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Spatial distribution of the electronic wave function of the shallow boron acceptor
in 4H- and 6H-SiC
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A high-frequency~95 GHz! pulsed electron paramagnetic resonance and electron-nuclear-double-resonance
study has been carried out on the shallow boron acceptor in13C-enriched 4H-SiC and 6H-SiC. From the
hyperfine interaction of the unpaired electron spin with the13C (I 51/2) nuclei the spatial distribution of the
electronic wave function has been established. It is found that there are subtle differences in the degree of
localization of this wave function between the different sites~two quasicubic and one hexagonal! in the two
polytypes 4H-SiC and 6H-SiC, though only for the two quasicubic sites a complete study of the wave
function could be made. In particular it is found that the spatial distribution is highly anisotropic. This
anisotropy can be rationalized by considering the anisotropy of the hole mass, i.e., by assuming that effective-
mass theory is~partly! valid in describing the remote part of the spatial distribution of the electronic wave
function. @S0163-1829~99!16135-6#
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I. INTRODUCTION

One of the intriguing problems in semiconductor phys
is the nature of shallow impurities in the host-crystal lattic
The most critical test of the theoretical models describing
electronic wave function of the shallow donors and accep
is provided by the hyperfine interaction of the unpaired el
tron spin with the surrounding nuclear spins, obtained fr
electron-nuclear-double-resonance~ENDOR! spectroscopy.
This ENDOR technique, developed by Feher,1 has been suc
cessfully applied to the three donor impurities P, As, and
in Si.1–3 In contrast, all attempts to observe ENDOR fro
group-III acceptors~B, Al, Ga! in Si have been unsuccessfu
although electron paramagnetic resonance~EPR! signals
could be observed after applying uniaxial stress which
moves the degeneracy of the valence band.4 The reason for
the failure to observe ENDOR of acceptors in Si is related
the presence of random stress in the crystal which, in c
bination with the degeneracy of the valence band, lead
variations in theg-tensor values and to a broadening of t
ENDOR lines.

In this paper we present a determination of the spa
delocalization of the electronic wave function of an accep
in a semiconductor. The system studied is the B accepto
SiC. Silicon carbide has a crystal structure which is ve
close to that of silicon. Especially cubic SiC~3C-SiC!, which
has a zinc-blende structure, is very similar. The structure
other polytypes is different, and some of them are hexago
It is known that the most important acceptor impurities
SiC are B, Al, and Ga, as in Si. These group-III elements
be introduced during growth or afterwards by diffusion
implantation and have been studied using Hall effect, opt
spectroscopy,5 and deep-level transient spectroscopy.6,7 Shal-
low acceptors introduced in SiC by the group-III impuriti
have also been studied using EPR,8–13 optically detected
magnetic resonance~ODMR!,13–16 high-frequency pulsed
EPR and ENDOR at 95 GHz,17 and by ENDOR at conven
PRB 600163-1829/99/60~23!/15829~19!/$15.00
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tional frequencies.18,19 The activation energies for shallow
boron ~sB! acceptors were estimated to be between 0.22
and 0.35 eV.4 More recently it was found by Evwaray
et al.20 that the activation energy isEv10.27 eV for the hex-
agonal site~hex! and Ev10.31 eV andEv10.38 eV for the
quasicubic sitesk1 and k2 , respectively. According to Ref
21, the incorporation of Al in 6H-SiC introduces shallow
acceptor levels atEv10.239 eV for the hexagonal site~hex!
and Ev10.248 eV for the quasicubic sites (k1 ,k2). Simi-
larly, Ga introduces shallow acceptor levels atEv
10.317 eV~hex! andEv10.333 eV (k1 ,k2).21

There is a large difference in the properties of group-
shallow acceptors in SiC and Si. In Si all group-III shallo
acceptors show effective-mass-like behavior with the B
ceptor as the shallowest level. In SiC, the energy level of
is roughly situated between that for shallow Al~sAl! and for
shallow Ga~sGa!. However, it appears, that the electron
structure of the sB acceptor is strikingly different from th
of the sAl and sGa acceptor. The resonance conditions of
unpaired spin related to the sAl and sGa acceptors reflec
properties of the uppermostG9 valence-band hole, and indi
cate an effective-mass-like character of these acceptors
with a reduced orbital-momentum contribution resulti
from the localization. In contrast, the EPR spectrum of
sB acceptor shows that the contribution of the orbital angu
momentum is almost negligible (g;2), and EPR signals o
sB could be observed in 3C-SiC without any uniaxial stress
applied to the crystal. In contrast sAl and sGa signals h
not been observed in 3C-SiC.

The difference in behavior of sB on the one hand, and
and sGa on the other hand, was explained by considering
difference in atomic radii.12,13,17 It was proposed that B
which substitutes for Si but which has an atomic rad
smaller than Si, occupies an off-center position owing
chemical rebonding, i.e., it relaxes away from the neighb
ing C along the B-C bond. Indeed a high-frequency~95
15 829 ©1999 The American Physical Society
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15 830 PRB 60A. van DUIJN-ARNOLDet al.
GHz! EPR and ENDOR study on sB in 6H-SiC, carried out
at liquid-helium temperatures, revealed that there is a re
ation of the neighboring carbon atom and the boron at
away from each other.17 This study also revealed that B
neutral, and that it carries no direct spin density. The m
spin density~about 30%! is located on the dangling bondpz
orbital of one of the neighboring carbon atoms along the C
connection line. In contrast to the behavior of the sB acc
tor, Al and Ga atoms substituting for Si are expected to
cupy on-center positions. As the local symmetry is conser
this could explain the effective-mass-like-behavior obser
for the sAl and sGa acceptors.

The aim of the present study is to reveal the spatial d
tribution of the electronic wave function of the sB accep
in different sites~quasicubic and hexagonal! in the two poly-
types 4H-SiC and 6H-SiC. Fukumoto, using the first
principles pseudopotential method,22 calculated that the un
paired electron connected to the sB acceptor cente
3C-SiC resides almost entirely on the C atoms. Thus
have performed a 95-GHz ENDOR study on the13C (I 5 1

2 )
nuclear spins in13C-enriched SiC crystals to obtain the h
perfine~hf! interaction with the unpaired spin density. Fro
the results it appears that, although the EPR properties o
in 4H-SiC and 6H-SiC are very similar, a difference in
behavior can be observed in the ENDOR data. In particula
can be seen that for thek2 site in 6H-SiC the electronic
wave function is slightly more localized than for thek1 site
in 6H-SiC and thek site in 4H-SiC. Unfortunately a similar
detailed analysis of the hexagonal site was not possible
to a congestion of lines in the ENDOR spectrum. Nevert
less a tentative spatial distribution of the electronic wa
function for this site is proposed.@For a definition of the
quasicubic~qc! sites and hexagonal~hex! site in 4H-SiC and
6H-SiC, see Fig. 1#. Our conclusion agrees with the findin
of Evwarayeet al.20 that the binding energies for the thre
sites of the sB acceptor in 6H-SiC differ.

A remarkable result is that the spatial delocalization of
unpaired spin density of the qc-site-related sB accepto

FIG. 1. A schematic representation of the difference betw
the 4H- and 6H-SiC crystal structures. The SiC crystal is built u
of tetrahedrons, with four bonds for every atom. Two of the bon
lie in the plane of the figure and parallel to the direction of thec
axis a staircase pattern is formed. For 6H-SiC this pattern gives rise
to three inequivalent sitesk1 , k2 and hex, for 4H-SiC the staircase
is shorter and there are only two sites,k and hex.
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highly anisotropic. This spatial distribution agrees very w
with theoretical predictions of Petrenkoet al.23 Interestingly
this anisotropy can be rationalized by considering the ani
ropy of the effective mass of the hole. So it seems that
properties of the remote part of the sB acceptor wave fu
tion can still be explained~partly! by effective-mass theory
although the orbital angular momentum of the hole
quenched as a result of the lattice distortion.

II. EXPERIMENT

The experiments were performed on the following thr
different samples. The first~sample I! is a free-standing
4H-SiC epitaxial layer~with removed substrate!, grown by
the sublimation sandwich method24 in vacuum at tempera
tures between 1700 and 1750 °C. It is13C enriched~30%!,
contains boron in natural abundance and isp type. Boron
was introduced during growth because it was present a
trace impurity in the material used for the13C source. As
such no N was present in this sample. The second 4H-SiC
sample~II ! is from Cree Company, it is alsop type, and11B
was diffused at a temperature of about 2000 °C. The th
6H-SiC sample~III ! is also13C enriched andp type. It is a
free-standing epitaxial layer~with removed substrate!, grown
in the same way as sample I, with11B diffused in at tem-
peratures of about 2000 °C. It should be mentioned that
central part of samples II and III is not compensated by B
is still n type, and leads to the presence of N-related lines
the EPR spectrum. Typical sample dimensions are 0.230.4
30.2 mm3.

The experiments were performed at 1.2 K on a hom
built, pulsed EPR/ENDOR spectrometer operating at a
crowave frequency of 95 GHz. A detailed description of t
setup is given elsewhere.25,26 The main advantage of thi

n

s

FIG. 2. ~a! The EPR spectrum at 95 GHz withBic for the sB
acceptor in 4H-SiC ~sample I!. The spectrum consists of two lines
one is related to a B atom on thek site, and one to a B atom on the
hex site. The shoulders are attributed to the hf interaction with
nearest-neighbor13C nuclei. ~b! A similar EPR spectrum obtained
on sample II. In addition to the sB lines, three lines are observe
the shallow N donor on thek site in 4H-SiC. This triplet is attrib-
uted to the hf interaction with the14N nuclear spin (I 51). ~c! The
EPR spectrum at 95 GHz withBic for the sB acceptor in 6H-SiC.
In addition to the EPR lines of the sB acceptor on thek1 , k2 , and
hex positions, a signal is observed that is attributed to the shallo
donor. All spectra are recorded at 1.2 K.
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TABLE I. The g-tensor principal values of the sB acceptor and the hf interaction with the nea
neighboring carbon atom for the hexagonal site as well as the quasicubic site, in the case of 4H-SiC ~this
work, Refs. 9 and 32! and of a 6H-SiC crystal~Ref. 17!. All g values have been calculated relative togz of
the hexagonal site, assuming it to have a value of 2.002 00. The temperature in Ref. 9 was 3.4 K
microwave frequency was 74.1 GHz. The temperature in Ref. 32 was 4.2 K, and the microwave freq
was 142 GHz.

gx gy gz a(C)
(31024 T)

b(C)
~31024 T!

