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Gallium-71 nuclear spin polarizations derived from optical pumping of semi-insulating GaAs were measured
through asymmetries in quadrupole-split NMR line shapes. The irradiation time dependences of nuclear po-
larization and integrated NMR intensity were modeled in terms of spatially inhomogeneous generation of
nuclear magnetization coupled with nuclear spin diffusion. Agreement between theory and experiment would
require that the spatial extent of the excited electron density be larger than the Bohr radii of electrons confined
to hydrogenic defect sites, but smaller than the illuminated region of the sample. The results presented herein
place constraints on future modeling of optical nuclear polarization in the solid state, and suggest the impor-
tance of both localized and delocalized excited electrons.
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I. INTRODUCTION

It is well known that irradiating various direct-gap semi-
conductors with polarized light can induce enormous en-
hancements in nuclear spin polarizations relative to thermal
equilibrium,1–5 but the mechanism behind this transfer of an-
gular momentum is not well understood. The lack of a com-
plete model for optically pumped NMR in the solid state is
due in part to ambiguities in nuclear magnetic resonance
sNMRd and optical measurements performed to date.3,4,6One
ambiguity concerns the distribution of nuclear spin polariza-
tion within the sample, as NMR yields only bulk-averaged
signal, and optical schemes for magnetic resonance are bi-
ased towards sites of electronic localization. Here, we use a
breakdown of the high temperature approximation to mea-
sure nuclear spin polarization independently of total NMR
intensity. The revealed spatial distributions of optically in-
duced nuclear polarization offer insights into the nuclear po-
larization process as well as provide constraints for future
modeling efforts.

During continuous optical excitation of electrons with po-
larized photons, growth of GaAs NMR signal may not reveal
the microscopic details of angular momentum transfer.6,7 If
electron-nuclear cross relaxation is confined to regions near
defect sitess,100 Åd, nuclear spin diffusion could carry
magnetization into the bulk and thus polarize the whole
crystal.2,8–10 If, alternatively, delocalized electrons dominate
the polarization transfer to nuclei, the effects of nuclear spin
diffusion may be negligible as spatial gradients could exist
on much larger length scalesslaser penetration depths
,1 mmd.3 In either case, total NMR intensity is expected to
grow with time and, in the absence of line shape changes, the
NMR spectrum is not necessarily expected to contain infor-
mation on the source of enhanced nuclear magnetization.
The only attempt to experimentally resolve this issue using
NMR was stray field imaging of optically pumped nuclear
polarization in InP; the resolution in these experiments, how-
ever, was insufficient to observe nuclear spin diffusion.4

Cross relaxation and spin diffusion both serve to increase
the total NMR signal intensity, but they have opposing ef-
fects on the bulk-averged nuclear spin polarization. Spin dif-

fusion increases thenumberof polarized nuclei at the ex-
pense of theaveragepolarization. To elucidate this interplay
in optical pumping of bulk GaAs, we employ a method of
measuring nuclear polarizations independent of the total
NMR intensity.11 This method exploits asymmetries in the
weak quadrupolar splitting of a spin-3

2 nucleuss71Gad in a
strained crystal of GaAs. Our results show that the linear
growth of laser-enhanced NMR intensity does not always
correspond to growth of bulk-averaged nuclear polarizations.
In fact, when optical pumping was accomplished by irradia-
tion up to 25 meV below the band gap, growth of average
nuclear polarization was highly non-monotonic.

We analyze the detailed time dependence of nuclear spin
polarization and NMR intensity derived through irradiation
at 1.505 eV using a coupled relaxation-classical diffusion
equation. Dimensional analysis shows that highly nonmono-
tonic growth in average nuclear spin polarization is indica-
tive of spatially inhomogeneous nuclear relaxation without
the smoothing effects of nuclear spin diffusion. A quantita-
tive comparison of theory with experimental data shows that
the time dependences of NMR signals are consistent with
neither defect-bound electrons nor delocalized electrons as
the unique source of enhanced nuclear magnetization. The
present results suggest the importance of multiple types of
excited electrons in polarizing nuclear spins.

II. EXPERIMENTAL

Optically enhanced NMR spectra were collected using the
saturation recovery experimental protocol described
previously.3,12 For the present experiments, the sample of
semi-insulating GaAs was secured to the sapphire substrate
with clamps. The differing thermal expansion coefficients of
the substrate and sample holder resulted in strain of the GaAs
crystal, as evidenced by a quadrupolar splitting of 4 kHz in
the 71Ga sspin-32d spectra derived from optical pumpingssee
Fig. 1d. Given the modest penetration depth of the pumping
irradiation, and the significantly diminished quadrupolar sat-
ellite intensity in the thermally polarizedsbulkd NMR spec-
trum sinset, Fig. 1d, we conclude that the majority of the
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sample strain was confined to the near-surface region of the
GaAs crystal.

For each spectrum, we obtained quadrupolar line shapes
by summing 256 successive acquisitions preceded by short
pulsess5°d. Successive acquisitions were separated in time
by more than 5T2, and the data were found to be indepen-
dent of the delay between acquisitions. The laser was on
during signal acquisition, and no changes were observed
when the laser was blocked prior to signal acquisition. A
four-step CYCLOPS phase cycle13 was necessary in order to
obtain reproducible results. Spectral parameters were ex-
tracted from nonlinear fits of the free induction decays and
were not sensitive to the loss of signal during the probe re-
covery times10 msd.

