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Spatial distribution of the electronic wave function of the shallow boron acceptor
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A. van Duijn-Arnold, J. Mol, R. Verberk, and J. Schmidt
Huygens Laboratory, Leiden University, P.O. Box 9504, 2300 RA Leiden, The Netherlands

E. N. Mokhov and P. G. Baranov
A. F. loffe Physico-Technical Institute, Politechnischeskaya 26, 194021 St. Petersburg, Russia
(Received 27 April 1999; revised manuscript received 22 June)1999

A high-frequency(95 GH2 pulsed electron paramagnetic resonance and electron-nuclear-double-resonance
study has been carried out on the shallow boron acceptétrenriched 4-SiC and 64-SiC. From the
hyperfine interaction of the unpaired electron spin with Y@ (1 = 1/2) 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 sit@# quasicubic and one hexagonal the two
polytypes 4H-SiC and 61-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 igpartly) valid in describing the remote part of the spatial distribution of the electronic wave
function.[S0163-18209)16135-9

. INTRODUCTION tional frequencie$®'® The activation energies for shallow
boron(sB) acceptors were estimated to be between 0.22 eV
One of the intriguing problems in semiconductor physicsand 0.35 e\ More recently it was found by Evwaraye
is the nature of shallow impurities in the host-crystal lattice.et al?° that the activation energy [5,+0.27 eV for the hex-
The most critical test of the theoretical models describing theaxgonal site(hex) and E, +0.31 eV andgE,+0.38 eV for the
electronic wave function of the shallow donors and acceptorguasicubic site«; andk,, respectively. According to Ref.
is provided by the hyperfine interaction of the unpaired elec91, the incorporation of Al in Bi-SiC introduces shallow
tron spin with the surrounding nuclear spins, obtained fromycceptor levels &, +0.239 eV for the hexagonal siteex
electron-nuclear-double-resonanNDOR) spectroscopy. and E,+0.248 eV for the quasicubic site(k,). Simi-
This ENDOR technique, developed by Fehéras been suc- larly VGa introduces  shallow acceptor levels &,
.cess.fijllsy applied to the three donor impurities P, As, and Sb+ 0.’317 eV(hex andE,+0.333 eV k; ,k,).2*
Sl ooniel, &) elmpt o otserve SNDOR Yo Thee s  age aference n the proprtes o goupl
although electron p'areimagnetic resonan&®R signals " shallow acceptors in SiC and Si. In Si all group-IIl shallow
could be observed after applying uniaxial stress which redcceptors show effective-mass-like behavior with the B ac-
moves the degeneracy of the valence bftie reason for _ceptor as th_e shallowest level. In SiC, the energy level of sB
the failure to observe ENDOR of acceptors in Si is related tdS "oughly situated between that for shallow &Al) and for
the presence of random stress in the crystal which, in comghallow Ga(sGa. However, it appears, that the electronic

bination with the degeneracy of the valence band, leads t§tructure of the sB acceptor is strikingly different from that
variations in theg-tensor values and to a broadening of the©Of the sAl and sGa acceptor. The resonance conditions of the

ENDOR lines. unpaired spin related to the sAl and sGa acceptors reflect the
In this paper we present a determination of the spatiaproperties of the uppermosty valence-band hole, and indi-
delocalization of the electronic wave function of an acceptorcate an effective-mass-like character of these acceptors, but
in a semiconductor. The system studied is the B acceptor iwith a reduced orbital-momentum contribution resulting
SiC. Silicon carbide has a crystal structure which is veryfrom the localization. In contrast, the EPR spectrum of the
close to that of silicon. Especially cubic S{@C-SiC), which ~ sB acceptor shows that the contribution of the orbital angular

has a zinc-blende structure, is very similar. The structure ofmomentum is almost negligibleg(-2), and EPR signals of
other polytypes is different, and some of them are hexagona&B could be observed inG-SiC without any uniaxial stress

It is known that the most important acceptor impurities inapplied to the crystal. In contrast sAl and sGa signals have
SiC are B, Al, and Ga, as in Si. These group-lll elements camot been observed inG-SiC.

be introduced during growth or afterwards by diffusion or  The difference in behavior of sB on the one hand, and sAl
implantation and have been studied using Hall effect, opticahnd sGa on the other hand, was explained by considering the
spectroscopy,and deep-level transient spectrosc8pBhal-  difference in atomic radi#?'®1” It was proposed that B,
low acceptors introduced in SiC by the group-lll impurities which substitutes for Si but which has an atomic radius
have also been studied using EPRS optically detected smaller than Si, occupies an off-center position owing to
magnetic resonancéODMR),1*718 high-frequency pulsed chemical rebonding, i.e., it relaxes away from the neighbor-
EPR and ENDOR at 95 GHY,and by ENDOR at conven- ing C along the B-C bond. Indeed a high-frequen®p
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FIG. 1. A schematic representation of the difference between FIG. 2. (@) The EPR spectrum at 95 GHz wiBic for the sB
the 4H- and 64-SiC crystal structures. The SiC crystal is built up 2CCePtor in 4-SiC (sample ). The spectrum consists of two lines;

of tetrahedrons, with four bonds for every atom. Two of the bonds2ne IS relatedd a B atom on thé site, and onect a B atom on the
lie in the plane of the figure and parallel to the direction of the hex site. The shoulders are attributed to the hf interaction with the

axis a staircase pattern is formed. Fét-5iC this pattern gives rise nearest-neighbot°C nuclei.(b) A similar EPR spectrum obtained

to three inequivalent sitds; , k, and hex, for #-SiC the staircase N sample Il. In addition to the sB lines, three lines are observed of
is shorter and there are only two sitésand hex. the shallow N donor on thk site in 4H-SiC. This triplet is attrib-

uted to the hf interaction with th¥N nuclear spin (=1). (c) The

. . . EPR spectrum at 95 GHz withl|c for the sB acceptor inld-SiC.
GHz) EPR and ENDOR study on sB irt5 SiC, carried out In addition to the EPR lines of the sB acceptor on the k,, and

at. quuid—helium.tempgratures, revealed that there is a rGIaXﬁex positions, a signal is observed that is attributed to the shallow N
ation of the neighboring carbon atom and the boron atomy ... ai spectra are recorded at 1.2 K.
away from each othéf. This study also revealed that B is

neutral, and that it ce(l)rri_es no direct spin density. The maimyighly anisotropic. This spatial distribution agrees very well
spin density(about 30%is located on the dangling borly  yith theoretical predictions of Petrenlat al2? Interestingly
orbital of one of the neighboring carbon atoms along the C-Bs anisotropy can be rationalized by considering the anisot-
connection line. In contrast to the behavior of the sB accepPropy of the effective mass of the hole. So it seems that the
tor, Al and Ga atoms substituting for Si are expected t0 0Cproperties of the remote part of the sB acceptor wave func-
cupy on-center positions. As the local symmetry is conservegon can still be explainedpartly) by effective-mass theory,
this could explain the effective-mass-like-behavior observethough the orbital angular momentum of the hole is

for the sAl and sGa acceptors. ~_quenched as a result of the lattice distortion.
The aim of the present study is to reveal the spatial dis-

tribution of the electronic wave function of the sB acceptor
in different sitegquasicubic and hexagonah the two poly-
types H-SiC and 61-SiC. Fukumoto, using the first- The experiments were performed on the following three
principles pseudopotential meth&dcalculated that the un- different samples. The firstsample } is a free-standing
paired electron connected to the sB acceptor center idH-SiC epitaxial layenwith removed substrategrown by
3C-SiC resides almost entirely on the C atoms. Thus wehe sublimation sandwich meth@din vacuum at tempera-
have performed a 95-GHz ENDOR study on i€ (I=%)  tures between 1700 and 1750 °C. It'&C enriched(30%),
nuclear spins int3C-enriched SiC crystals to obtain the hy- contains boron in natural abundance andisype. Boron
perfine(hf) interaction with the unpaired spin density. From was introduced during growth because it was present as a
the results it appears that, although the EPR properties of sBace impurity in the material used for tHéC source. As
in 4H-SIiC and @1-SiC are very similar, a difference in such no N was present in this sample. The secaddSIC
behavior can be observed in the ENDOR data. In particular isample(ll) is from Cree Company, it is algotype, and*'B
can be seen that for thie, site in 6H-SiC the electronic was diffused at a temperature of about 2000 °C. The third
wave function is slightly more localized than for thke site 6H-SiC sample(lll) is also**C enriched ang type. It is a
in 6H-SIC and thek site in 4H-SiC. Unfortunately a similar free-standing epitaxial layéwith removed substrategrown
detailed analysis of the hexagonal site was not possible due the same way as sample |, withB diffused in at tem-
to a congestion of lines in the ENDOR spectrum. Nevertheperatures of about 2000 °C. It should be mentioned that the
less a tentative spatial distribution of the electronic wavecentral part of samples Il and Il is not compensated by B. It
function for this site is proposedFor a definition of the is still n type, and leads to the presence of N-related lines in
quasicubidqc) sites and hexagonéhex site in 4H-SiC and  the EPR spectrum. Typical sample dimensions are<0.2
6H-SIiC, see Fig. 1 Our conclusion agrees with the finding x0.2 mnr.
of Evwarayeet al?° that the binding energies for the three  The experiments were performed at 1.2 K on a home-
sites of the sB acceptor inH6-SiC differ. built, pulsed EPR/ENDOR spectrometer operating at a mi-
A remarkable result is that the spatial delocalization of thecrowave frequency of 95 GHz. A detailed description of the
unpaired spin density of the qc-site-related sB acceptor isetup is given elsewhefé?® The main advantage of this

Il. EXPERIMENT
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TABLE I. The g-tensor principal values of the sB acceptor and the hf interaction with the nearest-
neighboring carbon atom for the hexagonal site as well as the quasicubic site, in the cabeSif &his
work, Refs. 9 and 3Rand of a 641-SiC crystal(Ref. 17. All g values have been calculated relativegoof
the hexagonal site, assuming it to have a value of 2.002 00. The temperature in Ref. 9 was 3.4 K and the
microwave frequency was 74.1 GHz. The temperature in Ref. 32 was 4.2 K, and the microwave frequency

was 142 GHz.
Ox 9y 9; a(C) b(C)
(X10°4T) (Xx1074T)

