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its paramagnetic resonance spectrum consists of
a very broad peak, 450G wide, which is difficult
to observe unless high concentrations are present.
%'e were unable to directly observe this resonance.

After the crystals were photoconverted to the E'
state with ultraviolet light, iron was observed in
the 1' valence state. A large E+ center resonance
signal together with the Mna' and V~' spectra were
also observed. In order to detect the Fe' reso-
nance, which consists of a single line ocurring at
g=4. 15, measurements at temperatures of 20 K
or lower were necessary due to the short spin re-
laxation time. ' Using a heat treatment schedule
similar to that used to obtain the states for the
various curves in Fig. 1, both the E' center and
Fe' resonance signals were observed to decrease
in essentially the same manner as the decrease of
the 500 'K thermoluminescence peak. After the
crystals were heated above 650 'K, no further lu-
minescence was observed, and neither the E' cen-
ter nor Fe' ESB spectra could be detected, indi-

cating that the crystals had returned to their orig-
inal E state. The crystals could be cycled be-
tween these states repeatedly. This fact was also
observed in the previously reported optical absorp-
tion measurements. '

Owing to the correlation obtained between the
ESB and thermoluminescence measurements, it is
our conclusion that Fe~' ions constitute the trays
responsible for the 500'K glow peak. The conver-
sion process

E+Fe ' E'+ Fe '

is driven to the right by light in the E band and to
the left by the thermal release of electrons from
the Fe 'ions. A similar attempt to correlate
changes in ESR signals with the glow curve peaks
occurring below room temperature was unsuccess-
ful. Except for a slight decrease in the F'line, no
change in the ESR spectrum was observed following
heat treatments between 77 and 298 K.
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The tight-binding approximation has been applied for calculation of the band structure of
planar hexagonal crystal layers of graphite and boron nitride. The theoretical width of the va-
lence band of 15.9 eV in graphite and the distance between the centers of ~ and 0 band of 5.3 eV
as obtained in the present calculation are in good agreement with Chajkin's experimental work
yielding 15 and 5 eV, respectively. For boron nitride, the width of the energy gap and the
width of the valence band were calculated to be 4. 9 and 6.8 eV, respectively.

INTRODUCTION

Several authors' studied the electron struc-
ture of hexagonal boron nitride as early as 1950.

The studies are mainly made in comparison with
graphite. According to these authors the width
of the gap between the valence and conduction band
in boron nitride is determined predomina. tely by
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FIG. l. Unit cell of the reciprocal space and the
points in which the present calculation has been carried
out.

m and not by 0 electrons, although it is necessary
to include both types of electrons in the calcula-
tion in order to get more precise information about
the widths of bands and the shapes of density-of-
states curves. In the present work energy bands
of m and o electrons for graphite and boron nitride
are analyzed in a tight-binding approximation.

The structures of graphite and boron nitride
contain only one type of strong bond, i. e. , C-C
and B-N bonds, respectively, joining each atom
to its three coplanar nearest neighbors. The dis-
tances C-C and B-N in the same plane are 1.42
and 1.45 A, respectively, whereas the distance
between two atoms on neighboring planes is more
than twice as large and the bonds are much weak-
er. "' In the present calculation, therefore,
graphite and boron nitride are treated as a planar
hexagonal one-layer crystal, except that in the
treatment of 7t bonds the interactions between the
neighboring planes were considered.

DESCRIPTION OF CALCULATION

The energy-band calculations were carried out
using the program developed by Grad and Breb-

ner, ' which has been slightly modified for the
present purpose. This program enables one to
solve the secular equations with the complex ma-
trix elements which appear in the energy calcula-
tions for the points with lower symmetries. The
calculations were carried out for 51 points lying
in different directions in k space (Fig. l). By
symmetry these points give a mesh of 481 points
in the first Brillouin zone. All these directions
are listed in Table I. The basic potentials of
atomic orbitals were obtained by the self-con-
sistent-field (SCF) CNDO/2 method, taking into
account the influence of the nearest three neigh-
bors. The complete-neglect-of-differential-over-
lap (CNDO) method and the baste approximations
of this method are discussed precisely in the same
reference. According to Pople, Santry, and Segal,
and Pople and Segal" the elements of the matrix
representation of the Hartree-Pock Hamiltonian
operator I' in the secular equation

Z„(F„„—e( 5„„)Cg„=0

were approximated with the expressions of Eqs.
(1) and (2):

&„„=-a(1„+&„)+f(&~~ —&~) —~a(p„„—i)jy/g

+ 2 (PBB zB)YAB
B 0 A.