III. QUALITATIVE DESCRIPTION OF RESULTS

A. Dependence of spin temperature on photon energy

Figure 1 shows optical pumping-derived NMR spectra as
a function of excitation photon energy. Total NMR intensities
varied with photon energy in agreement with previous mea-
surements of unsplit NMR lines.3 Also shown is the “dark”
spectrum, which was acquired for partially thermally relaxed
nuclei.27

Optically pumped NMR line shapes were split into three
peaks due to a 4 kHz quadrupolar splitting induced by crys-
tal strain. The peak in the center was more intense than ex-
pected for a quadrupole-split spin-3

2 nucleus,14 indicating that
some intensity in the central line was due to nuclei in sym-
metric environments. At photon energies above 1.495 eV,
about 80% of the signal intensity was due to nuclei exhibit-
ing quadrupolar splittings. This percentage was smaller

s,20% –40%d for lower photon energies and in the dark
spectrum, suggesting that light with photon energy below
1.495 eV penetrated further into the sample where strain was
diminished. The magnitude of the quadrupolar contribution
to NMR intensity and the splitting itself showed no depen-
dence on irradiation time.

At photon energies below the band gaps,1.52 eVd, qua-
drupolar line shapes were asymmetric, indicating low spin
temperatures.11 The ratio of satellite intensities is a function
of the population differences between corresponding nuclear
spin energy levels:15

I−1/2→−3/2

I3/2→1/2
= expS−

2"gnB0

kTn
D , s1d

whereI i→ j is the intensity of the NMR line corresponding to
transitions between the nuclear spin energy levels with quan-
tum numbersi and j , gn is the nuclear magnetogyric ratio,B0
is the external magnetic field, andTn is the nuclear spin
temperature. Knowledge ofTn allows the calculation of the
nuclear polarization according to

kIzl =
1

2
tanh

"gnB0

2kTn
+ tanh

"gnB0

kTn
. s2d

Equationss1d and s2d are valid only if the nuclear spin
system can be described by a single spin temperature,Tn, and
preclude potential spatial inhomogeneities in nuclear magne-
tization. Because the left-hand side of Eq.s1d is determined
from bulk-averaged experimental data, we define the “bulk-
averaged” quantitiesTn and kIzl as those values extracted
from Eqs.s1d ands2d and the satellite intensities. These val-
ues could be the result of averaging over spatially inhomo-
geneous distributions of magnetization.

At fixed photon energy, changes to photon polarization
and laser power resulted in systematic changes to the mea-
sured asymmetries and NMR intensities, confirming that
both quantities are related through the nuclear spin polariza-
tion. Asymmetry also inverted when irradiation with oppo-
site photon polarizations caused the NMR intensity to invert,
as can be seen clearly, for example, at 1.515 eV in Fig. 1.

When irradiation was above the band gaps.1.52 eVd, the
quadrupolar line shapessnot shownd were symmetric except
at much longer irradiation timess.1 hd. The intensities of
superband gap optically pumped NMR signals were larger
than predicted from satellite assymetry-derived limits on the
spin temperatures. When compared to subband gap irradia-
tion, superband gap NMR enhancements were therefore due
to more nuclear spins with lower polarizations.

B. Irradiation time dependence of signal intensity and spin
polarization at a photon energy of 1.505 eV

The present results demonstrate that optically pumped
NMR intensity and nuclear spin polarization are related, but
distinct, quantities. Measuring the71Ga quadrupolar line
shape as a function of irradiation time revealed highly non-
monotonic growth of nuclear polarizations despite linear
growth in the NMR signal intensity for irradiation at photon
energies up to 25 meV below the band gap.

FIG. 1. 71Ga laser-enhanced NMR line shape as a function of
photon energy. The NMR spectra are positioned so that the central
transitions are aligned with the excitation photon energy on the
horizontal axis. Spectra were phase adjusted so that positive peaks
indicate net nuclear spin alignment with the external magnetic field.
There are two spectra for each photon energy, corresponding irra-
diation withs+ or s− circularly polarized light. In all cases,s+ light
yielded lower or negative intensity. Sample temperature=10 K, la-
ser power=200 mW, laser spot diameter=4 mm, and irradiation
time=4 min. Inset: A “dark” spectrum, collected without laser en-
hancement, and the spectrum obtained through irradiation at
1.505 eV withs+ light, both plotted on a frequency scale. Neither
spectrum in the inset is drawn to scale.
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Figure 2 shows the irradiation time dependence ofukIzlu
for a photon energy of 1.505 eV ands+ polarization, and
Fig. 3 shows that the total integrated NMR intensity obtained
in the same experiments was a linear function of time. The
satellite intensity-derivedukIzlu increased rapidly for the first
30 s of irradiation and then started to decrease. For irradia-
tion times above 30 s, the simultaneous drop inukIzlu and
growth in total signal intensity indicates the slowly growing
contribution to NMR signal from large numbers of weakly
polarized nuclear spins at the expense of the average polar-
ization. Since the observed total and satellite intensities ulti-
mately derive from cross-relaxation between electrons and
nuclei, this result implies a spatially inhomogeneous polar-

ization transfer process. Therefore, any model for present
phenomena must account for both spatial and temporal
changes to the nuclear spin system with increasing irradia-
tion time.

