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The x-ray fluorescence and absorption of highly oriented pyrolytic graphite have been measured using
monochromatic synchrotron radiation. The spectra can be separated into contributions from - and o-
band components by measuring at different angles of incidence and at different emission angles. The
shape of the x-ray fluorescence spectra varies dramatically with excitation energy near the C K edge.
This dependence on excitation energy can be interpreted within a resonant-inelastic-scattering formal-
ism. The results are compared with previously published band-structure calculations and photoemission
results, and demonstrate the potential for using x-ray fluorescence to obtain symmetry-resolved band in-

formation.

I. INTRODUCTION

X-ray emission spectroscopy (XES) and x-ray absorp-
tion spectroscopy (XAS) are traditionally used for study-
ing the occupied and unoccupied density of states (DOS),
respectively. The development of new photon excitation
sources using synchrotron radiation (SR), yielding high
flux of high-resolution monochromatic soft x rays, makes
new types of experiments possibly today. For example, it
has recently been demonstrated for diamond that band-
structure information, previously obtained by various
photoemission techniques' as well as x-ray scattering,’
can be obtained with a combination of XAS and XES
measurements>* using a resonant inelastic x-ray scatter-
ing (RIXS) interpretation.’

The valence electronic structure of graphite has been
investigated extensively because of its interesting two-
dimensional character. The occupied DOS has been ex-
amined experimentally using x-ray photoemission spec-
troscopy (XPS),% ultraviolet photoemission spectroscopy,’
and XES.®° The unoccupied DOS has been examined by
inverse photoemission spectroscopy'®!! and XAS.2™1
Momentum information has been obtained experimental-
ly using angle-resolved photoemission spectroscopy
(ARPES),'® angle-resolved inverse photoemission spec-
troscopy,’®!! and inelastic x-ray scattering.”> Using
polarization-dependent XAS for the unoccupied DOS,"
it has been possible to obtain a separation of o and 7
states. This separation for the occupied DOS can be ob-
tained using angle-resolved XES.’

The valence states in graphite have predominantly 2s
and 2p symmetry and can be divided into states with one
of the two different molecular orbital characteristics.
The 2s and 2p distributions in the valence band are well
known. The 2s electrons contribute to the lower-energy
part and the 2p electrons are at the higher energies with a
substantial hybridization in the middle region.”” Due to
the layering of the crystal structure, the bands can be di-
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vided into two different symmetries: the o states, con-
tributed to by the 2s, 2p,, and 2p, atomic orbitals, lying
in the planes, and the 7 states, consisting of the 2p, orbit-
als, oriented perpendicular to the planes. Band-structure
calculations'®!® and results from XES (Ref. 9) have
shown that the low-energy region of the valence band is
of o character, while the high-energy region has mainly 7
character.

II. EXPERIMENTAL

The experiments were carried out at the X1B beamline
of the National Synchrotron Light Source at Brookhaven
National Laboratory. A spherical-grating monochroma-
tor with the X1 undulator as its source provided intense,
linearly polarized, high-resolution monochromatic soft
x-ray radiation.”® The C K emission spectra were record-
ed with a grazing-incidence, spherical-grating spectrome-
ter’! mounted with its optical axis perpendicular to the
incident x-ray beam and in the direction of the polariza-
tion vector. For fluorescence measurements, the
bandpass of the excitation source was set to about 0.3 eV,
full width at half maximum (FWHM), near the C K edge
and the resolution of the spectrometer was set to about
0.5 eV FWHM. The latter value was determined by
measuring the specular reflection from the sample with a
bandpass set to less than 0.1 eV FWHM for the mono-
chromator. Measuring the energy of the reflected beam
established a consistent energy scale for the absorption
and fluorescence spectra. The spectrometer was calibrat-
ed for energy using electron-excited L emission for Zn
and Cr recorded in higher order of diffraction. The high-
ly oriented pyrolytic graphite (HOPG) sample, cut with
the surface in the basal plane, was cleaved using adhesive
tape to obtain a fresh surface immediately before mount-
ing it in the vacuum chamber. Fluorescence and absorp-
tion spectra were recorded with the sample at three
different angles, 12°, 32°, and 72°, measured between the
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FIG. 1. X-ray absorption data recorded measuring the total
electron yield from the sample. The incidence angles (8) of the
three spectra are indicated in the figure. The bars labeled with
lower-case letters indicate where x-ray emission spectra have
been recorded and the bars labeled with upper-case letters indi-
cate critical points in the absorption final state according to
identifications by Rosenberg, Love, and Rehn (Ref. 13).

