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We describe optically detected magnetic resonance (ODMR) experiments carried out on the green
luminescence band in 4H, 6H, and 15R polytypes of SiC:Ti. It is found that the luminescence is

due to radiative transitions from excited spin triplet (5=1) to ground singlet (S =0) states. Unusu-

ally large isotope shifts in the zero-field splittings demonstrate that the light-emitting centers involve

a single Ti and six equivalent neighboring silicon atoms. Spectral dependence studies of the ODMR
signals allow us to discuss the microscopic nature of the inequivalent lattice sites for the Ti atom as
well as to correctly assign the zero-phonon line and the accompanying characteristic phonons associ-
ated with each Ti site. We interpret our results in terms of the model proposed by Patrick and
Choyke of Ti substituting on the silicon sublattice, the excitonic triplet state being formed from an
electron tightly bound in a normally unoccupied d, orbital of the Ti atom plus a Coulombically
bound hole. The ODMR spectra are extremely sensitive to subtle (second- and third-nearest-

neighbor) differences between the inequivalent lattice sites. This, plus a sizable Franck-Condon shift
observed in the luminescence and the unusual isotope effects, are interpreted as possible evidence for
vibronic properties of the bound hole, implying intermediate to strong localization for it also.

I. INTRODUCTION

Silicon carbide (SiC), a model group-IV-IV compound
semiconductor, is an interesting material intermediate be-
tween silicon and diamond. Because of its high lumines-
cence efficiency, SiC has been considered as a building
block for optoelectronic devices such as light-emitting
diodes, etc. ' The crystal structure of SiC is complicated
by the many possible stacking sequences of its Si-C layers,
the so-called "polytypism. " The crystallographic features
of different polytypes can be characterized by the number
of molecular layers in the repeating super cell as well as
the overall crystallographic morphological structure. For
example, the polytype 6H (or 4H) means that the stacking
sequence repeats every six (or four) layers and the mor-
phological crystal structure is hexagonal (H). For the
15R polytype, the sequence repeats every 15 layers, pro-
ducing a rhombohedral (R) crystal structure. There are
two important consequences of the polytypism: a shift in
the energy-band gap and differing numbers of ine-
quivalent lattice sites. The existence of inequivalent sites
is interesting because, by studying the site dependence of a
defect, one can probe the effect on the electronic and vib-
ronic properties of the defect of subtle environmental
changes.

Since the discovery of efficient green luminescence in
6H SiC at low temperature, the origin of the emission has
been the subject of numerous investigations. Three sharp
zero-phonon lines (hereafter noted as ZPL's), Ao, Bo, and
Co, were originally assigned as being due to bound-exciton
decay at ionized nitrogen donors, but this assignment was
revised by Dean and Hartman, who did magneto-optical
studies on the sharp ZPL's. They observed spin-triplet-

like Zeeman splittings with large zero-field splittings,
from which they interpreted the origin of the ZPL's as
bound-exciton decay at neutral isoelectronic centers.

The identity of the isoelectronic center was finally attri-
buted to a Ti impurity by Choyke and Patrick after as-
signing the origin of fine structure seen in high-resolution
spectra of the ZPL's as shifts due to the naturally abun-
dant isotopes of Ti. This was confirmed by Kemenade
and Hagen, who performed selective Ti-isotope-doping ex-
periments.

Similar ZPL isotopic shifts were observed in polytypes
other than 6H by Patrick and Choyke. They correlated
the number of ZPL's with the number of inequivalent lat-
tice sites in a particular polytype (the site dependence).
Another interesting fact they observed is that the ZPL en-
ergies are approximately constant, independent of the
wide range of energy-band gaps for the various polytypes.
Furthermore, for some polytypes (3C and 21R) which
have energy-band gaps less than the energies of the ZPL's,
no luminescence related to Ti was observed. They sug-
gested that the energy-level position of the Ti-associated
defect is independent of the conduction-band but locked
to the valence-band edge. From this, they proposed a
ligand theory model assuming the defect is an isoelectron-
ic substitutional impurity on the Si sublattice.

In this paper we report on optical detection of magnetic
resonance (ODMR) experiments carried out on the green
photoluminescence band in 4H, 6H, and 15R polytypes of
SiC. The results show that the emitting states are indeed
Ti-related spin-triplet states with axial symmetry along
the crystallographic c axis. Particularly interesting is the

- observation of an unusually large isotopic mass effect on
the fine-structure (D) term of the spin triplets. From a
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detailed analysis of this isotopic effect, it is firmly estab-
lished that the impurity center involves only one Ti atom,
strongly interacting with a complex of six equivalent Si
atoms. The role of the inequivalent lattice sites is also
studied through a spectral dependence study of the
ODMR signals which allows a correlation between the
spin-triplet states and the ZPL's. Another interesting re-
sult of this study is the identification of the characteristic
phonons associated with Ti on each inequivalent site. A
short account of the ODMR results in the 6H polytype
has been reported previously in Ref. 7.

II. EXPERIMENTAL RESULTS

A. Samples

Hexagonal SiC samples have a typical platelet shape.
The flat faces of the platelet are (0001) growth planes, and
the cleavage planes are both (1100) and (1120) planes.
The samples used in this work were not intentionally
doped. They were n type because of the natural nitrogen-
donor background contaminant. Their polytype structure
was determined by x-ray diffraction and confirmed by ex-
amining the photoluminescence spectrum. Figure 1,
reproduced from Ref. 6, shows the energy positions of the
ZPL's in 4H, 6H, and 15R SiC. The excitonic band gap
EGz and the number of inequivalent lattice sites are also
shown. The labeling of the inequivalent sites follows the
usual convention' and will be described in detail later in
Sec. III C. The labeling of the ZPL's has been modified
from that used in Ref. 6 according to the results obtained
here by ODMR studies which will be discussed in Sec.
III C.

B. Experimental techniques

ODMR experiments were carried out at 35 GHz in a
TED~ &

cavity made up of concentric rings, ' allowing a
large aperture for the optical beams. Magnetic fields up
to 3 T were produced by a superconducting magnet
(modified SM-4, Oxford Instruments). The sample and
resonant cavity were immersed in pumped liquid helium
(T&2 K).

The luminescence was excited with the uv lines of ei-
ther a Kr- or Ar-ion laser, and detected by an RCA 4840
photomultiplier or an EGAG uv 250 silicon photodiode.
Changes in the luminescence intensity due either to chop-

ping of the microwave power ( & 50 mW from a Gunn os-
cillator, CME 720) or magnetic field modulation ( & 1 mT
peak to peak (pp) at 1.25 kHz) were synchronously detect-
ed by a lock-in amplifier (Princeton Applied Research
model 124). All measurements were made with the mag-
netic field rotating in a (1120) plane.