4H k 2.00691) 2.00561) 2.002Q1) 39(1) 12.56)
k (Ref. 9 2.00285) 2.00595) 2.00645) 32(1) 7.305)

k (Ref. 32 2.00692) 2.00593) 2.00252)
hex 2.00661) 2.006&1) 2.0020 391) 12.55)
hex (Ref. 9 2.007@5) 2.007@5) 2.00185) 32(1) 7.3(5)

hex (Ref. 32 2.007@2) 2.007@2) 2.00192)
6H k, (Ref. 17 2.006235) 2.0060%5) 2.002265) 40.95) 10.85)
k, (Ref. 17 2.005925) 2.0067%5) 22.002515) 40.95) 10.85)
hex (Ref. 17 2.00695) 2.00695) 2.00200 40.6) 10.85)

spectrometer is the high resolution both in the EPR and A. EPR spectra

ENDOR spectra. Moreover, owing to the split-coil configu- Figure 2 shows three 95-GHz EPR spectra of the sB ac-
ration of the superconducting magnet, it is possible to per-

) . ceptor in SiC withB | lc axis. The upper spectrum is obtained
form a complete orientational study. The pulsed electron- . ) L .
on sample | (4-SiC) and consists of two lines; one is re-

spin-echo-detected EPR spectra were measured t% oo s
P . : L ted to a B atom on a quasicubic positiga in the crystal,
monitoring the electron spin echo intensity in a two-pulse he other is related toqa B atom Fc))n aogexagonal)/position

echo experiment as a function of the magnetic field. In thd S - o
pulsed ENDOR experiment a Mims-type pulse sequence wadieX. The latter line is only visible after magnlfymg the .
used?’ consisting of threer/2 microwave pulses with sepa- SPeCtrum by a factor 10. Tr_u_e weakness of _the hex signal is
rations7 and T between the first and the second, and secon®robably caused by the position of the Fermi level. The weak
and third, pulses, respectively. Typical values f@ndT are satellites in the magnified spectrum are caused by the hyper-
250 ns and 1 ms, respectively. As a result of this pulse sefine (hf) interaction with the nearest-neighboring®C
quence a stimulated ecli8E) is created at a time after the ~ nucleus. The middle spectrum was measured on sample ||
last pulse. During the tim&, which is much longer than the (4H-SiC). Here, in addition to the two EPR signals of the
phase memory tim&,,, a radiofrequencyirf) pulse is ap- SB acceptor, the signal of tHesite N donor, present in the
plied which induces a change in the intensity of the SE whergentral, uncompensated part of the sample, is observed, with
this rf pulse is resonant with a nuclear transition. The EN-a hf splitting in three components characteristic &f-&iC
DOR spectra are obtained by monitoring the SE intensity agnd caused by th&N (1 =1) nuclear spin. We remark that,

a function of the frequency of the rf field. owing to the small linewidth of the sB signals and the fact
that this sample is notC enriched, the hf interaction with
the B nuclear spin is visible in this spectrum on the sB line

lIl. RESULTS AND ANALYSIS related to the hex site. The lowest spectrum is obtained under

The EPR and ENDOR data to be discussed in this sectiofj 2" conditions on sample I1*'B-doped 64-Si'*C). The

: . - ree lines marked with,, k,, and hex correspond to the
Hamil f the form. ) 1r 72
can be described by a spin Hamiltonian of the form two qgc sites and the hex site of the sB acceptor. We remark

that the assignment of the EPR lines to theor k, site is
H=1pS § B+(S - Ag—vsB) Ig+1g Pg g reversed with respect to earlier publicatidns. This reas-

signment is based on the ENDOR data to be presented in this

paper(see Sec. IIB2 The broad line marked with N origi-

- .-
+§i: (S A ndB)- 1, @ nates from the gc and hex site N donors, present in the cen-
tral part of this sample, which is not totally compensated
- - with 1B.
whereX represents Si or CAg and A, represent the hyper-  To find theg tensor of the sB center inH-SiC, we made

fine tensors of thé'B (1=3), *C(1=3), and?*Si(I=3)  a study of the orientational dependence of the EPR spectrum
nuclear spinsPg the quadrupole tensor of tHéB/1%B spins,  in two planes. The first dependence was measured in the
and yg and yx the gyromagnetic ratios for the B, C, and Si (1120) plane, in which the magnetic field is turned from
nuclei. We can write for the hyperfine tenség,=a+ 2b, Bllc axis toward the plane perpendicular o (#=0°
Ayy=a—b—b’, andA,,=a—b+b’. For the quadrupole in- —90°, ¢=0°, with ¢ the angle between theaxis and the
teraction we can write, assuming axial symmetFyB(Iﬁ magnetic fielg The second dependence was measured in the
—1/31%) with Pg=3/2 P,,=3q and P,,= Pyy=—0. plane perpendicular to the axis (#=90° and ¢=0°
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—90°). For the orientatio®=90° andp=0°, the magnetic T T

field lies along the projection of a C-Si bond in the plane W mﬂ

perpendicular to the axis. In analogy with the case of the

sB acceptor in B1-SiC,' it is found that the principle axes |_10_l ITI \ﬂ—l

dz. Oy andg, for the k site are directed witly,|B-main C B Si B

bond(70° toc), g, perpendicular ta, in the plane spanned

by thec axis and the B-main C bond and thg axis perpen-

dicular to both, in the plane perpendicular to thexis. For

the hex site, thg, axis is found to be parallel to theaxis,

and theg, axis lies in the same plane as for tksite, again

perpendicular to thg, axis. Theg, axis makes an angle of ”

90° with both. In Table | the principlg values are presented c

and it is seen that they are also aimost the same as for SBir 4z 20 25 30 35 40 45 50

6H-SIiC. The largest relative difference is founddn. As RF frequency (MHz)

the deviation of they value fromg, scales with the energy

difference between two levels, it is sensitive to changes in FIG. 3. The ENDOR spectrum as measured on the EPR line of

the surroundings. Theg value that differs most frong, will thek site in 4H-SiC for Blic at 1.2 K. It shows the clear separation

thus relatively be most sensitive to changes. of the ENDOR lines belonging to the different isotopes and nuclei.
The 13C hf splitting observed in the EPR spectra and re-As the sample i43C enriched, the ENDOR lines for this isotope are

lated to the C atom carrying the main spin density exhibitsvery intense. Only for the oute"C ENDOR lines there is some

axial symmetry with the symmetry axis parallel to theaxis ~ overlap with the?*Si and*'B lines.

of the site. The fit values to the experimental data of i@

hf interactions are also collected in Table I, where we usedind a spin factor {21-1). Thesigns ofa, b, andq in Table

the definitionsA;,=a+2b and A,=Ayy=a~—b. A COM- || yere determined in the same way as described in Ref. 17.

parison with similar observations int6 SiC shows that the The  relative signs of A=a+2b(3co6) and Q

isotropic parameters are the same within experimental er- =q(3 co26) were determined using field-tagged ENDOR,

ror, but that the anisotropic parametérare slightly differ- .o \which it followed that the hf interactiom and the

ent. In analogy with Ref. 17, we conclude tlandb are o 54rypole interactiof have the same sign for both sites in

both positive as based on the orientational dependence ang_sic. From the fit of the orientational dependence it fol-

the mere size of the hf interaction. lowed thata andb have an opposite sign, which means that
At certain orientations shoulders can be seen on the sBior2<0 and b>0, g>0 or a>0 andb<0, g<0. The

EPR lines. These lines were also reported in previougpqqiute sign is determined from theory, which shows ghat
paper§®*” and attributed to the hf interaction withSi(I expectedgto be positivesee discussioi/\' th

=1) nuclei of the first Si shell, i.e., the three Si next to the
carbon carrying the main spin density. The hf interaction of
these lines was reported to be virtually isotropic<{(1

ESE intensity

2. ENDOR of C

X 10 4T), with an isotropic hf constara=10x10"“T. Figure 4 shows part of thé3C ENDOR spectra of the
sB k; andk, site in 6H-Si*3C:}B (sample I1) and thek site
B. ENDOR in 4H-Si**C (sample J. The first thing to note is that the,

spectrum in 61-SiC is the same, except intensities, as that of
the k site in 4H-SiC. This is the case for all measured ori-

. ) . . entations, which leads us to the conclusion that these two
abundance of Bsample ) with Biic. The figure is a nice enters have the same position and thus the same surround-

example of t_he sp_ectral resolution that can be obtained at [P in the crystal. We thus assign the corresponding EPR line
GHz. The orientational dependence of the ENDOR spectra % the k, site, as this site is situated at a similar crystal

obtained by tuning the magnetic field to the EPR line of theposition as thek site in 4H-SiC. Moreover. these two sites
site studied. In the following we will concentrate on the dif- . !

ferent parts of the spectrum have the same environment in the two Iayersf perpendicu_lar
' to thec axis above and below the B center, which we used in
the assignment of the ENDOR lines. This conclusion is op-
posite to what has been published previod$|¥his earlier
From the orientational dependence of the boron ENDORassignment was based on the anisotropy ofgthensor. The
spectra, it was found that there is a striking similarity be-EPR line with the smallesi-tensor anisotropy was assigned
tween the hexagonal and gc sites iH-46iC and 61-SiC.  to the site closest to the hex site, as thaensor of the
The tensors are axially symmetric, with their axes of sym-hexagonal site is axial. Also, the argument of the relaxation
metry along they, axis of a specific subsite and with similar time seemed to point to this conclusion, because, when as-
principal values. The results are summarized in Table Il. Thesuming an isotropic spin-density distribution around the B
measurements oh'B (I=3) and %8 (I=3) allowed us to center the sites sharing the same carbon atom should have
check whether the different isotopic masses had an effect othe same relaxation time. As it will turn out, the spin density
the hf data. However, we found that the hf data for the twodistribution is not isotropic at all, and consequently this ar-
isotopes are simply related by taking account of the differengument is not valid. The second thing to note is that the
gyromagnetic ratios, the ratio of the quadrupole momentspectrum ok, contains less lines around the carbon nuclear

