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The 69Ga NMR signals of differently doped GaAs samples were directly observed under optical pumping
conditions in high magnetic field~4.2 T!. This technique greatly enhances the sensitivity of the NMR signals
and allowed us to study the effect of optical pumping on the nuclear polarization under conditions very
different from optically detected NMR. The strongest NMR signals were observed when pumping with a light
energy below the band gap, suggesting the involvement of impurities and defects for the most efficient
polarization transfer. Inversion of the helicity of the pumping light at the lowest temperatures results in a phase
inversion of the NMR signal of abulk-GaAs and a Si-doped sample, but no phase inversion was observed for
a Be-doped sample.

I. INTRODUCTION

In the first optical pumping study of a semiconductor,
Lampel1 used direct nuclear magnetic resonance~NMR! de-
tection of the29Si resonance in silicon to probe the optical
orientation of electron spins via dynamic nuclear
polarization2 in a small magnetic field~1 G! achieving an
enhancement factor of 104 over thermal equilibrium. Since
then, optical pumping has been widely applied to probe
nuclear spins in semiconductors3 by optical detection of
nuclear magnetic resonance~ODNMR!.4 In ODNMR, the
dynamically enhanced nuclear polarization is detected indi-
rectly under NMR conditions from the decrease of the degree
of circular polarization of the recombination radiation in-
duced by the nuclear field. Thus ODNMR presents the very
high sensitivity typical of optical experiments and allows
probing a very small number of nuclear spins, inaccessible
by conventional NMR.

Although directly detected NMR of the optically en-
hanced nuclear polarization is inherently less sensitive, it
presents some advantage over ODNMR, which makes this
approach very promising for the study of semiconductor
nanostructures. While ODNMR probes the carrier relaxation
by radiative transitions, direct NMR detection does not re-
quire radiative recombination. Moreover, ODNMR is only
sensitive to the influence of the nuclei located close to shal-
low donors or impurities where the hyperfine interaction is
sufficiently strong, whereas direct NMR detection also
probes nuclear spins far away from the recombination
centers.5 Furthermore, the high development of multiple
pulse, multidimensional and double resonance techniques6

allows the selective study of specific interactions between
nuclei that are not accessible by optical detection methods.

In this work, we present a systematic study of the depen-
dence of phase and magnitude of the NMR signal on the
helicity and energy of the pumping light at different tempera-
tures for differently doped GaAs samples. This study allows
us to understand which electronic states are involved in the
mechanism of polarization transfer. A comparison with the

experiment of Barrettet al.7 in quantum wells yields sub-
stantial differences, which probably can be attributed to the
effects of the electron confinement in their sample. Several
unexpected results highlight the different underlying physics
with respect to ODNMR.

II. PRINCIPLES

The irradiation of a GaAs crystal in an external magnetic
field with circularly polarized light creates spin-polarized
photoelectrons in the conduction band. This nonequilibrium
polarization can be transferred to the nuclear spin system via
the hyperfine interaction and results in a dramatic increase of
the nuclear polarization. In ODNMR, the nuclear field expe-
rienced by the electrons is tilted by applying a rotating field
B1 near the resonance of the nuclear species. The subsequent
depolarization of the electronic spin system due to the Hanle
effect is detected from the decrease of the degree of circular
polarization of the luminescent light. As the relevant hyper-
fine interaction involves the photoelectrons trapped on shal-
low donors, the nuclei detectable by ODNMR are only those
situated close to those donors.5 This is not a limiting factor
when the nuclear polarization is observed directly, as in our
experiment. In fact, in this case also the nuclei far from the
impurities that are polarized via nuclear spin diffusion pro-
cesses contribute to the detected signal. The entire process
can be summarized in three steps:~i! The polarized light
creates polarized photoelectrons in conduction band and
shallow donor or impurity states;~ii ! the nuclei in a distance
of the order of one Bohr radius~;100 Å! ~Ref. 5! to the
donor are polarized by the contact with the nonequilibrium
electron spin system: and~iii ! spin diffusion causes polariza-
tion of the nuclei far from the donors. Due to the very dif-
ferent time scales, these processes can be analyzed indepen-
dently. In the following, these three steps will be discussed in
more detail.

