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Magnetic-circular-dichroism (MCD) absorption and optically detected electron-spin-resonance (ESR)
data for the neutral vanadium impurity, V4*(3d!) on the a, B, and ¥ sites in 6H-SiC are presented and
supplemented by linearly polarized absorption and luminescence spectra. An analysis of the linearly po-
larized spectra yields crystal-field-level schemes in zero magnetic field and an intensity parameter u for
V** on each of the three Si sites. This information is used to account for the V4* MCD zero-phonon-
line positions, signs, and relative intensities without an adjustable parameter. Evidence of Jahn-Teller
effects is found in both the V** 2E ground and the T, excited states. The MCD-ESR technique, in the
present case, is site selective. The V** resonances associated with the B and the ¥ site are virtually iden-
tical and cannot be distinguished by conventional ESR. The g factors for all three sites are satisfactorily
explained within the framework of crystal-field theory.

I. INTRODUCTION

Silicon carbide, SiC, has attracted renewed interest as a
semiconductor material for high-temperature, high-
power, and high-frequency devices."? Compared with
other compound semiconductors, the material develop-
ment of SiC is still in an early stage. To improve the
quality of both bulk substrates and epitaxial layers in par-
ticular, residual impurity and defect studies are required.
A very often encountered impurity in Lely-type grown
substrates is vanadium V. Its concentration can be in the
high 10!” ¢cm ™3 range.

Near-infrared-absorption and luminescence studies of
6H-SiC crystals have revealed three sets of sharp zero-
phonon lines (ZPL’s) in the range 1.3—1.4 um which, by
comparison with corresponding ZPL’s in 4H-SiC, were
assigned to an impurity on the three different sites in 6 H-
SiC, the two quasicubic sites ¥ and f3, and the trigonal a
site. The electronic transitions in question were antici-
pated to be internal crystal-field transitions of V41 (3d1),
i.e., neutral V with respect to the Si** ion it replaces.>™®
This assignment was supported by electron-spin-
resonance (ESR) investigations. They revealed three dis-
tinct ESR signals which on the basis of the observed *'V
(nuclear spin I=1) hyperfine octet structures and the g-
factor variations were assigned to V4 (3d!) on the 7, S3,
and a sites, respectively.3”> Finally, photo-ESR studies
of samples with different positions of the Fermi level gave
very strong evidence that Vg is an amphoteric impurity
producing both a deep acceptor level, V¥t /V3* and a
deep donor level, V4" /V3*, in 6 H-SiC.

In this work, magnetic-circular-dichroism (MCD) re-
sults for the absorption ZPL’s mentioned above are
presented and explained in terms of V*t(3d!) crystal-
field-level schemes appropriate to the three specific sites.
In addition, optically detected magnetic-resonance data
are reported. They were obtained as microwave-induced
changes in intensity of the sharp MCD absorption ZPL’s.
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This MCD-ESR technique, in contrast to conventional
ESR, is site selective and even can be made strain selec-
tive. The MCD-ESR data provide the first direct experi-
mental link between the ZPL’s in the 1.3-1.4-um range
and the ESR spectra of V' in 6H-SiC. With some
modifications the MCD-ESR results confirm the previous
assignments based on conventional absorption and ESR
measurements.

II. EXPERIMENTAL DETAILS

The sample studied in this work is a Lely-type grown
6H polytype SiC platelet with a thickness of 0.5 mm.
The hexagonal c axis is oriented perpendicular to the pol-
ished platelet planes. The sample geometry thus allows
absorption and MCD absorption measurements only with
the light beam along ¢. Luminescence measurements po-
larized E||c and E lc were, however, possible. The sam-
ple is nominally undoped and is one of the compensated
samples used in previous absorption, luminescence, and
ESR studies. Such compensated samples reveal the
1.3-1.4-um ZPL’s already under dark equilibrium condi-
tions.

A K-band (18-26 GHz) optically detected magnetic-
resonance setup, built around a 4-T superconducting
split-coil magnet, was used for MCD absorption and
MCD-ESR studies. The MCD-ESR signals were ob-
tained by monitoring the microwave-induced MCD in-
tensity changes at a fixed photon energy. For the mea-
surements reported here the optical beam and the exter-
nal magnetic field H were parallel to the ¢ axis of the
sample. MCD-ESR measurements with a field direction
a few degrees off ¢ were performed to check the extremal
positions of MCD-ESR lines for H||c but full angular ro-
tation studies were not attempted.