Figure 3 shows an overview of the total ENDOR spec-
trum as measured on theH4Si*3C sample with a natural

1. ENDOR of !B and 1B
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TABLE II. The hyperfine parameteis b, andq for !B as found in this study and in Refs. 9 and 32 on
the sB acceptor in-SiC. In addition, the same parameters are listed for sSBHREC. The parameters
b, and g are related to the parametefsand Q as follows: Aj=a+2b, A, =a—b, and Q,,~2q. The
temperature in Ref. 32 was 4.2 K, and the microwave frequency was 9.5 GHz.

a(*'B) MHz b(}B) MHz q(*B) MHz
4H k -3.4(2) 2.91) 242(31)
k (Ref. 9 1.32) 0.181)
k (Ref. 32 +3.36510) +2.88810) +257(10)
hex —0.859) 2.559) 2538)
hex (Ref. 9 1.52) 0.131)
hex (Ref. 32 +0.41210) +2.91510) +25510)
6H k (Ref. 17 —3.725) 3.0605) 2555)
k (Ref. 17 —2.995) 2.895) 2505)
hex (Ref. 17 —0.975) 2.91(5) 242(5)
Zeeman frequency than that lof which, combined with the (0001 o=
fact that we found one more line at 45 MHz oy, suggests B . L L A T o°
that for k, the spin density is more localized than fioy. W 10°

Y\ NI
Above thek, ENDOR spectrum, a rescaled part of tke A WV T 202
30

spectrum is shown for comparison, from which it can seer W

that the ENDOR lines belonging to thie, site are also @ o?

weakly present in th&, ENDOR spectrum. Only the two g o°

strong lines at 37.7 and 38.65 MHz belong to tyesite. W )
w

Very weakly, the strongest, lines can also be seen in the

spectrum. This “crosstalk” is the result of the small overlap 70°

of the EPR lines of th&,; andk, sites in 64-SiC. Wso"
To illustrate the complexity of the assignment of the

ENDOR lines, we show in Fig.(8) the orientational depen- W . . | | .

dence of the inner part of tH€C ENDOR spectrum of the, 365 370 375 380 385 390 395  40.0

site of sB in @4-SiC whereB is varied in the plane perpen- (q) RF frequency (MHz)

dicular to thec axis fromBIll¢=0° to Bll¢=90°. Figure %b)

(1720)

. , , , ] : a k I Fo=0"
k] ' " 6H-SiC, k 8 5 . ]
‘6’ PO Y B E
6H-SIC, k, s . ]
=] -
Q@ K . -]
> 4H-SIC, k 29 = - ! J6=90°
= © 1 1 i [l
e 36 43
E VLA ARV SR | - ;,00%1)
B k, 3 EA
w k 5 h
g ]
=2 ]
= ]
59 ':¢=90°
360 362 364 366 36.8 37.0 % l ]
36 37 38 39 40 41 42 b “
RF frequency (MHz)
FIG. 4. Thel®C ENDOR lines withBlic and at 1.2 K for the FIG. 5. (a) The orientational dependence of the ENDOR lines of

different sites in 61-SiC (k, andk,) and 4H-SiC (k). As can be  thek; site of the sB center ini8-SiC in the plane perpendicular to
seen, the spectrum é&fis very similar to that ok, . A rescaled part thec axis fromBll¢=0° toBll¢=90° at 1.2 K. As can be seen, the

of the spectrum ok, is shown above the spectrum kf in the =~ ENDOR lines are very anisotropi¢b) The orientational depen-
region between 37 and 38.3 MHz. From the intensity comparison iflence of the ENDOR lines as measured onkhsite EPR line of

is clear that the lines that show up in both spectra belong ta’he  the sB center in the (11¥ and(0001) planes at 1.2 K. The points
two lines at 38.7 and 37.7 MHz belong kg. These two lines can represent the ENDOR lines as measured for the respective orienta-
also be seen weakly in the spectrunkef In the inset a blowup of tions of the magnetic field. As can be seen, the lines are very an-
the spectrum around tH&C nuclear Zeeman frequency is shown. isotropic, and the largest hf interaction is about 12 MHz.
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TABLE lll. The positions of the nuclei in th&, site in 8H-SiC, their tensor directions, hf interactions, distance to the B center, and
coefficientsa?, 82, and7? of the electronic wave function. For the nuclei of groups I, Ill and IV with a question mark as superscript, the
determination of the second Euler angle is not very precise. The tensors of the groups VIl and Xl are oriented towards the center of gravity
of the p, orbital on the mairC (1), as for these nuclei there is an appreciable contribution from the dipole-dipole interaction to the anisotropic
hf interaction. The first pair of nuclei of group Xl has not been found in the orientational dependence. The total spin density found when
summing over all nuclei is 105%, even though not all lines have been assigned. Neverifdhessbeen normalized to 100%. The atom
positions with the same symbols as superscripts can in principle be interchanged. This does not affect the spin-density distribution appre-
ciably.

kq Atom Euler angles a (MHz) b (MHz) b’ (MHz) Distance stop Percen-
position (a,B,7) in to the B ratio tage of
degrees nucleus (a?:8%) total
A) (7%
| CoYo (0,70.5,0 114+1 301 1.887 9.7:90.3 29.5
Il CoY=1’ (17.5,72,0 14.2+ 3.8+0.1 —0.5+ 4.75 9.6:90.4 3.7
0.1 0.1
Ci1Yiq’ (+60,70.5,0 14.70x ~2.93+ —6.17+ 4.41
0.02 0.01 0.05
I CoYo (0,80.5,0 12.75¢ 3.11+ 1.34+ 7.14 10.4:89.6 3.1
0.07 0.08 0.08
C+1Yo (0,55,0 7.88+ 3.97+ —0.6+ 6.20 5.3:94.7 3.7
0.08 0.12 0.1
v CoY=+2 (x17,70.5,0 7.71* 5.3x0.1 1.43+ 7.78 4.0:96.0 4.9
0.07 0.09
Ci1Y» (+77,70.5,0 7.71+ 5.3+0.1 1.43+ 6.92 4.0:96.0 4.9
0.07 0.09
C.5Yo (0,45,0 5.37*= 2.50= 1.59+ 7.78 5.7:94.3 2.3
0.04 0.06 0.08
\Y, Ci1Y+1 (+3,67.5,0 5.38+ 3.26+ —1.0= 8.74 4.5:95.5 3.0
0.08 0.09 0.1
CoY+1 (0,80.5,0 6.94+ 1.60+ 2.20+ 9.92 11.0:89.0 1.6
0.07 0.05 0.09
CioY+1 (+60,70.5,0 5.76= 2.93+ —0.12+ 8.56 5.3:94.7 2.7
0.09 0.09 0.02
VI Ci1Y+3+ (+60,70.5,0 4.67+ 0.86+ —0.59+ 9.78 13.4:86.6 0.9
0.05 0.08 0.07
VI CoYis (0,77.5,0 3.67 1.99+ 0.34+ 10.85 5.0:95.0 1.8
0.03 0.03 0.05
Cioyigt (+60,77.5,0 3.67 1.99+ 0.34+ 9.61 5.0:95.0 1.8
0.03 0.03 0.05
VI CoY+1 (+=37,84,0 2.03+ 0.84+ 1.887 6.4:93.6 0.8
0.04 0.04
C_1Yo (0,32,0 2.03= 0.84*= 1.89 6.4:93.6 0.8
0.04 0.04
IX CoY=a" (+25,85,0 2.01+ 0.68+ 9.44 7.8:92.2 0.7
0.02 0.02
X CioY+1 (0,107.5,0 1.79+ 1.28£0.04 —0.92+ 5.94 3.8:96.2 1.2
0.04 0.08
CoYrs (+60,70.5,0 1.79+ 1.28+ —-0.92+ 6.44 3.8:96.2 1.2
0.04 0.04 0.08
Xl CoY+2 (+76.7,85,0 ~0.5 ~0.2 3.61
C_1Y+1 (+40,135,0 0.53+ —0.14+ 0.58+ 3.61 9.7:90.3 0.1
0.01 0.02 0.04
Cc.1Yo (0,22,0 1.72+ —0.66+ —0.65+ 3.61 6.9:93.1 0.6
0.02 0.02 0.03
XII C.1Yo (0,70,0 1.08+ 0.52+ 0.57+ 11.13 5.6:94.4 0.5
0.01 0.01 0.02
C.oYo (0,41,0 0.74+ —0.11+0.02 0.73 10.55 16.1:83.9 0.1

0.02 0.03
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TABLE III. (Continued).

kq Atom Euler angles a (MHz) b (MHz) b’ (MHz) Distance stop Percen-
position (a,B,7) in to the B ratio tage of
degrees nucleus (?:8) total
A)
Xl C.2Yo (0,104.5,0 0.97+ 0.291+ —0.34+ 5.94 8.7:91.3 0.3
0.01 0.007 0.02
XV CioY+1" (+58.5,70.5,0 0.81* —0.42+ —-0.1757 12.98 5.2:94.8 0.4
0.03 0.06 +0.0004
Coryar* (+58.5,70.5,0 0.81* —0.42+ —-0.1757 13.81 5.2:94.8 0.4
0.03 0.06 +0.0004
XV CoYo (0,70,0 0.80+ 0.59+ 12.48 3.7:95.3 0.5
0.02 0.02
XVI Ci1Y+3 (+60,70.5,0 0.55+ 0.56+ —-0.12+ 6.20 2.8:97.2 0.5
0.06 0.1 0.06
C_1Yo (0,0,0 0.29+ —0.03+ 0.18+ 5.67 21.6:78.4 0.04
0.01 0.01 0.02
XVII CooYio* (+60,70.5,0 7.37

shows the total orientational dependence as measured on ttening only one atom, on the basis of their distance from the

k, site EPR line in the (11@) and(000) planes. As can be line through the B nucleus and the main C nucleus.

