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Electron-energy-loss spectroscopy has been used to measure the electronic excitations in LiC6
from 0.3 to 288 eV. Plasmon losses at 2.85 and 6.3 eV are in good agreement with optical results.
In the region between 15 and 40 eV essentially no fine structure associated with backfolded inter-
band transitions is observed contrary to similar measurements in KC8. These differences are ex-
plained by the different bandfolding in MC6 and MC& compounds. The carbon 1s absorption edge
shows a sharp Fermi-edge discontinuity followed by a shoulder 0.5 eV to higher energy. This 1s ab-
sorption feature is similar to but weaker than what is seen in MC8 compounds; while the line shape
may be a reflection of C ~ final-state relaxation, a quantitative understanding of this phenomenon is
still lacking. The Li 1s absorption edge shows two weak peaks at 57.1 and 58.7 eV, which are as-
signed to transitions to EF and to a three-dimensional conduction band, followed by two stronger
peaks at 63.0 and 65.2 eV. The latter two exhibit relative intensity changes as a function of orienta-
tion leading to their identification as atomiclike transitions to crystal-field-split Li 2p levels.

In graphite intercalation compounds the nature and po-
sition of alkali-metal —intercalant and graphite ~ and o
bands has been the subject of recent interest. ' Positron-
annihilation' and low-energy photoelectron spectroscopy
measurements clearly indicate different valence-band elec-
tronic structures for LiC6 and the heavier-alkali-
metal —intercalated graphite compounds MC8. While the
occupation of the three-dimensional metal-derived band of
the MCS compounds remains controversial, existing ex-
perimental evidence' ' supports the belief that this band
is unoccupied in LiC6. Existing electronic structure calcu-
lations also place this band above Ez, although they
disagree on its atomic origin. We have used electron-
energy-loss spectroscopy as a probe of the unoccupied
states in LiC6, as we have done previously for other
alkali-graphite compounds. ' ' We observe this three-
dimensional conduction band about 1.6 eV above Ez, in
good agreement with theory and in qualitative (although
not quantitative) agreeement with a recent inverse photo-
emission study. ' We have also obtained information
about other important unoccupied states in LiC6. In par-
ticular, we obtain additional evidence that the C 3p states
form a distinguishable band which is backfolded coherent-
ly by alkali superlattice effects. Also we identify Li
2p —derived states, showing that they remain quite sharp,
although they are influenced by crystal-field effects. In

general, our results reveal the essentially atomic character
of high-lying unoccupied states in these compounds.

The samples were prepared from thin graphite flakes
cleaved from large pieces of highly ordered pyrolitic
graphite kindly provided by A. Moore of Union Carbide
Corporation. The flakes ( ( 1000 A thick) were suspended
on stainless-steel electron-microscope grids and wrapped
in stainless-steel No. 300 screen. Samples were exposed to
Li vapor in a sealed stainless-steel tube, some at 400'C
(for minimal carbide formation) and some at 430'C (for
minimal stage-2 contamination) until LiC6 could be iden-
tified by its yellow color in reflection and green color in
transmission. The samples were transferred to the
electron-energy-loss spectrometer in a pure argon atmo-
sphere. They showed significant deintercalation to stage 2
in the spectrometer vacuum of 2&& 10 Torr within 24 h.
The data presented here were taken before significant de-
cay was observed.

Electron-energy-loss spectra were recorded from 0.3 to
288 eV with an energy-loss resolution of 0.1 eV. Typical
energy-loss spectra of the valence excitations at a momen-
tum transfer of 0.1 A ' are shown in Fig. 1. The first
energy-loss peak at 2.85 eV is the intraband plasmon. The
energy of this peak corresponds very well with the sharp
dip in reflectivity observed in LiC6. A Kramers-Kronig
analysis produces the e~ and ez of Fig. 2; the inferred
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FIG. 1. LiC6 energy-loss function at q =0. 1 A ' from 0—40
eV.