III. RESULTS

Figure 1 in the upper part shows an MCD absorption
spectrum as a function of photon energy. Only the ZPL’s
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FIG. 1. MCD absorption ZPL’s of V**(3d') at H=2.5 T

(upper spectrum). The lower trace, shown for comparison, is a

conventional absorption spectrum. The blowup for the S site
reveals that each f3; line consists of a doublet 3}, B;'.

are shown but phonon replicas of course appear at higher
energies. A very similar spectrum has been observed else-
where.” For comparison, the conventional absorption
spectrum of the same sample® is shown below. Each
MCD structure is seen to have its conventional absorp-
tion counterpart. The intensities of the MCD signals are
very strong, allowing good MCD spectra to be recorded
at fields as low as 50 mT. At 1.4 K the relative intensities
of the MCD lines are independent of magnetic-field
strength with one exception. The negative part of the /3,
structure at least partially freezes out with increasing
field strength. In addition the peak height of this nega-
tive signal decreases with decreasing spectral resolution.
Significant changes in the MCD spectra occur when the
temperature is raised. These are displayed in Fig. 2 for
each site on an extended scale with a spectral resolution
of =1 cm™!. Perhaps the most interesting effect occurs
for the y site. At 6 K the ¥, line acquires a derivative
shape and a new line ¥, appears 4.6 cm ! below the zero
of y,. Furthermore, this temperature increase reduces
the MCD intensity of the ¢ site much stronger than that
of the a or the B site. At 25 K the y site MCD intensity
is higher than at 6 K. The low temperature y, line is re-
placed by a derivativelike structure y, with opposite
phase. For the B site the 1.4-K spectrum changes into
three derivative structures at 25 K. Their zero positions
agree in energy with the peak positions in conventional
absorption to an accuracy of 0.5 cm™!. For the « site a
“hot” derivative structure a, appears in the 25-K spec-
trum which now also consists of three derivative struc-
tures. Again, their zeros agree in energy with the con-
ventional absorption lines within 0.5 cm™'. The level
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FIG. 2. Lower part: MCD spectra at three different temper-
atures recorded with better spectral resolution as in Fig. 1
(H=2.5T). The 6- and the 25-K spectra are blown up in the
ordinate direction by a factor of 2 and 2.4, respectively, com-
pared with the 1.4-K trace. In addition, the ¥ and S lines are
blown up compared to the a lines as indicated. Upper part:
Zero-field crystal-field-level schemes for V4*(3d!) on the three
sites a, B, Y. Schematic Zeeman splittings are also indicated.
See text for explanation of arrows and = signs.

schemes above the MCD traces in Fig. 2 will be discussed
in Sec. IV.

High-resolution (0.2 cm™!) Fourier-transform infra-
red-absorption studies were performed for all three sets
of ZPL’s. No additional structure was observed for the y
and «a lines but it was found that the half-width of the y,
line, 4 cm ™!, is larger than the widths of the 8 and «
lines, 0.7 cm™~!. However, each of the three f3 lines, as
shown in the inset of Fig. 1, consists of two components
separated by 1.0 cm ™. The same splitting was reported
for the B, line by other workers for a different sample.®
This indicates that an intrinsic splitting, not related to
sample mounting induced strain and/or internal strains,
is involved.

In Fig. 3 polarized luminescence spectra for the 5 and
the « lines are shown. Special care was taken to suppress
the influence of polarizing optical components in the op-
tical path. Thus, the pronounced linear polarization
effects observed with E||c and E Lc are due to the sample.
Note that the 1-cm ™! splitting of the 3, line is also visible
in these luminescence spectra. At elevated temperatures
(not shown) hot S lines corresponding to 3, and 3; in Fig.
1 appear in the luminescence spectra.

MCD-ESR spectra recorded with low optical resolu-
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FIG. 3. Linearly polarized luminescence spectra of V** for
the B and the «a sites excited with the uv lines of a Kr-ion laser.

tion (=4 cm™!) on the peaks of the ¥, 3, and « lines, re-
spectively, are shown in the overview of Fig. 4. The best
resolved signal is the hyperfine octet detected on the a
lines. It is characterized by g, =1.749 and 4,=93 G in
full agreement with the ESR values determined previous-
ly at 5 K. In addition to the allowed lines, weak lines due
to forbidden transitions (Am;==1) are seen. The corre-

21.127 GHz 14 K
6H-SiC
V4+(3d1)
o
& Y
a)
(&}
=
o
0.75 0.80 0.85 0.90

MAGNETIC FIELD (T)

FIG. 4. MCD-ESR spectra detected with low optical resolu-
tion on the ¥, 3;, and the a; lines in Fig. 1, respectively.
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sponding spectra for the y and S sites occur at larger g
values and are similar to each other although the
hyperfine structure is better resolved for the [3 site.

