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Photoemission studies of graphite high-energy conduction-band and valence-band
states using soft-x-ray synchrotron radiation excitation
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Photoemission spectra of the valence band of single-crystal graphite were measured using synchrotron
radiation in the energy range 33—200 eV. For fico = 122 eV, good agreement was found with the calculated
density of states since the matrix elements for the p-like and s-like states are nearly the same. Using
constant-initial-state spectroscopy, we have found that, for his p 90 eV, the cross section of the transitions
from the n and cr initial states in the valence band to the high-energy final states is governed by the joint
density of states and the selection rules. We have verified the theoretical prediction of the energy and
symmetry of the conduction bands between 30 and 50 eV above the Fermi energy. For Ace & 90 eV, the
transition cross sections are mainly determined by the atomic character of the initial states.

I. INTRODUCTION

To elucidate the electronic structure and pro-
vide an experimental basis for band-structure cal-
culations for graphite, we have performed a series
of photoemission experiments using monochroma-
tized synchrotron radiation in the energy range
33-200 eV. Graphite is an interesting example of
a layered material with only s and p (2s' and 2P'}
electrons contributing to the valence band. This
consists of weak m bonds originating from 2p, or-
bitals between the layers along the crystallograph-
ic c axis. The strong bonding in the planes is due
to occupied o bonds from 2s, 2p„, and 2p, orbitals.
Detailed band-structure calculations have been
made for graphite' ' up to energies 50 eV above
the Fermi energy. The filled-valence-band struc-
ture has previously been studied by x-ray emis-
sion spectroscopy, 4 which gives information of
the p character of the valence band due to the se-
lection rule governing the dipole transition (p-s).
X-ray photoelectron spectroscopic (XPS) data' en-
hance the s part of the band due to the high s to p
cross-section ratio for the high photon energies
involved in these experiments (1487 eV). Existing
optical data do not give information on the
whole part of the band due to the large
bandwidth.

There are several mechanisms which will cause
structure changes in the photoemission spectra
with varying excitation energy. Two of them are
important in a crystal like graphite where strong
selection rules are active and for high excitation
energies. First, excitations to final-state ener-
gies still in the band-structure region are gov-

erned by the joint density of states and by sym-
metry selection rules. For polarized light with
the E vector parallel to the crystal c axis (E II c),
only transitions changing the parity sign (a =w} are
allowed, while for E&c only 0 0 and w m transi-
tions are allowed. These selection rules are
strictly valid for an ideal two-dimensional sys-
tem. Graphite is a good approximation of such a
system. If the symmetry of the initial-state en-
ergy is known, it is thus feasible to obtain infor-
mation on the symmetry of the conduction-band
final state by comparing the partial cross sections
of the initial states for varying excitation energies
and polarization directions. Second, for higher
excitation energies, the observed structural
changes in the photoelectron spectra can be ex-
plained as an atomic effect. The final-state wave
function can be well approximated by a, plane wave
and the energy dependence of the initial-state par-
tial cross section is characteristic of the s or p
atomic-symmetry character of the initial states.
We have found that for photon energies lower than
approximately 90 eV, the final state should be
considered a crystal state defined by band theory.
Above this, the electron energy is high enough so
that the free-electron approximation can be con-
sidered good. Below= 90 eV the first mechanism
largely determines the variation of the photoelec-
tron energy distribution curves (EDC) with the ex-
citation energy. The photoelectron spectra in this
energy region have yielded detailed information
on the high-energy electron band states of the
crystal. Above =90 eV, the second mechanism
predominates and it has been possible to record
the increase of the partial cross section of the s-
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like initial states relative to that of the p-like in-
itial states.

II. EXPERIMENTAL
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FIG. 1. Photoelectron spectra with variable excitation
energy of the graphite valence band.

The measurements reported in this work used
graphite single crystals cleaved in situ in an ultra-
high vacuum chamber. The purity of the surface
was checked with Auger electron spectroscopy.
The cleavage plane was normal to the crystallo-
graphic c axis. The experiments were performed
at the Stanford Synchrotron Radiation Laboratory
(SSRL) using the 4' beam line with the "grass-
hopper" monochromator. ' The synchrotron radia-
tion was monochromatized in the range 32-600 eV
and focused on the sample surface. The angle of
incidence for the light was 75' and the plane of in-
cidence was horizontal (P polarization). The syn-
chrotron radiation was highly polarized, and all
the-measurements were done in the condition E II c,
i.e. , with the photon electric field E parallel to
the c axis of the sample.

