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Angle-resolved photoemission using synchrotron radiation from single crystals of natural graphite
is reported for the first time. Direct as well as indirect transitions are observed. The m bands and
the top of the o. bands are obtained with the assumption of a two-dimensional dispersion. A detailed
discussion of the three-dimensional dispersion is presented for the m bands. In the 6 direction, the
normal dispersion is described and leads to an effective mass of m &

——1.2m. Near the line P, the m

bands are analyzed with use of the Slonczewski-Weiss-McClure model. Numerical values for the
parameters within this model are derived. Some general features of the conduction bands at low en-

ergy are also given. Finally the experimental results are compared with the band-structure calcula-
tions.

I. INTRODUCTION

Graphite is a layered semimetal made of stacked
carbon-atom planes. In addition, graphite forms inter-
calation compounds and serves as a substrate for phy-
sisorbed systems. There are at present numerous pub-
lished works about its electronic properties. It is currently
accepted that the band structure of graphite is formed as
the energy is increased, by o.-bonding bands, m-bonding
bands, m -antibonding bands, and O.*-antibonding bands.
The Fermi level (EF) lies between the bonding m and anti-
bonding m bands.

The works about the electronic structure of graphite
tnay be classified in two categories. The first one con-
cerns a particular aspect of the electronic structure. For
example, the optical transitions are well explained by
Painter and Ellis within a two-dimensional (2D) band-
structure model. The anisotropy of the Fermi-surface el-
lipsoidal pockets, which is about 16, may be explained by
a three-dimensional phenomenological approach of the n.

bands: the Slonczewski-Weiss-McClure model. The
second category of studies are experiments of which the
results disperse on the whole electronic structure of gra-
phite, e.g., x-ray form factor, Compton effect, or photo-
emission spectroscopy. ' There are several studies of.
photoemission spectroscopy, which use either fully in-
tegrated or angle-resolved photoemission; ' ' taking as,
a light source either a helium lamp ' ' or synchrotron ra-
diation ' with highly oriented pyrolytic graphite ' ' or
single-crystal samples ' . These studies are mainly limit-

ed to a 2D analysis of the band structure.
We present here data obtained on single-crystalline gra-

phite by ultraviolet angle-resolved photoemission spectros-
copy (ARPES) using synchrotron radiation with variable
photon energy. We have observed direct and indirect
transitions associated unambiguously with initial and final
states. The valence band for binding energies between
about 10 eV and the Fermi level was obtained. We also
observed a three-dimensional dispersion mainly for the n
bands which are studied very carefully in the I —A (6)
and near the K L(P) directio—ns. The analysis of this
dispersion allows us to show the 3D structure of the
valence band. Finally we compare our results with the
band-structure calculations.

II. ANGLE-RESOLVED PHOTOEMISSION

A. Principles

In a photoemission experiment the electrons in a solid
are excited by a monochromatic radiation Ace. Some elec-
trons, after transport to the surface, have enough energy
to pass across the surface potential barrier and to escape
into the vacuum. In ARPES we detect in a well-defined
geometrical direction the kinetic energy Ek(k'"') of the
electron in the vacuum. "

As the momentum component of the photoelectron kI~
parallel to the surface is conserved during the escape of
the electron through the surface, it is given by

ih'k
~~

——(2mEk )
' sin8,
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where 8 is the polar angle of emission. Ek and k~~ are
simultaneously measured for each photoelectron. The ki-
netic energy Ek of the photoelectron is referred to as the
vacuum level. The final energy of the photoelectron Ef
in the crystal, referred to as the Fermi level, is given by

Ef(k) =Ek(k'"')+ IV, (2)

where W is the work function.
There are several processes which lead to an excited

state.
(i) Direct transitions of an electron from the valence-

band to the conduction band with conservation of k.
These processes obey the relation

E;(k)=Ef(k) —fico, (3)

where E; is the initial energy of the electron.
From direct transitions we obtain E;(k~~), which de-

scribes the valence band, and Ef(k~~), the conduction
band. However, the resolution of the conduction band is
highly limited by the lifetime of electrons in their levels.