(i) Polarization of the electrons.Irradiation of GaAs with
s1(s2) circularly polarized light induces electronic transi-
tions from the valence band to the conduction band with a
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change of the magnetic quantum number ofDMJ511
(21), whereMJ is the projection of the total angular mo-
mentum J. In a cubic direct-gap semiconductor such as
GaAs, the transitions at the center of the Brillouin zone (k
50) from the sublevels of the valence band, split by the
spin-orbit coupling, and the differentMJ states obey differ-
ent probabilities, so that the maximum net polarization of the
electronic spinsP0 is either20.5 (s1) or 10.5 (s2):

P05
n12n2

n11n2
, ~1!

wheren1(n2) are the populations of the electronic states
with spin up ~down! with respect to the external magnetic
field B0 , which is parallel to the direction of light propaga-
tion. Taking into account the loss of spin polarization due to
the recombination photoelectrons and to spin relaxation pro-
cesses, the actual steady-state polarizationP can be written
as

P5P0

ts
t1ts

5P0

1

11t/ts
, ~2!

wheret is the electron lifetime andts is the spin relaxation
time in the conduction band.8 Thus the electronic polariza-
tion depends on the ratio oft/ts , which can vary in a wide
range depending on temperature and concentration of impu-
rities, defects, and dopants.9

The preceding description is correct for free electrons in
the conduction band, while it has been shown5 that the rel-
evant electrons for the polarization transfer to the nuclei are
the trapped ones. Evidence of efficient averaging between
free and localized electronic states has been presented in Ref.
10, where the depolarization of the electrons due to the
nuclear fields has been detected by ODNMR in both local-
ized and free-electron luminescence lines. The characteristic
time of this exchange is;10211 s, about two orders of mag-
nitude shorter than the electron lifetime. Thus, from the point
of view of the hyperfine interaction, the various electronic
states are ‘‘seen’’ by the nuclei as a single spin state.10 The
effectiveg factorg* results from theg factors of the differ-
ent electronic states. However, it has been shown by
ODNMR that in GaAs the effectiveg factor is negative and
close to theg* of the conduction band.10 The only states that
could affectg* are in fact the excitonic states, but due to the
short excitonic lifetime, the concentration of excitons is
much smaller than the concentration of electrons.10

(ii) Electron-nuclear polarization transfer.Due to the hy-
perfine interaction term in the electron–nuclear-spin interac-
tion Hamiltonian, the polarization of the electronic spins is
transferred to the nuclei. Under steady-state conditions and
considering thatugnB0h/2pu!ugmBB0u, the nuclear polar-
izationPN , defined as (N12N2)/(N11N2), can be writ-
ten as

PN5
Peq2P

12PeqP

T1
T11T1e

, ~3!

where Peq is the spin polarization of the electrons in the
magnetic fieldB0 in equilibrium with the lattice temperature
T: Peq5tanh(gmBB0/2kT). Note thatPeq depends on the
sign of the electrong factor.Peq.0 if g.0 ~for a free elec-

tron, g'2) and Peq,0 if g,0 @in the GaAs conduction
bandg*520.44~Ref. 11!#. P is defined as in Eq.~2!. T1e is
the nuclear relaxation time due to the interaction with the
polarized electrons andT1 is the nuclear relaxation time due
to other possible mechanisms. This applies to the nuclei in
the vicinity of the trapped electrons~radius of 100 Å! re-
sponsible for the polarization transfer, according to the pic-
ture of Paget.5 The steady state of the nuclear polarization is
reached in;T1e , whereT1e has been estimated;0.1 s.9

The electron steady-state polarization is reached in a time
that is comparable tots andt, i.e., several orders of magni-
tude faster.