Since previous measurements of the optically pumped
NMR line shape in bulk GaAs have revealed little informa-
tion on the microscopic dynamics of nuclear magnetization
within the sample,3 the data in Fig. 2 offer an opportunity to
assess the geometry and length scales of spatial inhomoge-
neities in nuclear relaxation rates. The prevailing model in
the literature for optical polarization of bulk nuclear spins in
GaAs predicts spatial inhomogeneities due to trapping of ex-
cited electrons at defect sites; electron-induced nuclear relax-
ation rates are therefore anticipated to vary over the length
scale of the Bohr radius of a donor-bound electron
s,100 Åd.2,9,10 This model was motivated by NMR line
shapes detected optically for GaAs at lower magnetic field
s0.6 Td.9 It was subsequently argued that the model is appli-
cable to high-field optically pumped NMR through sample-
in-coil detection, because of the large NMR enhancements
observed for irradiation below the band gap.1,2 If defect sites
are dilute within the sample, this mechanism would predict
spherical symmetry for the spin diffusion around hydrogenic
defect sites at short times. As nuclei within defect sites reach
their steady-state polarizations,ukIzlu might be expected to
decrease with the increasing contribution to intensity from
nuclei farther away.

Alternatively, it has also been suggested that optical NMR
enhancements are due to direct interactions between bulk
nuclei and delocalized excited electrons.3 Under this mecha-
nism, spatial inhomogeneities in nuclear relaxation would be
expected to exist on the length scale of light penetration into
the samples,1 mmd, and the geometry of spin diffusion
would be one-dimensional in the direction perpendicular to
the illuminated surface. In this case, the nonmonotonic tem-
poral dependence ofukIzlu may be due to the fact that near-
surface nuclear spins would reach their steady-state spin po-
larizations more rapidly than spins further into the sample.

IV. QUANTITATIVE ANALYSIS OF RESULTS

In the next few sections, we test the previous hypotheses
through microscopic analysis of nuclear spin relaxation and
magnetization transport. We attempt to fit the data in Figs. 2
and 3 to solutions of the well-known spin diffusion
equation,2,9,17–19

]kIzl
]t

=
1

T1srWd
skIzl` − kIzld + D¹2kIzl, s3d

wheret is the irradiation time,kIzl` is the limiting spin po-
larization induced by the Overhauser effect, 1 /T1srWd is the
local relaxation rate through direct interaction with electron
density, andD is the nuclear spin diffusivity. The driving
force for development of spatial inhomogeneities inkIzl is
the spatial dependence of 1/T1srWd. Regardless of geometry,
the initial condition of Eq.s3d is kIzl=0 att=0, as ensured by
saturation of NMR signal at the beginning of the NMR pulse
sequence.

FIG. 2. Growth ofukIzlu sdefined in textd as a function of irra-
diation time. Sample temperature=10 K, photon energy=1.505 eV,
laser power=200 mW, and photon polarization=s+. The actual spin
polarizations were negative for irradiation withs+ polarized light.
Error bars are 2 standard deviations, estimated based on the quality
of fits of the free induction decayssRef. 16d. Scatter beyond the
error bars may be due to fluctuations in the laser power. The dashed
line is a guide to the eye.

FIG. 3. Change of absolute NMR signal intensity with increas-
ing irradiation time between saturation and detection of magnetiza-
tion. Sample temperature=10 K, photon energy=1.505 eV, laser
power=200 mW, and photon polarization=s+. The actual peaks
were negative in intensity for irradiation withs+ polarized light.
Inset: previously publishedsRef. 3d early time dependence of laser-
enhanced signal intensity at 1.505 eV. Although the previous data
did not correspond to quadrupole-split line shapes, they were col-
lected under similar conditions to the present results and demon-
strate that the linear time dependence of NMR intensity persists to
earlier times.
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Solutions of Eq.s3d can be compared to experimentally
measured data forkIzl using the following spin temperature
arguments. With the assumption that spin temperature is al-
ways well defined throughout the sample, Eq.s2d establishes
a relationship between the spatial dependences of spin polar-
ization and spin temperatureskIzl andTn, respectivelyd. The
contribution from a given region of the sample to the inten-
sity of an NMR line is directly proportional to local nuclear
spin populationspid differences, which are determined solely
by the spin temperature. Therefore the bulk-averaged NMR
signal intensity and the ratio of quadrupolar satellite intensi-
ties are given by14

NMR Intensity ~E S3

2
sp3/2 − p1/2d + 2sp1/2 − p−1/2d

+
3

2
sp−1/2 − p3/2dDdV=E kIzldV s4d

and

I−1/2→−3/2

I3/2→1/2
=
E sp−3/2 − p−1/2ddV

E sp1/2 − p3/2ddV

, s5d

where the local populationspi are determined by Boltzmann
statistics:

pi =

expS i"gnB0

kTn
D

o j=−3/2

3/2
expS j"gnB0

kTn
D . s6d

Finally, the bulk-averged nuclear spin temperature,Tn, can
be calculated from the quadrupolar satellite intensity ratio
using Eq.s1d and input to Eq.s2d to yield an estimate for the
bulk-averaged nuclear spin polarization,kIzl.

One may question the validity of the present analysis
through the observation that the NMR line shapes were not
100% quadrupolar in nature. There was a significant
s,20%d contribution to signal from nuclei in symmetric en-
vironments, and spin diffusion may have transferred polar-
ization between strained and unstrained regions of the
sample. Since the ratio of the quadrupolar-perturbed signal to
the unperturbed signal was unaffected by changing irradia-
tion time, we conclude that transport of nuclear magnetiza-
tion between these regions was unlikely.

A. Spin transport in a spherically symmetric geometry

To model the process of coupled nuclear relaxation and
spin diffusion from dilute donor impurity sites, we specify
the origin of our coordinate system to be the center of a
single defect site. The predictions of this model are represen-
tative of the bulk signal as long as the diffusion profiles from
neighboring defect sites do not interact, and there are no
other relaxation mechanisms in the bulk of the crystal.

