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Interband transitions, plasmons, and dispersion in hexagonal boron nitride

C. Tarrio and S. E. Schnatterly
Jesse O'. Beams Laboratory of Physics, University of Virginia, Charlottesville, Virginia 22tJOl

(Received 22 March 1989; revised manuscript received 26 May 1989)

We have measured inelastic-electron-scattering spectra of several hexagonal-boron-nitride sam-

ples with momentum transfer both in and out of the a-b plane and obtained the dielectric and opti-
cal constants from 0 to 60 eV. The low-q energy-loss spectrum with momentum in the plane is dom-
inated by the m-electron plasmon at 8.5 eV and the total (o+m) plasmon at 26.4 eV. The ~ plasmon
arises from two strong interband transitions at 6.1 and 6.95 eV, and a continuum threshold at 7.6
eV. The plasmons are well described as collective oscillations of bound electrons. We have inferred
a band gap of 5.9 eV by observing the intrinsic absorption threshold in a series of samples of varying
purity. The dispersion in the plasmons and the second interband transition is quadratic for

o o —j0 & q & 1.0 A, while the first interband transition disperses upward in energy up to 0.6 A, above
which its energy remains almost constant. The dispersion of the ~ plasmon is equal to that of the
second interband transition, and its width remains constant up to a critical momentum, indicating
that its width is dominated by decay into single-particle transitions. The energy-loss function with q
along e shows three collective oscillations at 7.7, 11.7, and 23 eV. The interband spectrum is similar
to that with q in the plane, except that an additional transition appears at 9.9 eV and the oscillator
strength is shifted to higher energies. The similarity in the spectra for q in and out of the plane indi-
cates nearly degenerate occupied o. and m states near EF, which is inconsistent with existing band-
structure calculations.

I. INTRODUCTION

In recent years, extensive experimental and theoretical
attention has been devoted in hexagonal boron nitride
(h-BN). First, BN is the lightest and most ionic of the
III-V compounds, which are becoming increasingly im-
portant in the semiconductor device industry. Moreover,
the allotropes of BN are isostructural to those of carbon,
h-BN being isostructural to graphite. The electronic
structure of h-BN also shares many similarities with
graphite, although due to its ionicity and inequivalence of
the lattice sites, h-BN is a wide-band-gap insulator,
whereas graphite is a semimetal. Finally, h-BN is not
well understood theoretically. While there is good agree-
ment between various band-structure calculations and ex-
periments for graphite, such is not the case for h-BN.
The major reason for the conAicting experimental results
is the inavailability of large pure samples. While large
pure crystals of highly ordered pyrolytic graphite are
commercially available, the mismatch in the sizes of the
B and N ions make the production of large single crystals
impossible with present sample preparation methods,
leading to great variation in the electronic properties
from sample to sample.

At the heart of the confusion over the electronic prop-
erties of h-BN is a reliable value for the band gap. This
confusion arises from measurable impurity states below
the intrinsic gap whose optical absorption begins as low
as 1 eV. ' Previous electron energy-loss results report a
band gap of 5.7 eV, while optical-absorption groups re-
port 3.8 (Ref. 3) to 5.8 eV (Ref. 4), and reAectivity mea-
surements find 5.2 eV (Ref. 5). Band-structure calcula-
tions have reported values of 2.45 (Ref. 6) to 12.7 eV (Ref.

7) with most reporting direct gaps, ' but Ref. 13 re-
porting an indirect band gap of 3.9 eV and a direct gap of
4.3 eV. The band structures calculated for h-BN are very
sensitive to the method of calculation. Zunger" finds
that results depend strongly on the cluster size when us-
ing a truncated —molecular-cluster approach, while
Zunger, Katzir, and Halperin find band gaps varying
from 3.7 to 5.5 eV using three different Huckel tech-
niques. Nakhmanson and Smirnoff report that the cal-
culated band gap increases from 2.45 to 3.8 eV upon in-
creasing the number of augmented plane waves from 73
to 150 in their study, and Catellani et al. ' point out the
importance of reaching self-consistency.

