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Optical detection of NMR has two outstanding features: (i) selective observation of the
nuclei in the regions of electronic localization and (ii) extremely high sensitivity. This
technique can be applied to semiconductors under circularly-polarized light excitation and
involves monitoring the change at resonance of the degree of circular polarization of the
luminescence. We have detected optically the resonance of nuclei close to shallow donors
in high-purity GaAs at 1.7 K. These nuclei are extremely scarce, of total number of the
order of 10!, We have studied their spin-lattice relaxation due to hyperfine contact in-
teraction with the photoelectrons trapped on the donors. We show the very fast modula-
tion of this interaction, of characteristic time of several 10~!! s, which is very likely pro-
duced by spin exchange between free and trapped electrons. Furthermore, we demon-
strate in a very striking way the occurrence of transport of nuclear magnetization by spin
diffusion. This is done by switching off the light excitation, since the evolution of the
nuclear spin system in the absence of photoelectrons is entirely due to spin diffusion. The
analysis of the experimental results yields the value of the diffusion constant, which is

comparable with its theoretical estimate.

I. INTRODUCTION

The relaxation of a nuclear-spin system by
paramagnetic impurities in solids has been investi-
gated for a long time' and has led to the distin-
guishing of two types of nuclear spins.>® First
there are the spins situated close to the relaxing
centers, which are directly relaxed by the electrons
trapped on these centers, either by dipolar* or by
hyperfine-contact interaction.>® On the other
hand, the relaxation of the bulk nuclei takes place
through transport of magnetization by spin diffu-
sion from the former nuclei. The theoretical and
experimental investigations of this relaxation have
shown that the magnetization of the bulk nuclei in-
creases exponentially as a function of time. An
important parameter which describes the system is
the diffusion radius, which is the distance from the
impurity which sets the limit between the two
types of nuclei.

The above-mentioned theory has been extensively
verified in a wealth of experimental cases,*~® using
conventional nuclear-magnetic-resonance (NMR)
studies as a function of magnetic field, tempera-
ture, and impurity concentration. Since the nuclei
close to impurities are in most cases much less
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numerous than the bulk nuclei, their contribution
to the NMR signal is generally negligible, so that
the measured relaxation is that of the bulk nuclei.
Fundamentally, this has an important drawback.
The relaxation of the bulk nuclei involves two dis-
tinct processes: existence of fast-relaxing nuclei
close to the relaxing centers and transport of nu-
clear magnetization from these nuclei to the bulk
nuclei by spin diffusion. The measured value of
the relaxation time of the bulk nuclei depends on
these two processes which cannot be studied in-
dependently from each other.

A few studies, however, have yielded direct in-
formation on the nuclei close to impurities, by us-
ing highly doped crystals, in which case these nu-
clei are more numerous and yield an observable
NMR signal. There is first the work of Blum-
berg,” who shows a nonexponential increase of the
nuclear magnetization due to polarization of the
nuclei close to impurities at the very first stage of
the relaxation. In some cases, the resonance signal
from these nuclei is directly observed and their re-
laxation is investigated.® On the other hand, the
transfer of nuclear magnetization by spin diffusion
has been observed directly by several authors. This
is done either by using systems where spin diffu-
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sion can be compared with atomic diffusion,’ or by
studying the effect of surface relaxing centers on
the bulk relaxation as a function of the size of the
crystal.'”

In this work, we present a very unique case
where (i) we observe selectively the resonance of
only the nuclei situated close to shallow donors in
a high-purity crystal, (ii) the magnetic resonance of
this extremely small number of nuclei (several 10'!)
is recorded directly, and (iii) spin diffusion and
direct relaxation by electrons trapped on donors
can be analyzed separately in a straightforward
way. The present study is performed in high-
purity gallium arsenide at 1.7 K under light excita-
tion. The three above-mentioned remarkable re-
sults are a direct consequence of the fact that the
resonance is optically detected from the polariza-
tion of the luminescence light. Indeed, the selec-
tivity and extremely high sensitivity, as will be
shown below, rely on the fact that the resonance
signal depends on the magnitude of the hyperfine-
contact interaction between the photoelectrons
trapped on donors and the relevant nuclei. The
possibility of distinguishing spin diffusion from
direct relaxation is determined by the fact that, in
the absence of light excitation, no electrons are
trapped on the donors. Thus, direct relaxation is
completely frozen and the only possible evolution
of the nuclear-spin system is due to spin diffusion.