A —,'-m grating monochromator (Jarrel-Ash Mark X)
was used for spectral dependence studies. A stress modu-
lator (Hinds International) was used for circular di-
chroism (CD) studies.

E XC I TAT ION EMISSION

C. ODMR study

The ODMR signals from the 4H and 15R polytype
samples were found to be very similar to those observed in
the 6H polytype samples. Therefore only the results ob-
tained from 6H samples will be discussed in detail in the
following.

Emission and excitation spectra of the luminescence in
6H SiC:Ti are -shown in Figs. 2(a) and 2(b), respectively.
The emission spectrum, obtained by exciting the sample
with uv laser light, shows the resolved three ZPL's, Ao,
Bo, and Co, as well as their phonon replicas which merge
to a broadband peaking at -500 nm.

The excitation spectrum shown in Fig. 2(b), obtained by
monitoring the low-energy portion of the luminescence
band (A. ) 500 nm), is strongly suggestive that band-to-
band transitions provide the most efficient excitation for
the luminescence. The other figures in Fig. 2 will be dis-
cussed in later sections.

Figure 3 shows a typical ODMR spectrum of 6H
SiC:Ti obtained by magnetic field modulation at 0=0,
where 0 is the angle between the magnetic field and the
hexagonal c axis of the crystal. The total emission from
the sample was detected along the direction of the mag-
netic field. The magnetic field modulation was 0.5 mT
(pp) at 1.25 kHz.

The lines in Fig. 3 can be divided into three groups: six
microwave transitions (Tiz, Ti+&, Tiz, and Ti+&), two
level-crossing signals (TiL and Tip; Tig is not apparent in
the figure, but can be observed at higher modulation fre-
quencies), and three cross-relaxation lines' (three sharp
lines at B & 0.2 T). It will be shown later that the Ti" and
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FIG. 1. Energy positions of the ZPL's in various polytypes of
SiC:Ti reproduced from Ref. 6. Shown also are the inequivalent
lattice sites in the polytype structures. h and k represent
hexagonal- and cubic-like inequivalent lattice sites, respectively.
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FIG. 2. Excitation and emission spectral dependences in 6H
SiC:Ti.
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FIG. 3. Typical ODMR spectrum in 6H SiC:Ti obtained
with magnetic field modulation at 8=0'. The subscript 2
represents the AM =2 resonance. Subscript + 1 ( —1) indicates
the i) M= 1 microwave transition involving the
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for each originates from a fine-structure interaction, with
S =1. Their intensities reach a maximum at L9=0' and
quickly decrease when 0 is increased. They become zero
at 8-54.7'. The signs of the Ti+i lines reverse after the
crossing while the Ti lines do not. The low-field lines
(Tiz and Ti2), on the other hand, have little anisotropy
upon angular variation and their intensities become
minimum and maximum at 0=0 and 45', respectively.

Analysis of the angular dependence reveals two distinct
spin-triplet (S =1) centers with the spin Hamiltonian

3

Ti lines are correlated with the ZPL's, Ao and Co,
respectively. The level-crossing and the cross-relaxation
signals remain unchanged even when the microwaves are
turned off. The broad level-crossing line disappears
quickly when the c axis of the sample is rotated away
from the magnetic field direction, providing a convenient
way to orient the sample with respect to the magnetic
field within an accuracy of +0.2'. '

The central magnetic field positions of the six ODMR
lines versus crystal orientation (8) are shown in Fig. 4.
The magnetic field was rotated in a (1120) plane. The six
curves in the figure can immediately be grouped into two
sets, one shown with solid circles (Ti ) and the other with
open ones (Ti ). The two higher-field lines of each set
cross each other at 8=54.7', indicating that the splitting

where z denotes the c axis of the crystal, which also is the
principal axis of the centers. The observed spin Hamil-
tonian parameters are also shown in Fig. 4. The solid
curves in the figure are the theoretical fits obtained with
Eq. (1) and the parameters. The last term in Eq. (1)
represents the hyperfine (hf) interaction, which will be dis-
cussed in Sec. II C 2.

1. Sign ofD

. Several different experiments were performed to deter-
mine the signs of D for the spin triplets. Figure 5(a)
shows the unpolarized total luminescence intensity moni-
tored along the direction of the magnetic field, as a func-
tion of the magnetic field. The strong increase (-5%) in
the total luminescence at 8-0.4 T (level crossing Tir ) in-
dicates that one of the Zeeman levels in Ti is a
bottleneck. In other words, the accumulated population in
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FIG. 4. Angular-dependent central magnetic field positions
for the six ODMR lines as a function of 0. The magnetic field
8 is in a (1120) plane.
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FIG. 5. Various signals plotted as a function of B at 0=0':
(a) total luminescence, (b) circular dichroism in the total emis-
sion, and (c) ODMR signal obtained with microwave amplitude
modulation.
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the bottleneck state as a result of continuous optical
pumping can be transferred to the radiative state by the
level crossing, resulting in an increase in the emission in-
tensity. The identity of the crossing levels can be deter-
mined by additional information, the light polarization of
the emission.

Since the light polarization of emitted photons by opti-
cal dipole transitions is determined by the AM values, the
strong increase in the o.+ polarization at B-0.4 T in Fig.
5(b) obtained by using a stress modulator demonstrates
that the bottleneck and the radiative states undergoing the
level crossing must be

~
1,0) and

~
1, +1), respectively.

[The vertical axis of Fig. 5(b) represents P=I~ I—
where I are, respectively, the intensities of the cr+ po-

larized light. ] D of Ti therefore, is negatiue (see Fig. 6).
This is also consistent with the signs of the ODMR sig-
nals, Ti+, and the microwave-induced circular polariza-
tion as shown in Fig. 5(b). At both resonances (Ti+&), the
population of the bottlenecked

~
1,0) state is the highest

between the three states, and the microwave transitions
equalize the populations, so that the net directions of the
microwave transitions must be

~

1,0)~
~

1, + 1) which in-
crease I, respectively. This explains why both ODMR
signals, Ti~ &, in Fig. 5(c), are positive as well as why their
microwave-induced polarizations are as shown in Fig.
5(b). [Luminescence propagating along B~ ~c was detected
to obtain the ODMR spectra. The ODMR, therefore, de-
fects changes in the cr-component (both cr+ and o ) light
caused by microwave chopping or magnetic field modula-
tion because only cr+ components of the luminescence can
propagate along B. Actually, some depolarization occurs
due to internal reflections, etc.]