0&~.= —P~a~~. —a&~. &~

where P~„ is an element of the density matrix P
and y» is a two-center integral approximated by
the Matega, ' approximation. The overlap in-
tegrals S„„were taken from the tables. '4

The potentials of different atomic orbitals ob-
tained by the CNDOp'2 method which were used in
this calculation are listed in Table II. . All the
calculations were made on a CDC 3300 electronic
computer.

RESULTS AND DISCUSSION

The real problem in the tight-binding calcula-
tions is the introduction of the atomic-orbital po-

Direction Weight No. of points

TABLE I. Different directions and points at which the
present two-dimensional calculations were made together
with their corresponding weight factors (b& and Q are
unit vectors in k space).

TABLE II. Potentials used in present calculations.
VOIP's and electronegativities were used also to obtain
SCF CNDO/1 and CNDO/2 potentials, respectively (en-
ergies in eV).

Point I"

Sbf

s(bg+b2)

s(5b)+2bt)

s(lib(+2bt)

s(sb, +sb2)

0 (s 2(s 3

0 —s ——i
12

0 (s (
24

0 ~M (
24

12

10

10

10

10

10

Atomic
orbital

2s (8)
2s (C)
2s(N)
2p(B)
2p(C)
2P(+

CNDO/2
potentials

—9. 10
—14.99
-21.51
—4. 87
—7, 16
—9.77

VOIP

-14.05
—19.44
—25. 58
—8.30

—10.67
—13.19

E lectronegativity
--,'(I„+A,)
-9.594

—14, 051
—19.316
—4. 001
—5.572
—7.275
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FIG. 2. (a) Density-of-states histo-
gram prepared from data at 481
points in the first Brillouin zone with
a sample size of hE = 1.5 eV com-
paring with the Chalkin's experimen-
tally obtained X-emission band in
graphite. (b) Separation of the ex-
perimental curve on ~ and 0 regions
proposed by Coulson and Taylor.

tentials and exchange potentials. In the case of
boron nitride for which no precise experimental
data of band or forbidden-gap width are known

[except Larach and Shrader's luminescence mea-
surements" and recently Vilanove's'6 measure-
ments on dielectric constant e~(co)], it is very dif-
ficult to choose the "right" potentials to compare
them with the calculated values. It was decided
to make the same calculations for graphite having
a very similar structure as boron nitride, with
four different kind of potentials: with valence-
state ionization potentials (VOIP) and with electro-
negativities taken from literature' ' as well as
with potentials calculated with SCF methods
CNDO/1 and CNDO/2. ' "" From Chalkin's'
experimental data and Coulson and Taylor's the-
oretical considerations' of the graphite valence
band, we obtained two starting points to compare
them with our calculation. First, the width of the
m region and the width of the whole valence band

(v and cr regions) should be about 5. 5 and 15 eV,
respectively. Secondly, the centers of the occupied
w and 0 regions should differ by about 5 eV. The
best agreement with the experimental data is ob-
tained in the case of CNDO/2 potentials. The re-
sulting density-of-states histogram together with
Chalkin's experimental density-of-states curve
and Coulson and Taylor's separation on m and o

regions are shown in Figs. 2(a) and (b), respec-

tively. The total width of the valence band ob-
tained is 15.9 eV and the width of the m region is
5. 3 eV. The difference between the centers of
occupied m and v regions is 5. 3 eV, which is in
good agreement with the starting points obtained
from the experimental results.

In the calculated density-of-states histogram
shown in Fig. 2(a) there is also a third peak which
could not be detected in the experimental curve.
The origin of this peak is due to the 2s electrons.
The functions for lower-energy levels of the filled
band have the character of the atomic s functions
around the nucleus. However, the coefficients of
the wave functions of p-type atomic orbitals are
on the average about three times smaller than the
coefficients of s-type atomic orbitals. Thus the
transition probability for K-emission spectra be-
came considerably smaller for lower-energy
values than fpr higher pnes ao, ie The cpmparjspn
of Chalkin's experimental data (K emission of
graphite) and some theoretically obtained values
of different authors are given in Table III. The
recent experimental work on graphite by Balza-
rotti and Grandplfo" and Greenaway et al. ' show

the occurence of two peaks located at about 5 and
6 eV. Experimental and theoretical values ob-
tained by different authors are shown in Table IV.
Painter and Ellis, and Bassani and Parravicini

TABLE III. Comparison between the experimental
and calculated data for graphite (all values in eV).