We measure the relaxation speed of the nuclei
close to shallow donors and show the transport of
nuclear magnetization by spin diffusion. Theoreti-
cal analysis of these results is obtained from a nu-
merical resolution of the diffusion equation, and
yields the value of the diffusion constant.

In the following section, we recall the principles
of our method. The experimental studies of direct
relaxation and spin diffusion are presented in Secs.
III and IV, respectively. These results are inter-
preted in Sec. V.

II. PRINCIPLES

Optical detection of NMR in a semiconductor
under circularly-polarized light excitation (optical
pumping) is based on the measure of the change at
resonance of the degree of circular polarization of
the luminescence light. The feasibility of this
detection relies on three distinct effects:

(i) Absorption of circularly polarized light
creates spin-polarized photoelectrons.!!

(ii) Owing to the hyperfine contact interaction

with the photoelectrons, the nuclear spins are
dynamically polarized.'>!* The photoelectrons ex-
perience in turn a giant hyperfine field of nuclear
origin, as high as several kilogauss in practical
cases, which lies along the mean electronic
spin.13’14

(iii) The change of the direction of this nuclear
field in conditions of NMR causes an electronic
precession which results in a decrease of the mean
value of the electronic spin. This is detected from
the corresponding decrease of the degree of circu-
lar polarization of the luminescence.'>!¢

The present method has close analogies with
electron-nuclear double resonance (ENDOR),'” in
the sense that the electronic-spin system acts as a
probe of the nuclear-spin polarization, due to the
existence of the hyperfine-contact interaction be-
tween the two systems. However, our method has
two basic advantages over ENDOR:

(i) Simplicity: There is no need for a double-
resonance technique, since the mean electronic spin
is conveniently monitored from the measure of the
luminescence light polarization. Furthermore, un-
like the standard detection of NMR, the measured
quantity is not the slight variation of the value of
the rotating field B;, so that there is no need for a
sophisticated setup to excite the resonance.

(ii) Extreme sensitivity: This is due to the fact
that this method is an optical detection, and is
only limited by the intensity of the luminescence
light.

On the other hand, the present method has two
drawbacks. Firstly, it is limited to cases where
optical pumping, that is optical orientation of pho-
toelectrons by circularly polarized light, can be ob-
served. Secondly, the measured quantity is not
simply connected with the magnetization of the
nuclei which resonate, but with the geometry of
the field configuration at resonance.!® Consequent-
ly, the precise measurement of this magnetization
is intricate. This is why we do not attempt a pre-
cise study of the nuclear relaxation here. We limit
ourselves to estimating the characteristic time of
the evolution of the resonance signal during the
nuclear dynamic polarization. This time, which is
obtained within a factor of 2, is of the order of the
relevant nuclear relaxation time.

We have applied the present method to the re-
laxation of arsenic nuclei in high-purity GaAs in
the range 10" donors per cubic centimeter, at
pumped-helium temperature. We refer to a previ-
ous publication for a description of experimental
setup and conditions for a complete study of the
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resonance line shape.!® The fundamental feature of
this system is that the observed resonance is that
of nuclei close to shallow donors. This comes
from the fact that the relevant hyperfine interac-
tion takes place between photoelectrons trapped on
shallow donors and lattice nuclei situated close to
these donors.!* The nuclear field which is respon-
sible for the observed resonance signal is then the
hyperfine field experienced by electrons trapped on
donors. This field is of the form

B,=b, [ p(rexp(—2r/a§)ridr , (1)

where p(r) is the nuclear polarization at distance
from the donor, and obviously depends on the
magnetization of the nuclei situated in a sphere
centered at the donor, of typical radius of the or-
der of the Bohr radius of the donor, a§~100 A.

