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The dispersion of the conduction states parallel to the basal plane of highly oriented pyrolitic
graphite was investigated up to 28 eV above the Fermi level by inverse photoemission with the use
of a new highly efficient band-pass photon detector. The remarkable modulation of the absorbed
target current as a function of the kinetic energy of the incident electrons is interpreted as an elastic
reflection phenomenon. As in inverse photoemission, the current spectra show a strong dependence
on the angle of incidence and provide additional information about the conduction-band structure
from the vacuum level up to 38 eV above the Fermi level. The results of both methods are com-
pared with recent band-structure calculations. Besides several = and o bands, an image-potential
state is observed just below the lowest o band. The extraordinary width of this o band along the ¢

axis was directly examined by current spectroscopy.

I. INTRODUCTION

Graphite as the prototype of layered structures and its
variety of intercalation compounds have attracted consid-
erable attention both theoretically and experimentally dur-
ing the last decades. Numerous band-structure calcula-
tions! > exhibit in general a similar shape of the electronic
structure. The valence-band o states derived from 2s,
2py, 2p, atomic orbitals (sp? hybrides) form strong co-
valent intralayer bonding and extend to higher binding en-
ergies than the 2p,-derived 7 states. The full band struc-
ture consists of bonding 7, o states and antibonding 7*,
o* states which build the valence and conduction bands,
respectively. In the direct vicinity of the Fermi level there
exist only 7 and 7* states. The entire band structure is
characterized by a pronounced paraboliclike dispersion
parallel to the surface and (not regarding a few bands with
mainly p, character) by a strong localization perpendicu-
lar to the basal plane. Thus graphite can be considered as
a model substance of a two-dimensional solid. Recent
band-structure calculations'~>®7 going beyond the tight-
binding approximation with a basis of only 2s, 2p orbitals
of carbon found a o state as the lowest conduction band
at ' which has, in deviation from the simple picture of
nearly two-dimensionality, a large dispersion perpendicu-
lar to the surface with considerable charge density be-
tween the layers (interlayer state).

The dispersion and binding energy of the occupied
states has recently been well established by angle-resolved
photoelectron spectroscopy®~!* (ARPES) in reasonable
agreement with the calculations. On the other hand, little
experimental data for the unoccupied part of the band
structure is available and most results are concerned only
with the density of states. The calculations differ signifi-
cantly as regards energy location and dispersion in this re-
gion of the electronic structure. The only wave-vector-
resolved data available on unoccupied states is deduced
from angle-resolved secondary electron spectroscopy
(ARSEES) (Refs. 10, 15, and 16) above the vacuum level
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and angle-resolved inverse photoemission (ARIPS) (Refs.
17—20) down to the Fermi level.

Here we present the first detailed mapping of the unoc-
cupied band structure obtained on highly oriented pyrolyt-
ic graphite (HOPG) for the wave vector parallel to the
surface (k|;) by ARIPS (up to 23 eV above the Fermi level
Er), combined with angle-resolved target-current spec-
troscopy (TCS) (up to 38 eV above Ey) providing supple-
mental direct information about the unoccupied states.!'
The data are used to test recent theoretical results.

II. ANGLE-RESOLVED INVERSE PHOTOEMISSION
SPECTROSCOPY AND TARGET-CURRENT
SPECTROSCOPY EXPERIMENTAL SETUP

ARIPS is a rapidly developing method?!"** for wave-
vector-resolved investigations of unoccupied states, quite
similar to ARPES in its theoretical foundation.* In
ARIPS the intensity of the vacuum ultraviolet radiation
(bremsstrahlung) generated by low-energy electrons im-
pinging on the sample is measured. The radiation result-
ing from direct transitions between the initial LEED
states and final states above the Fermi level shows strong
intensity variation with angle of electron incidence con-
taining information about the wave vector conserved in
the transitions. From the photon energy, the kinetic ener-
gy E,i, and the polar angle ¥ of the incoming electron a
two-dimensional experimental band structure E (k) can
be deduced similar to the procedure in ARPES.

