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Three-Dimensional Energy Band in Graphite and Lithium-Intercalated Graphite
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Angle-resolved inverse photoemission with tunable photon energies has been used to map
out the unoccupied bands of graphite and lithium-intercalated graphite. At the Brillouin
zone center the bottom of the lowest band is found at 4.0 + 0.5 eV above the Fermi level in
graphite. This band shows strong dispersion normal to the basal plane in excellent agree-
ment with recent self-consistent band-structure calculations. A similar three-dimension-
al band is found in lithium-intercalated graphite shifted 3 eV to lower energy.

PACS numbers: 71.25.Pi, 79.20.Kz

Graphite has been a prototype two-dimensionaL
solid. Band-structure calculations throughout
several. decades' gave a simyl. e picture of the
el.ectronic structure of graphite in terms of bond-
ing and antibonding combinations of the 28 and
2p orbitals of carbon (see Fig. 1). ALL states up
to about 10 eV above the Fermi l.evel were thought
to be two dimensional. , i.e., very little band dis-
persion was expected yerpendicul. ar to the basal.
plane. Recently, three-dimensional. states have
been predicted' 4 in the gap between the bonding
and antibonding states at the Brillouin zone cen-
ter. So far there exists no experimental. evidence
for such states. These three-dimensional. states
are concentrated in the space between the carbon
layers and, therefore, ylay an important role for
intercalated graphite, a field of very active re-
search. ' In particul. ar, when alkali metal. s are
intercalated (e.g. , LiC, ) their outermost s states
should interact with the graphite interl. ayer states
and the question arises whether or not the alkali
states preserve their identity in the intercalate. "
Recent self -consistent band-structure calcula-
tions" predict a three-dimensional & band with
a charge density concentrated mainly between
the carbon layers. Since the bottom of this band
lies bel.ow the vacuum level. it cannot be probed
by electron syectroscoyies' and it was not seen
by oytical spectroscoyies either.

Momentum-resolved bremsstrahlung spectros-
copy (inverse photoemission) observes direct
optical transitions of incoming el,ectrons from
free-electron-like states above the vacuum l.evel.
into unoccupied states of the sampLe (see wavy
lines in Fig. 1). By employing different eLectron
and photon energies we can change the momentum
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FIG. 1. Band dispersion of graphite normal to the
basal plane at k~~

= 0 after Ref. 2. The bands are un-
folded into a double Brillouin zone (Ref. 8). The two-
dimensional bonding and antibonding 2s and 2p states
show little dispersion, whereas the three-dimensional
3s-derived interlayer band disperses strongly. The
wavy lines show radiative transitions from a free-
electron-like initial band into the final states above the
Fermi level observed by inverse photoemission. The
momentum k~ is tuned by oha~~ing the photon energy
hv.
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kj perpendicular to the surface. In off-norrral
incidence of the el.ectrons we can map the band
structure for k II w 0.

The experiments were carried out with use of
a Seya-Namioka monochromator and a position-
sensitive device for photon detection, and a
Pierce-type electron gun as the el.ectron source. '
Photon energies range from 10 to 50 eV with a
total. energy resolution of ~ 0.3 eV and a momen-
tum resol.ution of 0.1 A '. Sampl. es of highly ori-
ented graphite and intercal. ated graphite were
cl,eaved in situ to expose cl.ean basal. -plane sur-
faces. The intercal. ated samples were introduced
from sealed glass ampules into the vacuum sys-
tem through a sample interlock via a gl.ove bag
under hei. ium atmosphere.

Figure 2 shows spectra for graphite and LiC,
taken in normal. incidence reIative to Ne basal
plane for initial. -state energies E,. bebveen 22 and
48 eV. All. graphite spectra show a prominent