seen, the hf interaction is very anisotropic, which is the case In Tables Il and IV the groups of C atoms are sorted on
for all sites, and the largest hf interaction is about 12 MHz. Itthe basis of the value of the isotropic hf interaction. All
was found that the ENDOR spectra of the and k, sites  assignments as shown in the tables will be discussed below
differ only in line intensity and close to the extreme orienta-with the help of Figs. 6—14, but first a few general remarks
tions ¢=0° and ¢=90°, as for all other orientations the have to be made. Figures 6 and 7 show kheandk, sites
EPR lines lie too close together. Close to theaxis the and their immediate surroundings. In the lower right corner
ENDOR spectra of the two qc sites can really be distin-the laboratory axis system and the orientation ofytradc
guished(see Fig. 4. However, in this region we have the planes, which will be discussed later, is indicated. The Ro-
problem that all six possible orientations of one sitich  man numbers of the nuclei are connected to the numbers in
are equivalent forBlic) are still present in the EPR line, Taples Il and IV. Three staircaséig. 1) have been high-
leading to the complication of the ENDOR spectrum in thislighted with respect to the others in Fig. 6. They are found

region as well. From a comparison of the intensities inkhe  pack in Fig. 17b). Figures 8—14 show the fits made for the
andk, spectra, the lines can be tentatively assigned to either

one of the two sites. Unfortunately the lines in the outer parfjlfferent groups of nuclei in the (11D plane, i.e., the plane

of the spectrum tend to broaden and disappear when turnin%Ontaining thec axis and in thé000]) plane. The latter plane
away from the extreme orientations. IS5 perpendicular to the axis. The filled and open points

An important element in the assignment of the lines in the€Present the experimental ENDOR lines as measured for the
13C ENDOR spectrum to specifiC nuclei surrounding the sites for various orientations. The upper panel of the figures
B impurity is provided by theab initio cluster calculations shows the (11Q) plane. Along they axis the angle between
by Petrenkeet al? of the hf interactions on the sB acceptor the magnetic field and the axis is varied in the plane con-
in 3C-SiC. In this calculation, due to size problems, only taining thec axis and a projection of a B-main C bond in the
nuclei up to two bond lengths away from the B atom couldplane perpendicular to the axis from §=0° (Blic) to 6
be taken into account. The results show that the isotropic h#90° (Bliprojectior). The lower part of the figures shows
interaction on the C atom next to B is 203.6 MHz. On thethe (0001) plane. Here they axis represents the angle be-
group of three'3C atoms two bond lengths away along the tween the magnetic field and the projection of a B-main C
direction of the B-main C bond the isotropic hf interaction bond in the plane perpendicular to thexis, which is varied
was calculated to be 11.9 MHz. On all othé€ atoms(one  from ¢=0° (Bliprojection to ¢=90° (B.L projection. For
or two bond lengths away from the B atpmme isotropic hf  clarity the real ENDOR spectra are shown for the extreme
interaction is calculated to be one order of magnitudeorientations (6=0°,¢=0°), (=90°,¢=0°), and (6
smaller, about 0.65 MHz or less. It was proposed that the=90°,9=90°) as well. The orientational dependencies
spin-density distribution is cigarlike shaped oriented alongwvere also measured betweér —25° and #=0° and for
the B-main C connection line away from the B atom. With 6=90° to #=115°. They are not shown in the figures for
the help of this model we assigned orientational dependerclarity. The lines are the fits to the points for the different
cies to groups of nuclei. Each grogimdicated by a Roman groups with the parameters as can be found in Table Il for
numbej contains nuclei that have roughly the same distancéhe k; site, and in Table IV for thé, site. Columns one of
to the B nucleus, and that are placed cylindrically symmetri-Tables Il and IV give the number of a group. These humbers
cally around the line going through the B-main C connectioncan be found back in Figs. 6 and 7 for tke andk, sites.
line. The groups are divided into subgroups, sometimes corzolumns two give the position of the nucleus in the crystal
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TABLE IV. The positions of the nuclei in th&, site in 6H-SiC, their tensor directions, hf interactions, distance to the B center, and
coefficientsa?, B2, 5. For the nuclei of groups I, Ill, and IV, with a question mark as superscript the determination of the second Euler
angle is not very precise. The tensors of the groups VIII and Xl are oriented toward the center of gravitp,obthigal on the main Gl),
as for these nuclei there is a reasonable contribution from the dipole-dipole interaction to the anisotropic hf interaction. The first pair of
nuclei of group Xl and the second nucleus of group Il have not been found in the orientational dependence. The total spin density found
when summing over all nuclei is 86%. However, not all lines have been assigned. Neveriffdiessbeen normalized to 100%. The atom
positions with the same symbols as superscript can in principle be interchanged, but this would not affect the spin-density distribution
appreciably.

ks, Atom Euler angles a (MHz) b (MHz) b’'(MHz) Distance s to p ratio Percentage
position (a,B,y) in to the B (% 8%) of total (%)
degrees nucleus
A)

I CoYo (0,70.5,0 114+1 30+1 1.887 9.7:90.3 36.0
Il CoYs1? (0,70.5,0 16.18+ 2.93+ 3.74x 4.75 13.6:86.4 37
0.06 0.08 0.07

C.1Yo? (0,70.5,0 16.43+ 2.66= 3.3£0.1 4.75 14.9:85.1 34
0.1 0.1
I CoYo (0,77.5,0 11.05+ 2.15+ —0.26+ 7.14 12.8:87.2 2.7
0.07 0.09 0.08
Ci1Y+1 (0,70.5,0 7.14
1\ C.oY+1? (+17,62.5,0 10.32= 4.6+ 1.10= 7.78 6.0:94.0 5.3
0.07 0.1 0.09
CoY=+2 (+58,72,0 1.87+ —0.61*+ 0.62+ 7.37 8.0:92.0 0.7
0.02 0.03 0.03
v c+1Yo (0,65,0 7.79+ 1.43+ 2.88+ 9.43 13.4:86.6 1.8
0.05 0.05 0.08
CoY=+1 (0,75.5,0 3.86+ 1.94+ 0.60+ 9.92 5.3:94.7 2.2
0.03 0.03 0.08
C+2Yo (0,57,0 2.03+ -0.20+ 1.09+ 9.10 22.4:87.6 0.3
0.02 0.02 0.04
CooYio* (+60,75.5,0 3.86+ 1.91+ 0.60+ 9.61 5.4:94.6 2.2
0.02 0.01 0.05
Ci1Y+o (+5,80,0 6.38¢ 2.69*+ 0.8£0.1 9.93 6.3:93.7 3.1
0.07 0.07
\Y Ciq1Y+3 (+60,70.5,0 6.43+ 2.64+ 0.74+ 8.34 6.5:93.5 3.0
0.06 0.06 0.04
VIl (:Jrzyar (0,120,0 2.63+ —0.89+ —0.08= 6.44 7.8:92.2 1.0
0.03 0.03 0.06
CoY=+3 (+55,68,0 1.06= 0.47+ —-0.17+ 6.44 6.0:94.0 0.5
0.02 0.03 0.04
VI CoY+1 (+33,85,0 2.08+ 0.76x 1.887 7.0:93.0 0.9
0.04 0.04
C_1Yo (0,37,0 2.08+ 0.76= 1.89 7.0:93.0 0.9
0.04 0.04

relative to theB nucleus. For this purpose the crystal is wards parallel to the plane of the paper of Figs. 6 and 7.
thought of as build up of two kinds of planes: fi(§€001)-  Columns three in Tables Ill and IV give the orientation of
like planes, which we take to contain two layers of nuclei,the tensor in the crystal. The laboratory system is oriented
i.e., Si and C atoms, and which we calldouble-planes with its z axis parallel to thec axis and itsx axis in the

(L c); and second, (11®)-like planes, also containing Siand (1120) plane. Thex axis lies parallel to the projection of a
C atoms, which we cajl planes ( y). In this way nuclei can B-main C bond in the plane perpendicular to thaxis (i.e.,

be roughly positioned in the crystéfigs. 6 and Y. Thecy  in ay plane and they axis stands perpendicular to tkexis
double plane, consisting of a Si planedemC plane, contains in the plane perpendicular to tleeaxis. Thus the directiofD,

the B nucleugon a Si positionand the C carrying the main 0, 0 means that the local hf tensor lies parallel to the labo-
spin density(main C, numbei). Going upwards or down- ratory system. The following definition of the Euler angles is
wards parallel to the axis leads t@_.; or c_; double planes, used. The first rotatiom is around the axis, the second one
respectively. The/, plane also contains the B nucle(@ a B is around the new axis, and the third ong is around the