The B-site spectrum consists of two overlapping octets
having individual linewidths between 2 and 3 mT. This
could be proved by monitoring the spectrum with better
spectral resolution (=~1 cm™!) on the peak and on the
high-energy wing of the negative 3; line in Fig. 1, respec-
tively, see Fig. 5. Again, weaker forbidden lines are seen,
particularly in the lower-field region. The lower-field oc-
tet is more clearly seen when detected on the S; peak
while the higher-field octet is well visible when detected
on the wing. In addition, it is seen that these MCD-ESR
measurement conditions slightly affect the position of the
resonance lines. This effect is most pronounced for the
uppermost 3 higher-field octet line in Fig. 5 but it is also
visible for the lowest lower-field octet line and this has
consequences for the g factors of the two octets. These
two g factors for the 3 site, evaluated under three mea-
surement conditions are listed in Table I. Those evalu-
ated under low optical resolution are seen to be very close
to the g factors inferred from conventional ESR for V*™*
on the B and the y sites, respectively. The y-site reso-
nance in Fig. 4 also reveals an indication of a line near
0.81 T suggesting that the spectrum in this case too con-
sists of two overlapping octets with somewhat broader in-
dividual lines. The g factors for these two octets obtained
from the spectrum in Fig. 4 are virtually identical with
those of the 3 site, compare Table I.

IV. DISCUSSION AND CONCLUSIONS

The ZPL’s of a given group of lines in Figs. 1 and 2 do
not overlap with vibronic sidebands of any significant in-
tensity from another group of lines. Thus, the MCD-
ESR technique not only establishes that the same defect
is responsible for the optical spectra in Figs. 1 and 2 and
for the resonance spectra in Figs. 4 and 5. In the present
case the technique is also site selective, which means that,
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FIG. 5. MCD-ESR spectra detected with high optical resolu-
tion on the peak and on the high-energy wing of the B; ZPL, re-
spectively.
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TABLE 1. Measured ground-state g factors of V4t in 6H-SiC. hr denotes high resolution and Ir

denotes low resolution.

Site Technique 81(T'ss6) g(Ty) g =g
a Zeeman®?/MCD-ESR 2.0% 1.749 1.875
B MCD-ESR (hr wing) 1.972 1.936 1.954

MCD-ESR (hr peak) 1.970 1.939 1.954
MCD-ESR (Ir peak) 1.969 1.941 1.955
ESR® 1.967 1.946 1.956
Y MCD-ESR (Ir peak) 1.968 1.941 1.955

2Reference 13.
"Reference 4.

e.g., on the « lines only the resonance spectra of defects
on the o site can be observed. The site correlation be-
tween the absorption ZPL’s and the ground-state ESR
spectra suggested previously is herewith established al-
though with modifications.

In the following sections the ground-state resonance
data and the MCD absorption spectra will be discussed in
the frame of crystal-field theory. It will be shown that
most of the data are fairly well explained if the theory is
applied to the simplest case among the 3d transition met-
al ions, namely the electron configuration 3d! which is
that of a V4 ion.

A. Crystal-field theory for V4*(3d')

A tetrahedral crystal field lifts the fivefold d-orbital de-
generacy of the 2D free-ion V*1 ground state such that an
E orbital doublet lies below the orbital triplet T',; see Fig.
6.8 The splitting energy denoted by 10Dg, from a com-
parison with GaP:V** ? is expected to be near 7000 cm ™!
or somewhat larger. In the absence of fields of lower
than cubic symmetry but with spin-orbit coupling includ-
ed, the 2E ground state becomes a I'y quartet state while
the excited 2T, state is split into a lower 'y quartet and a
I'; doublet higher in energy by 2 A. Here, the parameter
A is the spin-orbit coupling constant. For the V** free
ion, Ay=248 cm~ !, If the crystal field contains, com-
pared with 10Dg, a small trigonal component as is the
case for all three sites in 6H-SiC, the 'y 2E ground state
is split into two Kramers doublets transforming as I'y and
Ts,6 in Cy, symmetry. The ?T, state splits into three
Kramers doublets, two transforming as I'y, and one as
I's . The splittings between these three Kramers levels
depend on the relative magnitude and sign of A and the
trigonal field parameter A=3K and usually must be ex-
tracted from experimental data. There is a simple
second-order relation!® connecting the 2E splitting & to
the spin-orbit (A’) and trigonal field (K') matrix elements
between 2E and *T,

