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ter agreement with all the measured optical pro-
perties of smooth Na/dielectric interfaces than
does the interband-transition model. It also ac-
counts for the discrepancy between the theoreti-
cal mass and the measured mass. No doubt,
interband transitions still occur in the solid, but
the room-temperature optical matrix element
must be much smaller than previously calculated.

Discussions with G. Graham and R. H. Silsbee
have been particularly helpful. This work has
been supported by National Science Foundation
through Grant No, DMR-76-81083A02 to the Cor-
nell Materials Science Center.
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Optical Detection of Magnetic Resonance for an Effective-Mass-like Acceptor in 6H-SiC
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Optical detection of magnetic resonance is reported for the blue donor-acceptor pair
luminescence in 6 H-SiC containing nitrogen and aluminum. The nitrogen donor reso-
nance is isotropic, with g=2.004+ 0.002. Resonances for the aluminum acceptor in three
inequivalent silicon lattice sites are detected with gy = 2.412+0.002, 2.400+ 0.002, and
2.825+0.002; and g, = 0. This indicates an effective-mass-like character for the acceptor,
but with reduced orbital contribution due to the localization. Evidence for corresponding
reduction in the spin-orbit splitting is cited.

PACS numbers: 71.55.Fr, 71.70.Ej, 76.70.Hb, 78.20.Ls

In this Letter, we report optical detection of
magnetic resonance' (ODMR) for the strong blue
luminescence band at 2.65 eV in 6H-SiC doped
with nitrogen and aluminum.? Both donor and ac-
ceptor magnetic resonances are observed, con-
firming that the band arises from distant donor-
acceptor (DA) pair recombination.?* Three dis-
tinct acceptor resonances are resolved which we
identify with aluminum substituting for silicon at
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nonequivalent sites in the 64 polytype stacking se-
quence. The anisotropy of the resonance is char-
acteristic of that expected from the uppermost
valence-band state, indicating an effective-mass
character for the Al acceptor. To our knowledge,
this represents the first observation of magnetic
resonance for an effective-mass-like acceptor
state in any compound semiconductor, in the ab-
sence of applied uniaxial strain.®
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ODMR experiments were carried out at 35 GHz
in a TE,,, cavity made up of concentric rings,’
allowing large aperture for the optical beams.
Magnetic fields up to 30 kG were produced by a
superconducting magnet. The DA luminescence
was excited with either the 350.7- and 356.4-nm
lines of a Kr* laser or uv light from a 100-W Xe
lamp. The microwave power was chopped at
~500 Hz and the corresponding synchronous
changes in the luminescence intensity were ob-
served in the direction of the magnetic field, us-
ing an RCA 4840 photomultiplier (S-20 response).
Most measurements were made below the A point
of liquid helium, with the magnetic field rotating
in a (1120) plane.

Four sets of samples were used: D134, D139,
D142, and D143. The increasing numbers repre-
sent sequential SiC crystal growth runs in an
oven that had earlier been used for AIN crystal
preparation. The Al and N impurity concentra-
tions are estimated to be ~10"=10'® ¢cm~3 with
the aluminum concentration decreasing monotoni-
cally throughout the growth series. (D134 isp
type, D143 = type, a result of the decreasing alu-
minum concentration, trace nitrogen always be-
ing present.)

The spectral dependence of the luminescence
for sample D142/GW-1 is shown in the inset of
Fig. 1. The two series B and C have been inter-
preted®* to arise from the difference in ioniza-
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FIG. 1. ODMR spectrum in 6 H-SiC, sample D142/
GW-1, at v=34.88 GHz, T = 1.7 K, for three different
orientations of the magnetic field, §=cos™! (H- &).
The spectral dependence of the luminescence is shown
in the inset.

tion energy of the donor N substituted for carbon’
at inequivalent lattice sites. In all polytypes, the
lattice sites can be classified as either of cubic
(k) or hexagonal (k) local symmetry when consid-
ering the first- and second-nearest neighbors.?
The B series has been assigned to nitrogen in hex-
agonal sites (~100 meV binding enexgy), and the
C series, to cubic sites (~155 meV binding ener-
gy).>** The well-pronounced peaks within each
series are due to strong coupling to LO lattice
phonons ~ 105 meV. The aluminum ionization en-
ergies have been deduced to be 239 and 248.5 meV
in the hexagonal and cubic silicon sites, respec-
tively,® a difference too small to be resolved in
the low-temperature luminescence.

Figure 1 shows the ODMR spectrum for this
sample observed at 1.7 K and for several orien-
tations of the magnetic field. The spectrum con-
sists of one isotropic line (D) and a group of
three resolved anisotropic lines (A,, A,, and A,).
Inserting a monochromator prior to the photomul-
tiplier reveals that these ODMR lines are present
throughout the complete luminescence band. We
identify the isotropic line D as due to the nitro-
gen donor, the measured g value (2.004+0.002)
in good agreement with the EPR results of Wood-
bury and Ludwig.® (The small anisotropy and hy-
perfine interaction observed by these workers
are beyond the resolution of the narrowest line-
width for D of ~30 G, observed in our most di-
lute samples.) We identify the group of aniso-
tropic lines as due to the aluminum acceptor at
nonequivalent lattice sites.

