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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-Ga,0,. Due to the monoclinic structure, the conduction
band of B-Ga,0O; is anisotropic and it is dominated by contribu-
tions from the two nonequivalent Ga sites. The large quadrupole
couplings of the two gallium isotopes *Ga and ™Ga (both with | =
3/2) are completely resolved in our double-resonance experiments.
This resolved quadrupole interaction allows the determination of
the electric field gradients at both gallium sites with high precision
and high sensitivity. The resolved quadrupole splitting is the key
to the site-selected determination of the hyperfine interaction. The
concepts behind these double-resonance techniques are rather gen-
eral and should be applicable in similar semiconductor
Systems.  © 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

(EFGSs) but suffers from a low sensitivity. ESR has a muc
higher sensitivity and detects the conduction electrons, whi
are the active components of semiconductors. However, t
drawback is a low resolution and the hyperfine interactio
providing information about the electronic structure and th
atomic environments can rarely be analyzed. Electron nucle
double resonance (ENDOR) overcomes these shortcomin
Originally devised by Feher7j, ENDOR consists in detecting
nuclear spin transitions through a change in the ESR absorpti
of the electrons interacting with the observed nuclei. Thi
spectroscopy combines the advantages of the high resolutior
NMR and the high sensitivity of ESR, along with a grea
selectivity since only nuclei interacting with unpaired electro
spins are detecte®). A review of the structural analysis of
point defects in solids by ENDOR spectroscopy is given i
Ref. 9).

As long as the correlation time of an unpaired electron at tf
nuclear positions is sufficiently long, ENDOR spectroscopy |
a powerful technique for determining the hyperfine interactior
and the spin density distributions in paramagnetic systems. T
spin—spin correlation time, has to be long compared to the
inverse hyperfine frequency, > h/A;, whereA; denotes the

in semiconductor physics hakgperfine coupling energy of the nucleusThis condition is

brought up several families of materials such as SiC GaN usually fulfilled for localized electronic spins and for large
and related alloys?j), transparent oxide conductors (TCOhyperfine couplings\;. If on the other hand the electronic spin
such as ZnO J), and more recently TCOs with rutile typedensity is distributed over many nuclei, e.g., for a shallo\
chains (edge-sharing octahedra chains) such as sp#ets ( donor electron in semiconductors, the hyperfine couplihgs
B-G&0;s (5, 6). A better understanding of the relation betweepecome small. By increasing the dengityof these extended
the electronic and optical properties of these compounds gsitamagnetic electron states, the exchange interaction of
their structure requires probing their electronic structure afbctronic spins will dominate the paramagnetic properties al
the atomic environments, especially in the case of TCOs. R@ig electronic spins will be delocalized. As a consequence, t
these compounds, which contain both unpaired electron spiisre|ation timer. will become fairly short €, < 10 s for
and nonzero nuclear spins, nuclear magnetic resonance (N'\@%hange interactions in the meV range) and the conditie

and electron spin resonance (ESR) should be natural teﬁV‘A, prevails even for large coupling,. The ESR line is

niques for such structural investigations. NMR is a highs, change narrowed with no remaining traces of the hyperfi

resolution technique providing geometrical information abog litting and ENDOR in the normal way is no longer possible
atomic sites through the analysis of the electric field gradier] fact, the ENDOR lines would be broadened in frequency t
E-msSomething likeAf ~ 1/r, > 10* GHz and are unobservable.

