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We measured the spin dependence of polarized neutrons reflected by a GaAs sample as it was optically
pumped. This dependence was correlated with the helicity of the circularly polarized light and found to
oscillate with neutron wave vector transfer. The data provide definitive evidence that optically induced nuclear
polarization in GaAs is not uniform with depth. Quantitative analysis of the data shows that nuclear polariza-
tion is suppressed for tens of nanometers near the surface of GaAs.
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I. INTRODUCTION

Proposed applications of spin-polarized transport, such as
the spin-field-effect transistor,1 require populations of spin-
polarized electrons and precise control of their spin-
dynamics and relaxation. In zinc-blende semiconductors
such as GaAs, nonequilibrium populations of spin-polarized
electrons can be optically2,3 or electronically4,5 produced.
Electron spin lifetimes in GaAs can be long6 enough to allow
magnetic fields of a few Gauss to influence electron spin
dynamics. Since effective magnetic fields due to the hyper-
fine interaction between the electron and nuclear spin sys-
tems can be thousands of Gauss, such fields can profoundly
affect electron spin lifetimes. The interaction strength is
strongest when spin-polarized carriers are localized, for ex-
ample, in quantum wells7 or at donor sites.8 Since the elec-
tron density and spin polarization can vary rapidly due to
quantum confinement, doping profile, or to the presence of
interfaces, the nuclear polarization and resulting effective hy-
perfine field may be nonuniform.9 Thus, an independent
means of determining the spatial distribution of nuclear po-
larization is desirable in order to better understand the effects
of hyperfine interactions in semiconductors.

We report results of neutron scattering and luminescence
studies of nuclear polarization in heavily doped GaAs. The
luminescence studies led us to anticipate a moderately strong
dependence of neutron beam polarization with nuclear polar-
ization, provided that the nuclear polarization is uniformly
distributed. However, the observed dependence is very weak.
The dramatic discrepancy is due to the difference between
the sensitivities of luminescence and polarized neutron re-
flectometry �PNR�10–12 to the nuclear polarization in the bulk
and near the sample’s surface. PNR measures the variation of
the nuclear polarization with nanometer-depth resolution in
the sample averaged over its lateral dimensions.10–12 The
PNR signal is strongest when sharp planar interfaces separate
layers with different �spin-dependent� nuclear scattering
length densities, as would be the case for a uniformly polar-
ized sample in air. However, since the nuclear polarization is
nonuniform with depth �as will be shown later� in GaAs, the
size of the neutron signal is much less than anticipated. In

contrast, luminescence is observed from a relatively large
volume of material extending to depths of order 1 �m.13

Over this length scale, the nuclear polarization is relatively
uniform.

II. LUMINESCENCE RESULTS

We examined two samples with PNR. Sample A consisted
of a 1 �m thick epilayer of compensated p-type GaAs,
grown on a semi-insulating GaAs substrate using molecular
beam epitaxy. The epilayer was codoped with Be �2
�1018 cm−3� and Si �6�1017 cm−3�. This design was chosen
to enhance the efficiency of dynamic nuclear polarization
�DNP�8 and for the ease with which the hyperfine field14 BN
induced by DNP could be measured from polarized
photoluminescence.15 The rapid recombination of photoelec-
trons in compensated p-type GaAs maintains a high average
electron spin polarization under optical pumping.8 This fact,
in combination with the large number of electrons localized
on donor sites, leads to efficient DNP. In contrast, sample B
did not contain any acceptors, leading to a small electron
spin polarization at the optical power densities used in our
experiment. Consequently, the nuclear polarization should be
small in sample B.

BN in Sample A was measured using the optical Hanle
effect,16,17 which is sensitive to the precession and dephasing
of spin-polarized photoelectrons in a transverse magnetic
field. The sample was mounted in a magneto-optical cryostat

in which a field B� A was applied at an angle ��75° from the
sample’s surface normal. The sample was illuminated with
circularly polarized light �CPL� �wavelength=805 nm�.