4H k 2.0069~1! 2.0056~1! 2.0020~1! 39~1! 12.5~6!

k ~Ref. 9! 2.0028~5! 2.0059~5! 2.0064~5! 32~1! 7.3~5!

k ~Ref. 32! 2.0069~2! 2.0059~3! 2.0025~2!

hex 2.0066~1! 2.0066~1! 2.0020 39~1! 12.5~5!

hex ~Ref. 9! 2.0070~5! 2.0070~5! 2.0018~5! 32~1! 7.3~5!

hex ~Ref. 32! 2.0070~2! 2.0070~2! 2.0019~2!

6H k1 ~Ref. 17! 2.00623~5! 2.00605~5! 2.00226~5! 40.8~5! 10.8~5!

k2 ~Ref. 17! 2.00592~5! 2.00675~5! 22.00251~5! 40.8~5! 10.8~5!

hex ~Ref. 17! 2.0069~5! 2.0069~5! 2.00200 40.8~5! 10.8~5!
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spectrometer is the high resolution both in the EPR a
ENDOR spectra. Moreover, owing to the split-coil config
ration of the superconducting magnet, it is possible to p
form a complete orientational study. The pulsed electr
spin-echo-detected EPR spectra were measured
monitoring the electron spin echo intensity in a two-pu
echo experiment as a function of the magnetic field. In
pulsed ENDOR experiment a Mims-type pulse sequence
used,27 consisting of threep/2 microwave pulses with sepa
rationst andT between the first and the second, and sec
and third, pulses, respectively. Typical values fort andT are
250 ns and 1 ms, respectively. As a result of this pulse
quence a stimulated echo~SE! is created at a timet after the
last pulse. During the timeT, which is much longer than the
phase memory timeTM , a radiofrequency~rf! pulse is ap-
plied which induces a change in the intensity of the SE wh
this rf pulse is resonant with a nuclear transition. The E
DOR spectra are obtained by monitoring the SE intensity
a function of the frequency of the rf field.

III. RESULTS AND ANALYSIS

The EPR and ENDOR data to be discussed in this sec
can be described by a spin Hamiltonian of the form.

H5mBSW •gJ•BW 1~SW •AJB2gBBW !• IWB1 IWB•PJB• IWB

1(
i

~SW •AJx
i 2gxBW !• IWx , ~1!

whereX represents Si or C,AJB andAJx
i represent the hyper

fine tensors of the11B (I 5 3
2 ), 13C (I 5 1

2 ), and 29Si (I 5 1
2 )

nuclear spins,PJB the quadrupole tensor of the11B/10B spins,
andgB andgX the gyromagnetic ratios for the B, C, and
nuclei. We can write for the hyperfine tensorAzz5a12b,
Ayy5a2b2b8, andAxx5a2b1b8. For the quadrupole in-
teraction we can write, assuming axial symmetry,PB(I z

2

21/3I 2) with PB53/2 Pzz53q andPxx5Pyy52q.
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A. EPR spectra

Figure 2 shows three 95-GHz EPR spectra of the sB
ceptor in SiC withB ic axis. The upper spectrum is obtaine
on sample I (4H-SiC) and consists of two lines; one is re
lated to a B atom on a quasicubic position~k! in the crystal,
the other is related to a B atom on a hexagonal posit
~hex!. The latter line is only visible after magnifying th
spectrum by a factor 10. The weakness of the hex signa
probably caused by the position of the Fermi level. The we
satellites in the magnified spectrum are caused by the hy
fine ~hf! interaction with the nearest-neighboring13C
nucleus. The middle spectrum was measured on samp
(4H-SiC). Here, in addition to the two EPR signals of th
sB acceptor, the signal of thek-site N donor, present in the
central, uncompensated part of the sample, is observed,
a hf splitting in three components characteristic of 4H-SiC
and caused by the14N (I 51) nuclear spin. We remark tha
owing to the small linewidth of the sB signals and the fa
that this sample is not13C enriched, the hf interaction with
the B nuclear spin is visible in this spectrum on the sB li
related to the hex site. The lowest spectrum is obtained un
similar conditions on sample III~11B-doped 6H-Si13C). The
three lines marked withk1 , k2 , and hex correspond to th
two qc sites and the hex site of the sB acceptor. We rem
that the assignment of the EPR lines to thek1 or k2 site is
reversed with respect to earlier publications.9,17 This reas-
signment is based on the ENDOR data to be presented in
paper~see Sec. II B 2!. The broad line marked with N origi-
nates from the qc and hex site N donors, present in the c
tral part of this sample, which is not totally compensat
with 11B.

To find theg tensor of the sB center in 4H-SiC, we made
a study of the orientational dependence of the EPR spect
in two planes. The first dependence was measured in
(112̄0) plane, in which the magnetic field is turned fro
B i c axis toward the plane perpendicular toc ~u50°
→90°, w[0°, with u the angle between thec axis and the
magnetic field!. The second dependence was measured in
plane perpendicular to thec axis ~u590° and w50°
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15 832 PRB 60A. van DUIJN-ARNOLDet al.
→90°). For the orientationu590° andw50°, the magnetic
field lies along the projection of a C-Si bond in the pla
perpendicular to thec axis. In analogy with the case of th
sB acceptor in 6H-SiC,17 it is found that the principle axe
gz , gx, andgy for the k site are directed withgziB-main C
bond~70° to c!, gx perpendicular togz in the plane spanned
by thec axis and the B-main C bond and thegy axis perpen-
dicular to both, in the plane perpendicular to thec axis. For
the hex site, thegz axis is found to be parallel to thec axis,
and thegx axis lies in the same plane as for thek site, again
perpendicular to thegz axis. Thegy axis makes an angle o
90° with both. In Table I the principleg values are presente
and it is seen that they are also almost the same as for s
6H-SiC. The largest relative difference is found ingx . As
the deviation of theg value fromge scales with the energy
difference between two levels, it is sensitive to changes
the surroundings. Theg value that differs most fromge will
thus relatively be most sensitive to changes.

The 13C hf splitting observed in the EPR spectra and
lated to the C atom carrying the main spin density exhib
axial symmetry with the symmetry axis parallel to thegz axis
of the site. The fit values to the experimental data of the13C
hf interactions are also collected in Table I, where we u
the definitionsAzz5a12b and Axx5Ayy5a2b. A com-
parison with similar observations in 6H-SiC shows that the
isotropic parameters,a are the same within experimental e
ror, but that the anisotropic parametersb are slightly differ-
ent. In analogy with Ref. 17, we conclude thata and b are
both positive as based on the orientational dependence
the mere size of the hf interaction.

At certain orientations shoulders can be seen on the
EPR lines. These lines were also reported in previ
papers8,9,17 and attributed to the hf interaction with29Si (I
5 1

2 ) nuclei of the first Si shell, i.e., the three Si next to t
carbon carrying the main spin density. The hf interaction
these lines was reported to be virtually isotropic (b,1
31024 T), with an isotropic hf constanta51031024 T.

B. ENDOR

Figure 3 shows an overview of the total ENDOR spe
trum as measured on the 4H-Si13C sample with a natura
abundance of B~sample I! with Bic. The figure is a nice
example of the spectral resolution that can be obtained a
GHz. The orientational dependence of the ENDOR spectr
obtained by tuning the magnetic field to the EPR line of
site studied. In the following we will concentrate on the d
ferent parts of the spectrum.

1. ENDOR of 11B and 10B

From the orientational dependence of the boron END
spectra, it was found that there is a striking similarity b
tween the hexagonal and qc sites in 4H-SiC and 6H-SiC.
The tensors are axially symmetric, with their axes of sy
metry along thegz axis of a specific subsite and with simila
principal values. The results are summarized in Table II. T
measurements on11B (I 5 3

2 ) and 10B (I 53) allowed us to
check whether the different isotopic masses had an effec
the hf data. However, we found that the hf data for the t
isotopes are simply related by taking account of the differ
gyromagnetic ratios, the ratio of the quadrupole mome
in

in

-
s

d

nd

B
s

f

-

95
is
e

R
-

-

e

on
o
t

ts

and a spin factor 2I (2I -1). Thesigns ofa, b, andq in Table
II were determined in the same way as described in Ref.
The relative signs of A5a12b(3 cos2u) and Q
5q(3 cos2u) were determined using field-tagged ENDO
from which it followed that the hf interactionA and the
quadrupole interactionQ have the same sign for both sites
4H-SiC. From the fit of the orientational dependence it fo
lowed thata andb have an opposite sign, which means th
either a,0 andb.0, q.0 or a.0 andb,0, q,0. The
absolute sign is determined from theory, which shows thaq
is expected to be positive~see discussion!.