_4K'A
10Dg
If K’ is defined as in Ref. 10, ', is below the I'; ¢ level
for K’>0. An evaluation of the absorption spectra in
Fig. 1 gives 8(8)=1.0 cm ~! and 8(a2)=17.8 cm ™! for

the 2E splitting of the B and « sites, respectively. The
C;, symmetry labeling of the Kramers doublets in Fig. 6

) (1)

can be inferred by comparing the electric dipole selection
rules in Fig. 6 for the optical transitions shown with the
observed polarization behavior for linearly polarized
light. The labeling in the schematic scheme of Fig. 6 is
appropriate for V¥t on the a site. Compared with the
scheme previously suggested for this site,’ the I, and
T's ¢ ground-state levels as well as the lowest 'y and T's 6
levels within 2T, are interchanged. Both schemes ac-
count fairly well for the observed polarization behavior in
luminescence but the present one is dictated by the ab-
sorption spectra under Elc. For instance, the observa-
tion of line a, and the nonobservation of a, in Figs. 1 and
2 is in line with the present scheme but not with the pre-
vious one.

In order to understand the different signs of the MCD
lines in Figs. 1 and 2 one needs zero-field-level schemes of
V** for each site as shown in the upper part of Fig. 2.
They are based on the predictions of crystal-field theory
as discussed above and on the linear polarization
behavior of the ZPL’s in conventional absorption, Fig. 1,
and luminescence, Fig. 3. Linear polarization effects and
relative intensities are treated in detail in Sec. IV D.
Since trigonal field splittings for the y site vanish within
the width of the ZPL perfect cubic symmetry is assumed

o "4
2 s A
T, T b M
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10 Dq /11 11/,1
2 - ; I's/6
i a [} r4
a, a, a3 a,
T Cay AL'S

FIG. 6. Crystal-field-level scheme of a 3d! ion in trigonally
distorted tetrahedral symmetry. The arrows correspond to E'1
allowed transitions. Their polarization characteristics E||c or
Elc are indicated. The symmetry assignments of the levels and
their ordering correspond to V4" on the a site.
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in the ¥ scheme in Fig. 2. Note that for the B scheme in
Fig. 2 the ordering of the two highest Kramers levels ',
and I's5 is opposite to that expected from first-order
crystal-field theory. The small overall splitting within
2T, is a clear indication that the first-order spin-orbit in-
teraction is quenched by a dynamic Jahn-Teller effect.!!
In such a case second-order spin-orbit and/or trigonal
field corrections can push the I's  level above both T’y
levels. The MCD spectra will be discussed in Sec. IV E.

B. Ground-state g factors

The g factors for H||c of the two ground-state doublets,
to the order K’ /10Dg and A’ /10Dg, are given by'°

g,(Ty)=2[1+2k'(—2K'—1")/10Dq] , (2a)
g,(Ds/e)=2[1+2k'(2K'—1')/10Dq ] . (2b)

Here, k' is a covalency reduction factor appropriate to
matrix elements of the orbital angular-momentum opera-
tor L between the E and the T, states. Note that if K’
tends to zero, i.e., cubic symmetry, both g, factors ap-
proach the crystal-field value of g, which is the g factor
describing the isotropic part of the Zeeman interaction
within the cubic T'g *E state'?

g,=2—4k'A'/10Dgq . (3

Using the approximate relation A'=~k'A, a typical value
of k', k'=~0.9, 8(a)=17.8 cm ™!, and 10Dg ~7600 cm ™!
from Fig. 1, one obtains from Eq. (1) for V4" on the a
site, K'~247 cm™~!. The g values predicted by Egs. 2(a)
and 2(b) are then given by g (I'y))=175 and
8(I's/6)=2.03 in excellent agreement with the values
determined by ESR and MCD-ESR for I'; and by Zee-
man studies!? for T's 4, respectively.

Using 8(8)=1.0 cm™ !, 10Dg~7400 cm !, and the
same value of A’ as above, one obtains from Eq. (1) for
the B site, K'~8 cm™!. With these values the average g
factor g,, of the 2E ground-state levels, g,,
=[8(Ts,6)+g(T4)]=g,, according to Eq. (3) is pre-
dicted to be =1.90, i.e., smaller than the experimental
value of 1.95. This deviation neither results from the
neglect of higher-order crystal-field terms (A’'/10Dgq)? in
Egs. (2) and (3) nor can it be accounted for by Jahn-Teller
effects.'>!'* For H||c in 6H-SiC, which corresponds to
H||{111) in zinc blende, first-order Jahn-Teller effects on
the g factors are not expected. It is therefore suggested
that the neglect of configuration mixing and/or ligand
contributions to the g factors cause this slight discrepan-
cy. It is noted that the same problem is encountered for
the 2E ground-state g factor of V*' in GaP.!” The g-
factor difference