The hyperfine interactioh; - A; - S between the nuclear spin
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I, and the electron spir® is averaged, and the following optically detected ENDOR experimerit?). In fact, for sys-
measurable quantities are observed: tems with a large quadrupole interaction the method is eve

(i) The nuclear resonance position is shifted from the pupéore attractive than normal high-frequency NMR in the stati

. : ", . . . _regime, since the whole spectrum with all the transitions e:
Zeeman interaction condition by an effective electronic fiel : ;
. tending over tenths of megahertz can be accumulated in ©
B. = —A * (S)/(girn), Whereg; is the nucleag factor, w,

i< the nuclear ma . fcontinuous sweep of the radiofrequency and under magne
gneton, ak8,) is the ensemble average Ol 1ds much lower than in NMR

the electronic spin componefs. The relative shiftB./B, is '

called the Knight shift in metals, and the paramagnetic shift in

semiconductors.

tivgl)nzg(:,;ﬁgg;nrezsoz?r.lcﬁ Z[))lo(sg;jﬁ:),lsvvsr:gfrtsgl Syisr}[hszec In the experiments communicated here we apply the Ove

. hauser shift techniqgue to investigate single crystals ¢
ensemble average of the nucléacomponentg. is the elee B-Ga0,. This compound is am-type semiconductor when
tronic g factor, andug is the Bohr magnetorB,/B, is called &0 P yp

slightly oxygen deficient. Slightly in the chemical sense mear

the Overhauser shift. In normal metals, the Knight shift i3 vacancy for about 1@xvaen atoms. These oxvaen-va
much larger than the Overhauser shift, and the Overhauser Aif Y Y9 : Y9

is very difficult to detect due to the large linewidth of the ESRONCIES actas srlsallow dS”O'ri' and typical electrqn c_oncent
. : tions aren, = 10* to 10” cm°. Several reasons justify the
of the conduction electrons in metals.

choice of 3-Ga,0;. First, all the requirements for the double-

Due to the relative sizes of the Knight shift and the Overesonance technique discussed above are fulfilled: The E.
hauser shift in metals, most hyperfine interaction investigatiolise is exchange or motional narrowed to a linewidth~e30
have been and are done via the Knight shift. This certainlyT at room temperature. The ESR resonance is very stror
holds for metals, since owing to the large concentration dfie to the high number of spins even in tiny single crystal:
conduction electronsn¢ ~ 10”° cm™®), the Knight shift is The overall hyperfine interaction is so large that a bistable ES
rather large and directly accessible. The situation is completegsponse is obtained, manifesting itself by a bistable hystere
different in systems with a low concentration of paramagnetabservable even at room temperatut8<16. This bistability
electrons, like doped semiconductors: The Knight shift is vepccurs at sufficiently high microwave field3, (B, is the
small, often below the limit of detection. On the other hand, theagnetic field component in the rotating frame and is propo
nuclear fieldB, is proportional to(l,), and decreasing thetional to VP,,, whereP,,, is the microwave power). This
temperature will increasg,) and thus increase the Overhausgshenomenon is clearly due to the coupling to the nuclei; thu
shift. Also, very important experimentally, the nuclear polawe know that a significant DNP is available even at roor
ization(l,) can be considerably enhanced by dynamic nucle@mperature. The nuclear interactions are almost exclusive
polarization (DNP) by partially saturating the ESR transitiordue to the interaction of the electrons with the two galliun
The DNP factors obtained in semiconductors are large (a fesotopes®Ga and'Ga (°Ga,| = 3/2, 60.1% natural abun
hundred to up to a few thousand; see details below) and thelsace;"Ga,| = 3/2, 39.9% natural abundance). The hyper
large enhancement factors enhance the Overhauser shift ¢ioe interaction with the oxygen is negligible due to the low
respondingly. natural abundance of only 0.038% fg0.

