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The energy dispersion of conduction (or unoccupied) bands of graphite has been studied by angle-

resolved ultraviolet photoelectron spectroscopy. Photoemission peaks originating in the conduction
bands were successfully separated from those of the valence bands by comparing two sets of angle-
resolved ultraviolet photoelectron spectra excited by the He I and He II resonance lines. Three con-
duction bands were found in the energy range of 7—13 eV above the Fermi level and one of them
showed a remarkable energy dispersion in the I %HA plane in the Brillouin zone. The present ex-

perimental results have been compared with the results of earlier experiments using photoelectron,
secondary-electron, electron-energy-loss, photoyield, and inverse photoelectron spectroscopies as well

as with some theoretical calculations. The usefulness of angle-resolved (secondary) photoelectron
spectroScopy to study unoccupied band structure has been demonstrated.

I. INTRODUCTION

The electronic structure of graphite has been intensively
studied both theoretically and experimentally: however, it
was only relatively recently that the overall valence-band
structure was established experimentally by angle-resolved
ultraviolet photoelectron spectroscopy (ARUPS). ' In
contrast to the valence states, the structure of the conduc-
tion (or unoccupied) band is still controversial ' and a
limited number of experimental studies ' have been per-
formed. Recently Fauster et al. ' have succeeded in map-
ping out the lowest conduction band of graphite using
angle-resolved inverse photoemission, which has proved to
be very useful in studying the empty states of materials.

We have already presented preliminary results of the
ARUPS study of graphite and discussed the valence-
band structure by comparing these results with earlier ex-
periments' and some theoretical calculations. ' ' '
Photoelectron spectroscopy has been regarded as a power-
ful technique to study valence states of materials. Howev-
er, it is well known that photoelectron spectra are largely
modified by conduction or final states and sometimes con-
duction bands themselves appear as prominent structures
in the photoelectron spectra. ' The photoemission peaks
originating in conduction states are produced through in-
elastic scattering among electrons; a considerable portion
of photoexcited electrons suffer energy losses during their
transportation to the surface through several energy-loss
mechanisms, electron-hole pair creation, plasmon loss,
etc., and, as a result, these secondary electrons roll down
through the conduction bands and pile up at the high den-
sity of the conduction states. If we perform angle-
resolved energy analyses of these inelastically scattered
electrons, we can get k-resolved information about
conduction-band structure because these electrons must
have the same energies and wave vectors parallel to the
surface (k~~ ) as they had in the conduction bands just be-
fore they were emitted into vacuum. We can map
out energy dispersions of conduction bands with this

"angle-resolved secondary-photoelectron spectroscopy"
(ARSPES). Thus, ARSPES can become a useful experi-
mental technique to study empty states and is comple-
mentary to conventional ARUPS in which the main con-
cerns are directed to elastically scattered electrons
representing valence-band structures. In .actual measure-
ments, however, both elastically and inelastically scattered
electrons overlap with each other in a photoelectron spec-
trum. The method of separating experimentally these two
kinds of electrons has been already established; peaks hav-
ing kinetic energies independent of exciting energies are
due to conduction states while peaks moving in accor-
dance with the exciting energy are attributed to valence
states. ' One may notice that ARSPES is essentially the
same as angle-resolved secondary-electron spectroscopy
(ARSES), where the excitation is induced by electrons.

In this study, we used two exciting lights, He I (21.22
eV) and He n (40.8 eV), to distinguish the origin (conduc-
tion or valence states) of structures in photoelectron spec-
tra. Comparing the experimental results obtained by these
two different exciting photon energies, we found some
conduction bands which show clear energy dispersions in
the energy range of from 0 to about 7 eV above the vacu-
um level. The present experimental results are compared
with early experiments using ARUPS, ' secondary-
electron spectroscopy (SES), electron-energy-loss spec-
troscopy (EELS),' and x-ray' '" and ultraviolet' ' in-
verse photoelectron spectroscopies as well as with some
theoretical calculations. '