To analyze the time variation of the nuclear
field, we recall that under the effect of the hyper-
fine coupling with the photoelectrons trapped on
donors the nuclei are dynamically polarized. The
steady-state polarization p, is proportional to the
mean electronic spin, which is +({S) for o¥ exci-
tation light, and zero for a linearly polarized or
unpolarized light. The time evolution of the nu-
clear polarization is described by the usual diffu-
sion equation' which takes into account direct re-
laxation together with spin diffusion:

dp(r) _ . _ )
-P——dt Dap(nN—plp—pal. @
An approximate value of the diffusion constant D

is given by?
D =y,Ahd?/30, 3)

where 7, is the nuclear gyromagnetic ratio, d the
internuclear spacing, and Ah the width of the stan-
dard resonance line of the nuclear spins. Owing to
the exponential decrease of the electronic density as
a function of distance to the donor, the nuclear re-
laxation time T';(r) is of the form

T(r)=T,(0) exp(4r/ay) . 4)

The relaxation speed at the origin is given by'®

_.._I__F Qz__z_ff____ (5)
7,0 "7 1402’

where Q is, in frequency units, the magnitude of
the relaxing interaction. The correlation time 7, is
a measure of its fluctuation time. The quantity #iw
is the energy required for a simultaneous reversal
of both an electronic and a nuclear spin, and T, is
the probability of occupation of the donor.
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The time evolution of B, is completely defined

by Egs. (1) and (2). This evolution is in the gen-
eral case complex since B, is the sum of contribu-
tions of the nuclei at different distances from the
donor, which are not characterized by the same
time constant. More precisely, up to a distance
from the donor equal to the diffusion radius 8, the
evolution of the nuclear magnetization by spin dif-
fusion is negligible so that the increase is due to
the sole effect of direct relaxation. On the other
hand, beyond 6, the spin diffusion plays a dom-
inant role and the magnetization is homogeneous
and increases in a time of the order of the bulk nu-
clear relaxation time. In this work, we shall con-
sider, for simplicity, that the characteristic time of
evolution of B,, which is measured from the exper-
iment, is the relaxation time of the nuclei which
have the largest contribution to the nuclear field.
These nuclei are shown to be at a distance from
the donor equal to the Bohr radius af.'*%
Indeed, closer nuclei are too scarce and only weak-
ly contribute to B,. Conversely, nuclei situated at
r >ag, although sufficiently numerous, individual-
ly create a vanishingly small nuclear field.

In summary, we have recalled in this section
that the magnitude of the optically detected reso-
nance signal is connected to the value of the hyper-
fine field experienced by electrons trapped on shal-
low donors, and we have discussed the time evolu-
tion of this nuclear field, which is produced by nu-
clear relaxation. In the following section, we
present the determination of the relaxation time of
the relevant nuclei, from the measure of the
characteristic time of the variation of the reso-
nance signal.

III. EXPERIMENTAL STUDY
OF DIRECT RELAXATION

The possibility to study the direct relaxation in-
dependently of spin diffusion is based on the as-
sumption that the diffusion radius 8 is larger than
the Bohr radius a§, which will be verified below.
In this framework, the relevant nuclei, at distance
r =a} from the donor, are situated inside the dif-
fusion sphere, and their polarization is mainly due
to direct relaxation. Thus, the characteristic time
of the increase of B,, after switching on circularly
polarized excitation, is of the order of T(ag)
which is related geometrically to T;(0) [Eq. (4)],
and depends very weakly on the existence of spin

diffusion.
Figure 1 shows the experimental measurement of

Ti(ay) for arsenic nuclei. One starts with the nu-
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clear system at equilibrium under o *-polarized-
light excitation. At time O, the excitation light po-
larization is changed to o~. This produces a
change of sign of B,, and one looks for the time ¢,
at which no resonance signal is detected. This
time is of the order of T,(ap). Complete cancella-
tion of this signal is found to be impossible, prob-
ably because of inhomogeneities of nuclear relaxa-
tion, but a sharp minimum is obtained for r~3 s.
Using Eq. (4), we obtain T1(0)=80+50 ms.