(ii) Indirect transitions with conservation of energy.
These processes usually give the initial energy E; of states
with a high density in the valence band.

(iii) Indirect transitions without conservation of energy.
From these processes we obtain Ef(k~~) for some levels,
usually of high density of states in the conduction band.

Peaks which correspond to the three categories of tran-
sitions were observed. However, we are mainly interested
in direct transitions which describe the bands. Therefore,
we must first identify the nature of the peaks in order to
separate direct and indirect transitions. By using syn-
chrotron radiation, an almost unambiguous identification
is possible. We study the evolution of the spectra as a
function of the photon energy and the detector angle and
finally, we use the existing band calculations as guides.
Given that the kz component is not measured in ARPES,
some supplementary assumptions are necessary in order to
obtain the whole band structure.

B. Experimental setup

Angle-resolved photoemission experiments were per-
formed using the synchrotron radiation of the Orsay
storage-ring facilities, [Laboratoire pour 1 Utilisation du
Rayonnement Electromagnetique emis par les Anneaux de
Collisions de 1'Accelerateur lineaire d'Orsay (LURE-
ACO)]. The light flux was monochromatized by a
grazing-incidence monochromator. The angle-resolving
photoelectron spectrometer provides an angular resolution
of +0.5' and a total energy resolution of 200 rneV. The
photon-incidence angle, measured from the surface nor-
mal, was kept constant at 45' (s-p polarization).

The samples, natural graphite single crystals, are
mounted and cleaved in a preparative ultrahigh-vacuum
system (-10 mbar). The samples were then transferred
into the experimental chamber' (10 "-mbar range). The
resulting fresh basal-plane surfaces were analyzed and
oriented by means of low-energy electron diffraction. The
diffraction pattern preserved its sharpness for at least
three -days under ultrahigh-vacuum conditions. No
changes were observed in the angle-resolved uv photo-

emission spectra during this time either, confirming that
the surface remained free of contaminants.

The electron-energy analyzer is rotated in the incidence
plane to vary the polar angle 9 of photoemission from the
sample. The azimuthal angle y is kept constant at 0' and
30', which correspond, respectively, to the I'ALM (Uh)
and I AHIC (Pb, ) planes in the Brillouin zone (BZ).

III. RESULTS

We have studied several samples for the two main
planes of the Brillouin zone, Pb, and Uh, as a function of
both the photon energy and the detector angle. A consid-
erable amount of data was obtained for photon energies
between 14 and 28 eV. Figure 1 presents two typical
scans in the Ub, and Pb, planes for various detection an-

gles 8 with incident photon energies of 21.2 and 24 eV,
respectively. Given that the graphite is a layered material,
the first approach to its electronic structure is to neglect
the dispersion along the c axis. This assumption is the
two-dimensional approach.

A. Two-dimensional approach
t

The standard analysis of E; as a function of k~~ for
various photon energies [Eqs. (1) and (3)] was performed
in order to obtain the valence band from direct transi-
tions. The results are complicated by the presence of in-
direct transitions in the experimental spectra. Figure 2
presents E; as a function of k~~ for the direct and indirect
transitions in which the energy is conserved. In the Uh
plane the photon energy used is 21.2 eV, and in the Ph
plane, 24 eV. However, in this plane, we cannot obtain
the whole ~ band with only one photon energy because
some transitions are not allowed by the final-states struc-
ture. We thus plot supplementary points for fico=19 eV.
As a guide for eyes we have superimposed on the experi-
mental points the shaded region corresponding to the ~
bands and the top of the o. bands as predicted by band cal-
culations (Sec. IV) and fitted to our experimental results.