normal-incidence reflectivity shows reasonable agreement
with the direct optical measurements. "' The lack of sig-
nificant structure below 2.85 eV shows that higher-stage
compounds were not present in appreciable amounts.
(The very weak shoulder at 2 eV is due to the presence of
a stage-2 compound. ' growth of this feature with time
was used to diagnose deintercalation. ) The next peak in
the spectrum is the interband plasmon at 6.3 eV. This
feature, which is common to all graphite intercalation
compounds, ' is basically the response to the m. interband
excitations which the Kramers-Kronig calculation shows

have a peak in eq at 4.35 eV; this peak position is similar
to KC8. Between the interband plasmon and the all-
valence-electron plasmon at 25.9 eV there are weak peaks
at 9.7 and 13 eV. The 13-eV structure is common to all
stage-1 alkali-metal —graphite compounds ' and is associ-
ated with the graphite o. interband excitations. The corre-
sponding o.—+o.* peak in eq occurs at 13.3 eV. ' In MC8
compounds this peak is about 1 eV lower, showing that
non-rigid-band effects are present even for the o. bands.
The weak peak at 9.7 eV corresponds to structure ob-
served at —g eV in optical reflectivity" which arises from
several closely spaced interband transitions predicted by
theory (Ref. 6, especially Table V).

As Fig. 1 shows, the energy-loss function for LiC6 lacks
any significant fine structure between 15 and 40 eV. By
comparison, the MC8 compounds show many peaks and
shoulders associated with metal core-level excitations and
excitations of backfolded graphite bands. The present
observation supports the previous assignment of this MC8
structure to interband transitions from the bottom of the
2p (vr) band at l to excited states in the 3p (vr) manifold.
These 3p states have high density of states at point Q (or
M) in the Brillouin zone of graphite; in the MCS com-
pounds these Q-point states are folded back to I, resulting
in a set of strongly allowed interband transitions with high
joint densities of states. In LiC6 the related states map
back to point Q in the folded zone. Therefore, these in-
terband transitions are forbidden and a structureless spec-
trum is predicted (and observed) in this energy region.

Figure 3 shows the C 1s absorption edge in LiC6 as
compared with that in MC8 compounds. ' Apart from a
weak peak at 284.2 eV, which is probably due to a small
amount of Li carbide or other impurity, ' the overall
shape of the absorption edge in LiC6 is similar to that in
the MCz compounds, and the threshold energies are iden-
tical to within 0.2 eV. The peak at the Fermi energy for
all these spectra is much broader than in pristine graphite.
A simple model for this absorption may be constructed by
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FIG. 4. Li 1s core-excitation and derivative spectra for LiC6.

modifying an existing calculation of the x-ray absorption
edge in pure graphite using the final-state rule. ' We may
estimate the absorption-edge shape in the donors by sim-
ply raising EF from its pure graphite value. However, this
predicts a Fermi-energy peak which is narrower than pure
graphite, in disagreement with the present experiment.
This disagreement results largely from the differences in
the final-state screening in the metallic donor compounds
as compared with the semimetallic graphite. '

In addition to the threshold peak each of the spectra in
Fig. 3 shows a second distinguishable structure at high en-
ergy. The MC8 compounds show a peak 0.7 eV above the
maximum of the absorption edge. In LiC6 this shoulder is
weaker and appears as a break in slope at 0.5 eV above the
absorption edge. This feature is not likely to be the three-
dimensional conduction band which appears near the Fer-
mi level in the intercalation compounds since these
states have negligible overlap with the carbon 1s core
states. The shoulder might be associated with splitting of
the M-point density of states which can be substantial'
due to the A-A —layer stacking. However, this effect
would be strongest in LiC6 where the interlayer spacing is
smaller than in the MC8 compounds in contradiction with
the experimental results. It is also possible that the
shoulder above the absorption edge results from hybridi-
zation of metal and carbon wave functions near the Fermi
level, ' with differences in band folding and in metallic
wave functions accounting for the weaker shoulder in
LiC6 than in the MC8 compounds. Still, the close similar-
ity between the three MC8 spectra argues that the line
shape is determined more by an intrinsic C-plane effect
rather than by an intercalant-specific response. For exam-
ple, the shape of the absorption could be determined by
the relaxation of the C ~ conduction electrons to the core
hole. While all of these effects are likely to influence the

C ls spectra, a detailed understanding of all of its features
does not yet exist.