The results presented here have been obtained
for an external magnetic field B equal to 6 kG, but
are found to be independent on B up to the max-
imum available magnetic field, equal to 12 kG.
This indicates'® a very short correlation time 7,
smaller than 2X 10~ ' s. On the other hand, this
correlation time can be estimated from the meas-
ured value of T'(0), if we assume that the rate I',
of occupation of the donors is equal to unity,
which is valid within less than one order of magni-
tude. One finds 7,~2.5X 10" s. Thus, the two
results above are consistent with each other, and
show a very rapid modulation of the hyperfine
coupling experienced by the nuclei. This cannot
originate from trapping and recombination of elec-
trons, which is at least two orders of magnitude
slower.?! We think that this modulation occurs
from spin-exchange processes between free and
trapped electrons. The very high efficiency of
these mechanisms has been demonstrated in the
same sample by a previous study of the optically
detected NMR.!® The estimated spin-exchange

POLARIZATION (a.u)

MAGNETIC  FIELD

FIG. 1. Measurement of the spin-lattice relaxation
time of nuclei close to shallow donors. At time zero,
one changes the polarization of the excitation light,
which produces a change of sign of the equilibrium nu-
clear magnetization. The time ¢, at which no NMR sig-
nal is detected, gives an order of the nuclear relaxation
time. The resonance is that of "As nucleus in a mag-
netic field equal to 6 kG in adiabatic fast-passage condi-
tions.

time is comparable with the above correlation time.
This agreement is a further proof of the high effi-

ciency of spin exchange between free electrons and
electrons trapped on donors.

IV. EXPERIMENTAL STUDY
OF SPIN DIFFUSION

A convenient way to show the effect of spin dif-
fusion is to study the evolution of the nuclear field
in absence of light excitation. Indeed, in this case,
no photoelectrons are present, so that the above re-
laxation does not occur. Furthermore, in our pure
samples at 1.7 K, the dark spin-lattice relaxation is
completely negligible.”? Consequently, in absence of
excitation light, the evolution of the nuclear spin
system is completely governed by spin diffusion.?®
Although the total magnetization of the nuclear
system remains unchanged, the transfer of magnet-
ization by spin diffusion modifies the nuclear hy-
perfine field experienced by trapped electrons.

This is why this transfer can be demonstrated us-
ing our optical technique. We present below two
different experimental situations which slow the
spin diffusion from the donor, and the spin dif-
fusion to the donor, respectively. All the experi-
mental results have been obtained in the case of ar-
senic nuclei.

We first start from the case where the nuclei si-
tuated inside the diffusion spheres are polarized,
and the bulk nuclei are not polarized. This can be
accomplished by exciting the crystal during a time
comparable with the time, T;(a}), measured
above. We then switch off the excitation light and
we measure the characteristic time of the resulting
decay of B, due to spin diffusion. This time is of
the form

Tgark =£8°/D , (6)

where £ is a numerical factor of order unity. The
measure of Ty, is performed by switching off the
excitation light for a time 74, and then by reexcit-
ing the crystal with circularly polarized light and
by optically detecting the resonance. Figure 2
shows the variation of this signal as a function of
t4arx- We indeed find a fast decay, and we obtain
Tdark = 10‘_*‘5 S.

The experimental procedure used to evidence
spin diffusion towards the donor is shown in Fig.
3. This procedure is composed of three different
steps:

(i) The nuclei are first polarized by exciting the
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FIG. 2. Effect of spin diffusion from the donors.
The nuclei close to the donors are first polarized by
light excitation of duration 30 s. The excitation light is
then switched off for a time t4,4, and the NMR signal
is detected. This gives the variation of the observed sig-
nal as a function of 4. Note that, for a polarization
time of 20 min, one obtains exactly the same variation,
provided one changes the time unit from seconds to
minutes.

crystal with circularly polarized light for a time £,,.

(ii) One illuminates the crystal with linearly po-
larized light for a time ¢,,. This creates nonpolar-
ized photoelectrons and depolarizes the nuclear
spins, since in this case, p,, =0 in Eq. (2). The
first depolarized nuclei are those of shorter relaxa-
tion time situated close to the donors, so that the
effect of linear excitation is to “burn a hole” in the
diffusion spheres. As shown in Fig. 3, no signal is
detected in this step. However, there exist polar-
ized nuclei, situated too far from the donor to con-
tribute significantly to the nuclear field since their
hyperfine coupling with the electron trapped on
the donor is negligible.

