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Optical polarization of nuclear spins in GaAs
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The photon energy, irradiation time, and sample temperature dependences of laser-enhanced NMR spectra
from semi-insulating GaAs at 9.4 T were measured. These data were used to test the existing model for the
mechanism of optical nuclear polarization—namely, optical excitation of shallow donor states and subsequent
spin diffusion of polarization throughout the bulk. Features of the present results, such as their uniqueness to
semi-insulating GaAs and pumping data obtained via laser irradiation above the band gap, are inconsistent with
this model. An additional model is proposed that includes localized paramagnetic centers as storage sites for
electron spin polarization, but relies upon delocalized electron states to accomplish the bulk nuclear spin
polarizations. The delocalized states could be free excitons.
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I. OVERVIEW Il. METHODS

. S . . . Optically enhanced NMR spectra were collected for wa-
The crafting of nonequilibrium nuclear spin populations iS¢ors of bulk semi-insulating GaA&hickness 35Qum, sur-

of increasing scientific and technological interest. Nuclealrrace orientatiori 100}, resistivity greater than 100 cm’ mo-
eiggnstate-based computing and sensitivity-enhancgd magmty greater than, 6000 ciit/V's (American C,rystal
netic resonance spectroscopy are examples of emerging t€CRschnologiesin a 9.4-T magnetic field using the “saturation

nologies that may exploit quantum coherences prep_ared %covery” experimental protocol described in Ref. 5. The
transfer of photon angular momentum to nuclear spins. Togampje ‘was irradiated with laser light throughout the whole
wards these ends, researchers have employed the optical neriment: no changes in the NMR spectra were observed
citation of semiconductors and _semlconductor—based NaNQyhen the laser was blocked prior to NMR signal acquisition.
structures to demonstrate exotic NMR-observable nuclegg, ., optically enhanced NMR spectrum consisted of a
spin POp,,UIat'O”é' For bulk semiconductors, these “optical gjngje peak that was indistinguishable in chemical shift and
pumping” results have been discussed in the context of annewidth to GaAs spectra collected without irradiation. Peak
gular momentum selection rules for the optical absorptionyegrals alone are therefore sufficient to describe NMR re-
process, followed by perturbation of the nuclear spin popug s, when nonzero thermally relaxed intensities were ob-
lations via cross relaxation with polarized electrons—i.e., th&gred with the laser off. the reported values correspond to

Overhauser effect. _ _ . differences between laser-on and laser-off experiments.
We report observation of new phenomena in the opticayecira were phase adjusted so that thermally relgsied

polarization of "'Ga and *®Ga nuclear spin states in bulk yhe gark® or without laser irradiationNMR acquisitions
semi-insulating GaAs which suggest that the present undefie|ged a positive peak. A negative signal intensity therefore

standing of laser-enhanced NMR is incomplete. We showqresponds to a population inversion in nuclear spin energy
that optically induced NMR signal enhancements can be oby,q|s.

served with irradiation at photon energies up to 30 meV be-

Figure 1 shows a diagram of the equipment used for laser-
low and 110 meV above the energy of shallow donor states

that are the ostensible origin of the enhancements accordin~ Transmission Line NVR Piobs
i 4 o
to p_rewous_model%. Enhanceme_nts observed throug_h irra Liquid Helium Cryostat
diation at different photon energies show markedly different \ ~|«—Tuning Circuit

temperature dependences; high photon energy data are n
consistent with indirect population of lower-energy excited

states. We further demonstrate that NMR signal dependence
on laser irradiation time and photon polarization are sugges
tive of multiple mechanisms for polarization of bulk nuclear

spins, including cross relaxation with localized states at pho-
ton energies below 1.50 eV and with mobile or delocalized
states at higher photon energies. The phenomena reporte
here were uniquely observed in semi-insulating GaAs and
not in commercially doped GaAs samples or in high-purity
molecular-beam-epitaxydMBE-) grown layers. The appar-

