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Determination of electric-field gradients in semiconductors
with high precision and high sensitivity

Gert Denninger* and Daniel Reiser
Physikalisches Institut, Universita¨t Stuttgart, Pfaffenwaldring 57, D-70550 Stuttgart, Germany

~Received 7 August 1996!

Wurtzite-type semiconductors such as GaN and ZnO exhibit intrinsic electric-field gradients at the nuclear
sites due to the hexagonal lattice symmetry. We have determined these field gradientsVZZ for all the nuclear
sites by a magnetic double-resonance scheme. Shallow donors, which are present in these semiconductors
either unintentionally or by doping, are used to enhance the nuclear magnetic resonance~NMR! sensitivity
through the double-resonance technique. The valueVZZ for

67Zn in ZnO is in excellent agreement with the
value obtained by Mo¨ssbauer spectroscopy. For the Ga position in GaN and for the O position in ZnO we
improved the precision by an order of magnitude compared to previous NMR results. TheVZZ value for the N
position in GaN was determined. The field gradients are directly related to the bond ionicities in these III-V and
II-VI semiconductors.@S0163-1829~97!01808-0#
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I. INTRODUCTION

A direct approach to the measurement of electric-fi
gradients in crystalline solids is the observation of t
electric-quadrupole splittings of nuclear magnetic resona
~NMR! transitions. A prerequisite for such measurement
the presence of nuclei with nonvanishing quadrupole m
mentsQ ~I>1!. If the quadrupolar nuclei are sufficientl
abundant, possess a convenient gyromagnetic ratiog, and
large single crystals are readily available, this direct NM
approach poses few experimental problems. Howeve
number of interesting nuclei with quadrupole moments e
in very low natural abundance~e.g.,17O with 3.831024 and
33S with 7.531023! or possess rather lowg ~e.g., 14N! or
both, leading to a reduced NMR sensitivity. In such ca
isotopic enrichment and large sample volumes are neces
for NMR investigations, making it difficult if not impossible
to investigate thin films, epitaxial layers, quantum wells,
terfaces, and surfaces. There is much contemporary inte
in NMR investigations of such samples since the crys
structure and the electronic structure can differ from the b
case.

As an example, consider GaN or ZnO, which crystall
in the hexagonal wurtzite structure with an accompany
electric-field gradient. Thin epitaxial layers of GaN, on t
other hand, can be stabilized in the cubic zinc-blen
structure1 with vanishing electric-field gradient. Quantu
wells, quantum wires, and other confined structures are
pected to exhibit electric-field gradients even in the prese
of local cubic site symmetry. In all these cases, traditio
NMR methods often lack either the sensitivity or the sel
tivity for the specific studies of interest.

In this paper we present an alternative approach, wh
relies on the coupling between nuclear and electronic sp
the hyperfine coupling. The electronic spins can arise fr
conduction electrons~in metals, organic conductors, or sem
conductors! or shallow donors in semiconductors with suf
cient overlap of the donor electron wave functions. The el
tron spin resonance~ESR! must be narrowed either b
550163-1829/97/55~8!/5073~6!/$10.00
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motion or by exchange, thereby averaging the hyperfine c
pling between the nuclear and the electronic spins and m
ing it possible to measure the Knight and Overhauser sh
which can both be used as local probes. Since the electr
wave function includes coupling to all the nuclei, intera
tions like the quadrupolar coupling reflect primarily the fie
gradient of the unperturbed material. The advantages of m
suring the interaction in the double resonance scheme
scribed in the present approach are threefold:~i! an increase
in sensitivity due to the detection of the NMR transitions v
the ESR,~ii ! dynamic nuclear polarization can frequently b
used to substantially increase the sensitivity yet further,
~iii ! selectivity to the lattice areas of interest is directly a
forded by the coupling of the nuclei to the electrons. In t
following sections, after a reminder of the basic theory,
describe the experimental setup and present results on
semiconductors GaN and ZnO, which both exhibit electr
field gradients with axial symmetry in the hexagonal wurtz
structure.