Ag, =g (s s)—g(I'y)=16k’K'/10Dg )

is predicted as 0.016 which is smaller than measured.
This may be an indication of a dynamic Jahn-Teller effect
which quenches the 2E trigonal field splitting by the Ham
reduction factor p.!? The true crystal-field value of K’ for
the 3 site may therefore be larger than the value derived
above thus giving an increased Ag value.
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The value of Ag (y) for the y site equals Ag,(B); see
Table I. According to Egs. (1) and (4) this indicates that
8(y)=8(B). Thus, the 2E trigonal field splitting of V on
the y site must be similar to the resolved 1.0-cm ™! split-
ting of the B site. On the other hand, the increased line
broadening in the y-site MCD-ESR spectrum indicates
that the effects of internal random strains are more pro-
nounced for the ¥ than for the B site. This is also ob-
served in the optical spectra where the y site mimics a
truly cubic site behavior; see also Sec. IV E. Since the
site-selective MCD-ESR technique gives virtually identi-
cal spectra for the ¥y and the f sites, the site assignment
suggested previously in the 9.5-GHz ESR spectrum®? re-
quires some modification. It is proposed that the two
hyperfine octets observed by ESR near g=1.95 result
from the different g factors of the I'5 5 and the I'y level of
one site, the y and B sites giving indistinguishable contri-
butions to both octets. In other words, ESR at 9.5 GHz
does not discriminate between the B and the ¥y sites.

C. Strain effects in MCD-ESR

The resonance properties of a cubic 2E state are known
to be very sensitive to internal strains.'? This is also the
case when a weak trigonal field splits the 2E, as long as
the trigonal splitting does not substantially exceed typical
splittings (1 cm™!) induced by internal strains. Such a
situation is encountered here for the ¥ and 3 sites.

When the 3; MCD line is monitored in its high-energy
wing, one selects 3 sites which experience large internal
strains since they are the major source for the broadening
of the optical ZPL’s. The increased transition energy at
the high-energy wing as compared to the peak results at
least in part from a trigonal strain-induced increase in the
2E trigonal field splitting 8. According to Eq. (1) this
transforms into a strain-enhanced K’ value. From Egs.
2(a) and 2(b) it is now seen that this effect leads to a
strain-enhanced g (I's,s) and a strain-reduced g,(T,)
value, i.e., an increase in the g-factor difference. In other
words, the I's, lower-field octet is expected to move to
lower fields while the I', higher-field octet should move to
higher fields when the MCD-ESR is monitored on the 3;
high-energy wing as compared to the peak. Equations
(2a) and (2b) also show that, for the given parameter set
K'=~8 cm™ !, A’=~223 cm™ !, the relative strain effect is
larger for the I', higher-field octet than for the I's/q
lower-field octet. All these predictions are confirmed by
the B-site MCD-ESR spectra in Figs. 4 and 5. In particu-
lar it should be noted that the field equivalent of the
octets’s g-factor difference amounts to about one
hyperfine spacing in the 3 peak spectrum of Fig. 4 and to
about two such spacings in the wing spectrum of Fig. 5.

D. Relative intensities
in zero field under linear polarization

The linearly polarized absorption spectra in the lower
part of Fig. 1 and the luminescence spectra in Fig. 3 not
only definitely establish the zero-field-level schemes in the
top of Fig. 2 and in Fig. 6, they also help to elucidate the
signs and intensities of the MCD absorption lines.
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It is a completely general result based on group theory
that the relative transition probabilities, (RTP’s) of all six
optical transitions in Cj;, symmetry that can originate
from a Iy’ —T; and a Iy’ TP transition in cubic sym-
metry can be described by two independent parameters.'®
In the present case where the orbital parts of all five C;,
states in question derive from d orbitals, compare Fig. 6,
there must be a simple relation between thee two parame-
ters. We find for the parameters D; and D' defined in
Ref. 16 that D¢ =2D'? with both D and D’ being real
here. Thus, the RTP’s for all six possible transitions can
be expressed by a single real parameter u, 0=u =1 as
defined in Ref. 16. However, the RTP’s quoted in Table
XIV of Ref. 16 cannot be compared directly with our
data because the total intensity normalization condition
used there is not appropriate in the present case. Here,
we must require that the total 2E —2T, intensity is a con-
stant independent of the strength of the trigonal pertur-
bation. The E|c and Elc RTP’s listed in Table II in
terms of the parameter u have been derived with the help
of Table XIV in Ref. 16 under the above normalization
condition.