On the other hand, the situation for Ti" is different.
First of all, the level-crossing signal, Tir, is not visible in
the circular dichroism, Fig. 5(b). The sign of D, there-
fore, cannot be determined by polarization of the level-

crossing signal. However, the ODMR signals and the
microwave-induced polarization provide sufficient infor-
mation to determine it.

Consider the ODMR signals Ti+ ~ and Ti"
&

in Fig. 5(c).
Their signs are opposite, which is consistent with the

relevant directions of microwave transitions being

~
1,0)~

~
1,+1) (increase in I ) for Ti+, and

~

1,—1)~
~

1,0) (decrease in I for Ti &. This also is

consistent with the sign of the microwave-induced polari-
zations [Fig. 5(b)] if the sign of D for Ti is positive and
the spin-triplet Ti is thermalized (the lower-lying levels
have more occupation than higher-lying ones).

Figures 6(a) and (b) show energy-level diagrams as a
function of magnetic field, along with the directions of
the microwave-induced transitions and their predicted re-
sults for Ti and Ti", respectively. The D values for both
triplets confirm the magneto-optical measurements made
by Dean and Hartman. The bottleneck feature of Ti is
consistent with Dean and Hartman's result in which they
observed only the two AM=+1 optical transitions. For
Ti", they observed all three lines (b,M =0, + 1).

The ODMR and level-crossing signals of Ti were op-
timized at a modulation frequency of —1.25 kHz, while
those of Ti" continued to improve as the modulation fre-
quency was increased up to the highest possible, —10
kHz. Since the radiative lifetime of the ZPL s Cp and Ap
is about the same —100 ps, " this shows that the spin-
lattice relaxation time is much longer for Ti than for
Ti". This is fully consistent with the fact that Ti is an
unthermalized spin triplet while Ti" is a thermalized one.

2. Detailed structure analysis

Expanded magnetic field scale spectra of Ti+ &
and Ti

are shown in Figs. 7(a) and 7(b), respectively, exhibiting a
similarity between them. The structure of Ti+& is ap-
parently just a broadened version of Ti &. These spectra
were obtained with magnetic field modulation of 0.1 mT
pp and Bric.

The line Ti
&

was easily saturated both by excitation
light and by microwave power. The best resolution was
achieved with —10 pW of microwaves and —100 pW of
excitation light. Ti+i, on the other hand, was difficult to
saturate with either microwaves or excitation light.

The structures associated with the AM = + 1 transitions
for both Ti" and Ti are symmetric with respect to their
average central magnetic field position. For example,
every line in Ti

&
can be paired with a corresponding line
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FICi. 6. Energy-level diagrams of (a) Ti and (b) Ti". The
directions of the net microwave-induced transitions at resonance
are indicated by the arrows. Shown also are the signs of the
ODMR lines at the resonances.
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FIG. 7. Expanded magnetic field scale spectra of (a) Ti+~
and (b) Ti &, illustrating the isotopic structure. The insets in (b)
show the hf structure arising from 'Ti and Ti.
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in Ti+&. Furthermore, the positions of the average mag-
netic field for each pair are identical within experimental
error, indicating that the g~~ values for each pair are the
same. Since the magnetic field separation between the
g~ = + 1 and —1 resonances is 2D/pg g

~ ~

(for
~

D
~

& h v, where v is the microwave frequency), the
structure shown in the figure must arise from slightly dif-
ferent D values of a group of defects with identical g~~

values. This is fully consistent with the observation of no
structure in the b,M=2 transition, Ti2 (and Ti2 as well),
for 0-0.

The relative integrated amplitudes of the lines in the
structure supply a clue as to what the group of centers is.
The three main groups (each group is indicated with three
arrows) in Fig. 7(b) can be identified with the nonmagnet-
ic nuclear spin I=0, nuclear isotopes Ti, Ti, and Ti,
as indicated in the figure, the integrated amplitudes
matching the natural abundances 8.0%, 73.4%, and
5.3%, respectively. The other two natural isotopes, Ti
(7.8%, I=—,') and Ti (5.5%, I= —,), have nonzero nu-

clear magnetic moments, and therefore hf splittings are
expected. The hf structure of Ti can be recognized by
the six-line equal-amplitude structure centered between
the Ti and Ti complexes. The relative integrated am-
plitude of the six-line structure also confirms the natural
abundance of Ti. The eight-line hf structure of Ti is
partially obscured by the structure of Ti. The "group"
of defects is therefore the same defect, but with the five
different naturally occurring isotopes of Ti.

The structure indicated by the three arrows for the
stronger even-nuclei isotope lines can be explained by ad-
ditional isotopic shifts of the D values, due to silicon
neighbors [ Si (92.21%), Si (4.70%), and Si (3.09%)].
The ratios of the integrated amplitudes for the lines indi-
cated with arrows match within experimental error to the

predicted probabilities for various combinations of silicon
isotopes in a six-equivalent-atom complex. Only the first
three dominant lines are indicated with arrows in the fig-
ure. More lines with decreasing amplitudes are also
predicted as the isotopic mass of the six-silicon-atom
complex increases, which can be also be seen in Fig. 7(b).
The asymmetric line shape of the strongest central line
( Ti) could be caused by weaker isotopic shifts of silicon
isotopes in more distant shells. No evidence of either iso-
topic shifts due to carbon atoms nor hf interaction of Si
have been detected. The entire structure of Ti

&
is there-

fore a convolution of naturally abundant isotope spectra
of a single Ti atom and of a six-equivalent-Si-atom com-
plex. The observed D values are listed in Table I for vari-
ous combinations of isotopes.

As pointed out before, the b,M=2 transition (Ti2) does
not show any structure at 8-0' (B~~c). However, when
0-45', a three-line structure has been observed in Ti2
(Ti2 as well). This confirms the validity of the isotopic
origin of the D-value shifts.

Similar analysis has been applied for the Ti" spectrum,
which is merely a smeared-out version of Ti . The asym-
metric line shape of Ti+& [see Fig. 7(a)] is evidence of un-
resolved isotopic structure due to silicon isotopes.

