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Electron nuclear magnetic double resonance on conduction elec-
trons reveals the hyperfine interaction hidden by the fast electron
spin exchange. We used the Overhauser shift technique to inves-
tigate the electron spin density of the conduction band of gallium
oxide, b-Ga2O3. Due to the monoclinic structure, the conduction
band of b-Ga2O3 is anisotropic and it is dominated by contribu-
ions from the two nonequivalent Ga sites. The large quadrupole
ouplings of the two gallium isotopes 69Ga and 71Ga (both with I 5
/2) are completely resolved in our double-resonance experiments.
his resolved quadrupole interaction allows the determination of

he electric field gradients at both gallium sites with high precision
nd high sensitivity. The resolved quadrupole splitting is the key
o the site-selected determination of the hyperfine interaction. The
oncepts behind these double-resonance techniques are rather gen-
ral and should be applicable in similar semiconductor
ystems. © 2001 Academic Press

Key Words: ESR/NMR double resonance; conduction electron
spin resonance; hyperfine interaction; electric field gradient deter-
mination; site-selective spin density determination.

INTRODUCTION

Magnetic Resonance in Semiconductors

Recent developments in semiconductor physics
brought up several families of materials such as SiC (1), GaN
and related alloys (2), transparent oxide conductors (TC
uch as ZnO (3), and more recently TCOs with rutile ty
hains (edge-sharing octahedra chains) such as spinels4) or

b-Ga2O3 (5, 6). A better understanding of the relation betw
the electronic and optical properties of these compounds
their structure requires probing their electronic structure
the atomic environments, especially in the case of TCOs
these compounds, which contain both unpaired electron
and nonzero nuclear spins, nuclear magnetic resonance (
and electron spin resonance (ESR) should be natural
niques for such structural investigations. NMR is a h
resolution technique providing geometrical information ab
atomic sites through the analysis of the electric field grad
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(EFGs) but suffers from a low sensitivity. ESR has a m
higher sensitivity and detects the conduction electrons, w
are the active components of semiconductors. Howeve
drawback is a low resolution and the hyperfine interac
providing information about the electronic structure and
atomic environments can rarely be analyzed. Electron nu
double resonance (ENDOR) overcomes these shortcom
Originally devised by Feher (7), ENDOR consists in detectin
nuclear spin transitions through a change in the ESR abso
of the electrons interacting with the observed nuclei.
spectroscopy combines the advantages of the high resolut
NMR and the high sensitivity of ESR, along with a gr
selectivity since only nuclei interacting with unpaired elec
spins are detected (8). A review of the structural analysis
point defects in solids by ENDOR spectroscopy is give
Ref. (9).

As long as the correlation time of an unpaired electron a
nuclear positions is sufficiently long, ENDOR spectroscop
a powerful technique for determining the hyperfine interact
and the spin density distributions in paramagnetic systems
spin–spin correlation timetc has to be long compared to t
inverse hyperfine frequency,tc @ h/Ai , whereAi denotes th
hyperfine coupling energy of the nucleusi . This condition is
usually fulfilled for localized electronic spins and for la
hyperfine couplingsAi . If on the other hand the electronic s
density is distributed over many nuclei, e.g., for a sha
donor electron in semiconductors, the hyperfine couplingAi

become small. By increasing the densityne of these extende
aramagnetic electron states, the exchange interaction
lectronic spins will dominate the paramagnetic properties

he electronic spins will be delocalized. As a consequence
orrelation timetc will become fairly short (tc , 10213 s for

exchange interactions in the meV range) and the conditiontc !

h/Ai prevails even for large couplingAi . The ESR line i
exchange narrowed with no remaining traces of the hype
splitting and ENDOR in the normal way is no longer possi
In fact, the ENDOR lines would be broadened in frequenc
something likeDf ' 1/t c . 104 GHz and are unobservab
The hyperfine interactionI z A z S between the nuclear sp
il:
i i
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249ELECTRON NUCLEAR DOUBLE RESONANCE IN CONDUCTING SOLIDS
I i and the electron spinS is averaged, and the followin
measurable quantities are observed:

(i) The nuclear resonance position is shifted from the
Zeeman interaction condition by an effective electronic
Be 5 2Ai z ^Sz&/( gim n), wheregi is the nuclearg factor, mn

is the nuclear magneton, and^Sz& is the ensemble average
the electronic spin componentSz. The relative shiftBe/B0 is
called the Knight shift in metals, and the paramagnetic sh
semiconductors.