2. ENDOR of 13C

Figure 4 shows part of the13C ENDOR spectra of the
sB k1 andk2 site in 6H-Si13C:11B ~sample III! and thek site
in 4H-Si13C ~sample I!. The first thing to note is that thek1
spectrum in 6H-SiC is the same, except intensities, as that
the k site in 4H-SiC. This is the case for all measured o
entations, which leads us to the conclusion that these
centers have the same position and thus the same surro
ing in the crystal. We thus assign the corresponding EPR
to the k1 site, as this site is situated at a similar crys
position as thek site in 4H-SiC. Moreover, these two site
have the same environment in the two layers perpendic
to thec axis above and below the B center, which we used
the assignment of the ENDOR lines. This conclusion is o
posite to what has been published previously.17 This earlier
assignment was based on the anisotropy of theg tensor. The
EPR line with the smallestg-tensor anisotropy was assigne
to the site closest to the hex site, as theg tensor of the
hexagonal site is axial. Also, the argument of the relaxat
time seemed to point to this conclusion, because, when
suming an isotropic spin-density distribution around the
center the sites sharing the same carbon atom should
the same relaxation time. As it will turn out, the spin dens
distribution is not isotropic at all, and consequently this
gument is not valid. The second thing to note is that
spectrum ofk2 contains less lines around the carbon nucl

FIG. 3. The ENDOR spectrum as measured on the EPR lin
thek site in 4H-SiC for Bic at 1.2 K. It shows the clear separatio
of the ENDOR lines belonging to the different isotopes and nuc
As the sample is13C enriched, the ENDOR lines for this isotope a
very intense. Only for the outer13C ENDOR lines there is some
overlap with the29Si and11B lines.
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TABLE II. The hyperfine parametersa, b, andq for 11B as found in this study and in Refs. 9 and 32 o
the sB acceptor in 4H-SiC. In addition, the same parameters are listed for sB in 6H-SiC. The parametersa,
b, and q are related to the parametersA and Q as follows: Ai5a12b, A'5a2b, and Qzz52q. The
temperature in Ref. 32 was 4.2 K, and the microwave frequency was 9.5 GHz.

a(11B) MHz b(11B) MHz q(11B) MHz

4H k 23.4~2! 2.9~1! 242~31!

k ~Ref. 9! 1.3~2! 0.18~1!

k ~Ref. 32! 63.365~10! 62.888~10! 6257~10!

hex 20.85~9! 2.55~9! 253~8!

hex ~Ref. 9! 1.5~2! 0.13~1!

hex ~Ref. 32! 70.412~10! 62.915~10! 6255~10!

6H k ~Ref. 17! 23.72~5! 3.06~5! 255~5!

k ~Ref. 17! 22.99~5! 2.89~5! 250~5!

hex ~Ref. 17! 20.97~5! 2.91~5! 242~5!
e

p

he
-

-

n

.

of
o
e
-

nta-
an-
Zeeman frequency than that ofk1 which, combined with the
fact that we found one more line at 45 MHz fork2 , suggests
that for k2 the spin density is more localized than fork1 .
Above thek2 ENDOR spectrum, a rescaled part of thek1
spectrum is shown for comparison, from which it can se
that the ENDOR lines belonging to thek1 site are also
weakly present in thek2 ENDOR spectrum. Only the two
strong lines at 37.7 and 38.65 MHz belong to thek2 site.
Very weakly, the strongestk2 lines can also be seen in thek1
spectrum. This ‘‘crosstalk’’ is the result of the small overla
of the EPR lines of thek1 andk2 sites in 6H-SiC.

To illustrate the complexity of the assignment of t
ENDOR lines, we show in Fig. 5~a! the orientational depen
dence of the inner part of the13C ENDOR spectrum of thek1
site of sB in 6H-SiC whereB is varied in the plane perpen
dicular to thec axis fromBiw50° to Biw590°. Figure 5~b!

FIG. 4. The13C ENDOR lines withBic and at 1.2 K for the
different sites in 6H-SiC ~k1 andk2) and 4H-SiC (k). As can be
seen, the spectrum ofk is very similar to that ofk1 . A rescaled part
of the spectrum ofk1 is shown above the spectrum ofk2 in the
region between 37 and 38.3 MHz. From the intensity compariso
is clear that the lines that show up in both spectra belong tok1 . The
two lines at 38.7 and 37.7 MHz belong tok2 . These two lines can
also be seen weakly in the spectrum ofk1 . In the inset a blowup of
the spectrum around the13C nuclear Zeeman frequency is shown
n

it

FIG. 5. ~a! The orientational dependence of the ENDOR lines
thek1 site of the sB center in 6H-SiC in the plane perpendicular t
thec axis fromBiw50° to Biw590° at 1.2 K. As can be seen, th
ENDOR lines are very anisotropic.~b! The orientational depen
dence of the ENDOR lines as measured on thek1 site EPR line of

the sB center in the (1120̄) and~0001! planes at 1.2 K. The points
represent the ENDOR lines as measured for the respective orie
tions of the magnetic field. As can be seen, the lines are very
isotropic, and the largest hf interaction is about 12 MHz.
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TABLE III. The positions of the nuclei in thek1 site in 6H-SiC, their tensor directions, hf interactions, distance to the B center,
coefficientsa2, b2, andh2 of the electronic wave function. For the nuclei of groups II, III and IV with a question mark as superscrip
determination of the second Euler angle is not very precise. The tensors of the groups VIII and XI are oriented towards the center
of thepz orbital on the mainC ~I!, as for these nuclei there is an appreciable contribution from the dipole-dipole interaction to the anis
hf interaction. The first pair of nuclei of group XI has not been found in the orientational dependence. The total spin density foun
summing over all nuclei is 105%, even though not all lines have been assigned. Neverthelessh2 has been normalized to 100%. The ato
positions with the same symbols as superscripts can in principle be interchanged. This does not affect the spin-density distribut
ciably.

k1 Atom
position

Euler angles
~a,b,g! in
degrees

a ~MHz! b ~MHz! b8 ~MHz! Distance
to the B
nucleus

~Å!

s to p
ratio

(a2:b2)

Percen-
tage of
total
(h2)

I c0y0 ~0,70.5,0! 11461 3061 1.887 9.7:90.3 29.5
II c0y61

? ~17.5,72,0! 14.26
0.1

3.860.1 20.56
0.1

4.75 9.6:90.4 3.7

c11y61
? ~660,70.5,0! 14.706

0.02
22.936

0.01
26.176

0.05
4.41

III c0y0 ~0,80.5,0! 12.756
0.07

3.116
0.08

1.346
0.08

7.14 10.4:89.6 3.1

c11y0 ~0,55,0! 7.886
0.08

3.976
0.12

20.66
0.1

6.20 5.3:94.7 3.7

IV c0y62 ~617,70.5,0! 7.716
0.07

5.360.1 1.436
0.09

7.78 4.0:96.0 4.9

c11y62 ~677,70.5,0! 7.716
0.07

5.360.1 1.436
0.09

6.92 4.0:96.0 4.9

c12y0 ~0,45,0! 5.376
0.04

2.506
0.06

1.596
0.08

7.78 5.7:94.3 2.3

V c11y61 ~63,67.5,0! 5.386
0.08

3.266
0.09

21.06
0.1

8.74 4.5:95.5 3.0

c0y61 ~0,80.5,0! 6.946
0.07

1.606
0.05

2.206
0.09

9.92 11.0:89.0 1.6

c12y61 ~660,70.5,0! 5.766
0.09

2.936
0.09

20.126
0.02

8.56 5.3:94.7 2.7

VI c11y631 ~660,70.5,0! 4.676
0.05

0.866
0.08

20.596
0.07

9.78 13.4:86.6 0.9

VII c0y63 ~0,77.5,0! 3.676
0.03

1.996
0.03

0.346
0.05

10.85 5.0:95.0 1.8

c12y63
1,# ~660,77.5,0! 3.676

0.03
1.996
0.03

0.346
0.05

9.61 5.0:95.0 1.8

VIII c0y61 ~637,84,0! 2.036
0.04

0.846
0.04

1.887 6.4:93.6 0.8

c21y0 ~0,32,0! 2.036
0.04

0.846
0.04

1.89 6.4:93.6 0.8

IX c0y64
# ~625,85,0! 2.016

0.02
0.686
0.02

9.44 7.8:92.2 0.7

X c12y61 ~0,107.5,0! 1.796
0.04

1.2860.04 20.926
0.08

5.94 3.8:96.2 1.2

c0y63
# ~660,70.5,0! 1.796

0.04
1.286
0.04

20.926
0.08

6.44 3.8:96.2 1.2

XI c0y62 ~676.7,85,0! ;0.5 ;0.2 3.61
c21y61 ~640,135,0! 0.536

0.01
20.146

0.02
0.586
0.04

3.61 9.7:90.3 0.1

c11y0 ~0,22,0! 1.726
0.02

20.666
0.02

20.656
0.03

3.61 6.9:93.1 0.6

XII c11y0 ~0,70,0! 1.086
0.01

0.526
0.01

0.576
0.02

11.13 5.6:94.4 0.5

c12y0 ~0,41,0! 0.746
0.02

20.1160.02 0.736
0.03

10.55 16.1:83.9 0.1
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TABLE III. (Continued).

k1 Atom
position

Euler angles
~a,b,g! in
degrees

a ~MHz! b ~MHz! b8 ~MHz! Distance
to the B
nucleus

~Å!

s to p
ratio

(a2:b2)

Percen-
tage of
total

XIII c12y0 ~0,104.5,0! 0.976
0.01

0.2916
0.007

20.346
0.02

5.94 8.7:91.3 0.3

XIV c12y61* ~658.5,70.5,0! 0.816
0.03

20.426
0.06

20.1757
60.0004

12.98 5.2:94.8 0.4

c11y61* ~658.5,70.5,0! 0.816
0.03

20.426
0.06

20.1757
60.0004

13.81 5.2:94.8 0.4

XV c0y0 ~0,70,0! 0.806
0.02

0.596
0.02

12.48 3.7:95.3 0.5

XVI c11y63 ~660,70.5,0! 0.556
0.06

0.566
0.1

20.126
0.06

6.20 2.8:97.2 0.5

c21y0 ~0,0,0! 0.296
0.01

20.036
0.01

0.186
0.02

5.67 21.6:78.4 0.04

XVII c12y62* ~660,70.5,0! 7.37
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shows the total orientational dependence as measured o
k1 site EPR line in the (1120̄) and~0001! planes. As can be
seen, the hf interaction is very anisotropic, which is the c
for all sites, and the largest hf interaction is about 12 MHz
was found that the ENDOR spectra of thek1 and k2 sites
differ only in line intensity and close to the extreme orien
tions w50° and w590°, as for all other orientations th
EPR lines lie too close together. Close to thec axis the
ENDOR spectra of the two qc sites can really be dist
guished~see Fig. 4!. However, in this region we have th
problem that all six possible orientations of one site~which
are equivalent forBic) are still present in the EPR line
leading to the complication of the ENDOR spectrum in th
region as well. From a comparison of the intensities in thek1
andk2 spectra, the lines can be tentatively assigned to ei
one of the two sites. Unfortunately the lines in the outer p
of the spectrum tend to broaden and disappear when tur
away from the extreme orientations.

