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

Gert Denningéet and Daniel Reiser
Physikalisches Institut, Universit&tuttgart, Pfaffenwaldring 57, D-70550 Stuttgart, Germany
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Wourtzite-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 gr&diefas 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 res@iklRE sensitivity
through the double-resonance technique. The valgefor 7Zn in ZnO is in excellent agreement with the
value obtained by Mssbauer 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 result¥ Fvalue for the N
position in GaN was determined. The field gradients are directly related to the bond ionicities in these IlI-V and
11-VI semiconductors[S0163-18207)01808-0

[. INTRODUCTION motion or by exchange, thereby averaging the hyperfine cou-

pling between the nuclear and the electronic spins and mak-

A direct approach to the measurement of electric-fielding it possible to measure the Knight and Overhauser shifts,

gradients in crystalline solids is the observation of thewhich can both be used as local probes. Since the electronic
electric-quadrupole splittings of nuclear magnetic resonanc&ave function includes coupling to all the nuclei, interac-
(NMR) transitions. A prerequisite for such measurements i$ions like the quadrupolar coupling reflect primarily the field

the presence of nuclei with nonvanishing quadrupole mogradient of the unperturbed material. The advantages of mea-

mentsQ (I=1). If the quadrupolar nuclei are sufficiently SUring the interaction in the double resonance scheme de-

abundant, possess a convenient gyromagnetic rgtiand ~ SCfibed in the present approach are threeftldan increase

large single crystals are readily available, this direct NMRIN sensitivity due to the detection of the NMR transitions via

approach poses few experimental problems. However, H‘le ESR(ii) dynamic nuclear polarization can frequently be

number of interesting nuclei with quadrupole moments exisﬁﬁ?dsé?eizsi?ta:];'?gg Ilg(t:triizs:r(tages S‘;ﬁ'&;ggﬁit (;liJr;tfgﬁr, :fr_]d
in very low natural abundande.g.,*’O with 3.8<10“ and y y

35 with 7.5¢10°%) or possess rather loy (e.g., “N) or forded by the coupling of the nuclei to the electrons. In the

both. leadi duced NMR vty | h following sections, after a reminder of the basic theory, we
oth, leading to a reduce sensitivity. In such casegyegeripe the experimental setup and present results on the

isotopic enrichment and large sample volumes are necessagkmiconductors GaN and ZnO, which both exhibit electric-

for NMR investigations, making it difficult if not impossible  fig|q gradients with axial symmetry in the hexagonal wurtzite
to investigate thin films, epitaxial layers, quantum wells, in-gtrycture.

terfaces, and surfaces. There is much contemporary interest
in NMR investigations of such samples since the crystal
structure and the electronic structure can differ from the bulk
case. Electronic spinsS and nuclear sping interact via the

As an example, consider GaN or ZnO, which crystallizehyperfine interactiorthfi) I A S, characterized by the hyper-
in the hexagonal wurtzite structure with an accompanyindine tensorA. This interaction exists in atoms, molecules,
electric-field gradient. Thin epitaxial layers of GaN, on theand the solid state, for both localized and delocalized elec-
other hand, can be stabilized in the cubic zinc-blenddron states. Whereas the hfi is usually resolved in the ESR
structuré with vanishing electric-field gradient. Quantum spectra of radicals in gases and liquids, the inhomogeneous
wells, quantum wires, and other confined structures are exsroadening in solids in general results in unresolved hfi
pected to exhibit electric-field gradients even in the presencstructure of the corresponding ESR. In such cases, electron
of local cubic site symmetry. In all these cases, traditionahuclear double resonan€ENDOR) is the method of choice
NMR methods often lack either the sensitivity or the selecto resolve the hff,an approach that is only feasible fiso-
tivity for the specific studies of interest. lated electron centers. As soon as the individual ESR centers