In Fig. 3 (for comparison with Fig. 2) we have repre-
sented the initial energy as a function of k~~ for photon
energies between 14 and 28 eV. We observed the direct
transitions as well as indirect transitions with conserva-
tion of energy. These results show a dispersion of the
bands for different photon energies. This means that the
three-dimensional effects are important, mainly for the ir
bands, and that it is necessary to analyze them as a func-
tion of ki. A strong sharp peak located at Ef=7.6 eV,
independent of the photon energy, was also observed
which corresponds to indirect transitions without conser-
vation of energy. This state has been observed up to about

k~~
—1 A ' in the UA plane, and only near the 6 line in

the Ph plane. We will study the three-dimensional effects
in two cases: The normal emission (k~~

——0) and the con-
stant k~~ emission near the line P (boundary zone).

B. Normal emission and three-dimensional effects

We have studied the normal emission for photon ener-
gies between 15 and 28 eV. Figure 4 shows a set of
normal-emission spectra for different photon energies as a
function of the initial energy. The sharp peak located at
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FIG. 1. Energy-distribution curves for different values of the polar angle 0. The photon energy fuo is 21.2 eV in the Uh plane and

24 eV in the PA plane. The main features correspond to the o. and m valence bands which superimpose for 0-30'. The zone boun-

dary is attained in both cases for 0-50'.
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FIG. 2. Initial-state energy of the peaks versus k~~ for
fun =21.2 eV (0) in Uh plane and for fm= 19 (O) and 24 eV ()
in I'5 plane. The choice of these last two energies shows the
importance of the effect of final states, for instance, in the range
E; & —5 eV. The shaded area presents the generally accepted
shape of m. and o bands, fitted to our experimental results. The
'Brillouin zone of graphite is shown in the upper part of the fig-
ure.
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FIG. 3. Initial-state energy versus K~~ for all observed peaks
(about 800), %co varying from 14 to 28 eV.

Ef=7.6 eV independent of the photon energy (marked by
an arrow) corresponds to indirect transitions without con-
servation of energy. We also observed the kz dispersion
of peaks associated with direct transitions with dramatic
effects of their cross sections. From their study we can
describe the valence and conduction bands along the 6
direction.

Figure 5 presents the initial-state energy E; as a func-
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FIG. 4. Energy-distribution curves versus initial-state energy
at normal emission (0=0), for several photon energies. The
sharp peak marked by an arrow corresponds to a final state
Ef——7.6 eV. The evolution of the shape and intensity of the
other peaks reflects the k& dispersion of the valence band and
the importance of the final states. For %co=17.5, 22.5, and 25
eV, the m bands are nearly degenerated in a sharp peak at
E;= —8.3 eV.

FIG. 6. Integrated intensity at 0=0 of the direct transitions
originating from the m bands versus the final-state energy for
photon energies Ace between 15 and 28 eV. The areas are nor-
malized to the area of the sharp peak at Ef——7.6 eV. The three
stars correspond to the degenerated m. bands near the 3 point.

5) were observed; they are associated with strong density-
of-states features. In Fig. 5, features corresponding to the
top of the o. bands and bottom of the vr bands are visible.
The top of the o bands is found at —5.3+0.1 eV with a
small ki dispersion. The bottom of the ir bands is cen-
tered at —8.3 eV and has a strong kz dispersion: 1.4 eV.

For direct transitions originating from the ~ bands as
initial state we have calculated the integrated intensity of
the photoemission peaks which is reported in Fig. 6 as a
function of the final energy. The integrated intensity is
proportional to the density of final states along the line

We observe a high density of states around Ef 15——
eV. The 4-eV width is due to both the band structure in
this energy range and the electron lifetime in the conduc-
tion band. It is known from symmetry considerations
that the m bands merge in a twice-degenerated band at the
A point. We attribute three peaks (Fig. 4 and 6) to direct
transitions near the A point. These three very narrow
peaks have the same initial energy E; = —8.3+0.1 eV and
are situated at the middle of the m band dispersion. The
direct transitions at the I point correspond to either bor-
der of the m. dispersion. We can describe the dispersion of
the two m bands along the 5 direction by the relations