Poynting vector of the incident x-ray beam and the
sample’s surface normal (the ¢ axis). The corresponding
angles between the ¢ axis and the detected emission were
78°, 58°, and 18°, respectively (Fig. 1, inset). The C K ab-
sorption spectra were measured by scanning the mono-
chromator while monitoring the total photocurrent from
the sample and normalizing this signal to the incoming
flux, as measured by the total photocurrent from a clean
gold mesh.

III. RESULTS AND DISCUSSION

The angular dependence for x-ray absorption and emis-
sion from graphite and other anisotropic materials is fair-
ly well understood. Both x-ray emission and absorption
in the case of graphite probe only electrons with p sym-
metry, which makes XES and XAS useful for determina-
tion of p-type partial DOS’s. When 7 electrons fill the
core vacancy, the x rays are emitted in a dipole pattern
such that no 7 emission is emitted along the c¢ axis. The
photons emitted by electrons filling the core hole from o
states, on the other hand, are emitted in all directions,
but strongest in the direction of the ¢ axis. It is possible,
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using angle-resolved XES, to separate the emission from
the o and 7 states.® Specifically, in the dipole approxi-
mation, the intensity of the o and 7 contributions can be
separated from spectra recorded at different angles with
respect to the c axis. Extraction of o and 7 contributions
to the graphite spectrum has been done previously,® and
the emission from the o states contributes to the low-
energy part of the spectrum with a maximum at ~275 eV
and intensity up to ~280 eV, while the 7 states contrib-
ute to the high-energy part from the Fermi level down to
~275 eV with a maximum at ~282 eV.

Figure 1 displays the absorption spectra obtained at
three different incidence angles. The vertical bars in the
figure which are labeled with lower-case letters indicate
the energies at which XES spectra were recorded. The
critical points of the absorption final states are indicated
using Refs. 13 and 22. The absorption spectra agree well
with previously published results,'> ! especially with the
spectra recorded by Terminello et al.'* and Batson,'
which are recorded at about the same instrumental reso-
lution. It should be noted that the sharp feature appear-
ing at excitation energy 292 eV, labeled f, is not due to
the band structure but to an excitonic state.”> When the
polarization vector of the incident beam is parallel to the
basal plane only excitations to o states are possible. Ex-
citations to 7 states becomes more likely the more per-
pendicular to the basal plane the polarization vector is.
Thus, comparing the spectra in Fig. 1, one can see that
the main feature below 290 eV has mainly 7 character
since it is quenched at near-normal incidence, while the o
states are observed at energies above 292 eV.

Figure 2 displays fluorescence spectra recorded at vari-
ous excitation energies and at three different angles.
Different angles are obtained by rotation of the sample
around an axis perpendicular to the c axis and to the
direction of the incoming beam. The incidence angles
were 12°, 32°, and 72°, according to the definition shown
in the inset in Fig. 1. The spectra have been normalized
to have the same intensity at the low-energy flank. The
shapes of the spectra indicate a strong dependence on
both angle and excitation energy. The variation with
emission angle is similar to what is seen in emission spec-
tra with excitation by electrons or high-energy photons,’
and it is due to the difference in intensity distribution be-
tween o and 7 components of the emission. The varia-
tion with excitation energy is more complicated. While
there are only minor changes in the energy of the features
appearing in the fluorescence spectra, there are large
variations in their relative intensities. There are strong
changes in the fluorescence spectra for excitation energies
near the absorption threshold, and lesser but still ap-
parent variations as much as 20 eV above the threshold.
In Fig. 2, with the excitation energy equal to the lowest-
energy 7 absorption peak at 285.5 eV (curve b), the o
component of the emission has a pronounced peak at
272.5 eV, while the m component has one at 283 eV.
When the excitation energy is increased by 1.1 eV to
286.1 eV (curve d), the emission profile changes
significantly. For the ¢ component the most pronounced
peak is now at about 275 eV, while the 7 maximum has
shifted down in energy to 281 eV. There are less dramat-
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ic changes when the excitation energy is increased fur-
ther, but one can see changes both in the o and the 7
components of the emission. In selectively excited XES
of amorphous carbon, on the other hand, there are only
minor variations.”* The difference in behavior between
HOPG and amorphous carbon and the observation of
similar differences between crystalline and amorphous sil-
icon?>28 suggest that the dependence on excitation energy
is related to the presence of crystallographic order in the
system.