In this paper we present an alternative approach, whiclnteract via an exchange interactifg,, the correlation time
relies on the coupling between nuclear and electronic spingf a particular electronic spin at a particular nuclear position
the hyperfine coupling. The electronic spins can arise frondecreases te.=#%/E,,. All ENDOR transitions with hfi en-
conduction electron§n metals, organic conductors, or semi- ergies A<#/7.=E,, undergo severe broadening, making
conductor or shallow donors in semiconductors with suffi- them unobservable. An extreme case is that of conduction
cient overlap of the donor electron wave functions. The elecelectrons in metals, which are coupled to all the nuclei with
tron spin resonancéESR must be narrowed either by a correlation timer.=#/Eg for the relevant unpaired elec-

II. THEORY
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tronic spins at the Fermi enerdy: . With typical values of in the range of the shallow donor wave function experience a
Er=1 eV, the correlation times in metals are usually of thehfi that falls off exponentially with the distance from the
order of 10 *° s or shorter and the hfi between electrons anddonor center. In contrast to the case of conduction electrons
nuclei is averaged away. Remaining consequences of the fifi metals or semiconductors, there is a distribution of cou-
are (i) Knight shifts of the NMR lines due to the average pling constants and the Knight shift and the Overhauser shift
electronic polarizatiogS,) #0 and accompanying interaction can only be calculated by numerical integration over the
proportional toA(S,), (ii) Overhauser shifts of the ESR lines wave functiond(r).
due to the average nuclear polarizatidp) #0 and accom- A further consequence of a scalar hfi is that the nuclear
panying interaction proportional t&{l,), (ii) nuclear spin polarization can be enhanced considerably by the saturation
lattice relaxation via the fluctuating part of the hfi, afid)  of the ESR line. This dynamical nuclear polarizati@NP)
dynamic nuclear polarization effects if the ESR transitionsphenomenon is known as the Overhauser effégart from
are driven out of thermal equilibrium. metals, where it was predicted and obser(eBNP is
In the case of electron spins interacting via exchange inparticularly dominant in semiconductdtsLhe consequence
teractions the reasoning is similar to that for conduction elecef the saturation of the ESR/[saturation factor
trons. All hfi interactionsA<E,, are averaged and the cor- s=({S?) —(S,))/(S?), s=0 for no saturations=1 for com-
responding resonance shifts are manifested. A majoplete saturatiohis an enhancement of the nuclear spin po-
difference between the cases of conduction and exchandarization(l,) from its thermal equilibrium valuél 2):
coupled electrons is the temperature dependen¢g,pf For
conduction electrons the magnetic susceptibility, and thus (1)=(1)(1+Vs). 3
(S,), is small and essentially independent of temperatur
(Pauli paramagnetismExchange coupled electron systems,
on the other hand, behave practically like a Curie spin sys-. : . ! )
tem with (S,)<1/T, as long as the exchange coupling via the_electromc spins to the relaxfatlon ratg via other
E..<kT. This situation is essentially fulfilled for shallow nteractions(e.g., quadrupolar relaxatign
donors in semiconductors in a certain doping range between
isolated donorglow Np) and metallic conductiothigh N). = (Gets) We ) %)
A general feature of the band structure of the 1ll-V and (Inmn) (WetWo)

II-VI semiconductors is a conduction band With_predomi—-l-he DNP factor can reach substantial valges., 9106 for
nantly s-like symmetry and a valence band derived from N and 2735 for®%Ga, both calculated fog,=2 and no
] e

p-like atomic orbitals. Thus the conduction-band eleCtron"‘Ieakage” w,=0). It is this large factorV that represents

Is;hallqw dctmotrtwavc; funcf'qon:f, EOUDL_G to the nuclei via theone of the main advantages of double resonance experiments
ermi-contact-type hyperiine interaction of the Overhauser shift type. The enhanced nuclear polariza-
tion (I,) leads to an enhanced Overhauser sk, of the

?:or a scalar hfi of the Fermi contact type the DNP fadtor
depends only on the ratio of nuclear spin relaxation vate