Ei(kj )=Ei+A' ki/2mi,
-10 30 15 20

F inal —State Energy (eV) Eq(ki)=Eq —A' ki/2m',
FIG. 5. Plot of E; versus Ef at the normal for several photon

energies. The shaded strip centered at E;=—5.3 eV corre-
sponds to the o. band with a small width (0.3 eV) of the order of
the experimental resolution. The shaded strip centered at
E; = —8.3 eV corresponds to the ~ bands with a width of 1.4 eV
due to the kj dispersion. The shaded strip at Ef——15+2 eV is a
range of high-intensity peaks due to a final state. The three as-
terisks corresponds to direct transitions originating from the de-
generated m bands near the A point.

where Ei —9.0 eV, Ez —————7.6 eV, and the effective
mass pl i = 1.2 tBp.

Table I summarizes the numerical values obtained for
the high-symmetry directions. From our results we obtain
very accurate determinations because we observe indirect
transitions with energy conservation associated with the
strong density of states of these high-symmetry directions.
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TABLE I. Experimental values of the energy position (eV) of the m., o, and o.* bands at the high-

symmetry points of the Brillouin zone.

oint

—9.0+0.1

—7.6+0.1
—5.3+0.1

+ 7.6+0.1

—3.0+0.1
—2.4+0.1
—8.8+0.3

—1.05 +0.1
—0.3510.1
—10.5+0.2

—8.3+0.1 —2.7+0.1

C. Three-dimensional effects near the line P

+4( r +r I )2~2
I

1/2

+4( r +r I )2~2
I

1/2 (5)

The Fermi level cuts the ~ bands near the line P. The
band structure has been extensively studied at this energy
with Fermi-surface techniques. We have devoted a large
set of measurements to the study of the P direction and
the surrounding range in the Ph plane. For k~~ ) 1 A
in this plane, about ten different photon energies were

used, whereas only two were used for lower k~~. Figure 7
shows the initial-state energy of the main peaks as a func-
tion of k~~ in the P4 plane near the line P.

The well-known Slonczewski-Weiss-McClure model of
(SWMcC) describes the m. bands near the line P.3 This
model, which was extensively used for the Fermi-surface
studies, uses seven phenomenological parameters:

ro, . . . , r5. For the Pb. and UP planes, the energy of the
two vr bonding bands is given by the following analytical
expressions:

EUi =
2 [~+(ri+r3~)I + ~ (r~+rs)I']

with

I =2cos(kic),

o =(v 3/2)ax,

where a and c are the lattice constants of graphite and x
the in-plane wave vector measured from the line P.

Among the seven parameters of the S%'McC model,
our results are only sensitive to four of them: yo, y~, y3,
and r4. For the other parameters, which are 1 order of
magnitude smaller, we take their usual values' and adjust
the former ones. The parameter ro is related to the mean
slope versus o and r& to the width of the band on the line
P. The parameters r3 and r4 determine the differences
between the slopes of both bands in the first and second
B.Z. In Fig. 7 the experimental results are superimposed
to the S%"McC dispersion relation of the ~ valence bands
calculated in the I —E and A —1. directions. The best
agreement is found for ro ——3.3+0.15 eV r& ——0.4+0.05
eV, y3 ——0.33+0.10 eV, and y4.

———0.01+0.05 eV. These
values are also in good agreement with the values deter-
mined by other experiments. '

The origin of the bands calculated through the SWMcC
model is shifted by 0.025 A ' towards I and by 0.350 eV
towards negative energies. The shift of momentum is

probably due to a polar angle 8 misalignment of the order
of 1 . If the energy shift is due to an azimuthal misalign-
ment, the value should be about 5. However, numerical
calculations for /=5' with the SWMcC model are in
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ed area corresponds to the ~ band dispersion between these lim-
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FIG. 8. The initial-state energy of the main peaks observed
around the P direction versus k~~. Peaks arising at a constant
final-state energy within a width of +0.25 eV are selected:
E/=11.75 eV (Q), E/=12.75 eV (C7), E/=15.25 eV (o),
Ey ——17.25 eV (4), E~——18.75 eV (4), Ey ——20.75 eV (+),
Ey ——23.75 eV (~).
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IV. DISCUSSION

Many band-structure calculations of graphite are now
available. In order to interpret our photoemission results
we have used three of them which are well adapted for the
photoemission studies.