An important element in the assignment of the lines in
13C ENDOR spectrum to specific13C nuclei surrounding the
B impurity is provided by theab initio cluster calculations
by Petrenkoet al.23 of the hf interactions on the sB accept
in 3C-SiC. In this calculation, due to size problems, on
nuclei up to two bond lengths away from the B atom cou
be taken into account. The results show that the isotropi
interaction on the C atom next to B is 203.6 MHz. On t
group of three13C atoms two bond lengths away along t
direction of the B-main C bond the isotropic hf interactio
was calculated to be 11.9 MHz. On all other13C atoms~one
or two bond lengths away from the B atom! the isotropic hf
interaction is calculated to be one order of magnitu
smaller, about 0.65 MHz or less. It was proposed that
spin-density distribution is cigarlike shaped oriented alo
the B-main C connection line away from the B atom. W
the help of this model we assigned orientational depend
cies to groups of nuclei. Each group~indicated by a Roman
number! contains nuclei that have roughly the same dista
to the B nucleus, and that are placed cylindrically symme
cally around the line going through the B-main C connect
line. The groups are divided into subgroups, sometimes c
the
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e
g

n-

e
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taining only one atom, on the basis of their distance from
line through the B nucleus and the main C nucleus.

In Tables III and IV the groups of C atoms are sorted
the basis of the value of the isotropic hf interaction. A
assignments as shown in the tables will be discussed be
with the help of Figs. 6–14, but first a few general rema
have to be made. Figures 6 and 7 show thek1 andk2 sites
and their immediate surroundings. In the lower right corn
the laboratory axis system and the orientation of they andc
planes, which will be discussed later, is indicated. The R
man numbers of the nuclei are connected to the number
Tables III and IV. Three staircases~Fig. 1! have been high-
lighted with respect to the others in Fig. 6. They are fou
back in Fig. 17~b!. Figures 8–14 show the fits made for th

different groups of nuclei in the (1120̄) plane, i.e., the plane
containing thec axis and in the~0001! plane. The latter plane
is perpendicular to thec axis. The filled and open point
represent the experimental ENDOR lines as measured fo
sites for various orientations. The upper panel of the figu
shows the (112̄0) plane. Along they axis the angle between
the magnetic field and thec axis is varied in the plane con
taining thec axis and a projection of a B-main C bond in th
plane perpendicular to thec axis from u50° ~Bic! to u
590° (Biprojection!. The lower part of the figures show
the ~0001! plane. Here they axis represents the angle b
tween the magnetic field and the projection of a B-main
bond in the plane perpendicular to thec axis, which is varied
from w50° (Biprojection! to w590° (B'projection!. For
clarity the real ENDOR spectra are shown for the extre
orientations ~u50°, w50°), ~u590°,w50°), and ~u
590°,w590°) as well. The orientational dependenci
were also measured betweenu5225° andu50° and for
u590° to u5115°. They are not shown in the figures fo
clarity. The lines are the fits to the points for the differe
groups with the parameters as can be found in Table III
the k1 site, and in Table IV for thek2 site. Columns one of
Tables III and IV give the number of a group. These numb
can be found back in Figs. 6 and 7 for thek1 and k2 sites.
Columns two give the position of the nucleus in the crys
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TABLE IV. The positions of the nuclei in thek2 site in 6H-SiC, their tensor directions, hf interactions, distance to the B center,
coefficientsa2, b2, h2. For the nuclei of groups II, III, and IV, with a question mark as superscript the determination of the second
angle is not very precise. The tensors of the groups VIII and XI are oriented toward the center of gravity of thepz orbital on the main C~I!,
as for these nuclei there is a reasonable contribution from the dipole-dipole interaction to the anisotropic hf interaction. The firs
nuclei of group XII and the second nucleus of group III have not been found in the orientational dependence. The total spin dens
when summing over all nuclei is 86%. However, not all lines have been assigned. Neverthelessh2 has been normalized to 100%. The ato
positions with the same symbols as superscript can in principle be interchanged, but this would not affect the spin-density dis
appreciably.

k2 Atom
position

Euler angles
~a,b,g! in
degrees

a ~MHz! b ~MHz! b8~MHz! Distance
to the B
nucleus

~Å!

s to p ratio
(a2:b2)

Percentage
of total (h2)

I c0y0 ~0,70.5,0! 11461 3061 1.887 9.7:90.3 36.0
II c0y61? ~0,70.5,0! 16.186

0.06
2.936
0.08

3.746
0.07

4.75 13.6:86.4 3.7

c11y0? ~0,70.5,0! 16.436
0.1

2.666
0.1

3.360.1 4.75 14.9:85.1 3.4

III c0y0 ~0,77.5,0! 11.056
0.07

2.156
0.09

20.266
0.08

7.14 12.8:87.2 2.7

c11y61 ~0,70.5,0! 7.14
IV c12y61? ~617,62.5,0! 10.326

0.07
4.66
0.1

1.106
0.09

7.78 6.0:94.0 5.3

c0y62 ~658,72,0! 1.876
0.02

20.616
0.03

0.626
0.03

7.37 8.0:92.0 0.7

V c11y0 ~0,65,0! 7.796
0.05

1.436
0.05

2.886
0.08

9.43 13.4:86.6 1.8

c0y61 ~0,75.5,0! 3.866
0.03

1.946
0.03

0.606
0.08

9.92 5.3:94.7 2.2

c12y0 ~0,57,0! 2.036
0.02

20.206
0.02

1.096
0.04

9.10 22.4:87.6 0.3

c12y62* ~660,75.5,0! 3.866
0.02

1.916
0.01

0.606
0.05

9.61 5.4:94.6 2.2

c11y62 ~65,80,0! 6.386
0.07

2.696
0.07

0.860.1 9.93 6.3:93.7 3.1

VI c11y63 ~660,70.5,0! 6.436
0.06

2.646
0.06

0.746
0.04

8.34 6.5:93.5 3.0

VII c12y0
1 ~0,120,0! 2.636

0.03
20.896

0.03
20.086

0.06
6.44 7.8:92.2 1.0

c0y63 ~655,68,0! 1.066
0.02

0.476
0.03

20.176
0.04

6.44 6.0:94.0 0.5

VIII c0y61 ~633,85,0! 2.086
0.04

0.766
0.04

1.887 7.0:93.0 0.9

c21y0 ~0,37,0! 2.086
0.04

0.766
0.04

1.89 7.0:93.0 0.9
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relative to theB nucleus. For this purpose the crystal
thought of as build up of two kinds of planes: first~0001!-
like planes, which we take to contain two layers of nucl
i.e., Si and C atoms, and which we callc double-planes
('c); and second, (1120̄)-like planes, also containing Si an
C atoms, which we cally planes ('y). In this way nuclei can
be roughly positioned in the crystal~Figs. 6 and 7!. The c0
double plane, consisting of a Si plane and a C plane, contains
the B nucleus~on a Si position! and the C carrying the main
spin density~main C, numberI!. Going upwards or down-
wards parallel to thec axis leads toc1 i or c2 i double planes,
respectively. They0 plane also contains the B nucleus~on a
Si position! and the main C~I!. The crystal is mirror sym-
metric in this plane. They6 i planes go forwards and back
,

wards parallel to the plane of the paper of Figs. 6 and
Columns three in Tables III and IV give the orientation
the tensor in the crystal. The laboratory system is orien
with its z axis parallel to thec axis and itsx axis in the
(112̄0) plane. Thex axis lies parallel to the projection of
B-main C bond in the plane perpendicular to thec axis ~i.e.,
in a y plane! and they axis stands perpendicular to thex axis
in the plane perpendicular to thec axis. Thus the direction~0,
0, 0! means that the local hf tensor lies parallel to the lab
ratory system. The following definition of the Euler angles
used. The first rotationa is around thez axis, the second one
b is around the newy axis, and the third oneg is around the
newz axis. Also the tensor orientations of the nuclei belon
ing to the B subsite withgz at 270° from thec axis @which
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TABLE IV. ~Continued.!

k2 Atom
position

Euler angles
~a,b,g! in
degrees

a ~MHz! b ~MHz! b8~MHz! Distance
to the B
nucleus

~Å!

s to p ratio
(a2:b2)

Percen-
tage of total (h2)

IX c0y64 ~630,70.5,0! 2.136
0.02

0.676
0.02

9.44 8.3:91.7 0.8

X c11y61
#,1 ~0,70.5,0! 1.776

0.03
1.156
0.04

20.436
0.04

12.08 4.2:95.8 1.3

c12y61 ~660,70.5,0! 1.776
0.03

1.156
0.04

20.436
0.04

11.41 4.2:95.8 1.3

XI c0y63
# ~0,70.5,0! 1.236

0.02
0.406
0.01

10.87 8.0:92.0 0.5

XII c0y62 ~676.7,85,0! ;0.5 ;0.2 3.61
c21y61 ~641.5,135,0! 0.956

0.02
20.276

0.03
0.896
0.03

3.61 9.1:90.9 0.3

c11y61 ~697,29,0! 0.786
0.03

20.206
0.03

20.606
0.04

3.61 10.0:90.0 0.2

XIII c11y62 ~660,70.5,0! 0.456
0.01

0.096
0.02

20.136
0.02

5.67 12.5:87.5 0.1

c21y0 ~0,0,0! 0.16
0.01

20.056
0.02

5.67 5.4:94.6 0.06
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also lies in the (112̄0) plane# were used to fit the (1120̄)
plane dependencies. The EPR line of this site overlaps w
the one of the B site withgz at 70° from thec axis for the
angles close to thec axis. Columns 4, 5, and 6 give the h
tensor valuesa, b andb8 in MHz. The last two columns will
be explained in Sec. IV.