Si position and the main Ql). The crystal is mirror sym- newz axis. Also the tensor orientations of the nuclei belong-
metric in this plane. Theg.; planes go forwards and back- ing to the B subsite witly, at —70° from thec axis [which
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TABLE IV. (Continued).
ko Atom Euler angles a (MHz) b (MHz) b’'(MHz) Distance sto p ratio Percen-
position (a,B,y) in to the B (a?:8%) tage of total ¢?)
degrees nucleus
A)
IX CoYsa (+30,70.5,0 2.13+ 0.67+ 9.44 8.3:.91.7 0.8
0.02 0.02
X Ciryait™ (0,70.5,0 1.77+ 1.15+ —0.43+ 12.08 4.2:95.8 1.3
0.03 0.04 0.04
CioYir (+60,70.5,0 1.77+ 1.15+ —0.43+ 11.41 4.2:95.8 1.3
0.03 0.04 0.04
Xl CoY+3" (0,70.5,0 1.23+ 0.40+ 10.87 8.0:92.0 0.5
0.02 0.01
XIl CoYs2 (+76.7,85,0 ~0.5 ~0.2 3.61
C_1Y+1 (*+41.5,135,0 0.95+ —-0.27+ 0.89+ 3.61 9.1:90.9 0.3
0.02 0.03 0.03
Ci1Y+1 (£97,29,0 0.78+ —0.20+ —0.60+ 3.61 10.0:90.0 0.2
0.03 0.03 0.04
il Ci1Y+o (+60,70.5,0 0.45+ 0.09+ —-0.13+ 5.67 12.5:87.5 0.1
0.01 0.02 0.02
C_1Yo (0,0,0 0.1+ —0.05+ 5.67 5.4:94.6 0.06
0.01 0.02

also lies in the (1?) plangd were used to fit the (fm without taking into account the position of the nuclei or the
plane dependencies. The EPR line of this site overlaps witexpected orientation of their hf tensor. It turned out that most
the one of the B site witly, at 70° from thec axis for the  of the lines were far more anisotropic than expected on the

angles close to the axis. Columns 4, 5, and 6 give the hf basis of a dipole-dipole interaction with the spin density on
tensor values, bandb’ in MHz. The last two columns will the main C. This leads to the conclusion that there is direct

be explained in Sec. IV. spin density in the orbitals on the neighboring atoms, and
In the fitting procedure of the orientational dependence othat the tensors should be parallel to the bonds, (08,,0°,

the 13C ENDOR lines, we started with the most clear lines0°), (0°/180°, 70.5°, Of, (x60°, 70.5°, 0§, and (*120°,
70.5°, 09. As there are some orientational dependencies with

extremes that clearly deviate from these natural bond angles
we concluded that in some cases linear combinations of two
or more bonds directions are necessary to obtain the right
T XV angle. To obtain an idea about which tensor directions might

C-axis

v y-planes

0120} c-axis

X
N c-planes
y ~~ {0001}

«w— y-planes

k, site in 6H-SiC.

FIG. 6. A schematic representation of the crystal structure
around thek; site in 6H-SiC. The direction of the axis is shown.
In the right corner the orientation of theandc planes, used in the

{1120}
<;|1> c-planes
Y ~ {0001}
text, has been indicated. Tlyg planes, i.e.{1120} planes, contain
thec axis and run parallel to the surface of the paper. @hdouble
planes, i.e.{0 0 0 1 planes, are the planes perpendicular toc¢he FIG. 7. A schematic representation of the crystal structure
axis. The boron nucleus has been indicated. The Roman numbeasound thek, site in 68H-SiC. The direction of the axis is shown.
placed near the nuclei correspond to the numbers indicating th&hey; planes contain these axes and run parallel to the surface of
group in Table lll. The three staircases drawn with the heavy lineshe paper. The; double planes are the planes perpendicular to the
correspond to the ones in Fig. (b]. The surrounding of thé site c axis. The boron nucleus has been indicated. The Roman numbers
in 4H-SIC is exactly the same as the surrounding of Kjisite as  placed at the nuclei correspond to the numbers indicating the group
far as concerns the numbered nuclei. in Table IV.

k, site in 6H-SIC.
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FIG. 8. The orientational dependence of the ENDOR spectrum_ FG. 9. The orientational dependence of the hf interaction of the
and fits to this dependence of tkesite in 6H-SiC. The upper part *3C nuclei for thek, site for groups V, V1, and VII. The curves of

of the figure shows the dependence in the_((mblane, and the 9roup V are dotted, those of group VI are dashed, and those of

— roup VIl are full lines. The open points were used to fit the lines
lower part the dependence in tf@01) plane. In the (11Q) plane group pen p

th le betw th tic field and ¢rais | ied f resulting in the parameters as found in Table Ill. For the nuclei of
€ angle between he magnetc field an IS 1S varied from groups V.2 and VII.1 in the, double plane, the crystallographic
Blic (upper row with pointsto BL ¢ (lowest row with points The

int i d for the diff t orientati E osition with respect to the B nucleus is the same as for the groups
points represent ines as measured for the ditierent orentations. =y 5 anq x1.1 in the case of thie, site (Figs. 12 and 1 See the
the orientation8lic (#=0°, ¢=0°) andBLc (§=90°, ¢=0°) an

experimental spectrum is added for illustration. The directjon caption of Fig. 8 for a more general explanation of the figure.
=0° is parallel to the projection of a B-C bond in the plane per-
pendicular to thec axis. In the(0001) plane the direction of the
magnetic field is varied fronp=0° (upper spectrum and first line

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

with pointg to ¢=90° (lower spectrum and last row with points The fits of the groups I, Ill, IV are shown in Fig. 8. At
The open points were used to fit the lines resulting in the parametersome places in the figure the numbers of the groups have
as found in Table Ill. This figure shows groups II, Ill, and IV. peen placed next to the lines. Group Il has a dashed line,

Group I has a dashed line, group 1l a full line, and group IV a group Il a full line, and group IV a dotted line. All sub-
dotted line. All subgroups have the same line pattern. For the n”deﬁlroups have the same line pattern. The open circles are the
of groups 1.1, 1.1, and IV.1 in the, double plane, the crystallo- points with which the fits were made. The nicest orienta-
graphic position with respect to the B nucleus is the same as fofional dependencies are found in t(@001) plane. In the
roups 1.1, 1.1, and 1V.2 in case of the, site (Fig. 12. — . o
group e, (Fig. 12 (1120) plane the outer lines broaden and disappear when
turning away from thec axis. This means that for group Il

) ) and subgroups IIl.1 and V.1 there is no connection between
be reasonable for the different nuclei, we assumed that thgye spectrum foBlic and the(000)) plane, making the as-

spin density extends from nucleus to nuclei along the bondssignment slightly less certain. For the lines 1.1 and V.3,
When starting at a nucleus the spin density tends to distributgoints from the orientational dependence as measured for the
as much as possible parallel to the direction of the B-main ( site in the 41-SiC crystal were also used, because there the
connection line, and away from the B. When a nucleus camrientational dependence was clearer. These points are given
be reached by more than one bond, from another nucleuss squares. The group Il nuclei are lying in theplane and

with a larger or smaller hf interaction, this leads to a tensotthus are expected to have the same amount of spin density in
direction that is a linear combination, weighted roughly withbonds not lying in the planémirror symmetry. Their hf

the spin density on the nucleus in question, of the bond diinteraction is expected to pass through a real extreme in the
rections in question. The fits were made using the prograni1120) plane, and only one line is expected in @901

“ VISUAL EPR 12.08Professional Edition” written by Profes- plane. The extremes are expected from crystal symmetry to
sor V. Grachev. be around 70° for subgroup IIl.1 and around 55° for sub-
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FIG. 10. The orientational dependence of the hf interaction of k1. 11. The orientational dependence of the hf interaction of
the *3C nuclei for thek; site for groups VIII(full line), IX (dashed  {he 13c nuclei for thek, site close to the Zeeman frequency*8t
line), X (dotted ling, and XI (dash-dotted line Group Vil repre- - for groups Xl (full line), XIll (dashed ling XIV (dash-double
sents the nuclei on the other side of the B nucleus. The open poinigstied ling, XV (dotted ling, and XVI (dash-dotted ling The open
were used to fit the lines resulting in the parameters as found ipoints were used to fit the lines resulting in the parameters as found

Table IIl. For the nuclei of groups VIII, XI.1, and XI.Zg andc_y i Taple III. See the caption of Fig. 8 for a more general explana-
double plangand groups IX and X.2d; double plangfor the k; tion of the figure.

site, the crystallographic position with respect to the B nucleus is
the same as for the groups VIII, and XI1.1, and XII.2 and groups IXthe right linear combination making a tensor that points
and VI1.2, respectively, in the case of tke site (Figs. 13 and 14 roughly in the direction of the center of spin density and the
See the caption of Fig. 8 for a more general explanation of they, plane at an angle of 17° with thg plane. The splitting of
figure. the line in the spectrg=90° andg=90° is probably due to

a slight misorientatior{less than 1° is enoughOne more
group 111.2, as is found experimentally. For the lines Iv.1 remark can be made about this figure. The two lines assigned
and IV.2, some points have also been given for negativé0 group Il for ¢=90° ande=90° are only present in the

angles in the (11@) plane. As far as concerns the pattern Ofipectrumbpikl. Thishmakes thefa}gsignment gf these lines 1o
the subgroup IV.3, the following can be said. The line at 401 unambiguous. The group of lines around 40.9 MHz are

MHz splits symmetrically to lower and higher frequenciesPresent in the spectra & as well ask,. As the intensity of
. — . . the lines is the same in both spectra, we assigned these lines
when turning in the (11@) plane; thus its extreme is ex-

o L to ks.
pected ﬁlr(;undd4|5\>/.3Cor(;sequebntl);(lonly the n.léfle' md;ub- The fits to the groups V, VI, and VII are shown in Fig. 9.
groups 1.2 an -3(and maybe XIl are possible candi- The curves of group V are dotted, the ones of group VI are

;jnat\ters (t(i)tzzs‘r :“é(i:flfar r"’ge Xﬁxi)nected it?om k_ﬁ]ve tf]m?:ﬁrr hfdashed, and the ones of group VII are full lines. The open
eractions—o erent extreme positons1nus e INNer a5 show the points used for fitting. Group VI is only

part of this orientational dependence is assigned to subgroucgi _ — _ . :
IV.3 (further from the B center than subgroup IIl 2, and thus¢/€@r in the (118) plane. The orientational dependence in

with smaller hf interactionand the outer part to subgroup 1€(000D plane is not clear. Without changing the pattern in
l1l.2. This assignment then dictates the orientational depenthe (112) plane, only théo’ parameter can be changed, and
dence in the0001) plane. So the line in this plane that is thus only this parameter is not very certain. The orientational
already assigned to subgroup VII.1 is also assigned to suislependence assigned to group VI might also be assigned to
group IV.3. From the orientational dependencies of thethe nuclei of subgroup VII.2, as the hf interaction and tensor
group Il and subgroup IV.1 nuclei, it is clear that their ten-orientations of these nuclei are expected to be roughly the
sors are not lying along a bond. For these nuclei the tensg@@me. For group VII we have a beautiful orientational depen-
direction is a linear combination of three of the four bonddence in both planes. Some fit points for negative angles are
directions of the nucleus. This might be expected as the nualso shown in the (112) plane. The orientational depen-
clei are not lying in theyy plane, and it is easy to construct dence assigned to the nuclei of subgroup VII.2 might also be
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FIG. 12. The orientational dependence of i@ hf interaction FIG. 13. The orientational dependence of the hf interaction of
of thek; site as well as thi, site, and the hf interaction of tHéC  he 13C nuclei for thek, site for groups IV.2dash-dotted ling V.3
nuclei of groups 11, 1ll, IV, V, and VI for thek; site in 64-SiC.  (full line), VI1.1 (dashed ling VIII (dotted ling, IX (full line), and