Sample: Undoped GaAs
Band Gap: 1.52 eV

Quarter-Wave
Retarder
o

- i : - < 5
ent uniqueness of semi-insulating GaAs suggests the iMmpot et 1 iz

tance of a moderate concentration of impurities to increase
the spin lifetimes of excited electrons. FIG. 1. Equipment diagram.
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enhanced NMR. Sample temperature was controlled using i

commercial continuous-flow cryostat and laser-induced ‘'
sample heating was minimized via sapphire heat sinking
similar to that employed previousiyasking GaAs samples

with silicon in control experiments allowed recreation of the :
laser-induced temperature gradients in the GaAs without al-3 °
lowing light to penetrate the silicon’’Ga NMR relaxation

times in doped samples were then used to calibrate sampl
temperatures subject to laser irradiation. A transmission line
NMR probe desigriwith capacitors at room temperature, as

A (arb. units)

\ .
1.54 1.56 1.58
Photon Energy (eV)

o

shown in Fig. } allowed constant probe sensitivity, without o Lag®X ,& . >

the need to retune, between 11 K and 40 K. Constant prob Lo photon Energy (V3. . °
sensitivity was confirmed through measurement of thermal Sample Temperature

equilibrium NMR intensities in fast-relaxing heavily doped T2k e 31K

samples; these intensities were proportional to Boltzmanr oz
equilibrium magnetizations over the temperature range stud:
ied. The NMR probe could be tuned to a variety of NMR
frequencies by replacement of the cable between the tunine
circuit and transmission line. |

In order to evaluate the different excited states populatec€ -o.»
by laser irradiation, photoluminescence experiments weréa
performed on the semi-insulating GaAs sample in a 7-T
magnetic field. In these experiments, sample temperature —°-*[
was also controlled by a continuous-flow liquid helium cry-
ostat. The sample was excited at a photon energy of 1.95e\ _ [
with 3.5 mW of laser power focused to a spot size of roughly 1
10 #m. Luminescence from the sample was analyzed usinc 1se o Lese
a high-resolution monochrometer.

units

B (arb. units)

ST
1
1.54 1.56 1.58 1.6

Photon Energy (eV)

1.5 T e e |
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FIG. 2. The parameter& (top) and B (bottom) defined in the
text for "’Ga at 9.4 T as a function of laser photon energy at dif-
lll. RESULTS ferent temperatures. Laser irradiation time=4 min, spot size

Opticall h d NMR si | intensiti h ; =4 mm, and power=320 mW. The vertical dashed lines repre-
ptically enhance signal Intensiies areé charactergey; ihe pangd gap of GaAs below 4QRef. 8. The arrows indicate

ized her,e'n by two par.ame'tens; the maQ”'tF‘de of 'm,ens'ty the photon energies for the data plotted in Fig. 3. The curves are
modulation by opposite circular polarizations of ligh& (g ides to the eye. Unless otherwise specified, estimated errors are

=l,-—1,+), andB, the offset intensity relative to which this  approximately equal to the symbol size. InsétsaindB for °Ga at
modulation occurB= (I ,-+1,+)/2]. The parameteBrep- T=11K.

resents the NMR intensity observed via irradiation with lin-
early polarized light, while the parametér quantifies the

effects of circular polarization. The excitation energy “spec- ; . o
" ; 7 : : - K, Aderived from superband gdpbove 1.52 eYirradiation
trat of aptically pumped™Ga NMR signals are displayed in | creases above 11 K and then decreases slowly. The tem-

Fig. 2 at various temperatures between 11 K and 31 K. The A d q f NMR enh ts is detailed i
laser penetration depth is expected to range from greater th rature dependence o R enhancements 1S detailed in
Ig. 3 for those photon energies marked with arrows in Fig.

20 um at 1.48 eV to less than &m at 1.60 eV, so features e :

in IIL:Lig. 2 are not necessarilyﬂ;)roportional to nuclear spin2' The mpst striking _d|fferenc'es betweer) the present. results
polarizations within the illuminated region. In addition, ?nd %rﬁ\é'%ujg %btfmgd odptlcallythpola_\rlziq Nl\/IRhsugnals
NMR intensities did vary slightly with laser alignment due to romt u aih S(Refs. _?n t})irei € signi |cand etn ance;

rf field inhomogenieties; error bars in Fig. 2 reflect repeat—gneepneiazgces eogggf\?erg' f?)r: sﬁpzr%r;r? dnzragg izrirr; diaetirglgera ure

ility within sam Xperiments. litatively similar : ’ ;
ability within same day experiments. Qualitatively simila ? The time dependence of laser-enhanced NMR signals
ro

behavior was observed when the NMR probe was tune m semi-insulating GaAs was measured over a wide range
69, H i 75 75 -
to "Ga (insets, Fig. 2 and "As, although the™As data of time scales(between 0.5 s and several hourét all

were complicated by a strain-induced quadrupolar splitting. . L .