In the fitting procedure of the orientational dependence
the 13C ENDOR lines, we started with the most clear lin

FIG. 6. A schematic representation of the crystal struct
around thek1 site in 6H-SiC. The direction of thec axis is shown.
In the right corner the orientation of they andc planes, used in the

text, has been indicated. Theyi planes, i.e.,$112̄0% planes, contain
thec axis and run parallel to the surface of the paper. Theci double
planes, i.e.,$0 0 0 1% planes, are the planes perpendicular to thc
axis. The boron nucleus has been indicated. The Roman num
placed near the nuclei correspond to the numbers indicating
group in Table III. The three staircases drawn with the heavy li
correspond to the ones in Fig. 17~b!. The surrounding of thek site
in 4H-SiC is exactly the same as the surrounding of thisk1 site as
far as concerns the numbered nuclei.
th

f

without taking into account the position of the nuclei or t
expected orientation of their hf tensor. It turned out that m
of the lines were far more anisotropic than expected on
basis of a dipole-dipole interaction with the spin density
the main C. This leads to the conclusion that there is dir
spin density in thep orbitals on the neighboring atoms, an
that the tensors should be parallel to the bonds, i.e.,~0°, 0°,
0°!, ~0°/180°, 70.5°, 0°!, ~660°, 70.5°, 0°!, and ~6120°,
70.5°, 0°!. As there are some orientational dependencies w
extremes that clearly deviate from these natural bond an
we concluded that in some cases linear combinations of
or more bonds directions are necessary to obtain the r
angle. To obtain an idea about which tensor directions mi

e

ers
he
s

FIG. 7. A schematic representation of the crystal struct
around thek2 site in 6H-SiC. The direction of thec axis is shown.
The yi planes contain these axes and run parallel to the surfac
the paper. Theci double planes are the planes perpendicular to
c axis. The boron nucleus has been indicated. The Roman num
placed at the nuclei correspond to the numbers indicating the g
in Table IV.
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be reasonable for the different nuclei, we assumed that
spin density extends from nucleus to nuclei along the bon
When starting at a nucleus the spin density tends to distrib
as much as possible parallel to the direction of the B-mai
connection line, and away from the B. When a nucleus
be reached by more than one bond, from another nuc
with a larger or smaller hf interaction, this leads to a ten
direction that is a linear combination, weighted roughly w
the spin density on the nucleus in question, of the bond
rections in question. The fits were made using the prog
‘‘ VISUAL EPR 12.08Professional Edition’’ written by Profes
sor V. Grachev.

FIG. 8. The orientational dependence of the ENDOR spect
and fits to this dependence of thek1 site in 6H-SiC. The upper part

of the figure shows the dependence in the (1120̄) plane, and the

lower part the dependence in the~0001! plane. In the (112̄0) plane
the angle between the magnetic field and thec axis is varied from
Bic ~upper row with points! to B'c ~lowest row with points!. The
points represent lines as measured for the different orientations
the orientationsBic ~u50°, w50°) andB'c ~u590°, w50°) an
experimental spectrum is added for illustration. The directionw
50° is parallel to the projection of a B-C bond in the plane p
pendicular to thec axis. In the~0001! plane the direction of the
magnetic field is varied fromw50° ~upper spectrum and first line
with points! to w590° ~lower spectrum and last row with points!.
The open points were used to fit the lines resulting in the parame
as found in Table III. This figure shows groups II, III, and IV
Group II has a dashed line, group III a full line, and group IV
dotted line. All subgroups have the same line pattern. For the nu
of groups II.1, III.1, and IV.1 in thec0 double plane, the crystallo
graphic position with respect to the B nucleus is the same as
groups II.1, III.1, and IV.2 in case of thek2 site ~Fig. 12!.
he
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m

3. Assignments of the ENDOR lines to the various groups
of 13C nuclei of the k1 sB site in 6H-SiC

The fits of the groups II, III, IV are shown in Fig. 8. A
some places in the figure the numbers of the groups h
been placed next to the lines. Group II has a dashed l
group III a full line, and group IV a dotted line. All sub
groups have the same line pattern. The open circles are
points with which the fits were made. The nicest orien
tional dependencies are found in the~0001! plane. In the
(112̄0) plane the outer lines broaden and disappear w
turning away from thec axis. This means that for group I
and subgroups III.1 and IV.1 there is no connection betw
the spectrum forBic and the~0001! plane, making the as
signment slightly less certain. For the lines II.1 and IV
points from the orientational dependence as measured fo
k site in the 4H-SiC crystal were also used, because there
orientational dependence was clearer. These points are g
as squares. The group III nuclei are lying in they0 plane and
thus are expected to have the same amount of spin dens
bonds not lying in the plane~mirror symmetry!. Their hf
interaction is expected to pass through a real extreme in
(112̄0) plane, and only one line is expected in the~0001!
plane. The extremes are expected from crystal symmetr
be around 70° for subgroup III.1 and around 55° for su

m
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-

rs
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FIG. 9. The orientational dependence of the hf interaction of
13C nuclei for thek1 site for groups V, VI, and VII. The curves o
group V are dotted, those of group VI are dashed, and thos
group VII are full lines. The open points were used to fit the lin
resulting in the parameters as found in Table III. For the nucle
groups V.2 and VII.1 in thec0 double plane, the crystallographi
position with respect to the B nucleus is the same as for the gro
V.2 and XI.1 in the case of thek2 site ~Figs. 12 and 14!. See the
caption of Fig. 8 for a more general explanation of the figure.
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group III.2, as is found experimentally. For the lines IV
and IV.2, some points have also been given for nega
angles in the (112̄0) plane. As far as concerns the pattern
the subgroup IV.3, the following can be said. The line at
MHz splits symmetrically to lower and higher frequenci
when turning in the (112̄0) plane; thus its extreme is ex
pected around 45°. Consequently only the nuclei in s
groups III.2 and IV.3~and maybe XII! are possible candi
dates ~other nuclei are expected to have smaller
interactions23 or different extreme positions!. Thus the inner
part of this orientational dependence is assigned to subg
IV.3 ~further from the B center than subgroup III 2, and th
with smaller hf interaction! and the outer part to subgrou
III.2. This assignment then dictates the orientational dep
dence in the~0001! plane. So the line in this plane that
already assigned to subgroup VII.1 is also assigned to s
group IV.3. From the orientational dependencies of
group II and subgroup IV.1 nuclei, it is clear that their te
sors are not lying along a bond. For these nuclei the ten
direction is a linear combination of three of the four bo
directions of the nucleus. This might be expected as the
clei are not lying in they0 plane, and it is easy to constru

FIG. 10. The orientational dependence of the hf interaction
the 13C nuclei for thek1 site for groups VIII~full line!, IX ~dashed
line!, X ~dotted line!, and XI ~dash-dotted line!. Group VIII repre-
sents the nuclei on the other side of the B nucleus. The open p
were used to fit the lines resulting in the parameters as foun
Table III. For the nuclei of groups VIII, XI.1, and XI.2 (c0 andc21

double plane! and groups IX and X.2 (c0 double plane! for the k1

site, the crystallographic position with respect to the B nucleu
the same as for the groups VIII, and XII.1, and XII.2 and groups
and VII.2, respectively, in the case of thek2 site ~Figs. 13 and 14!.
See the caption of Fig. 8 for a more general explanation of
figure.
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the right linear combination making a tensor that poin
roughly in the direction of the center of spin density and t
y0 plane at an angle of 17° with they0 plane. The splitting of
the line in the spectraw590° andu590° is probably due to
a slight misorientation~less than 1° is enough!. One more
remark can be made about this figure. The two lines assig
to group III for w590° andw590° are only present in the
spectrum ofk1 . This makes the assignment of these lines
k1 unambiguous. The group of lines around 40.9 MHz a
present in the spectra ofk1 as well ask2 . As the intensity of
the lines is the same in both spectra, we assigned these
to k2 .

The fits to the groups V, VI, and VII are shown in Fig.
The curves of group V are dotted, the ones of group VI
dashed, and the ones of group VII are full lines. The op
circles show the points used for fitting. Group VI is on
clear in the (112̄0) plane. The orientational dependence
the ~0001! plane is not clear. Without changing the pattern
the (112̄0) plane, only theb8 parameter can be changed, a
thus only this parameter is not very certain. The orientatio
dependence assigned to group VI might also be assigne
the nuclei of subgroup VII.2, as the hf interaction and ten
orientations of these nuclei are expected to be roughly
same. For group VII we have a beautiful orientational dep
dence in both planes. Some fit points for negative angles
also shown in the (1120̄) plane. The orientational depen
dence assigned to the nuclei of subgroup VII.2 might also

f
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e

FIG. 11. The orientational dependence of the hf interaction
the 13C nuclei for thek1 site close to the Zeeman frequency of13C
for groups XII ~full line!, XIII ~dashed line!, XIV ~dash-double
dotted line!, XV ~dotted line!, and XVI ~dash-dotted line!. The open
points were used to fit the lines resulting in the parameters as fo
in Table III. See the caption of Fig. 8 for a more general expla
tion of the figure.



e

u

e
e
th
tr
e
c

th
ei
C
u
u

s-
m
b
e

for
-

en-
ors
the
to

tra
to

ose

in
s
the
e

in

ful
e
V
e
on
to
th

t to
in

r

of

e
the

the

me

re.