The lines of the''B orientational dependence are drawn as a full x (dash-double dotted lineGroup VIl represents the nuclei on the
line, those of group Il are dotted, those of group IIl dashed, those Ofther side of the B nucleus. The open points were used to fit the
group 1V dash-dotted, those of group V full, and those of group Vljines resulting in the parameters as found in Table IV. For the
dash-double-dotted. THéB hf lines were clearly recognizable due nuclei of group VIII in thec, double plane and the_; double

to their large intensity. The triplet with the largest hf interaction plane, and group IX in the, double plane of thek, site, the
belongs to thé; site, and the one with the smaller hf interaction to ¢rystallographic position with respect to the B nucleus is the same
thek; site. The open points were used to fit the lines resulting in theyg for groups VIIl and X, in the case of thg site (Fig. 10. See

parameters as found in Table Il for thtB lines and in Table IV for  the caption of Fig. 8 for a more general explanation of the figure.
the °C lines. For the"*C nuclei of groups 11.1, I1l.1, IV.2, and V.2

in the cy double plane, the crystallographic position with respect to, . .
the B nucleus is the same as for groups II.1, II1.1, IV.1, and V.2 in!S €SS probable. The line at 38.25 MHz in the spectrum for

the case of thé, site (Figs. 8 and ® See the caption of Fig. 8 for ©=0° and§=90° is assigned t&, as the orientational de-
a more general explanation of the figure. pendence of this line is much clearer for this gitempare
Fig. 13. Its dependence is assigned to group X.1, the depen-
assigned to the nuclei of groups IX or X.2 for the samedence of group X.2 follows by assuming that the tensors
reasons as above for group VI. have both the same principal values. It is impossible to fit the
Figure 10 shows the orientational dependencies of group®wer part of the orientational dependence of group X.2 to
VIl (full line), IX (dashed ling X (dotted ling, and XI  the dependence starting at 37.75 MHKg=90° and ¢
(dash-dotted line Group VIII represents the nuclei on the =90°). Moreover, this line is much stronger in the spectra
other side of the B nucleus. As calculated in Ref. 23, theyfor k, (Fig. 13. The line at 37.75 MHz is thus assigned to
have a very small hf interaction, though they are close to th&,, group X, and the dependence of group X.2 grstarts
B, suggesting that the spin-density distribution is asymmetrigust a little bit to right from this line.
and directed away in one direction from the B nucleus. Their Figure 11 shows the orientational dependencies close
tensor is axially symmetric, and their anisotropic hf interac-around the Zeeman frequency BC of the lines of groups
tion is probably caused by dipole-dipole interaction, as theXIl (full line), XIIlI (dashed ling XIV (dash-double dotted
spin density on the B itself is negligible. Also for the nuclei line), XV (dotted ling, and XVI (dash-dotted line The de-
of group Xl the dipole-dipole interaction with the main C pendencies of groups XlI, XIV, and XVI.1 are only clear in
nucleus is still appreciable. The lines as found for groupthe (0001 plane, so théd’ parameter found for these groups
VIII.1 are clear, the arguments to ascribe the lines to groumre not very certain. The orientational dependencies of the
VIII.2 are mostly circumstantial, and follow from the as- groups XllI, XV, and XVI.2 are clear in both planes. The
sumption that the tensors of all three nuclei have the samkne at 36.72 MHz forp=90° andd#=90°, which is assigned
principal values. The lines ascribed to group IX could also beo group XllI, is clearly much larger in this spectrum than in
assigned to groups VII.2 or X.2, though the latter assignmenthe corresponding spectrum fé, (Fig. 14). The orienta-
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S b oxud FNR LXK 6H-SiC. As for the*C ENDOR spectra, thé°Si ENDOR spec-

2 [ ‘5 S S i trum ofk, in 6H-SiC looks similar to the one dfin 4H-SiC. The

T T Pd sl i outer Si ENDOR lines have been indicated, as have the counterparts

s F ¢ YW A F - of the outer C lines.
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® 90k b & B8 4o = 90° orientational dependence of group II, only a very small part
W is known. The dependence shown is based on the assumption

that the tensor lies parallel to a bond, and that the hf inter-
36.0 36.2 36-|§f36-6 36'8M3|-7|'0 37.2 37.4 action of Bllc is 45 MHz and ofBlly about 41 MHz. For
RF frequency (MHz) group lll the dependence is also mostly unknown, which is
FIG. 14. The orientational dependence of the hf interaction oftN€ reason that only one of the two dependencies has been
the 13C nuclei for thek, site for groups VII.2(dashed ling xI fitted. For group 1V, however, a clear dependence is visible
(dotted ling, XII (full line), and XIIl (dash-dotted line The open  iN the (0001 plane. This assignment becomes clear if we
points were used to fit the lines resulting in the parameters as founok at the spectra fop=90° and#=90° in Figs. 8 and 12.
in Table IV. For the nuclei of groups VII.2 and XI.1 in thgy,  The line around 38.6 MHz is almost not present at all in the
double plane and groups XII.1 and XII.2 in thg double plane and spectrum ofk, (Fig. 12, whereas it is very clear in the
the c_; plane, the crystallographic position is the same as forspectrum ofk; (Fig. 8). The line around 39 MHz is present
groups X.2, VII.1, X1.1, and XI.2 in the case of kg site (Figs. 9  in both spectra. Both lines exhibit exactly the same depen-
and 10. See the caption of Fig. 8 for a more general explanation ofdence, only one has a set of slightly smaller hf values than
the figure. the other. The one with the smaller parameters, that is visible
in the spectrum ok, only, was assigned to group IV of the
tional dependence assigned to group XIV could also be agi site. Thus we attributed the dependence with the larger
Signed to group XVII. It is also unclear whether the depen_parameters, that is visible in both spectra, to the nuclei of
dence belongs to all nuclei of group XIV or only to part of group IV of thek; site. This suggests that the density of the
them. Some lines that are clear in tf@0J) plane are not €lectronic wave function is larger fdr, than fork, at the
assigned because the dependence in thE(I)l;bIhne istog Same crystallographic site. The above assignment confirms

unclear, and because their hf interaction is so small that the gassign_ment of groups Il and 1I, which must have a "".“ger
will not change the overall picture. f interaction than group IV. In the same way we decided

that the dependence of group IV should go to the line at 41
_ ) ) MHz for Bllc. Nevertheless the value found fof is not very
4. Assignments of the ENDOR lines to the various groups  certain. The orientational dependencies for group V are very
of C nuclei of the k; sB site in 6H-SiC nice in the(0001) plane. The line assigned to group V.1 for
Figure 12 shows the orientational dependence of'tBe  ¢=0° and¢=90° is also weakly present in the spectrum for
hf interaction ofk; andk,, as well as the orientational de- k; butitis clear that this line should be assignedkjas the
pendence of th&C hf interaction of the groups I, Ill, IV, vV, dependence is much clearer in this case. The dependence of
and VI. The lines of the''B orientational dependence are subgroup V.3 is discussed in the next figure, as its tensor
drawn as a full line, those of group Il are dotted, those ofvalues are much smaller. The dependence assigned to sub-
group Il dashed, those of group IV dash dotted, those oBroups V.2 and V.4 is the same as the one assigned to group
group V full, and those of group VI dash double dotted. TheVIl in the case ofk;. We attributed these lines tq as well
1B hf lines were clearly recognizable due to their large in-ask,, because fok; the line in the (11D) plane was clearer
tensity. The intensity of thé'B lines of thek, site is smaller and fork, the line in the(0001) plane was clearer. At this
as the spectrum was measured on the EPR line ditlsite.  crystallographic position(abou 9 A away from the B
The triplet with the largest hf interaction belongs to the  nucleus the wave functions of the electrons connected to the
site, and the one with the smaller hf interaction tolthesite.  k; or k, site have the same density. Closer to the B nucleus
The values used for the fit can be found in Table II. Of thethe wave function ok, has a larger densiticompare the
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FIG. 16. The electronic wave function of the site in thec, double plane, which is the plane perpendicular todlais containing the
B atom(which itself carries no spin densjtgand the main C atom. The intersecting line betweercthéouble plane and thg, plane(Fig.
17), which make an angle of 90° with each other, is indicated by two arrows. Alongdkis the value of the square of the wave function
is plotted as a function of the position in tikey plane, i.e., the position in the, double plane. Only the spin density on the C atoms has
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 thing to notice
is that the contribution of the<orbital to the total wave function is relatively very small, as the isotropic hf interaction is small on most
nuclei.