3. Results regarding 4H and 15R polytypes

ODMR signals observed in 4H and 15R polytype sam-
ples exhibit line shapes and spin Hamiltonian parameters
which are highly similar to those seen in 6H samples. In
the 4H samples, only one spin triplet, Ti -like, was detect-
ed. On the other hand, in the 15R samples, two spin-
triplet defects were detected, one Ti -like and the other
Ti -like. Therefore the result obtained from 6H samples
serves as a model which provides important information

TABLE I. Spin-Hamiltonian parameters of Ti and Ti in 6H SiC:Ti.

Isotopic spectrum
6-Sr-atom
29 30

D (10 cm ')

+ 4936(2) —3644(1)
—3639(1)

—3634(1)

+ 4959(2) —3606(1)
—3601(1)

—3596(1)

50 + 4979(2) —3570(1)
—3S65(1)

—3560(1)

1.935(0.5)
1.957(0.5)

1.945(0.5)
1.972(0.5)

AI( ( Ti)

5(0.5) & 10 crn
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TABLE II. Spin-Hamiltonian parameters of the Ti centers in 4H, 6H, and 15' polytypes.

D(10 cm ')
MT; 4H

46
48
50

+ 4936(2)
+ 4959(2)
+ 4979{2)

+ 4536(2)
+ 4566(2)
+ 4592(2)

—3724(2)
—3689
—3655(2)

Tic
6H

—3644(1)
—3606(1)
—3570(1)

15'
—3659(2)
—3621(2)
—3586(2)

1.935(0.5) 1.934(0.5) 1.956(0.5) 1 ~ 957(0.5) 1.957(0.5)

for the discussion of the site dependence (see Sec. III C).
The spin Hamiltonian parameters for the spin-triplet de-
fects observed in the various polytypes are listed in Table
II.

4. Xonresonant background signal and its use

The ODMR spectra obtained with microwave chopping
[see Figs. 5(c) and 8(a)] show strong nonresonant back-
ground signals, present in the entire range of the magnetic
field, as well as a sharp level-crossing signal (Til ) which
appears as a "dip" of the background signal. The orjgin
of the background signal can be interpreted as leakages

.c
T'L T.C

T~L {c)/=90'
JkL ~ma. ~ aaLLLI

ll+ f

0

O.O 0.5
I

1.0
I

'1.5
I

20 B (T)

FIG. 8. Spectrum of the nonresonant background signal ob-
tained with microwave amplitude modulation: (a) Total emis-
sion, optimized lock-in phase {/=0 ) at B=0 T, {b) with / =90'
and with higher gain {&& 10), and (c) the same as (b) but only the
ZPL Bo and the 30-meV phonon replica of 4 (230) are detected
by using a monochromator.

from the bottleneck state to the radiative state of a spin-
triplet excited state caused by a "mixture" of the states
due to the perpendicular component of the microwave
magnetic field (the magnetic field of the microwaves in
the cavity is always perpendicular to the static magnetic
field). Therefore a strong nonresonant background signal
can be expected to be observed when the excited spin trip-
let has a very strong bottleneck feature. .

When the static magnetic field approaches the magnetic
field position at which a level crossing can happen, the
modulation in luminescence due to the microwave chop-
ping becomes weaker, because the bottleneck feature
weakens, and eventually the change in the luminescence
caused by the chopping reaches zero at the level crossing.
Therefore the level crossing can be observed as a "dip" of
the background signal. The sharpness of the dip is a mea-
sure of alignment between the triplet defect axis and the
static magnetic field direction.

The spectrum shown in Fig. 5(c) was obtained with the
lock-in phase adjusted for optimum resonance signals
(Ti ), while that in Fig. 8(a) was optimized for the back-
ground signal at 8 =0 T. The nonresonant signal arises
from Ti, as proved by a spectral dependence study (not
shown in the figure). To detect the nonresonant signal
arising from triplet defects other than Ti, the lock-in
phase was shifted by 90 from the phase used for the spec-
trum shown in Fig. 8(a) in order to nullify the signal from
Ti . The result is shown in Fig. 8(b), which was recorded
with 10 times higher gain. It shows a rather complicated
structure but it is still apparently dominated by Ti, as
evidenced by the still strong Tir level crossing.

To eliminate any nonresonant background signal arising
from the Ti, a monochromator was placed in front of the
photodetector with wide slits (1 mm). It was tuned to
ZPL, Bo. The 230 phonon replica (30-meV phonon repli-
ca of 2) was also detected by accidental overlap. The re-
sult in Fig. 8(c) clearly shows two level-crossing "dips, "
one at lower magnetic field, which is TiL, as expected,
and the other at higher field [1.92(2) T], which is fully
consistent with the level-crossing position of Ti estimat-
ed from the Zeeman-splitting data of ZPI. Bo in the
magneto-optical study of Dean and Hartman. [Their
data showed that g~~

—1.95, g&-0, and D-0.2 meV
(-1.6 cm '), predicting the level crossing at —1.8 T for
the ZPL Bo.] The D value for Ti therefore can be de-
duced from this level-crossing position with g~~

—1.95 to
be —1.75(2) cm '. The sign was obtained from the result
of Dean and Hartman. These "dips" become broader
and eventually disappear when 0& 10, indicating that
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they are indeed level crossings. The observation of these
level crossings means that both Ti and Ti have a
bottleneck feature. No microwave resonances were detect-
ed, however, for Ti .

(a ) LUMINESCENCE

(b) ODMR Ti'„

I

I)
&no

~
&&so

( c ) ODMR Ti+&

Aeo

450
I

440
I I

450
X(nm)

I

460

FIG. 9. Spectral dependences of (a) luminescence, (b) Ti
and (c) Ti+ ~ ODMR lines in 6H SiC:Ti.

D. Spectral dependence study

Figure 9 shows medium-resolution spectral dependences
of the luminescence, panel (a), and the ODMR lines Ti
[panel (b)], and Ti+& [panel (c)] in a 6H sample. The
luminescence spectrum shows the ZPL's (Ao, Bp, and Co)
as well as partially resolved phonon replicas [see Fig.
9(a)].

Figure 9(b) was obtained by scanning a monochromator
inserted prior to the photomultiplier tube (PMT) while
monitoring the ODMR line Ti &. It clearly shows the.
ZPL Co and its own phonon spectrum alone, resolved
from the others. The spectrum shows strong 26-meV
phonon replims up to third order as well as relatively
weaker but sharper 92- and 100-meV phonon replicas.

- The stronger 117-meV replica probably is a harmonic
mixture of the 26- and 92-meV phonons. The 26- and
92-meV phonons do not match with the reported TA and
LA lattice phonons, ' ' indicating that they are charac-
teristic "loml" phonons associated with the Ti impurity.
An identical result was obtained with the spectral depen-
dence of TiL.