In TCS simply the current absorbed by the sample is
measured as a function of E\;, of the electrons impinging
on the sample under a defined angle. The absorbed (tar-
get) current Iy may be written as Iy=Iy(1—R,—R;).
Here Iy(E,;,) is the incoming electron current, R, (Ey;,)
is the elastic and R;(E};,) the inelastic electron reflectivi-
ty. R.(E,;,) describes the normalized flux of all outgoing
LEED beams. In the following we attribute the modula-
tion of the absorbed current exclusively to an elastic
scattering phenomenon.?>~?’ R; is assumed to be an only
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slowly varying function of energy not responsible for the
modulation. R; and I, only produce a smooth back-
ground. This interpretation differs from other work in
which inelastic processes are considered to explain the
modulation in the TCS spectra.?®?® With the above as-
sumptions the modulation in TCS apparently corresponds
to an angle integrated LEED experiment. Due to the
close relationship between the LEED reflectivity and the
band structure very useful information about the unoccu-
pied states above the vacuum level E . is directly deduct-
able from the current modulation.?%?’ High reflectivity
corresponding to a minimum in the target current Iy is
expected, if the electron energy falls into a gap of the
band structure projected onto the surface or if the symme-
try of the wave function of the states in the solid does not
allow matching of the incoming plane wave at the surface.
On the other hand, regions of enhanced target current are
expected at energies where the incoming electrons couple
effectively to Bloch states of the crystal.

The components of the ARIPS spectrometer’® are a
band-pass photon detector (#iw=9.8 eV) and an electron
source optimized for low energies. The band-pass system
consists of an open, focused mesh CuBe multiplier with
KBr-coated first dynode (photocathode) and a CaF, en-
trance window, defining the high- and low-pass filters,
respectively. Its efficiency’! is about 1 order of magni-
tude higher than for the commonly used I,-He-filled
Geiger-Miiller counter, The wave-vector resolution of the
electron gun is 0.08 A~' and its energy resolution 220
meV (FWHM). The overall energy resolution of the
ARIPS spectrometer is ~600 meV. The same electron
gun is used in both ARIPS and TCS.

The TCS spectra presented in Sec. III are not normal-
ized with respect to the incoming beam current which is
only a slowly increasing function of energy not affecting
the interpretation of the spectra. Except for one measure-
ment with a slightly negative biased sample (~4.5 V)
(Fig. 5) used to check the vicinity of the vacuum level, all
TCS data were obtained under field-free conditions at the
sample to avoid distortions of the electron beam which
would deteriorate the angular resolution. To resolve
weaker features the negative second derivative of the spec-
tra obtained by careful filtering and differentiation has
been used.

The sample of pyrolytic graphite (HOPG, Union Car-
bide) was cleaved in ultrahigh vacuum. No significant az-
imuthal dependence of the spectra was observed due to
the rotational disorder of the HOPG. Standard k,
analysis yields the two-dimensional experimental band
structure fully compiled in Figs. 7 and 8.

III. RESULTS AND DISCUSSION

A. Inverse photoemission

Figures 1, 2, and 3 show the ARIPS spectra obtained
for different ranges of energy and angle of electron in-
cidence. The observed bands and their dispersions are la-
beled by capital letters 4—I together with tick marks.
The most intense emission A in the ARIPS spectra (Fig. 1)
is the strong band which disperses to higher energies for

