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Electronic structure of the deep boron acceptor in boron-doped 6H -SiC
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A high-frequency~95 GHz! and conventional-frequency~9.3 GHz! pulsed electron paramagnetic resonance
and electron-nuclear double resonance~ENDOR! study is reported on the deep boron acceptor in 6H-SiC. The
results support a model in which the deep boron acceptor consists of a boron on a silicon position with an
adjacent carbon vacancy. The carbon vacancy combines with a boron along the hexagonalc axis. It is
concluded that 70–90 % of the spin density resides in the silicon dangling bonds surrounding the vacancy and
another 9% on the neighboring carbon atoms. The spin-density distribution is more localized than in the case
of the shallow boron acceptor as deduced from the ENDOR experiments.@S0163-1829~98!01003-0#
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I. INTRODUCTION

Silicon carbide is a wide band-gap semiconductor ma
rial that has considerable potential for high-temperatu
high-power, and high-frequency electronic applications. T
most important acceptor impurities in SiC are B, Al, and G
These impurities can be introduced during the growth or
terwards by diffusion or implantation. A substitutional ato
of a group-III element normally acts as an acceptor in S
since there is a deficit of one valence electron to comp
the normal tetrahedral bonding. At sufficiently low tempe
tures, the hole is localized near the acceptor atom, at h
temperatures, it ionizes and gives rise top-type conduction.

The group-III element acceptors in SiC have been stud
using Hall effect, deep-level transient spectroscopy~DLTS!,
and optical spectroscopy.1 It was discovered that B creates
shallow as well as a deep acceptor level. The shallow
center~sB! with an activation energy of 0.30–0.39 eV wa
observed in Hall-effect studies and admittance spectrosc
measurements. The deep B center~dB! was first detected by
photoluminescence measurements.2,3 It was suggested tha
the characteristic high-temperature bright-yellow lumin
cence in B-doped 6H-SiC is due to recombination involving
the dB center on the one hand and N donors and conduc
electrons on the other hand.2 Based on this suggestion th
ionization energy of the dB center was estimated to be m
than 0.65 eV. DLTS investigations4,5 and capacitance
methods6 also point to the presence of a deep and shal
boron acceptor level. The activation energies were estim
to be between 0.22 and 0.35 eV for sB and between 0.55
0.75 eV for dB.
570163-1829/98/57~3!/1607~13!/$15.00
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For Al and Ga one would expect a similar behavior as
B. Indeed, the incorporation of Al in 6H-SiC introduces
shallow acceptor levels atEv10.239 eV for the hexagona
site (h) andEv10.248 eV for the quasicubic sites (k1 ,k2).7

Similarly Ga introduces shallow acceptor levels atEv
10.317 eV (h) and Ev10.333 eV (k1 ,k2).7 There is some
indirect evidence of the existence of deep acceptor lev
associated with Al~Refs. 4 and 8! but none for deep levels
associated with Ga.

The shallow acceptors introduced in SiC by the group
impurities have been studied using electron paramagn
resonance~EPR!,9–16 Optically Detected Magnetic Reso
nance ~ODMR!,16–20 high-frequency pulsed EPR an
electron-nuclear double resonance~ENDOR! at 95 GHz,21

and by ENDOR at conventional frequencies.22,23 It appears
that the behavior of the sB acceptor is strikingly differe
from that of the shallow Al~sAl! and shallow Ga~sGa! ac-
ceptors. The resonance conditions of the unpaired spin
lated to the sAl and sGa acceptors reflect the propertie
the uppermostG9 valence-band hole and indicate a
effective-mass-like character of these acceptors but with
duced orbital-momentum contribution resulting from the
calization. In contrast, the EPR spectrum of the sB acce
did not show effective-mass-like behavior. The contributi
of orbital angular momentum appears to be almost neglig
(g;2) and, for instance, EPR signals of sB could be o
served in 3C-SiC without any uniaxial stress applied to th
crystal in contrast to sAl and sGa in the same material.

The difference in behavior of sB, on the one hand, a
sAl and sGa, on the other hand, was explained by consi
ing the difference in atomic radii.15,16,21It was proposed tha
1607 © 1998 The American Physical Society
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1608 57A. v. DUIJN-ARNOLD et al.
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
GHz! EPR and ENDOR study on sB in 6H-SiC revealed that
there is a relaxation of the neighboring carbon atom and
boron atom away from each other.21 This study also revealed
thatB is neutral and that it carries no direct spin density. T
main spin density~about 40%! is located on the dangling
bond pz orbital of the neighboring carbon atom along t
C-B connection line. In contrast to the behavior of the
acceptor, Al and Ga atoms substituting for Si are expecte
occupy on-center positions. As the local symmetry is c
served this could explain the effective-mass-like behav
observed for the sAl and sGa acceptors.

The first magnetic-resonance observation of dB accep
in SiC was made using ODMR techniques.19,20,24,25 The
ODMR spectra were recorded by monitoring the intensity
the yellow luminescence band in 6H-SiC and its analogue in
4H-SiC. A number of anisotropic signals were observed
1.5 K, which were ascribed to dB acceptors, and which or
nated from several types of centers since the relative in
sities of the signals vary with the emission wavelength in
luminescence band. The most intense ODMR lines sho
nearly axial symmetry around the hexagonalc axis and ex-
hibited gi52.02– 2.03 andg''2.0. The low resolution of
the ODMR method did not allow the observation of B h
perfine~hf! structures to connect the spectra unambiguou
with a B impurity. Subsequent EPR studies at 9.5 GHz
the dB acceptor in 6H-SiC showed the sameg parameter as
observed in the ODMR experiments19 leading to the conclu-
sion that in the optical experiments the same dB cente
involved. Preliminary ENDOR measurements of dB revea
11B signals.26 Later EPR spectra of dB were also observed
4H-SiC and 3C-SiC.27

The features of the EPR spectra of dAl and dGa~Refs.
13–16! are almost identical to those observed for dB. Imp
tantly, no effective-mass-like behavior was observed
these three deep acceptors. The orientational dependenc
the EPR spectra indicate that the deep centers of B, Al,
Ga have the same, nearly axial, symmetry around the h
agonalc axis in the hexagonal polytypes of SiC and arou
the ^111& axis in 3C-SiC. The g values are such thatgi

.2.0 andg''2.0 ~gi.g' in contrast to sB!.13–16

It was proposed13–16 that the dB, dAl, and dGa accepto
consist of a group-III element on a Si position accompan
by a neighboring carbon vacancy (ASi-VC). It was argued
that this center has near-axial symmetry around thec axis
and that the hyperfine interaction with the B, Al, and G
nuclei is of the same order of magnitude as for sB, sAl, s
which were established to be BSi , AlSi, and GaSi centers. It is
interesting to note that in contrast to the shallow accept
which show a strong difference in behavior between sB,
the one hand, and sAl and sGa, on the other hand, the
acceptors of these group-III elements show almost the s
behavior.