Most qualitative features of Fig. 2 are independent of tem_sample temperatures and laser irradiation freque_nmes_ mea-
perature and Ga isotope observed; the magnitudes of theggrﬁ?ﬁt tg]e t|m_e (Tependencet. OI{ trlel NYIEQ S|gn_al /l;]_tensny IS
features, however, are highly dependent on temperature. &/l fit by a single exponential, =1..[1—exp(=7/Ty,)],
low ~1.50 eV, the magnitude dB decreases to near zero WhereITl a.ndl30 are NMR S|gna| intensities evaluated at a
with sample temperature rise from 11 K to 13 K. Above 1.50finite and infinite optical pumping time, respectively,
eV, B changes sign and its absolute value decreases morepresents the characteristic relaxation time of the optically
slowly as sample temperature is raised from 11 to 31 K. Thenhanced NMR signal, which was found to be roughly equal

same trend is true foA in the region of subband gap irra- to 1 h at 10 K(much less than the dark relaxation time of

diation (below 1.52 eV. Although significantly smaller at 11
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FIG. 3. The temperature dependenceAdbr "'Ga between 11
K and 40 K. Irradiation timer;=4 min. Inset: data for selected
photon energies plotted on a larger scale to demonstrate an increase
in intensity between 11 K and 13 K. The curves are guides to the
eye.

30+ 10 h) and 10 min at 30 Kequal to the dark relaxation
time). Due to these long relaxation times at low tempera-
tures, errors inl;; measurements were large, and multiex-
ponential relaxation behavior would not have been detectable
if all time constants were of the same order of magnitude.
Experimental errors in th&,, determination were also too
large to detect different relaxation times at different photon

Photoluminescence Intensity (arb. units)

0
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1.514 1.516 1.518 1.520 1.522
Photon Energy (eV)

energies.

Figure 4 shows the photoluminescence spectrum of semi- FIG. 5. The temperature dependence of excitonic luminescence
insulating GaAs at 10 K in a 7-T magnetic field. The broadfrom semi-insulating GaAs in a 7-T magnetic field. Experimental
features between 1.490 eV and 1.505 eV result from fre@arameters are the same as for the photoluminescence data in Fig.

T T T T T T T

L 1
@
21 0.8
c
3 —_
4 2
c | 06 €
< >
2 =
a | 04 8

L c
g 02 §
8 =
D0 et 0=
£ z
§
= -02
[o]
L
[xN

L -04

1490 1.495 1.500 1.505 1.510 1.515 1.520
Photon Energy (eV)

4,

electron-to-acceptor luminescen@! and the peaks be-
tween 1.515 eV and 1.520 eV are attributed to luminescence
from excitonst® Superimposed on the same axes are the
NMR enhancements from Fig. 2. Significant NMR enhance-
ments were observed at photon energies at which there was
no photoluminescence, e.g., in the region between the accep-
tor and excitonic peaks, as well as at energies below the
acceptor luminsecence. Figure 5 shows the temperature de-
pendence of the excitonic luminescence. The broad peak
centered just below 1.52 eV is assigned to the free exciton
polariton!? The intensity of this feature is nonmonotonic in
temperature. The sharp peaks at lower energy are due to
luminescence from excitons associated with impurity
sites!®!2 These peaks disappeared by 30 K due to dissocia-
tion of donor- and acceptor-bound excitdisThe intensity
of all excitonic luminescence decreased significantly by
about 40 K.