(iii) Excitation light is then sw1tched off for a
time ¢4, This results in a transfer of nuclear po-
larization by spin diffusion towards the donor and
allows to reobserve a resonance signal [Fig. 3(c)].
We point out the remarkable feature of the present
experiment which shows enhancement of the polar-
ization of the relevant nuclei in absence of pho-
toelectrons, that is, in conditions where this effect
is initially unexpected. This can only be due to the
transfer of magnetization from other nuclei and is
a direct evidence of the existence of spin diffusion
independently of all models which describe spin re-
laxation and resonance line shape.”*

In summary, we have shown that the evolution
of the nuclear-spin system in absence of light exci-
tation is entirely due to spin diffusion, since, in
this case, direct relaxation is completely frozen.
The observation of a rapid change of the hyperfine
nuclear field after switching off the excitation
light, is unambiguous evidence for the occurrence
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FIG. 3. Spin diffusion to the donor. The upper half
represents the resonance signal obtained by sudden ap-
plication of B, (see Ref. 16), and the lower half illus-
trates the corresponding configuration of the nuclear
spin system. Case (a) is the reference signal. Case (b) is
obtained after o /7 transient. Case (c) is obtained after
o /w/dark transient. The corresponding times are t,=2
h, t,=1 min, and #g,q =20 s. The resonance signal is
zero in case (b) and is indicated by arrows in cases (a)
and (c). The fact that step (c), which is obtained from
step (b) after switching off the light excitation, shows a
nonzero resonance signal, is unambiguous evidence for
the existence of spin diffusion.

of spin diffusion. We point out that the possibility
to observe the effect of spin diffusion is a conse-
quence of the fact that the nuclear polarization is
not homogeneous in space since the bulk nuclei are
not polarized and the only polarized nuclei are
those situated close to shallow donors. In the op-
posite case, if all the nuclei throughout the sample
are uniformly polarized, spin diffusion can no
longer occur. In this case, the only possible evolu-
tion of the nuclear-spin system in the dark is
through spin-lattice relaxation which, in absence of
photoelectrons, is characterized by times of the or-
der of hours in our high-purity crystals at 1.7 K.
Thus, we expect that the polarization of the bulk
nuclei should produce a drastic increase of the
time Tdark'

We have looked for this effect using very-long-
lasting light excitations, in order to polarize the
bulk nuclei. As expected, we have observed that,
after irradiation of the crystal for 20 min, the de-
cay time of the nuclear field in the absence of exci-
tation light is increased by a factor of 60. More
precisely, the decay of the resonance signal as a
function of the time ¢4, of absence of excitation
light, coincides with that of Fig. 2 if in this figure,
one changes the time unit shown in abcissa from
seconds to minutes. This drastic increase of the
time T4,y indicates that the bulk nuclei are polar-
ized and confirms qualitatively the interpretation



25 OPTICAL DETECTION OF NMR IN HIGH-PURITY GaAs: ... 4449

of the above effects of spin diffusion. We point
out however that, in such a case, free electrons
should experience a nonzero nuclear field since the
bulk nuclear magnetization is no longer negligible.
This last fact can be shown to be inconsistent with
the results presented in Fig. 3." This contradic-
tion is not resolved at the present time. The fact
that the bulk nuclear magnetization remains very
small could be explained if inhomogeneous polari-
zation of the bulk nuclei occurs due to macroscop-
ic fluctuations of nuclear relaxation time. Further
experiments are necessary to verify this assump-
tion.

V. INTERPRETATION

We present here the evaluation of the diffusion
constant from the results summed up in Figs. 1
and 2. This evaluation is obtained by using the re-
sults of a numerical resolution of the diffusion
equation [Eq. (2)], which does not have an analytic
solution. We recall that previous bulk spin-lattice
relaxation measurements were interpreted using
simple physical ideas which allow to obtain an ap-
proximate value of the diffusion radius, 8.>° This
treatment satisfyingly accounts for the bulk nu-
clear relaxation, but is completely unsufficient for
our local study of nuclear relaxation. The results
of our numerical calculation are presented in Fig. 4
in the case of a single donor in a sphere of radius
R. This figure shows the theoretical variation of
the nuclear polarization p (), for a time ranging
between 2.5T1(0) and 20007';(0). The boundary
condition is dp /37 | g =0. On each curve, a land-
mark shows the distance r(¢) for which the nuclear
polarization p () has the value %[p(OH—p (R)].
One sees that for ¢ < 50T,(0), the bulk nuclei are
unpolarized, and r(¢) increases. On the other
hand, for ¢ > 507;(0), the bulk nuclei are polarized
and one observes that 7 (¢) remains constant. This
verifies the well-known behavior for the nuclear
polarization.” For the diffusion radius we take &
the constant value of r(¢) at long times £. We have
repeated this treatment for several values of D and
T,(0) and have found that & is given in all cases
by