The existence of deep B, Al, and Ga acceptors levels
addition to the shallow B, Al, and Ga centers is quite int
esting and has also practical consequences with regard t
fabrication of SiC devices. For instance EPR spectra of d
Al could be easily detected in commercial Cree Corporat
s
o
r-

e

e

to
-
r

rs

f

t
i-
n-
e
d

ly
n

is
d

-
r
s of
d
x-

d

a,

s,
n
ep
e

in
-
the
p

n

Al-doped p-type SiC substrates. However, the (ASi-VC)
model for these deep acceptors is by no means firmly es
lished and, for example, several questions regarding the
perimental observations remained unanswered. To fur
support the idea that dB, dAl, and dGa acceptors do exist
that the proposed (ASi-VC) model may explain the observa
tions, we have started an investigation of these centers u
high-frequency~95 GHz! EPR and ENDOR techniques. Th
use of these high-frequency techniques was stimulated
particular by the success of a similar study on sB
6H-SiC.21 Here we present the results obtained on the
acceptor. In particular, the hyperfine data obtained on11B,
13C, and 29Si nuclei supply support for the (ASi-VC) model
proposed in previous publications. These hyperfine data h
not only been obtained by pulsed ENDOR techniques at
GHz but also by modern electron spin echo envelope mo
lation ~ESEEM! and hyperfine sublevel correlation~HY-
SCORE! spectroscopy techniques at 9.5 GHz.

II. EXPERIMENT

The 6H-SiC samples were free-standing epitaxial laye
~with removed substrates! and Lely-grown crystals compen
sated with 11B during diffusion ~95–99% of the boron is
11B!. The epitaxial layers were grown by the sublimatio
sandwich method28 in vacuum at temperatures between 17
and 1750 °C. As grown, the epitaxial layers weren-type,
owing to nitrogen donors. Boron was diffused at a tempe
ture of about 2000 °C. Two types of samples were availab
13C-enriched (;30%) crystals of 6H-SiC and crystals with
a natural isotopic abundance (;1%) of 13C.

The high-frequency EPR experiments were performed
1.2 K on a home-built, pulsed EPR/ENDOR spectrome
operating at a microwave frequency of 95 GHz. A detail
description of the setup is given elsewhere.29,30 The main
advantage of this spectrometer is the high resolution bot
the EPR and the ENDOR spectra. Moreover, owing to
split-coil configuration of the superconducting magnet, it
possible to perform a complete orientational study. T
pulsed ESE-detected EPR spectra were measured by m
toring the electron spin-echo intensity in a two-pulse ec
experiment as a function of the magnetic field@see Fig. 1~a!#.
In the pulsed ENDOR experiment a Mims-type pulse
quence was used31 consisting of threep/2 microwave pulses
with separationst and T between the first and the secon
and between the second and third pulse, respectively@see
Fig. 1~b!#. As a result of this pulse sequence a stimula
echo~SE! is created at a timet after the last pulse. During
the time T, which is much longer than the phase memo
time TM , a radio-frequency~RF! pulse is applied that in-
duces a change in the intensity of the SE when this RF p
is resonant with a nuclear transition.

The X-band~9.3 GHz! EPR experiments were performe
at 1.2 K on a Bruker ESP380E Fourier transform-EPR sp
trometer at 9.355 GHz.32 To measure the EPR spectra aga
a two-pulse scheme was used as shown in Fig. 1~a!. In ad-
dition ESEEM experiments were performed. In the
ESEEM experiments, the precession frequencies of
nuclear spins that are coupled to the unpaired electron
appear as modulations of the electron spin-echo decay.
ESEEM measurement is performed using a two-pulse as
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57 1609ELECTRONIC STRUCTURE OF THE DEEP BORON . . .
as a three-pulse sequence. In the first case the ESE inte
is recorded as a function of the timet between the two mi-
crowave pulses. When using a three-pulse sequence the
intensity is recorded as a function of the timeT between the
second and the thirdp/2 microwave pulse. The frequency
domain ESEEM spectrum is obtained as a fast Fourier tra
form of the modulation patterns of the echo signal.

In the HYSCORE spectroscopy experiments a four-pu
sequence is applied@see Fig. 1~c!# consisting of threep/2
pulses and ap mixing pulse between the second and t
third pulse. This mixing pulse creates correlations betw
the coherences of the nuclear-spin transitions associated
the two electron-spinms manifolds. The HYSCORE tech
nique was introduced by P. Ho¨fer et al.33 In this two-
dimensional experiment the ESE amplitude is recorded
function of the timet1 between the second and the third,
well as a function of the timet2 between the third and th
fourth pulse. The two-dimensional~2D! time-domain spec-
trum is then subjected to a fast Fourier transform with
spect tot1 and t2 to create a two-dimensional spectrum
frequency space. The advantage of HYSCORE is that
correlation of the nuclear-spin coherences between the
electron-spinms manifolds shows up in the two-dimension
spectrum. In both the ESEEM and HYSCORE experim
the width of thep/2 pulse was adjusted to 16 ns, and t
microwave power was then set for the maximum amplitu
of the echo. The HYSCORE mixing pulse was optimized
32 ns, resulting in an;80% inversion of the stimulated
echo. For the three-pulse ESEEM experiment the time
tween the second and the third pulse was swept from 27
9872 ns in 600 steps of 16 ns. In the HYSCORE experim
the time between the first and the second pulse was 360
the time between the second and the third pulse was sw
from 272 to 4368 ns and between the third and the fou
from 288 to 4384 ns in 256 steps of 16 ns for both directio
To get rid of unwanted echoes eight-step phase cycling
used. The processing of the HYSCORE spectra was d
using the Bruker WIN-EPR system program. First, the u

FIG. 1. The microwave pulse schemes in the two-pulse
quence~a!, three-pulse sequence~b!, and HYSCORE pulse se
quence~c!.
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modulatedT1 relaxation decay was removed from the tim
domain spectrum by subtracting a quadratic function, as
relaxation would give a dominating zero-frequency comp
nent in the fast Fourier transform~FFT! spectrum, obscuring
the real hyperfine lines. Further processing steps include
Hamming apodization and zero filling in both dimension
After 2D FFT, the magnitude spectrum was calculated a
symmetrized.