15 840 PRB 60A. van DUIJN-ARNOLDet al.
assigned to the nuclei of groups IX or X.2 for the sam
reasons as above for group VI.

Figure 10 shows the orientational dependencies of gro
VIII ~full line!, IX ~dashed line!, X ~dotted line!, and XI
~dash-dotted line!. Group VIII represents the nuclei on th
other side of the B nucleus. As calculated in Ref. 23, th
have a very small hf interaction, though they are close to
B, suggesting that the spin-density distribution is asymme
and directed away in one direction from the B nucleus. Th
tensor is axially symmetric, and their anisotropic hf intera
tion is probably caused by dipole-dipole interaction, as
spin density on the B itself is negligible. Also for the nucl
of group XI the dipole-dipole interaction with the main
nucleus is still appreciable. The lines as found for gro
VIII.1 are clear, the arguments to ascribe the lines to gro
VIII.2 are mostly circumstantial, and follow from the a
sumption that the tensors of all three nuclei have the sa
principal values. The lines ascribed to group IX could also
assigned to groups VII.2 or X.2, though the latter assignm

FIG. 12. The orientational dependence of the11B hf interaction
of thek1 site as well as thek2 site, and the hf interaction of the13C
nuclei of groups II, III, IV, V, and VI for thek2 site in 6H-SiC.
The lines of the11B orientational dependence are drawn as a
line, those of group II are dotted, those of group III dashed, thos
group IV dash-dotted, those of group V full, and those of group
dash-double-dotted. The11B hf lines were clearly recognizable du
to their large intensity. The triplet with the largest hf interacti
belongs to thek2 site, and the one with the smaller hf interaction
thek1 site. The open points were used to fit the lines resulting in
parameters as found in Table II for the11B lines and in Table IV for
the 13C lines. For the13C nuclei of groups II.1, III.1, IV.2, and V.2
in thec0 double plane, the crystallographic position with respec
the B nucleus is the same as for groups II.1, III.1, IV.1, and V.2
the case of thek1 site ~Figs. 8 and 9!. See the caption of Fig. 8 fo
a more general explanation of the figure.
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is less probable. The line at 38.25 MHz in the spectrum
w50° andu590° is assigned tok1 as the orientational de
pendence of this line is much clearer for this site~compare
Fig. 13!. Its dependence is assigned to group X.1, the dep
dence of group X.2 follows by assuming that the tens
have both the same principal values. It is impossible to fit
lower part of the orientational dependence of group X.2
the dependence starting at 37.75 MHz~w590° and u
590°). Moreover, this line is much stronger in the spec
for k2 ~Fig. 13!. The line at 37.75 MHz is thus assigned
k2 , group X, and the dependence of group X.2 fork1 starts
just a little bit to right from this line.

Figure 11 shows the orientational dependencies cl
around the Zeeman frequency of13C of the lines of groups
XII ~full line!, XIII ~dashed line!, XIV ~dash-double dotted
line!, XV ~dotted line!, and XVI ~dash-dotted line!. The de-
pendencies of groups XII, XIV, and XVI.1 are only clear
the ~0001! plane, so theb8 parameter found for these group
are not very certain. The orientational dependencies of
groups XIII, XV, and XVI.2 are clear in both planes. Th
line at 36.72 MHz forw590° andu590°, which is assigned
to group XIII, is clearly much larger in this spectrum than
the corresponding spectrum fork2 ~Fig. 14!. The orienta-

l
of
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e

FIG. 13. The orientational dependence of the hf interaction
the 13C nuclei for thek2 site for groups IV.2~dash-dotted line!, V.3
~full line!, VII.1 ~dashed line!, VIII ~dotted line!, IX ~full line!, and
X ~dash-double dotted line!. Group VIII represents the nuclei on th
other side of the B nucleus. The open points were used to fit
lines resulting in the parameters as found in Table IV. For
nuclei of group VIII in thec0 double plane and thec21 double
plane, and group IX in thec0 double plane of thek2 site, the
crystallographic position with respect to the B nucleus is the sa
as for groups VIII and IX, in the case of thek1 site ~Fig. 10!. See
the caption of Fig. 8 for a more general explanation of the figu
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tional dependence assigned to group XIV could also be
signed to group XVII. It is also unclear whether the depe
dence belongs to all nuclei of group XIV or only to part
them. Some lines that are clear in the~0001! plane are not
assigned because the dependence in the (1120̄) plane is too
unclear, and because their hf interaction is so small that t
will not change the overall picture.

4. Assignments of the ENDOR lines to the various groups
of 13C nuclei of the k2 sB site in 6H-SiC

Figure 12 shows the orientational dependence of the11B
hf interaction ofk1 andk2 , as well as the orientational de
pendence of the13C hf interaction of the groups II, III, IV, V,
and VI. The lines of the11B orientational dependence a
drawn as a full line, those of group II are dotted, those
group III dashed, those of group IV dash dotted, those
group V full, and those of group VI dash double dotted. T
11B hf lines were clearly recognizable due to their large
tensity. The intensity of the11B lines of thek1 site is smaller
as the spectrum was measured on the EPR line of thek2 site.
The triplet with the largest hf interaction belongs to thek2
site, and the one with the smaller hf interaction to thek1 site.
The values used for the fit can be found in Table II. Of t

FIG. 14. The orientational dependence of the hf interaction
the 13C nuclei for thek2 site for groups VII.2~dashed line!, XI
~dotted line!, XII ~full line!, and XIII ~dash-dotted line!. The open
points were used to fit the lines resulting in the parameters as fo
in Table IV. For the nuclei of groups VII.2 and XI.1 in thec0

double plane and groups XII.1 and XII.2 in thec0 double plane and
the c21 plane, the crystallographic position is the same as
groups X.2, VII.1, XI.1, and XI.2 in the case of thek1 site ~Figs. 9
and 10!. See the caption of Fig. 8 for a more general explanation
the figure.
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orientational dependence of group II, only a very small p
is known. The dependence shown is based on the assum
that the tensor lies parallel to a bond, and that the hf in
action of Bic is 45 MHz and ofBiy about 41 MHz. For
group III the dependence is also mostly unknown, which
the reason that only one of the two dependencies has b
fitted. For group IV, however, a clear dependence is visi
in the ~0001! plane. This assignment becomes clear if w
look at the spectra forw590° andu590° in Figs. 8 and 12.
The line around 38.6 MHz is almost not present at all in t
spectrum ofk2 ~Fig. 12!, whereas it is very clear in the
spectrum ofk1 ~Fig. 8!. The line around 39 MHz is presen
in both spectra. Both lines exhibit exactly the same dep
dence, only one has a set of slightly smaller hf values th
the other. The one with the smaller parameters, that is vis
in the spectrum ofk1 only, was assigned to group IV of th
k1 site. Thus we attributed the dependence with the lar
parameters, that is visible in both spectra, to the nucle
group IV of thek2 site. This suggests that the density of t
electronic wave function is larger fork2 than for k1 at the
same crystallographic site. The above assignment confi
the assignment of groups II and III, which must have a lar
hf interaction than group IV. In the same way we decid
that the dependence of group IV should go to the line at
MHz for Bic. Nevertheless the value found forb8 is not very
certain. The orientational dependencies for group V are v
nice in the~0001! plane. The line assigned to group V.1 fo
w50° andu590° is also weakly present in the spectrum f
k1 but it is clear that this line should be assigned tok2 as the
dependence is much clearer in this case. The dependen
subgroup V.3 is discussed in the next figure, as its ten
values are much smaller. The dependence assigned to
groups V.2 and V.4 is the same as the one assigned to g
VII in the case ofk1 . We attributed these lines tok1 as well
ask2 , because fork1 the line in the (112̄0) plane was cleare
and for k2 the line in the~0001! plane was clearer. At this
crystallographic position~about 9 Å away from the B
nucleus! the wave functions of the electrons connected to
k1 or k2 site have the same density. Closer to the B nucl
the wave function ofk2 has a larger density~compare the
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FIG. 15. The29Si ENDOR spectrum for the different sites i
6H-SiC. As for the13C ENDOR spectra, the29Si ENDOR spec-
trum of k1 in 6H-SiC looks similar to the one ofk in 4H-SiC. The
outer Si ENDOR lines have been indicated, as have the counter
of the outer C lines.
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FIG. 16. The electronic wave function of thek1 site in thec0 double plane, which is the plane perpendicular to thec axis containing the
B atom~which itself carries no spin density! and the main C atom. The intersecting line between thec0 double plane and they0 plane~Fig.
17!, which make an angle of 90° with each other, is indicated by two arrows. Along thez axis the value of the square of the wave functi
is plotted as a function of the position in thex-y plane, i.e., the position in thec0 double plane. Only the spin density on the C atoms h
been taken into account. It is seen that the spin density on the main C atom is much larger than on the other atoms. The second thin
is that the contribution of the 2s orbital to the total wave function is relatively very small, as the isotropic hf interaction is small on
nuclei.
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group-IV hf tensors!; further away the wave function ofk1
has a larger density. The dependence of group VI is m
clear in the (112̄0) plane, and is assigned to these nuclei
the grounds of its similarity with the dependence assigne
group VI in thek1 site.

