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Undoped single crystals of 6H SiC often exhibit two series of luminescence lines, sharp at

low temperature, in good quality strain-free crystals. A high-energy series, in the violet

close to the energy gap, contains three prominent no-phonon lines Pp Rp Sp, We report the

Zeeman splittings of these lines as functions of the magnetic field strength and its orientation

relative to the crystalline c axis. These data indicate that the final state of the luminescence

transitions contains a single electronbound to three distinct centers (donors) with lattice-site
symmetry for the electron-attractive C sublattice, while the initial state contains an extra
electron and a hole. The isotropic electron g value is close to 2, while the hole g value is
3.2 Hllc and 0 for KLc. We thus confirm a model proposed by Choyke and Patrick for these
lines, although we can provide no additional evidence for the reasonable supposition that the

donor on the three crystallographically distinct C lattice sites in 6H SiC is N. A lower-energy
series, in the blue, contains three no-phonon lines labeled Ap Bp Cp by Hamilton, Choyke,
and Patrick (HCP). The distinctive Zeeman splittings of these lines can be understood o»y if

an L-S-coupling model is assumed for an exciton bound to a center containing no additional

electronic particles. This is in contrast to the J-J coupling model used for the shallow Pp Rp,

Sp lines, but such a difference is plausible for a semiconductor with an unusually small spin-
orbit coupling like SiC. The detailed magneto-optical properties indicate that Ap and partic-
ularly Bp involve exciton decay at sites which do not possess the full lattice symmetry, most
probably at axial (impurity-pair) defects. This finding, together with independent evidence of
the properties of N donors in 6H SiC, particularly from electron-spin resonance, is inconsistent
with the model of HCP that the Ap Bp Cp lines involve the decay of excitons at ionized N donors.
This conclusion supports a general theory for the stability of bound-exciton complexes, since
the model of HCP was in strong violation of the predictions of this theory. In addition, we show

that recent findings from the electronic Raman scattering of N donors in 6H SiC, together with

a plausible upper-limit estimate of the effective-mass binding energy of donors, yield absolute
values of donor binding energies ED in much better agreement with values obtained from elec-
trical transport than are the estimates from the HCP model for the Ap, Bp, C p lines. Further,
the values of ED obtained from the Raman data are consistent with the energy increments in the

Pp Rp Sp series, while those obtained from the analysis of HCP are not.

I.

INTRODUCTION

The most frequently occurring hexagonal poly-
type of SiC is classified 6H. It has a crystallo-
graphic unit cell elongated along the c axis of
length 3 times that of the simple "pure"-hexagonal
polytype, labelled 2H. The low-temperature photo-
luminescence spectra of 6H SiC single crystals
exhibit two prominent series of sharp lines. The
high-energy series, starting close to the exciton
band gap E,„of this axial semiconductor, were first
studied by Choyke and Patrick (CP).' They identi-
fied three no-phonon lines, Po, Q, So, lying 16-
32 meV below E«and three associated, highly
structured, vibronic sidebands. Choyke and Pat-
rick noted that the properties of these spectra were
generically similar to near-gap luminescence first
observed in Si and CdS, where it had been estab-
lished that the luminescence resulted from the de-
cay of excitons bound to neutral donors and ac-
ceptors. Since N was known to be the dominant
electrically active (donor) impurity, and the in-
tensity of the P, R, S luminescence relative to in-

trinsic exciton luminescence increased with [N],
CP concluded that the P, g, $ lines were due to the
decay of excitons at neutral N donors. Three no-
phonon lines are possible because three crystallo-
graphically inequivalent sites are available to sub-
stitutional donors (and acceptors) in the 6H axial
polytype of SiC. In a subsequent publication Ham-
ilton, Choyke, and Patrick (HCP)' drew attention
to a luminescence spectrum with three no-phonon
lines Ao, BD, Co spread over a much wider energy
range (-76 meV) and displaced - 200 meV below
E „. This spectrum had been discussed earlier
by Choyke, Hamilton, and Patrick (CHP)' and
Patrick in terms of exciton decay at associated
pairs of donors and acceptors (DA pairs), and was
then designated the "Y-type spectrum. " However,
HCP advanced a new interpretation, in which Ao,
Bo Co were attributed to the decay of excitons at
ionized N donors. Thus an intimate connection
was claimed between the A, B, C and P, R, S line
series. Later, this view of the bound-exciton
chemistry of N donors in SiC was extended to many
other polytypes. In some, such as cubic SiC, '
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only the exciton-neutral-donor complex was seen.
The magneto-optical properties of the single no-
phonon line in cubic SiC have been recently deter-
mined, and support this interpretation. In others,
such as 33R SiC, both types of spectrum have

been reported.
The Westinghouse group have offered no micro-

scopic or chemical proof of their model. A num-
ber of difficulties arise, all connected with the
validity of their interpretation of the low-energy
luminescence series. One problem is that, for
realistic values of the electron-hole mass ratio
m,*/m„appropriate to N donors in 6H SiC,
m» /m„& I, a simple dynamical theory of bound
excitons' indicates that no bound state should exist
for a hole at a neutral N donor. The temperature
stability of the low-energy luminescence in 6H SiC
shows that the least-tightly bound electronic par-
ticle for the Ao Bo Co excitons, the hole accord-
ing to the HCP interpretation, must be bound by a
rather large energy &50 meV. It seems quite un-
realistic to try to account for a hole binding en-
ergy of this order on the HCP model. The ioniza-
tion energies of the three inequivalent N donors may
be estimated on the HCP model. However, the
resulting values are roughly twice as great as in-
dependent estimates from electrical-transport
studies, including recent careful measurements on
good quality, dilutely doped crystals. " In addition,
the ratios of the HCP estimates of (E~)„are in
poor agreement with expectation from the Pp Ro,
So lines when a simple application of Haynes's rule
is made.