III. RESULTS

The EPR, ENDOR, ESEEM, and HYSCORE spectra o
tained on the dB acceptor can be described with a s
Hamiltonian of the following form:

H5mBS¢•gJ•B¢ 1~S¢•AJB2gBB¢ !•I¢B1I¢B•PJB•I¢B

1(
i

~S¢•AJX
i 2gXB¢ !•I¢X

i , ~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 spins, and
gB and gX the magnetogyric ratios for the B, C, and
nuclei. Assuming that the boron hf and quadrupole tens
have axial symmetry along thec axis and defining thec axis
as thez axis of the axis system, we can write for the qua
rupole interaction PB(I Z

22 1
3 I 2). Further ABzz

5ABi
5aB

12bB , ABxx
5AByy

5AB'
5aB2bB , PB5 3

2 PBzz
53qB , and

PBxx
5PByy

52qB . HereqB can be written in terms of the
field gradient as

qB5
eQ

4I ~2I 21!
VZZ , ~2!

whereQ is the electric quadrupole moment of11B andVZZ
the electric field gradient.

A. W-band „95 GHz… EPR spectra

In Fig. 2 two EPR spectra are shown, one measured a
GHz ~W band!, the other at 9.3 GHz~X band!. In both cases
the magnetic field pointed along thec axis and the tempera
ture was 1.2 K. On the high-field side we see the signal fr
the shallow-boron~sB! acceptor as studied in Ref. 21. On th
low-field side we see the EPR signal of the deep-boron~dB!
acceptor, as established in Ref. 13. TheW-band spectrum of
the dB acceptor shows two lines with relative intensity 2
The intense line is a sum of the lines attributed to the t
quasicubic sites~k1 andk2!; the other one is ascribed to th
crystal site with hexagonal~hex! symmetry. We note tha
this is in agreement with the EPR measurements o
4H-SiC: 11B crystal sample where two lines of the dB a
ceptor with a relative intensity of 1:1 are seen. In this crys
only two sites are present, one quasicubic and one hexag
site. The remarkable aspect of theW-band EPR spectrum
compared to that taken atX band is the resolution enhance
ment owing to the largerg tensor splitting at higher micro
wave frequencies. The distance of the dB EPR signal toge
52.0023 is about 10 times larger than in theX-band spec-
trum. The same holds for the width of the dB EPR spectru
the linewidth of the individual lines in theW-band spectrum

-
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FIG. 2. Comparison between the EPR spectrum forBic of the deep and shallow11B acceptor at 95 GHz in 6H-Si 13C and at 9.3 GHz
in 6H-SiC ~inset! at 1.2 K. The magnetic-field scale is the same for both spectra. The EPR signal, belonging to the deep~dB! and shallow
~sB! acceptor center, respectively, is indicated. For the dB signal the parts of the EPR line of the hexagonal~hex! and quasicubic (k1 ,k2) site
in the crystal are labeled as well.
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is about 10 times broader than the width in theX-band spec-
trum. The intensity ratio between the dB and the sB signa
1:2.2 at theX band and 1:6 at theW band. This fact indicates
that the lines of the individual sites are much more sprea
theW-band spectrum than in theX-band spectrum. The line
width is much larger than can be attributed toT2 and in-
creases linearly with the microwave frequency, which s
gestsg strain.39

Figure 3~a! shows the orientational dependence of the
acceptor EPR spectrum, with the magnetic field rotating
is

in

-

n

the @112̄0# plane. This plane was determined using t
known orientational dependence of the sB EPR spectrum21

The angleu describes the orientation of the magnetic fie
with respect to thec axis. The anglew describes the orien
tation of the magnetic field in a plane perpendicular to thc
axis. Forw50° the magnetic field lies in the@112̄0# plane.
From the figure it follows that theg tensor principalz axes
of all three centers align with thec axis. This is contrary to
the situation for the quasicubic sites of the sB accep
where the principalz axes of theg tensors lie along eithe
FIG. 3. Orientational dependence of the EPR spectrum of the deep11B acceptor at 95 GHz and 1.2 K in 6H-SiC. ~a! Magnetic field
rotating in the@112̄0# plane, whereu indicates the angle between the direction ofB and thec axis. For anglesu.60° the dB EPR signal
disappears underneath the sB EPR signal.~b! Dependence onw, with the magnetic field describing a cone withu537.5°. The slight
nonaxiality of theg tensor is clearly visible.
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57 1611ELECTRONIC STRUCTURE OF THE DEEP BORON . . .
one of the six other equivalent orientations in the hexago
crystal lattice. Theg tensor principal values, as found from
the orientational dependence, are given in Table I. The
ues were determined using the sB hexagonal site EPR lin
Bic as ag marker. Theg value of this line is 2.002 00
which was also used as ag marker in the case of the sB
acceptor. In Fig. 3~b! we present the dependence of the E
spectrum onw for u537.5°. For this angle the sligh
g-tensor anisotropy of the six magnetically inequivalent si
in the plane perpendicular to thec axis is most clearly vis-
ible.

Similar experiments as presented in Figs. 2 and 3 w
performed on a13C-enriched sample. No new EPR line
were observed in any orientation. Only a slight broaden
of the EPR linewidth of the dB signals is seen which
attributed to the13C hyperfine interaction.

B. W-band ENDOR spectra

W-band ENDOR measurements were performed on n
enriched and 30%13C-enriched crystals. In Fig. 4 the spect
for Bic are shown for both crystals, which show ENDO
transitions of29Si(I 5 1

2 ), 13C(I 5 1
2 ), and 11B(I 5 3

2 ) nuclei.
For clarity the spectrum around the silicon nuclear Zeem
frequency is magnified in an inset.