(ii) The electron resonance position is shifted by an e
tive nuclear fieldBn 5 Ai z ^I z&/( gemB), where ^I z& is the
ensemble average of the nuclearI z component,ge is the elec-
ronic g factor, andmB is the Bohr magneton.Bn/B0 is called
the Overhauser shift. In normal metals, the Knight shi
much larger than the Overhauser shift, and the Overhause
is very difficult to detect due to the large linewidth of the E
of the conduction electrons in metals.

Due to the relative sizes of the Knight shift and the O
hauser shift in metals, most hyperfine interaction investiga
have been and are done via the Knight shift. This certa
holds for metals, since owing to the large concentratio
conduction electrons (ne ' 1023 cm23), the Knight shift is
rather large and directly accessible. The situation is compl
different in systems with a low concentration of paramagn
electrons, like doped semiconductors: The Knight shift is
small, often below the limit of detection. On the other hand
nuclear fieldBn is proportional to^I z&, and decreasing th
temperature will increasêI z& and thus increase the Overhau
hift. Also, very important experimentally, the nuclear po
zation ^I z& can be considerably enhanced by dynamic nu
polarization (DNP) by partially saturating the ESR transit
The DNP factors obtained in semiconductors are large (a
hundred to up to a few thousand; see details below) and
large enhancement factors enhance the Overhauser shi
respondingly.

Nuclear interactions such as the electric quadrupole cou
are not averaged to zero by the electron spin exchange
nuclei in the solid at normal conditions do not move from
to site, and thus there is no motional narrowing of the q
rupole interaction. Besides the dipole coupling of the nu
theJ coupling and possible nuclear couplings via the param
netic electrons only lead to a line broadening of the nuc
spin resonance lines of the order of a few kilohertz. If
quadrupole interactions are large compared to these linew
they are observable despite the electron exchange proces
fact, these nuclear interactions are practically not influenc
all by the extended paramagnetic electron state and refle
values of the solid in the diamagnetic state. Conduction
trons and/or extended shallow donor states at higher co
trations can thus be used to measure nuclear interactions v
electron spin with high sensitivity and high precision (10, 11).
By detecting the ESR via the luminescence in GaN, the q
rupole splitting of the gallium nuclei was determined in
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optically detected ENDOR experiment (12). In fact, for sys
tems with a large quadrupole interaction the method is
more attractive than normal high-frequency NMR in the s
regime, since the whole spectrum with all the transitions
tending over tenths of megahertz can be accumulated in
continuous sweep of the radiofrequency and under mag
fields much lower than in NMR.

AIM OF THE PAPER

In the experiments communicated here we apply the O
hauser shift technique to investigate single crystals
b-Ga2O3. This compound is ann-type semiconductor whe
slightly oxygen deficient. Slightly in the chemical sense me
one vacancy for about 104 oxygen atoms. These oxygen-
cancies act as shallow donors, and typical electron conce
tions arene 5 1018 to 1019 cm23. Several reasons justify t
choice ofb-Ga2O3. First, all the requirements for the doub
resonance technique discussed above are fulfilled: The
line is exchange or motional narrowed to a linewidth of'30
mT at room temperature. The ESR resonance is very st
due to the high number of spins even in tiny single crys
The overall hyperfine interaction is so large that a bistable
response is obtained, manifesting itself by a bistable hyste
observable even at room temperature (13–16). This bistability

ccurs at sufficiently high microwave fieldsB1 (B1 is the
magnetic field component in the rotating frame and is pro
tional to =Pmw, where Pmw is the microwave power). Th
phenomenon is clearly due to the coupling to the nuclei;
we know that a significant DNP is available even at ro
temperature. The nuclear interactions are almost exclus
due to the interaction of the electrons with the two gall
isotopes69Ga and71Ga (69Ga, I 5 3/ 2, 60.1% natural abu-
dance;71Ga, I 5 3/ 2, 39.9% natural abundance). The hyp-
fine interaction with the oxygen is negligible due to the
natural abundance of only 0.038% for17O.