The electron density, and therefore the distribution of
nuclear relaxation rates, is expected to be spherically
symmetric:9

1

T1srd
=

1

T1,0
fsrd, s7d

whereT1,0 is the nuclear relaxation time at the origin andfsrd
is a normalized function that describes the shape of the dis-
tribution of relaxation rates. If the bound electronic wave
functions are hydrogenic, the ground electronic state would
resemble ans orbital,9

ucsrdu2 ~ exps− 2r/ad, s8d

where a is the Bohr radius of the donor-bound electronic
wave function. For nuclei in the vicinity of the bound elec-
tron, the dominant interaction is Fermi contact

Hfc = AfcSW · IW, s9d

where Afc is a hyperfine coupling constant that is propor-
tional to ucsrdu2. The local relaxation rate is proportional to
Afc

2 , leading to a spatial dependence for the relaxation rate of
the form9

fsrd = exps− 4r/ad. s10d

Equationss3d, s7d, and s10d are most easily analyzed in
nondimensional form. We scale all variables by their charac-
teristic dimensions:

kIzl̃ ;
kIzl − kIzl`

kIzl`

,

t̃ ;
t

T1,0
,

r̃ ;
r

a
.

Equations3d, in nondimensional form, becomes

s11d

where the nondimensional shape functionf̃sr̃d is given by

f̃sr̃d = exps− 4r̃d. s12d

The new temporal limits are

kIzl̃sr̃,0d = − 1, s13d

lim
t→`

kIzl̃sr̃, t̃d = 0. s14d

Equation s11d can fully capture the relaxation-diffusion
problem with a single parameter,z, rather than the four pa-
rameterssD, kIzl`, T1,0, and ad necessary for evaluation of
Eq. s3d. Furthermore,z has physical significance, as it is the
ratio of the spin diffusion ratesD /a2d to the rate of signal
generation at the origins1/T1,0d. We have numerically solved
Eq. s11d using the method of finite elements in Matlab for
different values ofz. The results of these numerical calcula-
tions are the basis of the present discussion.
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We aim to compare numerical evaluations of Eq.s11d to
the data in Figs. 2 and 3. The key points of comparison
between the model and the data are the following.

s1d ukIzlu initially increased with time, reached a maximum
value, and then decreased with time, as in Fig. 2.

s2d The magnitude of the NMR signal intensity increased
linearly with time, as in Fig. 3.

s3d No hyperfine shift or broadening of the NMR spec-
trum was observed.

Figure 4 shows the theoretical growth of spin polarization
as a function of time, obtained by solving Eq.s11d, and Fig.
5 shows the corresponding theoretical growth in signal inten-
sity. In the next section, the former will be compared to
satellite intensity-derived polarizations, and the latter to the
integrated signal intensitites. Before quantitative comparison
of theoretical results to experimental data, we briefly discuss
the theoretical curves in nondimensional form so that general
trends may be described without consideration of specific
parameter estimates.

For the full range ofz values in Fig. 4, the peak in the
average nuclear spin polarization occurred when signal was
primarily due to nuclei within the Bohr radius of the elec-
tronic wave functionsÎDt,ad; the specific time at which
this maximum occurs is affected by the interplay between
growth of magnetization inside the defect site and transport
of magnetization away. Figure 4 indicates that nonmonotonic

growth in ukIzlu is possible in this geometry for small values
of z, i.e., when the polarization process is diffusion limited
sby small diffusivity, fast relaxation, or large Bohr radiusd.
Diffusion limitation is also required in order to achieve the
experimental magnitudes ofukIzlu reported in Fig. 2.

While the theoretical curves in Fig. 4 point towards a
diffusion limitation ssmall zd, two consequences of a diffu-
sion limitation contradict experimental observations. First,
small z results in nonlinear growth in signal intensitysFig.
5d. Second, the period whenukIzlu increases with irradiation
time corresponds to signal primarily from nuclear spins
within the Bohr radius of the defect site; these spins would
be expected to exhibit detectable hyperfine shifts. The ex-
perimental short irradiation times,1 sd behavior of laser-
enhanced NMR indicates linear growth of intensity and no
detectable shift or broadening of the spectrum. In the next
section, we compare the numerical predictions of the
relaxation-diffusion equation in dimensional formfEq. s3dg
with the data in order to quantify these discrepancies.

B. Comparison of theory and experiment for spherically
symmetric spin diffusion

The Bohr radius of a typical defect site has been measured
to be approximatelya,100 Å sRef. 9d. For the71Ga spin
diffusivity, we use the valueD,3000 Å2/s sRefs. 9 and 10d.
With these values,ÎDt is equal toa at t=3 s, making early
times—when signal is ostensibly due to nuclei near defect
sites—experimentally accessible. This time is much shorter
than irradiation time that yielded the largest value ofukIzlu in
Fig. 2, making it impossible for Eq.s3d to agree with the first
30 s of the measured time dependence ofkIzl, at least for the
specified values ofa andD.

Figure 6 shows the measured change ofkIzl with time
plotted against numerical solutions of Eq.s3d for a series of
possibleT1,0 values. In order to best fit the data, the limiting
spin polarization,kIzl`, was assumed to be at its maximum
possible magnitudeskIzl`=−1.25d.28 Figure 6 indicates that
relaxation must be fast within the defect sitesT1,0,1 ms, top
curve, Fig. 6d in order for Eq.s3d to predict the high ob-

FIG. 4. Theoretical growth of average nuclear spin polarization
in nondimensional form for different values ofz, assuming a spheri-
cal geometry for nuclear relaxation and spin diffusion. The horizon-
tal scale,zt̃, corresponds to the square of the ratio of the penetration
length of spin diffusionsÎDtd to the characteristic length of the
relaxation rate distributionsad. The vertical dashed line atDt /a2

=1 indicates the time past which spin diffusion has transferred po-
larization outside Bohr radius of the defect site. The vertical axis is
the average spin polarization relative to its maximum possible
value.