Finally, we have found that the observation of
polarization-dependent optical NMR enhancements depends

FIG. 4. The photoluminescence spectrum for semi-insulatingstrongly on the type of GaAs studied. The results in Figs. 2
GaAs at 10 K in a 7-T magnetic field. Excitation photon energyand 3 appear to be unique to semi-insulating GaAs. Qualita-

=1.95 eV, laser power3.5 mW, and spot size-10 um. On the
same axes are superimposed data from Figh 2ndB for %°Ga at
11 K.

tively similar results were obtained from samples of semi-
insulating GaAs produced by other manufacturérsut we
have observedho NMR enhancementsom commercial
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samples with doping concentrations-(and p-type, dopant  of signal enhancements from commercially doped samples
=Si and Zn, respectively between 5107 and 2 with higher defect densities than semi-insulating GaAs sug-
X 10" cm™3. The photoluminescence from commercial gests that the optical polarization effect is more complicated.
n-type GaAs showed a broad, featureless peak spanning froffprthermore, the dominance of superband gap enhan.cements
~1.44 eV to 1.52 eV, without resolved excitonic or acceptor®Ver subband gap enhancements at higher temperattiges
luminescence. We also observed no NMR enhancemend indicates the importance of more energetic electrons. We
from a 6um-thick layer of undoped MBE-grown high- &€ left with the following question: What are the unique

purity GaAs that exhibited strong excitonic photolumines-Properties of semi-insulating GaAs which lead to strong op-
cence. tical enhancements of NMR? It will be argued that both de-

localized and localized paramagnetic electrons contribute to
bulk NMR enhancements. The delocalized states interact
IV. DISCUSSION with large numbers of nuclei and are most efficient at polar-

Modulation of nonequilibrium nuclear spin populations 1zation transfer to nuclear spins in the bulk, and fixed para-
via circularly polarized optical excitation relies upon two Magnetic centers are necessary to extend spin lifetimes of the
fundamental criteria. First, angular momentum selectiorfi€localized states through spin e_xcha?'@@h_e distinct fea-
rules must exist such that excitation with circularly polarized®r€s of Figs. 2 and 3 will be discussed in the context of
light results in nonequilibrium electronic spin polarization. différing distributions of excited electronic populations.
Second, the electrons and nuclei must experience a hyperfine Under the Solomon formalism for the Overhauser effect,
interaction so that a transfer of angular momentum to thdhe Steady-state nuclear Spin polarization under optical exci-
nuclear spin system occurs. The second criterion alone i&tion is approximated By
sufficient for observation of NMR enhancements that do not
depend on light polarization. The satisfaction of both criteria — wo—wy  I(1+1) —
in GaAs is well establisheti***°but no hyperfine shifts have I7=lot wot 201, + w, S(S+1) (S,~ o), @
been reported in optically enhanced NMR spectra from bulk

GaAs observed through conventional, sample-in-coil NMRwherel, (S,) andl, (S,) are the steady-state and thermal
detection’® In previously published models for bulk GaAs equilibrium nuclear(electronid spin polarizations, and,
optica}I pumping that invoke _nuclear spin diffusion from de'wl,w and w, are the rate constants for zero-, single-
fect sites, the absence of shifts in the NMR signals preparethycleus, and double-quantum transitions involving coupled
via optical pumping was rationalized by the low abundanceglectrons and nuclei. The effect of optical excitation is to
of nuclei at defect sites relative to the bdlk. perturbS, from thermal equilibrium, creating a driving force

To our knowledge, there is no definitive identification in for polarization transfer. The parameris a relative mea-
the literature of the specific electronic excited states resporg | o OfE for excitation of electrons with no preferred polar-

sible for optical alignment ofbulk nuclear spins in . . — L . .
GaAs3*16 V\;)hen NMIg enhancements were detgcted opti-Zation (S.|<[Sol) via linearly polarized(or unpolarized

cally, efficient spin exchange between different electronic“ght' Th? parameteA is the r.espor}se of the nuclear spins to
states prevented identification of specific electronic statef10dulation of S, with polarized light: Ax<[(wg— w2)/(wo