The second reason justifying the choice ofb-Ga2O3 is that
its possible applications as TCO in optoelectronics (6) as wel
as the validation of the structural features recognized to ex
the bistable ESR (17, 18) require some knowledge of t
conduction band structure and the environment of the
nuclei. This could be provided by the Overhauser shift t
nique. The last reason is a recent determination of the EFG
NMR, which was however made difficult by the presenc
twins in the large samples used (19). These NMR results cou
be used for comparison with the present investigation. U
the case in cubic semiconductors like GaAs or in wurtzite
semiconductors like GaN, the crystal structure ofb-Ga2O3 is
less symmetrical and the EFGs are much larger than, e.
GaN. The crystal symmetry ofb-Ga2O3 is monoclinic,a 5
12.13 Å, b 5 3.04 Å, c 5 5.80 Å, andb 5 103.7° (20).

here are two nonequivalent Ga sites in the unit cell. Du
he coordination of the nearest neighbors, these are c
etrahedral site (IV site) and octahedral site (VI site). Note
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250 DENNINGER ET AL.
the actual site symmetries of the gallium ions are not ex
octahedral or tetrahedral butCS, with only one mirror plan
perpendicular to theb axis, and the EFGs are expected to
very different for the two sites.

Due to the low crystal symmetry, the conduction ban
expected to be highly anisotropic, and band structure cal
tions (17) and conductivity measurements (6) support thes

xpectations: The conduction band edge should most
erived from contributions from the Ga VI sites (15). This
ould imply a large hyperfine interaction on the VI site an
mall one on the IV site, if the dominant contribution of
nteraction was due tos-like electrons via a Fermi-contact ty
nteractionAi } uC(r i)u 2, whereC(r i) is the electron envelop
wavefunction at the nuclear positionr i .

We will show in the following sections that the doub
resonance scheme can indeed be used to separate the tw
and the two isotopes unambiguously. This site selectio
entirely due to the different EFG tensors at the two sites,
by a complete analysis of the double-resonance quadr
rotation pattern we obtain the EFG tensors with a prec
comparable to that of the recent NMR investigation (19). The
double-resonance scheme is much more sensitive (the c
used was smaller by a factor of'300 compared to the NM
case) and the problems with crystal twinning seem unimpo
(see (19) for details), due to the small single crystals which
required. More important is the fact that the hyperfine inte
tion is now accessible separately for the two sites. This c
not be achieved by NMR measurements, since the Knight
was not observed and is expected to be very small (a few
at maximum). Furthermore, there would be problems w
suitable reference for the Knight shift if it were that small

The double-resonance measurements described belo
be extended to supply the individual DNP factors and ind
ual relaxation times for all the transitions. These values c
be important for a detailed understanding of the bistable
organization of the nuclear spins (see (15, 16) for details). Here
we will concentrate on the complete analysis of the quadru
pattern, which is a prerequisite for all further double-reson
investigations.

EXPERIMENTAL

The samples were elaborated by the Verneuil method21),
hich is a melting and recrystallization process enabling
rowth of centimeter-size single crystals. The starting pow
f Ga2O3 (purity 99.99%) was purchased from Metal-Euro

Before the synthesis the powder was heated at 800°C for 8 h to
evaporate possible traces of water and carbonates. The c
growth was performed under slightly reducing conditions
oxygen and hydrogen flow rates of 4.4 and 10.5 l mi21,
respectively. The average growth rate was about 1.5 cmz h21.
A 3.2-cm-long single crystal was obtained, with a slight b
color indicating the presence of conduction electrons. Sm
samples with typical size 33 0.5 3 0.03 mm could b
ly
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extracted from this crystal for the ENDOR experiments. S
a small size is necessary to avoid a Dysonian distorsion o
ESR line due to the skin effect.