FIG. 5. Theoretical growth of total intensity in nondimensional
form for different values ofz and a rectangular geometry for
nuclear spin relaxation and spin diffusion.

FIG. 6. Data from Fig. 2 plotted against predictions from solu-
tions of Eq. s3d, assuming a spherical geometry. The parameters
used in the theoretical curves werea=100 Å, D=3000 Å2/s,
kIzl`=−1.25, and theT1,0 values marked on the graph. The dashed
line is a smooth curve through the data points, provided as a guide
to the eye.
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served nuclear spin polarizations. This relaxation time is
much shorter than the value of 80 ms reported from optical
measurements at lower magnetic field.9 As anticipated, no
value ofT1,0 is consistent with the observed early rise inukIzlu
that persisted to 30 s.

Figure 7 compares the early-time signal growth predicted
by Eq. s3d with the measured linear growth of signal inten-
sity near 1 ssinset, Fig. 3d. This measured short time depen-
dence indicatesthat the relaxation times necessary to fit the
measured values ofukIzlu sFig. 6d would yield nonlinear gen-
eration of signalsFig. 7d. Therefore, Eq.s3d cannot simulta-
neously predict the time dependences ofkIzl and signal in-
tensity under the present assumptions.

With the model for nuclear polarization via localized ex-
cited electrons, knowledge ofT1,0 allows the calculation of
the predicted hyperfine-broadened NMR line shapes.10 The
hyperfine coupling constant can be estimated according to

1

T1,0
=

F2Afc
2

2

ge

ge
2 + sve − vnd2 , s15d

whereF is the probability of a defect site being occupied by
an electron andge is a characteristic frequency of fluctua-
tions in the hyperfine field.2,9,10 The time-average value of
the Fermi contact interaction at a given position is

Hfcsrd = FAfc exps− 2r/adkSzl, s16d

wherekSzl is the electron spin polarization. Using Eqs.s15d
ands16d, the hyperfine broadening of the NMR signal can be
predicted from the hyperfine coupling constant and the spa-
tial dependences of nuclear polarization and electron
density.10

Figure 8 shows a theoretical line shape calculated with
parameter choices that minimize predicted hyperfine broad-
ening. Comparison with the experimental line shapessinsetd
shows that this mechanism does not contribute to NMR line
shapes. It is worth noting thatkSzl cannot be arbitrarily small

given the large measured magnitudes ofkIzl and the signifi-
cant modulation of NMR intensity induced by different light
polarizationsssee Appendix Ad.

The broad line shapes estimated for laser-enhanced NMR
with polarized light have been predicted previously,10 but
they are not consistent with experiments. Since Eq.s3d pre-
dicts that shorter times correspond to signal from nuclei
closer to the centers of electron density, more broadening is
expected at shorter irradiation times. We have measured no
broadening whatsoever at irradiation times as short as 0.5 s
for any polarization of lightwith or without shuttering the
laser before acquisition. We therefore conclude that the nu-
clei polarized by laser light do not experience the strong
hyperfine fields expected from a highly localized electron-
nuclear polarization transfer.

To complete the analysis of optical nuclear polarization
through spherically symmetric cross relaxation and spin dif-
fusion, we consider the possibility that the effective Bohr
radii of defect-bound electrons in the sample may have been
much larger than measured previously,9 perhaps through de-
fect clustering. Figure 9 shows the data in Fig. 2 plotted
against solutions of Eq.s3d derived from values ofa chosen
so that the maximum value ofkIzl would occur at an irradia-
tion time near that observed in the datas,30 sd. These
curves do not agree quantitatively with the data. Further-
more, Fig. 10 shows the corresponding predicted time depen-
dence of the signal intensity; the nonlinear behavior at longer
time scaless; minutesd is also inconsistent with experimen-
tal data.3

In summary, the model invoking electron-nuclear cross
relaxation within the Bohr radii of donor-bound electrons
and spin diffusion into the bulk is characterized by four pa-
rameters:a, D, T1,0, andkIzl`. The first two parameters can
be predicted with reasonable accuracy from previous
measurements.9 Agreement between this model and the mag-
nitudes of bulk-averaged spin polarizations reported in Fig. 2
requires small estimates forT1,0 s,1 msd and large estimates
for ukIzl`u s,1.25d. However, these parameter estimates
would lead to predictions of significant hyperfine broadening

FIG. 7. Data from Fig. 3 plotted against predictions from solu-
tions of Eq. s3d, assuming a spherical geometry. The parameters
used in the theoretical curves werea=100 Å, D=3000 Å2/s,
kIzl`=−1.25, and theT1,0 values marked on the graph. Because the
intensity scale is arbitrary, the theoretical curves were scaled to
meet at 1.5 s. The dashed line is a straight line from the origin
through the data, representing signal intensity that is proportional to
irradiation time.