Nuclear interactions such as the electric quadrupole couplingThe second reason justifying the choice®Ga,0; is that
are not averaged to zero by the electron spin exchange. Tisepossible applications as TCO in optoelectron@)sas well
nuclei in the solid at normal conditions do not move from sitas the validation of the structural features recognized to exple
to site, and thus there is no motional narrowing of the quathe bistable ESR 1(7, 18 require some knowledge of the
rupole interaction. Besides the dipole coupling of the nucleipnduction band structure and the environment of the C
theJ coupling and possible nuclear couplings via the paramaguclei. This could be provided by the Overhauser shift tecl
netic electrons only lead to a line broadening of the nucleaique. The last reason is a recent determination of the EFGs
spin resonance lines of the order of a few kilohertz. If thMR, which was however made difficult by the presence c
guadrupole interactions are large compared to these linewidttvgins in the large samples usetdf. These NMR results could
they are observable despite the electron exchange processelselnsed for comparison with the present investigation. Unlik
fact, these nuclear interactions are practically not influencedthé case in cubic semiconductors like GaAs or in wurtzite tyf
all by the extended paramagnetic electron state and reflect seeniconductors like GaN, the crystal structureBeGa,0; is
values of the solid in the diamagnetic state. Conduction eldess symmetrical and the EFGs are much larger than, e.g.,
trons and/or extended shallow donor states at higher conc&aN. The crystal symmetry g8-Ga,O; is monoclinic,a =
trations can thus be used to measure nuclear interactions viatBel3 A,b = 3.04 A,c = 5.80 A, andp = 103.7° Q0).
electron spin with high sensitivity and high precisid®(11). There are two nonequivalent Ga sites in the unit cell. Due
By detecting the ESR via the luminescence in GaN, the quatie coordination of the nearest neighbors, these are call
rupole splitting of the gallium nuclei was determined in atetrahedral site (IV site) and octahedral site (VI site). Note th:
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the actual site symmetries of the gallium ions are not exactly 30 —T -

octahedral or tetrahedral b@s, with only one mirror plane i 0.149 mT

perpendicular to thé axis, and the EFGs are expected to be d c

very different for the two sites. Z 251 / a
Due to the low crystal symmetry, the conduction band i& . €

expected to be highly anisotropic, and band structure calcu@— /

tions (L7) and conductivity measurement6) (support these

expectations: The conduction band edge should mostly

derived from contributions from the Ga VI siteg5). This

would imply a large hyperfine interaction on the VI site and gj;

small one on the IV site, if the dominant contribution of theg'

interaction was due te-like electrons via a Fermi-contact type & ;4 L

interactionA; « | (r;)|?, whereW(r;) is the electron envelope N T T

wavefunction at the nuclear posmmn 352.9 353.0 353.1 353.2 353.3 353.4 353.5
We will show in the following sections that the double- MAGNETIC FIELD [mT]

resonance Scheme can i”dee‘?' be used to _sepe_lrate the t_WO Sllt:(?é 1. ESR signal of3-G&0; at different microwave powerd. = 293

and the two isotopes unambiguously. This site selection i§S(a) 40 dB attenuation: (b) 30 dB; (c) 20 dB; (d) 10 dB; and (¢) 2 BB=

entirely due to the different EFG tensors at the two sites, ando mw at 0 dB attenuation.

by a complete analysis of the double-resonance quadrupole

rotation pattern we obtain the EFG tensors with a precision

comparaFt))Ie to that of the recent NMR investigatiaﬂ)(pThe extracted from this crystal for the ENDOR experiments. Suc

double-resonance scheme is much more sensitive (the Cryéégla" size is necessary to avoid a Dysonian distorsion of t

used was smaller by a factor 300 compared to the NMR line due to the skin effect.

case) and the problems with crystal twinning seem unimportaEtThe basic Overhauser shift experiment consists in measuri

Sl
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(see (L9) for details), due to the small single crystals which ar € ESR I|fne pods_lt:con with h'?c.h lzrecmlotn and retsr:)lutlon_ as
required. More important is the fact that the hyperfine intera inction ot a radiofrequency Tield Swept across te region
tion is now accessible separately for the two sites. This co clear transitions. It is essential to lock the field precisely t

not be achieved by NMR measurements, since the Knight sﬁ £ center of the ESR transition, since the Overhauser shifts