Information complementary to that contained in the C
1s data may be obtained from analysis of the Li 1s core
edge, which probes the p-symmetry final states in the vi-
cinity of the Li atoms. Figure 4 shows our measured edge
shape and also the derivative curve. Four small peaks ap-
pear in the spectrum, arising from transitions from the
sharp Li 1s level to peaks in the unoccupied density of
states (DQS). Lacking a detailed theory to guide a line-
shape fit, we estimate the transition energies as occurring
at the inflection point of the derivative spectrum. For the
third peak in the series, the procedure places the transition
energy 0.2 eV above the zero slope in the direct spectrum,
giving an estimate of +0.2 eV for the error involved in
this procedure.

The very weak first peak at 57. 1+0.2 eV may be as-
signed to transitions to the lowest-lying unfilled states
containing some Li character. We may estimate their po-
sition relative to the Fermi level by comparing the energy
separation of the Li and C core-edge thresholds as mea-
sured by electron-energy-loss spectroscopy (EELS) and x-
ray-photoemission spectroscopy (XPS). The XPS thresh-
old corresponds to the energy of transitions to the vacuum
(measured with respect to EF), while the EELS threshold
corresponds to transitions to the lowest unfilled states in
the vicinity of the excited atom. Therefore, the difference
(XPS—EELS) between the two respective C 1s—to—Li ls
threshold separations is equal to 6, the energy above Ez
of the Li unfilled-state threshold. ' We write

5= [C( ls) —Li( ls)]xps —[C( ls) —Li( ls)]EELs,

or, using published values of the XPS peaks, '

b = (285.2 —57. 1)xps (285. 1 —57. 1)EELs

or (in eV)

6=0t1 .

Since the four experimental numbers all have uncertainties
of at least +0. 1 eV, we find that 6=0 to within the exper-
imental accuracies. Hence we assign the first weak peak
in Fig. 4 at 57.1 as due to Li(ls)~EF dipole transitions.
The small oscillator strength indicates only a small per-
centage of Li character for the states near EI;, as predicted
by theory. Such a Fermi threshold was actually undetect-
able for the K 2p core absorption in KC8. While one
may draw the conclusion from this that the metal s hy-
bridization is even smaller in KC8 than in LiC6, note that
different final angular momenta are being probed, and
that the possible Fermi threshold for K 2p is obscured by
extended-loss structure of the C 1s absorption in the same
energy range. Thus a direct comparison of the K 2p and
Li 1s thresholds is not possible. The second feature in the
Li 1s spectrum is also very weak and occurs at 58.7+0.2
eV, or 1.6 eV above the first. We assign this feature to
Li( ls)~unoccupied conduction-band transitions. The
small oscillator strength is expected since these would be
dipole-forbidden transitions (b.l =0) in a spherical poten-
tial. Such an assignment places the conduction-band
minimum 1.6 eV above EF, in agreement with the band-
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The next two features in the Li 1s spectrum at 63.0 and
65.2 eV (5.9 and 8.1 eV referenced to EF) are considerably
stronger. In identifying these absorption bands it is useful
to compare the LiC6 spectrum with that of pure Li. The

i metal spectrum shows a sharp threshold at 55.0 eV,
corresponding to transitions to EF, followed by an uniden-

eV, corresponding to the dipole 1s~2p transi-
tions. From this last energy we ar 1 d te e o assign the two
strong features in the LiC6 spectrum, with dipole-allowed
transitions from the Li ls core to the Li(2p)-derived
states. The splitting reflects a cryst 1-f' ld 1'a- ie sp itting of
t ese atorniclike states by the C planes i t 1 -1

pzy an igher-lying 2p, levels. To confirm this, we
study the orientational dependence of the 63.0- and 65.2-
e excitations. ' The appropriate dipole form of the
core-level EELS cross section is

2d of 4

where A' ie q is the momentum transfer, ao is the Bohr ra-
dius, and the initial and final states are normalized per
unit energy. For the Li 1s excitation, the initial state has

e exci ation cross sec-spherical symmetry. Therefore the 't t'

tion will be maximized when q is parallel to the direction
of maximum probability density of the final state, in this
case, the Li 2p„z or 2p, states. As shown in Fig. 5(a), q
may be decomposed into components parallel and perpen-
dicular to the incident-beam direction where

and

qadi
=k [E/(2EO)]—:k8~ .

Here Ak and E ro a e the incident-electron momentu d
ener r ~ ~

um an
gy, respectively, 0 is the scattering angle, and E is the

measured energy loss. q~~ is determined by energy conser-
vation, while qz is experimentally selected. The orienta-
tion being probed is determined b a th 1 by a, e ang e etween k
and q, given by

a = tan '(8/Oz ) .