that cross relax with nuclei: while optically detected NMR +201+®2) (S, o~ =S, 5+), where §,,-—S,,+) is the
spectra could be extracted from distinct photoluminescenceegree of modulation i, induced by the two circular po-
lines, these lines yielded the same optically detected NMHarizations of light. Equatior{1) provides a framework for
spectrumt® The NMR line shapes were consistent with elec-identifying the specific electronic states that are responsible
trons at a fixed defect site coupling strongly with local for polarization of nuclei. As the excitation photon energy is
nuclear spins. Such electrons no doubt experience the stromaried, S,, Sy, and the rate constantg; would change de-
gest nuclear hyperfine fields, but it is not obvious that nuclepending on the local symmetries of optical excitation, local
near defect sites are representative of bulk nuclear spinglectronicg factors, and the nature of electron-nuclear cou-
Efficient spin exchange between electrons would render anpling for different excited electronic states. In addition, the
optical scheme for detection of NMR less sensitive to themagnitudes of NMR enhancements depend on the lifetimes
polarization of nuclei in the bulk of the crystal. (population$ of excited electrons.

At the other extreme, sample-in-coil NMR vyields a bulk- The NMR enhancements presented here appear to be
averaged signal with a limited bandwidth, making it insensi-unique to semi-insulating GaAs, suggesting that certain types
tive to the small net magnetization and broad lines antici-of defects are essential for these bulk NMR enhancements.
pated from nuclear spins near defect sites. In previou3he only type of defect we know to be unique to this sample
studies, the insensitivity of laser-enhanced NMR to photoris the carbon acceptor. Carbon acceptors are added in the
energy below the band gap led to the suggestion that lowprocessing of semi-insulating GaAs to compensate for the
lying, localized defect states are responsible for polarizatiomlonor impurities, such as EL2, which are unavoidable in
of nuclei; such defect states can be populated indirectlpulk crystal growttf? The presence of this impurity is indi-
through the electron-phonon cascddé’ The expectation of cated by the broad photoluminescence peak between 1.490
bulk spin polarization through spin diffusion from sites of and 1.505 eV in Fig. 4. Direct excitation at these low photon
electronic localization suggests that NMR enhancementenergies resulted in relatively weak NMR enhancements
should scale with defect density. In our experiments, the lackFig. 2). Excitation at the carbon acceptor peak is expected to
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promote electrons from carbon acceptor levels into the con- 1F
duction band; these electrons may or may not relax back tc
acceptor levels. The fact that NMR enhancements in this 0.8}
region of the photon energy spectrum are not highly depen-g
dent on light polarization suggests that light absorption is not-‘é 0.
highly spin selective. >
When the sample is irradiated at photon energies associe 0.41
ated with carbon acceptor luminescence, there is a sigrs
change in the polarization-independent component of the<t 0.2 [
NMR enhancement spectru(B) at 11 K(Fig. 2). This sign

(o]

Normalized Intensity (arbo. units)
=

change has been measured previotiglysign change irB 0 . ) R °
could be affected in two ways, could change sign through 0 0.2 0.4 _ 0.6 08 1 1.2 1.4
a change in the electronigfactors of excited electrons or the Irradiation Time, 7z, (s)

relative magnitudes ab, andw, could change sigf® In the G. 6. Short time d q tor 71G h
latter case, Eq(1) would predict a simultaneous sign change_lF;Oé v Tort tumet epiz ;n‘ée Ah grt a. tE oton Iten;:-rg_y
in A that is not observed. These results suggest that elec- 12> &V Temperature= 11 1. =ach datum Is the resuit of sig-
. . . | averaging 500 scans. Inset: NMR spectra collected for this se-
tronic excited states populated at photon energies below 1. LSS T : :
eV haveg factors opposite in sign to those populated a,[rles of |r.rad.|at|on tlmes,.nc.)rmallzed. and superlmposfe.d to show no
change in line shape within the noise level. The noisiest spectrum

higher photor] energies. corresponds to the shortest irradiation time. Similar results were
The negative values foB observed throughout most of |, -veq at other photon energies above 1.505 eV.