It is clear from the above that a reappraisal of
these bound-exciton complexes in 6H SiC is timely.
Experience with other semiconductors, such as
CdS, GaP, ' and cubic SiC, has shown that mag-
neto-optical studies can provide invaluable evidence
for the generic classification of bound-exciton
transitions. The snag is that very high quality,
dilutely doped single crystals exhibiting no-phonon
linewidths & 0. 1 meV, are required for a fully
satisfactory study, since the magnetic splittings
are small. The present paper reports the results
of such a study, mostly made on 6H SiC single
crystals generously provided by Knippenberg of the
Philips Research Laboratories, Eindhoven. Two
important conclusions emerge. The magnetic
properties of the Po, Ro, So lines, described in
Sec. III A, support the model of CP, as was so for
the single no-phonon line observed close to E, in
cubic SiC. By contrast, although the Zeeman
splittings of the Ao, Bo, Co lines (Sec. III B) are
consistent with the decay of a tightly bound exciton
at a center containing no additional electronic par-
ticles, as expected on the HCP model, the detailed
behavior clearly demonstrates that lines Bo and Ao
cannot arise from exciton recombination at a point

defect. This conclusion seems sufficient to negate
the model of HCP, removing at a stroke the inter-
pretational difficulties which it entails. Our find-
ing, together with recent work on GaAs mentioned
below, removes the existing experimental evidence
that ionized donors or acceptors may bind exci-
tons tightly. Such bound-exciton complexes there-
fore seem of no consequence in the design of ef-
ficient light-emitting semiconductor diodes. We
also conclude that the ionization energies of N
donors in 6H SiC are -100 meV, and note that
excitation energies recently observed in electronic
Raman scattering of the N donor (Sec. III C) give
estimates of E~ much more consistent with the
localization energies of the Po, Q, So lines than
are the energies of HCP. The magnetic studies also
show that an L-S electron-hole spin-coupling model
is required for the tightly bound Ao, Bo Co exci-
tons, a novel situation for bound excitons. The
conventional J-J-coupling scheme successfully
describes the magnetic properties of the Po, Ro,
So weakly bound excitons.

II. EXPERIMENTAL

A. Crystal Growth

As mentioned in Sec. I, the majority of the 6H
SiC single crystals studies in detail were obtained
from Philips Research Laboratores, Eindhoven.
They were grown by Knippenberg's group in a
special, small, modified Lely furnace, using in-
duction heating and careful control of the gas am-
bient to obtain exceptional purity. ' Crystals were
grown at 2600 C, and when undoped had N~ -N, in
the 10 6-1017 cm-s range with mobilities of - 300
cm V 'sec ' at 300'C." Green-tinged deliberately
N-doped crystals were also available with N~ —N,
approaching 10' cm . These crystals were too
heavily doped for useful Zeeman studies even of
the tightly bound excitons, and showed predomi-
nantly blue-green DA pair luminescence at low
temperatures. However, electronic Raman scat-
tering was observed from the N donors in these
crystals, but was not detectable in the water-white
undoped crystals.

We also examined 6H SiC crystals supplied by
Rosengreen of Stanford Research Institute, Palo
Alto, Calif. , and Shaffer of the Carborundum Co. ,
Niagara Falls, N. Y. The nominally undoped,
small, colorless plates from SRI showed mainly
the Po, Ro, S0 luminescence lines, with very weak
Ao Bo Cp The CC crystals were mostly nomi-
nally undoped, colorless, and multifaceted, of
chunky form. However, some exhibited relatively
strong, sharp Po, Ro, So and Ao Bo Cp lumines-
cence lines, infrequently with negligible strain
splitting. The magnetic splittings illustrated for
these lines in this paper are primarily from data
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on the Philips crystals. However, essentially
identical splittings, allowing for small occasional
effects of internal strain, were observed from
some of the CC crystals.

B. Optical Measurements

The Zeeman spectra were recorded with the
sample immersed in a bath of liquid helium,
pumped below the A. point. The luminescence was
excited by focused light at 3511 and 3638 A from
a model-52-uv Coherent Radiation Laboratories
Ar' laser, usually operated at 30-40 mW power
output. The spectra were recorded photograph-
ically, with a Jarrell-Ash 2-m focal-length spec-
trograph. Magnetic fields of up to 32 kG were
available from a 12-in. Varian electromagnet, op-
erated in the Voight configuration. The sample
could be rotated about a vertical axis perpendicular
to the magnetic field.

preliminary studies of electronic Raman scatter-
ing' were made using a Spex 1400 double mono-
chromator equipped with an S20 photocathode pho-
tornultiplier detector and a photon-counting re-
cording system with a Hewlett-Packard multichan-
nel analyzer. " The samples were cooled to -15'K
in a stream of cold He gas and 90 scattering was
observed.

III. RESULTS AND DISCUSSION

A. P, R,S, Lines: Excitons Bound to Neutral Donors

We observe three very sharp lines at the high-
energy limit of the luminescence spectrum from
the 6H SiC crystals we believe to contain low con-
centrations of N donors (Fig. 1). These lines are
polarized predominantly R J. c. We find the ener-
gies of these lines to be, respectively, 1.0, 0. 6,
and 0. 9 meV less than lines Po, Ro, SD of a series
of very similar form reported by CP. ' The average
discrepancy might well be due to the use by CP of
air calibration wavelengths with a conversion fac-
tor to energy appropriate to vacuum wavelengths.
However, there seems to be no doubt that the lines
in Fig. 1 are those discussed by CP. We observe
a satellite spectrum very similar to that which CP
attributed to the recombination of bound excitons
with the emission of a variety of phonons which
conserve momentum in the transition across the
indirect gap in 6H SiC. These phonons have wave
vectors lying nearly parallel to the c axis in the
reduced zone. ' The validity of the phonon assign-
ments have received considerable support recently,
from a comparison with phonon energies observed
directly through Raman scattering. ' Thus, there
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FIG. 1. Portions of the low-temperature photoluminescence of 6H SiC close to the exciton energy gap (3.024 eV),
recorded photographically, (a) at zero magnetic field, (b) at H=32 kG. For KLc each of the three, prominent, shallow,
no-phonon, bound-exciton lines Pp, Rp Sp splits into two. Lines marked CAL are from an Fe calibration lamp.
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TABLE I. Energies of principal bound excitons in 6H SiC.

High-energy series Low-energy series

Energy Localization Energy Localization
Line (eV) energy (meV) Line (eV) energy (meV)

Pp 3, 0070 17.0 A 2. 8605 163.5
3. 008b 2. 862

R 2. 9924 31.6 Bp 2. 8196
2. 993 2.821
2. 9945

204. 4

Sp 2. 9906
2. 9915
2. 9928

33.4 Qp 2. 7856
2. 787'

238.4

Values from present work at -2'K.
Values from Ref. 1 at 6'K, assuming E~=3.024 eV.

'Values from Ref. 17 at 86'K.
Calculated assuming E~=3.024 eV at 2 K (Ref, 1).

