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The orientation dependence of the core electron-energy loss of the carbon K edge in highly orient-
ed pyrolytic graphite has been examined as a function of 6, the angle between the incident electron
beam and the ¢ axis normal to the basal plane of the graphite. The energy-loss spectra, detected in
the reflection mode with a cylindrical mirror analyzer, show two major losses at 284.9 and 291.6 eV,
corresponding, respectively, to the transition to the 7 and o conduction band. The 7 loss has an an-
gular dependence of (A +B cos®0) while the o loss has a dependence of (C — D cos?0), where the
coefficients 4, B, C, and D are all positive. The angular dependence of the o loss cannot be ex-
plained without including the contribution from the monopole transition from the C(1s) level to the
2s component of the sp? orbitals of the o band, thus indicating the breakdown of the dipole selec-
tion rule. The difference spectrum between two orientations shows that there is a second but weaker
transition in the 7 loss at 287.2 eV. The line shape of the 7 loss is interpreted in terms of the config-
uration interaction between the core exciton (at ~285 eV) with the 7 conduction states. The energy
loss at 287.2 eV is assigned to the direct transition to the saddle point Q3, in the 7 band.

I. INTRODUCTION

In this paper, we report the orientation dependence of
the core electron-energy loss (CEEL) of the carbon K edge
in highly oriented pyrolytic graphite (HOPG). The CEEL
line shapes were measured in the reflection mode as a
function of the angle 6 between the incident electron beam
and the ¢ axis normal to the basal plane of the graphite
using a cylindrical mirror analyzer (CMA) as the detec-
tion device.

This study is spurred by the growing popularity of
adapting commercial Auger spectrometers to do
CEEL.!=3 There are two major concerns involving reflec-
tion CEEL. First, materials with anisotropic electronic
properties may have CEEL line shapes depending on the
orientation of the anisotropy axis with respect to the exci-
tation beam. Although detectors like the CMA provide
some sort of averaging over the momentum space, the
averaging is rather restricted and does not remove the an-
gular dependence. Second, the validity of the dipole selec-
tion rule for the transition matrix elements is question-
able. In transmission experiments where high-energy elec-
tron beams (10 keV or higher) are used, electrons scattered
at or near the forward direction are measured. In this
low-momentum-transfer limit, the transition matrix ele-
ments obey the same dipole selection rule® as in x-ray ab-
sorption except that the polarization vector in the optical
case is replaced by the momentum-transfer vector. On the
other hand, in the reflection experiments much weaker
electron beams are employed and the backscattered elec-
trons suffer large momentum transfer. In such condi-
tions, the breakdown® of the dipole selection rule is not
unexpected. There will be transition intensities resulting
from excitations to optical forbidden final states. One can
follow the forbidden transitions in reflection experiments
by varying the excitation beam energies”® or in transmis-
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sion experiments by detecting electrons with large
momentum transfer.”~!! In this paper, we shall show
that the breakdown of the dipole selection rule can also be
identified by studying the angular dependence of the line
shapes. .

Orientation dependences of CEEL spectra have been in-
vestigated by Leapman and Silcox'? in transmission mode.
They measured the line shape of boron nitride, which has
a hexagonal lattice similar to that of graphite, as a func-
tion of the momentum transfer in two different orienta-
tions. Orientation dependence has also been observed in
the secondary electron emission from graphite.!* Here,
the transitions are between the valence and the conduction
bands.

Studies of the CEEL line shape may also provide infor-
mation about the electron density of states above the Fer-
mi level Ef, provided that the independent-particle pic-
ture holds. In reality, the line shape is often complicated
by the final-state effects induced by the core hole. A case
in point is the carbon K edge in graphite.'* Results of
Mele and Ritsko indicated a drastic distortion of the den-
sity of states of the empty 7 band because of the core-
excitonic effects. However, a weak transition has recently
been observed? near the location corresponding to the
maximum of the 7 density of states above E;. The origin
of this transition remains unclear. By subtracting spectra
of different orientations, we shall show that the weak
transition is associated with the 7 band. Its origin will be
discussed. We shall summarize the details of the experi-
ments in next section, and the results and discussion will
be given in Sec. III.