II. THEORY

Electronic spinsS and nuclear spinsI interact via the
hyperfine interaction~hfi! I A S, characterized by the hyper
fine tensorA. This interaction exists in atoms, molecule
and the solid state, for both localized and delocalized e
tron states. Whereas the hfi is usually resolved in the E
spectra of radicals in gases and liquids, the inhomogene
broadening in solids in general results in unresolved
structure of the corresponding ESR. In such cases, elec
nuclear double resonance~ENDOR! is the method of choice
to resolve the hfi,2 an approach that is only feasible foriso-
latedelectron centers. As soon as the individual ESR cen
interact via an exchange interactionEex, the correlation time
of a particular electronic spin at a particular nuclear posit
decreases totc>\/Eex. All ENDOR transitions with hfi en-
ergies A!\/tc>Eex undergo severe broadening, makin
them unobservable. An extreme case is that of conduc
electrons in metals, which are coupled to all the nuclei w
a correlation timetc>\/EF for the relevant unpaired elec
5073 © 1997 The American Physical Society
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5074 55GERT DENNINGER AND DANIEL REISER
tronic spins at the Fermi energyEF . With typical values of
EF>1 eV, the correlation times in metals are usually of t
order of 10215 s or shorter and the hfi between electrons a
nuclei is averaged away. Remaining consequences of th
are ~i! Knight shifts of the NMR lines due to the averag
electronic polarization̂Sz&Þ0 and accompanying interactio
proportional toA^Sz&, ~ii ! Overhauser shifts of the ESR line
due to the average nuclear polarization^I z&Þ0 and accom-
panying interaction proportional toA^I z&, ~iii ! nuclear spin
lattice relaxation via the fluctuating part of the hfi, and~iv!
dynamic nuclear polarization effects if the ESR transitio
are driven out of thermal equilibrium.

In the case of electron spins interacting via exchange
teractions the reasoning is similar to that for conduction e
trons. All hfi interactionsA!Eex are averaged and the co
responding resonance shifts are manifested. A m
difference between the cases of conduction and excha
coupled electrons is the temperature dependence of^Sz&. For
conduction electrons the magnetic susceptibility, and t
^Sz&, is small and essentially independent of temperat
~Pauli paramagnetism!. Exchange coupled electron system
on the other hand, behave practically like a Curie spin s
tem with ^Sz&}1/T, as long as the exchange couplin
Eex!kT. This situation is essentially fulfilled for shallow
donors in semiconductors in a certain doping range betw
isolated donors~low ND! and metallic conduction~highND!.

A general feature of the band structure of the III-V a
II-VI semiconductors is a conduction band with predom
nantly s-like symmetry and a valence band derived fro
p-like atomic orbitals. Thus the conduction-band electro
shallow donor wave functions couple to the nuclei via t
Fermi-contact-type hyperfine interaction

Afc5
8p

3

m0

4p
~\gn!~gemB!uc~r k!u2, ~1!

whereuc(r k!u
2 is the probability density of the electron at th

nuclear positionr k , and~\gn! and (gemB) are the magnetic
moments of the nucleus and the electron.

The wave functionc~r k! is usually not known for either
the conduction electrons or the shallow donors. In semic
ductors with low effective massm* of the conduction elec-
trons, the effective-mass theory is an approximation, desc
ing shallow donors as hydrogenlike centers with an effec
Coulomb potentiale/~4p«0«!. Low effective massm* ~e.g.,
0.260.02 for GaN! and high« ~'10 for GaN! yield rather
large effective Bohr radiiaeff5a0«/m* ~aeff526.5 Å for
GaN! ~Ref. 3! and the envelope wave function of the shallo
donor ground state is hydrogens-like:

F~r !5
1

Ap

1

Aaeff3
expS 2r

aeff
D , ~2!

wherer is the distance from the donor center. As an appro
mation, the hyperfine coupling of a nucleus of typea at
positionr k can be expressed asA(r k)5AauF(r k)u

2, with an
‘‘amplification’’ factor Aa , characteristic of the isotope an
the substance, but independent of the distancer k . The theo-
retical justification for such an approximation4 and experi-
mental evidence for the validity of this approach5 have been
described previously. The consequence is that all the nu
d
hfi
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in the range of the shallow donor wave function experienc
hfi that falls off exponentially with the distance from th
donor center. In contrast to the case of conduction electr
in metals or semiconductors, there is a distribution of co
pling constants and the Knight shift and the Overhauser s
can only be calculated by numerical integration over
wave functionF(r ).