decreasing angle of incidence. Simultaneously it drastical-
ly loses intensity and vanishes at about 20°. Its dispersion
is in excellent agreement with the antibonding m(M7,;)
bands of the calculation of Holzwarth et al.! At an angle
around 77° which is very close to the k, value corre-
sponding to the M (L) point a nondispersive localized
shoulder B at about 1.5 eV above Er merges with this 7
band. A similar step like nondispersive emission with a
binding energy of 3 eV is visible in ARPES spectra.>!° It
has been suggested that the shoulder in the ARPES mea-
surements results from a surface state or emission out of
isolated carbon atoms sitting on top of the outermost
atomic plane.” But the shoulders for both states, occupied
and unoccupied, lie within the experimental error at the
energies of the bonding and antibonding 7 bands at M (L)
where those bands have their highest density of state
(DOS). Thus the appearance of the localized shoulder can
be considered as a contribution of non-k -conserving
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FIG. 1. Inverse photoemission spectra (%iw=9.8 eV) up to 13
eV above the Fermi level Er for various angles of electron in-
cidence ¥. The dispersion of the states labeled 4 —G is marked
by ticks.
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emission associated with a high DOS, probably caused by
phonon or defect scattering of the LEED states involved
in ARPES and ARIPS. The energy difference between
the occupied and unoccupied shoulder (4.5—4.7 eV) is in
good agreement with the measured critical transition of
4.5 eV (Ref. 32) and the calculated M;* —M ] separation
varying from 4.1 (Ref. 3) to 4.8 eV (Ref. 4).

The emission C at 3.7 eV (for k;=0) has been studied
in detail (Fig. 2). It is a parabolically dispersing peak with
a FWHM and shape corresponding to the spectrometer
function of the ARIPS system. In a photon-energy-
dependent ARIPS measurement it was found to be a state
without k, dispersion.!” It is also the only state on
graphite which significantly loses intensity by surface con-
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FIG. 2. Inverse photoemission spectra in the region of the
(n=1) image potential (surface) state. The vacuum level
(Eyoc—EFp)is at 4.7 eV.

tamination.’* Thus it is clearly a surface state. In slab
calculations this state has been interpreted as split off the
lowest o(I'{") band, the interlayer state.” But we suggest
it is simply connected with the » =1 image potential
state?! existing in the gap below the interlayer band. The
calculated binding energy of the surface state of nearly -
Ry (k;;=0) with respect to the vacuum level’ and the
charge density of the state (free-electron-like parallel to
the surface with a maximum at about 2 A in front of the
outermost carbon plane obtained in the slab calculation) is
consistent with this interpretation. The experimental
binding energy with respect to the independently deter-
mined E,,. (by TCS, see Sec. IIIB) is 1.0 eV and the ef-
fective band mass derived from the measured dispersion is
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FIG. 3. Some inverse photoemission spectra taken at higher
energies. The dispersion of the states labeled 4 —I is marked by
ticks.
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1.3m,. The weak shoulder just above the n =1 state is
interpreted as emission due to higher members of the
Rydberg series (clearly visible in Fig. 6). In Ref. 20,
where a normal incidence inverse photoemission spectrum
has recently been published, the state C is interpreted as
density of state emission connected with the bottom of the
interlayer state as already suggested by Fauster et al.!’
But the k| dispersion measured in our work clearly ex-
cludes this interpretation as a DOS effect. The amount of
exposure to activated O, (33 L) and H, (150 L) to test the
surface-state character of the emission in Ref. 20 seems
far too low to affect an image potential state on an inert
surface like that of graphite. But we agree with Reihl
et al.® that a volume-induced surface state as a state split
off the interlayer state should have been quenched already
by small exposures to activated gases. We believe the
o(T'{") band above the surface state becomes only visible
as faint emission (D) at —8°, —3° around 5 eV (Fig. 1).
This is explainable by the low cross section of transitions
to s-like bands which is much smaller than for p states at
the photon energy involved (9.8 eV).

The emission E at 9.7 eV (k;=0) is attributed to the
a(T'¢,¢) state in good agreement with the calculation of
Holzwarth et al.! and the ARIPS measurement for nor-
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mal incidence of Ref. 17. For increasing angles of in-
cidence its intensity decreases and finally vanishes. This
may be caused by the azimuthal disorder of the sample,
since the dispersions of the four bands emerging from the
two states at I' are different in the TALM and TAHK
plane.