877 Mo .
A= 7, (A7) (Gers) ()2, 1y ESKR
). . . A, {19
where|y(r,)|° is the probability density of the electron at the ABo,=ABQ,(1+Vs)= (1+Vs), (5)
nuclear positiorr,, and(%y,) and @.ug) are the magnetic GeMB

mo_lr_r;]ents of t?e nqcleus a'_“d the Elzllectronk. ; ith WhereAB%v denotes the Overhauser shift at thermal equilib-
€ wave unctiony(r,) is usually not known for eit € rium andA,, is the tensor component of the hfi in the direc-
the conduction electrons or the shallow donors. In SeMICONG 1 of B. Thus the shift of the ESR by the average polariza-

ductors with '°".V effective masm_* of the conduct_|on elec- . tion of the nuclei can be enhanced by partial saturation of the
trons, the effective-mass theory IS an approximation, desc.n SR and can be measured at the same time through the po-
ing shallow donors as hydrogenlike centers with En effeCtiveition of the ESR line. Even with the complications of the
Coulomb potentiab/(4meee). Low effective massn™ (€., ymerical averaging of the hfi over the shallow donor wave
0.20.02 for GaN and h'.ghs (~10 fzr GaN yield rather function, the above analysis of the DNP remains basically
large effective Bohr radiiagg=ags/m* (agr=26.5 A for et "One has to keep in mind that the DNP is different for
GaN (Ref. 3 and thg envelope vyav.e function of the shallow ,cjei at different distances from the donor center and the
donor ground state is hydrogeniike: factor V has to be interpreted as a suitable numerical aver-
age. Detailed numerical analyses for this case are presently
11 oxd " (zy under way. Apart from the complication of interpreting the
Jr \/a_’g‘ﬁ Aeif/ V, DNP can be used to increase the measured ESR signal
shifts considerably. Basically one uses the ESR to detect the
wherer is the distance from the donor center. As an approxiNMR transitions with high sensitivity and with selectivity to
mation, the hyperfine coupling of a nucleus of typeat  the volume in the range of the donor wave function.
positionr, can be expressed agr,)=A_|®(r,)|?, with an The quadrupole interaction of nuclei with spiesl af-
“amplification” factor A, characteristic of the isotope and fects only the nuclear spins and is not influenced by the
the substance, but independent of the distapcélhe theo- motional or exchange averaging. In single crystals with non-
retical justification for such an approximatiband experi-  vanishing electric-field gradients at the nuclear sites this in-
mental evidence for the validity of this approddtave been teraction splits the NMR spectrum int@* 1 —1) lines. The
described previously. The consequence is that all the nuclsiame happens to the Overhauser shift spectrum. In all the

d(r)=
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cases discussed in this paper, the electric-field gradient has |
axial symmetryV,,#Vyx=Vyy. The indicesXX,YY,ZZ '

refer to the principal axis system of the quadrupole tensor. If ] %a'z’gen:;d
as usual the magnetic field is applied alangnd the angle i :
£(Z,z) is denoted by, the quadrupole Hamiltonian is | 1| semirigid
) 9 Coaxial cable
N 9% o _1)[ai2—
H—4|(2|_1){2(3co§0 D[3IZ-1(1+1)] |
+2 singcos[1,(1.+1 )+ (1, +1)1,] ! '_u\_
+2 sirta(12 +12)}, (6) hs

|
where Q is the quadrupole moment of the nucleus and !
eq=V, the electric-field gradiert.The Hamiltonian of !
Eqg. (6), together with the Zeeman-Hamiltoniag,u,Bl,, ! B,
can be fully diagonalize@for example, by mathematical pro- '
grams such asiAPLE or numerically. From a fit of the ex- @
perimental NMR transitions to the solutions of the Hamil- J__

tonian one can determiné,, with high precision as shown
in the following section.

50 mm

[ RF-loop
14 mmi

lIl. EXPERIMENTAL SETUP FIG. 1. Sample holder with radio-frequency loop for insertion
into the dielectric resonator.

Three major experimental requirements for the successful
investigation of hfi interactions by the Overhauser shift tech+ange. Larger angles can be achieved by adjustment of the
nigue are the following. glass substrate with respect to the loop.