The 11B ENDOR spectrum in Fig. 5 consists of thre
sharp lines and a broad hump, symmetrically located aro

TABLE I. g-tensor values for the deep boron~dB! acceptor
from Ref. 13 andg tensor values as found at 95 GHz using theg
value of the sB hexagonal site forBic as ag marker. The estimated
difference betweengx andgy for the hexagonal site is 0.01. For th
k sites this value is expected to be smaller.

gi
hex g'

hex gi
k1 g'

k1 gi
k2 g'

k2

dB 2.03 2.01 2.023 2.0 2.02 1.99 EPR~Ref. 13, 9.5
GHz, 4.5 K!

2.027 2.01 2.022 2.01 2.021 2.00 EPR~95 GHz,
1.2 K!
al

l-
at
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re

g

n-

n

d

the 11B nuclear Zeeman frequency. As11B has a nuclear
spin I 5 3

2 we expect three lines in each manifold for ea
site, due to the quadrupole interaction. The figure shows
magnetic-field dependence of the11B ENDOR lines as mea-
sured in the nonenriched sample. The three sharp lines
ish at low field~position 1!, which corresponds to the hex
agonal site. From this dependence we conclude that the t
sharp lines belong to the quasicubic~qc! sites. We further see
that the broad hump also consists of three lines and that
are related to the hex site. The11B hyperfine and quadrupole
parameters derived from the ENDOR spectra areuABi

qcu
58.8 MHz, uABi

hexu55.4 MHz, anduPB
qcu5uPB

hexu5190 kHz,

in agreement with the values reported by Baranovet al.26

~see Table II a!. Finally we mention that the11B ENDOR
signals in the twoms5

1
2 andms52 1

2 manifolds have oppo-
site sign. This phenomenon has now been observed se
times in ENDOR experiments at 95 GHz and 1.2 K. It
explained by spin-lattice relaxation effects in the case
large thermal spin polarizations as it occurs at 95 GHz a
1.2 K. For a detailed explanation the reader is referred t
forthcoming paper.34 Figure 6 shows the orientational depe
dence of the11B hyperfine lines of the lower manifold in th
@112̄0# plane. The lines could not be followed further tha
15° away from thec axis. Figure 6 also shows the orient
tional dependence of the13C line with the largest hyperfine
interaction.

In Fig. 7 the13C ENDOR spectrum withBic is presented
on an enlarged scale. It consists of a broad line around
13C nuclear Zeeman frequency and two separate lines at
and 40.0 MHz symmetrically positioned around the Zeem
frequency. The latter are probably due to the13C atoms with

the highest spin density. The hyperfine constantuAC
B̄icu

57.8 MHz. In the broad line surrounding the13C Zeeman
frequency several lines can be recognized with a maxim

hyperfine valueuAC
B̄icu52.2 MHz.

The 29Si ENDOR spectrum consists of a broad line at t
29Si nuclear Zeeman frequency. Two lines can be dis

guished with a hyperfine splittinguASi
B̄icu50.76 MHz.
rt of
d
d

FIG. 4. Comparison between the ENDOR spectrum of the13C-enriched and the nonenriched sample at 95 GHz and 1.2 K. The pa
the total spectrum that belongs to11B is magnified in Figs. 5 and 6. The lines belonging to13C are visible in the spectrum of the enriche
sample and in Fig. 7 a magnification of this part of the total spectrum is shown. The spectrum around the29Si Zeeman frequency is magnifie
in an inset in this figure.
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FIG. 5. Magnetic-field dependence of the11B ENDOR lines in the 6H-SiC sample forBic axis at 95 GHz and 1.2 K. Spectrum~1! was
measured withB53.349 T, spectrum~2! with B53.353 T, and spectrum~3! with B53.357 T. From this figure it follows that the EPR lin
of the hexagonal site is much broader than the one of the quasicubic sites as the hf line of this site is always present in the spe
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C. X-band three-pulse ESEEM and HYSCORE measurements
on Si 12C

As we note from theW-band ENDOR experiments pre
sented in Fig. 4, the11B ENDOR transitions occur at fre
quencies that are shifted by about64 MHz with respect to
the 11B nuclear Zeeman frequency at 46 MHz. By changi
the EPR frequency from 95 GHz to 9.3 GHz the11B Zeeman
frequency changes from 46 to 4.6 MHz and the11B ENDOR
transitions are predicted to occur around 0–2 and 7–9 M
This is a very favorable situation to observe ESEEM spe
because for onems manifold the nuclear Zeeman frequen
z.
a

is then almost exactly canceled by the hyperfine interact
As shown in Fig. 8~a! a deep nuclear modulation effect wa
observed in the stimulated echo decay at 9.3 GHz follow
a threep/2-pulse sequence by keepingt fixed and varying
the intervalT between the second and the thirdp/2 pulse
@see Fig. 1~b!#. In Fig. 8~b! the related frequency-domai
spectrum is displayed as obtained by a FFT.

The attraction of the three-pulse ESEEM experiment
that there is no need to apply a RF field. It is, however
one-dimensional technique with the inherent disadvant
that resonances of different nuclei in the same freque
r
FIG. 6. Orientational dependence of the11B and the outer13C ENDOR line up to/(B,c)515° at 95 GHz and 1.2 K. The spectrum fo
u50° was measured atB53.357 T, foru510° atB53.360 T, and foru515°, B53.361 T. The lines are seen to broaden and the13C line
splits into several lines. At anglesu.15°, the lines have become too broad to be measurable by ENDOR spectroscopy.
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TABLE II. ~a! The experimental values of the hyperfine and quadrupole tensor of11B of the deep boron~dB! acceptor as found by
ENDOR measurements at 95 and 9.5 GHz.~Definitions of the hyperfine and quadrupole parameters can be found in Ref. 42.! ~b! The
hyperfine parameters of11B for the shallow boron~sB! as well as the deep boron~dB! center as found from a fit of the orientation
dependence of the11B hyperfine line in the ENDOR and HYSCORE spectra. The principal axes of the hf tensor coincide with the pr
axes of theg tensor anda and b are related to the tensor elements ofA as follows,Ai5a12b, A'5a2b. In the paper about the sB
acceptor by Matsumotoet al. ~Ref. 21! the symbolq was used to describe the quadrupole constant. The relation betweenP and q is as
follows, P53q53/2 Pzz. ~Definitions of the hyperfine and quadrupole parameters can be found in Ref. 42.!

~a!