was not observed and is expected to be very small (a few p pretshe nt case ?rg asrllarge aT thke ESF Imgmdtht; a;zd one
at maximum). Furthermore, there would be problems with g use the special Lvernauser lock system describe n (
In contrast to ENDOR experiments, where the use of rel:

suitable reference for the Knight shift if it were that small. v high radiof RE is oblicatory i
The double-resonance measurements described below %Yagmy 'gh radiolrequency power( . power) IS ovligatory 1
er to saturate the hyperfine transitions which have relative

be extended to supply the individual DNP factors and individ

ual relaxation times for all the transitions. These values coufgo"t nuclearT, times, Overhauser shift experiments requir

be important for a detailed understanding of the bistable se(ﬂ‘r—]Iy low or moderate RF power. Therefore, one can use

organization of the nuclear spins (s&&(19 for details). Here sta_ndard E_SR cawt_y anq insert a double-resonance sample !
we will concentrate on the complete analysis of the quadrup(SI-Q'S setup IS descrlbepl Q) and has b_een u_sed for parts of
pattern, which is a prerequisite for all further double—resonang—ée experiments described here. Th? dielectric ENPOR prot
investigations. ead (Bruker, _ER4118_X-MD5-E_N) is a gqod ch0|ce for the

Overhauser shift experiments, since the dielectric resonator
practically insensitive to the presence of an electrically cor
ducting sample. The rotation patterns presented below ha
been conducted with this equipment.

EXPERIMENTAL

The samples were elaborated by the Verneuil meti2dy (
which is a melting and recrystallization process enabling the
growth of centimeter-size single crystals. The starting powder
of Ga,0; (purity 99.99%) was purchased from Metal-Europ
Before the synthesis the powder was heated at 800°€ lficto
evaporate possible traces of water and carbonates. The crystdlhe starting point for an Overhauser shift experiment is th
growth was performed under slightly reducing conditions witbptimization of the ESR resonance. Figure 1 shows spec
oxygen and hydrogen flow rates of 4.4 and 10.5 | thin recorded in a particular orientation by decreasing the magne
respectively. The average growth rate was about 1.5lem.  field. Because of the bistable hysteresis, the lineshape is c
A 3.2-cm-long single crystal was obtained, with a slight blukerent when the field is increased. At low microwave powe
color indicating the presence of conduction electrons. Smallgurve a,—40 dB attenuation, 0 dB= 200 mW) the ESR line
samples with typical size 3< 0.5 X 0.03 mm could be is a nearly perfect Lorentzian withB = 30 uT. Theg factor

RESULTS AND DISCUSSION

eAnalysis of the Rotation Patterns
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Mounting Mounting of the full diagonalization was used to calculate the individus
position | position Il transition rates. All of the transitions in most orientations hav
sufficiently large transition matrix elements to be excited b
magnetic dipole transitions. Note that in this double-resonan
scheme we only have to partially saturate the NMR transitior
since the observation is done via the electrons. This facilitat
the observation of “forbidden” transitions, but we emphasiz
the fact that these transitions have fairly high transition matr
elements to be excited efficiently in our case.

The interactions responsible for the individual line position
on the frequency axis and for the angular dependence are
qguadrupole interaction and the Zeeman interaction. The hyp

é* fine interaction can be completely ignored for the position c
. . . the resonance lines in our case. Both from the theoretic

FIG. 2. Schematic drawing of the tip of the ESR sample holder. The L
material is Vespel. The sample is mounted in the rectangular cut inside a c qdel of an extended electron center and from prelimina
The orientation of the crystal axes are showndgs = —ou. Theb axis is double-resonance measurements at 94 GWz band), we
alongx. conclude that the Knight shifts are smaller than 5 ppm. Th