II. EXPERIMENTAL

A synthesized single-crystalline graphite (Kish gra-
phite) sample was supplied by Toshiba Ceramics Co. The
preparation and purification procedures have been
described elsewhere. ' The typical crystal size is about
2X2X0.2 mm . The Laue diffraction pattern of the sam-
ple showed that it is a good single crystal with almost no
rotational disorder of layers as observed in highly-oriented
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the low binding energy, while at the M (L) point an ener-

gy gap of about 1.5 eV opens between the two o. bands.
These features agree very well with theoretical calcula-
tions ' of the valence-band structure of graphite. The
quantitative comparison of the experimental results from
the He II excitation with early experiments and some
three-dimensional band calculations ' ' ' has been al-
ready presented elsewhere. Nevertheless, it is worthwhile
to add a further comment on the valence-band structure
of graphite on the energy position of the highest valence o.
band at the I' (A) point. Marchand et al. presented very
recently their experimental results of an ARUPS study on
natural graphite using synchrotron orbital radiation
(SOR) of 14—28 eV for the photon energy. They have
determined the binding energy of the highest valence o.
band at 5.3 eV (Table I in Ref. 4). This value is about 1

eV larger than those of the present (4.3 eV) and other ear-
lier studies (4.6 eV). ' This difference is beyond experi-
mental error (+0.1 eV) and cannot be attributed to the in-
terlayer energy dispersion because this o. band is almost
flat along the interlayer direction. It is noteworthy that
the highest o. band in the present study has a relatively
large spectral weight (see Fig. 3) and shows a clear down-
ward dispersion in the vicinity of the I (A) point [Fig.
4(b)] while the band which Marchand et al. have assigned
as the highest o. band appears as a very weak structure in
their ARUPS spectra and shows almost no energy disper-
sion (Figs. 1 and 2 in Ref. 4). Therefore, it is most likely
that Marchand et ah. observed an indirect transition or a
contribution from conduction states instead of the valence
cr band. In the present study with the He I (21.22 eV) ex-
citation, we also could not identify the accurate position
of the highest o band at the I ( A ) point; as shown in
Figs. 2 and 4(a), the highest cr band looks vague or disap-
pears near the I . (A) point in the He I measurements.
The energy of the He j. resonance line is closer to the ener-

gy range of the SOR study (14—28 eV) than that of the
He II line (40.8 eV). We have attributed the absent feature
of the highest cr band near the I (A) point in the He I
measurements to the final-state effect; there should be no
final states to which electrons are excited from the highest
0. band near the I (A) point by the He I resonance line
(21.22 eV). This conjecture is given theoretical support by
the band calculation by Tatar and Rabii; there are no
empty states about 18—26 eV above the. highest valence o.

band at the I point (Fig. 6 in Ref. 6).
Next we compare the present experimental results ob-

tained by the two different (He I and He D) exciting ener-
gies with each other. As found in Fig. 4, the experimental
band structure determined by the He I excitation [Fig.
4(a)] is considerably different from the well-known
valence-band structure of graphite, showing a sharp con-
trast to the result of the He II excitation [Fig. 4(b)]. In the
He I measurement, the highest valence o. band does not
appear in the vicinity of the I (A) point and three extra
bands appear in the large (above 10 eV) binding energy re-
gion and one of them (middle band) shows a remarkable
energy dispersion. These three bands are indi. cated by tick
marks in Fig. 2.

The absent feature of the highest cr band at the I (A)
point in the He I measurement as described above is due

to the final state effect. The extra peaks in the He I mea-
surement may represent the conduction bands of graphite
because there are no theoretical valence bands which
directly correspond to these extra features. The possibility
of plasmon loss as an origin of these extra peaks is ruled
out by the experimental fact that no structures are found
in the same binding-energy region of the He II measure-
ment [Fig. 4(b)]. The plasmon-decay process ' is also
excluded from possible excitation mechanisms for these
extra peaks because the rr rr pla-smon [6.5 eV (Ref. 14)] in
graphite does not have sufficient energy to excite these ex-
tra peaks about 10 eV above the Fermi level and the other
cr-o plasmon [about 27 eV (Ref. 14)] in graphite cannot be
excited by the He I (21.22 eV) resonance line. In order to
obtain further experimental confirmation, we performed
ARUPS measurements with the Ne I resonance line (16.85
eV) and found that three bands corresponding to the three
extra bands in Fig. 4(a) also appear in the Ne I spectra,
having nearly the same kinetic energies as in the He I
measurement, although the middle band in the Ne I spec-
tra was accidentally superposed with the valence m. band.
Similar extra features probably due to the conduction
states have been already reported in the early ARUPS
studies on graphite; ' Law et al. found three extra bands
in their He I spectra although all of them were almost
dispersionless in contrast to the present result, and Mar-
chand et al. also found a stationary peak in their
ARUPS spectra having kinetic energy independent of the
photon energy. This stationary peak may correspond to
the flat band at about 13.8 eV in Fig. 4(a).