(i) The ESR signal of the conduction electrons/holes or With this setup, the ESR of the shallow donor resonance
shallow donors/acceptors must be detected with sufficienh the semiconductors GaN and ZnO has been measured and
signal/noise ratio and long-term stability. At least partial typical results are depicted in Fig. 1 of Ref. 3 and in Fig. 1 of
saturation of the ESR signal should be possible in order t&Ref. 23. Both resonances are characterized hy factor
enhance the nuclear polarization via the DNP effect. considerably lower than 2: for GaNy,=1.9503-0.0001

(i) The NMR of all the relevant nuclei must be nearly and g, =1.9483+0.0001® for ZnO 0,=1.956 and
completely saturated. Due to the rather low nuclear relaxg, =1.955% Details can be found in Refs. 3 and 11 and the
ation rates I¥, this requires only moderate RF fiel&s. references therein. For the purpose of the present investiga-

(iii) Since the measurable Overhauser shifts are often verjon it is only important that both resonances originate from
small(ABo,/By~10"2 or less, high-stability field-frequency shallow donor§*** and the ESR is appreciably exchange
locking of the ESR setup is necessary. narrowed[a factor =50 for GaN (Ref. 3]. This exchange

These requirements can be accommodated, but not optitarrowing is essential for the averaging of the hyperfine in-
mally, by using a commercial ENDOR setup. ENDOR reso-teraction(see Sec. Y and for the DNP. However, similar
nators are usually designed to provide fairly intense RF fieldsesults are to be expected for motionally narrowed lifees
B, and the ESR sensitivity is low compared to standard ESR1 metalg. Most ordinary metals, however, have cubic site
resonators. We follow a different strategy, placing more emsymmetry and no electric-field gradient. In organic metals
phasis on high ESR sensitivity and only low RF fields. Athe resolved quadrupole splitting of tHfel resonance has
cavity with a high-quality facto® and a high filling factoris been detected in a similar way.
optimal, since fairly higtB, fields can saturate the ESR even  Figure 1 in Ref. 23 shows the somewhat unusual tempera-
at low microwave power. The RF field, is produced by a ture dependence of the ESR linewidth of ZnO, with GaN
single hairpin loop surrounding the sample and the connedsehaving in a similar manner. The explanation in both cases
tion to the RF amplifier is provided by a coaxial cable insideis the combined action of increasing exchange and increasing
the sample holder. A useful combination used in ¥tpand  scattering by optical phonons and can be correlated to the
work is the dielectric ring resonatécommercially available temperature dependence of the charge carrier mobfiipr
from Bruker GmbH, which is insensitive to the additional measurements of the electric-field gradient the temperature
metal from the RF loop. In th® band(34 GH2 we use the range 8 KsT<50 K was used, with particularly high sensi-
standard low-temperature cylindrical resonator, but the predivity and precision af=10 K. Whereas signal/noisé&{N)
ence of the RF loop considerably lowers the quality faQor considerations would favor lower temperatures, thermal sta-

Figure 1 shows one of our RF inserts for the dielectricbility of our helium flow cryostat was better @&t=10-20 K.
cavity. Solid samples with typical dimensions up ta3x1 A further advantage of =10 K is that the nuclear relaxation
mm? can be directly mounted on a groove in the glass sampleates are not too low, permitting fairly rapid repetitive
rod. Powder samples use a slightly different sample holdesweeps in the double-resonance experiments.