The peaks of the three ODMR transitions can
be fit to the (effective spin-3) Zeeman expression

hv=g(0)usH, 1
where g(0) is given by
£(8)=(g); cosé. (2)

Here v is the microwave frequency, ug the Bohr
magneton, and 6 the angle between the applied
magnetic field H and the crystal ¢ axis. The val-
ues for the three spectra are

(g1),=2.412£0.002,
(€1),=2.400+0.002, (3)
(g1)5=2.325+0.002.

These spectra are present in all samples stud-
ied but the closely spaced A, and A, lines are
clearly resolved only in the purer crystals, where
the lines are sharpest. For the 6H polytype there
are actually two inequivalent cubic sites (k,,k,)

391



VOLUME 45, NUMBER 5

PHYSICAL REVIEW LETTERS

4 Aucgust 1980

when more distant neighbors are considered.?
One interpretation, therefore, is to assign A; and
A, to the two cubic sites and A, to the hexagonal
site. This is in the spirit of the interpretation

of Ikeda, Matsunami, and Tanaka.® However,
this is not a unique assignment. Ludwig and
Woodbury, in interpreting their EPR results,
equated k, and 2 as most similar because of third-
neighbor similarities.® We conclude at this stage
only that the three spectra represent inequivalent
sites but assignment to specific ones must await
further studies.

Let us now discuss the g factors of the accep-
tor. The maximum of the valence band is at the
T point (2 =0) in all polytypes of SiC. Recent
studies of the fundamental absorption edge have
been interpreted to indicate that the 6H hexagonal
crystal field is larger than the spin-orbit split-
ting X, which is about 7 meV for free excitons.®
Therefore J=L +S is no longer a good quantum
number and the valence-band structure should
be as shown in Fig. 2. The uppermost valence-
band state is the doublet (P, &, P _B8), where P
=(P +iP,)/V2 are the L =1 orbital states split
from P, by the hexagonal crystal field, and a,

B are the spin-up and -down states, respectively.
The irreducible representation of this state is I'y
for the CG,,4 crystal group of the 6H polytype.
Shown also in the figure are the corresponding la-
bels for the C,, point group of the lattice sites,
the uppermost doublet being composed of I';+ T,
which are degenerate because of time-reversal
symmetry (Kramers degeneracy).

The Zeeman effect in this doublet can be de-
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FIG. 2. The states at the top of the valence band
(= 0).
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scribed by
H=upgH- (g L+gsS), (4)

with L=1, S=3. Here, g, and g are the g fac-
tors associated with the orbital angular momen-
tum and the spin, respectively. For gugh <<A,A,
this leads to

g(8)=g(Ty)cosb; gy(Ty)=2g, +g5. (5)

For the “atomiclike” case of the free hole (g,
=1), Eq. (5) predicts g (I'y)=4.0. It is interest-
ing to note, however, that in 6H-SiC, g has been
observed to be systematically smaller as the hole
becomes more bound: 3.2 from magneto-optic
studies of the exciton bound to the neutral donor
nitrogen,'® 2.85 from similar studies for the ex-
citon bound to the charged state of the radiation-
produced CH center," and, in this paper, 2.3-2.4
for the aluminum acceptor. The cosf angular de-
pendence is observed in each of these cases. We
interpret this to indicate that the bound hole re-
mains effective-mass-like, reflecting the I'y
character of the top valence-band state, but that
the orbital contribution, g,, is progressively re-
duced as the hole becomes more localized. From
the (g ); values for the three acceptors, Eq. (4)
gives g;,=0.205, g,,=0.199, and g,,=0.161. Let
us now consider possible mechanisms for this or-
bital reduction.

One possibility is the dynamic Jahn-Teller ef-
fect. As pointed out by Morgan,'? this may be im-
portant for bound hole states in cubic semiconduc-
tors even for small coupling strength. This should
be true also in noncubic semiconductors provid-
ing that the Jahn-Teller effect is larger than the
crystal field. The analysis of the DA lumines-
cence band by Ikeda, Matsunami, and Tanaka®
showed that the coupling to lattice vibrations is
quite strong for the acceptor Al, with a Huang-
Rhys factor S~1.5 and Zw~ 105 meV. Whether or
not this corresponds to the Jahn-Teller coupling
is not known for the present, but Huang-Rhys fac-
tors much smaller than this are sufficient to
achieve this degree of reduction (see Fig. 2 of
Ref. 12). The importance of the Jahn-Teller ef-
fect and the corresponding strength of the orbital
reduction should depend strongly on the degree of
localization because the competing elastic ener-
gy stored in the lattice decreases directly as the
volume of the hole orbit.