FIG. 8. A sample theoretical NMR line shape, based on hyper-
fine fields calculated using Eq.s16d, and the profile of nuclear mag-
netization predicted by Eq.s3d. The parameters used in this simu-
lation were t=30 s, D=3000 cm2/s, kIzl`=−1.25, T1,0=80 ms,a
=100 Å, andkSzl=0.056. The factorFAfc required in Eq.s16d was
calculated with Eq.s15d, assumingge=ve−vn. Inset: an experi-
mental NMR spectrum, fort=30 s, and irradiation at 1.505 eV with
s+ light.
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of the NMR spectrum and nonlinear growth in signal inten-
sity, neither of which was observed experimentally. In addi-
tion, no set of reasonable parameter estimates could yield
good agreement with the measured time dependence ofkIzl
before 30 s. The data favor distributions of nuclear spin re-
laxation rates that vary on length scales larger than the Bohr
radii of donor-bound electrons, but the data cannot be fit by
increasing the effective defect Bohr radii alone.

C. Spin transport in a rectangular geometry

An alternative proposed mechanism for optically pumped
NMR in GaAs invokes delocalized excited electrons, such as
free excitons, to polarize bulk nuclei.3 This model was mo-
tivated by the temperature dependence of optical NMR en-
hancements, and the significant enhancements observed for
photon energies above the band gap.3 The spatial dependence
of excited electron concentrations would be determined by
the drop in light intensity as it penetrates into the surface of
GaAs and by the diffusion of mobile carriers during the ex-
cited state lifetime. The geometry of nuclear spin diffusion
under this model is expected to be one dimensional in the
direction parallel to that of light propagationsperpendicular
to the sample surfaced.

In this rectangular geometry, the nondimensional diffu-
sion equationfEq. s11dg remains valid; the relevant spatial
coordinate is the distance from the illuminated surface into
the bulk,x:

]kIzl̃
]t̃

= z
]2kIzl̃
]x̃2 − f̃sx̃dkIzl̃, s17d

where x̃ is x/a. The characteristic nuclear spin relaxation
time,T1,0, is now the nuclear relaxation time at the surface of
the crystal where the light intensity is highest. The charac-
teristic length scale,a, is roughly the penetration depth of the
light. As before, it is presumed that, given infinite irradiation
time, the whole nuclear spin reservoir would be polarized to

kIzl`. The shape function,f̃sx̃d, is assumed to be a single
exponential, since the nuclear relaxation rate is assumed to
be directly proportional to the light intensity:

f̃sx̃d = exps− x̃d. s18d

Figures 11 and 12 show the calculated dependences of
nuclear spin polarization and NMR intensity on irradiation
time based on numerical solutions of Eq.s17d, calculated
using the method of finite differences in Matlab. It can be
seen from Fig. 11 that a rectangular geometry for spin diffu-
sion could also lead to a nonmonotonic growth inkIzl, as was
calculated for the spherical geometrysFig. 4d.

Just as with the spherical geometry, nonmonotonic growth
of kIzl corresponds to small values ofz and therefore diffu-

FIG. 9. Data from Fig. 2 plotted against predictions from solu-
tions of Eq. s3d, assuming a spherical geometry. The theoretical
curves correspond to larger Bohr radiisa,1000 Åd than would be
expected for single donor-bound electrons or excitons, and were
chosen so that the maximum predictedukIzlu would correspond to
roughly 30 s of irradiation.D=3000 Å2/s, kIzl`=−0.65, and the
T1,0 values marked on the graph. The dashed line is a smooth curve
through the data points, provided as a guide to the eye.

FIG. 10. The theoretical curves for the growth of NMR signal
intensity with the parameter estimates from Fig. 9:a=1000 Å, D
=3000 Å2/s, kIzl`=−0.65, and theT1,0 values marked on the graph.

FIG. 11. Theoretical growth of average nuclear spin polarization
in nondimensional form for different values ofz and a rectangular
geometry for nuclear spin relaxation and spin diffusion. The hori-
zontal scale,zt̃, corresponded to the square of the ratio of the pen-
etration length of spin diffusionsÎDtd to the characteristic length of
the relaxation rate distributionsad. The vertical axis is the average
spin polarization relative to its maximum possible value.

FIG. 12. Theoretical growth of total intensity in nondimensional
form for different values ofz and a rectangular geometry for
nuclear spin relaxation and spin diffusion.
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sion limitation. The requirement of small values ofz is again
at odds with the observation of a linear dependence of total
signal intensity on irradiation timesFig. 12d.

D. Comparison of theory and experiment for spin diffusion in
a rectangular geometry

The assumption of complete delocalization of excited
electrons implies thata is on the order of the light penetra-
tion depths,1 mmd.3,20 The nuclear spin diffusivity,D, is
not expected to vary with the geometry of spin diffusion; this
parameter estimate therefore remains 3000 Å2/s. With a and
D thus specified, a single unit on the horizontal axis of Fig.
11 corresponds to an irradiation timet of a2/D,104 s. It is
therefore clear that the present model could not predict a
peak in kIzl for irradiation times as early as 30 s. This dis-
crepancy could not be remedied by reducing estimates forz
below 0.01, because this reduction would require estimates
for T1,0 that are below 300 s. Such low estimates forT1,0
would correspond to highly nonlinear growth in NMR signal
intensitysfor irradiation times on the order ofT1,0; Fig. 12d,
whichwas not observed experimentallysFig. 3d.

We comment that, while the model invoking delocalized
electrons can not reasonably predict the experimental time
dependence ofukIzlu, the observed magnitudes of nuclear po-
larizations for long irradiation times could be predicted for
reasonable parameter estimates, as shown in Fig. 13. We
therefore do not rule out the potential importance of electron-
nuclear cross relaxation in the bulk of the crystal.