'Values from Ref. 4 at 6'K.

is no doubt that the lines in Fig. 1 are due to no-
phonon transitions, although direct proof through
the observation of these same lines in absorption
was not obtained either by Cp or in the present
work. '

The general form of the luminescence spectrum
suggests that the luminescence is due to the radi-
ative decay of excitons bound to defects, a mech-
anism familiar in a variety of semiconductors. "~
Choyke and Patrick showed that the very small dis-
placements of these lines below the free-exciton
energy of 6H SiC (3.024 eV at liquid-He tempera-
ture) require exciton recombination at neutral
centres. They implicated the N donor, although
no positive proof was obtained. These three no-
phonon lines cannot occur at a single centre. How-

ever, allowing for the greater susceptibility to
luminescence quenching by tunneling for the much
less tightly bound Po exciton, these three lines are
present in a constant intensity ratio over a wide
variety of crystals. Recognizing this, CP sug-
gested that they arise from recombination of ex-
citons bound to neutral N donors uniformly dis-
tributed over the .three crystallographically in-
equivalent sites'9 in the 6H lattice. Since the
localization energies E~, of the Roand Soexcitons
are about equal and approximately twice the value
of the P, exciton (Table I), CP concluded that the
ionization energies ED of the inequivalent N donors
were ordered likewise. Patrick speculated that
the single site with relatively low E~ might be the
(hexagonal) one which differs from the other two
(cubic) sites in the configuration of its second-
nearest neighbors, whereas the latter are indis-
tinguishable until the third-nearest neighbors.

The theory of bound excitons in an axial polytype
of SiC, such as 6H, is formally identical with that
discussed by Thomas and Hopfield (TH) for hex-
agonal CdS, provided that we make the ansatz that

the spin-orbit coupling of the bound electrons and
holes is small compared with the atomic spin-orbit
coupling. This latter splitting is small in SiC,- 5 meV at the valence-band maximum at I' accord-
ing to CP and the recent absorption work of Qorban
and Krokhmal. " We shall see that this ansatz fails
for the much deeper A0, Bo, Co luminescence lines
discussed in Sec. GIB. However, for the very
weakly bound Po, Bo, So excitons, the ansatz should
hold. We follow TH in describing these excitons
with a J-J coupling scheme. The expected magnetic
behavior of excitons bound to neutral donors [Fig.
2(a)] is directly distinguishable from that of exci-
tons bound to neutral acceptors in CdS [Fig. 2(b)]
only if it can be determined whether the magnetic
g factor characteristic of the electron (hole) is in
the initial or final state of the luminescence transi-
tion. Thomas and Hopfield have noted that the
group-theoretical arguments leading to the forms
in Fig. 2 are exact only for states of zero binding
energy, and for energy bands at f= 0 in the wurtzite
structure. The former assumption should be ade-
quately fulfilled for the PD, Ro, S~ lines. The latter
is true for the valence-band maxima in 6H SiC, '
but the conduction-band minima lie near the zone
boundary at vjc. However, we note that the com-
plications due to the multivalley nature of the con-
duction band are removed by valley-orbit coupling
for electrons bound to an attractive impurity
core. ' Experience with GaP' and cubic SiC' has
shown that the simplified description of the elec-
trons in terms of a Kramers-doublet state with an
isotropic g value close to 2 is fully justified experi-
mentally for donors on appropriate (electron at-
tractive) lattice sites. This is as expected, since
the symmetric A, valley-orbit state should then lie
well below the other valley-orbit states. However,
considerable additional complications normally
arise for electrons bound to donors on electron-
repulsive lattice sites or for excitons bound to
neutral acceptors on either type of lattice site in a
binary semiconductor, since the valley-orbit split-
tings should be then barely comparable with split-
tings due to the electron-hole J-J coupling. Thus,
we may conclude that a simple magnetic behavior
like Fig. 2 is possible only for excitons bound to
neutral donors in axial semiconductors with multi-
valleyed conduction bands. The observation of
such simple behavior in these materials therefore
provides an additional distinction between different
exciton complexes which does not exist for axial
semiconductors with a direct band gap at K= 0. The
magnitude of the electron g value is also critical
for this distinction, as we shall see.

Figure 1(a) suggests that the zero-field spectrum
of the Po, +, So, excitons is simple; that is,
there are no low-lying exciton states associated
with higher valley-orbit states of the donors. Fig-
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FIG. 2. Schematic representa-
tion of the energy states for the
linear Zeeman effect of excitons
bound to (a) neutral donors and (b)
neutral acceptors. The holes are
assumed to come from the I'7 va-
lence band only, as in wurtzite
CdS (Ref. 3), while the electron is
isotropic and represented by a I'7

state. In reality, for a multival-
leyed semiconductor like 6H SiC
the electron should be much more
complicated when bound to a re-
pulsive core like the neutral ac-
ceptor.

ure l(b) shows simple magnetic behavior for 8& c,
consistent with the simplified description of the as-
sociated electron states mentioned above. The
magnetic splittings for 8 II c, and as a function of
the angle 8 between c and R (Figs. 2 and 4) are also
simple and like Fig. 2(a). The electron and hole

g values obtained from the 8lc and 5 II c data in
Figs. 3 and 4 are presented in Table II. As ex-
pected, g, is close to 2, whereas g„ is about 3. 2
for 5 IIc. At intermediate angles, there are four
magnetic subcomponents from each of Pp Rp Sp.
Attempts to substantiate quantitatively the predicted
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TABLE II. Electron and hole g values from Po, R0, So
excitons.

Line H z c, g,« =ge H I I c, ge ff = (gp -ge) Hll C) geff (gh+gs)

0

RD

S0

2. 0(9)
1.9(5)
1.9(1)

1.1(6), i. e. , g„=3.2(5)
1.3 (3), i. e. , g„=3.2 (8)
1. 1(4), i. e. , g„=3.0(5)

5. 0(4), i. e. , gi, = 3.0(9)

relation g= g„cose are not very rewarding because
of scatter in the data. Unfortunately, even the best
available crystals of 6H SiC contained slight, in-
homogeneous, internal strain. This strain intro-
duced significant scatter into the angular-depen-
dence data, since it was impossible to avoid dis-
placements of the region of optical excitation across
the surface of the samples during rotation in the
magnetic field. However, Figs. 3 and 4 clearly
show that g varies with this type of angular de-
pendence. In addition, the intensity of the outer
pair of magnetic subcomponents has an angular
dependence in qualitative accord with the prediction
in Fig. 2(a), becoming vanishingly weak for All c.