The spectrum shown in Fig. 9(c) was obtained by tun-
ing the magnetic field to Ti+ &

in order to get its emission
spectral dependence. It shows the ZPL Ao and its own
phonon replicas alone, which are quite different from that
of C: relatively weaker TA-like phonons (30 and 65 meV)

and strong LA-like (90 meV) as well as optical (107 meV)
phonon replicas. These phonons are similar to the lattice
phonons, but with small deviations compared to the
values measured by Raman scattering studies. '

By comparing the luminescence spectrum [Fig. 9(a)]
with the spectral dependences of Ti and Ti [Figs. 9(b)
and 9(c), respectively], several phonon replicas, which do
not belong to either Ao and Co, mn therefore be identi-
fied as replicas of Bo and they are indicated in the inset of
Fig. 9(a). This experiment serves as a dramatic example
of the power of ODMR to separately identify and resolve
each of the components of partially overlapping phonon
spectra. The results of Fig. 9 correct a few mistaken as-
signments of phonon replicas made in previous work. '

The emission spectral dependence of Ti
&

in the full
wavelength range of the luminescence spectrum is shown
in Fig. 2(c), which looks very much the same as the PL
spectrum but slightly shifted toward the longer-
wavelength side. A lower-resolution spectral dependence
of Ti+& (not shown in the figure) appears similar to the
PL spectrum also, but shifted toward the shorter-
wavelength side by Ao —Co difference, as expected.

Figures 2(b), 2(d), and 2(e) show the excitation spectral
dependence of PL, and the ODMR signals Ti+ ~ and Ti
respectively, revealing that the luminescence excitation is
via transitions above the excitonic band gap (EGz).
Differences between the spectra [Figs. 2(d) and 2(e)] indi-
mte possible contributions from direct excitation via
higher excited states of the defects. All three spectra
show an oscillatory feature of unknown origin.

As demonstrated above, the spectral dependence experi-
ment not only pulls out the individual spectrum of a par-
ticular ZPL from overlapping spectra but also directly at-
tributes the particular luminescence system to a specific
ODMR signal. This is the way by which the labeling of
the ODMR lines has been made.

In 4H samples, similar spectral dependence studies re-
veal that the single observed ODMR center arises from
the ZPL at 444.2 nm and its phonon replicas. This ZPL
had been labeled 80 previously. Since we now know that
the ODMR signal is very similar to the Ti resonance in
the 6H polytype, we have elected in this work, therefore,
to relable the luminescence line as Co, as shown in Fig. 1,
to make the luminescence notation relate more closely to
the microscopic identity of the defect. The lack of
ODMR signals associated with the ZPL at 435.0 nm
which had been labeled Ao previously' is similar to the
observation regarding Bo in the 6H polytype. The failure
to detect a level crossing in the circular polarization study
indicates that the excited state associated with this ZPL is
thermalized in the vicinity of the modulation frequency of
—1 kHz. It is not clear whether this ZPL is Ao-like or
Bo-like, but the lack of ODMR signals seems to suggest it
1S 80-11ke.

Similarly, in 15R, the two spin-triplet Ti"- and Ti -like
spectra seen by ODMR are found to be associated with
the ZPL's at 433.4 and 445.0 nm, respectively. These
were previously labeled Ao and Do in the old notation,
but we now relabel them Ao and Co, respectively, as in
Fig. 1. The 15R ZPL's 80 and Co in the old notation be-
come Bo and Bo in our new notation.



22SO LEE, DANG, WATKINS, AND CHOYKE 32

III. DISCUSSION

A. Excited spin-triplet states
D-Do 1+br;MT; +bs; g Ms;

i=1
(3)

Three distinct classes of excited spin triplets (Ti", Ti,
and Ti ) have been observed in the luminescence of Ti-
doped polytypes of SiC by ODMR study. The presence of
ODMR lines for Ti" and Ti has enabled us to accurately
determine the spin Hamiltonian parameters. No ODMR
lines were detected for Ti, except the level-crossing signal
from which the zero-field splitting was estimated.

Although the ODMR spectra of Ti" and Ti are re-

markably similar, they have somewhat different charac-
teristics. First of all, Ti is a thermalized spin triplet
while Ti is an unthermalized one. A preliminary result
of radiative-lifetime measurements" on the three ZPL's
(/Io, Bo, and Co) shows they all have very much the same
radiative lifetime of —100 ps. The fact that the optimum
modulation frequency for ODMR of Ti is —1.25 kHz
confirms that the radiative decay process is the dominant
and fastest relaxation in the optical pumping cycle
[v ~- (2nr„d )

' —1.25 kHz]. This suggests that the
spin-lattice relaxation time of the spin triplet is longer
than the radiative lifetime ( T& &)r„d) and therefore Ti is
unthermalized. Ti, on the other hand, was detected by
ODMR signals optimized at v,d&10 kHz, indicating
that T] &~„d because ~„d for Ao is again —100 ps. In
other words, Ti is a thermalized spin triplet. T] for Ti,
however, could not be measured because of the limited
modulation frequency of the equipment (T& & 10 ps).
Therefore Ti" and Ti exhibit the two extreme cases of
thermalization. This is why they have different signs for
some of their ODMR signals.

Ti seems to be very much different from the other two
spin triplets. The large zero-field splitting D and the
unusual anisotropy of g value (g~~

—1.95, gz-0) for Ti
was pointed out by Dean and Hartman after their
magneto-optical experiments. The fact that gz -0 may
explain why no ODMR has been observed for Ti, be-
cause the off-diagonal matrix element for magnetic dipole
transitions is proportional to g&H&, where H~ is the mi-
crowave magnetic field which is perpendicular to the stat-
ic magnetic field.

50
-107- ~

MASS OF TITANIUM
49 48 47 46

-10.8
—+14.9

where bT; and bs; are the coefficients for the Ti and Si
nuclei, respectively. An accurate test of this equation is
demonstrated in Fig. 10 for the observed isotopic shifts
due to Ti from various polytype samples. The data points
cannot be fit to a straight line when a linear isotopic mass
scale is used for the horizontal axis.

The changes in the D values per unit titanium mass,
hD//~D ~, are —+5X10 and —+2&&10 for Ti and
Ti, respectively. These are about 50 times larger than
any other reported values for systems with comparable
isotopic mass. ' ' ' It is interesting that the shift for
both Ti" and Ti are positiue even though the D values for
them have opposite signs. A positive sign in the shift
caused by the Si isotopes was also observed for all poly-
type samples (4H, 6H, and 15R).