TABLE IV. Experimentally and theoretically obtained
optical transitions in graphite.

Total
valence-

band width
Width of
w region

Difference be-
tween centers of
~ and 0. regions

Expt.

Reference

Balzarotti and
Grandolfo (Ref. 21)

5.11 5. Q5

Position of peak (eV)

Experimental

Bassani and
Parravicini (Ref. 24)

Yamazaki (Ref. 20)

14.0 5.0

4. 6 Theoret.

Greenaway ep al.
(Ref. 22)

Painter and
Ellis (Ref. 23)

4. 8 6. 2

Painter and
Ellis (Ref. 23)

Lomer (Ref. 26)

19.3

12.5

7. 3

5. 0

Bassani and 4. 5
Parravicini (Ref. 24)

6. 0

Present calc. 15.9 5.3 5.3 Present calc. 5, 1 6. 0
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FIG. 3. Energy bands
along the principal sym-
metry directions for hex-
agonal crystals of graphite
and boron nitride. (The fT

bands were calculated for
two-dimensional crystals
and the interaction between
the neighboring layers in
the m. bands calculation was
considered. )
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conclude from theoretical considerations that the
transition between the m bands at the point Q cor-
responds to the first maximum in the thermore-
flectance measurements located at 5 ev. Painter
and Ellis considered the second peak at about 6
eV to be the result of the structure in the m bands
near Q, while Greenaway et al. ascribe it to the
zone-center (I"f, —I"s„) transition. In the present
calculation the energy difference between the
points 13~ and I"3„is 6.0 eV, which is very near
the value determined experimentally. There is
also a theoretical consideration of van Haeringen
and Junginger ' who predicted a number of transi-
tions, but there is no experimental evidence to
date.

Since fairly satisfactory agreement was obtained
with graphite, the same SCF CNDQ/2 calculation
was performed for boron and nitrogen atoms sur-
rounded by three nitrogen or three boron atoms,
respectively, in order to obtain the potentials for
energy-band calculations. These potentials are
listed in Table II and results of energy-band cal-
culation for boron nitride are shown in Fig. 3(b)
and 3(c).

As pointed out by several authors " the only
qualitative difference between boron nitride and
graphite energy-band structures occurs in the point

The degeneracy at this point in the case of
graphite is due to the fact that both different sites
in the unit cell, A. and B, are occupied with the
same kind of atoms. In the case of boron nitride
the sites are occupied with the different atoms
and hence the symmetry operation {Ilfj which pro-
duces the degeneracy is absent. The energy gap

in this point for boron nitride was determined in
the present calculation to be 4. 9 eV [Fig. 3(c)].

As expected the inclusion of the interaction be-
tween the nearest-neighbor planes via p, electrons
removes the degeneracy in the valence and conduc-
tion bands along some directions in k space. The
results of the three-dimensional calculation for
boron nitride are shown in Fig. 4. The calcula-
tion was made in a similar way as explained by
Doni and Parravicini. ' The difference between
their and our treatment of the problem is in the
choice of the potentials used in the final calcula-
tion. The reducing factors were used in Doni and
Parravicini's work, in order to obtain satisfactory

E(eY)

&2u

2g
L1

—
H2

I Egap

FIG. 4. Energy bands for three-dimensional vr-electron
structure in boron nitride. The potentials and overlap
integrals used for this calculation are the same as for
two-dimensional case. The coordinates of the points L
and H in the k space are as follows: L(~, 0, 2) and
H(-„-;, —,).
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potentials and overlap integrals. On the other
hand, we calculated the potentials of boron and
nitrogen atoms on their positions in the lattice
with the self-consistent-field CNDO method and
these potentials were used in the band calcula-
tions. The positions of boron, nitrogen, and car-
bon atoms in one-layer hexagonal lattices of boron
nitride and graphite are very similar to those of
the organic systems such as borazole and anthra-
cene. From this point of view, we have chosen
the CNDO method, which is relatively simple and

gives quite good potentials and electronic densities
in organic closed-shell systems. It is therefore
clear that the differences between Doni and Parra-
vicini's and our calculation are only quantitative
rather than qualitative.