A further consequence of a scalar hfi is that the nucl
polarization can be enhanced considerably by the satura
of the ESR line. This dynamical nuclear polarization~DNP!
phenomenon is known as the Overhauser effect.6 Apart from
metals, where it was predicted and observed,7 DNP is
particularly dominant in semiconductors.8 The consequence
of the saturation of the ESR @saturation factor
s5(^Sz

0& 2^Sz&)/^Sz
0&, s50 for no saturation,s51 for com-

plete saturation# is an enhancement of the nuclear spin p
larization ^I z& from its thermal equilibrium valuêI z

0&:

^I z&5^I z
0&~11Vs!. ~3!

For a scalar hfi of the Fermi contact type the DNP factorV
depends only on the ratio of nuclear spin relaxation ratewe
via the electronic spins to the relaxation ratew0 via other
interactions~e.g., quadrupolar relaxation!:

V5
~gemB!

~gnmn!

we

~we1w0!
. ~4!

The DNP factor can reach substantial values~e.g., 9106 for
14N and 2735 for69Ga, both calculated forge52 and no
‘‘leakage’’ w050!. It is this large factorV that represents
one of the main advantages of double resonance experim
of the Overhauser shift type. The enhanced nuclear polar
tion ^I z& leads to an enhanced Overhauser shiftDBOv of the
ESR:

DBOv5DBOv
0 ~11Vs!5

Azẑ I z
0&

gemB
~11Vs!, ~5!

whereDBOv
0 denotes the Overhauser shift at thermal equil

rium andAzz is the tensor component of the hfi in the dire
tion of B. Thus the shift of the ESR by the average polariz
tion of the nuclei can be enhanced by partial saturation of
ESR and can be measured at the same time through the
sition of the ESR line. Even with the complications of th
numerical averaging of the hfi over the shallow donor wa
function, the above analysis of the DNP remains basica
intact. One has to keep in mind that the DNP is different
nuclei at different distances from the donor center and
factor V has to be interpreted as a suitable numerical av
age. Detailed numerical analyses for this case are prese
under way. Apart from the complication of interpreting th
V, DNP can be used to increase the measured ESR si
shifts considerably. Basically one uses the ESR to detect
NMR transitions with high sensitivity and with selectivity t
the volume in the range of the donor wave function.

The quadrupole interaction of nuclei with spinI>1 af-
fects only the nuclear spins and is not influenced by
motional or exchange averaging. In single crystals with n
vanishing electric-field gradients at the nuclear sites this
teraction splits the NMR spectrum into~2* I21! lines. The
same happens to the Overhauser shift spectrum. In all
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55 5075DETERMINATION OF ELECTRIC-FIELD GRADIENTS . . .
cases discussed in this paper, the electric-field gradient
axial symmetryVZZÞVXX5VYY. The indicesXX,YY,ZZ
refer to the principal axis system of the quadrupole tenso
as usual the magnetic field is applied alongz and the angle
/(Z,z) is denoted byu, the quadrupole Hamiltonian is

Ĥ5
e2qQ

4I ~2I21!
$ 1
2 ~3 cos2u21!@3Î z

22I ~ I11!#

1 3
2 sinucosu@ Î z~ Î11 Î2!1~ Î11 Î2! Î z#

1 3
4 sin

2u~ Î1
2 1 Î2

2 !%, ~6!

where Q is the quadrupole moment of the nucleus a
eq5VZZ , the electric-field gradient.9 The Hamiltonian of
Eq. ~6!, together with the Zeeman-HamiltoniangnmnBÎz ,
can be fully diagonalized~for example, by mathematical pro
grams such asMAPLE or numerically!. From a fit of the ex-
perimental NMR transitions to the solutions of the Ham
tonian one can determineVZZ with high precision as shown
in the following section.

III. EXPERIMENTAL SETUP

Three major experimental requirements for the succes
investigation of hfi interactions by the Overhauser shift te
nique are the following.