In Fig. 5(a), we replot only the experimental points
which have no direct correspondence to the valence-band
structure determined by the He II excitation [Fig. 4(b)].
These points indicated by open circles (0 ) in Fig. 5(a) are
supposed to relate to the conduction states. The vertical
energy scale is readjusted to the energy relative to the Fer-
mi level. The experimental results of the angle-resolved
secondary electron spectroscopy performed by Law et al.
indicated by crosses (+ ) and the angle-resolved inverse
photoelectron spectroscopy by Fauster et al. ' (CI) are
also included in Fig. 5(a) for comparison. Figure S(b)
shows the theoretical conduction-band structure calculat-
ed by Holzwarth et ai. with the Hedin-I undqvist poten-
tial.

Before we proceed to detailed discussion of the conduc-
tion band of graphite, we must comment on the
discrepancy between the present and earlier ARUPS
studies; both Of the two studies used the same exciting en-
ergy, He I (21.22 eV). Law et al. found three conduction
bands in the energy range similar to that of the present
study. However, all of the three bands which they report-
ed were almost dispersionless in the I K or I M direction
(Fig. 3 in Ref. 3) while in this study the middle band
shows a remarkable energy dispersion. This discrepancy
may arise from the differences in the quality of samples
and/or in the resolutions of the ARUPS measurements.
Since we do not have sufficient data to discuss the quality
of the samples, we will make a short comment on the
resolutions in the measurements. The resolutions in this
study (DE=about 0.1 eV, b,8& +0.8') are about twice as
good as those in the early measurements of I.aw et al.
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FIG. 5. Comparison of the conduction-band structure determined by experiment and by calculation. (a) Experimental conduction-
band structure obtained by the angle-resolved secondary photoelectron spectroscopy (o ). Experimental results using angle-resolved
secondary electron spectroscopy (Ref. 3) (+ ) and angle-resolved inverse photoelectron spectroscopy (Ref. 13) (Cl) are also included in
this figure. (b) Theoretical conduction-band structure calculated by Holzwarth et al. (Ref. 7) with Hedin-Lundqvist potential.

(DE=0.2 eV, 50=+2 ). The high angular feature of this
study is found in the lowest flat band at 7.4 eV in Fig.
5(a); this flat band extends about 1 A ' from the 1 (A)
point in the early experiment by Law et al. (Fig. 3 in Ref.
3) while it reaches at most 0.4 A ' from the center of the
Brillouin zone in this study. They assigned this flat band
as the minimum point of the cr* band at the I (A) point
and attributed the deviation of the experimental points by
about O.S A ' from the theoretical curve to the momen-
tum broadening in the final states, estimating the mean
free path of electrons on the flat band as about 5 A, which
is much shorter than the value expected from the univer-
sal curve of mean free path versus energy. However, the
present experimental points are almost on the theoretical
curve when we assume a momentum broadening of about
0.1 A ' which corresponds to a mean free path of a few
tens of angstroms; this value is within the universal curve.
Thus, the discrepancy between the present and early
ARUPS studies may be ascribed to the difference in the
energy and angular resolutions; Law et al. might have
overlooked the energy dispersion of the middle band be-
cause this band is far broader than the lowest flat band so
that it may be missed when the background of secondaries
is large and the resolution of a spectrometer is low. As
found in Fig. 5(a), the middle dispersive band shows a
smooth connection to the experimental results of angle-
resolved secondary electron spectroscopy on graphite (in-
dicated by + ) near the center of I E (AH). This gives an
additional support to the validity of the present measure-
ment.

When we compare the experimental results in Fig. 5(a)
with the theoretical band structure in Fig. 5(b), we find
that the overall features of the two are in fair agreement.
Fauster et al. ' have already found experimentally the
lowest conduction band at the I point by angle-resolved

inverse photoemission spectroscopy; the bottom of the
conduction o band is at about 4.0 eV above the Fermi lev-
el as shown in Fig. 5(a). They also found a conduction m

band which shows an upward energy dispersion from the
M point. These experimental results are in excellent
agreement with the band calculation by Holtzwarth et al.
in Fig. 5(b). These bands, however, are not accessible by
photoelectron spectroscopy because major parts of these
bands are below the vacuum level.