Ai
hex A'

hex Phex Ai
k1 A'

k1 Pk1 Ai
k2 A'

k2 Pk2 MHz

dB 5.4 0.19 8.8 0.19 8.9 0.19 ENDOR~95 GHz, 1.2 K!
5.8 0.2 9.1 0.19 9.2 0.19 ENDOR~Ref. 13, 9.5 GHz,

4.5 K!

~b!

ahex bhex Phex ak1 bk1 Pk1 ak2 bk2 Pk2 MHz

sB 20.97 2.91 0.726 23.72 3.06 0.765 22.99 2.89 0.750 ENDOR~Ref. 23,
60.05 60.05 60.015 60.05 60.05 60.015 60.05 60.05 60.015 95 GHz, 1.2 K!

dB 2.6 1.7 3 3.1 HYSCORE~9.3
60.8 70.3 61.5 70.9 GHz, 1.2 K!

5.8 6.1 1.5 6.2 1.5 ENDOR~Ref. 13,
60.1 60.1 70.1 60.1 70.1 9.5 GHz, 4.5 K!
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region form broad, unresolved lines from which it is difficu
to extract the individual nuclear transitions. To disentan
these crowded spectra HYSCORE spectroscopy is
method of choice. In this technique a fourthp pulse is added
to the threep/2-pulse sequence@see Fig. 1~c!# and the echo
modulation patterns that are obtained are Fourier tra
formed with respect tot1 and t2 . In this way a two-
dimensional ENDOR spectrum is obtained. The funct
of the p pulse is to transfer coherences in onems manifold
to the other one. The result is that off-diagonal resonan
e
e

s-

n

es

occur that correlate resonances of a particular nuclear
in the two electron spinms manifolds. The attraction of such
two-dimensional spectra is that it is relatively easy to se
rate nuclear transitions that otherwise overlap in a o
dimensional representation. In Fig. 9 we present as an
ample, a plot of the HYSCORE spectrum, obtained with
magnetic field tuned to the hexagonal EPR line in the sp
trum with Bic, where the different peaks are indicated
their contour lines. Along the horizontal and vertical ax
so-called ‘‘skyline’’ projections of the two-dimensiona
he
his field
ows the

et
es seem
FIG. 7. The upper spectrum shows the13C ENDOR lines forBic, with B53.357 T~indicated by an arrow in the EPR spectrum in t
upper inset! at 95 GHz and 1.2 K. The carbon Zeeman frequency, indicated by an arrow in the ENDOR spectrum, is 35.96 MHz at t
value. The largest hyperfine interaction visible is 7.8 MHz, all other interactions are smaller than 2.2 MHz. The lower spectrum sh
carbon ENDOR lines for the orientationw50°, u535°, with B53.367 T~indicated by an arrow in the EPR spectrum in the lower ins!.
The carbon Zeeman frequency, again indicated by an arrow in the ENDOR spectrum, is 36.04 MHz at this field value. The inner lin
to have moved away from the carbon Zeeman frequency with respect to the upper spectrum.
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spectrum are given. It is seen that in these one-dimensi
skyline projections the different transitions of the13C, 29Si,
and 11B nuclei overlap and are difficult to disentangle. How
ever in the two-dimensional plot the contributions of the d
ferent nuclei are easily distinguishable. The group of lines
the coordinates 2–7.5 MHz and 7.5–2 MHz belong to11B
and the other groups to29Si as indicated in the figure. Th
clear separation in this two-dimensional plot of the re
nances of the various nuclei allows us to follow the orien
tional dependencies of the11B resonances over a muc
larger range than in the one-dimensional ESEEM experim
at 9.3 GHz.

In Fig. 10 the orientational dependence of the11B hyper-
fine lines of the dB center are displayed, as obtained from
HYSCORE experiments, upon a rotation of the magne
field in the@112̄0# plane. The squares and the circles pres
the angular dependence of the average value of the qc
hex hyperfine lines, respectively. As a comparison, the li
as expected at 9.355 GHz from the parameters found w
ENDOR atW band are shown by filled diamonds. Assumi
that the principal z axis of the hyperfine tensor o

FIG. 8. ~a! An example of an ESEEM spectrum in the tim
domain.~b! The spectrum of~a! after a fast Fourier transformation
The spectrum was measured on the quasicubic part of the EPR
At 7.5 MHz we see the11B hf line belonging to the manifold abov
the 11B nuclear Zeeman frequency of the hexagonal site. At 9 M
we see the hf line of11B in the quasicubic site~consisting of three
components, which are not visible in the picture!, the line at 18
MHz is its second harmonic and the one at 27 MHz its third. T
11B hf lines around 1 MHz belong to the manifold below the11B
nuclear Zeeman frequency of the11B sites.
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FIG. 9. A contour plot of the two-dimensional HYSCORE spe
trum obtained on the hexagonal position in the EPR line withBic at
9.355 GHz and 1.2 K. In the figure we have indicated the lin
belonging to 11B and 29Si. In the skyline projection the one
dimensional~1D! spectrum is recognized. The picture shows t
advantage of 2D spectroscopy. One manifold of the29Si spectrum,
which is not visible in the 1D projection appears well resolved
the 2D spectrum.

FIG. 10. Orientational dependence of the11B hyperfine lines in
the @112̄0# plane at 9.355 GHz and 1.2 K. The squares show
hyperfine lines of the quasicubic site as measured by HYSCO
the line through them was calculated usingaB52.7 MHz andbB

53.2 MHz. Estimating the error in these values leads toaB53
61.5 MHz andbB53.170.9 MHz. The circles show the hyperfin
lines of the hexagonal site as measured by HYSCORE, the ca
lation parameters of the line areaB52.5 MHz andbB51.7 MHz.
The estimated error isaB52.660.8 MHz andbB51.770.6 MHz.
The black diamonds show the expected position of the lines
9.355 GHz as derived from the experimental ENDOR data of
GHz and 1.2 K.
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FIG. 11. Magnetic-field dependence of the three-pulse ESEEM lines at the high-frequency side ofnz(
11B) for Bic axis at 9.355 GHz and