~i! The ESR signal of the conduction electrons/holes
shallow donors/acceptors must be detected with suffic
signal/noise ratio and long-term stability. At least part
saturation of the ESR signal should be possible in orde
enhance the nuclear polarization via the DNP effect.

~ii ! The NMR of all the relevant nuclei must be near
completely saturated. Due to the rather low nuclear rel
ation rates 1/T1 this requires only moderate RF fieldsB2.

~iii ! Since the measurable Overhauser shifts are often
small ~DBOv/B0'1028 or less!, high-stability field-frequency
locking of the ESR setup is necessary.

These requirements can be accommodated, but not
mally, by using a commercial ENDOR setup. ENDOR res
nators are usually designed to provide fairly intense RF fie
B2 and the ESR sensitivity is low compared to standard E
resonators. We follow a different strategy, placing more e
phasis on high ESR sensitivity and only low RF fields.
cavity with a high-quality factorQ and a high filling factor is
optimal, since fairly highB1 fields can saturate the ESR eve
at low microwave power. The RF fieldB2 is produced by a
single hairpin loop surrounding the sample and the conn
tion to the RF amplifier is provided by a coaxial cable insi
the sample holder. A useful combination used in ourX-band
work is the dielectric ring resonator~commercially available
from Bruker GmbH!, which is insensitive to the additiona
metal from the RF loop. In theQ band~34 GHz! we use the
standard low-temperature cylindrical resonator, but the p
ence of the RF loop considerably lowers the quality factorQ.

Figure 1 shows one of our RF inserts for the dielect
cavity. Solid samples with typical dimensions up to 33331
mm3 can be directly mounted on a groove in the glass sam
rod. Powder samples use a slightly different sample hol
Small angular adjustments can be performed by turning
sample rod, but the RF fieldB2 must retain a significan
component perpendicular toB0, thus limiting the angular
as
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range. Larger angles can be achieved by adjustment of
glass substrate with respect to the loop.

With this setup, the ESR of the shallow donor resonan
in the semiconductors GaN and ZnO has been measured
typical results are depicted in Fig. 1 of Ref. 3 and in Fig. 1
Ref. 23. Both resonances are characterized by ag factor
considerably lower than 2: for GaN,gi51.950360.0001
and g'51.948360.0001;3 for ZnO gi51.956 and
g'51.955.10 Details can be found in Refs. 3 and 11 and t
references therein. For the purpose of the present inves
tion it is only important that both resonances originate fro
shallow donors12,11 and the ESR is appreciably exchan
narrowed@a factor>50 for GaN ~Ref. 3!#. This exchange
narrowing is essential for the averaging of the hyperfine
teraction ~see Sec. V! and for the DNP. However, simila
results are to be expected for motionally narrowed lines~as
in metals!. Most ordinary metals, however, have cubic s
symmetry and no electric-field gradient. In organic met
the resolved quadrupole splitting of the2H resonance has
been detected in a similar way.13

Figure 1 in Ref. 23 shows the somewhat unusual temp
ture dependence of the ESR linewidth of ZnO, with Ga
behaving in a similar manner. The explanation in both ca
is the combined action of increasing exchange and increa
scattering by optical phonons and can be correlated to
temperature dependence of the charge carrier mobility.14 For
measurements of the electric-field gradient the tempera
range 8 K<T<50 K was used, with particularly high sens
tivity and precision atT>10 K. Whereas signal/noise (S/N)
considerations would favor lower temperatures, thermal
bility of our helium flow cryostat was better atT510–20 K.
A further advantage ofT>10 K is that the nuclear relaxatio
rates are not too low, permitting fairly rapid repetitiv
sweeps in the double-resonance experiments.