In the three-dimensional case the energy gap in
boron nitride is no longer at the point K (5. 3 eV),
but at the point H and has a value of 4. 9 eV which
can be compared with Larach and Shrader's"
minimal value of 5. 5 eV obtained from the lu-
minescence measurements. The width of the m re-
gion in the valence band amounts to 3.6 eV and the
total width of the valence band is 6.8 eV. The
measurements which were made recently by Vila-
nove' on the dielectric constant of boron nitride
show the position of the first peak of e~ at 6. 5 eV
and the gap somewhere below 5 eV. It can be
seen from Fig. 4 that the energy difference of
6.4 eV between the points Qz~ and Q2„agrees
fairly well with the value experimentally obtained.
In his work Vilanove also pointed out that he could
not detect the duplication of this peak as reported

in the literature. " The first peak of e~ at 9.4 eV
which is compatible with the m- v or o - w transi-
tions can be compared with the energy difference
obtained by present calculations between the points
Q2 and @2~ [Fig. 3(b)] having a value of ll eV.

Generally, the tight-binding method gives quite
good agreement for the occupied (valence} bands,
but it is of little use for highest (conduction)
bands as explained by several authors. ' ' ' Due
to the very large overlap integrals of excited or-
bitals, their atomic character in the Bloch sum
is almost completely lost. The energy values are
very sensitive to the overlap estimation; i.e. , a
small change in overlap integrals would produce
a large change in energy values for the conduction
bands.

In the present work it was shown that some ex-
perimental results can be interpreted on the
basis of the tight-binding model using the poten-
tials obtained by the SCF method. However, for
making more thorough comparison with optical-
transition data, the tight-binding approximation
based on Slater-type wave functions seems to be
rather crude.
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Using a simple polarization picture of a medium in which there is spatial dispersion and
using the integral equation method of Ewald-Oseen, some rigorous results are obtained for
the optics of a bounded spatially dispersive medium. In particular, an extinction theorem for
polaritons, and rigorous additional boundary conditions are obtained. The normal-incidence
propagation of transverse modes for an isotropic crystal bounded by a plane is analyzed.
The rigorous boundary conditions obtained by this method, in general, do not agree with other
popular choices, based upon the same constitutive relations.

I. INTRODUCTION

The purpose of this paper is to give a simple
derivation of results needed for an analysis of
wave propagation in a bounded medium in which
there is a nonlocal constitutive equation. Physi-
cally the nonlocality can arise from an exciton ab-
sorption lying close to the frequency of the propa-
gating wave. This produces a wave-vector-de-
pendent dielectric function and leads to propaga-
tion of the mixed exciton-photon modes known as
polaritons. '-'

When an incident plane wave impinges upon such
a medium from vacuum, several polaritons can be
excited in the medium. In a particular geometry
these propagate parallel to the incident wave, but
with different phase velocities. The total field
consists of incident plus reflected fields in vacu-
um, plus the polariton fields in the medium. To
determine the amplitudes of all fields, we need a
complete set of boundary conditions. In addition
the polariton dispersion relation for waves propa-
gating in the medium is required. Finally, in or-
der that the incident wave shall not propagate in
the medium, we require an extinction condition.

The method we use to solve this problem is
based on the Ewald-Oseen integral equation for-
mulation of optics, plus a polarization picture of
the spatially dispersive medium. In this frame-
work the results can be derived in a particularly
transparent fashion, and a comparison with the

Some field vectors needed in our work are
E(r, t) the macroscopic electric field and P(r, t)
the dielectric polarization at (r, t). The time and
space Fourier transforms are defined as

P(r, &u) = (1/(2p)'t') f p(r, t) e '"'dt (2. l)
and

P(k, v) =(1/(2w) t )f P(r, ~) e '"'dr . (2. 2)

treatments of the usual "local" optics can be made.
The extinction theorem, and the boundary condi-

tions were first obtained by one of us' using a
somewhat different method. That derivation along
with detailed numerical analysis and comparison
of calculated and experimental ref lectivity will be
published separately. The calculated ref lectivity
is in satisfactory agreement with experiment.

Tlie results of our analysis have been used in
recent theoretical work on Raman scattering in
the polariton picture. There, a quantum-mechan-
ical treatment of polariton scattering inside the
crystal, plus the polariton ref lectivity at the crys-
tal boundary was needed in order to compute cross
sections for Raman scattering.

Besides being relatively simple and familiar,
the method we use to analyze wave propagation is
rigorous. It does not require, for example, that
the surface boundary conditions be assumed, but
yields them as a result of the theory. We return
to this point later.

II. SPATIAL DISPERSION