The basic Overhauser shift experiment consists in meas
the ESR line position with high precision and resolution
function of a radiofrequency field swept across the regio
nuclear transitions. It is essential to lock the field precise
the center of the ESR transition, since the Overhauser sh
the present case are as large as the ESR linewidth, and o
to use the special Overhauser lock system described in22).

In contrast to ENDOR experiments, where the use of
tively high radiofrequency power (RF power) is obligatory
order to saturate the hyperfine transitions which have relat
short nuclearT1 times, Overhauser shift experiments req
only low or moderate RF power. Therefore, one can u
standard ESR cavity and insert a double-resonance samp
This setup is described in (10) and has been used for parts
the experiments described here. The dielectric ENDOR p
head (Bruker, ER4118X-MD5-EN) is a good choice for
Overhauser shift experiments, since the dielectric resona
practically insensitive to the presence of an electrically
ducting sample. The rotation patterns presented below
been conducted with this equipment.

RESULTS AND DISCUSSION

Analysis of the Rotation Patterns

The starting point for an Overhauser shift experiment is
optimization of the ESR resonance. Figure 1 shows sp
recorded in a particular orientation by decreasing the mag
field. Because of the bistable hysteresis, the lineshape i
ferent when the field is increased. At low microwave po
(curve a,240 dB attenuation, 0 dB5 200 mW) the ESR lin
is a nearly perfect Lorentzian withDB > 30 mT. Theg factor

FIG. 1. ESR signal ofb-Ga2O3 at different microwave powers.T 5 293
K. (a) 40 dB attenuation; (b) 30 dB; (c) 20 dB; (d) 10 dB; and (e) 2 dB.P0 5
200 mW at 0 dB attenuation.



r
(

a ng
o on
i an
t Th
b nd
i Th
a mp
m unt
i

ate
tin

un

ha
e

r ect
e he
i y o
p ua
s ou
1 ou
1 . T

ites
e

r
ngs
po

t
ion

ual
ave
by

ance
tions
tates
size
atrix

ions
re the
yper-
n of
tical

nary

This

s of

e

two

l
z,

3 e of
p

Th
cu

a

251ELECTRON NUCLEAR DOUBLE RESONANCE IN CONDUCTING SOLIDS
is >1.96, depending slightly on the orientation. Theg-tenso
values and the orientations of the principal axes are known23)

nd can be used for accurately calibrating the rotation a
ffset (see below). Increasing the microwave power not

ncreases the ESR in amplitude, but clearly shifts the reson
o lower fields and completely changes the lineshape.
ehavior is due to the Overhauser shift of all the nuclei a

s exactly the interaction which is studied in detail here.
ngular rotation patterns were acquired with the sa
ounted in two fixed orientations shown in Fig. 2. For mo

ng position II, thec* axis is parallel to the rotation axisy of
the goniometer, and the magnetic fieldB0i z is varied in the
a–b plane. The offset of the rotation angle can be calibr
from the knowng-tensor values. We used a special moun
procedure of the crystals in a cube of 23 2 3 2 mm, which
allowed sample reorientations by exactly 90° without remo
ing the sample.

For both mounting positions double-resonance spectra
been recorded in angular steps ofDwrot 5 10° over a complet
otation period of 180°. Figure 3 shows the complete sp
xtending from 0 to 20 MHz for one mounting position. T

ndividual spectra are offset along the ordinate for clarit
resentation. We can clearly identify up to about 20 individ
hift lines per spectrum extending from practically 0 to ab
7 MHz. The highest shift values of individual lines are ab
5 mT, and the spectra show a strong angular dependence

number of shift lines is astonishing at first sight: ForI 5 3/ 2
one expects three resonance lines withDmI 5 1, and with two
isotopes69Ga and71Ga and the two nonequivalent gallium s
we should have just 23 2 3 3 5 12 lines. However, with th
ather low Larmor frequencies (about 3.6 MHz for69Ga and

about 4.6 MHz for71Ga) and the large quadrupole coupli
we observe all the six possible transitions in the quadru
split I 5 3/ 2 manifold, and correspondingly can have up
2 3 2 3 6 5 24 lines. The subsequent analysis of the solut

FIG. 2. Schematic drawing of the tip of the ESR sample holder.
material is Vespel. The sample is mounted in the rectangular cut inside a
The orientation of the crystal axes are shown forwrot 5 2woff. The b axis is

longx.
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of the full diagonalization was used to calculate the individ
transition rates. All of the transitions in most orientations h
sufficiently large transition matrix elements to be excited
magnetic dipole transitions. Note that in this double-reson
scheme we only have to partially saturate the NMR transi
since the observation is done via the electrons. This facili
the observation of “forbidden” transitions, but we empha
the fact that these transitions have fairly high transition m
elements to be excited efficiently in our case.