The dependence on excitation energy observed here for
HOPG is similar to what has been observed for dia-
mond.?> For diamond, the variations in the spectra could
be successfully explained using a scattering approach,
where the emission is considered not as a two-step pro-
cess (absorption followed by emission), but as a one-step
RIXS process.>* This approach has also been used to de-
scribe the variations of the x-ray emission of solid Cg, in
a molecular picture.?’ Here we shall interpret the fluores-
cence spectra within a RIXS formalism for the band
structure of graphite.

Momentum must be conserved in resonant inelastic
scattering, as described by
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FIG. 2. Emission spectra recorded with different incidence
angles and excitation energies as indicated in the figure. Indi-
cated with bars are the energy positions of a number of critical
points in the valence band taken from angle-resolved photo-
emission (Ref. 16). The thicker bars indicate critical points with
7 symmetry and the thinner o symmetry.
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(k,—k,+q,—q,+G)=0. (1)

The momenta of the photons, q, and q,, for soft x rays
are quite small and normally much less than those of the
electrons. They can therefore be neglected. Thus the
difference between the momentum of the valence hole
state, k,, and the momentum of the photoelectron, k.,
equals a reciprocal lattice vector G. The incident pho-
tons promote the core electron to an unoccupied state
with the momentum k,. The emission in the scattering
approach takes place, due to the momentum conserva-
tion, from occupied states that have momentum k, +G.
The scattering process can thus be viewed as a vertical
electronic transition between the valence and the conduc-
tion band. Hence the emission will occur from those crit-
ical points that have a high DOS in the energy region
selected by the exciting photon beam.

To obtain the RIXS intensity from the emission data,
we assume in accordance with the previous work on dia-
mond® that the fluorescence spectrum consists of a
coherent part, for which the momentum is conserved,
and an incoherent part, with a shape that is independent
of the excitation energy. We assume that the high-
energy-excited fluorescence spectrum (we used an excita-
tion by 400 eV photons) can be used as the incoherent
part of the spectrum. To determine the coherent part,
first we subtract a linear background from each spectrum
and then subtract a certain amount of the high-energy-
excited spectrum that has been recorded at the same an-
gle of incidence. The amount subtracted depends upon
the excitation energy, and is chosen so that no negative
features appear in the difference spectrum. Using this
method, the fraction of the coherent part in our spectra
decreased from about 0.5 for those recorded with excita-
tion close to the C K edge to about 0.2 for excitation ap-
proximately 20 eV above the C K edge.

To obtain the o and 7 contributions of the coherent
part of the emission, spectra recorded at two extreme an-
gles were used. We first extracted the coherent part of
the spectra as described in the previous section. The 7
contribution was then obtained by normalizing the spec-
tra recorded at the two extreme angles (12° and 72°) so
that they have the same intensity in the low-energy part
and then taking the difference between these two spectra.
The 7 contribution obtained in this way was in turn nor-
malized to the high-energy side of one of the spectra
used, assuming only 7 states in the high-energy region, in
agreement with Ref. 17. To check the validity of this
procedure, a spectrum derived for 32° was calculated us-
ing the dipole approximation.” For those energies at
which fluorescence spectra were recorded at an angle of
32°, the coherent part compares reasonably well to the
simulated spectra. In Figs. 3(a) and 3(b) we show the re-
sult for the extracted o and 7 contributions for three ex-
citation energies. The labeling in Fig. 3 refers to the
different excitation energies used and is the same as in
Fig. 2.