The photoelectron cross section for the valence
band decreases rapidly for photon energies above
150 eV. For this reason our measurements were
limited to energies less than 200 eV. The photo-
electron energy spectra were recorded with a
double pass cylindrical mirror analyzer. The con-
stant-initial-state spectra were. taken scanning the
photon energy 5+ and selecting only photoelectrons

with kinetic energy E,=@+—E„where E, is the
binding energy of the initial state below the vacuum
level E~. The data acquisition and handling were
done by a computer (PDP 11/40) connected on line.

The photoelectron energy spectra were recorded
at a pass energy E& of the cylindrical mirror ana-
lyzer (CMA) of 25 eV. The constant initial state
spectra were recorded with E~= 50 eV. The reso-
lution is related to the pass energy by the formula
&E=0.016 E~. This gives us a resolution bE=0.4
eV for the EDC's since the monochromator con-
tribution is smaller for the applied photon ener-
gies.

The constant initial state spectra (CIS) should be
corrected for the transmission of the CMA. The
transmitted current is theoretically given by I =E~/
E~.' We have corrected the raw data using the
above formula but it should be remembered that
the transmitted current goes as I = (E~/E~)", where
n is larger than 1 and less than 1.5. To normalize
the CIS spectra, the incoming photon flux has been
measured using a photomultiplier with a sodium-
salicylate converter.

III. RESULTS AND DISCUSSION

A. Valence band

Figure 1 shows the photoelectron spectra of the
valence band for photon energies between 34 and
200 eV. It is obvious that the structure, both in
the details and in the gross features, is strongly
dependent on the excitation energy. For identifi-
cation purposes, we have arbitrarily assigned
letters to the different features. For the low phq-
ton energies, the valence-band part of the spec-
trum rides on a sloping background of secondaries.
At the high photon energies, however, the valence
band stands out clearly enough to enable an accu-
rate assignment of the total bandwidth which we
measure to be 22. 5 eV. Band-structure calcula-
tions give a width of 20.5 eV. '

By comparison with the most recent band calcu-
lation using the discrete variational method, ' good
agreement was found between the energy of the.
critical points in the valence band and the peaks
in the photoemission spectrum. No surface states
are expected or have been measured in graphite
whose bulk electronic strgcture is well approxi-
mated by the electronic structure of one mono-
layer. '

Figure 2 shows the theoretical band structure
of graphite calculated by Painter. ' The dashed
lines are bands of 1). symmetry and the solid lines
are o' bands. The subscript v distinguishes the
bands below the Fermi energy E~.

The small peak A in Fig. 1 can be assigned to
critical point K, in the k direction, which is at
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TABLE I. Tentative assignment of the symmetry points
in the graphite valence band corresponding to the experi-
mental structures.
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FIG. 2. Calculated valence and conduction bands of
graphite (Ref. 3). EF is the Fermi energy and E„ is the
vacuum level 4.7 eV above EF. The dashed lines are ~
bands and the solid lines are o. bands. The subscript v

indicates the bands below EF. The arrows indicate
transitions at the same final-state energies allowed re-
spectively for E~)c and for ELc.

mental structures and the assigned theoretica. l
valence-band features. The XPS measurements
of the total bandwidth gave" 30 eV and 24 eV, ' in
contrast with the theoretical calculations, ' '

1.9.3
(Ref. 2) or 20.5.' Our value of 22.5 is closer to
the Painter ca.lculation of 20.5 eV. We have ob-
served that impurities on the surface of samples
not cleaved in ultrahigh vacuum produce an in-
crease of the strength of the F peak at the bottom
of the valence band and the bottom of the valence
band becomes broader and goes to higher binding
energy. This can explain the high values of .the
bandwidth found in the other experiments.