The interactions responsible for the individual line posit
on the frequency axis and for the angular dependence a
quadrupole interaction and the Zeeman interaction. The h
fine interaction can be completely ignored for the positio
the resonance lines in our case. Both from the theore
model of an extended electron center and from prelimi
double-resonance measurements at 94 GHz (W band), we
conclude that the Knight shifts are smaller than 5 ppm.
corresponds toDfKnight , (4.6 MHz) z (5 ppm)5 23 Hz for 71Ga
and can be neglected.

We use the following Hamiltonian for a complete analysi
the angular rotation patterns:

Ĥ 5 2gn z mn z B0 z Î z 1
eQVZZ

4I ~2I 2 1!

3 $3Î Z
2 2 I ~I 1 1! 1 h z ~ Î X

2 2 Î Y
2!%. [1]

The laboratory coordinate system is denoted byx, y, z, and the
magnetic fieldB0 is alongz. The principal axis system of th
EFG tensor is denoted byX, Y, Z and the operatorsÎ Z, Î X, Î Y

are along these principal axes, which are different for the

FIG. 3. Rotation pattern of the Overhauser shift ofb-Ga2O3. Experimenta
conditions:T 5 293 K, microwave frequencyfmw 5 9.6182 to 9.6188 GH
B0 5 0.34980 to0.35026 T, microwave powerPmw 5 0.159 W, andPRF 5

.25 W. A fifth-order polynomial background was subtracted for eas
resentation. The successive spectra withDw 5 10° are offset by 3.395mT

along the ordinate.
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252 DENNINGER ET AL.
sites. The nomenclature is as usual for the quadrupole in
tion: uVYYu # uVXXu # uVZZu andh 5 (VYY 2 VXX)/VZZ is the
asymmetry parameter. TheVII (I 5 X, Y, Z) are the electri
field gradients along the principal axes, andQ is the electric
quadrupole moment of the respective nucleus. The ope
Î Z, Î X, Î Y are transformed to the laboratory system operatoÎ z,
Î x, Î y by a set of three Euler anglesa, b, g for each site and
common rotation anglewrot along they axis. The resultin
transformed Hamiltonian is fully diagonalized (C-program r
tines for the diagonalization of Hermitian matrices, base
procedures described in Ref. (24)).

The complete analysis of the rotation pattern from Fig. 3
one with the following procedure: All the unambiguou

dentifiable resonance positionsf are extracted. At this sta
here is no way to assign individual transitions to individ
ites or isotopes. The resulting data are a set of reso
ositions versus rotation anglewrot. The model resulting from

the Hamiltonian Eq. [1] after the transformation into the
oratory axes system depends on essentially six parameteB0,

ZZ, h, and the three Euler anglesa, b, g. B0 is common to th
wo sites, and the other five parameters are specific for
ite. The two isotopes present no additional complication:
set of parameters is known for one isotope, it can be ca

ver to the second isotope by scaling it with the known va
f gn and Q. In the analysis we usegn 5 1.34439,Q 5

0.1683 10224 cm2 for 69Ga andgn 5 1.70818,Q 5 0.1063
0224 cm2 for 71Ga. In Fig. 4we show the resulting fit data f

the two sites separately. It is obvious that the model base
Eq. [1] fits the data very accurately and thus unambiguo
proves that the quadrupole coupling is responsible for
angular variation. A similar good fit was obtained by analyz
the data from sample mounting position I, and the result
included in Table 1.