II. EXPERIMENTAL AND MATERIALS

The CEEL data were measured using a Perkin-Elmer
PHI-550 electron spectroscopy for chemical analysis
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FIG. 1. Scattering geometry in reflection-core electron-
energy-loss spectroscopy using cylindrical mirror analyzer
(CMA) for detection. The wave-vector of the incident beam, k,,
is coaxial with the CMA.

(ESCA)/Auger electron spectrometer equipped with an
electron gun coaxial to the double pass cylindrical mirror
analyzer (CMA). An excitation beam with an energy
E, =500 eV and a current less than 1 uA was used. The
surface of the acceptance cone for the backscattered elec-
trons comprises an angle of 42.3° with respect to the axis
of the CMA, thus to the direction of the excitation beam.
For E,=500 eV and an energy loss of ~285 eV, the
momentum transfer g=|q| is about 17.8 A~!, where
q=k,—k;, with k, and k; being, respectively, the
wave-vector of the incident electrons and the backscat-
tered electrons. The details of the scattering geometry are
given in Fig. 1. It should be noted that g remains fixed as
0 varies.

Spectra were obtained in the derivative mode,
d(EN(E))/dE, with a 0.5-V peak-to-peak modulation
amplitude using lock-in detection. The energy resolution
AE /E of the CMA was set at 0.6%.

The HOPG crystals (x-ray monochromator grade) were
obtained from Union Carbide in a size of 10X 10X2
mm?>. They were freshly cleaved by the standard peeling
technique prior to insertion into the ultrahigh vacuum
chamber. Data were collected when the analysis chamber
reached a pressure ~2X10~° Torr. The orientation of
the ¢ axis of the HOPG crystal with respect.to the CMA
axis was accurate within +2°. For each orientation, a
freshly cleaved crystal was used to avoid prolong exposure
to the excitation beam. Spectra were monitored
throughout the data acquisition to check for possible
changes due to radiation damage. Also, since the beam
spot was less than 0.5 mm in size, spectra at several dif-
ferent locations of the same sample were taken to check
for consistency. In all cases, spectra were well reproduced
and there were no signs of radiation damage.

III. RESULTS AND DISCUSSION

The CEEL spectra of HOPG at different values of 6
are shown in Fig. 2. For the sake of clarity, the intensity
of each spectrum is scaled differently to a fixed
maximum-to-minimum separation. The energy losses at
284.9 and 291.6 eV, as determined from the numerically
integrated spectra, are in general agreement with the re-
sults of others in reflection®** and transmission'>!® ex-
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FIG. 2. Orientation dependence of the core electron-energy-
loss spectra (given in d[EN (E)]/dE) of the highly oriented py-
rolytic graphite as a function of 6, the angle between the in-
cident electron beam and the ¢ axis normal to the basal plane of
the graphite.

periments as well as in x-ray absorption measurements.!’
Some have claimed"3 that these transitions correspond,
respectively, to the initial electron density of states of the
7 and o conduction bands. However, from the peak
shape and detailed comparison with the calculated density
of states, Mele and Ritsko'* suggested that, for the energy
loss at 285 eV, the transition is due to the excitation of the
C(1s) electron to the core-excitonic state arising from the
7 conduction band. Therefore, it does not necessarily re-
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flect the initial density of states of the 7 band. Regardless
of the interpretation, it is certain that the losses at 285
and 292 eV are due to the excitation of the C(1s) electron
to the m and o conduction band, which for convenience,
we shall refer to them as the 7 loss and the o loss.

From Fig. 2, one may observe the large changes in the
relative intensities between the 7 loss and the o loss as a
function of 8. At 6=0°, the 7 loss is more intense than
the o loss. As 0 increases, the 7 loss is reduced in com-
parison to the o loss. Finally, at large 6, the o loss dom-
inates the spectrum. In order to follow the changes in the
intensities as a function of 0, the spectrum at each orien-
tation is normalized with respect to the intensity of the
elastic peak measured under the same experimental condi-
tions. Since g is fixed, the line shape of each individual
transition in the CEEL spectrum should be independent
of 6. Therefore in the derivative spectrum, the normal-
ized peak height above the background (i.e., the normal-
ized distance from the top of the positive peak to the
background) is proportional to the intensity of that transi-
tion. The background is determined by fitting the low-
energy-loss region of the spectrum by a straight line (see
Fig. 2). We shall denote the normalized peak height of
the 7 loss and o loss, respectively, by P(6) and S(8). In
Fig. 3, we plot P(8)/P(6=0) and S(6)/S(6=0) as a
function of cos*(@). Clearly, the 6 dependence can be
represented by