One has to note that the energy location of this anti-
bonding p, ,-derived o(I's,s) band is controversial, be-
cause there is a large secondary electron maximum at 3
eV kinetic energy corresponding to 7.7 eV above the Fer-
mi level which has been attributed to this state!®!5!6 in
agreement with the calculation of Tatar and Rabii.> But
neither is there emission at this energy in this ARIPS
measurement or in the data of Fauster et al.'” which cov-
er a large range of the photon energy, nor is there any
structure in the TCS data, although TCS and ARSEES
have a similar theoretical foundation. Finally measure-
ments of the unoccupied density of states obtained by dif-
ferent methods** 3¢ reveal the first maximum of the anti-
bonding o states at about 8.5 eV in agreement with the
measured energy of the o states at M in this work. These
o(Mi,;) bands at M (L) are visible as a weak dispersing
emission F. Here the azimuthal disorder is probably over-
come by the high DOS in the flat part of these bands near
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FIG. 4. The current I absorbed by the sample for various angles of electron incidence ¥ as a function of the kinetic energy (a).

The negative second derivative of the current spectra (b).
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the M (L) point. So we believe that the interpretation of
this strong secondary maximum as a conduction state is
not correct and its origin is not understood yet.

The relatively intense and strongly dispersing emission
G between 12 and 17 eV in Figs. 1 and 3 is somewhat puz-
zling because there is no such band in the two calculations
in this higher-energy range.>> But other calculations"?
show small portions of 7 bands attributable to this emis-
sion. The weak structure H around 42° probably corre-
sponds to the strongly dispersing 7(I'; ,M{ ,K) band ex-
tending from 13 eV (at K) to 26 eV (at I') in the calcula-
tions of Tatar and Rabii® (Fig. 8). The band I at 20 eV is
attributable to the o(I';) band.? This band and the =
band are also observed in TCS and ARSEES (Ref. 13)
and will be discussed below in more detail.

B. Target current spectroscopy

Let us now turn to the discussion of the TCS data
presented in Figs. 4—6 and compare the TCS results with
those of inverse photoemission. Graphite shows a re-
markable current modulation. This is to our knowledge
the strongest modulation ever observed. For layered
transition-metal dichalcogenides we have measured a
somewhat weaker modulation. In three-dimensional ma-
terials like III-V compounds the modulation is 1 order of
magnitude smaller but still significantly larger than for
Cu. The stronger modulation for layered materials is
probably explainable by many large gaps in the surface-
projected band structure resulting from the smaller k,
dispersion in more two-dimensional materials.

Figure 4 shows the original TCS spectra and their nega-
tive second derivative with the angle of electron incidence
as parameter. Considerable structure is observed in the
TCS spectra. It is related to the conduction-band states
and their dispersion (cf. Sec. II). Especially interesting is

I, (E,)

E-E (eV)

Vacuum
FIG. 5. The absorbed current just above the vacuum level.
The inset shows the calculated energies and bandwidth of the in-
terlayer state according to Holzwarth et al. (Ref. 1) with
Hedin-Lundqvist exchange correlation. The arrow marks the
maximum of the negative second derivative of the spectrum.
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FIG. 6. Comparison of a normal incidence inverse photo-
emission spectrum (upper curve, background subtracted) with
the negative second derivative of the target current spectrum
(lower curve).