the photon energy randabove 1.50 eYare consistent with
the negativeg factors for electrons at shallow donors and
Conduction e|ectrons in Ga&éA Sign inversion in the ef_ W|th nucleal’ Spin diﬁusion. Bulk NMR I’elaxation due to the
fective g factor of the excited electronic spin reservoir as thecombination of localized electron-nuclear interaction and
excitation photon energy is decreased below 1.50 eV sugiuclear spin diffusion into the bulk has been modeled
gests a transition to highly localized electronic states. Thereviously?* It was shown that the bulk NMR signal inten-
fact that this sign change is observed only at the lowest terrsity is an exponential function of time at time scales
perature suggests that the localized states relax quickly or afea?/D, whereD is the nuclear spin diffusivity and is the
easily dissociated. Further investigation of NMR enhanceBohr radius of a defect site. The bulk signal intensity scales
ments at lower photon energies is necessary. We are currentyith /7 at short time scalesr<a®D) because of the
looking for evidence of spatial localization of NMR en- spherical geometry of diffusion, as well as direct interaction
hancementgnuclear spin diffusion and broadening of the between nuclear spins local to the paramagnetic site and the
NMR spectrum at short irradiation time# this range of unpaired electrof*?°This model thus anticipates three time
photon energie$? scales of interest for the present experiments. NMR signals
While it is possible that excitation at higher photon ener-are expected to be nonlinear with irradiation time at short
gies may lead to similar mechanisms for nuclear spin aligntime scales f;<a?/D), linear at intermediate time scales
ment through indirect population of the same low-energy ex{a?/D < 71<Ty,) (due to the linear early-time behavior of
cited states, the distinct temperature dependence of NMRhe exponential decay functiprand nonlinear at longer time
enhancements at different photon energies suggests a maeales. Estimatingi~100 A (Ref. 26 and D~3000 A/s
complicated mechanism. For example, NMR enhancemeni@Refs. 4 and 27 we finda?/D~3 s. Therefore, any signal
(both |A| and|B|) increased dramatically as photon energyenhancement that depends upon nuclear spin diffusion from
was increased above 1.50 eV. Furthermore, these strongdilute impurity sites should show a nonlinear time depen-
NMR signals are more robust to increases in sample temdence forr;<3 s. Figure 6 shows a linear dependencé\of
perature. Still more striking is the thermally activated behav-on laser irradiation time for, between 0.5 s and 1.5 s, indi-
ior of A observed at photon energies above the band gap, armwditing that laser-induced signal enhancements observed in
that these enhancements eventually dominate over those oifre present experiments are not due to nuclear spin diffusion
served for subband gap irradiation as temperature was irfrom dilute impurity sites. A linear growth in signal intensity
creasedFig. 3). This final observation is the most indicative has been observed previously for even shorter tifhes.
of a different mechanism for polarization of nuclei for high-  Second, we have observed no shift or broadening of the
photon-energy excitation: if the only difference betweenNMR spectrum, even at the shortest irradiation times mea-
high-photon-energy and low-photon-energy excitation weresured(inset, Fig. 6, when the NMR signal was ostensibly
the indirect population of the same excited states, indirectiue to nuclear spins close to paramagnetic sites. Paget
excitation would not yield stronger NMR enhancements ashowed through optically detected NMR that broadening
higher temperatures. caused by hyperfine interactions at defect sites should be
At photon energies above 1.505 eV, the time depen- observable in the NMR spectrum at irradiation times up to
dence of the NMR data shows no evidence for electron20 s, which is roughly the measured time scale for develop-
nuclear cross relaxation at defect sites and subsequentent of nuclear spin polarization within the defect site
nuclear spin diffusion to polarize bulk nuclei. First, the tem-itself* In our experiments, even if the NMR signal from
poral dependence of signal enhancements is inconsistenticlei close to paramagnetic centers were broadened beyond
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detection, we would expect to have seen the peak graduallyon, NMR signal would only be enhanced if the lowest-
shift and narrow into the detection window as nuclear spinorder excitonic state is indirectly populated through phonon-
polarization diffused away from defect sites. Our bulk- assisted spectral diffusidi. This process of indirect
averaged results therefore indicate bulk—rather tharexcitation might explain the thermally activated superband
localized—nuclear spin alignment; by “bulk,” we mean gap NMR enhancements reported in Fig Superband gap
within the illuminated region. In addition, NMR enhance- excitation may show stronger NMR enhancements than sub-
ments in our experiments were directly proportional to theband gap excitation by indirectly creating ground-state exci-
laser power up to and including 320 mW. A model relyingtons with athermal momenta and therefore longer
upon a defect-driven mechanism would be expected to shotifetimes?®4° It is known that free excitonic lifetimes are
a nonlinear laser power dependence as the distribution afxtended with increasing temperature in the vicinity of 10 K
excited electronic states changes with laser pdiver. and can also be extended by excitation at higher photon
Laser-induced NMR enhancements in bulk GaAs appeagnergie<? It is important to reiterate that long lifetimes for
to be nonmonotonic in impurity concentration. The lack of excited electrons are only beneficial to NMR enhancements