When pumping with linearly polarized light,P050 and
the enhancement of the nuclear polarization is due to the
Overhauser effect. By comparing the resulting sign ofPN
with the sign of the polarization of the nuclei without any
optical irradiation, it is possible to determine the sign of the
g factor ~with respect to the nuclearg!.

According to Eq.~3!, pumping withs1 or s2 light re-
sults in a nuclear polarization of opposite sign sinceuPu
.uPequ. No inversion of the nuclear polarization upon
switching froms1 to s2 light occurs whenuPu,uPequ, e.g.,
when strong electron-spin relaxation mechanisms are in-
volved.

(iii) Nuclear-spin diffusion.The nuclear polarization in
regions far from the shallow traps (r.140 Å, according to
Paget5! is determined by nuclear-spin diffusion. The time
scalet for the nuclear polarization to diffuse a distancer is
given byt5r 2/D, whereD is the diffusion coefficient. In the
case of 75As in GaAs,D is ;10213 cm2 s21, which gives
;10 s as a typical time to diffuse 100 Å away from the trap.
Pumping for a sufficiently long time can result in a polariza-
tion of the whole crystal, compatible with the nuclearT1 ,
which is usually on the order of 103 s for a pure GaAs crystal
at liquid-helium temperature.

III. EXPERIMENT

As a light source for near infrared laser light, a titanium
sapphire laser~Schwartz! pumped by an argon-ion laser~Co-
herent! was used. The propagation vector of the laser light
was aligned in parallel with the field of the superconducting
magnet (B054.2 T! used for NMR detection. Insertion of a
quarter-wave plate in the beam path allowed the variation of
the helicity of the pumping light. For the entire wavelength
range studied, the degree of circular polarization was higher
than 90%. All laser powers were measured directly at the
output of the titanium sapphire laser. After passing the
quarter-wave plate, about 75% of the original power is re-
tained.

For temperature control, the NMR probe with the sample
is kept in a cryostat that is located in the bore of the super-
conducting magnet. An optical window at the bottom of the
cryostat allows sample irradiation. Two different types of
cryostats were used: a homebuilt bath cryostat and a dynamic
flow cryostat~Oxford Instruments!. Most experiments were
performed in superfluid helium. A pressure gauge connected
to the He reservoir allowed controlling the temperature of the
He. Moreover, the temperature and the level of the liquid He
were monitored by carbon resistors attached to the NMR
probe.
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The NMR probes used for the two different types of cry-
ostats were of the same transmission line design. The tuning
and matching components were kept at room temperature.
The sample was mounted with a small amount of vacuum
grease on a sample holder fixed at the end of the transmis-
sion line. The solenoid NMR coil was made from thin wire
looped in four turns around sample and support, thus block-
ing only a small fraction of the sample surface from the
incident light.

The distance between the optical window~in the case of
the bath cryostat, the inner optical window! and the sample
was about 8 cm. Due to this spacing, operation at 4.2 K was
impossible since the scattering of the laser light prohibited
sample irradiation. Thus all experiments in the bath cryostat
were performed at about 1.7–2 K, whereas the dynamic flow
cryostat also allowed operation with gaseous He as a cooling
medium. In this case, temperature control was maintained
with an Oxford ITC 503 unit.

Optically pumped69Ga NMR spectra at a Larmor fre-
quency of 42.9 MHz were obtained by presaturating any
equilibrium polarization with a train of 90° pulses spaced by
a 50-ms delay. A shutter, inserted in the beam path and con-
trolled by the NMR spectrometer, was kept closed during
presaturation. The shutter was then opened for the irradiation
periodtL and closed again for a preacquisition delay of 500
ms and subsequent data acquisition. The free induction decay
was stimulated either by a single 90° pulse of a duration of
typically 9 ms or, in some cases, by a solid echo sequence
consisting of two 90° pulses spaced by a delay of typically
50 ms to prevent baseline distortions due to long dead times
of the probe. All data present single scan spectra; the signal-
to-noise ratio was sufficiently high without signal averaging.
For strong signals, the absence of a phase cycle caused the
occurrence of small quadrature images in the spectra. In ex-
periments with varying laser power or pumping time, some-
times the signal had to be attenuated to avoid saturation of
the preamplifier.