The essential parameters obtained by the two experim
data sets are summarized in Table 1. We note that the
rupole frequencies (eQVZZ/h) and (eQVXX/h) agree within
0.8% between the two mounting positions. It is not possib
give a reliable statistical error of the individual paramet
since we have only two independent data sets. We estim
relative accuracy of68 3 1023 for the individual quadrupo
couplings.

From the Euler anglesa, b, g, and from the known orien
tations of the crystal axesa, b, c, to the laboratory frame o
reference, we can deduce the orientations of the EFG prin
axes for the two sites. Asb is perpendicular to thea–c mirror
plane of the crystal structure, one of the principal axis of
EFG tensors should be along theb direction. Within the
estimated errors for the Euler angles this is consistent wit
data analysis: For the VI site, the componentVXX is alongb,
and for the IV site it is the componentVYY. In thea–c plane we
deduce orientations for the principal axes as summariz
Fig. 5. The absolute accuracy of the angles is limited
possible misalignments of the crystal on the sample hold
62°. These errors could be further reduced by aligning
ac-
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crystals to the sample rod by anin situX-ray analysis. Our da
analysis compares very favorably with a similar analysis f
NMR experiments (19). Table 2 directly compares the essen
parameters from both investigations and our assignment
orientations agrees with that shown in Fig. 3 of Ref. (19).
Owing to the rather low Larmor frequencies of 3.5 MHz
69Ga (4.6 MHz for71Ga) used in this work, we are not able
deduce the chemical shifts of about 200 ppm (IV site)
about 25 ppm (VI site) from our analysis. In fact, these s
and the reported anisotropies of about 30–40 ppm are so

FIG. 4. Comparison of the experimental resonance positions} to the
results of the full diagonalization of the Hamiltonian, Eq. [1] (full line,69Ga;
dotted line,71Ga). The separation into experimental points belonging to the
ites (a, VI site; b, IV site) has been done after the analysis for the purpos
lear presentation. The extracted parameters are given in the text and in T
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253ELECTRON NUCLEAR DOUBLE RESONANCE IN CONDUCTING SOLIDS
on our frequency scale that we do not have to include the
our analysis.

DNP Analysis and Site Selection

After the successful analysis of the rotation patterns we
now able to measure double-resonance spectra at any o
tion and to unambiguously assign the site, the isotope, an
transition to each observed resonance peak. This enabl
calculation of the energy diagram, the occupation differe
and the transition matrix elements, and this is a prerequisi
the determination of the individual DNP factors. We now t
to an analysis of the amplitude of an individual Overha
shift line. Figure 6 depicts a single double-resonance spec
with biB0. The most intense line at 14.33 MHz is enlarge
the inset. The shift amounts to about 12.5mT and the lineshap
s peculiar with a steep rise followed by an apparent expo
ial decay. This behavior is due to the fact that after satur
n the resonance position, the nuclear polarization can on
uilt up on the timescale of the nuclearT1 time. If the transi

time Dt trans of the RF sweep through the resonance is not
ompared toT1, these exponential tails appear on the h

frequency sides of all the resonances. Concentrating on
particular line and sweeping the RF so slowly thatDt trans @ T1,
we obtain a nearly pure Lorentzian resonance lineshap
shown in Fig. 7. The linewidth is about 9.2 kHz and
amplitude depends strongly on the microwave power us

FIG. 5. Principal axes of the EFG tensor in thea–c plane. The third axi
is along theb direction perpendicular to the plane. The angled 5 9.7° 6 3°.

he length of the arrows is proportional to the field gradient.

TABLE 1
Parameters from the Rotation Pattern Analysis

for the Two Mounting Positions

Site VI Site IV

Mounting II Mounting I Mounting II Mounting

eQVZZ/(12 z h)/kHz 1089.46 1085.54 21356.86 21352.85
eQVXX/(12 z h)/kHz 2594.02 2589.239 1474.36 1471.99
eQVYY/(12 z h)/kHz 2495.44 2496.301 2117.5 2119.14
h 0.0905 0.0856 0.8406 0.83
a/degree 0.16 96.39 3.14 11.38
b/degree 0.05 89.53 9.7 98.05
g/degree 22.7 95.95 88.13 97.37