The fact that the excited-state wave function is ap-
parently so strongly dependent even upon small change in
the zero-point vibrational amplitudes of the Ti and its Si
neighbors reveals that the excited state is strongly vibronic
in character. Additional evidence of this is the large iso-
topic shifts observed in the ZPL luminescence (0.13 meV
per mass unit). ZPL isotope shifts result from a change
in vibrational frequency between ground and excited
states. ' The isotope shift for the Ti ZPL's corresponds to
a reduction in the vibrational force constant by -30% in
the excited state, and is among the largest observed in
semiconductors. ' This brings up an important point con-
cerning the identification of chemical elements involved
in a defect by ODMR studies. The results in this work
demonstrate for the first time that the isotopic structure

B. Isotopic shift of D

The origin of the isotopic shift of the zero-field-
splitting energy, D, must be a change in the electronic
wave function associated with different zero-point vibra-
tional amplitudes for each isotope. A simple Einstein
model' for a defect predicts

-10.9
N

C9

C)
-11.0

-+14.8

—+15.8

N

CD

Ci

D —Do /(I+& (&; &) (2a)
—+15.7

-Do 1+ gbM
i=1

(2b)

where a; and b; are coefficients, and (x; ) the mean-
square vibrational amplitude of ith nucleus with mass M;
in atomic units.

From the experimental results, the above equations can
be rearranged for one Ti and six Si atoms,

-11.2—
l

0.142
I I

0.144 0.146
M-1/2 [( )-1/2]

—+15.6
0.148

FIG. 10. Dependence of D on titanium isotopic mass M for
Ti (squares) and Ti (circles) in 4H, 6H, and 15R samples.
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observed in ODMR experiments can be utilized, as is hf
structure, in determining the chemical identity of defect
constituents. Such an isotopic spectrum may be a unique
feature in systems in which isotopic shifts of ZPL's can be
seen and the mechanism for the recombination process is
decay of a bound exciton (in order to involve spin-triplet
excited states in the optical pumping cycle).

C. Model of the Ti impurity

A single Ti atom must be involved in the defect associ-
ated with Ti and Ti because the isotropic spectrum seen
in the D values for both centers can be interpreted with
only one Ti atom. This is also consistent with the ob-
served hf structure of Ti in Ti

~ [see Fig. 7(b)]. The iso-
topic shifts observed in the ZPL s (Ref. 4—6) confirm this
also for the Ti center.

Next is to determine the site in the crystal where the Ti
impurity is located. One clue to the site is the isotopic
spectrum due to six silicon atoms. There are not many
sites with six equivalent silicon atoms as neighbors. Some
of the interstitial sites have six silicon atoms at the next-
nearest sites. However, a major difficulty for the sites be-
ing interstitial is the fact that the observed number of
ZPL's is roughly equal to the number of inequivalent sub-
stitutional lattice sites in the several polytypes. If the Ti
impurity were located at interstitial sites, it does not seem
possible to match the number of inequivalent interstitial
sites to the number of ZPL's unless one assumes preferen-
tial occupation for the Ti impurity at only a few of the
several inequivalent interstitial sites.

On the other hand, if the Ti impurity is substitutional,
then the carbon sublattice cannot be a candidate for the
impurity sites, because the number of neighboring silicon
atoms around the carbon site is four. The number of
nearest silicon atoms for the silicon sublattice sites is 12
rather than six, requiring an assumption of a particular
vibrational mode coupling to reduce the effective number
of Si atoms to six. This point will be readdressed later.

The fact that the observed numbers of ZPL's in the po-
lytypes correlate roughly with the number of inequivalent
substitutional lattice sites seems to support the conclusion
that the lattice site for the Ti impurity is the substitution-
al silicon site. This is consistent with the ligand model
proposed by Patrick and Choyke in which they con-
sidered sd, bonding between Ti and the four neighboring

C atoms, leaving an empty d, -electron orbital in the
energy-band gap near the conduction-band edge. Further-
more, recent theoretical calculations for the electronic
structure of substitutional and interstitial 3d-transition-
metal impurities in silicon predict an empty localized d,
orbital in the upper half of the band gap for substitutional
titanium but much different structure for the interstitial
impurity. ' This calculation therefore supports the
ligand model for the substitutional Ti impurity and at
the same time appears to rule out the possibility that the
Ti atom occupies interstitial sites.

1. Site dependence

The lattice sites labeled h and k in Fig. 1 are the
hexagonal-like and cubic-like crystallographic ine-

(a)
kp

(b)

I|',)

(c)
FIG. 11. Three inequivalent lattice sites: (a) h, (b) k2, and (c)

k~ sites in 6H SiC, complete through the third-nearest-neighbor
shell. The figure shows a Ti impurity on the silicon sublattice.

TABLE III. Summary of the tentative site assignments.

Polytypes

4H
6H

15R
12R'

k2
k3
k2

k
k)

kI, k2
k(

h

h

h), h2

h), h2

'Only one Ti ZPL is observed in samples identified as 15R. A
12R structure would correctly predict the observed number of
ZPL's.

quivalent lattice sites, respectively, which are uniformly
distributed among both Si and C sublattices. Their differ-
ence arises in their second-nearest-neighbor shell, the
twelve atoms being arranged as in the cubic zinc-blende
structure for the k sites and as in the wurtzite structure
for the h sites. Figure 11 shows the three inequivalent lat-
tice sites in 68, complete up through the third-nearest-
neighbor shell. The k site in 4H, and the k2 and k3 sites
in 15R, are identical in coordination to the k2 site in 60
through the third-nearest-neighbor (NN) shell as shown in
Fig. 11. A similar identity exists between the h sites in all
polytypes as well as between the k ~ site in 6H, the k ~ site
in 15R, and the k site in 3C. This classification (hereafter
called the "third-NN-site dependence" ) may be useful
when the wave function of a substitutional defect is fairly
localized and the crystal field of the local environment
therefore plays an important role. One might expect, for
instance, that a defect located at the h site would experi-
ence a stronger local axial field than ones at the k sites
(see Sec. II D). This site dependence will be referred to as
the "third-N¹ ite dependence. "

We now discuss the site dependence of the Ti impurity
on the basis that the Ti atom is located on the Si sublat-
tice and that the wave function of the bound exciton at
the Ti atom is reasonably localized so that "the third-N¹ite dependence" is valid.