enhancements ip-type GaAs is an expected result of the it gpin lifetimes exceed excited-state lifetines.
efficient Bir-Aronov-Pikus mechanism for thermalization of Photoluminescence showed little correlation to NMR en-

excited electronic spif® The lack of enhancements imtype hancement¢Fig. 4). This discrepancy could be partially ex-

GaAs was surprising, since electron spin lifetimes have beeB| : : - -

: a0 ained by the variable penetration depth of the laser light;
shown to be extended in moderateiydoped material$. strong or weak absorption in a sample that is much thicker
The absence of NMR enhancements in these doped samplfﬁs

suggests that a high concentration of impurities precludesi:]'aéhﬁflzsﬁkp:init;?“gg ddtehF:athinv;Igr?sl(ijt yggtf;g;g? IS maég-
bulk NMR enhancements. At the other extreme, samples thdl gnal, Y '9.

are too pure(undobed MBE-arown laversdo not show Must not be overinterpretédinvestigation of a thinner
pure( P g ves :.sample (1um of thickness would be idealvould yield a

NMR enhancements either. For our sample of semi->¢ , )
insulating GaAs, we estimate a carbon acceptor concentrdigher-resolution spectrum of NMR enhancements. Still

tion roughly 16° cm~3 based on comparison of the room- More important could l_)e the distinction between photolumi-
temperature electron mobilify>6000 cm 2/(Vs)] with the ~ hescence and absorption. The states populated through irra-
literature?® The concentration of EL2 impurities should be diation at different photon energies may not be well repre-
on the same order of magnitude. Based on comparison ¢fented by photoluminescence spectra from a sample excited
different GaAs samples, we therefore argue that a model fdigr above the band gap. Dark magnetoexcitonic states, which
the observed NMR enhancements must account for the infhave the longest lifetimes, may not be detected by photolu-
portance of impurities without relying upon localized minescence at all, though they do become optically active in
electron-nuclear cross relaxation. a magnetic field? It is unclear which type of electronic spe-
We propose that the necessity of impurities is to providecies is created upon excitation between 1.505 and 1.515 eV.
paramagnetic centers for storage of excited electronic spiAbsorption spectra from the literature do show more broad
and also that mobile electronic species, such as free excitonexcitonic features than observed for photoluminescence
are most effective in polarizing bulk nuclear spins. In thespectre® although 1.505 eV would still appear to be too
case of semi-insulating GaAs, the specific paramagnetic imlow for direct excitation of free excitons. Furthermore, it is
purities are likely to be EL2 defectd.It is well known that  possible that excitation between 1.505 eV and 1.515 eV may
there is strong spin exchange between localized electrons ampulate delocalized excited states by ionizing electrons
free excitons® and that impurities extend excited electron from midgap states into the conduction bafdgain, pen-
spin lifetimes!®3° If our argument is correct, a moderate etration depth of the laser light may have exaggerated these
concentration of paramagnetic impurity sites is optimal forNMR intensities, and even a slight absorption from the low-
the observation of bulk nuclear spin polarizations at highphoton-energy edge of the excitonic peak would explain the
magnetic fields, and the phenomenology described here fatata.
semi-insulating GaAs should also be observable in samples The temperature dependence of photoluminescence spec-
of lightly doped (~10Y°-10' cm™3) n-type GaAs that ex- tra (Fig. 5) is consistent with the temperature dependence of
hibit free excitonic luminescence. Excitons in samples thaNMR enhancementgFig. 3. NMR enhancements above
are too pure would quickly lose spin polarization through thel.50 eV persist to temperatures above 40 K. These high tem-
electron-hole exchange interactiohSamples with too many peratures are above the dissociation temperature of shallow
impurities may not support free excitons at ¥limaking it  traps. The thermally activated behavior of NMR enhance-
difficult for nuclei in the bulk to become spin polarized. ments through superband gap irradiation is consistent with
The importance of free excitons could explain the differ-the nonmonotonic temperature dependence of free excitonic
ences in the temperature dependence of enhancements dbminescence. The disappearance of NMR enhancements co-
tained through subband gap and superband gap irradiatidncides with the loss of excitonic photoluminescence with
(Fig. 3). Electron-nuclear cross relaxation is expected to bancreasing temperature. While the free electron to carbon ac-
strongest if the exciton is in the ground state, because theeptor luminescence observed at lower photon energies is
hyperfine field is expected to drop precipitously as the vol-expected to persist to higher temperatufedirect excitation
ume of excitonic states increasedf the laser light popu- of the carbon acceptor did not lead to NMR enhancements
lates only higher-order states through superband gap irradighat were robust to sample temperature increases.
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As a final point, consideration of electron-induced nucleamuclear spins in GaAs to be polarized by direct interactions
spin-lattice relaxation rates yielded insights into the nature ofvith mobile excitons without the observation of a Knight
the electrons responsible for the NMR enhancementsshift.