Note.The axesX, Y, Z refer to the reference system oriented by the E
angles with respect to the laboratory framex, y, z.
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measure the ESR. This directly shows the mechanism of
which results in a higher̂I z& when partially saturating th

SR. In fact, the dependence of the Overhauser shift amp
n the microwave power can be analyzed quantitatively:

DBov 5 DBov
0 z ~1 1 V z smw!. [2]

Bov is the measured Overhauser shift with DNP andDBov
0 is

the shift in thermal equilibrium at temperatureT. The quantity
smw is the microwave saturation parameter

smw 5
^Ŝz&

0 2 ^Ŝz&

^Ŝz&
0 , [3]

where^Ŝz& is the ensemble average of the electron spin p-
ization and̂ Ŝz&

0 is this value in thermal equilibrium. The ES
transition rate is proportional to (gemBB1)

2 and thus propo-

TABLE 2
Comparison of the Data from This Work with NMR Resultsa

Site
Mounting
position II

Mounting
position I NMR resultsa

IV
CQ 5 eQVZZ/h/MHz 17.69 17.66 17.716 0.09
h 0.841 0.838 0.8546 0.013

VI
CQ 5 eQVZZ/h/MHz 13.07 13.03 13.216 0.08
h 0.091 0.086 0.1236 0.012

0.0946 0.008b

Note.Only the data for69Ga are shown; the71Ga data in our experiment c
be scaled by71Q/69Q.

a Reference (17).
b From the NMR analysis of the isotope71Ga.

FIG. 6. Overhauser shift spectrum forbiB0, wrot 5 250°, mounting pos-
tion II. Inset: Enlarged region of the highest shift peak at 14.33 MHz.
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254 DENNINGER ET AL.
tional to (gemB)2Pmw with the microwave powerPmw. The ESR
saturation will depend onPmw assmw 5 b z Pmw/(1 1 b z Pmw),

here the parameterb includes (gemB)2 and the cavity-depe-
ent relation betweenB1

2 andPmw, so that Eq. [2] is reformu-
lated as

DBov~Pmw! 5 DBov
0 z S1 1 V z

bPmw

1 1 bPmw
D . [4]

From a fit of the amplitudes of the Overhauser shift from
7 to Eq. [4] one can deduce the three parametersDBov

0 , V, and
b. Plotting DBov versussmw 5 b z Pmw/(1 1 b z Pmw), one

btains a linear relation as shown in Fig. 8. The behavior o
verhauser shift line is as expected for a DNP situation.

hat the fit is not particularly sensitive to the individual par
tersDBov

0 and V, if V @ 1. In this case, only the produ
DBov

0 z V is reliably determined. In order to obtainDBov
0 andV

separately, one has to measureDBov with high precision at suc
low microwave power that the productV z smw is close to 1.

The Overhauser shift relies on the nearly complete satur
of the NMR transitions. Of course complete saturationsRF 5 1
annot be obtained, since this would considerably broade
MR transition. But the extrapolation tosRF3 1 can be don

very reliably by measuringDBov at fixed microwave powerPmw

and varying the radiofrequency powerPRF. Again, the RF
saturation issRF 5 bRF z PRF/(1 1 bRF z PRF), with a suitable
parameterbRF. A fit to the relation

DBov~PRF! 5 DBov
` z

bRF z PRF

1 1 bRF z PRF
[5]

is sufficient to extrapolate to the valueDBov
` for complete RF

saturation. This is shown in the inset of Fig. 8 for the valu

FIG. 7. Dependence of the shift peak at 14.33 MHz on the microw
power. All the other conditions likePRF are fixed. The spectra are offset alo
the frequency axis and along the ordinate for a clear presentation.
.

is
te
-

on

he

t

Pmw 5 100 mW (3 dB microwave attenuation). This extra-
lation to sRF 3 1 has to be done separately for every N
transition, since it depends on the individual relaxation timeT1.
Fortunately, this extrapolation does not depend on the DNP
thus does not depend onPmw. This allows one to do this extra-
lation for one fixedPmw, and then scale all the appropriate val
The results of the full analysis areDBov

0 andV for each NMR
transition. AsDBov

0 5 A z ^ Î z&
0/( gemB) we can determine th

hyperfine interactionA, since the thermal equilibrium pola
ization ^ Î z&

0 can be calculated. Under the assumption
dominant Fermi-contact type interaction,