1.2 K. Spectrum~1! was measured atB5329.34 mT,~2! at B5329.95 mT,~3! at B5330.37 mT, and~4! at B5330.84 mT. When the
magnetic field is in position~1! in the EPR spectrum, we mainly connect the sublevels of the twoms manifolds that have the largest energ
difference. When the magnetic field is in position~4!, we mainly connect the sublevels of the twoms manifolds that have the smallest energ
difference. As we can see in the picture, the nuclear transition at the lowest frequency is strongest for condition~1! and the one at the highes
frequency for condition~4!. Using this observation we find that the hf and quadrupole tensor have the same sign~Ref. 21!.
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11B is along thec axis and that the tensor is axially symme
ric, we can fit the angular dependencies ton5aB
1bB@3(cosu)221#. We find thataB and bB must have the
same sign and thatuaB

hexu52.660.8 MHz, ubB
hexu51.7

70.3 MHz anduaB
qcu53.061.5 MHz, ubB

qcu53.170.9 MHz.
As we could not measure the ESEEM spectrum forB'c
axis, only ABi

is known accurately. The anisotropic hf p

rameterbB thus has a large error margin, and so hasaB
(ABi

5aB12bB). The quadrupole interaction is given b

PBi
5190 kHz for all sites.~See Table II b.!
We can derive the relative signs of the hyperfine and

quadrupole constants from a field-tagged hyperfine spectr
In Fig. 11 we show the field dependence of the11B hyperfine
lines, as obtained from the three-pulse ESEEM patterns w
Bic, by varying the magnetic field over the EPR lines of t
quasicubic site. When the ESEEM experiment is perform
at the low magnetic-field side of the EPR line the ESEE
line at the lower frequency is strongest. When perform
the experiment at the high magnetic field side the ESE
line at the higher frequency is strongest. This fact indica
that the sign of the quadrupole interactionPB of 11B is the
same as that of the hyperfine interactionAB . This is in agree-
ment with the conclusion of similar experiments on the
acceptor.21 As PB is expected to be positive, as will be di
cussed in Sec. IV, we decide thataB.0, bB.0, and PB
.0. The same effect can be seen in the ENDOR spe
published in Ref. 13.

D. T2 measurements at 95 GHz

It appears that, withBic, for the 13C-enriched as well as
for the nonenriched sample, theT2 time is field dependent
e
m.

th

d

g

s

ra

As an illustration, we show in Fig. 12 the dependence of
EPR line shape on the intervalt between the microwave
pulses in a two-pulse ESE experiment as measured on
13C-enriched sample. The EPR line intensity was normaliz
to unity to show the shift to higher magnetic field with in
creasingt. The most important observation is that theT2
time acquires its shortest value of about 0.8ms for the largest
deviation fromg52 ~low magnetic-field side of the EPR
line!. On the high-field side of the EPR line the two-pul
echo decay exhibits a biexponential decay with time c

FIG. 12. The dependence of the shape of the EPR line on
time intervalt in a two-pulse ESE experiment withBic axis at 95
GHz and 1.2 K. Only the peak of the line of the quasicubic sites
shown to clearly demonstrate the shift of the line to higher fi
with increasingt ~spectra are normalized to unity!. The peak at
3.364 T is due to Mn in the surface layer of the crystal.
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stants of 4 and 17ms. The field dependence ofT2 gradually
decreases with increasing value ofu and disappears fo
anglesu.35°. Here a double exponential decay is observ
with time constantT2

f '2.5ms andT2
s'14ms.

E. Nutation experiment at 95 GHz

In order to establish the spin multiplicity of the dB cent
we performed transient nutation measurements.35 The sB
center was taken as a reference because its spin qua
number is known to beS5 1

2 . If the spin multiplicity of the
dB acceptorS51, then the matrix element for the transitio
between the magnetic sublevels is& times larger than for
S5 1

2 and the length of thep/2 pulse should be shorter b
this factor. If the spin multiplicityS5 3

2 the transition mo-
ment between thems56 1

2 sublevels is even larger by a fac
tor of 2 and thep/2-pulse length shorter by a factor of 2. W
did find however that the length of thep/2 pulses for the sB
and dB centers were equal and conclude that both cen
correspond toS5 1

2 .

IV. DISCUSSION

The main results of our EPR, ENDOR, and ESEEM stu
on the deep boron acceptor in 6H-SiC can be summarized a
follows. First of all, it was established that the spin mul
plicity of our center isS5 1

2 . Second, we note that in contra
to the shallow boron acceptor theg tensors are almost axia
with gz parallel to thec axis for the hexagonal as well as fo
the quasicubic sites. The values ofgx , gy , andgz are such
that Dgz5(gz2ge)@Dgx5(gx2ge), Dgy5(gy2ge), and
that gxÞgy , i.e., there is a small nonaxiality. The EPR lin
width at 95 GHz is about ten times larger than at 9.3 G
indicating a dominantg strain broadening that is most pro
nounced withBic. Third, we note that the EPR spectrum
the 13C-enriched sample does not exhibit13C hyperfine sat-
ellite lines, in contrast to the shallow boron acceptor. T
maximum 13C hyperfine interaction is estimated from th
line broadening to amount to 331024 T. In agreement with
this finding is the fact that the ENDOR spectrum shows
maximum13C hf interaction of 7.8 MHz, which is equivalen
to about 331024 T. The fourth point of interest is that in th
ENDOR spectrum no large29Si hyperfine interactions ar
observed. It is not excluded however, that one EPR line
served in the 9.3-GHz spectra forB'c on the high-field side
of the shallow boron EPR line is a29Si hyperfine line with a
hf splitting of about 4031024 T ~;2331024 T from the
center of the sB signal!. The fifth point is that the hf inter-
action and quadrupole interaction with11B is given byaB

hex

52.660.8 MHz, aB
qc5361.5 MHz, bB

hex51.770.3 MHz,
bB

qc53.170.9 MHz, andPB5190 kHz for all sites. The las
point is thatT2 varies over the EPR line withBic and thatT2
is shorter on the low-field side of the EPR line, i.e., on t
line belonging to the hexagonal site.