In the present investigation, we have measured
inelastic-electron-scattering (IES) spectra of three h-BN
samples from 0 to 60 eV with momentum transfer in the
a-b plane. The samples were of varying purity, with the
signal in the band-gap region varying by a factor of 4.
Via a Kramers-Kronig (KK) analysis we obtain the
dielectric and optical constants. We study the origins of
the plasmons in terms of electron densities and their posi-
tions relative to other excitations. By measuring charac-
teristics of samples of varying purity, we are able to ob-
serve a sharp absorption threshold common to all three
samples, which we conclude is the intrinsic band gap. In
light of the extreme differences in the electronic proper-
ties of h-BN properties reported in the literature, we dis-
cuss the similarities and differences found in our samples.
We have also measured spectra of samples with momen-
tum transfer at angles out of the a-b plane. From these
measurements we obtain the optical constants of h-BN
with momentum transfer along the c axis. These results
coupled with the results for q in the a-b plane provide ad-
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ditional insight into the band structure of h-BN. We also
provide evidence for an additional longitudinal collective
electronic excitation.

II. DATA ACQUISITION AND ANALYSIS

Samples of pyrolytic BN were cleaved with adhesive
tape and separated from the tape with chloroform. The
Aakes were then ultrasonically cleaned with a series of or-
ganic solvents and finally etched in a HF-H2SO4-H202-
H20 solution. ' The clean samples were then mounted
with vacuum-compatible epoxy onto stainless-steel sam-
ple holders and some were argon-ion milled. The milling
voltage was initially 5 kV, and was decreased gradually to
500 V over several hours after pinholes were noticed, to
reduce surface damage in the samples. Samples from
three batches of varying purity were used for the mea-
surements with q in the a-b plane. Sample 1 was of a
brownish color, indicating a high density of defects, while
samples 2 and 3 appeared whitish, indicating fewer im-
purities. Transmission measurements were made on the
Virginia inelastic-electron-scattering accelerator, which
has been described in Ref. 15. The primary beam energy
was 290 keV, with energy resolution of 0.18 eV and
momentum resolution between 0.04 and 0.06 A '. Mea-
surements were taken at constant values of transverse
momentum transfer between 0.13 and 1.0 A

Figure 1 shows low-q energy-loss functions for the
three samples. The IES cross section is

d o 8me 1
Im

dco dQ pq E(q, co)

where q is the momentum transfer and e the complex
dielectric function. To obtain the final energy-loss func-
tions, Im[ —I/e(q, co)], the spectra must be corrected for
multiple-scattering events, in which one fast electron
scatters ofF more than one excitation, and kinematic
e8ects, which arise from the energy dependence of the

Re
1

e(q, a))

oo 1—1 = Im, de',
0 ~' —~ E(qco)

and also the dielectric and optical constants. Figure 2
shows the dielectric constants, e& and e2, obtained from a
KK analysis of the data for sample 3 in Fig. 1. The e,
spectrum shows upward zero crossings at 8.2 and 24.8

eV, indicating that the peaks at 8.6 and 26.4 eV in the
loss function are plasmons. The partial plasmon at 8.6
eV arises from the collective oscillation of the ~ elec-
trons, while the peak at 26.4 eV is the total plasmon, aris-
ing from oscillations of the o. +~ electrons. The e, spec-
tra for some q values exhibit upward zero crossings at 6.8
eV, leading to the shoulder in the loss functions. The
reason that all spectra do not have zero crossings at this
energy is due to the uncertainty in the counting statistics,
which leads to larger uncertainties in the KK analyses.
The low-q ez spectra show strong transitions at 6.1, 6.95,
and 14.7 eV. In a previous IES study, Buchner reports
low-q peaks at approximately the same energies, though

1/q2 weighting factor. These corrections are made fol-
lowing algorithms of Fields' and Livins and Schnatter-
ly. ' The amount of multiple scattering removed and the
final scale of the spectra are determined by satisfying
both e&(co=0)=4.9 (Ref. 18) for q in the a bp-lane and
the oscillator strength sum rule assuming
%dr(co~ ao ) =8.5 electrons. We arrive at the value of 8.5
electrons because the spectra are truncated at an energy
below both the 8 and N 1s core levels, leaving 8 electrons
per formula unit. %'e graft on a 1/co tail above 60 eV to
extrapolate to co~ co. The extra 0.5 electron arises from
the fact that lower-energy excitations generally carry
more oscillator strength than the actual number of elec-
trons per formula unit due to the negative oscillator
strength for transitions into lower-energy states. '

A KK analysis allows us to determine Re[@(q,co)]
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FIG. 1. Energy-loss functions for three h-BN samples, top to
bottom: sample 3, sample 2, and sample 1.