It should be noted that u =1 corresponds to the case of
cubic symmetry and that u values close to 1 and O
represent weak and strong trigonal fields, respectively. It
will be seen below that u(a)=0.08, u(B)=0.85, and
u(y)=u(B) give pretty good overall agreement between
predicted and measured relative intensities.

The total, relative E Lc intensity of each site at 6 K can
be obtained from Table II by summing up the RTP’s of

10 851

those transitions which give a significant contribution to
the ZPL’s at this temperature. Using the u values quot-
ed above for the three sites, the total relative intensities
are 0.49, 1, and 0.58 for the «, 3, and the 7 sites, respec-
tively. The corresponding measured intensities from the
absorption spectrum in Fig. 1 are 0.45, 1, and 2.4. As-
suming that the impurity has no site preference, agree-
ment within a factor of =4 is thus obtained.

Table II is divided into four blocks corresponding to
absorption (@) and emission (e) data for the a and S
lines. The experimental intensities in columns 5,6 within
each block are normalized such that the strongest line
has unity intensity. The calculated intensities in columns
7,8 are obtained from the RTP’s in columns 3,4 with ap-
propriate Boltzmann factors and are normalized accord-
ingly. With u(3)=0.85 and u(a)=0.08, agreement usu-
ally better than within a factor of =3 is obtained. The
only significant deviation occurs for the hot a, absorption
line. This is very likely due to the fact that the true elec-
tron temperature of the sample is higher than the nomi-
nal temperature quoted in Fig. 1. The otherwise good
agreement gives us confidence in the line assignments.
There are, however, two cases where the predicted inten-
sities are zero whereas those observed are significant.
This concerns the 3 absorption line under E lc and the
a; emission line under E ||c. Misorientation effects can be
excluded for a;. Thus, the a; parallel intensity most like-
ly results from a mixing of the lower I', level with the
nearby T's ¢ level within T, in Fig. 6, induced by internal
tetragonal strains. This has consequences for the sign of

TABLE II. Line assignments and relative intensities under E ||c and E Lc for the sites B and a in zero-field absorption (a) and emis-

sion (e).
Experimental Calculated
Transition RTP intensities intensities
ZPL in C;, | L | 1 [| L

(a)
Bi Ts,—T, 0 %-%u 0.88 0 0.85
BY r,—r, 1-tu Ju 1 0.35 1
B Is,6—T, 0 %u 0.59 0 1.50
By r,—r, %u %u 0.23 2.00 0.50
B, Ts/6—Ts s 1 0 0.14 2.35 0
By T,—Ts 0 134 0.62 0 0.85
(e)
B, T 0 13y 0.05 1 0 1
Bl r,—T, 1ly lu 0.15 0.43 0.41 1.18
(a)

a,, hot Ts,—T, 0 1-3u 0.07 0 0.01*
aj y—Ts 0 %-%u 1 0 1
a, r,—r, 1-Lu Tu 0.06 0.98 0.04
(e)
a; I's/6—T's6 % 0 1 0.02 1 0

a,, hot 'y—Ts 0 %-%u 0.02 0.09 0 0.12°
as Ts6—T4 0 1.3y 0.11 0.38 0 0.94

ay, hot r,—TI, %-%u Tu 0.16 <0.01 0.12° <0.01°

#Includes Boltzmann factor for the nominal temperature of 6 K quoted in Fig. 1.
Includes Boltzmann factor calculated with an electron temperature of 4.2 K instead of the nominal bath temperature quoted in Fig.

3.
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the a, MCD absorption line. Finally, we can understand
why for the a site the highest-energy absorption transi-
tion I'y4—TI', in Fig. 6 was not observed. Its E Lc intensity
is a factor of 2 less than the a, intensity thus being prob-
ably too weak to be detectable.

It is finally mentioned that additional v+t a, B, and Y
luminescence lines labeled V-X, not observed here, have
been reported elsewhere!® for a “6H”-SiC sample. Al-
most certainly this sample is not a pure 6H polytype and
the additional lines also arise from isolated V*t on Si
sites but situated in stacking faulted regions of the crystal
where they experience slightly different crystal fields.

E. MCD absorption

The MCD absorption signal S(hv) as a function of
photon energy hv is defined as the difference in absorp-
tion between left (o) and right (o _) circularly polar-
ized light when the sample is placed in an external mag-
netic field H and the light propagates along the field
direction. Thus, S(hv) is proportional to
a,(hv)—a_(hv) where a, and a_ are absorption
coefficients for o, and o _ polarized light, respectively.
S(hv) may acquire either sign depending on the relative
magnitude of @, and a_ at a given photon energy. For
instance, a spectrally “free-standing” transition between
a ground- and an excited-state Zeeman level gives a posi-
tive (negative) MCD line if the transition in question is
o, (o _), polarized.