Willis et al. ' have made a band-structure calculation
extending over a 80-eV energy range in order to interpret

complete disagreement with the experimental points. The
energy shift then has a physical meaning and corresponds
to an excess of about 10 electron charge by the carbon
atom. Since our results are only sensitive to the first
layers, any surface defects or slight contamination could
be sufficient to shift the bands by 0.350 eV. On the other
hand, the energy reference in the surface layer may be
shifted relative to the bulk level because of the presence of
surface states. ' In Fig. 8, seven sets of points are present-
ed which correspond to a fixed final energy E~. In these
cases, the observed dispersion seems to be mainly the k~~

dispersion of the initial state, in good agreement with the
SWMcC description.

Figure 9 presents the final-state energy as a function of
k~~ for direct transitions in the Pb, plane. The sharp in-
direct transition at E~——7.6 eV is also presented and
marked by an arrow. The features around E~= 15.7 and
18.7 eV correspond, respectively, to the m. and cr valence
bands for fico =24 eV. The shaded area is a two-
dimensional projection of the band calculation made by
Tatar and Rabii, ' shifted by 1 eV to higher energies.

their secondary electron-emission spectroscopy results.
They used a linear variatianal approach taking Bloch
basis as trial function. Their Hamiltonian takes into ac-
count the effective Coulomb potential and the exchange-
correlation terms. They calculate the bands only in the
basal plane because the dispersion along kz is smaller
than the computed accuracy. This 20 model is very po-
pular and has been used for analysis of the first photo-
emission studies in graphite.

Tatar and Rabii' calculated the electronic structure of
three-dimensional graphite using a modified version of the
Korringa-Kohn-Rostoker (KKR) technique. In the first
step a KKR calculation is performed on a muffin-tin
form of the crystal potential. This step is followed by di-
agonalizing the non-muffin-tin Hamiltonian in the
muffin-tin basis.

Holzwarth et al. ' have made a first-principles self-
consistent calculation using the density-functional theory
in the local-density approximation, and mixed-basis pseu-
dopotential techniques.

The numerical values found in these three calculations
for high-symmetry points are given in Table II. The
valence band and the conduction band will now be dis-
cussed.

A. The valence band

The general characteristics of the valence band are now
well established: It is formed by the cr and m-b-onding

bands. As the energy increases one finds successively at
the I point the bottom of the o. bands, the bottom of the
m bands, and the top of the o bands. The top of the ir
bands is at the Fermi level near the line P. Moreover,
contrary to the o. bands, the ~ bands present a kz disper-
sion.

Our experimental results are in agreement with these
features. The bottom of the n bands is located on the b,

line. In this direction the experimental width is 1.4+0.2
eV. Their two extreme values correspond to the I point
where we have two m. bands located at —9.0+0.2 eV and
—7.6+0.2 eV. These two bands are degenerated at
—8.3+0.2 eV at the 3 point. We describe the ~ disper-
sion along 6 as a parabolic band characterized by the ef-
fective mass mi ——1.2mo. Near the line P in the Ph
plane our results are in good agreement with the SWMcC
description, using the following set of parameters:

yp
——3.3+0.15 eV, y) ——0.4+0.05 eV, y3 ——0.33+0.1 eV,

and y4
———0.01+0.05 eV, which are close to the currently

used values. '

The widths of the m bands are in agreement with the es-
timation of the band calculations. The position of the m.

bands agrees best with calculations of Holzwarth et aI. '

(Tables I and II).
The top of the o band is also located on the line b at

—5.3+0.1 eV. Within the experimental error there are no
dispersions, along the 6 direction. This value is lower
than the estimations of the band calculations. In the line
U, we find that the n. bands are located at 2.4 and 3.0 eV
at the M point, and merge at 2.7 eV at the L point.
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TABLE II. Comparison between different calculations of the energy position (eV) for the m, 0.

valence bands and the lowest m, o.*, and s conduction bands (Ef & 10 eV) at the high-symmetry points
of the Brillouin zone.