We conclude that the Zeeman data on the I'o, Ba,
Sp lines provide valuable support for the postulate
of CP that they arise from the decay of excitons
bound to neutral donors. Further, the form of Zee-
man data shows that these donors have the site
symmetry of the SiC lattice, and must lie on the
electron-attractive lattice site. Like CP, we can
make no chemical identifications of this donor di-
rectly from our experimental findings. However,
we note with them that only one donor has been
identified in 6H SiC, through electron-spin reso-
nance. " In addition, it is well known that the

electrical properties of various polytypes of SiC,
including 6H, can be controlled by the addition of
N2 gas to the ambient from which the crystals are
grown. The crystals become more strongly n type
with the addition of the N& gas. " Spin resonance
shows that the N donors substitute for C, and occupy
the three crystallographically inequivalent sites
with equal probability. Nitrogen is identified
through the hyperfine structure appropriate to a
nucleus with I= l (N"). The strength and isotropic
character of the hyperfine interaction shows that
the antibonding electron on the N donor has S-like
character, a requirement we have established for
the donor observed in the optical spectra and one
which is expected for a donor on the C sublattice
in SiC. ' We therefore conclude that it is very rea-
sonable to identify N as the optically active donor
in 6H SiC. The evidence for this association is in
fact appreciably more satisfactory than in cubic
SiC, where no well-authenticated, concordant in-
formation from electron-spin resonance has yet
been obtained. '

B. A„B„C Lines: Excitons Bound to Ionized Centers

The blue-green luminescence from 6H SiC is often
dominated by the sharp lines Ap Bp Cp shown in
Fig. 5, together with a complex sideband of strong
phonon replicas at lower energy, not shown. These
lines may be superimposed on a much more com-
plicated, multiline, blue-green luminescence spec-
trum, undoubtedly arising from electron-hole re-
combinations at distant pairs of donors and accep-
tors. However, it is clear that these two spectra
are distinct. The sharp lines Q, Bo, Co in Fig. 5
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recorded photographical-
ly, showing the prominent
moderately deep bound-
exciton no-phonon lines
Ap Bp Cp These lines
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phonon cooperation, but
only the 90-meV phonon
replica A.~c is shown.
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again have the form expected for the no-phonon de-
cay of bound excitons. These lines are undoubtedly
identical with the lines A, B, C reported by Hamilton,
Choyke, and Patrick. Once again we find small
but significant systematic energy shifts to lower
energy, about l. 5 meV in this case (Table I).
These are the lines attributed to the recombination
of excitons at ionized N donors by HCP. In addi-
tion, we have noticed that 6H SiC crystals can be
found which exhibit either intense A, B, C, with
essentially zero P, R, S luminescence or vice versa.
The former situation perhaps may be understood
by assuming complete quenching of the P, R, S
luminescence through the tunneling dissociation
of the weakly bound excitons. However, it is curi-
ous that this situation can obtain in crystals where
the general doping level is sufficiently low to al-
low Ao, Bo, Co lines sharp enough for detailed
Zeeman studies. Our complete failure to detect
A, B, C lines from crystals in which the P, R, S
lines are very strong is hard to understand on the
HCP model, in which both sets of lines are attri-
buted to transitions at isolated N donors. How-
ever, our comparative studies of a variety of crys-
tals support the suggestion of HCP that the Ao, Bo,
Cp lines originate at related centers, since their
relative intensities are nearly specimen indepen-
dent.

As usual, Zeeman analysis of the Ap, Bp Cp lines
(Figs. 6 and 7) provides a critical test of the
model for the associated transition. Figures 6 and
'I contain much data (0 points) from the relatively
weak satellites of the principal Ao Bo Co lines
which will be discussed below. At first, we will
consider only the data from the principal lines,
indicated by x points. A striking general feature
for Ao and Co is the presence of simple sym-
metrical three-line magnetic spectra. Magnetic
spectra of this form are characteristic of transi-
tions between states containing even numbers

of electronic particles with half-integral spin,
and may be contrasted with the typical forms of
Figs. 3 and 4 for systems containing odd num-
bers of particles. We shall see that Bo also has
the same generic type of magnetic spectrum, al-
lowing for much larger perturbations of the zero-
magnetic-field degeneracy by the local crystal
field. The splittings of the outer magnetic sub-
components for all three lines correspond to a g
value close to 4 (Table III), a second striking fea-
ture of these magnetic spectra. This g value is
very difficult to explain on the usual J-J coupling
scheme for electronic particles in an axial semi-
conductor (Sec. IIIA). At this point, it is rele-
vant to note that the spin-orbit splitting b, of the
valence band of SiC (- 5 meV" ) is negligible com-
pared with the localization energies of these bound
excitons (-200 meV according to Table I). The
electron-hole spin-spin splittings may be ~ b, for
such tightly bound excitons. The ansatz used in
Sec. IIIA then becomes inappropriate, and an
L-S-coupling model is more realistic for the bound
electronic particles. This situation is unusual in
semiconductors; in fact we believe this to be the
first instance in which L-S coupling has been used
to describe bound excitons.

The L-S-coupling model is very simple (Fig. 8)
if we assume that the initial state of the lumines-
cence transition contains just two electronic par-
ticles, so the ground state contains none. We have
included the effect of an additional simplifying as-
sumption, justified by the fit to the experimental
data, that the orbital degeneracy of the hole has
been removed by strong coupling to the center such
that the c(z) polarized orbital predominates. The
model then predicts the polarization of the magnetic
subcomponents shown in Fig. 8(b). Then, the ini-
tial state splits in a magnetic field as shown. The
final state remains unsplit. For a substitutional
point defect in 6H SiC S„and S„must be degenerate,
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Line

Ao

Bo
C()

(g)az

3.7(3)
0

4. 0(0)

(g)aie

3.7(3)
3.9(0)
4. 0(0)

TABLE III. g values from A0, Bo, Co excitons. consistent with tight binding of the hole assumed
in Fig. 8(b).

Further support for the model in Fig. 8(b) may
be obtained from the experimental data. The prob-
ability P for the optical transition contains the
term

of -0. 2 meV between the two remaining compo-
nents from Bo extrapolated to zero magnetic field,
the lower component becoming vanishingly weak at
low field (below 10 kG) [Fig. 9(a)]. Evidently the
two crystal-field-split states are mixed by the
magnetic field, and split further, nonlinearly, at
intermediate fields. Above H= 30 kG, the magnetic
splitting considerably exceeds this zero-field split-
ting, and the two magnetic subcomponents from
Bo behave very much like the outer components of
Ao and Co, apart from their polarization, discussed
below. The intensity ratio of these components
reverses at high field and low temperatures I Fig.
9(b)] because of thermalization. The mixing of
these two states is evidently forbidden for 8 l c.
No nonthermalizing magnetic splittings were seen,
so that final state is nonparamagnetic for all lines
as required in Fig. 8(b).