Three different samples were studied. The first sample,
hereafter referred to as ‘‘bulk-GaAs,’’ was high resistivity
GaAs used as a substrate for molecular-beam epitaxy
~MBE!. The other two samples consisted of 1-mm-thick
GaAs layers grown by MBE on bulk-GaAs. The MBE layers
of these two samples were doped with Si (1.231018 cm23)
and Be (1.731018 cm23), respectively. All three samples
were 0.5 mm thick and of comparable area~approximately
25 mm2). The spot size of the laser on the sample was 4
mm2.

IV. RESULTS AND DISCUSSION

In Fig. 1 the 69Ga NMR spectra ofbulk-GaAs are shown
under different experimental conditions. Spectrum~a! was
acquired at room temperature. The linewidth of the reso-
nance~full width at half maximum! is 2 kHz. The absence of
any quadrupolar satellite peaks in the spectrum is a good
indication that no strain was imposed on the crystal when
mounting it onto the sample holder. Spectrum~b! shows the
signal that was obtained under optical pumping conditions
with s1 light using the timing sequence described in Sec.
III. The irradiation timetL was 20 s. Spectrum~c! was re-
corded under the same conditions, but with the shutter closed

during the irradiation and acquisition time. Changing the he-
licity of the pumping light results in an inversion of the
NMR signal as shown in Fig. 1~e!.

The intensity of the signal acquired at room temperature
~a! is much stronger than that of the optically enhanced sig-
nals~b!, ~d!, and~e!. Whereas in the Boltzmann equilibrium
case~a! nuclear spins from the whole crystal contribute to
the NMR signal, only the small fraction of the sample vol-
ume exposed to the irradiation light is probed by the optical
enhancement technique.

The linewidth of the signal obtained under optical pump-
ing conditions~1.8 kHz! did not change with respect to the
conventional signal recorded at the same temperature. As
described in Sec. III, data acquisition was performed after a
500-ms preacquisition delay in the dark. This delay is much
longer than the electron lifetime and spin relaxation time.
Saturation with linearly polarized light results in an equal
population of the electronic spin orientations, so that no net
polarization is achieved. In this case, no signal can be ob-
served under ODNMR conditions.10 In our case, however, a
strong 69Ga NMR signal was obtained@Fig. 1~d!# since the
saturation of the electronic transition results at this low tem-
perature in a strong Overhauser enhancement of the nuclear
resonance.12,13 The 180° phase shift of this signal with re-
spect to the Boltzmann equilibrium NMR signal~a! is due to
the negative-g factor in GaAs. Thus the NMR signal phase
allows the assignment of the absolute sense of circular po-
larization to a certain setting of our quarter-wave plate.

Figure 2 shows the dependence of the integrated69Ga
NMR signal intensity of the energy of the pumping light at
constant power for the three different samples. The onset of

FIG. 1. 69Ga NMR spectra of thebulk-GaAs under different
experimental conditions.~a! Room-temperature spectrum, eight
scans. The signal phase has been arbitrarily set to2180°. For all
other spectra, the same phase parameters were applied.~b! Opti-
cally enhanced signal with right-handed helicity at 1.5 K. The laser
power is 930 mW; light energy 1.49 eV, andtL520 s. ~c! Same
parameters as~b!, but with the shutter closed duringtL . ~d! Same
parameters as~b!, but with linearly polarized light.~e! Same param-
eters as~b!, but with left-handed helicity of the pumping light.
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NMR signal observation occurs in the range 1.47–1.48 eV,
peaking at about 1.50 eV. At 1.7 K,Eg of GaAs is 1.52 eV. A
band-gap energy of 1.50 eV corresponds to a sample tem-
perature of about 90 K. It is not likely that such a significant
local heating was achieved. Moreover, the heating of the
sample should increase with the irradiation power. For the
bulk sample at 1.5 K and different irradiation powers~200
mW with tL560 s, 500 mW withtL55 s, and 930 mW with
tL520 s, the maximal NMR signal was always observed for
the same excitation energy of 1.50 eV. This shows that, un-
like the situation in low field ODNMR, direct population of
the shallow states below the gap by optical pumping is ef-
fective for the polarization transfer to the nuclei. The in-
creased penetration depth of the laser light below the band
gap may favor polarization transfer to a larger number of
nuclei from shallow states. These states can be due to shal-
low traps or excitons. However, due to their short lifetime,
no experimental evidence has been presented so far of
nuclear polarization transfer from excitonic states.14

