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Anisotropy of the high-energy satellites of the J emission band in graphite
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Two satellites on the high-energy side of the K emission band of graphite have been observed and
found to be anisotropic. One of them is attributed to the radiative decay of double ionization of the
K shell while the other is tentatively explained as resulting from electronic transitions from the
conduction-band minimum into the K-shell vacancy.

INTRODUCTION THEORETICAL BACKGROUND

Radiative transitions of valence electrons into core
holes give rise to soft x ray emission bands. Weak
features are often observed on the high-energy side of a
main band and are referred to as satellites. These satel-
lites were first observed in 1916' and have usually been at-
tributed to the radiative decay of multiply ionized atoms.
Other origins have been proposed as well, and a number
of review articles have been published.

In this paper we report the observation of two satellites
on the high-energy side of the K emission band of
graphite. Neither of these have been seen before in gra-
phite, although one has been seen in the compound 84C,
where it was attributed to a double ionization of the car-
bon 1S level. Our sample consists of small graphite parti-
cles deposited on a surface. Emission from such a sample
is anisotropic, with 0. and m valence electrons contributing
differently to the emission spectrum at any given an-

gle. ' We expect the satellites to be anisotropic as well.
By varying the take-off angle of the x-ray emission rela-
tive to the sample normal, we have been able to separate
the satellites into o and sr components. The shapes of
these bands are presented and their origins discussed.

EXPERIMENTAL APPARATUS

The soft x-ray emission spectrograph used for the mea-
surements has been previously described. "' The samples
are excited with an electron beam and the emitted x rays
dispersed by a toroidal diffraction grating used at grazing
incidence. The detector is a position-sensitive multiele-
ment photodiode array. The calibration accuracy in the
energy range of interest is approximately 0.2 eV.

Samples were prepared by spraying graphite particles
suspended in alcohol onto a substrate where they formed a
highly ordered polycrystalline sample. Granular samples
were used rather than highly ordered pyrolytic graphite
(HOPG) because we found them to be of higher purity. A
rotatable sample holder was used which allowed the take-
off angle measured from the sample normal to be varied
between 0 and 80 without breaking vacuum. The vacu-
um in the sample chamber was maintained in the low
10 -torr range. The excitation electron beam energy was
varied between 1.5 and 3 kV while the current was main-
tained at 1.5 mA.

In the one-electron model of soft x-ray emission the
emission intensity at energy E =Ace can be expressed as

I(~) ~ f d'kF(E, kN(E, (k) —E, —r )e(E„—E„(k)),

where the integration is over a surface S of constant ener-

gy in reciprocal space, and F(E,k) is the square of the
transition matrix element:

F(E,k) =
[ (1.„„~p A

~
7„„,„„(k))

~

where A is the vector potential. In the dipole approxima-
tion F(E,k) can be simplified to

F(E,k ) =A OD cos 8,
where D = ( r,

~

x
~
~, ) is the dipole moment vector and 8

is the angle between 3 and D.
Graphite is a layered material consisting of hexagonal

planes of carbon atoms. The strong covalent bonding
within a layer is due to 2P, 2P~, and 2s electrons, re-
ferred to as o. electrons. The 2P, electrons with wave-
function lobes oriented perpendicular to the hexagonal
layers are referred to as sr electrons. The n. bonds are
weaker than the o bonds, and are responsible for the me-
tallic character of graphite.

In the dipole approximation for transitions into a ls
core level the o. electrons will give rise to an angle-
dependent emission pattern corresponding to x and y
oriented dipoles oscillating in the hexagonal layer:

I (E,8)=I (E)

where 0 is measured from the normal to the plane.
I (E,8) is the o band intensity as function of the energy
E and the angle 8 while I (E) is the corresponding transi-
tion density, the factor —,

'
being introduced because there

are 2 o. electrons. The ~ electrons, on the other hand, give
rise to an emission pattern corresponding to dipoles oscil-
lating in the z direction:

I (E,8)=I (E)sin 8 .