Small angular adjustments can be performed by turning the Double-resonance shift measurements are conducted by
sample rod, but the RF fiel®8, must retain a significant locking theB field to resonance through an additional regu-
component perpendicular tB,, thus limiting the angular lated field AB, realized by a dc offset through the cavity
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modulation coils. This scheme offers stability, ease of 05

handling and accurate shift calibratibhThe dc offset cur- T Lo
rent directly reflects any changes in the resonant field. This ~
signal reflects the resonant Overhauser shift and it is en- 2 oo |
hanced by repetitive sweeps of the RF through the NMR A
resonance lines. At higher RF power, the nonresonant Bloch- o
Siegert shiftABgs=2(B,/B,)? yields a background signal 2 sl I
that is irrelevant in these experiment8, is the RF 3 7
magnetic-field component in the rotating frame. A complete am=2
Overhauser shift experiment requires the investigation of the 10 —— e
shift as a function of microwave power and RF power at 04 07 10 13 16 19 22 25 28
each temperature in order to access both ESR and NMR o2p T T ]
saturation parameters. In the present case only one set of data ga
near optimumS/N conditions is sufficient to determine the z 00T
qguadrupole splitting and the electric-field gradi&ht, . g o2t Tos
=4
3 04f [
IV. EXPERIMENTAL RESULTS AND DISCUSSION % I ]—' e,
£ 061} Am=3
The GaN sample investigated in this study was a 28t- g’ ° “N Taa U
thick free-standing platelet, originally grown or{@00Y) ori- 0.8 | am=2"Ga
ented sapphire substrate by hydride vapor epitdxyhe JJ"Ga
concentration of shallow donors was estimated by ESR to be 0 T4 6 8 10 12 12 16 s
5x10' cm 2 at 5 K. The ESR linewidth id B,,,=0.5 mT at NMR-frequency (MHz)
5 K. The ZnO samples were single crystals with a hexagonal
habitus, needle shaped with typical dimensions ®flX 10 FIG. 2. Overview of the Overhauser shift spectra for GaN and

mnr, and the hexagonal axis along the needle axis. Sample ZnO. Lower part; GaN,T=8 K. Upper part: ZnOT=8 K. The
1 was nominally undoped, but interstitial Zn leads to a donoi©rigin and the order of the transitions are indicated in the figure.
concentration oNp=5x10'® cm™3. Samples from the same
batch were already characterized by Hall mobility and confrequency=940 kHz. Since the quadrupole interaction at
ductivity measurements in 1974.In addition we investi- these low Larmor frequencie@ictated by the ESR fre-
gated a ZnO crystal 2 intentionally doped with Ga, donorquency of 9.7 GHgis not small compared to the Larmor
concentration=10' cm 3, with a size similar to that of interaction, the eigenstates of the effective NMR Hamil-
sample 1. With respect to the electric-field gradient measurgonian are not pure states dfm;). Due to the admixture of
ments no differences were seen within experimental erroall m; values in all the eigenstates, formimn, =+2,+3,+4
and results from both samples are presented. transitions can be detected. These are clearly visible in Fig. 2
In GaN, as in most Ill-V semiconductors, nearly all the for ®°Ga, "*Ga, and®’zZn. In the Ga case with=3/2 we
relevant isotopes possess a nuclear mont®&@a, | =3/2,  obtain two Am,==2 transitions and ondm,==3 transi-
60.1% abundance’'Ga, 1=3/2, 39.9%, and'N, 1=1, tions for each of the isotopes. In the cas&'@h with | =5/2,
99.63% abundangeThus the Overhauser shift, proportional the numbers of transitions are 4 fakm,=*+2, 3 for
to the abundance, is relatively large. An overview shift specAm,==3, 2 for Am;==*4, and 1 forAm,==5. Since the
trum is shown in Fig. 2 spanning the range 0.8—18 MHz. Allshift signals result from saturation of the NMR transitions
the relevant isotopes result in shift peaks near the freand do not have to be detected via the transverse magnetiza-
nuclear Larmor frequency and the quadrupole splitting is dition as in NMR spectroscopy, thedan, #*+ 1 transitions are
rectly accessible. Due to the rather long nuclear relaxatiointense and easy to measure. This situation applies to GaN as
times (up to a few hundred seconds in GaN at 3 ke  well and here all the transitiondm,==*1,+2,+3 can be
general appearance of an Overhauser shift signal is a steplilseen for both isotopeSGa and’'Ga in Fig. 2. No indepen-
decrease near the NMR transition followed by a slow relax-dent information beyond that available from then,=*1
ation towards equilibrium. This can be seen very clearly atan be obtained, but care must be taken not to confuse these
=1.1 MHz for the two transitions of’N. transitions with those from other nuclei in the same fre-
In ZnO the isotopes with magnetic moments have lowquency range. Furthermore, then, = *2 transitions, for ex-
natural abundancézn, | =5/2, 4.1% abundance arldO, ample, can be driven efficiently by double-quantum transi-
| =5/2, 3.8<10"* abundance This is a rather general char- tions, which can be clearly seen in the casé’@f in Fig. 3.
acteristic of II-VlI semiconductors. One consequence is &ll these details must be taken into account when fitting the
rather small hyperfine interaction compared to the Ill-V casedata to the appropriate model.
resulting in, e.g., much narrower ESR lines of conduction More detailed information on the quadrupole splitting was
electrons and shallow donok® G in GaN and 0.3 G in obtained by selectively measuring spectral regions of interest
Zn0O). The resulting Overhauser shift is smaller as well, butwith high resolution. Figure 2 in Ref. 3 shows the results for
due to the narrower ESR line it can be measured with highethe two XN transitions in GaN. A nearly perfect fit to a
precision and high DNP values can easily be achieved. Figmodel including a Lorentzian line shape and a subsequent
ure 2 shows an overview result for tiB L ¢ axis. The ex- exponential decay is possiblsolid line) and from the fit
pected five transitions df’Zn are centered near the Larmor data we deduce a quadrupole splitting of 20.89 kHz. With