corresponds tafyg < (4.6 MHz)- (5 ppm)= 23 Hz for‘Ga
and can be neglected.
is =1.96, depending slightly on the orientation. Térensor We use the following Hamiltonian for a complete analysis o
values and the orientations of the principal axes are kn@8n ( the angular rotation patterns:
and can be used for accurately calibrating the rotation angle
offset (see below). Increasing the microwave power not only
increases the ESR in amplitude, but clearly shifts the resonance
to lower fields and completely changes the lineshape. This . . R
behavior is due to the Overhauser shift of all the nuclei and it X{BIZ-1(1+ 1)+ n- (1519} [1]
is exactly the interaction which is studied in detail here. The
angular rotation patterns were acquired with the samplée laboratory coordinate system is denotedby, z, and the
mounted in two fixed orientations shown in Fig. 2. For mountagnetic fieldB, is alongz. The principal axis system of the
ing position II, thec* axis is parallel to the rotation axig of EFG tensor is denoted by, Y, Z and the operatork,, Iy, Iy
the goniometer, and the magnetic fiddg||z is varied in the are along these principal axes, which are different for the tw
a—b plane. The offset of the rotation angle can be calibrated
from the knowng-tensor values. We used a special mounting
procedure of the crystals in a cube 0f22 X 2 mm, which
allowed sample reorientations by exactly 90° without remount- 70
ing the sample.

For both mounting positions double-resonance spectra haye
been recorded in angular stepsfaf,, = 10° over a complete 2 50
rotation period of 180°. Figure 3 shows the complete spectr%
extending from 0 to 20 MHz for one mounting position. The g
individual spectra are offset along the ordinate for clarity of§ 30
presentation. We can clearly identify up to about 20 individua%
shift lines per spectrum extending from practically O to aboutg
17 MHz. The highest shift values of individual lines are about 10
15 uT, and the spectra show a strong angular dependence. The
number of shift lines is astonishing at first sight: For 3/2
one expects three resonance lines with, = 1, and with two -10
isotopes®Ga and‘Ga and the two nonequivalent gallium sites
we should have just X 2 X 3 = 12 lines. However, with the
rather low Larmor frequencies (about 3.6 MHz f86a and FIG. 3. Rotation pattern of the Overhauser shif{3aGa,0;. Experimental
about 4.6 MHz for”Ga) and the large quadrupole Cc)up"nggonditions:T = 293 K, microwave frequencfy,, = 9.6182 to 9.6188 GHz,

e observe all the six possible transitions in the quadr cﬁ — 0.34980 100.35026 T, microwave powe,,, = 0.159 W, andPe: =
w v X p ! i ! qu up %5 W. A fifth-order polynomial background was subtracted for ease

split | = 3/2 manifold, and correspondingly can have up tgresentation. The successive spectra with= 10° are offset by 3.39%T
2 X 2 X 6 = 24 lines. The subsequent analysis of the solutioagng the ordinate.

Crystal

C*

A eQV;;
= _gn'Mn'BO'|z+m

)

80

60

40

20
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sites. The nomenclature is as usual for the quadrupole interac-
tion: |Vyy| = |V = [Vz2| andn = (Vyy — Vi)/V; is the
asymmetry parameter. Thg, (I = X, Y, Z) are the electric
field gradients along the principal axes, aQds the electric
guadrupole moment of the respective nucleus. The operators
i,, 14 1y are transformed to the laboratory system operdtors

1,, I, by a set of three Euler angles B, vy for each site and a
common rotation anglep,,, along they axis. The resulting
transformed Hamiltonian is fully diagonalized (C-program rou-
tines for the diagonalization of Hermitian matrices, based on
procedures described in Ref4)).