Nuclear spin relaxation induced by conduction electrons

would be expected to result in a Knight shift in the NMR V. CONCLUSION
spectrum due to bulk hyperfine fields. Such a shift has been , .
observed in quantum-confinédput not bulk®® GaAs sys- We have presented new phenomenology in optically en-

tems. According to Bloembergéh,the relaxation time of Nanced NMR of bulk GaAs. At photon energies below

nuclei coupled to a nondegenerate electron gas could be 3-1-50 €V, an apparent sign change in the local electrgnic
timated by factor is suggestive of an interaction with a localized elec-

tronic species. At higher photon energies, discrepancies be-
1 tween expectations from previous models and the depen-
2Ty, =4(2m) " M EAT M IAN(KT) 2, (20 dences of the NMR signal on the laser wavelength,

’ temperature, and irradiation time have motivated us to pro-
whereuv, is the unit cell volumeAy, is the hyperfine cou- pose that cross relaxation with mobile excitons may be an
pling constant through Fermi contaeh* is the electronic  alternative mechanism for light-induced alignment of bulk
effective mass, anldl is the number per unit volume of elec- nuclear spins. The uniqueness of observed phenomena to
trons in the sample. The corresponding Knight shift inducedemi-insulating GaAs when compared to commercially
by the same hyperfine coupling is estimated t&be doped and high-purity GaAs suggests the importance of a

moderate concentration of paramagnetic impurities to extend
3) excited electron spin lifetimes. This proposition could be

tested by measuring bulk NMR enhancements from samples
in which excited electron spin lifetimes are known to be
extended by impurities and in which mobile excitons are
known to exist. An example of such a sample would be
lightly doped (16° cm™3) n-type GaAs>°

5k=3:—5:vaAch(kT)—l
where u. and g, are the electronic magnetic moment and
Lande g factor [published value—0.44 (Ref. 23], respec-
tively, andy, is the nuclear magnetogyric ratio. The scaling
fractor S,/ Sy accounts for the nonequilibrium electronic spin
polarization excited by polarized light. Using Eq®) and
(3), we could not rationalize a conduction-electron-mediated
relaxation process with experimental observations: reason- This work was performed under the auspices of the U.S.
able estimates foN, based on laser power and typical free- Department of Energy by Lawrence Livermore National
electron lifetimes 1 ns); could not be rationalized with Laboratory under Contract No. W-7405-ENG-48. BES is
the measured values fdr; and the lack of observed Knight supported by the Miller Foundation at the University of Cali-
shift3® However, the same treatment for relaxation due tdfornia, Berkeley. We thank Jonathan Goldman for perform-
heavy-hole excitons predicted shorter relaxation times anthg the photoluminescence experiments, Thaddeus Ladd,
smaller Knight shiftslbelow our detection limjtfor similar ~ Anne Verhulst, and Patrick Coles for many helpful and in-
radiative lifetimes due to the larger effective mass of thisformative discussions, and Kai-Mei Fu for lending us the
exciton?® We therefore suggest that it is possible for bulk high-purity GaAs sample.
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