Double-resonance shift measurements are conducte
locking theB0 field to resonance through an additional reg
lated fieldDB0, realized by a dc offset through the cavi

FIG. 1. Sample holder with radio-frequency loop for inserti
into the dielectric resonator.
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5076 55GERT DENNINGER AND DANIEL REISER
modulation coils. This scheme offers stability, ease
handling and accurate shift calibration.15 The dc offset cur-
rent directly reflects any changes in the resonant field. T
signal reflects the resonant Overhauser shift and it is
hanced by repetitive sweeps of the RF through the NM
resonance lines. At higher RF power, the nonresonant Blo
Siegert shiftDBBS>2(B2/B0)

2 yields a background signa
that is irrelevant in these experiments.B2 is the RF
magnetic-field component in the rotating frame. A compl
Overhauser shift experiment requires the investigation of
shift as a function of microwave power and RF power
each temperature in order to access both ESR and N
saturation parameters. In the present case only one set of
near optimumS/N conditions is sufficient to determine th
quadrupole splitting and the electric-field gradientVZZ .

IV. EXPERIMENTAL RESULTS AND DISCUSSION

The GaN sample investigated in this study was a 220-mm-
thick free-standing platelet, originally grown on a~0001! ori-
ented sapphire substrate by hydride vapor epitaxy.16 The
concentration of shallow donors was estimated by ESR to
531016 cm23 at 5 K. The ESR linewidth isDBpp>0.5 mT at
5 K. The ZnO samples were single crystals with a hexago
habitus, needle shaped with typical dimensions of 131310
mm3, and the hexagonalc axis along the needle axis. Samp
1 was nominally undoped, but interstitial Zn leads to a do
concentration ofND>531016 cm23. Samples from the sam
batch were already characterized by Hall mobility and c
ductivity measurements in 1974.17 In addition we investi-
gated a ZnO crystal 2 intentionally doped with Ga, don
concentration>1016 cm23, with a size similar to that of
sample 1. With respect to the electric-field gradient meas
ments no differences were seen within experimental e
and results from both samples are presented.

In GaN, as in most III-V semiconductors, nearly all th
relevant isotopes possess a nuclear moment~69Ga, I53/2,
60.1% abundance;71Ga, I53/2, 39.9%, and14N, I51,
99.63% abundance!. Thus the Overhauser shift, proportion
to the abundance, is relatively large. An overview shift sp
trum is shown in Fig. 2 spanning the range 0.8–18 MHz.
the relevant isotopes result in shift peaks near the
nuclear Larmor frequency and the quadrupole splitting is
rectly accessible. Due to the rather long nuclear relaxa
times ~up to a few hundred seconds in GaN at 5 K! the
general appearance of an Overhauser shift signal is a ste
decrease near the NMR transition followed by a slow rel
ation towards equilibrium. This can be seen very clearly
>1.1 MHz for the two transitions of14N.

In ZnO the isotopes with magnetic moments have l
natural abundance~67Zn, I55/2, 4.1% abundance and17O,
I55/2, 3.831024 abundance!. This is a rather general cha
acteristic of II-VI semiconductors. One consequence i
rather small hyperfine interaction compared to the III-V ca
resulting in, e.g., much narrower ESR lines of conduct
electrons and shallow donors~5 G in GaN and 0.3 G in
ZnO!. The resulting Overhauser shift is smaller as well, b
due to the narrower ESR line it can be measured with hig
precision and high DNP values can easily be achieved.
ure 2 shows an overview result for theB0'c axis. The ex-
pected five transitions of67Zn are centered near the Larm
f
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frequency>940 kHz. Since the quadrupole interaction
these low Larmor frequencies~dictated by the ESR fre-
quency of 9.7 GHz! is not small compared to the Larmo
interaction, the eigenstates of the effective NMR Ham
tonian are not pure states ofuI ,mI&. Due to the admixture of
all mI values in all the eigenstates, formalDmI562,63,64
transitions can be detected. These are clearly visible in Fi
for 69Ga, 71Ga, and67Zn. In the Ga case withI53/2 we
obtain twoDmI562 transitions and oneDmI563 transi-
tions for each of the isotopes. In the case of67Zn with I55/2,
the numbers of transitions are 4 forDmI562, 3 for
DmI563, 2 for DmI564, and 1 forDmI565. Since the
shift signals result from saturation of the NMR transitio
and do not have to be detected via the transverse magne
tion as in NMR spectroscopy, theseDmIÞ61 transitions are
intense and easy to measure. This situation applies to Ga
well and here all the transitionsDmI561,62,63 can be
seen for both isotopes69Ga and71Ga in Fig. 2. No indepen-
dent information beyond that available from theDmI561
can be obtained, but care must be taken not to confuse t
transitions with those from other nuclei in the same f
quency range. Furthermore, theDmI562 transitions, for ex-
ample, can be driven efficiently by double-quantum tran
tions, which can be clearly seen in the case of17O in Fig. 3.
All these details must be taken into account when fitting
data to the appropriate model.