the normal incidence spectrum, since it reveals informa-
tion about the dispersion of the bands parallel to the ¢
axis in I'4 direction. The spectrum in Fig. 5 taken for
normal incidence was measured with a slightly negative
biased sample (~4.5 V) to study the region in the vicinity
of the vacuum level and to measure the work function of
graphite (4.7 eV) by the onset of the TCS spectrum. The
range of the first current maximum in the undifferentiat-
ed spectra at 3 =0° (Figs. 4 and 5) extends from the vacu-
um level up to about 6 eV E,;,. This region of enhanced
electron takeup is clearly attributable to the interlayer
state, which is connected by a strong k, dispersion with
the antibonding (I';") band. The inset in Fig. 5 shows the
calculated! range of the k, dispersion which is in good
agreement with the TCS measurements. Part of its k,
dispersion has been measured with ARIPS using variable
photon energy.'” Due to the large value for the real part
of optical potential of graphite it was not possible to map
the whole range of the dispersion in that experiment.
Therefore a complete comparison with TCS is not possi-
ble. We assume that the bottom of this interesting inter-
layer state (I';") lies between the image potential state at
3.7 €V and the vacuum level (4.7 eV). The top, i.e., the
m(T'7) state, is located near the maximum of the negative
second derivative (Fig. 5) at 5.5 eV E,;, which is often
slightly shifted from the band edge towards the center of
the band.?’ Except for the ARIPS measurements of Faus-
ter et al.'’ and another recent ARIPS experiment,!® the
interlayer state has not been observed experimentally so
far by other spectroscopies because of its low DOS, its s-
like character and the small overlap with occupied states.®
Due to the different process involved TCS yields a pro-
nounced maximum. It is important to state here that the
emission E in the ARIPS spectra at 9.7 eV (Figs. 1 and 3),
if interpreted as (I'$,57) as discussed above, is not respon-
sible for the TCS emission in this region because at nor-
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mal incidence only Bloch waves with A; or A, symmetry
(and not with As,Ag symmetry) couple to the incident
beam.!?

The broad maximum around 15 eV above the vacuum
level (Fig. 4) is attributable to an also strongly k, dispers-
ing o band with I'; symmetry at its bottom.> The corre-
sponding maximum in the negative second derivative is at
19.5 eV above Ep. The calculated value? is a little higher
(21.7 eV). This state at 19.5 eV and a still higher-lying
state at 24 eV above Ep have been observed with both
ARIPS and TCS as shown in Fig. 6. The figure gives a
comparison of an ARIPS spectrum over a large energy
range at normal incidence and the negative second deriva-
tive of a TCS spectrum measured under exactly the same
conditions, i.e., identical sample surface and range of ac-
celeration voltage of the electron source. The abscissa of
the experimental TCS spectrum is simply shifted by the
photon energy of the band-pass detector in order to define
the common energy scale for both spectra. The character-
ization of the measured states above the o(I'; ) state at
19.5 eV is somewhat difficult. The state at about 24 eV
above Ep (ARIPS, TCS in Fig. 6) cannot be attributed to
the o(I"}") state lying just above o(I';") in the calculation?
(see Fig. 8). Both states are connected by a A,-Aj-k;
dispersion and should not be observable together in an
ARIPS spectrum.!* So we may attribute the emission at
about 24 eV (ARIPS, TCS) to the still higher-lying o(T"; )
state in Ref. 2.

Another interesting feature in Fig. 4 is the structure
strongly downward dispersing with increasing angle clear-
ly visible at high angles of incidence (9 =70°, E,;,=9.5
eV). We assume the top of this band at normal incidence
at 23 eV E,;,. Its dispersion and binding energy is in
rather good agreement with the strongly dispersing
m(I'5,K¢,M3 ) band of the calculation.? But it cannot be
excluded with certainty that the top at 23 eV E,;, belongs
to a 7 band above this 7(I'; ) whose energy maximum is
out of the range of the calculation of Tatar and Rabii.? If
this is correct the #(I'; ) state probably coincides in ener-
gy at T with the o(T";) state? (about 24 eV above Ef in
ARIPS and TCS, Fig. 6). Up to 30° the experimentally
derived dispersion of the 7 state (23 eV E,;, at 3=0°) is
disturbed by crossing o states. The lower part of this 7
state and the o state at about 19.5 eV above Eg (k;=0)
are in good agreement with ARSEES data using synchro-
tron radiation.'®

In the TCS spectrum at k=0 only those states of
A, A, symmetry are visible which have a large k, disper-
sion. With increasing angle of incidence also bands with
small k,, but larger k| dispersion like the 7 band (with
its top ['; at 23 eV Ey,, k;;=0), gain intensity. This
leads to the view that only those Bloch states transport
sample current effectively whose group velocity has a con-
siderable component in the direction of the velocity of the
incoming plane wave entering the sample (see also Ref.
16).