The existence of the zero-field splitting of Bo is
important, since it proves that the B exciton is not
bound to a point defect. In other respects, the
magnetic behavior of the Ao, Bo, Co lines would
be consistent with the model of HCP. However, if
the B center is not a point defect, consistency with
the N-donor interpretation requires the degeneracy
of the N donor to be lowered by a static Jahn-Tell-
er type of impurity-lattice deformation. This pos-
sibility has already been advanced by HCP in an
attempt to account for small splittings of 1-2 meV
observed in the no-phonon line patterns of the A
and C excitons at high temperatures. However,
static Jahn- Teller splittings much smaller than
the energies k~ of characteristic phonons in
the sideband spectra of these excitons are hard
to justify. On the other hand, a static Jahn- Teller
splitting of magnitude & h is both unlikely for a
shallow donor in a covalent semiconductor and is
also inconsistent with the findings for the I'0, Ro,
So lines in Sec. IIIA and with ESR for the N donor
in 6H SiC." We conclude, therefore, that the A,
B, C lines cannot arise from exciton recombination
at isolated N donors. We note that this clear cut
finding removes at a stroke the various problems
associated with this interpretation of HCP, outlined
in Sec. I. The A, B, C lines may well involve N,
possibly in an associated donor-acceptor-pair corn-
plex as originally discussed by CHP. ' If so, this
implies that acceptors exist in 6H SiC with ioniza-
tion energies much larger than those quoted for B
and Al. ' The involvement of a deep acceptor is

L —5 MULTI PLETS
TWO PARTICLES. (, - 0, s, - i; f -1, s - '

(a) ATOMIC CASE (b) UNIAXIAL CRYSTAL CASE
(TIGHT HOLE BINDING, Ip

VALENCE BAND UP )

J (-L+S)
0

0
POLARIZATION

c IIH clHr EiH EIIHlI 0 EIIH

ELH EI IH

FIG. 8. Russell-Saunders (L-S) coupling between two
electronic particles, one with l=1, s =2, the other with
l = 0, s = 2. Part (a) shows the atomic case for the three
neighboring states Po, P&, and P2. The Lande g factor
is $ for each of the magnetically degenerate states P&
and P2. A higher-lying state 'P&, with g=1, is not
shown. In part (b) the coupling scheme assumes I = 0,
due to tight binding of the hole in the uniaxial crystal.
Then g=2 for the magnetically degenerate state with J
=1. The polarization selection rules apply if the z
(Ilc axis) I'7 valence band is locally uppermost.

where z is defined relative to the c axis for a point
defect. Thus Ao and Co, for which the crystal-field
effect of the axial defect is small, and Bo at suf-
ficiently high fields should exhibit the intensity and
polarization selection rules shown in Fig. 8(b).
The principal intensity effect is the absence of the
central magnetic subcomponent, which transforms
like z, for H II c. Figures 6 and 7 show that this is
true for line Co, but not true for Q, while the S,
component is not seen for Bo. The polarization
selection rules predicted in Fig. 8(b) are also
clearly obeyed for line Co, both at zero field,
where Co is strongly polarized E J. c, and for the
magnetic subcomponents. At zero field, Bo is
strongly polarized E II c, which seems to imply that
the axis of symmetry of the B center is perpendic-
ular to c. The magnetic subcomponents from Bo
at large field are polarized K II H. Line Ao exhibits
mixed polarization at zero field. In fact, close
observation shows that Ao is a nearly symmetrical
close doublet at H= 0, even in the best crystals,
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with a line separation of only -0.03 meV. Such a
small splitting can only be determined in our 6H
R.C spectra through the use of a polarization ana-
lyzer, since it appears that the lower-energy com-
ponent is strongly polarized k Ii c, while the upper
one is polarized E J. c. At large field Alt c, the
strong lower-energy component and (possibly) the
weak higher-energy component shown by the x in
Fig. 6(a) are strongly polarized k J. R, like the
components from Cp in this orientation, while the
central nonshifting component is polarized f II H.

These observations suggest that the central corn-
ponent is only seen from Aa in Ail c because of the
presence of the "extra" subcomponent of Ap po-
larized k II c at zero field, whilst the behavior of
its sister subcomponent with and without a magnetic
field is identical to that of Cp and interpretable in
terms of Fig. 8(b). These properties of line Ao

may well arise from perturbations from the x-y
valence band, which will be significantly nearer
for this most weakly bound of the Ap, Bp Cp exci-
tons.

The nonlinear decrease in energy of line Bp ob-

served above 15kG for H I c must arise from a mag-
netic interaction with an initial state of higher energy,
presumably S, . However, no direct evidence of
an excited state of Bp has been obtained at zero
magnetic field either by us or by HCP. Lines can
be seen above Ap and Cp, especially for tempera-
tures ~ 5'K, corresponding to transitions from
exciton states of higher energy. The energy spac-
ing is least for the lowest-energy excited state of
A0, near +l. l meV in Fig. 6(a), while Co lies
-2 meV above Cp. It is possible that some of
these higher-energy states correspond to the J=0
state in Fig. 8(b). The l. l-meV excited state
splits in a magnetic field in a way too complex to
clearly resolve. Two other excited states some
20 meV above Aa have been identified by HCP in
77 'K spectra.

The magnetic fan diagrams in Figs. 6 and 7 are
complicated by a remarkable series of weak satel-
lite lines observed for each of the lines +, Bo, Co
within an energy interval -0. 25 meV above and
below the main line. The intensities of these lines
are -10' of the main lines, apparently sample
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independent in the few crystals for which reliable
measurements could be made. These satellites
were not resolved by HCP. Their magnetic split-
tings ape those of the principal lines Ap, Bp, Cp

as far as they can be determined (Figs. 6 and 7).
In particular, no differences could be detected be-
tween the magnetic behavior of the satellites and
the principal lines as the magnetic field was ro-
tated in the basal plane (Sic). This apparently
removes the possibility that the satellite structure
arises from small perturbations in the transition
energy for (say) different positions of a donor
around a nearest-neighbor acceptor on a DA-pair
model in which the exciton is bound primarily to
the acceptor. The displacements of these satellites
from the principal line appear closely similar for
all three systems, although the satellites are
harder to see from the relatively weak Cp line.
The data on the Bo line for 0 i c in Fig. 6(b) clearly
shows the inner pair to be asymmetrically disposed
around Bp, although the outer pair are essentially
symmetrical. The intensities are essentially sym-
metrical within the pairs, although the lower-en-
ergy member of the outer pair appears slightly,
but distinctly, stronger than the other three sat-
ellites. An obvious possibility is that the satel-
lites arise from isotope shifts of the no-phonon
line. However, we have not been able to find a
satisfactory interpretation in terms of isotope shUts
for plausible impurities, even allowing for possible
effects of the natural isotopes of the host atoms.