I (E,8) and I (E) are defined as above for the m band.
The total emission at any angle is then
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2

I(E,O) =I (E) +I (E)sin 6 .
2

(4)

Letting x =cos 0, we have

I (E,K) = I~(E) I (E)
2

I —(E) x+ +I (E)
2

If we now make a series of emission band measurements
at different angles, and normalize the bands to the same
area, then it is clear that a linear least-squares fit of the
intensities measured at different angles at each point in
energy with the above equation will allow us to separate
the o. and m. transition densities.

RESULTS AND DISCUSSION

2:10

Figure 1 shows our measurement of the soft x-ray emis-
sion spectrum of our sample in the energy range 240—420
eV plotted on a logarithmic scale. The dominant feature
in the spectrum with peak near 275 eV is the main K
emission band. of graphite. We have identified the peaks
near 350 and 390 eV as being Fe and N impurity emission
bands, respectively. (Such impurity emission was even
more obtrusive in the HOPG samples we had available. )

We shall now argue that the peak near 330 eV is the dou-
ble 1S core hole satellite of graphite.

A simple atomic argument for estimating the energy of
the C double core hole satellite places it halfway between
the energies of the 1S states of C and N. ' This corre-
sponds approximately to using a screening factor for the
1S shell of —,

' which agrees with common practice. ' This
estimate places the peak at 343 eV, somewhat higher than
the observed value. Hayasi, ' using a slightly different
atomic model, estimated that energy to be 327 eV which

compared favorably with a feature he observed in the
emission spectrum of B4.C. He concluded and we agree
that this is the origin of the feature in the spectrum. The
fact that it is seen in two different carbon compounds fur-
ther lends credence to its identification. Furthermore, the
relative strength of the satellite to the main band is about
O. l%%uo, which is in good agreement with existing satellite
data on other materials. ' ' Aita et al. ' observed a
feature in the x-ray emission spectrum of graphite at 316
eV which they attributed to the double 1S core hole satel-
lite. Our measurements and analysis as above lead us to
disagree with that assignment.

By rotating the sample holder the satellite was mea-
sured for take-off angles between 0 and 80 in increments
of 20'. Each of these spectra was corrected for back-
ground effects in the following way: First a separate mea-
surement of the Fe I.z 3 emission band in second order
from an iron sample was measured. This was then shifted
and broadened slightly and subtracted from the present
spectra to yield smooth curves in the energy range above
the satellite. Second, a third-order polynomial was fit to
this background and subtracted from the spectra. The re-
sulting satellite intensities were divided by E to yield a
density of states (in the one-electron approximation). The
results, normalized to the same area, are shown in Fig. 2.

In all measurements jost above a core threshold where
the absorption coefficient of the sample may be large, and
varying with energy, the possibility of distortion of the
measured spectrum by self-absorption must be considered.
We studied this effect in two ways. First, we measured
the satellite using a beam voltage of 1500 V, subtracted
the background, and compared with the 3000-V results.
The difference in satellite intensity relative to the main
band for the two beam voltages indicated a self-absorption
reduction at 3 KV of about 50%. The energy dependence
of the absorption coefficient of graphite in this energy
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FIG. 1. Soft x-ray emission spectrum of graphite between
240 and 420 eV. Take-off angle is 0 from the c axis and the
electron beam energy is 3.0 keV.
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FICx. 2. C satellite bands measured at 0', 20, 40', 60', and 80
take-off angle, and normalized to the same area.
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range has been determined. ' Over the range 327—337
eV, the full width at half maximum of the satellite, the
absorption coefficient is slowly varying and distorts the
shapes of these measured satellite curves by less than 5'7o.
This is less than the noise level and can be ignored.

Using angle-dependent data obtained for the main band
on this granular sample, and applying Eq. (5) above, we
found poor agreement with the shapes of the o. and 7r

bands obtained in our laboratory from HOPG. Inspection
of the sample by microscope indicated that it consisted
mainly of grains lying flat (c axis perpendicular to the
substrate) with some rotated 90' with respect to this orien-
tation. We modified Eq. (5) allowing a fraction of the
grains to be so rotated. We found that by choosing the
fraction appropriately, we could reproduce the main ba4d
o. and m shapes quite accurately. For this sample the best
fit occurred for 80%%uo lying flat, 20% rotated. This same
procedure, with these percentages was used then to
analyze the data of Fig. 2. The resulting separation into o.

and m. bands is shown in Fig. 3. Figure 4 shows the satel-
lite bands shifted by 56.8 eV, normalized to the area of
their corresponding parents, and superimposed on the
main o. and ~ bands of graphite.