A 5
8p

3
z

m0

4p
z ~ gemB! z ~ gnmn!uC~0!u 2, [6]

the spin density at a nuclear siteuC(0)u2 is thus directly acce-
ible. And since this analysis can be done selectively
ransitions of the two different sites, the contribution of
articular site to the conduction band wavefunction can
etermined. Experiments along these lines are under wa
preliminary analysis shows a higher value ofDBov

0 resulting
from the VI site. However, theDBov

0 values atT 5 300 K are
very small and quantitative results on the band structure re
further data sets at lowerT.

CONCLUSIONS

We have shown that even in the regime of complete
change and/or motional narrowing the hyperfine interac
can still be obtained and resolved for the different site
using the double-resonance technique Overhauser shift

FIG. 8. Analysis of the dynamic nuclear polarization. The shift data
plotted versus the ESR saturation parameters. Details of the procedure are
he text, and the fit values areDBov 5 0.362 mT z (1 1 64.06 z s). Inset:
Dependence of the shift peak atPmw 5 3 dB on the radiofrequency powerPRF.

he line is a fit to the RF saturation:DBov 5 13.69mT z 3.76 W21 z PRF/(1 1
3.76 W21 z P ).
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troscopy. The key to the success is the fact that pure nu
interactions like the electric quadrupole interaction are
influenced by the paramagnetic electrons. The quadru
splitting in fact labels the NMR transitions to the differ
sites, and the amplitude of the Overhauser transitions is
portional to the hyperfine coupling. In contrast to previ
applications in GaN and ZnO (Ref. (10)), there are two non

quivalent gallium sites inb-Ga2O3, and these can be separa
by the quadrupole interaction. Spectral diffusion in the nuc
system between the two sites is small due to the large q
rupole splitting. Thus the two sites are accessible individu
This is essential for the site-selective determination of
hyperfine interaction. In fact, this is the first example wh
such a site selection of the hyperfine interaction was possi
an exchange-narrowed system. From the analysis of the
nance frequency positions, one obtains the EFG tensor v
and the principal axis orientations with a precision simila
that of NMR investigations. One can use considerably sm
single crystals than for NMR due to the much higher sens
ity. The accuracy of the EFG parameters is comparable to
of the NMR investigation. In addition the Overhauser s
technique has access to all the transitions and, e.g., inhom
neous distributions of the EFGs would be reflected in diffe
linewidths of the individual transitions. However, a careful
of high-precision measurements is necessary to extract
tities like DBov

0 and V, as outlined above. Due to its hi
sensitivity and high selectivity, ENDOR by the Overhau
shift technique in conducting solids could be a very effic
tool for investigating systems containing a very small num
of nuclear spins such as thin layers or interfaces.

Possible extensions are straightforward, but require mor
phisticated double-resonance equipment: The time depende
the Overhauser shift of the individual lines can be meas
giving the individualT1 times and the DNP enhancement fa
V 5 f(gemB)/(gnmn), wheref is the leakage factor. This leaka
factor f depends on the relaxation rate via the paramag
electrons compared to other relaxation channels,f 5 we/(we 1
w0), wherewe andw0 are the relaxation rates by the electrons
by other processes, respectively. Since (we 1 w0) 5 1/T1, a
measurement ofV andT1 allows one to quantitatively disentan
the relaxation processes. This is the only reliable way to sep
we andw0 and can be done as a function of temperature.

Going to higher ESR frequencies will increaseDBov
0 } fmw

and one approaches the high-field condition with 10 ti
higher Larmor frequencies up to 45 MHz at a microw
frequency fmw 5 94 GHz. Experiments in a recently co-
tructed double-resonance cavity at 94 GHz are under w
ur laboratory. However, rotations of the crystals along an
erpendicular toB0 are not possible in the Fabry–Perot se

used in our experiments at 94 GHz. Commercial cylindr
ENDOR resonators at 94 GHz became available only
recently. These would allow the rotations of the sin
crystals and double-resonance investigations at high
NMR frequencies.
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