The complete analysis of the rotation pattern from Fig. 3 was
done with the following procedure: All the unambiguously
identifiable resonance positioisare extracted. At this stage
there is no way to assign individual transitions to individual ]
sites or isotopes. The resulting data are a set of resonance 0 ————
positions versus rotation anglg,.. The model resulting from 70 100 130 160 190 220 250
the Hamiltonian Eq. [1] after the transformation into the lab- Rotation angle (degrees)
oratory axes system depends on essentially six paramBtgrs:

V22 m, and the three Euler angles 3, y. B, is common to the Site IV
two sites, and the other five parameters are specific for each BT
site. The two isotopes present no additional complication: once ]
a set of parameters is known for one isotope, it can be carried
over to the second isotope by scaling it with the known values
of g, and Q. In the analysis we usg, = 1.34439,Q =
0.168x 10 ** cm’ for Ga andg, = 1.70818Q = 0.106 X
10* cm?® for "Ga. In Fig. 4we show the resulting fit data for
the two sites separately. It is obvious that the model based on
Eq. [1] fits the data very accurately and thus unambiguously
proves that the quadrupole coupling is responsible for the
angular variation. A similar good fit was obtained by analyzing
the data from sample mounting position I, and the results are
included in Table 1.

The essential parameters obtained by the two experimental ]
data sets are summarized in Table 1. We note that the quad- U e e R e e B
rupole frequencies eQV,,/h) and €QVi/h) agree within 70100 130 160 190 220 250
0.8% between the two mounting positions. It is not possible to Rotation angle (degrees)
give a reliable statistical error of the individual parameters,rig. 4. comparison of the experimental resonance positi#nto the
since we have only two independent data sets. We estimat@salts of the full diagonalization of the Hamiltonian, Eq. [1] (full liféGa;
relative accuracy of-8 X 102 for the individual quadrupole dotted line,*Ga). The separation into experimental points belonging to the tw
couplings. sites (a, VI site_; b, IV site) has been done after the_anal_ysis for the purpose ¢

From the Euler angle&, B, v, and from the known orien- clear presentation. The extracted parameters are given in the text and in Tabl
tations of the crystal axes, b, c, to the laboratory frame of

reference, we can deduce the orientations of the EFG principal . .
axes for the two sites. As is perpendicular to the—c mirror CryStals to the sample rod by amsituX-ray analysis. Our data

plane of the crystal structure, one of the principal axis of bof12!ysis compares very favorably with a similar analysis fror
EFG tensors should be along tle direction. Within the NMReXPer'mentSI9)-Table2dlrectly compares t'he essentia
estimated errors for the Euler angles this is consistent with di@rameters from both investigations and our assignment of |
data analysis: For the VI site, the compon®hy is alongb, ~orientations agrees with that shown in Fig. 3 of Ref9)(

and for the IV site it is the compone¥t,,. In thea—c plane we Owing to the rather low Larmor frequencies of 3.5 MHz fo
deduce orientations for the principal axes as summarized ‘i@ (4.6 MHz for""Ga) used in this work, we are not able to
Fig. 5. The absolute accuracy of the angles is limited teduce the chemical shifts of about 200 ppm (IV site) an
possible misalignments of the crystal on the sample holderabout 25 ppm (VI site) from our analysis. In fact, these shift
+2°. These errors could be further reduced by aligning tland the reported anisotropies of about 30—40 ppm are so sn

Resonance Position (MHZz)

%G "Ga

Resonance Position (MHz)
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TABLE 1 TABLE 2

Parameters from the Rotation Pattern Analysis Comparison of the Data from This Work with NMR Results®
for the Two Mounting Positions

Mounting Mounting
Site VI Site IV Site position 11 position | NMR resultd

Mounting Il Mounting I Mounting Il Mounting | IV

Co = eQVy/h/MHz 17.69 17.66 17.71+ 0.09
eQV,, /(12 - h)/kHz 1089.46 1085.54 —1356.86 —1352.85 n 0.841 0.838 0.854 0.013
eQVi/(12 - h)/lkHz —594.02 —589.239 1474.36 147199 VI
eQW,/(12- h)y)kHz —495.44  —496.301 —117.5 —-119.14 Co = eQVz/h/MHz 13.07 13.03 13.21+ 0.08
n 0.0905 0.0856 0.8406 0.8381 7m 0.091 0.086 0.123 0.012
aldegree 0.16 96.39 3.14 11.38 0.094=+ 0.008
Bldegree 0.05 89.53 9.7 98.05
yldegree —-2.7 95.95 88.13 97.37 Note.Only the data fof°Ga are shown; th€Ga data in our experiment can

be scaled by'Q/*Q.
Note.The axesX, Y, Z refer to the reference system oriented by the Euler * Reference 17).
angles with respect to the laboratory framey, z. ® From the NMR analysis of the isotog&a.