C. Electronic Raman Scattering from Donors

Colwell and Klein (CK) have recently observed
extra Raman scattering of Ar' laser light in N-
doped 6H SiC which they interpret in terms of elec-
tronic excitations of the N donor. Three transi-
tions of Ez symmetry occur (Table IV) in addition
to the phonon scattering, ' each one apparently con-
nected with one of the three inequivalent N donors
in 6H SiC. We have confirmed the presence of
these components in our green-tinged N-doped
(N~ —N, 10'8 cm ~) c-rystals in Raman scattering
of the blue line of a He-Cd laser and the 6328-A
light of a He-Ne laser. ' This scattering is not
detectable in the water-white crystals we used for
the Zeeman experiments, which contain & 10"neu-
tral N donors. We observed that the extra com-
ponents are strongly quenched above -150 K, un-
like the phonon scattering, presumably because of
thermal ionization of the N donors. Like CK, we
believe that the electronic scattering components
correspond to electronic excitations between the
symmetric-donor ground state and an excited
valley-orbit state of appropriate symmetry, anal-
ogous to the ls(A, ) - ls(E) donor excitations ob-
served in Si and GaP. '

Enough information is now available to allow a

TABLE IV. Electronic Raman scattering of N donors
in 6H SiC and donor ionization energies.

Donor site Raman shift (meV) Donor energy (meV)

13, 0
60. 3
62. 6

'References 14 and 28.

93
140.3
142. 6

Assuming $~)KM=65 meV.

rough estimate of (E~)« for 6H SiC, where the
subscript EM denotes the value of donor ionization
energy obtained from simple effective-mass theory.
Although there is evidence from fine structure in
momentum conserving phonon replicas of Pp Rp,
Sp to suggest that the conduction-band minima in
6H SiC do not lie precisely on the principal sym-
metry axis, '~ the room-temperature Hall effect
is essentially isotropic. ' The most straightfor-
ward interpretation of this isotropy is that the con-
stant-energy surfaces of the conduction-band rel-
evant to these Hall measurements are ellipsoids of
revolution about the c axis. Assuming this, there
are only two independent components of the effec-
tive-mass tensor. The transverse effective mass
m~t can be determined from Faraday rotation, and
Ellis and Mosss estimate m,*= (0.25+0.02)mo,
where mp is the free-electron mass. In terms of
this model, the longitudinal effective mass mf'

may be obtained, knowing m,*, directlyfrom mea-
surements of the crystalline anisotropy of the
free-carrier absorption measured both at low and
high frequencies. Ellis and Moss find m&
= (l. 5 + 0. 2)mo for 6H SiC. Once the mass-anisot-
ropy parameter y= m,*/m,* is known, (ED)sM can
be determined using the Kohn-Luttinger procedure
for donor states associated with prolate-spheroid
conduction-band extrema, as recently discussed
and refined by Falkner for shallow donors in Si
and Ge. With y= ~8 and a static dielectric con-
stant of 10.2, Faulkner's calculations for the Is
donor state give (En)~„- 55 meV for 6H SiC. The
precision of this estimate is hard to judge in view
of the difficulty of the experimental measurements
made by Ellis and Moss, which determine the
validity of the simple model upon which these cal-
culations are based. However, it seems very prob-
able that (ED)« lies within the range 45-65 meV.
Table IV contains a list of donor energies obtained
by adding the electronic-Raman-scattering energies
to the upper end of this range for (En)s„, with the
additional assumption that the excited states of the
Raman transitions lie -15 meV heloise the effective-
mass donor ground state. In view of the above
discussion, and the evidence from electronic Raman
scattering and energy level location for donors in
other multivalleyed semiconductors, Si and GaP,
it seems very likely that these estimates of E~



4922 P. J. DEAN AND R. L. HARTMAN

are upper limits. However, it should be noted that
the shallowest donor in Table IV has E~ essentially
identical with the value obtained from the recent
detailed electrical transport studies of Hagen and

Kapteyns" for N„—N, -5x10' cm, a seemingly
plausible limiting situation.

The increments in E~x for the Pp, Rp, Sp bound-
exciton lines (Table I) are much more nearly pro-
portional to those in ED from Table IV than to the
increments in ED obtained from the HCP analysis
of the +, Bo, Co lines, which are nearly evenly
spaced in energy. Simple perturbation theory ap-
plied to exciton binding at neutral donors indicates
that 4E~x should be proportional to 4ED for rela-
tively shallow donors such as those in 6H SiC, even
though E» need not be proportional to E~. The
data in Tables I and IV imply that Eax-8 meV for
an effective-mass donor in 6H SiC if (E~)«-65
meV. This corresponds to m*, /m~=0. 65, a re-
alistic value for the shallow Pp, Rp, Sp excitons.

IV. CONCLUSIONS

We have confirmed from Zeeman analysis the
assignment of CP that the three-exciton series
P, R, S with no-phonon energies within -30 meV of
the exciton energy gap of 6H Sic involves the decay
of excitons bound to point-defect centers contain-
ing one extra electron in a symmetrical valley-or-
bit state. The electron g value is close to 2, and
isotropic. The hole g value is abnut 3. 2 for 5 II c,
and has the expected anistropic form, varying
roughly as cos8. The forms of these magnetic
splittings are very similar to those observed in the
wurtzite direct-gap semiconductor CdS. In partic-
ular, the J-J coupling model, developed for CdS,
is appropriate for these weakly bound excitons in
6H SiC. However, the absence of extra complexity
due to valley-orbit degeneracy, possible for e::ci-
tons bound to neutral acceptors in indirect-gap axial
semiconductors, allows us to rule out this recom-
bination process. Such distinctions can only be
made through careful observation of the thermaliza-
tion behavior of magnetic subcompoents for direct-
gap axial semiconductors like CdS. Presumably
three related series appear because donors in 6H
SiC occur on three crystallographically inequivalent
sites. We conclude, with CP, that the donor en-
ergy is appreciably lower for one of the three sites.
The most likely donor is N. It substitutes on C
lattice sites, as required. There is no evidence
for static Jahn-Teller distortions from the Zee-
man data, or from ESR of the N donor. '

The magnetic splittings of the Ap, Bp, Cp lumi-
nescence no-phonon lines reported by HCP have
also been studied. These three no-phonon lines
are -200 meV below E,„, but cover a rather wide
energy range -75 meV. The interpretation pro-
posed by HCP is much more problematical than

that for the Pp, R„Sp lines. The notion that ex-
citons could exhibit such a large binding energy at
ionized donors in a semiconductor in which the
relevant electron-hole mass ratio is of order unity
is in conflict with the general dynamical theory of
exciton binding.