At 122 eV photon energy, as will be discussed
in Sec. III B, the ratio of the 2s and 2p photoemis-
sion cross section is nearly 1, so the matrix ele-
ment does not affect the measured experimental
photoelectron spectrum, and it is a direct mea, —

0.5 eV below the Fermi energy. ' Structure B is
related to the critical point Q,„of the n, „band
which is formed by 2P, orbitals. Peak C corre-
sponds to the crossing of the 1T,„and o,„bands at
I'. We believe that the Q,', critical point of the o,„
band contributes mostly to the D peak. ' This band
is mostly P like since it is contributing to the
strongest peak in the Ka soft-x-ray emission
spectrum. '" Peak E is due to the high density of
states near the critical point Q,„of the o.,„which
is formed by 2s, 2P„, 2P, orbitals. Structure F
corresponds to the broad density-of- states maxi-
mums above I', which is mostly s like. This band
is the main peak in the x-ray photoemission spec-
tra (XPS) of graphite. '" XPS spectra have the s-
like part of the spectrum enhanced relative to
those taken at low energies. The relative cross
section for carbon 2s and 2P electrons is Z /Z2s 2P
=13 for 8~=1487 eV"

In Table I are listed the energies of the experi-

2.0—

1.5—
IJJ
O

)
1.0—

I-
M

I I I I I I I I I I I

h~ = 122 ev
I

I I

I I

II

I I

I I

II
I

0.5—

0.0 -20 -16 -12 -8 -4 0

INITIAL STATE ENERGY (eVj

FIG. 3. Photoelectron energy distribution curve at
her = 122 eV including the inelastic background subtrac-
tion. The dashed curve is the theoretical density of
states.
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surement of the density of states of the initial
states. The photoelectron spectrum of the valence
band for @&= 122 eV is plotted in Fig. 3 with the
inelastic background subtracted and with the one-
electron density of states calculated by Painter. '
The agreement is quite good, showing that our
measurements directly reflect the valence band
density of states that was impossible to obtain di-
rectly by other spectroscopies such as ultraviolet
photoemission spectroscopy (UPS), x-ray photo-
electron spectroscopy (XPS), and x-ray emission
spectroscopy.

1 l I ) I ( l I i
) ( I I I

B. Highenergy states

Constant-initial-state spectra (CIS) are shown in

Fig. 4 for three initial states. The initial states
at Q,„corresponding to the peak B and at Q,~ cor-
responding to the peak D are both p like and in the

Q direction but with opposite w and o crystal sym-
metry. The other state selected corresponds to
peak I' which is s like. The points in Fig. 4 are
the raw data normalized to the incident photon flux.
The dashed curves are the CIS spectra corrected
for the transmission of the CMA.

The lack of knowledge of the exact form of the
photoelectron escape depth as a function of elec-
tron kinetic energy for graphite restricts us from
taking into account the contribution of the increase
of the penetration depth with electron kinetic en-
ergy. This correction would decrease the intensity
of the spectra at high energies. In addition, the
incident-photon flux was measured with a detector
which has an increasing but unknown efficiency for
increasing photon energies. At low energies the
contribution from the secondaries has to be con-
sidered. In addition to these difficulties in obtain-
ing the actual initial state cross sections from the
CJS spectra, , the energy dependence of the elec-
tron-electron scattering cross section can modu-
late the CIS. In fact we have observed that the
ylasmoa loss of the 1s core photoelectron peak has
a threshold. " Only photoelectrons with kinetic
energy greater than =100 eV show a measurable
ylasmoa side band. This effect should produce a
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FIG. 4. Constant-initial-state spectra. The open cir-
cles are the raw data. The dashed curves include the
correction for the collecting efficiency of the cylindrical
mirror analyzer.

decrease of the intensity of the /IS spectra at about
100 eV due to the onset of the pkasmon inelastic
scattering of the direct yhotoemitted electrons.
For all these reasons the CIS spectra are only a
qualitative measurement of the partial cross sec-
tion of the selected initial state. To overcome
these difficulties we have measured. the ratio of
CIS spectra of two initial states at the same final
state energy, so that all the discussed corrections
are eliminated.