Table III summarizes our tentative site assignments.
The arguments leading to these assignments are as fol-
lows:

(i) Ti" has been detected as a single ZPL in only 6H
and 15R samples, not in 4H ones. This suggests the iden-
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tification of the k2 site in 6H and the k3 site in 15R with
Ti because they are identical through the third-NN shell
and this site does not exist in 4H (see also Fig. 11).

(ii) Ti has been observed in all three polytype samples
and correlated with the ZPL Co. The similarity in the
spin Hamiltonian (g~~ -gi -2.0) between Ti and Ti sug-
gests the assignment of the site for Ti to the remaining
cubic sites, i.e., the k site in 4H, k~ site in 6H, -and k~
and k2 sites in 15R (see Sec. IIID).

(iii) Ti has been detected as the ZPL Bo in 6H SiC.
The significantly different spin Hamiltonian parameters
of Ti (large D value and the cos8-dependent g value as
observed in the magneto-optic study of Dean and Hart-
man ) suggest assignment to the remaining hexagonal h
sites (an additional argument for this assignment will be
given in Sec. III D).

The above assignments seem to provide a unique pic-
ture for 4H and 6H SiC. However, difficulty arises for
15R SiC. In 15R samples, the above site dependence
predicts two ZPL's or two ODMR centers for Ti because
there are two similar sites, k~ and k2, while the observed
number of ODMR centers or ZPL's is only one. The fact
that one ZPL is missing in 15R material was recognized
in the early optical studies and two possibilities were sug-
gested: (1) occupancy of one of the sites is energetically
unfavorable, or (2) the exciton binding energy is too weak
for one of the sites. We now know that the missing ZPL
is associated with a Ti -like site, which makes these argu-
ments somewhat less convincing, although, of course, still
possible. (The k i and k2 sites are identical through
third-nearest neighbors. Also the Ti ZPL's are the
lowest-energy ones and therefore less likely candidates for
weak exciton binding. )

A third possibility that has not previously been suggest-
ed is that there could be alternate stacking structures that
would still provide the apparent 15-layer supercell detect-
ed by x-ray structure analysis but which would provide a
closer match of inequivalent sites versus ZPL's. An in-
teresting observation in this regard is that a 12R struc-
ture, also included in Table III, contains the specific com-
bination of inequivalent lattice sites to match the optical
and ODMR results. It would be interesting to perform a
modern detailed atomic position x-ray structure deter-
mination either to confirm the accepted structure or to
check if possibly a 12R or similar subunit is a major com-
ponent in the 15R crystals. (An argument against this is
the fact that a pure 12R polytype has not been observed,
indicating that this structure may not be preferred in na-
ture. )

There is another common polytype structure (33R)
whose number of inequivalent sites does not match the
observed ZPL's. We did not have suitable samples of
this polytype to study. It would be interesting to study
crystals of this structure by ODMR in the future. In par--
ticular, the 33R polytype shows two Co-like ZPL's and
one could therefore learn what differences exist in the
ODMR signals between the two Ti -like sites.

The site assignments given in Table III have resulted
from a simple and logical deduction considering all of the
optical and ODMR results and is based upon the third-
nearest-neighbor model for the inequivalency of the lattice

sites. However, until a satisfactory explanation is estab-
lished for the missing ZPL's in the larger supercell poly-
types, these assignments must still be considered tentative.

2. Electronic structure

The model of Patrick and Choyke predicts an empty
d, level in the gap which serves as an efficient exciton
trap by localizing an electron first and then binding a hole
by Coulombic attraction. In other words, the electron is
localized in the d, orbital but the hole is more diffuse.
This excitonic model is consistent with the observed cen-
tral hf interaction for Ti, A —5 X 10 cm ', which is
roughly one-half the value, A —10 cm ', observed for
Ti + (3d ) in tetrahedrally coordinated II-VI com-
pounds ' for which both spin-carrying particles are lo-
calized in the d, orbitals.

Next let us consider the hole state. The valence-band
structure of the hexagonal polytype SiC is similar to that
of CdS with the I'9 band at the top of the valence band.
This has been established both experimentally and by a
theoretical band calculation for 2H SiC. The experi-
mental evidence includes absorption measurements in 6H
SiC (Ref. 26) and Zeeman experiments on the sharp nitro-
gen DOX line in 6H SiC (Ref. 3). In the absorption exper-
iment, two absorption edges were observed separated by
the spin-orbit splitting, A, -7 meV, indicating that the top
of the valence band involves the I 9(P+ ) and I q(P+ ) man-
ifolds split by the spin-orbit interaction. The I 7(I', ) state,
split off by the hexagonal crystal field, is presumed to be
significantly deeper in the valence band. In the Zeeman
experiment, Dean and Hartman observed that the g value
of the loosely bound hole (exciton binding energy is less
than 33 meV) is -3.2cos8, which is characteristic of the
I 9 like hole state.

When the hole is bound at an acceptor, two distinct
parentages for the hole in the valence band have been ob-
served: I 9 or I 7(P, ), depending apparently on the sign of
the effective crystal field experienced by the hole. For ex-
ample, the relatively shallow Al acceptor (Ez -Ei + 0.25
eV in 6H SiC) (Ref. 27) reflects the I 9 valence-band states
for each of the three nonequivalent substitutional polytype
sites as evidenced by its anisotropic g values. On the
other hand, the deeper B acceptor (E~ -Ev + 0.7 eV in
6H SiC) (Ref. 27) has been detected as a localized spin- —,

'

center with isotropic g-2.0 for each of the sites, indi-
cating that the hole state for this localized acceptor is
I 7(P, )-like and the sign of the crystal field is therefore
apparently reversed from that for the delocalized holes.
These observations seem to suggest that the sign of the ef-
fective crystal field is related to the degree of localization
of the hole wave function.

The magneto-optical study of 6H SiC:Ti done by Dean
and Hartman as well as this current ODMR study sug-
gest that the hole states involved in the Ti bound-exciton
states may be in a special situation in which the hole lo-
calization is intermediate, because the g values for Ti
and Ti are isotropic and near 2.0, while that for Ti is
highly anisotropic (cos8 dependence) as deduced from the
data in Ref. 3. In other words, small environmental
differences (the site dependence) seem to have changed the
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hole states from I z(P, )-like (Ti and Ti ) to I 9-like (Ti )

ones, as a result of opposite signs of their local crystal
field as suggested by .Dean and Hartman. Consistent
with this concept, the assignment in Table III of Ti to
the hexagonal sites corresponds to the reasonable assump-
tion that the local hexagonal field for the site is of the
same sign as that determined by the crystal structure for
the extended hole.