In addition, the ionization energies of the N do-
nors estimated from the optical spectra using the
model of HCP are - tuice the largest ever reported
from electrical transport studies of 6H SiC crys-
tals, even in crystals of the quality used in the
present work" with ND —N„& 10 ' cm . The op-
tical estimates of HCP are much larger than ex-
pected if the effective mass binding energy of do-
nors in 6H SiC is simply augmented by the excita-
tion energies observed in electronic Raman scat-
tering by donors in moderately heavily N-doped
crystals. 28 This procedure gives a fairly close

. 29account of the actual energies of donors in Si
and GaP. Indeed, the sequence of donor ioniza-
tion energies thereby obtained from the Raman data
is in much better accord with that from the Pp, Rp,
So lines, deduced simply according to Haynes's
rule, unlike the corresponding sequence obtained
from the HCP model for the Ap, Bp, Cp bound-
exciton lines.

The Zeeman behavior of the Ap, Bp, Cp lines is
consistent with the decay of excitons bound by such
large energies that the electron-hole spin-spin
splittings exceed the spin-orbit splitting of the va-
lence band of SiC. Then, an L-S electron-hole
coupling is appropriate. The magnetic splittings
of the Ap, Bp, Cp luminescence lines indicate that
the initial states are derived from the S= 1 spin
state of the bound exciton, while the final states
contain no free spin. The component S, may be
split off by the axial field of 6H SiC. This splitting
is large for B„but negligible for Ap and Cp. The
line polarizations for Cp are in accord with the pre-
dictions made from this model, using a simple ap-
propriate form for the optical matrix element for
the transition. Thus far, the magnetic behavior
is consistent with the HCP interpretation of these
lines. However, the energy fan diagram and the
relative intensities of the two magnetic subcom-
ponents from Bp clearly show an additional splitting
of -0.2 meV at zero magnetic field. The existence
of this splitting proves that the Bp exciton is not
bound to a point defect. This is strong evidence
against the HCP model, since it is clear from the
behavior of the Pp Rp Sp lines and from electron-
spin resonance that the N donor does not exhibit a
static Jahn-Teller distortion in any of the three
inequivalent lattice sites.

Therefore, there is no reason to look for special
causes for alleged deviations of the behavior of
6H SiC from expectation according to general ideas
which have accounted well for the properties of
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bound-exciton complexes in other semiconductors.
The present work shows that there is no hard ex-
perimental evidence for these deviations.

We do not have a clear assignment for the Q,
Bp Cp excitons. A minimal necessary elaboration
beyond a point defect model for these related
centers would involve the assumption of a pair of
defects on nearest-neighbor lattice sites. The
binding of an exciton to such a pair can be most
readily understood if the pair is neutral, for ex-
ample a DA pair. If we preserve the suggestion
of HCP that the splittings of Ap, Bp Cp, like those
of Pp Rp Sp arise from the inequivalence of donor
sites, then we must assume that the exciton is
bound mainly through interaction with the electron.
However, nitrogen is not deep enough to form such
states with a shallow acceptor. ' Thus, the dis-
parity between the energy sequence of Ap Bp Cp

and either Pp, Rp, Sp or the sequence of N-donor
levels obtained from a simple interpretation of the
Raman spectra, requires no special interpretation.
Since relatively deep acceptors have been reported
in 6H SiC,it may be more plausible to assume ex-
citon binding via the hole and to ascribe the energy
displacements to differences in the binding energies
of an acceptor within the crystallographically in-
equivalent lattice sites. Fine structure has been
observed comprising two pairs of weak satellite
lines displaced on either side of the principal lines
by approximately constant energies for Q, Bo, and

Cp. We feel that an interpretation of these satel-
lites is probably critical to the assignment of these
defect centers, but we have not been able to develop
a satisfactory model.

Our conclusion that the relatively deep A0, Bo,
Cp lines cannot arise from the recombination of
excitons at simple ionized N donors has significant
consequences for the choice of luminescence acti-
vators for efficient light-emitting semiconductor
diodes. Were it possible to produce a tightly
bound-exciton state of this simple form, exhibiting
luminescence with moderately small thermal
quenching because of the relatively large binding
energies of both electronic particles, such centers
would be very attractive as luminescence activa-
tors. The absence of Auger recombinations for
this type of transition would be a very significant

advantage for efficient luminescence in an indirect-
gap semiconductor like SiC. However, the con-
clusions of this paper lend strong support to the
theoretical views of Hopfield, ' that such bound
exciton complexes are stable only under conditions
which automatically yield a very small localiza-
tion energy for the exciton at the ionized center.
The luminescence of excitons bound to ionized
donors has been positively identified in a number
of II-VI compounds where the requisite condition
of electron-hole mass ratio obtains, particularly
in CdS." The resulting so-called I, no-phonon
lines are never dominant, even at 1.6 C, and
quench rapidly with increasing temperature, so
being of no interest for devices operating at 300 K.
The only report of an exciton complex which
grossly violates the stability theory of Hopfield,
besides the HCP work on 6H SiC, involves lumi-
nescence alleged due to the recombination of ex-
citons bound to ionized acceptors in GaAs. This
identification has aroused considerable conten-
tion. "' The present consensus seems to be that
the experimentally reliable evidence for the rele-
vant luminescence components arises from the
simultaneous presence of two acceptors with
slightly different ionization energies in many crys-
tals of refined GaAs, the "extra" luminescence line
then simply arising from donor-acceptor pair re-
combinations involving the shallower acceptor.
Thus, there is at present no experimental reason
to question the general guide to bound-exciton
stability offered by Hopfield. This shows that
exciton recombination at ionized donors or accep-
tors will never be a dominant recombination pro-
cess, probably not even at liquid-helium tempera-
ture; but certainly not at room temperature.

ACKNOWLEDGMENTS

The authors are extremely grateful to J. J. Hop-
field for a series of illuminating discussions of
this work, and especially for drawing attention to
the L-S-coupling scheme for the A, B, C bound
excitons. J. L. Merz generously made available
his magneto-optical apparatus, equipped with a
Coherent Radiation Model-52 uv Ar' laser. We
also thank A. M. White for his Raman-scattering
data discussed in Sec. IIIC.