More detailed information on the quadrupole splitting w
obtained by selectively measuring spectral regions of inte
with high resolution. Figure 2 in Ref. 3 shows the results
the two 14N transitions in GaN. A nearly perfect fit to
model including a Lorentzian line shape and a subsequ
exponential decay is possible~solid line! and from the fit
data we deduce a quadrupole splitting of 20.89 kHz. W

FIG. 2. Overview of the Overhauser shift spectra for GaN a
ZnO. Lower part; GaN,T58 K. Upper part: ZnO,T58 K. The
origin and the order of the transitions are indicated in the figure
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55 5077DETERMINATION OF ELECTRIC-FIELD GRADIENTS . . .
the theory of the quadrupolar interaction~see, e.g., the treat-
ment in Ref. 9! and a complete diagonalization of the Hami
tonian, we obtain the electric-field gradientVZZ at the N
position. We quote the quantitye2qQ/h5eQVZZ/h in fre-
quency units and use the known values of the quadrup
momentsQ ~Ref. 18! to derive the corresponding field gra
dientsVZZ . Note that theQ values are not always known to
the precision of the experiment, so a comparison of the f
quencies may be more appropriate.

Taking eQ50.0156310224 cm2 for 14N, we determine
VZZ5~0.78860.004!61020 V m22 at the14N position. In a
similar manner, all the electric-field gradients at the differe
nuclear positions have been determined. Figure 3 shows
results of a high-resolution measurement of the17O induced
shift. This shift shows the high sensitivity of our double
resonance scheme: the natural abundance of17O is only
3.831024, resulting in relative shiftsDBOv/B0 of the order of
1028. Nevertheless, both the shift itself and the NMR lin
positions can be determined with high precision due to t
stabilization of the spectrometer. In all cases we used a co
plete diagonalization of the respective spin Hamiltonian f
I51 ~14N!, I53/2 ~69Ga and71Ga!, or I55/2 ~67Zn and17O!,
assuming radial symmetry with respect to the hexagonac
axis ~h50!. An asymmetry parameterh50 is expected from
the crystal symmetry and was confirmed experimentally f
the Zn site by Mo¨ssbauer spectroscopy.19 The angleu and
the effective fieldB0 were used as fitting parameters togeth
with the quadrupole couplingnQ . In all cases the minimum
of the sum of least-square differences could be determin
unambiguously and with high precision. It even turned o
that deviations of the angleu from 90° due to deviations in
mounting could be precisely corrected from the fit of th
quadrupole splitting. This is exemplified in Fig. 4, where w
show a cut through the fit error versus the angleu and field
gradiente2qQ/h. The repeatability of the fitting procedure
between independent data sets of the same sample is
proximately 0.2% and the reproducibility between data se
from different samples is 0.3%. The experimental errors

FIG. 3. Overhauser shift of17O with high resolution. The RF
offset is 2000 kHz. The position of the fiveDm51 lines is indicated
by the dashed vertical lines. The fourDm52, double-quantum tran-
sitions are visible between theDm51 single-quantum transitions.
The solid line is a fit to the data including both types of transition
Note the relative accuracyDBOv/B0'1031029.
le
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the NMR line positions are difficult to determine direct
since these positions are in themselves the result of a no
ear fit of the data to a model including linewidth and rela
ation. Our experimental approach to the overall precision
the field gradient determination was to use results from
dependent measurements in the case of GaN. Furthermo
ZnO we compared independent results from differe
samples with differentn-doping concentrations. Individua
determinations in ZnO differed by no more than 0.3%; t
precision in GaN is slightly worse, 0.5%, limited by a poor
signal/noise ratio of the ESR. Our results are summarize
Table I together with a comparison with existing values fro
other experiments and from theory. The highest precis
reported so far was obtained in a67Zn Mössbauer experimen
on 85.2% 67Zn enriched ZnO powder.19 The Mössbauer
value is 0.37% higher than our67Zn value and the agreemen
is within the experimental errors. We are confident, the
fore, that our double-resonance scheme yields high-preci
measurements of field gradients for the other nuclei as w
Values from NMR powder investigations for the Ga positi
in GaN ~Ref. 20! and for the O position in17O enriched
powders21 differ by up to 10%, but in these studies no pr
cision is stated. The results of the present work are expe
to be of higher precision, considering the indirect NMR a
proach employed in the linewidth studies of powder samp
Within the limits set by the ESR signal/noise ratio our da
also appear to be free of systematic uncertainties.