Following the ideas of Baranov and co-workers13,26 we
propose that the deep boron acceptor consists of a boro
a silicon position with an adjacent carbon vacancy. App
ently, for energetic reasons, this carbon vacancy comb
always with a boron along thec axis. In Fig. 13 we show a
simple one-electron linear combination of atomic orbit
~LCAO! molecular-orbital~MO! description of a carbon va
d
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cancy next to a boron substituting for a silicon atom.36,37The
atomic orbitals are the dangling bonds of the three silic
atomsa, b, andc surrounding the vacancy. The point-grou
symmetry isC3v and the totally symmetric orbital (a1) is
expected to be lowest with the degenerate orbital (e) lying
above it. By populating these one-electron orbitals with
unpaired electron of the three silicons surrounding the
cancy, we see that one electron occupies the (e) orbital, thus
explaining theS5 1

2 character of the defect. Because of t
orbital degeneracy a static Jahn-Teller distortion will ta
place, making one silicon atom inequivalent with respect
the other two and lowering the symmetry toC1h . As a result
the (e) orbital will split in an a8 and ana9 component ac-
cording to the two irreducible representations ofC1h . The
one-electron LCAO MO’s describinga8 and a9 are la
1(m/&)(b1c) and (m/&)(b2c). The observed direc-
tions of the principal axes and principal values of theg ten-
sor are in agreement with this model. Thegz axis is found
parallel to the vacancy-boron axis and thegx axis is found in
the @112̄0# plane. The value ofgz deviates most strongly
from ge because there is an expectation value ofl z ~the z
component of the orbital angular momentum operator! be-
tween thea8 anda9 orbitals.38 Since we are dealing with a
hole this leads to a positive deviation ofge .36

We propose that randomg strain is the main reason fo
the linewidth observed at 95 GHz withBic, because at 9.3
GHz the linewidth is about ten times smaller. This rando
strain in the crystal arises from a difference in local enviro
ments of the individual centers. The first EPR study th
showed unambiguously the effect of random strain on
width of the EPR line was carried out by Feher, Hensel, a
Gere39 on the B acceptor in Si. In our case randomg strain
causes a spread in the energy difference between thea8 and
a9 orbital. Since this energy difference appears in the
nominator of the expression forDg, a spread in the orbita
energies will thus lead to a spread inDg. The reduction of
the linewidth when the magnetic field is turned away fro
thec axis can also be understood because the contributio

FIG. 13. Simple LCAO one-electron MO model for the ele
tronic structure of the deep boron acceptor consisting of a bo
substituting for a silicon and a neighboring carbon vacancy. In
description, we have followed the nomenclature of Watkins~Ref.
36!. The B-V bond has the direction of thec axis@~111! direction in
the cube#. a, b, andc are the three broken bonds of the Si atom
surrounding the vacancy. Without the Jahn-Teller distortion
point-group symmetry isC3v , with the Jahn-Teller distortion the
symmetry isC1h . The one-electron LCAO MO’s shown transform
according to the irreducible representations of the symmetry gr
C1h .
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the spin-orbit coupling toDg then reduces accordingly
Since the spin-orbit interactions involve the molecular orb
als of the center, the effectiveg values will be more sensitive
to the local environment the further they are fromge . The
variation of T2 over the EPR line withBic is not entirely
clear. It could be caused by thermal modulation of the r
dom strain which would give the largest variation in res
nance frequencies~shortestT2! for those centers that have
small difference in orbital energy~largestDg!. In this con-
text it is interesting to note that Baranov and Mokhov13 ob-
served that the EPR line shifts to higher field when incre
ing the temperature. This effect can be explained
assuming that in the low-field part of the EPR lineT2 re-
duces faster with increasing temperature than in the h
field part.

From the 11B hyperfine interaction data it is clear th
there is a negligible spin density on boron. According to o
model the anisotropic part of the hf interactionbB is then
determined by the dipole-dipole interaction between the
paired electron spin in the three dangling bonds of the sili
atoms and the nuclear spin of11B. As the sign ofbB is
determined by the factor (3 cos2 u21), with u the angle be-
tween thec axis and the connection line from the nucleus
the spin density,bB is expected to be positive. The symmet
axis of the hf tensor is expected to be parallel to the conn
tion line between the boron and the vacancy, in agreem
with the experimental data. To estimate the value ofbB we
used a point-dipole approximation assumingsp3 orbitals on
the three silicons. To account for the unpaired electron s
we took fractional chargesf (2e) on the three Si atoms
surrounding the vacancy. We placed 75% of the fractio
charge at 0.77 Å from the silicon atoms on their connect
lines with the vacancy and assumed 25% of the fractio
electron spin to be located on the silicon nucleus. For a va
of f 530% on one Si hybrid orbital this leads tobB5
11.1 MHz. Using the observed values ofbB and comparing
with the sB calculation we estimate the total spin density
the three silicons to be in the range of 70–90 %. The iso
pic part of the boron hf interaction is very small and positiv
Here we have to realize that only 0.1% of the spin density
the s orbital of boron givesaB;3 MHz. As in the case of
shallow boron we do not think that there is a basis fo
speculation on the value ofaB for boron.

The quadrupole tensor of11B is mainly determined by the
electric-field gradient produced by the distribution of t
three valence electrons in the orbitals of boron.21 The value
of PB for 11B with a sp3 configuration with no electron
present along the B-vacancy connection line is predicted
be positive and is estimated to amount toPB51020 kHz.21

In the case of the sB acceptor the experimentally obser
quadrupole constantPB is 750 kHz, which is much large
than the valuePB of 190 kHz observed for the dB cente
This difference may be explained by the fact that in the
case the boron is less removed from its center position t
in the case of the sB with an inherent smaller electric-fi
gradient. We note that Watkins36 in his study of the Al-
vacancy pair in Si also finds a surprisingly small quadrup
splitting of the 27Al nucleus. This author devotes a long di
cussion to the possible explanations of this observation,
of them being a displacement of the Al towards the vacan
The important point though is thatPB is predicted to be
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positive, which allows us to establish that the isotropic
constantaB and the anisotropic hf constantbB are also posi-
tive. The fact thatbB is found to be positive is in agreemen
with the theoretical prediction for the sign ofbB ~see above!.

From the ENDOR spectrum of13C presented in Fig. 7 for
Bic, it is seen that the largest hf interaction amounts to
MHz (;331024 T). Unfortunately, it was not possible t
perform a reliable orientational study of the two out
ENDOR lines because the lines broaden quickly when tu
ing the magnetic field away from thec axis. We attribute the
lines to the nine13C atoms adjacent to the three Si atom
surrounding the vacancy. If we take the observed hf splitt
of about 331024 T as a measure for the isotropic hf co
stantaC then a simple estimate40 would yield 0.2%s char-
acter on each of the nine adjacent13C atoms. Assumingsp3

hybrid orbitals the total spin density on the nine13C atoms
adjacent to the silicons surrounding the vacancy is estima
to be about 7.2%. It is interesting to note that apart from
two 13C ENDOR lines in Fig. 7 at67.8 MHz away from
nz(

13C), the other 13C lines are grouped closely aroun
nz(

13C). This indicates that the spin density is almost 100
localized on the three silicons surrounding the vacancy
the nine adjacent carbon atoms. In contrast, the13C ENDOR
spectrum of the shallow boron acceptor exhibits a mu
more gradual distribution of the ENDOR lines21 typical for a
more shallow center where the spin density is distribu
over a larger volume.