The most striking feature in Fig. 2 is the narrow energy
range~approximately 0.02 eV! in which a NMR signal was
observed. According to theory,3 a nuclear polarization en-
hancement should also be observable above the gap in the
rangeEg<E<Eg1ESO,

3 whereESO is the spin-orbit cou-
pling ~for GaAs,ESO50.34 eV!. The tuning range of our
laser did not allow us to excite electrons from theG7 sub-
band, so that forE.Eg transitions fromG8 at kÞ0 are
induced, creating hot electrons in the conduction band. Ther-
malization of hot electrons to the bottom of the conduction
band in pure andn-type crystals is usually accompanied by
electron-spin relaxation due to the D’yakonov-Perel
mechanism.15,16 Therefore, we expect a decrease in the
nuclear polarization forE.Eg , which is in agreement with
the experimental results@Figs. 2~a! and 2~b!#. For p-type
crystals, however, the relaxation of hot electrons occurs un-
der retention of the polarization,8 and an almost-energy-
independent electron polarization is found in the rangeEg
<E<Eg1ESO. This should also be reflected in the nuclear
polarization. Figure 2~c! shows the result for thep-type
GaAs sample. For energies larger than 1.52 eV, only a weak

NMR signal was observed. This result seems to reveal an
effective hot-electron-spin relaxation mechanism in this high
magnetic field.

No frequency shift of the NMR signal is observed with
respect to the position in Figs. 1~b! and 1~e!. In ODNMR, a
shift of the resonance line is usually observed, since only
nuclei are detected within one Bohr radius of the shallow
donor, where a high density of polarized electrons are
trapped. In a GaAs/AlxGa12xAs quantum well sample,7 a
Knight shift was observed with direct NMR detection. In this
case, the high density of conduction electrons is probably
determined by the quantum confinement of the photoexcited
electrons. In our case, the NMR signal arises most likely
from nuclei located far away from the traps and the nuclear
polarization is created by spin diffusion rather than by direct
hyperfine interaction. Moreover, a nuclear polarization in-
duced by contact with conduction electrons is excluded,
since the light energy was below the band gap.

In Fig. 3, the dependence of the intensity and phase of the
NMR signal on the polarization of the pumping light is

FIG. 2. Energy dependence of the integrated69Ga NMR signal
intensity for the different samples at 1.5 K:~a! bulk-GaAs, laser
power 500 mW,tL55 s; ~b! Si-doped GaAs, laser power 200 mW,
tL520 s; ~c! Be-doped GaAs, laser power 200 mW,tL510 s.

FIG. 3. Dependence of the integrated69Ga NMR signal inten-
sity on the helicity of the pumping light, expressed in the setting of
the quarter-wave plate.s1 corresponds to 130° and 310°,s2 to
50° and 230°, andp to 5°, 95°, 185°, and 275°.T51.5 K. For
bulk-GaAs and Si-doped GaAs, the zero signal intensity is marked
by the dashed line to underline the regions of phase inversion upon
switching froms1 to s2 light. ~a! bulk-GaAs, laser power 930
mW, light energy 1.49 eV,tL510 s. ~b! Si-doped GaAs, laser
power 200 mW, light energy 1.49 eV,tL520 s.~c! Be-doped GaAs,
laser power 200 mW, light energy 1.49 eV,tL510 s.
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shown for the different samples. The curves show a different
offset from 0, which is so strong in the case of the Be-doped
sample that no inversion of the NMR signal is observed. In
other words, the ratios of the efficiency of nuclear polariza-
tion transfer fors1 ands2 light is strongly dependent on
the dopants in the sample. In Figs. 3~a!–3~c!, the respective
integral of the dark signal has been already subtracted, so
that nuclearT1 effects of the different samples do not con-
tribute to the effect shown in Fig. 3.