P(6)/P(0=0)=A +B cos*(0) , (1)
and
S(0)/5(0=0)=C—D cos*(0)=(C —D)+D sin%0) ,
2)

with 4 =0.1, B=0.9, C=1.3, and D =0.3.

The dipole selection rule may explain the orientation
dependence of the 7 loss, although, as shall be shown
below, it fails for the o loss. Within the dipole approxi-
mation, the matrix element for the transition from the
spherical C(ls) orbital to the 7 band is nonzero when q
has a component parallel to ¢ axis. For transitions to the
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FIG. 3. Changes in the intensities of the 7 loss (at 285 eV),
P(8)/P (6=0°), and the o loss (at 292 eV), S(0)/S (6=0°), as a
function of cos%(9).
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o band, only transitions to the p, and p, components of
the sp? orbitals are optically allowed, and the matrix ele-
ment is nonzero when q has a component perpendicular
to the ¢ axis. Calculations [see Egs. (7) and (10) below]
show that the intensities of the 7 loss and o loss vary,
respectively, as cos?Q and sin?Q, where €} is the angle be-
tween q and the ¢ axis. According to Fig. 1, the CMA
will accept ) within the range of |0—a| and (6+a),
where @ is the angle between k, (i.e., the axis of the
CMA) and q. In the present case where the acceptance
cone of the CMA sustains 42.3° with respect to k,, we
have a=16.5°. Let ¢ be the azimuth angle of q projected
onto the plane perpendicular to k,. Now using the expan-
sion ‘
cos(Q)=cos(a)cos(8)+sin(a)sin(O)cos(d) (3)

and averaging ¢ from O to 27, we obi{ain, with a=16.5",
P'(6)/P'(6=0)=0.04+0.96cos*0 , 4)
and
S'(6)/8'(6=0)=12.0—11.0cos?0 . (5)

The prime designates the dipole approximation. One
should note that the averaging of ¢ from 0 to 27 is
correct only when 6 is smaller than 47.7° because when
6>47.7°, part of the acceptance cone of the CMA is
blocked by the sample surface. However, the error result-
ing from the incomplete averaging of ¢ is negligible for
6 ~50°. It remains small even when 6 > 50°.

The dipole selection rule explains the drastic reduction
of the intensities of the 7 loss as 6 goes from 0° to 70°. It
gives correctly the slope B of the experimental curve
P(6)/P(6=0) and, by a factor of 2, the intercept A (at
6=90°). As for the o loss, it predicts increases in the in-
tensity as @ increases, as would be expected from a sin’0
dependence. However, Figs. 2 and 3 show that the o loss
does not vary to the same extent as the 7 loss. In particu-
lar, contrary to the expectation that the o loss should be
strongly suppressed at 6=0°, it remains as strong as the 7
loss. Comparing Eqgs. (2) and (5), one observes that the di-
pole selection rule gives the completely wrong slope and
intercept. They are off by an order of magnitude!

This discrepancy is due to the breakdown of the dipole
selection rule in the large-momentum-transfer regime. As
mentioned in Sec. II, the momentum transfer g is as large
as 17.8 A~ 1. Since the effective size of the C(1s) orbital
ro is of the order of one sixth of a Bohr radius, therefore
qro~1.6. Clearly, the condition for the dipole approxi-
mation, qrg<<1, is violated. Now, the monopole transi-
tion from the C(1s) level to the 2s component of the sp?
orbitals of the o band is no longer forbidden. This
dipole-forbidden transition is independent of the angle Q,
thus also 6. Therefore the o loss remains intense even at
6=0".