Figure 13 shows the dependencies of groups IV.2~dash-
dotted line!, V.3 ~full line!, VII.1 ~dashed line!, VIII ~dotted
line!, IX ~full line! and X ~dash-double-dotted line!. For sub-
group IV.2 the fit is very nice, as is the case for subgrou
V.3 and VII.1. Group VIII contains the nuclei on the oth
side of B from the main C nucleus. Subgroup VIII.1 gives
good fit; the evidence for subgroup VIII.2 is somewhat mo
circumstantial. The dipole-dipole interaction gives a ma
contribution to their anisotropic hf interaction. In analog
with k1 we would expect a second dependence of the s
kind as subgroup VIII.1, as is also seen from the splitting
the line forBic. It is assigned to group IX, in analogy wit
st
n
to

s
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the assignment to the nuclei of group IX ink1 . At this point
it is nice to compare the group of lines around 37.75 MHz
Figs. 10 and 13 for the orientationsw50° andu590°. It is
clear from a comparison of the intensities that the two lin
in the middle belong tok2 , and that the two outer lines
belong tok1 . From the dependence of the line in the upp
part of the~0001! plane, the corresponding dependence
the lower part can be found~same slope!. Comparing the
group of lines around 37.25 MHz forw50° andu590° in
Figs. 11 and 13~and also Fig. 14!, the same remark can b
made. The first and third lines, when coming from high
frequencies, clearly belong tok2 , whereas the second an
fourth lines clearly belong tok1 .

Figure 14 shows the dependencies of groups VI
~dashed line!, XI ~dotted line!, XII ~full line!, and XIII ~dash-
dotted line!. The dependence of group VII.2 is clear in th
~0001! plane, which gives the values fora and b. In the
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(112̄0) plane the dependence is a bit less clear, and sob8 is
less sure. The same goes for the lines of group XII. Th
anisotropic hf interaction could well be caused by the dipo
dipole interaction with the main spin density on the near
neighbor C of the B. For group XI the dependence is som
what clearer. For the lines assigned to group XIII, the dep
dence is more clear in the (1120̄) plane than in the~0001!
plane.

5. Assignments of the ENDOR lines to the various groups
of 13C nuclei of the k sB site in 4H-SiC

In the 4H-SiC crystal only the orientational dependen
of the outer13C lines ~37–42 MHz! was measured. The fit
of the k1 site in 6H-SiC can be transferred directly to th
4H-SiC k-site orientational dependence. The lines I–X a
found back. As the 4H-SiC k site and the 6H-SiC k1 site
have the same surrounding for as far as we can detect
ENDOR, the same assignment to the nuclei can be used

6. ENDOR of 29Si

Figure 15 shows the29Si ENDOR spectrum for thek1 and
k2 sites in 6H-SiC. Just as for the13C ENDOR spectra, the
spectra of thek site in 4H-SiC are the same as for thek1 site
in 6H-SiC. The largest hf interaction with29Si is found in
EPR ~a51031024 T;28 MHz and b,131024 T). The
second largest hf interaction is found from the ENDOR sp
trum, and is about 5 MHz for thek1 site and about 7 MHz
for the k2 site, though the counterpart of these lines on
low-frequency side is not found. These lines have been in
cated in the figure. The counterpart of the13C lines with a
large hf interaction are also indicated.

IV. DISCUSSION

The most remarkable result of our study is the assignm
of lines in the13C ENDOR spectra to specific C atoms up
11 bond lengths away from the B atom. This allows for
determination of the spatial distribution of the unpaired s
density of the sB acceptor, and in particular of an investi
tion of the difference in the electronic properties of the
and hex sites in 4H-SiC and 6H-SiC. Before discussing the
13C ENDOR data we first briefly review the EPR and
ENDOR results on the sB acceptor in 4H-SiC to compare
them with earlier results on the sB acceptor in 6H-SiC.17

The EPR spectra indicate that the sB acceptor in 4H-SiC
strongly resembles that in 6H-SiC. The principal axes of the
g tensor have the same direction in the two crystals, and
principal values are almost identical. As in 6H-SiC, thegz
principal axis points along the B-main C connection lin
with gz very close to the free electron valuege . This is
typical for the situation that the spin density is mainly l
cated in thepz orbital on the C atom nearest to B.

The 13C hf splitting observed in the EPR spectra of the
acceptor in 4H-SiC is almost similar to that in 6H-SiC, and
arises from the interaction with the C atom carrying the m
spin density~main C, group I; see Figs. 6 and 7!. The hf
tensor is axially symmetric with the componentsa and b
having the same sign and almost the same absolute valu
in 6H-SiC. We find 2.8%s character and 32.6%p character.
The fraction ofp character, 32.6%/(32.612.8)%50.92, is
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even slightly higher than the value of 0.9 found in 6H-SiC,
and shows that the four orbitals of carbon in 4H-SiC have
also been shifted fromsp3 hybrid orbitals towardssp2 hy-
brid orbitals and one purep orbital. With regard to the hf
interaction with11B, there is no direct spin density on boro
and the isotropic hf interaction is probably caused by po
ization effects. The anisotropic hf interactionb can be ex-
plained by dipole-dipole interaction with the spin density
thepz orbital on the nearest C~group I!. Using the values for
the s- andp-character of 2.8% and 32.6% obtained from t
hf data, we calculateb53.3 MHz using the same argumen
as Matsumotoet al.,17 in fair agreement to the experiment
value b52.9 MHz. We further mention that the hf interac
tions of 11B and 10B are related very precisely by the diffe
ence in their gyromagnetic ratio. Their quadrupole inter
tions are related by the quadrupole moment and a spin fac
We thus conclude that there is no measurable isotope e
on the electronic properties of the sB acceptor. Also,
quadrupole splitting for11B is almost identical in 4H-SiC
and 6H-SiC. Hoffstaetteret al.28 found that, also for the sB
acceptor in 3C-SiC, there is no isotope effect.

As we mentioned, the analysis of the13C ENDOR spectra
allows for a determination of the spin-density distribution
the remote13C nuclei around the sB center. As shown in Se
III, this distribution is not spherically symmetric but i
highly anisotropic and directed from B to the main C a
beyond~Figs. 6 and 7!. This finding is in striking agreemen
with theoretical predictions of Petrenkoet al.23 These au-
thors performed semiempirical, quantum-chemical modifi
neglect of differential overlap~MNDO! calculations on a
BSiSi42C44H76 cluster in cubic SiC and obtained the hf inte
action on the C and Si atoms. For the main C atom~group I!
they predict a5203.6 MHz and b575.1 MHz compared
with our findings ofa5114.24 MHz andb530.24 MHz. For
the group-II C atoms, they calculatea511.91 MHz, b
52.09 MHz, andb850.32 MHz, which compare remarkabl
well with our values found for the13C nuclei connected to
sitesk1 and k2 in 6H-SiC and sitek in 4H-SiC. Unfortu-
nately the number of C atoms in the cluster calculation
much smaller than the number of assigned13C atoms in the
ENDOR analysis. For this reason we can only compare
hf data of C atoms belonging to groups VIII, XI, XV, an
XVI with the theoretical values. All these groups of C atom
have a calculated isotropic hf interaction that is smaller th
0.6 MHz, and an anisotropic hf interaction smaller than 0
MHz. These values are an order of magnitude smaller t
the hf interaction with the group-II13C nuclei. Inspection of
Figs. 6 and 7 thus leads to the conclusion that the spin d
sity is not spherical around B but rather directed along
B-main C bond and beyond. All the other assigned hf int
actions agree with this general behavior.

To translate the observed and assigned13C hf interactions
into electron densities, we take the point of view that t
wave function of the sB acceptor consists mostly of2s and
2p orbitals of the C atoms. This is based on the idea that
atomic 2s and 2p C energy levels lie lower than the 3s and
3p Si levels, and that consequently the bonding linear co
bination of atomic orbitals-molecular orbital~LCAO-MO!,
which should reflect the properties of the valence band, c
sists mostly of 2s-2p C orbitals, i.e., the hole is expected
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be located mostly on the C atoms, as was already mentio
in Sec. I.22 To model the wave function of the unpaired ele
tron bound to the sB center, we consider the wave func
as a LCAO-MO centered on C atoms near the defect, i.e

C5( h ic i with ( h i
251. ~2!

FIG. 17. ~a! The electronic wave function of thek1 site in they0

plane, containing the B atom and the main C atom. The intersec
line between thec0 double plane~Fig. 16! and they0 plane, which
make an angle of 90° with each other, is indicated by two arro
The position of the main C atom is clearly recognizable, as in F
16, by the large peak at that position.~b! The value of the square o
the wave function is shown as a function of the position in
xz (5y0) plane using a contour plot. Each line indicates a cert
height and the larger the amount of lines the higher is the peak.
B nuclear position is indicated~left under!. The position of the main
C atom can be recognized from the large number of contour lin
The full lines indicate thec axes located in they0 plane, and the
dotted lines indicate the projection of the twoc axes located in the
y61 planes into they0 plane. It is clear that the spin density is ve
anisotropic. The distribution points away from the B atom into o
direction only along the B-C connection line, making an angle
70° to thec axis. The nuclei on the other side of the B atom ca
an almost negligible amount of spin density. Comparing this w
function to the wave function of the electron at ak2 position ~Fig.
18!, it is seen that the electron located at ak1 position in the crystal
is slightly more delocalized.
ed

n

At each C atom, we approximate the atomic function a
2s-2p hybrid orbital

c i5a i~c2s! i1b i~c2p! i with a i
21b i

251. ~3!

Here the 2p orbital is oriented along one of the four possib
Si-C connection lines. For some C atoms, however, we h
to take a linear combination of 2p orbitals to obtain the
experimentally found direction for the tensor. The relati
between the isotropic and anisotropic hf interactions and
spin densities is obtained using the table of Morton a
Preston.29 The ratio of the isotropic and the anisotropic
interaction is determined bya2:b2. Taking the sum of the
spin densities of all C atoms fork1 , we find values of 105%,
and, fork2 , 86%. It is not surprising that these values are n
equal to 100%. First, not all13C hf lines were fitted and
assigned; second, a small amount of spin density is loca
on the Si atoms; and third, no polarization effects were ta
into account. We normalize the total amount of spin dens

g
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FIG. 18. ~a! The electronic wave function of thek2 site in they0

plane, containing the B atom and the main C atom. The position
the main C atom is clearly recognizable, as in Fig. 17, by the la
peak at that position.~b! The value of the square of the wave fun
tion is shown as a function of the position in thexz (5y0) plane
using a contour plot. It can be seen that the wave function at
site is slightly more localized than at ak1 position ~Fig. 17!.
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that is found to 100% by dividing the percentage of sp
density for each atom by the total percentage of spin den
that is found. This gives the percentage of spin density
atom,h2. In columns 9 and 10 of Tables III and IV, we giv
the values fora2, b2, andh2 for the different13C. By using
formulas~2! and ~3!, Tables III and IV, and the Roothaan
Hartree-Fock wave functions,30 we can calculate the squar
of the total wave function of the electron at any point
space. In this we have assumed that the spin density is
same as the electron density, even though the center o
spin density is not the same as the center of charge de
~B is neutral!.