As shown in Eqs.~2! and~3!, the absence of inversion of
the nuclear polarization obtained by irradiating withs1 and
s2 light can be caused by a large value of the ratiot/ts .
Thus the experimental results are consistent with a more ef-
ficient electron-spin relaxation in the Be-doped sample,
probably due to exchange with holes. However, other mecha-
nisms may play a role, since the recombination process can
depend on the spin of the recombining electrons. Such ef-
fects have been observed with ODNMR in heavily-
manganese-doped GaAs.17 Because of the high magnetic
field applied in these experiments, polarization of the valence
holes and acceptors can occur, resulting in different recom-
bination rates for the photoelectrons with spin up or down.
This effect may be important in the Be-doped GaAs sample.

The effect of the different pumping efficiencies in terms
of nuclear polarizationPN was more carefully investigated
as a function of the irradiation time for different tempera-
tures and laser powers. Figure 4 shows the results obtained

for the bulk-GaAs at constant power and variable tempera-
ture for s1 and s2 irradiation. The dark signal has been
already subtracted for the individual data points. With de-
creasing temperature, the steeper slope of the lines indicates
an increase in the pumping efficiency due to the longer life-
time and spin relaxation time of the photoexcited electrons.
For temperatures in the range 1.5 K<T<12 K, an inversion
of the phase of the NMR signal with opposite helicity of the
pumping light is observable. AtT520 K, the signal phase
for s1 ands2 irradiation is the same as for the conventional
Boltzmann signal. This fact seems to be contradictory to the
observation that the electronicg factor is negative. Such a
behavior can be accounted for when considering that the
photoexcited electrons also cause a shortening of the nuclear-
spin lattice relaxation time. Thus the signal observed at
higher temperatures is primarily the Boltzmann magnetiza-
tion built up during the irradiation time.

V. CONCLUSION

In this work, we have revealed several unexpected effects
in the high field optical pumping of GaAs coupled with di-
rect NMR detection. Due to the longer lifetime and relax-
ation time of the electrons, we observe, according to the
expectations, the strongest NMR signal at the lowest tem-
peratures applied~1.5 K!. However, at this temperature for
all samples (n-type, p-type, and undoped GaAs!, the stron-
gest NMR signal corresponds to a light energy of 1.5 eV,
while the band gap at this temperature is 1.52 eV. A possible
explanation is heating of the sample upon irradiation, but in
this case a shift of the maximum NMR signal to lower ener-
gies is expected with increasing laser power, which is not in
agreement with the experimental results. More likely, states
below the band gap are involved in the polarization transfer
process. These states may be favored because of the in-
creased penetration depth of the light. An independent veri-
fication is desirable by detecting the degree of circular polar-
ization of the luminescence light simultaneously with the
NMR signal. No shift of the NMR signal with respect to an
acquisition in the dark is observed. Such a shift is expected if
the nuclei contributing to the NMR signal are in the proxim-
ity of a paramagnetic center or interacting with conduction
electrons. In our case, no conduction electrons were gener-
ated as the excitation energy was smaller than the band gap.
However, there is a sufficient number of electronic states
present to generate a large nuclear polarization. These states
may be trapped on impurities and defects. Therefore, we
conclude that the NMR signal is due to nuclei that were
polarized by spin diffusion and are not located in the prox-
imity of dopants or defects.

Upon changing the helicity of the pumping light, NMR
signal inversion was observed for thebulk and then-type
GaAs, but not for thep-type sample. This is consistent with
a faster electron-spin relaxation mechanism in thep-type
sample, although other mechanisms, such as a spin-
dependent electron recombination, could also be relevant.
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