FIG. 2. Dielectric constants for sample 3, q=0. 13 A: solid
line, squares, e, ; dotted line, triangles, e2.
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due to lower energy resolution, his low-q peaks are
broader, and thus are reduced in amplitude.

To obtain optical constants for q along c, we have mea-
sured spectra of samples mounted with the c axis 15', 30',
and 45 from the incident beam. Spectra were measured
at q=0. 15 A transverse momentum transfer. At low

0

energies and momentum transfers, it is a good approxi-
mation to assume that the momentum transfer is perpen-
dicular to the incident beam. In this limit, the dielectric
constants for a sample mounted with the c axis at an an-
gle 8 to the incident beam take the form

e q co'~ ell q' )sin 8+e (q, co)cos 8,

0.2:
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where E'y is the dielectric constant in the a-b plane and e~~

is the dielectric constant with q parallel to the c axis. To
obtain the parallel dielectric constants, we evaluate the
loss functions measured at angle 0 as described above, as-
suming 8.5 electrons and eii(co —+0)=4.9 and
e, ~~(co~0) =4.1.' The appropriate amount of the known
spectrum with q in the plane is then subtracted and the
resultant spectrum is rescaled for 8.5 electrons and

~)( 0)=4. 1 ~

nr. DZSCUSSrO~

A. Momentum transfer in the a-b plane

The three samples measured show varying signal in the
band-gap region. Absorption begins between 2 and 3 eV
in samples 2 and 3, and at 3 to 4 eV in sample 1. The am-
plitude of the loss function at 5 eV is smallest in sample
3. The amplitude at 5 eV in sample 2 is roughly double
that of sample 3, and in sample 1, about four times that
of sample 3. Although the gap signal of insulators often
takes the form of Gaussian peaks due to color centers, in
these measurements the signal in the gap region is well
described by a straight line. This behavior has also been
observed by HofFman, Doll, and Eklund. ' Assuming
slowly varying matrix elements, this shape arises from
the joint density of states between the occupied states
near the Fermi level and the vacant states present due to
defects. The density of occupied states show a sharp
downward slope near EF, therefore the density of
band-gap states must be sharply sloped upward to show
t;he linear behavior we observe. Figure 3 shows the result
of fitting a straight line from 2 to 5 eV to spectra of sam-
ple 3 obtained at 0.13 and 1.0 A, and subtracting these
contributions from the spectrum. The intrinsic energy
gap occurs at 5.8 eV in both cases, indicating a direct
gap.

The greatest consequence of the varying sample quality
occurs in the Kramers-Kronig analysis. The extrapola-
tion to zero energy and the scaling of the spectrum to
satisfy e, (0)=4.9 (Ref. 18) depend strongly on both the
shape and magnitude of the spectrum at low energy.
Generally, the sharper the intrinsic threshold, or the
weaker the band-gap signal, the greater the amplitude of
the first peak in e2. Thus, the 6-eV peak in e2 in sample 3
has a height of 28, while in samples 2 and 1, the heights
are 22 and 18, respectively. Since sample 3 is the purest
of three samples studied, its properties are presumably

FIG. 3. Energy-loss functions for sample 3 with linear back-
o

ground subtraction of band-gap signal: squares, q=0. 13 A
triangles, q= 1.0 A.
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FIG. 4. Energy-loss functions for sample 3, bottom to top:
q =0.13, 0.31, 0.55, 0.80, and 1.00 A

closest to intrinsic, and we will concentrate most of the
discussion on its properties, summarizing the parameters
of all three samples for comparison.