group-1V hf tensory further away the wave function d&f;  the assignment to the nuclei of group IXkn. At this point
has a larger density. The dependence of group VI is most is nice to compare the group of lines around 37.75 MHz in

clear in the (11R) plane, and is assigned to these nuclei onFigs. 10 and 13 for the orientatiogs=0° and6=90°. It is
the grounds of its similarity with the dependence assigned telear from a comparison of the intensities that the two lines
group VI in thek; site. in the middle belong tdk,, and that the two outer lines
Figure 13 shows the dependencies of groups Iid@sh- belong tok;. From the dependence of the line in the upper
dotted ling, V.3 (full line), VII.1 (dashed ling VIII (dotted part of the(0001) plane, the corresponding dependence in
line), IX (full line) and X (dash-double-dotted lineFor sub-  the lower part can be fountsame slope Comparing the
group IV.2 the fit is very nice, as is the case for subgroupgroup of lines around 37.25 MHz fgs=0° and §=90° in
V.3 and VII.1. Group VIII contains the nuclei on the other Figs. 11 and 13and also Fig. 14 the same remark can be
side of B from the main C nucleus. Subgroup VIII.1 gives amade. The first and third lines, when coming from higher
good fit; the evidence for subgroup VIII.2 is somewhat morefrequencies, clearly belong tk,, whereas the second and
circumstantial. The dipole-dipole interaction gives a majorfourth lines clearly belong té; .
contribution to their anisotropic hf interaction. In analogy Figure 14 shows the dependencies of groups VII.2
with k; we would expect a second dependence of the sam@lashed ling Xl (dotted ling, X1l (full line), and XIII (dash-
kind as subgroup VIII.1, as is also seen from the splitting ofdotted ling. The dependence of group VII.2 is clear in the
the line forBllc. It is assigned to group IX, in analogy with (0001 plane, which gives the values far and b. In the
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(1120) plane the dependence is a bit less clear, arls §8  even slightly higher than the value of 0.9 found iHl€5iC,
less sure. The same goes for the lines of group Xll. Theiland shows that the four orbitals of carbon iR-4SiC have
anisotropic hf interaction could well be caused by the dipole-also been shifted frorsp® hybrid orbitals towards p? hy-
dipole interaction with the main spin density on the nearesbrid orbitals and one purp orbital. With regard to the hf
neighbor C of the B. For group XI the dependence is someinteraction with*'B, there is no direct spin density on boron,
what clearer. For the lines assigned to group XIlI, the depenand the isotropic hf interaction is probably caused by polar-
dence is more clear in the (1Q2 plane than in th€0001) ization effects. The anisotropic hf interactitncan be ex-
plane. plained by dipole-dipole interaction with the spin density in
the p, orbital on the nearest @roup ). Using the values for
5. Assignments of the ENDOR lines to the various groups  the s andp-character of 2.8% and 32.6% obtained from the
of **C nuclei of the k sB site in 4H-SiC hf data, we calculate= 3.3 MHz using the same arguments
In the 4H-SIiC crystal only the orientational dependenceas Matsumotaet al,'” in fair agreement to the experimental
of the outer®C lines (37—42 MH32 was measured. The fits valueb=2.9 MHz. We further mention that the hf interac-
of the k; site in 6H-SiC can be transferred directly to the tions of 1'B and !°B are related very precisely by the differ-
4H-SIiC k-site orientational dependence. The lines |-X areence in their gyromagnetic ratio. Their quadrupole interac-
found back. As the H-SiCk site and the BI-SiCk; site  tions are related by the quadrupole moment and a spin factor.
have the same surrounding for as far as we can detect witVe thus conclude that there is no measurable isotope effect
ENDOR, the same assignment to the nuclei can be used. on the electronic properties of the sB acceptor. Also, the
roc quadrupole splitting for''B is almost identical in #-SiC
6. ENDOR of =3 and 6H-SiC. Hoffstaetteet al?® found that, also for the sB
Figure 15 shows th&’Si ENDOR spectrum for thie; and  acceptor in £-SiC, there is no isotope effect.
k, sites in @H-SiC. Just as for théC ENDOR spectra, the ~ As we mentioned, the analysis of th&C ENDOR spectra
spectra of thé site in 4H-SiC are the same as for the site allows for a determination of the spin-density distribution on
in 6H-SiC. The largest hf interaction witf’Si is found in  the remote'3C nuclei around the sB center. As shown in Sec.
EPR (a=10x10 *T~28MHz and b<1x10 “4T). The I, this distribution is not spherically symmetric but is
second largest hf interaction is found from the ENDOR spechighly anisotropic and directed from B to the main C and
trum, and is about 5 MHz for thk,; site and about 7 MHz beyond(Figs. 6 and 7. This finding is in striking agreement
for the k, site, though the counterpart of these lines on thewith theoretical predictions of Petrenkat al** These au-
low-frequency side is not found. These lines have been indithors performed semiempirical, quantum-chemical modified
cated in the figure. The counterpart of thi€ lines with a  neglect of differential overlagMNDO) calculations on a

large hf interaction are also indicated. Bs;Sis0Ca4H 76 Cluster in cubic SiC and obtained the hf inter-
action on the C and Si atoms. For the main C atgnoup )
IV. DISCUSSION they predicta=203.6 MHz andb=75.1 MHz compared

with our findings ofa=114.24 MHz and=30.24 MHz. For

The most remarkable result of our study is the assignmerthe group-ll C atoms, they calculata=11.91 MHz, b
of lines in the®3C ENDOR spectra to specific C atoms up to =2.09 MHz, andb’ = 0.32 MHz, which compare remarkably
11 bond lengths away from the B atom. This allows for awell with our values found for thé3C nuclei connected to
determination of the spatial distribution of the unpaired spinsitesk, andk, in 6H-SiC and sitek in 4H-SiC. Unfortu-
density of the sB acceptor, and in particular of an investiganately the number of C atoms in the cluster calculation is
tion of the difference in the electronic properties of the qcmuch smaller than the number of assigrtéd atoms in the
and hex sites in H-SiC and 61-SiC. Before discussing the ENDOR analysis. For this reason we can only compare the
13C ENDOR data we first briefly review the EPR and B hf data of C atoms belonging to groups VIII, XI, XV, and
ENDOR results on the sB acceptor ifH4SiC to compare  XVI with the theoretical values. All these groups of C atoms
them with earlier results on the sB acceptor id-&iC.}’ have a calculated isotropic hf interaction that is smaller than

The EPR spectra indicate that the sB acceptorHr@iC 0.6 MHz, and an anisotropic hf interaction smaller than 0.8
strongly resembles that inH6-SiC. The principal axes of the MHz. These values are an order of magnitude smaller than
g tensor have the same direction in the two crystals, and ththe hf interaction with the group-f°C nuclei. Inspection of
principal values are almost identical. As itH6SIC, theg, Figs. 6 and 7 thus leads to the conclusion that the spin den-
principal axis points along the B-main C connection line,sity is not spherical around B but rather directed along the
with g, very close to the free electron valgg. This is  B-main C bond and beyond. All the other assigned hf inter-
typical for the situation that the spin density is mainly lo- actions agree with this general behavior.
cated in thep, orbital on the C atom nearest to B. To translate the observed and assigh#l hf interactions

The 1°C hf splitting observed in the EPR spectra of the sBinto electron densities, we take the point of view that the
acceptor in 4-SiC is almost similar to that inl8-SiC, and  wave function of the sB acceptor consists mostly2efand
arises from the interaction with the C atom carrying the mair2p orbitals of the C atoms. This is based on the idea that the
spin density(main C, group |; see Figs. 6 and.7The hf  atomic % and 2 C energy levels lie lower than theszand
tensor is axially symmetric with the componergsandb  3p Si levels, and that consequently the bonding linear com-
having the same sign and almost the same absolute valuesligation of atomic orbitals-molecular orbitdL CAO-MO),
in 6H-SIC. We find 2.8%s character and 32.6%character. which should reflect the properties of the valence band, con-
The fraction ofp character, 32%/(32.6+2.8)%=0.92, is  sists mostly of 3-2p C orbitals, i.e., the hole is expected to
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FIG. 17. (a) The electronic wave function of tHe site in they, (b)
plane, containing the B atom and the main C atom. The intersecting
line between the, double plangFig. 16 and they, plane, which FIG. 18. (a) The electronic wave function of the site in they,

make an angle of 90° with each other, is indicated by two arrowsplane, containing the B atom and the main C atom. The position of
The position of the main C atom is clearly recognizable, as in Figthe main C atom is clearly recognizable, as in Fig. 17, by the large
16, by the large peak at that positidb) The value of the square of peak at that positior(b) The value of the square of the wave func-
the wave function is shown as a function of the position in thetion is shown as a function of the position in tke (=y,) plane

Xz (=Y,) plane using a contour plot. Each line indicates a certainysing a contour plot. It can be seen that the wave function at this
height and the larger the amount of lines the higher is the peak. Thsite is slightly more localized than atka position (Fig. 17).

B nuclear position is indicatedeft undey. The position of the main

C atom can be recognized from the large number of contour linesat egch C atom, we approximate the atomic function as a
The full lines indicate the axes located in thg, plane, and the 2s-2p hybrid orbital

dotted lines indicate the projection of the twaxes located in the

y .1 planes into they/, plane. It is clear that the spin density is very _

anisotropic. The distribution points away from the B atom into one ¥i= ai(ihas)it Bihzp)i

direction only along the B-C connection line, making an angle OfHere the 2 orbital is oriented along one of the four possible

70° to thec axis. The nuclei on the other side of the B atom carry . . .
- . : - ; Si-C connection lines. For some C atoms, however, we have
an almost negligible amount of spin density. Comparing this wave

function to the wave function of the electron akaposition (Fig. to take a “n”ea][ Cog]%'.natlo.n Olfmohrbltals to Obr:am tlhe:

18), it is seen that the electron located dt;aposition in the crystal experimenta _y oun_ |rect|o.n or t_ e te_nsor. T e relation

is slightly more delocalized. between the isotropic and anisotropic hf interactions and the
spin densities is obtained using the table of Morton and

be located mostly on the C atoms, as was already mentionep estor?? The ratio of the isotropic and the anisotropic hf

N : 2. 92 ;
in Sec. 122 To model the wave function of the unpaired elec- | teraction is determined by". 5% Taking the sum of the

) . ) 0
tron bound to the sB center, we consider the wave function P densities of all C atoms fdr, we find values of 105%,