peak around 9.5 eV arising from transitions into
the 2P„,-derived states at I". This nondispersing
band is readily identified with the antibonding
o' band (I', symmetry at k =0) which is derived
from empty antibonding atomic 2s and 2p„, wave
functions. Recent calculated values for this band
are 9.0 and 7.2 eV above EF in Refs. 2 and 4, re-
spectively. In addition to this nondispersing bvo-
dimensional state the spectrum for E,. = 48 eV
shows a peak at - 7 eV which can be seen dispers-
ing down to - 5 eV (tick marks in Fig. 2) at lower
photon energies. This is clear evidence for the
predicted three-dimensional, interlayer band in
graphite. " To compare the experimental. data
with theory, we assumed a free-electron-like
initial. -state band (Fig. 1) with a bottom at the
val. ence-band minimum. In Fig. 3 we compare the
resulting k~ dispersion (solid dots) with the cal-
culation of Hol. zwarth, Louie, and Babii' (solid
curve) ~ An extrapolation of the experimental band
dispersion yields a value of 4.0+ 0.5 eV for the
bottom of this band. The calculated band has I','
symmetry at k = 0,'4 is derived from empty car-
bon 3s states, and is predicted to have charge
contours clustered in the interlamellar space'
(hence the appellation "interlayer state"). The
cal.culated positions of the I",' minimum are 3.8
and 3.4 eV in Refs. 2 and 3, respectively. Previ-
ous angle-integrated inverse photoemission data
have observed structures in the energy range of
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FIG. 2. Inverse photoemission spectra (photon in-

tensity vs energy of the empty state, E; -h v) for graph-
ite and lithium-intercalated graphite in normal inci-
dence for initial state energies E; between 22 and 48 eV
above EF. The peaks corresponding to the three-dimen-
sional band disperse with photon energy h, v and are tick
marked. The stationary structures at 9.5 and 7.6 eV,
respectively, are due to transitions into two-dimension-
al empty 2p» states.
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FIG. 3. Comparison of experimentally determined
energy bands for graphite (symbols) with the calcula-
tions of Ref. 2 (lines). The right half shows the dis-
persion E(k~) of the three-dimensional band; the left
half shows the two-dimensional dispersion E(kII) for the
m bands (dashed) and for the bottom of the three-dimen-
sional band (full). The different symbols denote differ-
ent initial-state energies (circles, 28 eV; squares,
40 eV; and triangles, 50 eV).
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the three-dimensional. a band but they were inter-
preted in terms of ~ bands" and matrix-element
effects." The open circl.es in Fig. 3 correspond
to the peak at 3.6 eV seen independent of photon
energy in Fig. 2. It could be due to nondirect
transitions into the high density of states at the
bottom of the band, or it coul.d be a surface-state
split-off from the bottom of the band. Both in-
terpretations give a lower limit for the I', ' min-
imum of 3.6 eV. For k~~w 0, as well. , this struc-
ture follows the dispersion calculated for the bot-
tom of the c interlayer band (open symbols and
full line in the l.eft panel. of Fig. 3).

The bremsstrahlung spectra for lithium-inter-
calated graphite (right balf of Fig. 2) parallel.
those for graphite, but are shifted to lower en-
ergy. In LiC, a nondispersing peak occurs at 7.6
eV (right panel of Fig. 2), suggesting that it origi-
nates in the same 0 band as in graphite. The v

band, which is localized on the graphite layers,
should be weakly affected by the 10%%u& increase
in l.ayer spacing between graphite and LiC„or
by the presence of Li in the interlayer region.
Thus a rigid-band approach shouM be a reason-
able basis for comparing the o energies in the
two material, s. Photoemission experiments""
indicate -1.6-eV increase for EF, which is com-
patible with a rigid-band interpretation of the o

shift within the experimental. accuracy. The
Fermi-level. raising resul. ts from the filling of
the graphite band structure with the Li 2s elec-
tron. A band with three-. dimensional dispersion
occurs also in LiC, (tick marks, right panel of
Fig. 2) and it appears to have about the same k~
dispersion as the comparable peak in graphite.
We can therefore deduce that, relative to the re-
spective Fermi l.evels, the band is shifted - 3 eV
down in LiC, compared to graphite, a greater
shift than for the nondispersing 0 band whose
charge is l.ocalized on the graphite layers. We
interpret this extra 1-eV non-rigid-band shif t as
a measure of the hybridization between Li(2s)
and carbon interlayer states. These lie close to
each other in energy at infinite separation, both
have I', ' symmetry, and both are concentrated
about interstitial. sites in the graphite structure.
Thus substantial hybridization is expected. The
cal.culated values for the interlayer band minimum
are between 1..3 and 2.2 eV above E~,"which is
higher than our value of 0.5 eV for the nondis-
persing peak at the bottom of the band (Fig. 2).