To visualize the delocalization of the electronic wa
function connected to thek1 site, we show in Fig. 16 its spin
density at C atoms in thec0 double plane. Here the densit
on the main C atom dominates, but there is an appreci
delocalization beyond this carbon atom away from B. In F
17 we again show the spin density ofk1 but now in they0
plane, that is, the plane perpendicular to thec0 double plane
and containing thec axis. Figure 17~a! shows the wave func
tion in a three-dimensional representation, and Fig. 17~b!
shows the wave function in the form of a contour plot. T
make an illustrative figure, the C atoms in they61 planes
have been projected onto thisy0 plane. The crystal can b
regarded as a collection of staircases along thec axis ~Fig.
1!. The staircase on which the B and the main C are situa
is located in they0 plane, and is indicated as a full line i
Fig. 17~b! ~Fig. 6!. The next staircases are located in they1

andy2 planes, are projected ontoy0 , and are indicated by a
dotted line. The next staircase along thex direction is again
located in they0 plane. It is seen that the electron density
distributed in an ellipsoidal shape with the main symme
axis making an angle of 70° with thec axis, i.e., along the
direction of the B-main C line. Figures 18~a! and 18~b! show
the electronic wave function connected to thek2 site in the
y0 plane. Figures 17 and 18 can be compared, as they s
the same plane on the same scale, and we can see tha
electronic wave function of thek1 site is slightly more delo-
calized than that of thek2 site.

FIG. 19. The13C ENDOR spectrum of the hex site forBigz ~c
axis! and of the qc sites forBigz . In this orientation the difference
between the three qc sites~k, k1 , andk2) is only in the intensity of
the lines. It is seen that though the qc site ENDOR spectrum
contains some lines above 38 MHz, the hex one does not. M
over, it is seen that the outer hex-site ENDOR lines are very bro
ty
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The fact that all three sB centers in 6H-SiC seem to have
different localizations of the spin density~for the hex site,
see the discussion below! and thus different ionization ener
gies supports the results of Evwarayeet al.,20 who found
three different levels for the sB acceptor atEh5Ev
10.27 eV, Ek15Ev10.31 eV, andEk25Ev10.38 eV. It
seems probable that thek2-related energy level, which lies
much lower than the hex- andk1-related ones, leads partly t
self-compensation in the crystal. This might be the basis
the explanation of the change in electrical characteristics
is found when going from 4H-SiC to 6H-SiC. Another im-
portant result of our findings is a proposed reassignmen
the ionization energy levels found for the sAl and sGa
ceptors. Until now it was always supposed that thek1 andk2
sites were paired,21 having the larger ionization energy
whereas the hex site had a smaller ionization energy.
instead propose that the smaller ionization energy should
assigned to the hex andk1 sites, with thek2 site having the
larger energy. This is in agreement with the ODMR resu
of Leeet al.14 and Maieret al.,10 who found that for the sAl
acceptor in 4H-SiC two lines are found aroundg;2.3,
whereas in 6H-SiC a third line is found at a much smallerg
value. As these centers obey effective-mass theory, this
us that the third line belongs to a much deeper center.
explained, thek site in 4H-SiC is related to thek1 site in
6H-SiC, leading to the conclusion that the third line belon
to thek2 site, in agreement with our results.

The question arises whether the anisotropic distribution
the electronic wave function on the remote13C nuclei as
revealed by the13C ENDOR data can be rationalized on th
basis of effective-mass theory~EMT!. As mentioned in Sec
I, sGa and sAl, in contrast to sB, show a highly anisotropig
tensor in agreement with the calculatedg anisotropy of the
valence-band hole. In the case of the sB acceptor the or
angular momentum is quenched, and one would not exp
to see band-structure properties reflected in the propertie
the hole attached to the sB acceptor. Nevertheless we
serve that the electronic wave function of the qc sB accep
perpendicular to thec axis extends considerably further tha
parallel to thec axis, in agreement with the anisotropy of th
hole mass~mhole

i
51.67me and mhole

' 50.62me).
31 Here we

remark that the anisotropy in the perpendicular plane is
eraged out at higher temperatures, where it is known that
B-main C bond starts to jump between the three poss
directions of this bond. The cylindrically symmetric sp
density so obtained spreads out further in the perpendic
plane than along thec axis.

In the case of the hex-site sB acceptor, it is less cl
whether the same picture applies. Here again the main
density is located in the danglingpz orbital on the nearest
neighboring C. This time, however, the B-main C connect
line is parallel to thec axis. So the central core of the spin
density distribution is the same as for the qc sites. If
spin-density distribution on the remote13C would exhibit a
shape similar to that for the qc sites, it would extend as
ellipsoid with its main axis parallel to thec axis. However, if
EMT theory would apply, one would expect the spin dens
on the remote13C to extend in the perpendicular plane. Fi
ure 19 shows the ENDOR spectrum as measured on the
site EPR line forBic. Comparison with the spectra of the q
sites for theBiB-main C connection line shows that the he
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site ENDOR lines exhibit a smaller maximum hf interactio
and that the lines cluster around the Zeeman freque
Moreover, the qc sites have ENDOR lines above 38 MHz
all orientations, whereas for the hex site this is not the ca
A possible explanation for this is that the spin density on
remote13C is distributed mainly in the plane perpendicul
to thec axis. In this case the orientational dependence of
ENDOR lines would look completely different from the d
pendence of the qc sites, and would cluster more around
free 13C Zeeman frequency. Moreover, owing to the cyli
drical symmetry of the hex site around thec axis, more13C
nuclei are involved in the ENDOR spectrum than for the
sites, thus explaining the broad ENDOR lines in the case
the hex site. We conclude that the13C ENDOR spectrum of
the hex site is consistent with a distribution of the electr
density on the remote13C perpendicular to thec axis, as one
would expect on the basis of the anisotropy of the effect
mass. So, when comparing the qc sites with the hex site
see that the distribution of the spin density on the remote13C
depends on the orientation of the core of the electronic w
function and the anisotropy of the effective mass in
crystal.

With regard to the Si ENDOR spectrum, we found th
the k site in 4H-SiC is the same as thek1 site in 6H-SiC,
and that thek2 site is different. From Fukumoto,22 it is ex-
pected that the amount of spin density on the Si atom
small. The largest hf interactions found for Si area
;28 MHz andb,2.8 MHz. This leads to ans-spin density
of 0.6% on each of the three Si is connected to the main
The next largest hf interaction for the Si nuclei after the o
found in EPR is about 6 MHz, which corresponds to 0.1%
thes-spin density or 2% of thep-spin density. So most prob
ably the total amount of spin density or the Si atoms is mu
less than 10%, justifying our use of only the C spin dens
in calculating the electron wave-function distribution.

As a last remark it should be mentioned that we found
indication that the principal values of theg and hf tensors
change with temperature between 1.5 and 4.2 K, in cont
to what is reported in Ref. 32. A possible explanation for t
might be that another center was measured in these ex
ments at 1.5 K.

V. CONCLUSION

We have been able to determine the spatial distribution
the electronic wave function of the shallow boron accepto
the quasicubic sites in 4H-SiC and 6H-SiC up to 14 Å away
from the B atom. It is found that the delocalization of th
wave function is very anisotropic, and that it agrees v
lid
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well with the theoretical predictions based on semi-empiri
MNDO calculations on a BSiSi42C44H76 cluster by Petrenko
et al.23 Although the EPR spectrum of the sB acceptor sho
that the orbital angular momentum is quenched,g;2, in
contrast to the sAl and sGa acceptors, the spatial distribu
of the electronic wave function for the remote nuclei can
rationalized in terms of the anisotropy of the hole effecti
mass. Moreover, it is found that thek2-site electronic wave
function is slightly more localized than thek1-site wave
function, suggesting that thek2 site has a larger ionization
energy than thek1 site. The measurements also suggest t
for the hexagonal site the spatial distribution on the rem
13C nuclei is different from that at the quasicubic sites,
that it extends isotropically in the plane perpendicular to
c axis. So, when comparing the qc sites with the hex site,
conclude that the distribution of the spin density on the
mote 13C is determined by two factors. The first one is t
orientation of the core of the electronic wave function, p
allel to c for the hex site and at 70° to thec axis for the qc
sites. The second one is the anisotropy of the effective m
in the crystal, which leads to a suppression of the distribut
along thec axis. Our results support the assignment of io
ization energiesEh5Ev10.27 eV, Ek15Ev10.31 eV, and
Ek25Ev10.38 eV by Evwarayeet al.20 Thus we propose
that the addition of thek2 site, which leads to an~additional!
deeper level and to partial self-compensation in 6H-SiC,
might be the basis for an explanation of the change in e
trical characteristics found when going from 4H-SiC to
6H-SiC. Another important result of our findings is a pr
posed reassignment of the two ionization energy levels fo
for the sAl and sGa acceptors. Instead of relating thek1 and
k2 sites21 to the deeper level, and assigning the smaller of
two ionization energies to the hex site, we propose to re
the hex andk1 sites to the shallower level, and to assign t
k2 site to the deeper level. This is in agreement with t
ODMR results of Leeet al.14 and Maieret al.10 The results
show the potential of EPR and ENDOR spectroscopy at
GHz for elucidating the electronic structure of the sB acc
tor centers in SiC.
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