X . and, fork,, 86%. It is not surprising that these values are not
as a LCAO-MO centered on C atoms near the defect, i.e., equal to 100%. First, not aft®C hf lines were fitted and

assigned; second, a small amount of spin density is located
_ » . 2 on the Si atoms; and third, no polarization effects were taken
V=2 g with X 7i=1 (2) into account. We normalize the total amount of spin density

with «?+B2=1. (3
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T T T T T T T The fact that all three sB centers itl6SiC seem to have
different localizations of the spin densiffor the hex site,
see the discussion belpwnd thus different ionization ener-
gies supports the results of Evwarageal,?’ who found
three different levels for the sB acceptor &,=E,
+0.27eV, E;=E,+0.31eV, andE,,=E,+0.38eV. It
hex, B // ¢ seems probable that tHe-related energy level, which lies
much lower than the hex- arid-related ones, leads partly to
self-compensation in the crystal. This might be the basis for
N"Wm - the explanation of the change in electrical characteristics that
B, is found when going from H-SiC to 6H-SiC. Another im-
portant result of our findings is a proposed reassignment of
. 3'7 : 3'8 : 3'9 : 4'0 - 4'1 v the ionization energy levels found for the sAl and sGa ac-
RF frequency (MHz) ceptors. Until now it was always supposed thatkhendk,
sites were paire@} having the larger ionization energy,
FIG. 19. The'*C ENDOR spectrum of the hex site f@iig, (c  \whereas the hex site had a smaller ionization energy. We
axis) and of the qc sites foBllg, . In this orientation the difference ystead propose that the smaller ionization energy should be
between the three qc sités k;, andks,) is only in the intensity of assigned to the hex arld sites, with thek, site having the

the lines. It is seen that though the qc site ENDOR spectrum stil|arger energy. This is in agreement with the ODMR results
contains some lines above 38 MHz, the hex one does not. More-

5 ; ! pf Leeet al!* and Maieret al,'° who found that for the sAl
over, it is seen that the outer hex-site ENDOR lines are very broad. . . .
acceptor in #-SiC two lines are found around~2.3,

whereas in 61-SiC a third line is found at a much smallgr

that is found to 100% by dividing the percentage of spinvalue. As these centers obey effective-mass theory, this tells
density for each atom by the total percentage of spin densitys that the third line belongs to a much deeper center. As
that is found. This gives the percentage of spin density peexplained, thek site in 4H-SiC is related to the; site in
atom, 2. In columns 9 and 10 of Tables Ill and IV, we give 6H-SiC, leading to the conclusion that the third line belongs
the values for?, 82, and»? for the different'3C. By using  to thek, site, in agreement with our results.
formulas(2) and (3), Tables Ill and IV, and the Roothaan-  The question arises whether the anisotropic distribution of
Hartree-Fock wave functior’,we can calculate the square the electronic wave function on the remotC nuclei as
of the total wave function of the electron at any point in revealed by thé*C ENDOR data can be rationalized on the
space. In this we have assumed that the spin density is theasis of effective-mass theo(fEMT). As mentioned in Sec.
same as the electron density, even though the center of thesGa and sAl, in contrast to sB, show a highly anisotrapic
spin density is not the same as the center of charge densitgnsor in agreement with the calculatedinisotropy of the
(B is neutra). valence-band hole. In the case of the sB acceptor the orbital

To visualize the delocalization of the electronic waveangular momentum is quenched, and one would not expect
function connected to thie, site, we show in Fig. 16 its spin to see band-structure properties reflected in the properties of
density at C atoms in the, double plane. Here the density the hole attached to the sB acceptor. Nevertheless we ob-
on the main C atom dominates, but there is an appreciableerve that the electronic wave function of the gc sB acceptor
delocalization beyond this carbon atom away from B. In Fig.perpendicular to the axis extends considerably further than
17 we again show the spin density lof but now in they,  parallel to thec axis, in agreement with the anisotropy of the
plane, that is, the plane perpendicular to ¢gedouble plane hole mass(mﬂ]me:l.G?me and my,.= 0.62m,).3! Here we
and containing the axis. Figure 17a) shows the wave func- remark that the anisotropy in the perpendicular plane is av-
tion in a three-dimensional representation, and Figb)l7 eraged out at higher temperatures, where it is known that the
shows the wave function in the form of a contour plot. ToB-main C bond starts to jump between the three possible
make an illustrative figure, the C atoms in thie; planes directions of this bond. The cylindrically symmetric spin
have been projected onto thyg plane. The crystal can be density so obtained spreads out further in the perpendicular
regarded as a collection of staircases alongaleis (Fig.  plane than along the axis.
1). The staircase on which the B and the main C are situated In the case of the hex-site sB acceptor, it is less clear
is located in theyy plane, and is indicated as a full line in whether the same picture applies. Here again the main spin
Fig. 17b) (Fig. 6). The next staircases are located in Yhe  density is located in the dangling, orbital on the nearest-
andy_ planes, are projected onyg, and are indicated by a neighboring C. This time, however, the B-main C connection
dotted line. The next staircase along thdirection is again line is parallel to thec axis. So the central core of the spin-
located in theyy plane. It is seen that the electron density isdensity distribution is the same as for the qc sites. If the
distributed in an ellipsoidal shape with the main symmetryspin-density distribution on the remotéC would exhibit a
axis making an angle of 70° with theaxis, i.e., along the shape similar to that for the qc sites, it would extend as an
direction of the B-main C line. Figures (& and 18b) show ellipsoid with its main axis parallel to theaxis. However, if
the electronic wave function connected to #esite in the  EMT theory would apply, one would expect the spin density
Yo plane. Figures 17 and 18 can be compared, as they shown the remoteC to extend in the perpendicular plane. Fig-
the same plane on the same scale, and we can see that e 19 shows the ENDOR spectrum as measured on the hex-
electronic wave function of thle; site is slightly more delo- site EPR line foBlic. Comparison with the spectra of the gqc
calized than that of th&, site. sites for theBlIB-main C connection line shows that the hex-

ESE intensity
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site ENDOR lines exhibit a smaller maximum hf interaction, well with the theoretical predictions based on semi-empirical
and that the lines cluster around the Zeeman frequencyMINDO calculations on a BSi,,C44H 75 cluster by Petrenko
Moreover, the gc sites have ENDOR lines above 38 MHz foret al 23 Although the EPR spectrum of the sB acceptor shows
all orientations, whereas for the hex site this is not the casehat the orbital angular momentum is quenchge; 2, in
A possible explanation for this is that the spin density on thecontrast to the sAl and sGa acceptors, the spatial distribution
remote3C is distributed mainly in the plane perpendicular of the electronic wave function for the remote nuclei can be
to thec axis. In this case the orientational dependence of theationalized in terms of the anisotropy of the hole effective
ENDOR lines would look completely different from the de- mass. Moreover, it is found that the-site electronic wave
pendence of the gc sites, and would cluster more around thfeinction is slightly more localized than thle;-site wave
free 13C Zeeman frequency. Moreover, owing to the cylin- function, suggesting that thie, site has a larger ionization
drical symmetry of the hex site around thexis, more’3C  energy than thé; site. The measurements also suggest that
nuclei are involved in the ENDOR spectrum than for the gcfor the hexagonal site the spatial distribution on the remote
sites, thus explaining the broad ENDOR lines in the case of3C nuclei is different from that at the quasicubic sites, in
the hex site. We conclude that th%C ENDOR spectrum of that it extends isotropically in the plane perpendicular to the
the hex site is consistent with a distribution of the electronc axis. So, when comparing the gc sites with the hex site, we
density on the remot&®C perpendicular to the axis, as one  conclude that the distribution of the spin density on the re-
would expect on the basis of the anisotropy of the effectivemote 3C is determined by two factors. The first one is the
mass. So, when comparing the gc sites with the hex site, werientation of the core of the electronic wave function, par-
see that the distribution of the spin density on the remié@e  allel to ¢ for the hex site and at 70° to theaxis for the qc
depends on the orientation of the core of the electronic waveites. The second one is the anisotropy of the effective mass
function and the anisotropy of the effective mass in thein the crystal, which leads to a suppression of the distribution
crystal. along thec axis. Our results support the assignment of ion-

With regard to the Si ENDOR spectrum, we found thatization energie€,=E,+0.27eV, E,;=E,+0.31eV, and
the k site in 4H-SiC is the same as thg site in 6H-SiC,  E,,=E,+0.38eV by Evwarayeet al?° Thus we propose
and that thek, site is different. From Fukumot@,it is ex-  that the addition of thé, site, which leads to afedditiona)
pected that the amount of spin density on the Si atoms isleeper level and to partial self-compensation iH-6iC,
small. The largest hf interactions found for Si ase  might be the basis for an explanation of the change in elec-
~28MHz andb<2.8 MHz. This leads to as-spin density trical characteristics found when going fronH4SiC to
of 0.6% on each of the three Si is connected to the main C6H-SiC. Another important result of our findings is a pro-
The next largest hf interaction for the Si nuclei after the oneposed reassignment of the two ionization energy levels found
found in EPR is about 6 MHz, which corresponds to 0.1% offor the sAl and sGa acceptors. Instead of relatingkhand
the s-spin density or 2% of the-spin density. So most prob- k, site$* to the deeper level, and assigning the smaller of the
ably the total amount of spin density or the Si atoms is muchwo ionization energies to the hex site, we propose to relate
less than 10%, justifying our use of only the C spin densitythe hex and, sites to the shallower level, and to assign the
in calculating the electron wave-function distribution. k, site to the deeper level. This is in agreement with the

As a last remark it should be mentioned that we found n@DDMR results of Leeet al}* and Maieret al1® The results
indication that the principal values of tigand hf tensors  show the potential of EPR and ENDOR spectroscopy at 95
change with temperature between 1.5 and 4.2 K, in contragtHz for elucidating the electronic structure of the sB accep-
to what is reported in Ref. 32. A possible explanation for thistor centers in SiC.
might be that another center was measured in these experi-
ments at 1.5 K.
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