In order to gain further insight about the breakdown of
the dipole selection rule, and about the coefficient C and
D in Eq. (2), we examine the transition matrix M, more
carefully. For the o loss,
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M, (1s—0)= | {1s | explir-q) | o) | *
= | (1s | exp(ir-q)
X{a|2s)+b|2p_1)+c|2p.1)}/V3|?
(6)

where the coefficients a, b, and ¢ have a modulus of uni-
ty. The second equality follows from the fact that the
spatial range of | 1s) is very small. The major contribu-
tion to M, is therefore from the overlap between |1s)
and that part of the | o) representing the atomic orbitals
localized on the same atom. Expanding exp(ir-q) in
terms of the spherical harmonic Y;” and the spherical
Bessel function j; gives
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of r and q with respect to the c¢ axis.
over u, v, and ® leads to

M (1s—o0)=£/3+vusin(Q) , @)

Then integration

with
el 2
E= [fo rldrRls(r)jo(qr)st(r)] ,

v= [fow r2drR 1s(r)j1(gr)R 5, (r) ]2

R (r) and R,,(r) are, respectively, the radial functions of
the 1s and 2p orbitals. The monopole and dipole contri-
butions are given respectively by £ and v. Substituting in
Eq. (3) and integrating over ¢, we have

(M, (1s—0) ) ={&/3+v[1—(F)sin’x]}

) !
exp(ir- ", Y"(Q,e),
plirq)= g g_ Hov ——v[cosza—(%)sinza]cosze s (8)
where (u,v) and (Q,®) are, respectively, the polar angles  and
]
5(6)/8(6=0)= (M, (1s—0) ) /{M,(1s—>0) ) | 9o
=[A/341—(5)sin’a]/[A/3 4+ 1—cos’a] — {[cos’a— (3 )sin’a] /[A/3+ 1 —cos’a]}cos?6 , 9)

with

A=E/u= [fo rzdrRls(r)jo(qr)st(r)] /[fo r2drRls(r)j1(qr)R2p(r)

Here ( )) denotes the averaging over ¢. The coefficients
C and D can be determined by comparing Eq. (2) with
Eq. (9). They are mainly governed by A, the ratio of the
monopole transition to the dipole transition. Using
a=16.5° and the experimental C and D, we find, for
g=17.8 A=, A~8.
Similarly, we obtain

M (1s—m)=3vcos’Q , (10)
and
(M (1s—>m) )
=(3)usin’a+ 3v[cos’a—(5 )sin’a]cos’d . (11)

As would be expected, one recovers the dipole selection
rule from Egs. (8) and (11) by expanding j,(gr) and j,(gr)
to the first order in g. Then £=0 and v is proportional to
g% One may also expect from Eq. (10) that the rate of
changes in the absolute intensity of the 7 loss is three
times of that of the o loss [see Eq. (7)].

The strong dependence of the 7 loss on 0 in comparison
to the o loss, provides us the opportunity to isolate the 7
loss by subtracting the integrated spectra taken at dif-
ferent 6. The integrated spectra are used because it is
easier to normalize the integrated spectra to the same in-
tensity for the o loss before subtraction. For the highest
sensitivity, the spectrum at 6=0° and at 6=70° are
chosen. Shown in Fig. 4 is the difference spectrum. The
data are given by the dots and the smooth lines represent
the fitting of the data by two Gaussian functions, assum-

ing that the major broadening is due to the instrument.
The difference spectrum indicates that beside the main
transition at 285 eV, there is a second, weaker transition
in the 7 loss at 287.2 eV. It does not seem that the second
transition is an artifact resulting from the subtraction pro-
cedure: it is not sensitive to the slight shift in the match-
ing of the peak positions. A similar transition has also
been observed by others, 3 although it has not been identi-
fied with the 7 loss.

Band calculations of graphite!® have shown that the 7
band is rather flat near the Fermi energy E;, and has a
shallow minimum about 2 eV above E; and at the zone

ENI(E] (arb. units)

.....

T 1
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ENERGY LOSS(eV)

T
281.6

FIG. 4. The difference spectrum, given in EN (E), between
the integrated spectra at 6=0" and at 6=70".
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face Q. This saddle point (labeled Q;, in Ref. 18) leads to
a Van Hove type of singularity in the density of states
p(E). Density-of-state calculations!* have confirmed that
there is a peak in p(E) at the location corresponding to a
loss energy ~287.5 eV. We therefore assign the second 7
loss as the direct transition from the C(ls) level to the
saddle point @5, in the 7 band.