The satellite o. band extends from 322 eV up to 342 eV
approximately with a maximum at about 332 eV and ap-
pears quite similar in shape to that of the main band, al-
though it is somewhat wider and has a little more strength
at low energies. The shape of the ~ band on the other
hand is significantly distorted. It extends from about 331
to 346 eV and exhibits two different structural features: a
maximum at about 335 eV and a weaker shoulder at about
340 eV. The high-energy edges agree fairly well, although
the satellite data are rather noisy here, but what is a
shoulder in the main band has become a major peak in the
satellite on the low-energy side. Strength from the top
part of the ~ band has been pulled down towards the bot-

tom of the band. These results are similar to those ob-
tained for simple metals by Mahan' and von Berth and
Grossmann. The extra core hole is attempting to form
an exciton. It enhances the low-energy part of the band in
the same way the core hole does in an absorption event.
This is a striking example of the final-state rule. ' '

We have no immediate explanation of why the vr band
is distorted more than the o band. This is unexpected
since the a. band consists of 2S and 2I' states, while the ~
band only contains 2I' electrons. We would have thought
that the 2S state would have been more strongly affected
by the core hole than the 2P We. are not aware of any
theoretical calculation of these spectra for comparison.

Another new feature observed in these spectra is visible
in Fig. 1 as a small shoulder near 291 eV. This shoulder
is consistently present in all our spectra, and we have been
unable to identify any impurity emission to which it could
correspond. Applying the modified Eq. (5) to this energy
range, we find that this shoulder is entirely of o character.
Figure 5 shows an expanded plot of the o and rr com-
ponents of the spectrum in this region.

We have often observed in the emission spectra of insu-
lators that emission is visible from electrons excited to the
bottom of the conduction band. In certain materials elec-
trons are excited to the conduction band by the incident
beam at a sufficiently high rate, and live long enough at
the bottom of the conduction band, that they contribute
noticeably to the emission spectrum. Here we see a
feature 7 eV above the Fermi energy of 284.0 eV, ' having
o. character.

According to the calculations of Zunger and Painter
and Ellis, the bottom of the conduction band lies 8.0 and
7.5 eV above the Fermi energy. According to the photo-
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FIG. 3. (a) o band and (b) m band of the double core hole
satellite. Error bars indicate the statistical uncertainty for each
data point.
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FIG. 4. Satellite and parent o and m sub-bands of graphite.
Satellite bands are shifted in energy by 56.8 eV and normalized
to the area of their corresponding parents. Intensity is expressed
in density-of-states units. (a) satellite o. band, (b) satellite m

band, (c) main o. band, (d) main m band.



6524 A. MANSOUR, S. E. SCHNATTERLY, AND R. D. CARSON 31

20

re

12
JD

C5

c 0.8
C

0.4

0.0
280

Ca)
~c+oo~o

~ ~ ~ 0
0

0
0

. (b3
O~

~ ~ a
I I

j
I

j
I

j l
j

I
j

I

j
I

j
I

j
1

284 288 292 296 300

emission and secondary-electron-emission measurements
of Willis et al. ' it lies 7.7 eV above EI;. Our result is
close to but somewhat smaller than these determinations.
This discrepancy could be due to an excitonic binding en-
ergy of 0.7+0.3 eV.

It is striking that this feature is observable at all since
this o. state is degenerate with a continuum of ~ states
leading all the way down to the Fermi energy. Two
things, however, retard the decay of the 0. state into a ~
state. First, the o. state must rotate 90' to become a ~
state. The torque available to produce this rotation is
caused by the spin-orbit interaction, which however is
small (a few meV). Second, even if it could rotate, the cr

band minimum does not lie at the same point in the Bril-
louin zone as the a states with which it is degenerate.
Therefore both angular momentum conservation and
linear momentum conservation serve to make such a tran-
sition doubly forbidden, and allow this feature to appear
in our spectra.
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