Li(1s) photoelectron yield spectra" were inter-
preted as evidence for states with substantial Li
character at - 2 eV above EF. This experiment

2.4

E
2.2

th
CD
C

E. =
I

2.0—
O
QlI

1.8—
0
C
c 1.6—
0
O.
E0
O

II
r~~~m~ar ~

1.4— E.=28eV, 35

0 = 25

1.2
—3

I I I

0 3

EnergY ( «relative to EF )

FIQ. 4. Inverse photoemission spectra showing the
two-dimensional dispersion of the antibondiag 7l bands
(tick marks).

differs from ours in several respects: (i) Mainly
states near the Li cores are probed, (ii) states
are probed in the presence of a Li(1s) core hole,
(iii) states with different momenta are sampled
simul, taneously, and (iv) predominantly states
with p-like symmetry are selected. These re-
sul. ts are compatibl. e with our band-structure de-
termination if we assign the 2-eV peak to transi-
tions into the center of gravity of the interlayer
density of states. The bottom of the interlayer
band is s l.ike and will not contribute much to the
Li(1s) absorption.

In Fig. 4 the E(k „) dispersion is sampled by
changing the angle of incidence e of the el.ectrons
relative to the surface normal. (k, ~

= k sine). Dif-
ferent initial-state energies correspond to differ-
ent k~ and give nearly identical. E (k „)dispersions.
This proves the two-dimensional. character of the
m bands. The experimental. E(k ~, ) dispersion is
compared with the calculation' for the antibonding
m bands along the I'I direction (left panel of Fig.
3) after foMing back into the first Brillouin zone.
The experimental. value for the m-band extremum
at M is 2.0+0.3 eV, in good agreement with the
value of 1.7 eV given by Dose, Reusing, and
Scheidt. " Extra features in Fig. 4 (e.g. , the peak
at ™2 eV) are attributed to the other azimuthal,
directions induced by the rotational disorder of
our sampl. es.
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ternak, E. Mel.e, D. P. DiVincenzo, and W. Eber-
hardt, and thank N. A. W. Hol.zwarth for providing

432



VOLUME 51, NUMBER 5 PHYSICAL REVIEW LETTERS 1 Av(, vsz 198$

tabulated energy eigenvalues of the graphite band
structure. The abl. e help of J.J. Donelon and
A. Marx is acknowledged. The work at the Uni-
versity of Pennsylvania was supported by the Na-
tional Science Foundation-Materials Research
Laboratory Program, Grant No. DMR 79-23647.

~'~Also at Moore School of Electrical Engineering.
~b~Also at Department of Physics.

' 'P. R. Wallace, Phys. Rev. 71, 622 (1947); W. M.
Lomer, Proc. Roy. Soc. London, Ser. A 227, 330
(1955); F. Bassani and G. Pastori Parravicini, Nuovo
Cimento 50, 95 (1967); Q. S. Painter and D. E. EH.is,
Phys. Rev. B 1, 4747 (1970).

'N. A. W. Holzwarth, S. G. Louie, and S. Rabii, Phys.
Rev. B 26, 5382 (1982).

M. Posternak, A. Baldereschi, A. J. Freeman,
E. Wimmer, and M. Weinert, Phys. Rev. Lett. 50, 761
(1983).

48. C. Tatar and S. Rabii, Phys. Rev. B 25, 4126
(1982).

J. E. Fischer and T. E. Thompson, Phys. Today 31,
No. 7, 36 (1978); M. S. Dresselhaus and G. Dressel-
haus, Adv. Phys. 30, 139 (1981).

6N. A. W. Holzwarth, S. Rabbi, and L. A. Girifalco,
Phys. Rev. B 18, 5190 (1978); N. A. W. Holzwarth,
S. G. Louie, and S. Rabbi, Phys. Rev. B, to be pub-
lished.

YR. F. Willis, B. Feuerbacher, and B. Fitton, Phys.
Rev. B 4, 2441 (1971); R. F. Willis, B. Fitton, and
G. S. Painter, Phys. Rev. B 9, 1926 (1974).

F. J. Himpsel and D. E. Eastman, Phys. Rev. B 21,
3207 (1980), and 22, 5014(E) (1980).

9Th. Fauster, F. J. Himpsel, J. J. Donelon, and
A. Marx, Rev. Sci. Instrum. 54, 68 (1983).

' V. Dose, Q. Reusing, and H. Scheidt, Phys. Rev.
B 26, 984 (1982).
"Y. Baer, J. Electron Spectrosc. Relat. Phenom. 24,

95 (1981).
~ W. Eberhardt, I. T. McGovern, E. W. Plummer,

and J. E. Fischer, Phys. Rev. Lett. 44, 200 (1980).
'3Q. K. Wertheim, P. M. Th. Van Attekum, and

S. Basu, Solid State Commun. 33, 1127 (1980).

433