The purpose of this paper is not to interpret the elect
field gradients but to present reliable, precise results of
field gradients in semiconductors for all the nuclear sites
to stimulate different calculations. The experimental data
67Zn from Mössbauer spectroscopy19 have already allowed
detailed Hartree-Fock cluster calculations for the Zn site
ZnO.22 The authors report the result of a~ZnO4!

62 cluster
calculation by a Hartree-Fock linear combination of
atomic orbitals–molecular orbital procedure, which yiel
VZZ57.131020 V/m2, only 8% larger than both the Mo¨ss-
bauer value and the value from this work. Similar clus

.

FIG. 4. Sum of least-squares errors for the fiveDm51 transi-
tions of 67Zn versus the angleu and e2qQ/h. Three contours of
constant error values are shown near the minimum atumin586.74°
and 2391.88 kHz. The Zeeman plus quadrupole Hamiltonian
diagonalized byMAPLE and fitted to the experimental line position
of all five Dm51 transitions.
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TABLE I. Electric-field gradients in GaN and ZnO from this work and comparison to values from other experiments.

Sample GaN,T58 K ZnO, T520 K
Experiment\ isotope 69Ga 71Ga 14N 67Zn 17O

eQVZZ/h 2.86560.015 MHz 1.80660.01 MHz 29.7260.15 kHz 2.39260.007 MHz 14560.45 kHz
~this work!

Mössbauer
spectroscopy
~Ref. 19! 2.40160.004 MHz

NMR magic
angle spinning
~Refs. 20 and 21! 2.8 MHz 1.7 MHz 130 kHz

Q ~10224 cm2!
~Ref. 18! 0.168 0.106 0.0156 0.150 20.02578

VZZ ~1020 V/m2! 7.05360.04 7.04660.04 0.78860.004 6.59560.02 2.32660.007
fo
a
st
in
ap
e
uc

et
or

th
ite

th

an
ither
he
en-
n-
nts
al
e or

ed

ts
-

calculations should now be possible for the O site and
both nuclear sites in GaN. As an approximation one c
calculate the electric-field gradients of the hexagonal cry
structure by using an ionic point-charge model and includ
the Sternheimer antishielding factors. Details on this
proach for GaN and ZnO can be found in Ref. 23. Howev
due to the unknown covalent contributions of the bond, s
an approach is not entirely satisfactory andab initio calcula-
tions such as those in Ref. 22 are necessary. Reliable d
minations of the bond ionicities in these semiconduct
should be possible from the field gradient calculations.

V. CONCLUSION

Electric-field gradients have been determined for all
nuclear sites in two typical semiconductors with wurtz
structure: GaN ~III-V ! and ZnO ~II-VI !. The magnetic
double-resonance method is of general applicability since
, T

G

J.

J

A.
r
n
al
g
-
r,
h

er-
s

e

e

bandstructure of the III-V and II-VI compounds provides
s-type conduction band and shallow donors are present e
unintentionally or can be supplied by suitable doping. T
high sensitivity of the double-resonance scheme should
able investigations in thin films, interfaces, or even of qua
tum confined structures, where the electric-field gradie
differ from the bulk. An extension of the method to optic
detection of magnetic resonance via, e.g., luminescenc
circular polarization of the luminescence,24 should further
enable higher sensitivity and selectivity.
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