When a magnetic field is applied along ¢ the I'y states
and the Kramers doublets in Fig. 2 split into time-
conjugated Zeeman levels labeled as = or =2 according
to their symmetry properties. The electric dipole (E1)
operators for left (x +iy) and right (x —iy) circularly po-
larized light can induce o, and o _ optical transitions
between these levels. The usual E1 allowed Am;=1
(o +)and Am;=—1 (o _) transitions are shown in Fig. 2.
Those starting from the lowest (a) or the two lowest
(B,7) Zeeman levels are shown as full arrows ordered for
each site from the left to the right in the sequence of in-
creasing zero-field energy. Their time-conjugated transi-
tions!” starting from the corresponding upper Zeeman
levels are shown as dashed arrows. The latter transitions
have exactly the same transition probabilities as the origi-
nal ones but the opposite circular polarization. At
T=1.4 K, H=2.5T, and g =2 they are almost frozen
out since the population ratio of the lowest Zeeman level
and its corresponding excited level is about 10:1. Thus,
at 1.4 K one expects to observe essentially transitions
corresponding to the full arrows in Fig. 2 with the fol-
lowing exception: In the present case, i.e., H|/c which
corresponds to H|[{111) in zinc blende also, Am ;=12
transitions are E1 allowed by symmetry and cannot be
neglected. The reason is the third-order S} term in the
linear Zeeman interaction which mixes the *3 levels.
These Am ;=22 transitions are not shown in Fig. 2, sim-
ply not to overload the figure, but their presence is indi-
cated by the * signs below the solid arrows. The upper
=+ signs give the o, polarization characteristics of the
|Am;|=1 transitions while the lower signs correspond to
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oy of the |Am j|=2 transitions. In the subsequent
analysis the latter are taken into account.

For a comparison of the MCD ZPL signs and intensi-
ties with theory one requires relative o .. transition proba-
bilities for the transitions in question. These were de-
rived'® in full generality and are complicated looking ex-
pressions depending on four parameters. Two of them, in
the present case, are simple numbers. From their
definition in Eq. (35) of Ref. 18 we find y=—1/V2 for
the [y 2E state and y'=(V'2/2)(5—3V3) for the Iy *T,
state. A further simplification results from the observa-
tion that the relative signs and intensities of the MCD
ZPL’s are practically field independent (except the nega-
tive part of 3;). Thus, a situation where all Zeeman split-
tings are much smaller than the widths of the ZPL’s can
be exploited. This means that RTP’s from different tran-
sitions contributing to a specific ZPL can simply be
summed up. These RTP’s were derived with the help of
Table XIV in Ref. 18 again using the normalization con-
dition that the total 2E — 2T, intensity is independent of
the strength of the trigonal field as in Sec. IVD. They
are listed in column 3 of Table III. The nice result is that
they depend on a single parameter which turns out to be
the u parameter derived in the previous section for the
three sites. We can therefore account for the 1.4-K
MCD ZPL signs and relative intensities without any free
parameter.

The relative, calculated MCD intensities at 1.4 K of
the six MCD lines in Fig. 1 are listed in column 4 of
Table III. They were obtained from column 3 with the
appropriate u parameters for the three sites neglecting
the weak contributions from the time-conjugated transi-
tions and with nonunity Boltzmann factors where indi-
cated. It should be noted first that the predicted MCD
line signs, except for line a4, agree with the observed
signs, as compared with column 5 of Table III. Second,
for these five ZPL’s also the relative intensities observed
agree with those calculated within a factor of ~2. How-
ever, the wrong MCD sign is predicted for the weak a,
line. This is not totally unexpected since evidence has
been presented in Sec. IV D that the excited I', level in-
volved in the transition is mixed with the nearby I's /4 lev-
el by internal tetragonal strains. This means that the a,
transition “borrows” negative MCD intensity from the
strong «; transition. An admixture of only 8% is
sufficient to obtain a negative a, MCD intensity. The in-
complete freeze-out of the negative part of the 8; MCD
line at 1.4 K is not fully understood. It is probably relat-
ed to the 1-cm ™! ground-state splitting of V#* on the B
site in zero field.