V. DISCUSSION

Irradiation of GaAs with light at photon energy 1.505 eV
yields linear growth of optically pumped NMR intensity and
nonmonotonic growth in bulk-averaged nuclear spin polar-
ization skIzld. The latter result indicates that nuclear spin re-

laxation rates are spatially inhomogeneous within the
sample. We have attempted to model the temporal depen-
dence ofkIzl by considering two extremes in the degree of
electronic localization, i.e., electrons localized to hydrogenic
defect sites or delocalized over the illuminated region. In
both theoretical cases, highly nonmonotonic growth inkIzl
corresponded to diffusion limitation, suggesting that the ex-
perimental distribution of optically pumped nuclear spin po-
larization is not affected strongly by nuclear spin diffusion.
However, our inability to model the data quantitatively raises
questions as to the identity and nature of the excited elec-
trons that transfer angular momentum to the nuclear spin
system.

Reasonable hydrogenic-defect estimates fora and D
could not allow Eq.s3d to predict simultaneously the non-
monotonic time dependence ofukIzlu, the linear growth in
signal intensity at experimental time scalessbetween 0.5 and
700 sd, and the lack of hyperfine broadening of the NMR
spectra. The experimental time dependence ofukIzlu suggests
the importance of electronic localization, but the linear
growth of NMR intensity and the lack of hyperfine broaden-
ing indicate that the NMR signal emanates from nuclei dis-
tributed over bulklike length scales. The positive growth in
ukIzlu for the first 30 s indicates that the characteristic length
scale,a, is much larger than the Bohr radii of donor impurity
sites.9 Such a large value ofa might suggest clustering of
impurity sites or weak trapping of mobile excitons. Increas-
ing a alone, however, did not yield good quantitative agree-
ment with the measured growth ofkIzl, and the best-fit values
of T1,0 slongestd led to predictions of nonlinear growth at
longer time scaless,1 mind. Electronic localization could
play a role in optically pumped NMR enhancements, yet we
have not identified the nature of this localization.

Agreement between theory and experiment was not im-
proved by assuming complete delocalization of excited elec-
trons. While inhomogeneities in light intensity caused by the
finite penetration depth of the light could lead to nonmono-
tonic growth in kIzl, our calculations in the rectangular ge-
ometry indicate that maximumkIzl would be observed at
irradiation times much longer than the experimental value of
30 s. Modeling of optical nuclear polarization though delo-
calized electrons did suggest that this mechanism could con-
tribute significantly to the observed nuclear polarizations, but
delocalized electrons alone could not account for the experi-
mental data.

The present results and analysis suggest that models lim-
ited to a single type of exited electron are overly simplistic.
The data could be consistent with cross relaxation between
nuclei and both localized and delocalized electrons. In terms
of the relaxation-spin diffusion model, the data could be fit
using alternative forms offsrd that include relaxation in the
bulk flimr→`fsrd.0g. This anticipated bulk relaxation could
not be normal thermal relaxation because, fors+ light, bulk
spins must relax towards the opposite polarization to thermal
equilibrium. If multiple excited electrons are involved in op-
tical nuclear polarization, it is also possible thatkIzl` andT1,0

are also spatially dependent. There is evidence in the litera-
ture that multiple types of electrons, with distinctg factors,
participate in the optical nuclear polarization process.3,21Fur-

FIG. 13. Theoretical growthukIzlu as a function of irradiation
time for a rectangular geometry of nuclear relaxation and spin dif-
fusion ssolid lined, plotted against data from Fig. 2. The model
invoking delocalized electrons for nuclear polarization is capable of
predicting the magnitudes of observed nuclear polarizations for
long irradiation times. Parameter estimates used for the theoretical
ssolidd curve:a=1 mm, D=3000 Å2/s, T1,0=1667 s,kIzl`=0.6. In-
set: predicted time dependence of NMR intensityssolid lined for
these parameter estimates, plotted with data from Fig. 3.
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ther research is necessary to characterize the electron spin
dynamics in semi-insulating GaAs.

As photon energy is increased above the band gap, it is
reasonable to expect delocalized electrons to play a greater
role in polarization of bulk nuclear spins. This expectation is
born out in the lack of asymmetric quadrupolar line shapes
observed for superband gap irradiation, i.e., comparison of
signal intensities for optical pumping above and below the
band gap indicates that superband gap irradiation results in
lower polarizations for larger numbers of spins.

VI. CONCLUSION

By measuring bulk-averaged nuclear spin polarizations
independently of the total NMR intensity, we have enabled
further analysis of the origin of optical NMR enhancements.
For irradiation below the band gap, our data revealed high
nuclear spin polarizations and significant spatial inhomog-
eniety of electron-nuclear cross relaxation rates. The time
dependences of signal intensity and nuclear spin polarization
for irradiation at 1.505 eV have placed new constraints on
the geometry of nuclear relaxation within the sample. Com-
parison of data to an equation for coupled nuclear spin re-
laxation and magnetization transport has revealed that
sources of enhanced nuclear magnetization are neither com-
pletely localized to within the Bohr radii of trapped elec-
trons, nor completely delocalized throughout the illuminated
region. Results suggest that both localized and delocalized
electrons could play a role in optical nuclear polarization.
Irradiation above the band gap resulted in signal from larger
numbers of spins with lower average polarizations, suggest-
ing a more delocalized mechanism at higher photon energies.
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APPENDIX A: ESTIMATES OF EXCITED ELECTRONIC
SPIN POLARIZATION