The proposed model for the deep boron acceptor wo
predict a large hf splitting of the29Si nuclei surrounding the
vacancy, whereas in the ENDOR spectrum of Fig. 4 o
ENDOR lines closely aroundnz(

29Si) are observed. A rough
idea about the hf splitting expected for the29Si atoms sur-
rounding the vacancy can be found from the splitting seen
the case of the sB acceptor for the carbon atom carrying
main spin density. This carbon carries 38% of the spin d
sity and its hyperfine interaction is given byaC5(40.861)
31024 T and bC5~10.860.5!31024 T. Assuming a spin
density of 25–30 % on each of the three silicons, we exp
their hyperfine interaction to be of the same order of mag
tude. Itohet al.41 measured the hf interaction of the neare
neighboring silicons of a positively charged carbon vacan
in Al-doped, 1 MeV electron-irradiated 3C-SiC to beAi5
220.231024 T and A'5214.831024 T. A satellite line
on the high-field side of the shallow boron EPR transition
observed in theX-band spectrum, about 2331024 T sepa-
rated from the center of the sB signal forB'c. It exhibits the
same temperature and orientational dependence as the
deep boron signal.16 @In measurements on 3C-SiC at theX
band a similar line was observed, with an extreme position
/(B,c);70°.#27 We tentatively ascribe this satellite line t
the 29Si surrounding the vacancy. Confirmation of this a
signment has to wait for the preparation of29Si-enriched
boron-doped crystals.

The spin-density distribution in the dB acceptor site
summarized with the help of Fig. 14. The Si nuclei are c
culated to each carry a spin density of 25–30 % with
estimated isotropic hf interaction of 30– 4031024 T. The
adjacent carbons (C2a ,C2b! each carry a spin density o
about 0.8% assuming an isotropic hf interaction of 2
31024 T ~7.8 MHz!. The next silicons Si2a carry a spin
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density,0.1% assuming an isotropic hf interaction of 0
31024 T ~0.76 MHz!. The boron has a negligible spin de
sity and the adjacent carbons (C1) have a spin density o
about 0.2% assuming an isotropic hf constant of
31024 T ~2.2 MHz!. The next nearest silicons Si2b have a
spin density of about 0.2% assuming an isotropic spin d
sity 0.931024 T ~2.6 MHz!. The others (Si2g) have an al-
most negligible spin density (aSi,0.331024 T).

Although the proposed model for the deep boron acce
is consistent with the experimental observations, there
several alternative models that deserve consideration. In
first, we consider the situation that boron substitutes fo
carbon atom with a neighboring vacancy on a silicon po
tion. In this model the unpaired spin density would reside
the carbon surrounding the vacancy and a large13C hyper-
fine interaction in the EPR spectrum of the13C-enriched
crystal is expected, in analogy to the case of the shal
boron acceptor.21 As we mentioned, we only observe a slig
broadening of the EPR lines in the13C-enriched crystal and
for this reason we exclude this alternative. In the seco
model, we assume boron to substitute for a carbon with
the presence of a vacancy but with an electron transfe
from the back bonds of a neighboring silicon atom to t
boron. The absence of a large11B hf interaction excludes
this model. The third possibility is that the boron substitu
for a carbon, that there is no vacancy, and that the three b
bonds of boron donate the electron. This model can also
ruled out because the 95-GHz ENDOR spectra reveal
the 11B hf interactions are almost the same as those obse

FIG. 14. The spin density distribution in the deep boron acc
tor ~hexagonal site!. Vc indicates the position of the vacancy, su
stituting for carbon, BSi indicates the position of the boron impurit
substituting for silicon. On the ground of our ENDOR an
HYSCORE data we suggest the following spin-density distributi
On the boron nucleus the spin density is negligible. About 25–3
resides on each Si1, about 0.2% on each Si2b and about 0.1% on
each Si2a . The other Si have a negligible spin density. On each1

there is about 0.2% of spin density, on each C2a and C2b about
0.8%. On the other carbons the spin density is negligible.
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for the shallow boron acceptor. In the fourth model, boron
accompanied by an impurity atom. The most common im
rity is nitrogen. However, experiments withN concentrations
varying over three orders of magnitude show that the de
boron acceptor EPR signal is not affected. Further, we n
that the deep-boron acceptor signal is not sample depend
which excludes oxygen or any transition metal impurity to
involved in the structure of the deep-boron acceptor. In
fifth model, a boron atom on a silicon site is accompanied
a silicon on a nearest-neighbor carbon site. In this model
unpaired spin density would be located in a dangling bond
the antisite silicon atom and agz value close toge52 would
be expected in contrast to our experiments.

Finally, it is interesting to discus our model for the d
acceptor in relation to the conclusion of Kuwabara a
Yamada.2 These authors showed that the donor-acceptor-
~DAP! luminescence involving the dB acceptor and theN
donors is of type I, meaning that the donor and accep
occupy the same~carbon! sublattice. This conclusion is no
necessarily in contradiction to our model because in the D
luminescence, the final negatively charged state of the
acceptor is involved, whereas in our experiments, the neu
charge state is observed. If the conclusion of Kuwabara
Yamada is correct, this would imply a reconstruction of t
dB acceptor upon the adding of an electron to the neu
charge state of the complex. This is an interesting supp
tion which would deserve further~theoretical! investigation.

V. CONCLUSION

The pulsed EPR and ENDOR results at 95 GHz and
GHz lend support to the model for the deep boron accep
in which a boron in a silicon position combines with a neig
boring carbon vacancy along the hexagonalc axis. A reason-
able estimate of the spin-density distribution is obtained. I
shown that the spin density is distributed over a smaller v
ume than in the case of the shallow boron acceptor. T
results demonstrate the power of pulsed ENDOR spect
copy. In particular the ESEEM and HYSCORE experime
at 9.3 GHz allow us to resolve the angular dependence of
11B hf interaction with a precision that cannot be obtain
with conventional ENDOR techniques. These HYSCORE
sults on11B turn out to be important for the interpretation o
the electronic structure of the deep boron acceptor.
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