If the dynamic Jahn-Teller effect is the mecha-
nism, there should be a similar reduction for the
spin-orbit splitting between the I'; +T; and T',
states of the acceptor. We can estimate the re-
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duced values as A; ~g;;},, where A,~7 meV, the
free-exciton value.® This gives A, ~X,~1.4 meV
and A;~ 1.1 meV. We note that recent Raman-
scattering studies in the aluminum-doped 6H-SiC
have detected zero-field transitions at 1.50, 1.32,
and 1.12 meV."® These were tentatively assigned
to exciton exchange splittings at titanium impur-
ities, known to be of this magnitude, even though
no titanium bound-exciton luminescence was ob-
served under the conditions of the experiment.
Our present results suggest that the correct ori-
gin for these transitions is the reduced spin-or-
bit splitting at the neutral aluminum acceptors.
The close agreement with our predicted values
lends support to the dynamic Jahn-Teller origin
for the orbital reduction. (The spin-orbit split-
ting of 4.8 meV observed for the exciton bound to
neutral nitrogen* also fits this model well.)

Other mechanisms could also be important.
The relative magnitude and sign of the contribu-
tions to the orbital matrix elements from atoms
on each of the various sublattice shells surround-
ing the aluminum center could depend critically
on the degree of localization.'*** In this case,
changes in A would also occur, but, considering
the differing contributions from the silicon and
carbon atomic spin-orbit couplings, they would
not necessarily be related to the orbital reduc-
tion by a simple factor.’

In conclusion, we have detected both the distant
nitrogen donors and aluminum acceptors by ODMR
for the ~2.65-eV DA luminescence band in 6H-
SiC. Three distinct acceptor resonances have
been resolved which we interpret as arising from
aluminum atoms on inequivalent silicon sites in
the polytype stacking sequence. The anisotropy
of the acceptor resonances is characteristic of
the uppermost I'; valence-band hole state but with
reduced orbital angular-momentum contributions
resulting from the localization. A dynamic Jahn-
Teller origin for this reduction predicts a corre-
sponding reduction in the spin-orbit interaction.
Confirmation of this is provided by a new inter-
pretation of the recent Raman-scattering studies
of Scott, Toms, and Choyke.®

In the common cubic compound semiconductors,
the p-like character and degeneracy of the top of
the valence band make effective-mass-like hole
states very sensitive to random strains. The
magnetic resonance lines are therefore very
broad and difficult to detect. In the results re-
ported here, the built-in crystal field of the hex-
agonal-SiC polytypes has served the vital role of
lifting this degeneracy, making the observation

of hole states possible. Another example of this
situation is GaSe for which ODMR of the free hole
has been recently reported.'® Further studies of
acceptor states in compound semiconductors
would profit by studying hexagonal polytypes.
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The properties of an electron in a disordered solid are discussed with use of a matrix
nonlinear ¢ model first introduced by Wegner and Schafer, The model is defined on the
noncompact space O(M, M)/LO(M)x O(M)] where M is the number of replicas. This
noncompact symmetry represents the essential physics of the problem. It is found that
all states are localized in two dimensions; above two dimensions for weak disorder there
are mobility edges, but these merge above a critical amount of disorder and all states

become localized.
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The electronic properties of a disordered solid
may be described by the Hamiltonian?

Hep O[5, fgum o ¥ ool 1)
o

at each site T of a regular lattice, spacing a,
there are »n orbitals a. On-site energies and in-
ter-site hopping are randomly distributed. Here
we will take f to be a real symmetric matrix. In
a series of interesting papers it was first con-
jectured® and then proved? that the properties of
the system described by Eq. (1) may be discussed
in terms of a field theory with action®

A=3K [ d’x Trla,V(x)][o,V(x)],
VE=4201,

where (Refs. 2 and 4) K =nR%a"%/4d and x,= (1
—-E?*/E?)"?. This action arises on averaging a
product of single-particle Green’s functions
G(,1T,z,), p=1,2 over the distribution of the
matrices f.* It is defined on a set of real sym-
metric matrices, V?=),°1, if the two energies lie
on the same side of the real axis. However, in
the case of most interest, the conductivity, the
energies, z,, lie on opposite sides of the real
axis and a model of complex symmetric matrices,
V?==2,°1 results. This difference reflects the
distinct symmetries of the two cases. In the first
case, the system is invariant under orthogonal

@)

transformations and the matrices V are elements
of the compact space O(2M)/[0OM)x OM)] where
M is the number of replicas in the spacesp =1
and 2. For the conductivity, the symmetry is
hyperbolic and the fields belong to the noncom-
pact space O ,M)/[O(M)x O(1)].

In Ref. 4 it was argued that at the level of per-
turbation theory the two models are equivalent
and therefore the critical properties in the hyper-
bolic case, namely the behavior of the electronic
system near a mobility edge, could be described
by the generalized compact nonlinear o models

A=(1/2t,) [ d% Tr[a,g™*(x)][6,g ()],
g*=1, geo@m)/[ow)xom)],

discussed previously by Brézin, Hikami, and
Zinn-Justin.® In this Letter we will point out the
important difference between the compact and
noncompact models in a 2 + € expansion. As we
shall see, it is precisely this difference which
represents the essential physics of the mobility-
edge problem.

First, we note that the action Eq. (2) for V?
=—2,°1 can be written in terms of real matrices
g as

@)

A== (1/2ty) [ ax Tr[a g7 (x)][0,e ()],

2

4)
g°=1, geow,m)/[0M)x 0],
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