C. Comparison with band-structure calculations

Figures 7 and 8 give the final comparison of the band
structure from the combined ARIPS and TCS data with

(ev)

Energy

FIG. 7. Comparison of the experimental band structure
(0, *) with the calculation of Holzwarth et al. (Ref. 1) using
Hedin-Lundqvist exchange correlation, 7 bands (dashed lines), o
bands (solid lines). The same experimental data are plotted in
the ’'M and 'K direction: inverse photoemission (O ), maxima
of the negative second derivative of the target current spectrum
().
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FIG. 8. Experimental data (O, *) as in Fig. 7, but extended
to higher energies, now compared with the calculation of Tatar
and Rabii (Ref. 2), 7 bands (dashed lines), o bands (solid lines).
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the calculations of Holzwarth et al.! using the Hedin-
Lundqvist exchange correlation (Fig. 7) and Tatar and Ra-
bii? (Fig. 8). The experimental band structure of the az-
imuthal disordered graphite obtained by applying the usu-
al k| analysis to the ARIPS data and the maxima of the
negative second derivative of the TCS spectra is compared
with both directions of high symmetry (I'M,T'K). In the
energy range of the calculation of Holzwarth et al.! the
agreement is convincing. Especially the energy and
dispersion of the lowest 7 band is exactly reproduced
within the experimental error. Also the energies of the o
state at about 9.7 eV and its k|, dispersion is in quite good
agreement with Ref. 1. Despite some major discrepancies
in the low-energy range concerning the o bands the calcu-
lation of Tatar and Rabii gives good results with regard to
the shape of the dispersion of the bands. Considering the
difficulty to calculate the correct energies in the range of
this calculation theoretical and measured energies agree
reasonably well. For example, for the top of the high-
lying 7 band (I';) TCS gives 27.7 eV, the calculation
26.4 eV. The energies of the o states at I' are 19.5 eV
(I';) and 24 eV (I'y ) (TCS and ARIPS) and the calcula-
tion yields 21.7 and 25.2 eV, respectively.

The only band not reproduced in the calculations is the
strongly dispersing state with the top (I') at 17 eV which
we assign a 7 character. In comparing both calcula-
tions'? that of Holzwarth et al.! gives a far better agree-
ment with the experimental data. As mentioned by
Holzwarth et al. the reason for the pronounced differ-
ences in energy and dispersion in the two calculations is
the self-consistency in their calculation which increases
the charge density outside the bonding region. This
causes a stronger attractive potential in the interlayer re-
gion. Thus, for example, the interlayer state o(I']) is
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lowered in energy yielding a very different behavior of the
lowest o manifold at I" as compared to Tatar and Rabii.?

IV. CONCLUSION

We have studied the energy and dispersion of - and
o-conduction states of graphite (HOPG) over a large ener-
gy range up to about 35 eV above the Fermi level by com-
bining angular-resolved photoemission and target current
spectroscopy. A surface state just below the vacuum level
is attributed to the » =1 image potential state. The com-
parison with band calculations gives the best agreement
with that of Holzwarth et al. using the Hedin-Lundgqvist
exchange correlation. Target current spectroscopy turned
out to be an effective method for the investigation of k
bandwidths and k, dispersions of unoccupied states above
the vacuum level providing relevant data in an easier way
than angle-resolved secondary electron spectroscopy. Due
to the different processes involved target current spectros-
copy yields extra information supplemental to inverse
photoemission. Both spectroscopies complement each
other well. The results presented on graphite in this pa-
per, in particular the combination of both spectroscopies,
are expected to stimulate further experimental and
theoretical work on the conduction states of also other
materials including higher energies well above the vacuum
level.
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