on our frequency scale that we do not have to include themfasure the ESR. This directly shows the mechanism of DN

our analysis. which results in a highetl,) when partially saturating the
ESR. In fact, the dependence of the Overhauser shift amplitu
DNP Analysis and Site Selection on the microwave power can be analyzed quantitatively:

After the successful analysis of the rotation patterns we are
now able to measure double-resonance spectra at any orienta-
tion za_nd to unambiguously assign the site, the |sqt0pe, and h§ _is the measured Overhauser shift with DNP 0 is
transition to each observed resonance peak. This enables 1hé' = " L g, :

. . . ; the shift in thermal equilibrium at temperatufe The quantity
calculation of the energy diagram, the occupation differences” . . .
" . g - is the microwave saturation parameter
and the transition matrix elements, and this is a prerequisite ot
the determination of the individual DNP factors. We now turn a0 a
to an analysis of the amplitude of an individual Overhauser _ (8"~ (S 3

. . . . . Sp,W o\0 ’ [ ]
shift line. Figure 6 depicts a single double-resonance spectrum (S
with b||B,. The most intense line at 14.33 MHz is enlarged in A
the inset. The shift amounts to about 125 and the lineshape where(S,) is the ensemble average of the electron spin pola
is peculiar with a steep rise followed by an apparent expondration and(S,)° is this value in thermal equilibrium. The ESR
tial decay. This behavior is due to the fact that after saturatitransition rate is proportional tog¢usB,)* and thus proper
in the resonance position, the nuclear polarization can only be
built up on the timescale of the nucle&y time. If the transit

AB,, = ABY,- (1 + V-s,,). [2]

time At,..; of the RF sweep through the resonance is not long s ' ' '
compared toT,, these exponential tails appear on the high- c
frequency sides of all the resonances. Concentrating on one 2
particular line and sweeping the RF so slowly that,..> T, o g v\ ‘
we obtain a nearly pure Lorentzian resonance lineshape, a% or g, \l T
shown in Fig. 7. The linewidth is about 9.2 kHz and the £ 3 '
amplitude depends strongly on the microwave power used t@ ° 0140 — 9 | |:
% ' Radiofrequéncy (MHz) ) ll |
£ 57 P ]
V-site  Visite g g 0 | ‘, ‘;
Vxx T ; Lo A
' Vi / o ‘\“‘ f&h‘ I Do [
V T—\/>ZZ / or AMW‘WJ ‘;,IW‘“W‘Q\"WI",“ e Yo »W*‘"*)Ww»\.w::\1.'4."\&::"%.;'!“\,‘,,?,; ‘\tlpwl \*wm%hmt‘«’f\*r“‘""
c 2 0 5 10 15 20
Radiofrequency (MHz)

FIG. 5. Principal axes of the EFG tensor in thec plane. The third axis
is along theb direction perpendicular to the plane. The angle 9.7° = 3°. FIG. 6. Overhauser shift spectrum fofiB,, ¢, = 250°, mounting posi
The length of the arrows is proportional to the field gradient. tion Il. Inset: Enlarged region of the highest shift peak at 14.33 MHz.
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25 - - - P, = 100 mW (3 dB microwave attenuation). This extrapo
lation to sgr — 1 has to be done separately for every NMR
sl transition, since it depends on the individual relaxation tifes
Fortunately, this extrapolation does not depend on the DNP a
c thus does not depend @1),,. This allows one to do this extrap
_:? 15 L olation for one fixed®,,,, and then scale all the appropriate values
5 The results of the full analysis afeB, andV for each NMR
2 . transition. ASABS, = A - (1,)°/(g.us) We can determine the
g1r N 1 hyperfine interactiorA, since the thermal equilibrium polar-
g —————————————————————————————————— "WW‘,\ ization (1,)° can be calculated. Under the assumption of
sl sty S dominant Fermi-contact type interaction,
------------ ; - 8T o
0 Lb2dB Nt . ] A= 3 4 (Gete) * (Gnitn) |V (0)[?, [6]
14.2 14.3 14.4 14.5 14.6