Figure 4 shows final loss functions for a range of q
values between 0.13 and 1.0 A '. The plasmon positions
are described well in terms of collective oscillations of
bound electrons. One expects plasma frequencies to shift
upward due to excitations below the plasma frequency,
and downward due to excitations higher in energy. In
BN, both occur. The shift in the energy can be described
approximately by

2 2o+~.
CO

1+y~

where co o=4rrne Im is the "bare" plasma frequency in
the absence of other excitations, co„ is an eigenfrequency
of the electrons participarting in the collective oscilla-
tion, and gb is the polarizability of the electrons lying in
more deeply bound shells. %'e take ~„ to be the energy
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of the largest peak in e2. From the electron density, we
find A'co o= 12.3 eV for the m. plasmon, and 24.6 eV for the
total plasmon. Taking fi~„=6.1 eV for the ~ band and
14.6 eV for the o. bands, we obtain plasma frequencies of
8.5 and 26.4 eV with background polarizabilities of 1.7
above the m plasmon and 0.1 above the o. plasmon.
These values compare favorably with other sets of elec-
trons lying at similar energies. The total plasmon shape
near its peak is well described by a Drude shape, which
can be expected when the plasmon energy is much larger
than the band gap, and the plasmon lies well away from
other excitations. Although the N 2s electrons are active
below 20 and above 30 eV, in the range 20—30 eV, their
contribution has little shape. Drude fits to the shape in
this energy region yield a zero-q plasma energy of 26.4
eV, and a half-width of 8.4 eV.

The shape in the region of the m peak is somewhat
more complicated. The m peak lies above another peak at
6.8 eV, and an error-function-like threshold which ap-
pears at 7.7 eV. This threshold has an amplitude of
about 0.35 and leads to the asymmetry in the m plasmon
and the flatness in the region above 10 eV. We have fit
the spectra in this region with two Lorentzians and an er-
ror function, yielding an energy an energy of 6.8 eV for
the first excitation and a plasma frequency of 8.65 eV
with a width of 1.7 eV. Surprisingly, we find no disper-
sion in the width of the m plasmon at momentum
transfers below 0.8 A '. One may expect that, since the
m. plasrnon is lying on a continuum of excitations, its
width even at low q will be dominated by decay into
single-particle excitations. This will lead to a lack of
dispersion in the width of the plasmon as we have ob-
served.

The e2 spectra are also described well in terms of two
Lorentz oscillators and a continuum threshold. It was
found that this continuum threshold took the square-root
shape expected above a critical point in the joint density
of states. ' The threshold appears at about 7.6 eV and
does not disperse with momentum. Presumably, this
threshold arises from the same excitations as the 7,7-eV
threshold in the loss function, and though it is diScult to
see due to the intensity of the interband transitions, it
presence is essential to describe the shapes of the spectra
in this energy region. e2 spectra and fits are shown in

Fig. 5. The peaks we measure at 6.1 and 6.95 eV are pre-
dicted by band structure' ' to originate from transi-
tions near the I.-M axis of the Brillouin zone between
nearly degenerate bands. Doni and Parravicini' predict
energies of 6.2 and 6.9 eV, very close to our q =0 values
of 6.1 and 6.95 eV. Catellani et al. ,

' likewise, find a
doublet peak centered around 6.5 eV. Robertson places
the ~ valence bands at M 2 eV below EF, thus overes-
timating the transition energy. Our measured dispersions
of these transitions are shown in the bottom two lines in
Fig. 6. The higher-energy transition disperses quadrati-
cally at 2.4 eV A, while the lower-energy peak disperses
at 0.7 eVA out to 0.6 A ', and remains constant at
higher momentum transfers. For sharp transitions, the
dispersion arises from the curvatures of the bands and is
proportional to 1/m, +II, . Thus, the dispersion will be
smail if either the electron or hole mass is very large. We

30

20

10

8

E (eV)
10 12

FIG. 5. e2 spectra (squares) with fits (lines) consisting of two
Lorentz oscillators with a square-root threshold, from bottom
to top: q=0. 13, 0.31, 0.55, 0.80, and 1.00 A
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have not found any band-structure calculations which
can account for the small dispersion in the first interband
peak.