20 30 40 50 60 70
RF-frequency Offset (kHz)

80

90

0
100
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FIG. 4. Sum of least-squares errors for the fivem=1 transi-
tions of 87Zn versus the angl® and e2qQ/h. Three contours of
constant error values are shown near the minimuré,at=86.74°
and 2391.88 kHz. The Zeeman plus quadrupole Hamiltonian was
The solid line is a fit to the data including both types of transitions.diagonalized byapLe and fitted to the experimental line positions
Note the relative accuracBg,/By~10x10°,

of all five Am=1 transitions.

the theory of the quadrupolar interactitsee, e.g., the treat- the NMR line positions are difficult to determine directly
ment in Ref. 9 and a complete diagonalization of the Hamil- since these positions are in themselves the result of a nonlin-
ear fit of the data to a model including linewidth and relax-

tonian, we obtain the electric-field gradieWt, at the N
position. We quote the quantig’qQ/h=eQ\V,,/h in fre-

guencies may be more appropriate.

Taking eQ=0.0156x10 2* cn? for “N, we determine
V;,=(0.788+0.004+10”° V m~2 at the **N position. In a

results of a high-resolution measurement of 1f@ induced

resonance scheme: the natural abundancé’®fis only
3.8x10 %, resulting in relative shiftd B, /B, of the order of

=1 (*N), 1 =3/2 (%°Ga and’*Ga), or | =5/2 (Zn and’0),

axis (p=0). An asymmetry parametey=0 is expected from

the Zn site by Mssbauer spectroscopyThe angleé and
the effective fieldB, were used as fitting parameters togetheralso appear to be free of systematic uncertainties.
The purpose of this paper is not to interpret the electric-

ation. Our experimental approach to the overall precision of
guency units and use the known values of the quadrupolthe field gradient determination was to use results from in-
momentsQ (Ref. 18 to derive the corresponding field gra- dependent measurements in the case of GaN. Furthermore, in
dientsV,,. Note that theQ values are not always known to ZnO we compared independent results from different
the precision of the experiment, so a comparison of the fresamples with differenh-doping concentrations. Individual
determinations in ZnO differed by no more than 0.3%; the
precision in GaN is slightly worse, 0.5%, limited by a poorer
signal/noise ratio of the ESR. Our results are summarized in
similar manner, all the electric-field gradients at the differentTable | together with a comparison with existing values from
nuclear positions have been determined. Figure 3 shows th@her experiments and from theory. The highest precision
reported so far was obtained if @n Massbauer experiment
shift. This shift shows the high sensitivity of our double- on 85.2% %Zn enriched ZnO powdéf The Mossbauer
value is 0.37% higher than oifZn value and the agreement