Radiofrequency (MHz) . . 2. .
the spin density at a nuclear s|t&(0)|* is thus directly acces

FIG. 7. Dependence _o_f the_ shift peal_( at 14.33 MHz on the microwavgjhle. And since this analysis can be done selectively f
power. All the other conditions likexe gre fixed. The spectra are qffset alongtr‘,jmsi,{ionS of the two different sites, the contribution of thi
the frequency axis and along the ordinate for a clear presentation. ) . . .

particular site to the conduction band wavefunction can
determined. Experiments along these lines are under way &
tional to (gette)’P .. With the microwave poweP,,,. The ESR a preliminary analysis shows a higher valueAd, resulting
saturation will depend oR ,, ass,, = B P,./(1 + B-P,,), from the VI site. However, thaB?, values aff = 300 K are
where the parameted includes @.us)* and the cavity-depen very small and quantitative results on the band structure requ
dent relation betweeB? andP,,, so that Eq. [2] is reformu further data sets at lowdr.
lated as

CONCLUSIONS
P
ABy(P,,) = ABS,- (1 + V-B“W).

[4] We have shown that even in the regime of complete e
1+ BP,,

change and/or motional narrowing the hyperfine interactic
can still be obtained and resolved for the different sites &
gb’sing the double-resonance technique Overhauser shift sp

From a fit of the amplitudes of the Overhauser shift from Fi
7 to Eq. [4] one can deduce the three paramesd$§, V, and
B. Plotting AB,, versuss,,, = B+ P,/(1 + B+ P,,), one

obtains a linear relation as shown in Fig. 8. The behavior of this 30 - . . .

Overhauser shift line is as expected for a DNP situation. Note
that the fit is not particularly sensitive to the individual param-
etersAB), andV, if V > 1. In this case, only the product

Overhauser shift (LT)

ABq, - V is reliably determined. In order to obtakBg, andV g 20 |
separately, one has to measii®,, with high precision at such &
low microwave power that the produ¥t- s, is closeto 1. G 0 , ‘
The Overhauser shift relies on the nearly complete saturatiog o 1 2 3
of the NMR transitions. Of course complete saturagn=1 @ RF-power (Watl)

h

cannot be obtained, since this would considerably broaden the 10

NMR transition. But the extrapolation & — 1 can be done ©

very reliably by measuring B, at fixed microwave powe? ,,

and varying the radiofrequency powé.. Again, the RF

saturation issgr = Bgre * Pre/(1 + Bgre * Pre), With a suitable . . . .

parametelBg. A fit to the relation 0.0 0.2 0.4 0.6 0.8 1.0
ESR-saturation s

” Bre* Pre FIG. 8. Analysis of the dynamic nuclear polarization. The shift data are
ov’ 1+ Bre* Pre [5] plotted versus the ESR saturation paramstddetails of the procedure are in
the text, and the fit values akB,, = 0.362 uT - (1 + 64.06- S). Inset:

. . " Dependence of the shift peakR, = 3 dB on the radiofrequency powBke.
is sufficient to extrapolate to the valdeB,, for complete RF The line is a fit to the RF saturatiodB,, = 13.69uT - 3.76 W - Pyi/(1 +

saturation. This is shown in the inset of Fig. 8 for the value at76 w* - Pgy).

AB,(Pre) = AB
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