In light of the experimental fact that the lowest conduc-
tion band at the I point is below the vacuum level, ' we
assign the flat band at about 7.4 eV in Fig. 5(a) as the flat
part of the o bands near the I'5+ point at 9.2 eV in Fig.
5(b). As shown in Fig. 2, this band is very narrow (full
width at half maximum is about 0.35 eV), reflecting the
flat feature of the band and a resulting long lifetime of
electrons. This flat band, however, disappears near '~ I K
( AH) in the experiment although the corresponding
theoretical o bands show remarkable upward dispersion
near —,'I'K. Similar discrepancy is also found for the
I MLA plane. The discontinuity of the experimental flat
band may be explained as follows; if the two o bands de-
generate at the I 5+ point disperse almost horizontally to
about 4 M and there split into two well-separated bands
and/or disperse [these features are actually found in the
calculation in Fig. 5(b)], these o. bands may become vague
or missing in the ARUPS spectra at high polar angles be-
cause the peak of these o bands becomes broad owing to
the split into two bands and/or the large lifetime broaden-
ing due to the steep dispersion so that these o. bands may
be hidden in the large background of secondaries. A simi-
lar situation may happen in the I MI.A plane.

The position of this high density of states observed at
7.4 eV above the Fermi level is in good agreement with
the position determined in early experiments using angle-



8322 T. TAKAHASHI, H. TOKAII. IN, AND T. SAGAWA 32

b b
t O
Ch

8

8
~ till

~ ~

bQ

ANO
b

5
U'

6
C

47

Ch o

05 ch

M

O

O a5
S4

0
O

O cl
O

~ W

CP

Ct

bQ

O e$
Cih

aS

OG
Pe0 ce

O
'C
cf
Q WE"
O ~&

V ~0

re

QP)

g t
ba
05

CCt

~ W

~ W

b

OO

b

t

b
V0

oo oo Ch

oo

Yr rt. O
t QOO

C4
cd

bQ

~ piil

M
C4

0
U

O
S4

O

O

0
0

0
~ A

05

0

~ 0
E.

GC
cn

+ ~.~ 0

b0CZ ~

+ + O
0$ CC

O
g

~~8&
M M

M

CP ~ Cl

0 4 & o4

0
8

0
c5
V

C4

O

u
w~ gg, ~
O ~ .~ GO

0
0 + 0

E w

~ 0~0.0
m

I4 cJ C4
N
QQ

o
s

C4 pO~

M

05

8 g

& o4



32 ANGLE-RESOLVED ULTRAVIOLET PHOTOELECTRON. . . 8323

integrated secondary electron spectroscopy ' (7.6—7.7
eV), electron-energy-loss spectroscopy (7.8 eV), ' angle-
integrated photoelectron spectroscopy in the constant-
initial-state model" (7.5 eV), and angle-resolved pho-
toelectron spectroscopy '" (7.6 eV). Table I summarizes
the energy positions of prominent spectral features ob-
served in various spectroscopic studies of the conduction
band of graphite. Characters of the experimental bands
(m or o ) are also shown in parentheses as each author as-
signed them. As found in Table I, the calculated I 5+

point in Fig. 5(b) is about 1.6 eV higher than the experi-
ments. Here it is worthwhile to add a comment on this
high density of conduction states assigned as I 5+', this
high density of states at about 7.5 eV above the Fermi lev-
el has not yet been observed by any of the ultraviolet' '
or x-ray' "inverse photoemission studies reported so far
(see Table I). The origin of this discrepancy between the
inverse photoemission and the other experiments may be
inherent in the spectroscopic mechanisms. The discrepan-
cy between inverse photoemission and secondary electron
emission has also been pointed out by Law et al. ; they
asserted in their recent constant final state spectroscopy
on graphite that the "interlayer state" corresponding to
the lowest conduction band should be above the vacuum
level in contrast to the experimental observation in the in-
verse photoemission experiment by Fauster et al. '3 Law
et al. discussed some possible causes for the discrepancy
and tentatively attributed it to the fact that inverse photo-
emission measures the energy difference between the two
excited states of the system while secondary-electron
emission reflects quasiequilibrium distribution of excita-
tions. The actual origin of the discrepancy, however, is
unknown at the present stage and must wait for future
studies.