This large sensitivity of the wave function of the hole to
minute environmental changes brings up an important
point because the hole wave function could therefore be
equally sensitive to the vibrational motion of atoms in the
local environment. The observed unusually large isotopic
effects in the D values reveal that the hole wave function
must couple strongly to the motion of the central Ti atom.
Since the symmetry of such I z(P, ) hole states is A

& (P, ),
it couples only to A&-mode vibrations. Of the various
symmetric mode phonons, there is an A~-mode phonon
involving the motion of the Ti atom along the hexagonal
c axis of the crystal, a volume-conserving A &-mode pho-
non which is a split-off phonon from the T2 mode in Td
symmetry. Indeed, for Ti, the spectral dependence [see
Fig. 9(b)] exhibits strong coupling to a soft TA-like pho-
non (26 meV, corresponding roughly to the TA-mode lat-
tice phonon at 30 meV). ' ' If this is correct, it may also
explain why the isotopic effect due to the Si neighbors in-
volves only six Si atoms rather than twelve atoms. Be-
cause the I 7(P, ) hole is P, -like (the z axis is along the
hexagonal c axis), the coupling to the six silicon atoms
above and below the plane perpendicular to the c axis and
containing the Ti atom might be expected to dominate
(see Fig. 11).

Evidence for strong vibronic character for the defect is
also present in the large Franck-Condon shift (0.33 eV,
between the zero-phonon line and the maximum of the
broad phonon-assisted band, see Fig. 2) and in the unusu-
ally large isotope effect reported for the zero-phonon
line, ' and discussed in Sec. III B. The sign of the ZPL
isotope shift reveals a softening of the lattice in the excit-
ed state which appears to confirm that it is the excited
state which is the vibronic one responsible for the relaxa-
tion. Part of this relaxation energy could reflect a dynam-
ic Jahn-Teller effect for the electron in the d, state. The
d, state couples, however, primarily to symmetric e
modes of distortion and should not therefore couple
strongly to motion of the central titanium atom (rigorous
in Td symmetry). The hole part of the exciton must
therefore be the source of the Ti-isotopic effects. The
Franck-Condon shift energy is much greater than A, -7
meV, or the characteristic lattice phonons 30—120
meV, ' or possibly even the P+ P, hexagonal crys-tal-field
splitting which is not currently known. The contributions
of this relaxation therefore clearly cannot be ignored. For
instance, in the absence of the hexagonal crystal field (i.e.,
Td symmetry), the electronic state occupied by the hole
state would be of tz symmetry and energetically a
symmetry-lowering lattice relaxation for the hole (Jahn-
Teller effect) would always be of the sign to raise the non
degenerate P, state (the energy of the P, hole state would
be lowered). This is of opposite sign to the built-in hexag-
onal field. As the hole state localizes, the Jahn-Teller ef-

feet becomes more important (because the competing elas-
tic energy stored in the lattice is proportional to the
volume of the hole orbit). Conversely, the Jahn-Teller ef-
fect serves to localize the hole. This cumulative effect
therefore, and its competition in sign to the built-in hex-
agonal crystal field, could be an important contributing
factor in the apparent high sensibility of the site depen-
dence to the character of the hole state. At the same time,
it is important to keep in mind also that both the P+ hole
states (and the d, -electron states) remain degenerate in the
hexagonal field and dynamic Jahn-Teller effects may also
be important. In addition to contributing to relaxation
energies and localization, they also serve to reduce orbital
contributions to g values, spin-orbit interactions, etc.,
which can have profound effects on the spin Hamiltoni-
an. Evidence of this is found in the g values for the Ti
center. The cos8 anisotropy reveals the I 9(P+ ) origin for
the hole, but the g~~

-2 reveals the quenching of the orbi-
tal contribution.

There are still other effects that can come into play as
the hole state localizes. As the hole localizes it will take
on more of the d, localized character of the Ti ion. The'2

signs of the crystal-field coupling parameters and orbital
matrix elements for a d, state are reversed from extended

t2 p-like orbitals, ' again giving a mechanism for
crystal-field sign reversal.

On the basis of our present results, we cannot distin-
guish the relative contribution of these effects for the ti-
tanium centers. However, the fact that they all depend
critically on the degree of hole localization, and the evi-
dence for substantial lattice relaxations and vibronic ef-
fects, suggest that the Jahn-Teller hole coupling may play
an important role.

This question of the parentage of bound hole states is
also one of current interest and speculation for defect sys-
tems in other semiconductors. ' The fact that makes
the Ti centers in SiC so remarkable and unique is the ap-
parent reversal of the local crystal field between sites so
closely identical. The effects that we have discussed here,
not previously considered, may be relevant in these other
systems as well.

IV. CONCLUSIONS

Three distinct excited spin triplets, Ti, Ti, and Ti,
have been observed in polytypes (4H, 6H, and 15R) of
SiC single crystals containing Ti by using ODMR. The
studies of the spectral dependence for the ODMR lines
have provided a direct correlation of Ti and Ti with the
ZPL's Ao and Co, respectively. Characteristic phonons
associated with Ti and Ti have also been resolved from
the overlapping luminescence spectrum and those for Ti,
in turn, indirectly deduced.

The analysis of the resolved structure in the ODMR
lines associated with Ti and Ti has revealed that the
structure arises from an unusually strong isotopic shift in
the zero-field splitting energy, D, of the spin triplets. The
isotopic structure has been interpreted as a convolution of
two independent isotope spectra: the naturally abundant
five Ti isotopes and the three Si isotopes in a neighboring
six-silicon-atom complex.
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The isotopic shift due to Ti isotopes identifies the de-
fect as an isolated Ti impurity, and that due to the six sil-
icon ligands suggests that this impurity is located on the
silicon sublattice. With the ODMR results obtained for
4H and 15' samples, tentative inequivalent lattice site as-
signments have been made for the A, B, and C systems.
This site dependence reveals a remarkable sensitivity of
the defect to small environmental changes. Differences
only in the second-nearest-neighbor shell strongly affect
the electronic structure of the defect. This sensitivity has
been discussed in terms of a possible instability regarding
the localization of the hole in the bound-exciton state of
the Ti impurity as Jahn-Teller coupling of the hole com-
petes with the internal hexagonal crystal field. (In this
model the electron is tightly bound in the d, shell of the
Ti atom. ) The observation of the large isotopic shift was

also cited as evidence for this vibronic sensitivity, by
which the wave function of the bound exciton could easily
be modulated when a particular mode of phonon is cou-
pled.
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