As discussed earlier, the loss peak at 285 eV is due to
the formation of a 7 core exciton!*!7 near the Fermi level.
The presence of the core exciton in the final state distorts
the initial density of states p(E) as indicated by the calcu-
lations of Mele and Ritsko. It is therefore important to
realize that the presence of the core exciton does not ex-
clude the direct transition to the saddle point Q3,. The
reason is that the core exciton is separated from the saddle
point by more than 2 eV and the core exciton distorts only
the density of states at the neighborhood of the resonance
energy as given by the width of the resonance. To see
this, we adopt the picture of the core exciton being a

J
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Fano-type resonance,® since the exciton is located within

the conduction band. Let ¢¥(E) be the unperturbed -
conduction state at energy E before the creation of the
core hole. Then the creation of the core hole leads to the
formation of a core exciton located at the resonance ener-
gy E,. The configuration interaction between the core ex-
citon and the unperturbed ¥(E) leads to the final reso-
nance state ¥(E). Experimentally, we actually observe the
transition from the C(1ls) level to ¥(E) not from the
C(1s) level to ¥(E). Denoting the excitation operator
exp(ir-q) by T, the intensity of the 7 loss is given by

I(E)=|{1s | T | ¢(E)) | *o(E) , (12)

where p(E) is the electron density of states of the unper-
turbed 7-conduction band. We have dropped a numerical
factor in Eq. (12) which depends on ¢ ~*. At the energy-
loss range concerned here, it is essentially constant. It has
been shown'® that

| (1s | T | (E)) |>= | {1s | T |W(E)) | (AT /2+(E —E,)]*/[(T /2 4+(E —E, )] . (13)

I is the width of the resonance state and 7A2/2 is the ra-
tio of the transition probabilities to the excitonic state and
to a bandwidth ' of (E) states. In the present case,
E,~285 eV and I'~1 eV.!* Substituting Eq. (13) into
Eq. (12), we obtain

I(E)=|{1s | T | Y(E)) | >0 E) , (14)

where

[AT/2+(E —E,)?
i E)=p(E
P EV=pE) e  E_E Y

(15)

Thus pg(E) is the effective final density of states where
the contribution from the core exciton is included. Two
remarks are in order. First, from p.(E) we expect two
peaks in I(E). One peak is caused by the resonance in the
curly bracket in Eq. (15) at E =E,. The second peak ori-
ginates from the Van Hove singularity in p(E) due to the
saddle point Q.. Since the saddle point @, is more
than 2 eV above the excitonic resonance, whose width is
only about 1 eV, we expect that the direct transition to the
saddle point would not have been obscured by the exciton-
ic state. In general, I(E) is dictated by the unperturbed

(initial) density of states p(E) when away from the reso-
nance (i.e., | E—E,|>>I/2). However, near the reso-
nance, the line shape is given by that of the exciton.
Second, since both ¥(E) and ¥(E) have the same symme-
try as the 7 orbital, the parameter A, as given by the ratio
of the transition matrix elements from the C(1ls) level to
these states, is independent of 6. Therefore, p s E) is also
independent of 6. The angular dependence of I(E) is
governed by M,(1s— 1), the transition matrix from the
C(1s) level to the unperturbed ¥(E) state. This implies
that if the energy loss at 287.2 eV is due to the direct tran-
sition to the saddle point Q5; in the 7 band, it will have
the same angular dependence as the energy loss at 285 eV
due to the 7 exciton.

In summary, we have shown that there is a strong
orientation dependence in reflection CEEL line shapes in
anisotropic materials such as graphite. Detection with a
cylindrical mirror analyzer does not remove this orienta-
tion dependence. The changes in the loss intensities as a
function of the orientation indicate the breakdown of the
dipole selection rule. There is significant contribution
from the monopole transition from the C(1s) level to the
2s orbital of the o band. By taking the difference of spec-
tra obtained at different orientations, a second transition
in the 7 loss has also been identified.
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