*Now at Royal Radar Establishment, Great Malvern,
Worcestershire, England.

'W. J. Choyke and Lyle Patrick, Phys. Rev. 127, 1868
(1962).

J. R. Haynes, Phys. Rev. Letters 4, 361 (1960).
3D. G. Thomas and J. J. Hopfield, Phys. Rev. Letters

7, 316 (1961); Phys. Rev. 128, 2135 (1962).
D. R. Hamilton, W. J. Choyke, and Lyle Patrick, Phys.

Rev. 131, 127 (1963).
5W. J. Choyke, D. R. Hamilton, and Lyle Patrick, Phys.

Rev. 117, 1430 (1960).

Lyle Patrick, Phys. Rev. 117, 1439 (1960).
'W. J. Choyke, D. R. Hamilton, and Lyle Patrick, Phys.

Ref. 133, A1163 (1964).
8R. L. Hartman and P. J. Dean, Phys. Rev. B 2, 951

(1970).
~W. J. Choyke, D. R. Hamilton, and Lyle Patrick, Phys.

Rev. 139, A1262 (1965).
J. J. Hopfield, in Proceedings of the International

Conference on the Physics of Semicondlctors, Paris, 1964
(Dunod, Paris, 1964), p. 725.

S. H. Hagen and C. J. Kapteyns, Philips Res. Rept.



4924 P. J. DEAN AND R. L. HARTMAN

25, 1 (1970).
'2D. G. Thomas, M. Gershenzon, and J. J. Hopfield,

Phys. Rev. 131, 2397 (1963); Y Yafet and D. G. Thomas,
ibid. 131, 2405 (1963).

' C. J. Kapteyns and W. F. Knippenberg, J. Cryst.
Growth 7 20 (1970).

'4A. M. White (private communication).
'5The authors are grateful to Dr. R. Pike of the Royal

Radar Establishment for the use of this equipment.
D. W. Feldman, J. H. Parker, Jr. , W. J. Choyke,

and Lyle Patrick, Phys. Rev. 173, 787 (1968).
' These no-phonon lines are expected to have low oscil-

lator strength from the form of the conduction-band struc-
ture of 6H SiC, as is consistent with the low value of the
intensity ratio between the no-phonon and momentum-
conserving phonon-assisted transitions in the spectra re-
ported by CP. However, weak no-phonon absorption lines
attributed to the Sp, Rp excitons have been published re-
cently by I. S. Gorban' and A. P. Krokhmal', Fiz. Tverd
Tela ~12 905 (1970) [Sov. Phys. Solid State 12, 699 (1970)].

'8This intensity ratio is -1:1except for the effect of
the enhanced capture cross section of the shallow Pp donor
for free excitons (see Ref. 1).

' Electron-spin resonance shows that N donors occupy
three inequivalent sites on the C sublattice in 6H SiC:
H. H. Woodbury and G. W. Ludwig, Phys. Rev. 124,
1083 (1961).

Lyle Patrick, Phys. Rev. 127, 1878 (1962).
H. -G. Junginger and W. van Haeringen, Phys. Status

Solidi ~37 709 (1970).
P. J. Dean, R. A. Faulkner, and S. Kimura, Phys.

Rev. B ~2 4062 (1970).
P. J. Dean, R. A. Faulkner, S. Kimura, and M.

Ilegems, Phys. Rev. B 4, 1926 (1971).
24A much smaller effective g value for the electron

would apply if these excitons were bound to neutral accep-
tors in a situation where only a single no-phonon line is
observed because of the large values of J'-4 and crystal-
field splittings (Ref. 23). Thus the magnitude of the elec-
tron g value provides strong support for the association
of the Pp Rp Sp lines with the decay of excitons at neu-
tral donors.

N. Alexander, Phys. Rev. 172, 331 (1968), Appen-
dix A.

2 DA pair spectra are difficult to analyze in axial semi-
conductors. However, a detailed analysis has recently

been reported for pair spectra in pubic SiC: W. J. Choyke
and Lyle Patrick, Phys. Rev. B 2, 4959. (1970).

This is so because, to account for the binding of the

Ap Bp, Cp excitons, Ez+E~ must exceed by -200 meV
the antibinding interaction between the ionized DA pair,
crudely e /~r. This is -750 meV for SiC. If (E~)N- 100 meV (Sec. III B), EA must be - 850 meV. Energies
reported for Al and B acceptors are, respectively, only
0. 27 and 0. 39 eV: E. E. Violin, A. A. Kal'nin, V. V.
Pasynkov, Yu. M. Tairo, and D. A. Yaskov, Mat. Res.
Bull. 4 S231 (1969).

Priscilla J. Colwell and M. V. Klein, Bull Am. Phys.
Soc. 16, 395 (1971).

G. B. Wright and A. Mooradian, Phys. Rev. Letters
18, 608 (1967).

3 D. D. Manchon Jr. and P. J. Dean, in Proceedings
of the International Conference on the Physics of Semi-
conductors, Cambridge, 1970 (U. S. Atomic Energy Com-
mission, Oak Ridge, 1970), p. 760.

'B. Ellis and T. S. Moss, Proc. Roy. Soc. (London)
A299, 383 (1967).

~ It is true that the observation of the Is+&) Is(F) split-
ting just described implies that these conduction-band
minima do not lie precisely on the c axis, since such
valley-orbit splittings are produced only by intervalley
scattering, which cannot occur on the simple two-valley
model. We set aside this detailed point, on the grounds
that it is not likely to disturb in a serious way our use of
the effective masses deduced by Ellis and Moss.

33B. Ellis and T. S. Moss, Proc. Roy. Soc. (London)
A229, 393 (1967).

34R. A. Faulkner, Phys. Rev. 184, 713 (1969).
D. Hofman, J. A. Lely, and J. Volger, Physica 23,

236 (1957).
~6D. A. Nelson, J. D. Cuthbert, P. J. Dean, and D. G.

Thomas, Phys. Rev. Letters 17, 1262 (1966).
3 K. Nassau, C. H. Henry, and J. E. Shiever, in Pro-

ceedings of the International Conference on the Physics of
Semiconductors, Cambridge, 1970 (U. S. Atomic Energy
Commission, Oak Ridge, 1970) p. 629.

3 A. A. Bergh and P. J. Dean, Proc. IEEE 60, 156
(1972).

J. M. Levy-Leblond, Phys. Rev. 178, 1526 (1969);
184, 1006(E) (1969).

J. A. Rossi, C. M. Wolfe, and J. O. Dimmock, Phys.
Rev. Letters 25, 1614 (1970).