The increased complexity of the MCD spectra at tem-
peratures above 1.4 K in Fig. 2 results from the increased
population of the higher-lying ground-state Zeeman lev-
els. As a consequence the dashed, time-conjugated tran-
sitions in the level schemes of Fig. 2 gain in intensity as
compared to the original solid transitions. Since the two
types of transitions have opposite circular polarization
and since they are spectrally separated by Zeeman split-
tings, each positive or negative MCD line at 1.4 K is ex-
pected to evolve into a derivativelike structure at elevated
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temperatures. This is clearly the case for all a and 3 lines
in Fig. 2. The y-site spectra, however, reveal unexpected
features. If the y site has perfect cubic symmetry as as-
sumed for the ¥ scheme in Fig. 2, the —1, —3 as well as
the 1, 3 Zeeman levels of the I'y ground state are degen-
erate for H||c correct to the order A'/10Dgq in the g fac-
tors. Actually we have inferred a ~1 cm™! I'y ground-
state splitting from the g-factor analysis. Nevertheless,
for the present purpose, this I'y state mimics a cubic
behavior since the zero-field splitting vanishes within the
linewidth. The g factor of the excited I'g level is zero in
first order. Thus, for all accessible field strengths the
solid transitions contribute to a single positive ZPL and
their time-conjugated transitions give a single negative
ZPL lower in energy by the ground-state Zeeman split-
ting. In other words, the ¥, line at 1.4 K is expected to
evolve into a simple derivative structure as is indeed ob-
served in the 6-K spectrum. However, the appearance of
the positive y, line 4.6 cm ™! below the y, zero position

TABLE III.
u(y)=0.85), u(3)=0.85, u(a)=0.08.
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in the 6-K spectrum cannot be understood in the frame of
static crystal-field theory. This also applies to the 25-K
spectrum where the negative y, peak occurs at exactly
the position of the y; 1.4-K peak, thus indicating a sign
reversal of the ground-state g factor. We believe one en-
counters manifestations of strong Jahn-Teller coupling of
the T'g2E electronic state to an E-type vibrational mode.
In such a case a vibronic spin doublet (tunneling singlet)
approaches the T’y vibronic ground state!? which may ac-
count for the y, peak at 6 K. Possibly the sign reversal
occurring during the warm up from 1.4 to 25 K is a man-
ifestation for the transition from a static to a dynamic
Jahn-Teller effect. The comparatively very strong de-
crease of the y; MCD intensity at 6 K most probably re-
sults from the larger linewidth for the y site. Here, des-
tructive interference effects between neighboring o, and
o _ transitions are much more pronounced than for the
sharper lines of the 8 and the a sites. For the increased
v-site MCD intensity at 25 K we suggest a similar effect.

Comparison of calculated and measured relative MCD intensities at 1.4 K;

Relative MCD intensity

MCD line Transition MCD RTP calculated measured®

Y1 o —3>—1 —1+3u +0.20° +0.13
e
R u
o =i==3 ~ i+
R

B a+—%—>% %u +0.382 +0.17
oi—i——} —4+3u
o —3—1

B a+——%—>% %u +0.15% +0.11
R bu
o_=3—}

Bs o_—1->-3 —1+3u —0.19 —0.19
o —4—1

as a,—%—w—% ——% %u —0.47 —0.47
Uﬁ—%-—»%

ay a+—%—>% %u +0.02 —0.04

?Includes nonunity Boltzmann factor.
®Normalized to a;.
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We believe that the linewidths of the neighboring o, and
o _ transitions become reduced because of motional
effects in the ground state, resulting in reduced destruc-
tive interference. This effect may overcompensate the ex-
pected reduction in MCD intensity resulting from the re-
duced spin polarization at 25 K.

V. SUMMARY

MCD absorption and MCD-ESR data for the neutral
vanadium impurity, V4t (3d'), on the a, B, and v sites in
6H-SiC were reported and supplemented by linearly po-
larized absorption and luminescence spectra. From the
linearly polarized spectra, crystal-field-level schemes in
zero magnetic field and the intensity parameter u were in-
ferred for V4t on each site. With this information the
MCD ZPL positions, signs, and relative intensities could
be accounted for without an adjustable parameter. The
analysis of the optical data clearly shows that the trigonal
crystal-field component of the « site is large compared to
those of the y and f3 sites. Evidence for vibronic coupling
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in both the 2E ground state and the 2T, excited state is
found but a detailed analysis of Jahn-Teller effects was
not performed.

The MCD-ESR technique, in the present case, is site
selective and even can be made strain selective. The V4"
resonances associated with the 8 and the ¥ sites are virtu-
ally identical showing that conventional ESR cannot dis-
tinguish between these two sites. The g factors for all
three sites are satisfactorily explained in the frame of
crystal-field theory.
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