In Table II the energies of the structures in the
constant initial state spectra are shown. Assum-

TABLE II. Structures in the constant-initial-state spectra. .
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FIG. 5. Ratio of the partial photoemission cross sec-
tions from initial state 7r (feature B of EDC) and cr (fea-
ture D of EDC) at the same final-state energy. The
arrows indicate the calculated final-state band.
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FIG. 6. Ratio of the constant-initial-state spectra
from P-like states (features D and B of EDC) and s-like
states (feature I of EDC) in the valence band. See Table
I and Fig. 2 to identify the initial states. The points are
the measure of the cross-section ratio obtained directly
from the photoelectron spectra.

ing the direct k-conserving transition model, these
spectra are determined by the joint den. sity of
states and the strong selection rules which govern
the interband transitions in a strongly anisotropic
material such as graphite. Since we are using
photons polarized with E II c, only w - o or o- w

transitions are allowed.
To obtain an experimental verification of the en-

ergy position and the symmetry of the conduction
bands between 30 and 50 eV shown in Fig. 2, we
have plotted the ratio of the photoemission cross
sections for transitions to the same final state
from two initial states with opposite crysta. l sym-
metry. We have selected the two initial states
along the Q direction, Q;„(w) and Q;,(o), separated
by 5 eV. In Fig. 5 we have plotted the ratio of the
partial photoemission cross sections Zo &„„E,/
&, („„,E „where E, and E, are the initial-state
energies below the Fermi level and 0& —E, =h~'
—E, is the final-state energy. Since we are mea-
suring the ratio of (w —F)/(o-F) transitions we
will get a maximum if the final state F has a 0

symmetry and a, minimum if it has m symmetry.
In Fig. 2 the arrows indi. cate the transitions that
we are considering to a final state at 40 eV above
the Fermi energy. The arrows in Fig. 5 indicate
the energy of the w and o bands crossing the Q
direction. Good agreement with the band-struc-
ture calculations using the variational approach
has been found. A minimum has been found cor-
responding to the w, and w, bands crossing the Q
direction at 29 and 32 eV above E~ A maximum
arises for the final state in the o,4 band at 40 eV.
At 40.7 eV a peak both in the secondary-electron
emission spectroscopy and in the theoretical con-
duction-band density of states was found. '

In Fig. 6 the ratios of the constant initial state
spectra with initia. l sta, tes corresponding to peaks
8, D, and F in the photoelectron spectra of the
valence band are plotted. The solid curve is the
ratio of the partial photoemission cross section
of initial states with different crystal symmetry
(w/o) but both originating from the 2P atomic or-
bitals. The ratio is con.stant above 90 eV. This is
experimental evidence that above 90 eV the photo-
emission cross section should be considered char-
acteristic of the atomic wave functions which form
the initial state. Moreover, the conduction bands
above this energy can be considered free electron
like. The dashed curve is the ratio of the photo-
emission cross sections of the s-like initial state
corresponding to the peak F of the photoelectron
spectra and the P- like initial state corresponding
to the peak D. Aga, in, for @(u&90 eV no structures
are observed, and a, monotonic increase is mea. —

sured. It is well known that in the UpS spectra.
the cross section of the p- like states is much
higher than the cross section for the s-like states
and the inverse occurs in the XPS spectra. At
Scu = 1487 eV the ratio of the 2s and 2p carbon
atomic cross sections is 13." At 122 eV the ratio
of the F and D peaks is =0.5, which is close to the
ratio of the theoretical density of initial states. '
so we believe that the 2s to 2p cross section ratio
is close to 1 at this energy.

IV. CONCLUSION

We have obtained experimental data using syn-
chrotron radiation-induced photoelectron spectros-
copy to support theoretical calculations of the
high-energy band structure of graphite by locating
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the position and the symmetry of the bands be-
tween 30 and 50 eV above the Fermi energy. Us-
ing the secondary electron emission spectroscopy,
it was possible to measure only the density of
states of the conduction band. We have established
the final-state energy =90 eV above which the free-
electron approximation can be considered good and
below which the band structure effects are impor-
tant. Above 90 eV, partial photoionization cross
sections should be characteristic of the 2p or 2s
atomic wave functions.

At h~ = 122 eV the 2s to 2p cross-section ratio
is close to 1, and the matrix element effects do not
affect the photoelectron distribution curve. It has
been possible for the first time to measure direct-
ly the valence-band density of states of graphite,

and the agreement with the theoretical density of
states is good.
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