DT(8)=8, @)

with a maximum error of about 20%.2° This for-
mula expresses that diffusion is as efficient as
direct relaxation at polarizing the nuclei situated
immediately beyond 6. We recall that Bagraev
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FIG. 4. Numerical resolution of the diffusion equa-
tion for various times ranging between 2.5T;(0) and
20007(0) in a sphere of radius R =4a§. The landmark
represents the point of the curve corresponding to
p(r)=%[p(0)+p(R)]. The abscissa of this landmark
increases with time as long as the bulk nuclei remain
unpolarized. The constant value of this abscissa when
the bulk nuclei are polarized gives the value of the dif-
fusion radius.

et al.® have used the approximated value
DT(8)=a}’ and that Lampel>2° has obtained,
from a first-order resolution of Eq. (2),

DT,(8)=a}?/16 . (8)

However, this last treatment supposed that the
width Ar, of the curve p (), is small as compared
with r(¢), which is obviously not verified by our
numerical calculation. If on the other hand, we as-
sume Ar =r(t), this first-order resolution leads to
the result of our numerical calculation.

Thus, the two quantities 8 and D are related to
the measured quantities T';(0) and T4, by Egs.
(6) and (7), and can be experimentally determined.
However, an accurate determination of these
parameters requires the knowledge of the quantity
&, introduced in Eq. (6). This quantity depends on
the slope of the function p (#) at the diffusion ra-
dius, and on the relative values of both the diffu-
sion radius and Bohr radius. We have performed
the determination of D by an iteration procedure
supposing first that £=0.5, and by performing a
self-consistent calculation.!® We find for arsenic
nuclei:

5=140 A ,
9)
D=10"B cm?/s.

The measurement of 8 is precise to within about
20%. One verifies that, as has been assumed be-
fore, the obtained value of § is larger than the
Bohr radius. The precision on the determination
of D is essentially determined by the precision on
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T garx, Which is 50%. This value is a factor of 3
smaller than the estimate obtained from Eq. (3).
This agreement is quite satisfactory, since this last
estimate only gives an order of magnitude of D.

VI. CONCLUSION

The optical detection of NMR in a semiconduc-
tor has allowed direct investigation of spin-lattice
relaxation of nuclei close to shallow donors. Al-
though similar investigations have already been
achieved using conventional NMR, the present
work shows a unique case where this study can be
performed in a very straightforward way (in a
high-purity crystal), and allows us to study both
direct relaxation and spin diffusion separately. We
show a very efficient modulation of the hyperfine
coupling of these nuclei with electrons, which is
due to spin exchange with free electrons. Further-
more, we show the effect of spin diffusion indepen-
dently of all models describing relaxation and reso-
nance line shape.

The most outstanding aspect of the optical
detection of NMR, which has made the present
study possible, is that this technique is a local
probe of the nuclei situated in the zones of elec-
tronic localization. This has been discussed in de-
tail elsewhere,'* and is based on the fact that the
hyperfine-contact interaction of an electron with a
given nucleus increases with the localization of this
electron. As a consequence, the present method is

extremely sensitive. In the present case, the total
number of nuclei which produce the reported ef-
fects is estimated to be of the order of 10'!, which
is several orders of magnitude lower than the sensi-
tivity of existing NMR spectrometers. We recall,
however, that the applicability of optical detection
of NMR s limited to crystals where orientation of
photoelectrons by circularly polarized light, togeth-
er with orientation of the lattice nuclei, is possible.
This represents however a wide range of semicon-
ducting crystals, for which optical pumping is ob-
served, and is almost systematically accompanied
by orientation of lattice nuclei.’® Furthermore, the
fact that this method is a specific probe of a very
small fraction of the total number of nuclei present
in the crystal, should have promising applications
such as the study of deep centers in semiconduct-
ors. In spite of the high localization of these
states, the hyperfine nuclear field is in principle ex-
pected to be of the same order as in the present
case.!* The optical detection of NMR could then
be applied to these systems, which might yield
valuable information on nuclear relaxation and
electronic wave function.
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