The largest observed nuclear spin polarization in Fig. 2
skIzl=−0.4 after 30 s of irradiation with 1.505 eV light,s+

polarizationd places bounds on the excited electronic spin
polarization,kSzl. The two polarizations are related to one
another by the Solomon equation for the Overhauser
effect:3,22,23

kSzl = S0 +
SsS+ 1d
IsI + 1d

w0 + 2w1,I + w2

w0 − w2
skIzl − I0d, sA1d

where S and I are total spins of the electrons and nuclei,
respectivelys1/2 and 3/2, respectivelyd, w0, w1,I, andw2 are
the first-order rate constants for zero-, singlesnucleusd, and
double-quantum transitions involving coupled electrons and
nuclei, andI0 is thesnegligibled thermal equilibrium nuclear
spin polarization. For an Overhauser effect induced solely by
the Fermi contact interaction, the only nonzero rate constant
would bew0, and the quotient of rate constants in Eq.sA1d
would be unity; if other rate constants are nonzero, this quo-
tient can only increase. We use the published value of −0.44
for the electronicg factor2,24 to estimate the thermal equilib-
rium electronic spin polarization atS0=0.136 ssample
temperature=10 K andB0=9.4 Td. As a result, we estimate
kSzlø0.056 for irradiation at 1.505 eV withs+ light. We
stress that, sincew2 andw1,i maybe nonzero, this prediction
is a bound on the minimum deviation ofkSzl from S0.

Further analysis of the relaxation of excited electron spins
allows prediction of the modulation ofkSzl for different light
polarizations. The steady-state excited electron spin polariza-
tion is given by

kSzl =

S0 +
T1e

te
Se

1 +
T1e

te

, sA2d

whereT1e/te is the ratio of electron spin lifetime to the de-
cay time of the excited state, andSe is the spin polarization
of optically excited electrons.7,25 For s± light polarization,Se
is expected to be70.25.6,7 We therefore estimate that
T1e/teù0.26 andkSzlù0.16 for excitation withs− light.

Since the data in Fig. 2 are spatial averages and not rep-
resentative of the local maximumkIzl, andw2 is not expected
to be negligible,26 we anticipate that our calculations are un-
derestimates of the true deviations ofkSzl from S0. It would
not be unreasonable to expectkSzl to be significantly closer
to its theoretical limits of ±0.25.

1T. Pietrass, A. Bifone, T. Room, and E. L. Hahn, Phys. Rev. B53,
4428 s1996d.

2P. L. Kuhns, A. Kleinhammes, T. Schmiedel, W. G. Moulton, P.
Chabrier, S. Sloan, E. Hughes, and C. R. Bowers, Phys. Rev. B
55, 7824s1997d.

3A. K. Paravastu, S. E. Hayes, B. E. Schwickert, L. N. Dinh, M.
Balooch, and J. A. Reimer, Phys. Rev. B69, 075203s2004d.

4C. A. Michal and R. Tycko, Phys. Rev. B60, 8672s1999d.
5T. Pietrass and M. Tomaselli, Phys. Rev. B59, 1986s1999d.
6R. Tycko and J. A. Reimer, J. Phys. Chem.100, 13240s1996d.

7Optical Orientation, edited by F. Meier and B. P. Zakharchenya
sElsevier, Amsterdam, 1984d.

8G. Lampel, Phys. Rev. Lett.20, 491 s1968d.
9D. Paget, Phys. Rev. B25, 4444s1982d.

10C. R. Bowers, Solid State Nucl. Magn. Reson.11, 11 s1998d.
11M. Eickhoff and D. Suter, J. Magn. Reson.166, 69 s2004d.
12S. E. Barrett, R. Tycko, L. N. Pfeiffer, and K. W. West, Phys. Rev.

Lett. 72, 1368s1994d.
13P. T. Callaghan,Principles of Nuclear Magnetic Resonance Mi-

croscopysOxford Science, New York, 1991d.

NUCLEAR SPIN TEMPERATURE AND MAGNETIZATION… PHYSICAL REVIEW B 71, 045215s2005d

045215-9



14E. Fukushima and S. B. Roeder,Experimental Pulse NMR: A
Nuts and Bolts ApproachsPerseus Books, Reading, MA, 1981d.

15A. Abragam and M. Chapellier, Phys. Lett.11, 207 s1964d.
16P. R. Bevington and D. K. Robinson,Data Reduction and Error

Analysis for the Physical Sciences2nd ed.sMcGraw-Hill, New
York, 1992d.

17P. G. deGennes, J. Phys. Chem. Solids7, 345 s1958d.
18N. Bloembergen, PhysicasAmsterdamd 15, 386 s1949d.
19I. J. Lowe and D. Tse, Phys. Rev.166, 279 s1968d.
20G. W. ‘t Hooft, W. A. J. A. van der Poel, L. W. Molenkamp, and

C. T. Foxon, Phys. Rev. B35, 8281s1987d.
21A. Paravastu and J. Reimersunpublishedd.
22I. Solomon, Phys. Rev.99, 559 s1955d.
23A. Abragam,Principles of Nulcear MagnetismsOxford Univer-

sity Press, New York, 1996d.
24C. Weisbuch and C. Hermann, Phys. Rev. B15, 816 s1977d.
25A. K. Paravastu, Ph.D. thesis, University of California Berkeley,

2004.
26R. Tycko, Mol. Phys.95, 1169s1998d.
27The dark spectrum was acquired immediately after cooling the

sample to liquid helium temperatures. Subsequent to saturation
of nuclear magnetization at 10 K, nuclear spin relaxation times
were sufficiently long to prohibit observation of significant in-
tensity without laser enhancement.

28It can be shown with Eq.sA1d that such large nuclear spin polar-
izations are possible in GaAs given the maximum electronic
spin polarization of ±0.25.

A. K. PARAVASTU AND J. A. REIMER PHYSICAL REVIEW B71, 045215s2005d

045215-10