The widths of the peaks also disperse somewhat. The
width of the 6.95-eV peak disperses at roughly the same
rate as the energy (3.0 eV A ). However, the width of the
first peak disperses at 1.0 eVA, and it continues to
broaden above 0.6 A . This is most likely due to
averaging over more than one crystal direction. Under
an optical microscope, we can observe mosiac patterns in
our samples, indicating that crystaliites may lie with their
a axes not uniformly aligned. The transition energies are
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line, q=0. 13 A; triangles, dotted line, q=0.8 A

predicted to be almost identical at the M and L
points. ' ' Thus if the one peak actually arises from two
transitions nearly degenerate in energy at low q and the
band disperses differently along the L —3 axis than along
the M —L axis, we will observe a single peak which
broadens faster than it shifts up in energy. Furthermore,
we notice a growing asymmetry in the first peak as we
move out in momentum as shown in the fits in Fig. 5.
This, likewise, is most likely due to two transitions which
are degenerate at low q, but which disperse at different
rates along different axes. We have tried generating these
shapes by adding extra peaks without success.

The origin of the thresholds at 7.6 in e2 and 7.7 eV in
Im( —1/e) is ambiguous. Band structure indicates cr-o
band gaps of 6.0 (Refs. 1 and 13) to 10.0 eV, so the on-
set of o. transitions may occur at 7.6 eV. Additional in-
formation may be gathered from angle-resolved core
spectroscopy experiments which are able to distinguish
between o. and m states. From soft-x-ray emission
(SXE) and x-ray photoemission (XPS), it has been deter-
mined that the tail of the occupied o. density of states ex-
tends almost up to the Fermi level, and increases sharply
with decreasing energy about 2 eV below Ez. The o.

threshold in an angle-resolved IES measurement of the
8 K edge occurs about 3—5 eV above the m. threshold, de-
pending on the ~-exciton binding energy. The oscillator
strength sum rule also yields more information. At low
q, the first two peaks in e2 each contain about 0.65 elec-
trons of integrated oscillator strength, giving a total of
only 65%%uo of the expected two m electrons. However, the
peaks grow in strength with increasing q, while the
threshold at 7.6 eV loses strength, until the peaks satu-
rate at 2.4 electrons, and the threshold has virtually
disappeared. Since the redistribution of strength is con-
tinuous and gradual, the threshold at 7.6 eV most likely

contains m electrons. As this threshold loses strength,
another threshold at 11.0 eV behaves fairly consistently
(notice the deviation from the fits in Fig. 5), and we con-
clude that the threshold at 11.0 eV is the onset of o.-o.
transitions. This is consistent with other experi-
ments, assuming that occupied o. bands extend al-
most up to Ez and the unfilled o. states begin 5 eV above
the lowest unoccupied m levels.

The 14.7-eV peak is also a doublet. The spectra were
fit with two Lorentzians and a constant background. At
low q, the two peaks are degenerate, with a splitting
smaller than the uncertainty. Although the precise
dispersion is quite uncertain, the one peak disperses
downward in energy slightly, while the other disperses
upward. The lower-energy peak retains its width of
3.5 —4.5 eV while dispersing from 14.7 down to 14.2 eV.
Meanwhile, the other peak increases in energy from 14.7
at 0.13 A ' to 17.2 eV at 0.8 A, as shown in Fig. 7,
while also increasing in width from 4.5 to 8 eV, making
precise determination of energies impossible at higher q
values. This anomalous dispersion arises from two bands
degenerate at a symmetry point which are split as the.
transitions become nonvertical further out in momentum.
These results are in agreement with transitions near the
A —I axis in Robertson's calculations, however, other
calculations predict lower energies for these transi-

Qns 12, 1 3

Band-structure calculations indicate a band of mostly
N 2s character 16 (Ref. 11) to 19 eV (Refs. 5, 12, and 13)
below the lowest unoccupied level. SXE (Refs. 22 and 23)
and XPS, meanwhile, indicate a binding energy of 15
eV below EF. We attribute the shoulder in the loss func-
tion at about 18 eV to the N 2s threshold. We do not ex-
pect this threshold to have any sharp structure due to the
width of the level and the mixed character of the unoccu-
pied states.

