemission measurements.23 At
the same time, the similarity of CKa emission between
HOPG and C-S~Fig. 1! indicates that the lower edge of th
interlayer band is situated above the Fermi level and can
be probed by soft x-ray emission spectra, which probe
occupied states.

It is important to note that such interlayer states are p
posed to exist in pure graphite.24,25The contribution of these
states to the total density of states is small, and they
difficult to detect in C 1s total electron yield~TEY! of
HOPG. Our results indicate that when the S atoms are in
porated into graphite forming C-S composite, their outerm
s states interact with the graphite interlayer states, attribu
more spectral weight and hence detectable via C 1s TEY
spectra.

To conclude, we have studied the occupied and unoc
pied bands of C-S composite and graphite using carboK
emission and absorption spectra. The differences found
carbonK absorption spectra are attributed to strong disp
sion normal to the basal plane as a result of interaction
sulfur s states with graphite interlayer states. We consi
this important experimental evidence for the existence of
terlayer states. In layered compounds all states up to a
10 eV above the Fermi level are usually considered to
two-dimensional.
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