The dependence on excitation energy can be explained
qualitatively by first identifying, for each excitation ener-
gy, which critical points of the band structure can be
reached. A band-structure calculation by Willis, Fitton,
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and Painter?? and the assignment of features in absorp-
tion spectra made by Rosenberg Love, and Rehn!® have
been used for the identification of the features in our ab-
sorption spectra. Critical points for the unoccupied
states are labeled in the absorption spectra in Fig. 1. The
energy positions of a set of critical points in the valence
band using the Bouckaert-Smoluchowski-Wigner nota-
tion?® are indicated in Figs. 2 and 3. The energy posi-
tions of the valence-band points are calculated using the
experimental binding energies at the critical points taken
from ARPES data'® by subtracting them from the bind-
ing energy of the core hole, 284.4 V.6

The o and 7 contributions to the coherent part of the
spectra recorded at 285.5 eV excitation energy are
displayed in Figs. 3(a) and 3(b), respectively. At this en-
ergy, the photoelectron can only be promoted to the
lower part of the conduction band. This region corre-
sponds to 7 states with the k vector at the K-H symmetry
line in the band diagram.!* Following the RIXS ap-
proach, enhanced scattering from states with the same
momentum should be detected, i.e., from states at the K-
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FIG. 3. The 7 and o resolved coherent parts of the emission
for different excitation energies representing the resonant-
inelastic-scattering contribution of the emission. Indicated with
bars are the energy positions of a number of critical points in
the valence band taken from angle-resolved photoemission (Ref.
16).
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H line in the occupied region of the valence band. For
the o valence band, there are states at the K point with
binding energies 14.5 and ~ 11 eV.!¢ As seen in Fig. 3(a),
there is a large increase in the o component of the
scattering at the corresponding emission energies. For
the  states the states at the K point are close to the Fer-
mi level. Here too, one observes enhanced scattering in-
tensity [Fig. 3(b)]. For an excitation energy of 286.6 eV,
the photoelectrons are restricted to states closer to the M
point. The scattering intensity would then be high from
points with M symmetry, as can be seen clearly in the
spectra labeled d in Fig. 3. The spectra labeled 4 are the
coherent part for an excitation energy of 292.9 eV. At
this energy, the core electron is promoted to the o states
at both the I" and the M points. For both the o and 7
contributions, we would expect broader features because
of the DOS distribution at the two critical points that can
be reached in the excitation (the states with I' and M
symmetry further down in the band are not expected to
contribute very much due to their low p character). This
indicates the problem that occurs when sampling a large
area of the Brillouin zone with the exciting beam. An ex-
citation source with even narrower bandwidth may reveal
more details for bands that are this close in energy. Fol-
lowing the changes of the spectral profiles of the other
spectra one can see a clear correlation between the ab-
sorption and emission as described above.

To better compare experiment and theory, calculations
must take into account the DOS for both valence and
conduction bands. Such a calculation has been carried
out for diamond,* where the shape of the RIXS com-
ponent of the fluorescence spectra is well reproduced by
the calculation. To be able to properly study a material
like graphite with a large number of bands with small
dispersion there is a need for higher resolution in both
the excitation and the emission.

Finally, some comment on the implications of our re-
sults should be made. If one can use RIXS to obtain
band-structure information, it would be especially valu-
able because it would be possible to make use of the ad-
vantages of XES compared to other spectroscopies. This
would allow the investigation of insulating samples where
the use of standard ARPES methods is not practical.
RIXS would also have the advantage that true bulk prop-
erties and buried interfacial layers can be probed due to
the large penetration and escape depth of the photons.

IV. CONCLUSIONS

We have measured angle-resolved x-ray absorption and
x-ray fluorescence of HOPG. The variations of excita-
tion energy in the fluorescence spectra can be interpreted
in terms of resonant inelastic x-ray scattering and we
show that, by applying this technique to a material with
anisotropic crystal structure, symmetry-resolved band in-
formation can be obtained.
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