One of the more important aspects of this work is the
study of the variation between the properties of the
different samples. As expected in light of the discrepan-
cies in the properties of h-BN reported in the literature,
we have seen some variation in most of our measured pa-
rameters. Energies and dispersion parameters are sum-
marized in Table I. As pointed out earlier, any absorp-
tion in the band-gap region will affect the KK analysis
dramatically, and other properties are affected, too. The
band gap of each spectrum measured on each sample was
evaluated by subtracting a linear signal fit from 2 to 5 eV,
and the averages for samples 1 and 2 were 5.9 eV, while
that for sample 3 was 5.8 eV. The minimum value ob-
served was 5.7 eV, and the maximum, 6.1 eV, so we may
conclude that these samples have a band gap of 5.9+0.2
eV. In all cases, the scatter in the values was random

0
TABLE I. Energies (E;, eV) and dispersions (m;, eVA ) of interband transitions and plasmons and

band gaps (E~, eV) for the three samples studied.

Sample

6.01
6.10
6.10

0.74
0.71
0.71

6.91
6.97
6.93

3.3
3.1

2.4

8.41
8.52
8.65

3.42
3.12
2.42

26.3
26.6
26.4

2.0
1.4
1.6

5.9
5.9
5.8
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rather than decreasing with q, so the gap is direct within
uncertainty. A small increase in the gap signal was ob-
served for some spectra, however, this is most likely due
to radiation damage, as it is correlated with electron
beam dose on the sample rather than with higher-q spec-
tra. The zero-q energies and the dispersions of the
plasmons and interband transitions were found by fitting
straight lines to the calculated peak positions versus q .
The energies of the zero-q interband transitions vary by
less than 0.1 eV, and the thresholds at 7.6 and 11.0 eV in
e2 by a few tenths of an eV, although they are much hard-
er to determine. The second interband transition and the
~ plasmon, however, disperse much less in sample 3 than
in the other two. The origin of this discrepancy is not
clear and requires further study. In all three samples, the
dispersion of the m plasmon is parallel to the second in-
terband transition. This is consistent with the model of
the longitudinal excitation lying slightly higher in energy
than a corresponding transverse excitation. ' The spread
in the plasma frequencies was 0.2 eV for the m. plasmon
and 0.3 eV for the o. plasmon. This can be expected,
since none of the crystals are perfect, and therefore, their
densities probably differ somewhat.

B. Momentum transfer along the c axis

In hexagonal compounds, selection rules for electronic
transitions depend on whether momentum transfer is
parallel or perpendicular to the a-b plane. In fact, with q
in the plane, only transitions between bands of the same
parity are allowed (n mand o-o),-while with q parallel to
c, only transitions between bands of different parity are
allowed (m cr and cr-n.).-Chen and Silcox have shown
that relativistic effects make a significant contribution to
the IES spectra of graphite. However, the excitations
arising from these effects disappear at momentum

0
transfers between 0.01 and 0.03 A . In our experi-

0
ments, with resolution of 0.06 A and momentum

0
transfer of 0.15 A ', excitations at momenta less than
0.03 A ' contribute less than 10 of our signal, and are
therefore inconsequential. Additionally, relativistic
effects can cause transverse character in the excitations
created by the electron beam. These contributions were
evaluated using standard electrodynamics and found to
be insignificant (on the order of 10 ). Anisotropic
dielectric constants have been studied extensively in
graphite. In addition to the angle-resolved core
spectroscopy, angle- and polarization-dependent
reAectivity has been measured on h-BN between 5 and 30
eV. The loss function and dielectric constants we have
obtained for q along c are shown in Figs. 8 and 9.

The qualitative differences between our measured
parallel and perpendicular spectra are similar to those
foun. d jn graphite. ' The: m'+o plasmon has shifted
down from 26.4 to 23 eV. Many et al. found a shift of 27
to 21 eV, ' while in graphite the reported shift has been
from 37 to 20 eV. Meanwhile, it is not clear in our
spectra whether the m plasmon has shifted down to 7.7 or
up to 11.7 eV. Peaks appear in the loss function at those
energies, and e& shows a minimum at 7 eV and an upward
zero crossing at 11 eV, both where e2 is small. This is
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FIG. 8. Loss function with q along the c axis.
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FIG. 9. Dielectric constants with q along c: solid line,
squares, e&, dotted line, triangles, e2.