28 VALENCE AND CORE ELECTRONIC EXCITATIONS IN LiC6 6685

Li Is

) NORMAL INCIDENCE

p=o

60o

) OBLIQUE INCIDENCE

p= 30'

& ~60

6l 65
ENERGY LOSS (eV)

67
gg oo

In addition, the specimen may be tilted by an angle P with
respect to the incident-beam direction, as shown in Fig.
5(b). The total angle between q and the sample z axis
(perpendicular to the C planes) is then given by

At normal incidence (p=O) and q~ =0, we have 9=0, and
hence y=0. Therefore, we should be probing excitations
to states with maximum probability density along the z (or
graphite C) axis. However, in the corresponding y=O
spectrum of Fig. 6(a) both peaks labeled as transitions to
the 2p„„and 2p, states appear. This is because the qz
resolution of our spectrometer is of the same order of
magnitude as q~~ for the Li Is edge. However, by employ-
ing a qz ——0. 1 A ', we increase y to —60 away
from the sample z axis, and hence decrease the relative
strength of the 2p, to the 2p„„ final-state excitations, as
confirmed in the lower curve of Fig. 6(a). An equivalent
and symmetric way of performing this experiment con-
sists of tilting the samples by p=30' and then to measure
the spectrum at q&

——0 and also at +q& values correspond-

FIG. 6. Li 1s spectra for LiC6 as a function of excitation
orientation for (a) normal-incidence and (b) oblique-incidence
beam.

ing to angles a=+30'. This yields probe orientational an-
gles y of 30' (qz ——0), 60' (qq —+0.3 A '), and 0'

(qj ——0.3 A '). The results are shown in Fig. 6(b),
where once again the strength of the Li 1s~2p, excitation
decreases relative to the Li 1s—+2p„„excitation as y in-
creases. Thus we have provided evidence that the 63.0-
and 65.2-eV features in the Li ls spectrum correspond to
transitions to the crystal-field-split components of the Li
2p states. These features are essentially atomic in origin,
and are not manifestations of hybridization between Li
and C, which may be responsible for the observed shape of
the C Is edge threshold. However, these higher-energy ex-
citations are difficult to identify in a band-structure calcu-
lation since many other bands of different character lie
in the same energy range. Our experiment indicates that
an appropriate theoretical projection of the total DOS into
Li 2p states would reveal well-defined energies for 2p„~
and 2p, character.

Electron-energy-loss measurements for LiC6 enable us
to probe various properties of the empty-state manifold.
We conclude that the alkali-graphite compounds have
empty states of identifiable alkali and C character. The
lack of fine structure in the (15—40)-eV range in LiC6
supports the picture of an unoccupied C 3p band, which,
because of Brillouin-zone folding effects, is strongly opti-
cally assessable from C 2p bands for MCs compounds
but not for LiC6. Such a lack of fine structure has also re-
cently been seen in BaC6, a compound with the same su-
perlattice structure as LiC6. Li Is absorption demon-
strates the presence of distinct Li 2p states above EF. The
polarization dependence of this absorption proves that this
2p state is split into a lower-lying 2p z state 5.9 eV above
EI; and a higher-lying 2p, state 8.1 eV above E~. Thus
the Li 2p manifold is apparently split by the local aniso-
tropic crystal field but does not have significant band-
width. Li ls absorption also indicates the presence of a
conduction band 1.6 eV above Ez. Inverse photoemission
studies have also seen this interlayer band, but place it
about 1 eV closer to EF. The origin of this discrepancy is
not clear, although it may be that the identification of our
absorption peak with the band minimum is not quantita-
tively correct, or that the extrapolation of the inverse
photoemission data to k =0 is inaccurate. In any case,
our observation is incapable of addressing the present
theoretical controversy of whether this interlayer band
originates from Li or C states. Finally, it is possible that a
careful analysis of the C 1s absorption edge could provide
additional information about final states close to EF.
However, given the similarity of the LiC6 with the MC8
spectra, it seems more likely that this line shape is a mani-
festation of C conduction-electron relaxation effects than
of any specific details of the one-electron unoccupied
states.

The work at the University of Pennsylvania was sup-
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