The middle band in Fig. 5(a) is assigned to a pair of o.

bands which pass through the I 6 point. This experimen-
tal band shows a remarkable energy dispersion in the
I KHA plane and connects smoothly to the experimental
points from angle-resolved secondary electron spectros-
copy (indicated by + ) at about —,

' I K. The correspond-
ing theoretical o bands are almost degenerate in the I K
direction [see Fig. 5(b)] and consequently have a large
density of states. This is the main reason why these bands
appear as a prominent peak in the ARUPS spectra
whereas they have a relatively steep energy dispersion and
a resulting rather short lifetime of electrons. The electron
lifetime v. in this experimental band estimated from the
bandwidth (about 1.3 eV, see Fig. 2) using the uncertainty
principle AEht=h is about 3)&10 ' sec, and the mean
free path l calculated with the lifetime and the group
velocity (slope of the experimental band) using the formu-
la l=~

~

BElBk
~

/R is about 20 A, which is in good
agreement with that for about 10-eV electrons in the
universal curve. The energy position of the middle band
at the I'(A) point is about 8.4 eV above the Fermi level,
showing a good agreement with those determined from
previous ARUPS studies ' (8.2—8.6 eV) and a SES study
[8.7 eV (Ref. 8)] (see Table I). Therefore, the calculation
by Holzwarth et al. [Fig. S(b)] may overestimate the en-

ergy of the I 6 point by about 1 eV. However, we must
remark again an inconsistency on this band between the

photoelectron and secondary electron spectroscopies and
the inverse photoemission spectroscopies; as shown in
Table I there are no structures at 8—9 eV in the inverse
photoemission spectra. In fact, Fauster et al. ' found a
prominent peak at about 9.7 eV above the Fermi level (see
Table I) in their inverse photoemission spectra and have
assigned it as the I 6 point.

The highest experimental band which shows a slight en-
ergy dispersion may be assigned to the two o. bands which
pass through the I ~+ and I 4 points because both the ex-
perimental and theoretical bands show similar dispersing
features. If this is the case, an overestimation of the ener-

gy level by the calculation is also found for these I"&+ and
I 4 points. This experimental band appearing at about 10
eV at a high-symmetry point in the photoemission spectra
(see Table I) may correspond to a remarkable feature at
9.5—9.7 eV in the inverse photoemission spectra, although
the spectral feature differs considerably between the two;
the inverse photoemission band is pronounced while the
photoemission band is relatively weak.

Finally, we should make some comments on the useful-
ness and development of angle-resolved secondary pho-
toelectron spectroscopy (ARSPES). As demonstrated in
the present study of graphite, photoemission peaks ori-
ginating in conduction states (conduction peaks) do show
remarkable energy dispersions in the angle-resolved
photoemission measurements as well as do those of
valence states (valence peaks). We believe that this
ARSPES can be applicable to other materials whereas the
present case might be special becaues graphite has a very
simple electronic structure. However, ARSPES has some
disadvantages: (1) the electronic states between the Fermi
level and vacuum level are not accessible by ARSPES and
angle-resolved inverse photoelectron spectroscopy seems
the only experimental technique at present stage to study
the energy dispersion of these empty states; (2) both
valence and conduction states contribute simultaneously
to a photoelectron spectrum so that we must use at least
two different exciting photons to separate conduction
peaks from valence peaks, and (3) structures due to con-
duction states in photoemission spectra are in general
vague because of the short electron lifetime. The second
disadvantage will be overcome when we use the energy-
tunab1e synchrotron orbital radiation; we can measure
several sets of ARUPS spectra excited by different energy
photons and compare them with each other. The simplest
way to distinguish conduction peaks from valence peaks
in a photoemission spectrum may be to use relatively
high-energy photons, for example 40—100 eV. In photo-
emission spectra excited by such high-energy photons,
structures due to valence states are situated in the large ki-
netic energy region while the conduction band peaks ap-
pear at the low kinetic energy. When we use synchrotron
orbital radiation, we can select the most appropriate ener-

gy photon with which we can separate clearly conduction
bands from valence bands and at the same time avoid pos-
sible interference from the valence core levels. The third
disadvantage, the vague features of conduction bands in
photoemission spectra, may be removed by taking the first
or second derivatives of the spectra.
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IV. CONCLUSION ACKNOWLEDGMENT

We have determined experimentally the energy disper-
sions of some conduction bands of graphite using the
angle-resolved photoelectron spectroscopy. We have iden-
tified some high-symmetry points in the conduction-band
structure and compared the energy positions with those of
early experiments as well as with some theoretical calcula-
tions. We have demonstrated the usefulness of angle-
resolved (secondary) photoelectron spectroscopy to study
conduction-band structure of solids.
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