Point Band
Willis et al.

(Ref. 17)
Tatar and Rabii

(Ref. 16)
Holzwarth et al. (Ref. 18)

Slater Hedin-Lundqvist

—20.8
—20.2
—8.2
—6.7
—4.7

7.0
7.3
7.7

—19.2
—18.9
—7.9
—6.3
—4.1

7.1

7.3
7.3

—21.5
—21.3
—8.7
—7.1
—4.0

5.5
8.7
8.9

—20.8
—20.5
—9.1
—7.0
—3.2

3.7
9.0
9.3

—19.1
—7.1
—4.1

9.1
7.3

—21.4
—7.9
—4.0

8.1

8.4

—20.7
—8.1

—3.2
6.5
8.9

—15.7
—14.5
—8.3
—2.7
—2.1

1.7
2.3
7.2
7.5

—14.6
—12.2
—7.2
—2.5
—1.9

1.7
2.2
7.4
7.5

—16.1
—14.7
—7.7
—4.0
—2.7

1.8
2.6
6.3
6.8

—15.1
—14.1
—6.9
—3.1
—2.3

1.5
2.4
6.7
7.4

—14.6
—12.2
—7.2
—2.2

1.9
7.3

B. Conduction band

If the features of the valence bands are well understood
theoretically, this is not the case for the conduction bands.
In a simple scheme we have, when going to higher ener-
gies, the bottom of the m*-antibonding band near the P
direction, the bottom of a group of o.* bands at I, and the
top of the ~* band also at I . At higher energy there are
many other bands. If the character o* and n is clear in
the IMP plane this is not the case for the ALH plane,
where the bands are hybridized. ' ' The important fact
of this low-energy conduction-band group is the existence
of an almost free-electron-like band with a strong disper-
sion along the c direction. However, there are strong
discrepancies among the calculated positions of these
ands' ' '

Fauster et al. ' have found by inverse photoemission an
energy level at the I point for Ef 4.0+0.5 eV. This lev-——
el has a strong dispersion along 6 and is in agreement
with the calculations of Posternak et al. This level is
not observable by photoemission, because it belongs to the

conduction band at an energy lower than the vacuum lev-
el. At the I point, we found a level at Ef——7.6+0.1 eV,
which presents a very low dispersion in the Uh plane, but
which is observed only near the line 5 in the Ph plane.
This is in good agreement with the position of one of the
o. bands calculated by Tatar and Rabii. ' We also ob-
served band-structure features around Ef=15 eV along b,

and Ef=14, 16, 21 eV near P. These features are in
agreement with the calculations of Tatar and Rabii shift-
ed towards higher energy by 1 eV (Fig. 9). The calcula-
tions disagree widely for the oosition of the three lowest
o.* bands. However, the present study and the one by
Fauster et al. now provide precise information about two
of them.

V. CONCLUSIONS

The ability'of varying the photon energy provided by
synchrotron radiation, added to the use of a single crystal,
allows a very accurate determination of both in-plane and
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out-of-plane band structure. Moreover, the spurious ef-

fects of the final-state features may be overcome in the
determination of the valence bands.

In particular, we described three-dimensional dispersion
of the valence bands. The overall shape and positions
agree with the published calculations of the band struc-
ture.

On the contrary, the conduction bands are not very we11

described by these models. The strong feature observed
recently by inverse photoemission and the results of the
present study provide for the first time a set of final-state

positions which allows the elaboration of realistic calcula-
tions of the conduction band.
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