strong evidence that either or both of the peaks in the
loss function are plasmons. Correspondingly, graphite
with q along c shows sharp peaks in the loss function at
5.3 and 20 eV, a minimum in e& at 5 eV and zero cross-
ings in p~ at 14 and 19 eV. ' ' At 14 eV there js not a
sharp peak in the loss function, rather there is a shoulder.
However, the 5-eV loss peak does not show a zero cross-
ing in E', leading Tosatti and Bassani to conclude that
the shoulder in graphite at 15 eV is the m. plasmon. In
the case of BN, both the 7.7- and 11.7-eV peaks lie near
minima of e2, eliminating the possibility that they arise
from strong interband peaks. We must therefore con-
clude that three peaks, at 7.7, 11.7, and 23 eV, arise from
collective longitudinal oscillations.

Surprisingly, the interband transitions are quite similar
to the case with q in the a-b plane. The peaks at 6.10,
6.85, and 14.9 eV with q along c look very much like the
peaks at 6.10, 6.95, and 14.7 eV with q in the a-b plane,
except that the strengths are somewhat reduced. The
first doublet contains only 0.9 electrons, compared to the
1.3 electrons with q along c. An additional strong peak is
present at 9.9 eV, and the peak at 14.9 eV has shifted up
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0.2 eV in energy and lost amplitude. Additional struc-
ture is also present at 20 and 30 eV. Both the additional
interband peak and the added oscillator strength above
20 eV are similar to the changes in graphite.

Existing band-structure calculations cannot explain the
low-energy peaks in the e2 spectrum. Since the lowest
unoccupied 0. bands lie well above the unoccupied ~
bands, and the occupied o. bands extended almost up to
Ez, the low-energy part of the spectrum with q
along the c axis must consist of transitions from filled 0.
bands into empty m bands. The lowest direct cr-~ transi-
tions are predicted to be 8.4 eV (Ref. 13) to 12.2 eV.
Moreover, due to the overall similarity in the low-energy
transitions (energy and width), they appear to involve the
same final states with q in or out of the a-b plane. Thus,
the transitions must occur near the L—M axis, and the in-
itial m and o. states must be nearly degenerate in energy.
This point is reinforced by the similarity between the 0.-0.

peak at 14.7 eV and the ~-0. peak at 14.9 eV. A
di8'erence of 0.2 eV at that energy can easily occur due to
uncertainties in the KK analysis coupled with the fact
the peak is very broad. This also appears to be a transi-
tion into the same state from nearly degenerate filled 0.
and ~ states. This indicates that the 14.7-eV 0.-0. transi-
tion occurs near the L—M axis. Band structures predict
energies of this order at this point, however, they indicate
that the m valence bands lie about 5 eV above the o. lev-
els

The oscillator strength has been rearranged quite a bit
from the case with q in the plane. The first doublet con-
tains only 0.9 electrons, however, the transition at 9.9-eV
contains 1.3 electrons, which causes the sum rule to in-
crease faster between 10 and 12 eV than it does with q in
the plane, when the transitions are coming from m levels.

However, the transitions from the ~ bands into o. levels
do not saturate nearly as fast, and this leads to a much
slower increase at higher energies. In fact with q in the
plane, the sum rule approaches 7 at 40 eV, whereas with

q along c it is still less than 6. In graphite, this has been
attributed to a low density of allowed transitions from oc-
cupied m bands into the lower-lying o. conduction
bands, which appears to be the case in h-BN also.

IV. CONCLUSIONS

The electronic properties of h-BN vary quite a bit from
sample to sample. We have measured a fairly consistent
intrinsic band gap of 5.9+0.2 eV in three samples whose
defect content varied by a factor of 4. The loss functions
with q in the a-b plane are characterized by plasmons at
8.5 and 26.4 eV which are well described as collective os-
cillations of bound electrons. With q along the c axis,
collective oscillations occur at 7.7, 11.7, and 23 eV. With
q in or out of the plane, interband transitions occur at
nearly the same energies with nearly the same widths.
This indicates a similarity in the occupied o. and ~ bands
not predicted by any band structure. An additional tran-
sition occurs at 9.9 eV with q along c.
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