is within the experimental errors. We are confident, there-
1078 Nevertheless, both the shift itself and the NMR line fore, that our double-resonance scheme yields high-precision
positions can be determined with high precision due to theneasurements of field gradients for the other nuclei as well.
stabilization of the spectrometer. In all cases we used a com‘alues from NMR powder investigations for the Ga position
plete diagonalization of the respective spin Hamiltonian forin GaN (Ref. 20 and for the O position in’O enriched
powder$! differ by up to 10%, but in these studies no pre-
assuming radial symmetry with respect to the hexaganal cision is stated. The results of the present work are expected
to be of higher precision, considering the indirect NMR ap-
the crystal symmetry and was confirmed experimentally foproach employed in the linewidth studies of powder samples.
Within the limits set by the ESR signal/noise ratio our data

with the quadrupole coupling,, . In all cases the minimum
of the sum of least-square differences could be determinetield gradients but to present reliable, precise results of the
unambiguously and with high precision. It even turned outfield gradients in semiconductors for all the nuclear sites and
that deviations of the anglé from 90° due to deviations in to stimulate different calculations. The experimental data for
mounting could be precisely corrected from the fit of the®’Zn from Mossbauer spectroscoffyhave already allowed
quadrupole splitting. This is exemplified in Fig. 4, where wedetailed Hartree-Fock cluster calculations for the Zn site in
show a cut through the fit error versus the anglend field ~ZnO2? The authors report the result of (Zn0O,)®" cluster
gradiente’qQ/h. The repeatability of the fitting procedure calculation by a Hartree-Fock linear combination of an
between independent data sets of the same sample is agtomic orbitals—molecular orbital procedure, which yields
proximately 0.2% and the reproducibility between data setd/,,=7.1xX10?%° V/m?, only 8% larger than both the Kds-
from different samples is 0.3%. The experimental errors irbauer value and the value from this work. Similar cluster
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TABLE I. Electric-field gradients in GaN and ZnO from this work and comparison to values from other experiments.
\ Sample GaNT=8 K ZnO, T=20 K
Experiment\ isotope 5%Ga "Ga N 67zn o
eQV,,/h 2.865:0.015 MHz 1.806:0.01 MHz 29.72:0.15 kHz 2.392:0.007 MHz 145-0.45 kHz
(this work)
Mossbauer
spectroscopy
(Ref. 19 2.401+0.004 MHz
NMR magic
angle spinning
(Refs. 20 and 21 2.8 MHz 1.7 MHz 130 kHz
Q (10%* cmd)
(Ref. 18 0.168 0.106 0.0156 0.150 —0.02578
V57 (107° Vim?) 7.053+0.04 7.046-0.04 0.788-0.004 6.59%0.02 2.326-0.007

calculations should now be possible for the O site and fobandstructure of the 1ll-V and 1l-VI compounds provides an
both nuclear sites in GaN. As an approximation one cars-type conduction band and shallow donors are present either
calculate the electric-field gradients of the hexagonal crystalinintentionally or can be supplied by suitable doping. The
structure by using an ionic point-charge model and includinghigh sensitivity of the double-resonance scheme should en-
the Sternheimer antishielding factors. Details on this apable investigations in thin films, interfaces, or even of quan-
proach for GaN and ZnO can be found in Ref. 23. Howeverfum confined structures, where the electric-field gradients

due to the unknown covalent contributions of the bond, sucldiffer from the bulk. An extension of the method to optical

an approach is not entirely satisfactory afdinitio calcula-

detection of magnetic resonance via, e.g., luminescence or

tions such as those in Ref. 22 are necessary. Reliable detaircular polarization of the luminescent®should further
minations of the bond ionicities in these semiconductorsnable higher sensitivity and selectivity.

should be possible from the field gradient calculations.

V. CONCLUSION
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