Photoluminescence was collected using a polarizer and
variable wave plate, which could be set to detect either
“right” �r� or “left” �l� CPL, as a function of field. The po-
larization of the luminescence Plum= �Ir− Il� / �Ir+ Il� was cal-
culated from the integrals Ir and Il of the spectra collected for
the two settings of the wave plate. Hanle curves were ob-
tained by measuring Plum as a function of BA �Fig. 1�. The
broad peaks near ±0.2 T occur when BA+BN=0—a condi-
tion that suppresses precession of the electron polarization,
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thus maximizing Plum. The position of this maximum is,
therefore, a measurement of BN. BN and thus the nuclear
polarization PN are reversed by changing the helicity of the
incident light polarization �Fig. 1�, i.e., PN�“right” �=
−PN�“left” �. Hanle curves were also measured as functions
of angle �, power density, and sample temperature. BN in-
creases slowly with decreasing � and saturates at power den-
sities above �=0.1 W /cm2, provided that the sample tem-
perature is T�30 K. For �=75°, �=0.1 W /cm2, and T
= 20 K, we obtained PN=4% ±1% for sample A from the
measured value of BN.18

In addition to the field dependence data shown in Fig. 1,
we also measured the characteristic time for Plum to equili-
brate when the orientation of the electron spin polarization
was reversed �achieved by rapidly switching the orientation
of the wave plate�. At high temperatures �above 70 K�, the
response appeared instantaneous �limited by the measure-
ment time of 100 ms�. At low temperatures, Plum responded
on a time scale of several seconds due to the slow relaxation
of nuclear spins. The response observed at 20 K in an ap-
plied field of 265 G is shown in the inset of Fig. 1. Although
the relaxation of the signal cannot be described by a single
time constant, we estimate bounds on the nuclear spin relax-
ation time T1 between 1 and 10 s �appropriate for the tem-
perature and field used in the neutron scattering experiment�.
Note that the field-dependent Hanle data �main panel of Fig.
1� were taken with a waiting time of order 20 s between data
points, so that the nuclear spin polarization was completely
equilibrated prior to measurement.

III. NEUTRON SCATTERING RESULTS

For the PNR experiment, samples �area �2 cm2� were
cooled to 20 K in a He vapor cryostat. A sample could be
rotated about the y axis inside the cryostat �Fig. 2� such that
the sample’s surface normal was parallel to the incident laser
light �i.e., �=0�, independent of the alignment of the sample
with respect to the neutron beam. CPL �polarization

=99.7% ±0.6%; wavelength=809 nm� entered the cryostat
through a pair of fused silica windows. The incident power
density on the sample was 0.25 W /cm2. A magnetic field
BA=265±15 G was applied to the sample along its surface
normal by permanent magnets. One of the magnets had a
3.2 cm diameter hole to transmit light.

A polarized neutron beam �polarization between 93% and
96%� was incident on the sample at the angle �=0.53° �Fig.
2� with respect to the sample’s surface. Outside the cryostat,
the neutron beam polarization was parallel to the �50 G

field B� 0. Near the cryostat’s outer surface, �B� 0� decreased and

�B� A� increased so the net field induced a � /2 adiabatic rota-
tion of the neutron beam polarization so that the polarization

was parallel �or antiparallel� to B� A at the sample.
The neutron wavelength �n ranging from 4 to 12 Å was

measured using time-of-flight techniques with a precision

	� /�n
0.5%. The wave vector transfer Q� �Q
=4� sin � /�n� is the difference between the incident neutron
wave vector n� i and the wave vector of the specularly re-
flected beam n� f �Fig. 2�. The intensity of the reflected neu-
tron beam normalized to that of the incident beam for neu-
tron beam polarization parallel ��� and antiparallel ��� to
the net nuclear spin of GaAs yielded the reflectivities R±�Q�.
The polarization of the neutron beam was reversed �relative

to B� A for fixed light polarization� at the 20 Hz frequency of
the neutron source using a Mezei � spin flipper.19,20 By re-
versing the polarization of the neutron beam over a short
time scale, instrumental bias for one neutron spin state over
the other can be reduced during the two-week-long measure-
ment �for each sample�.

The intensity and position of the reflected neutron beam
were measured by a linear position sensitive neutron detec-
tor. Each detector pixel integrated the intensity of the neutron
beam over scattering angles ranging±	� /2 �=±0.015° �
about a nominal scattering angle 2�. The diffuse scattering
underneath the specular reflectivity was estimated from mea-
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FIG. 1. Hanle curves used to obtain BN. The two curves were
obtained for different helicities of the incident light, corresponding
to different directions of the optically pumped electron spin polar-
ization. Inset: the time dependence of the optical polarization after
subsequent reversals of the wave plate from right to left.
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FIG. 2. Diagram of the neutron experiment. Neutron �dashed
line� and light beams �solid line�, �0� lens, �1� polarizing beam
splitter, �2� wave plate, �3� and �7� magnets, �4� and �5� windows,
�6� sample, �8� neutron detector pixel, and �9� flipper are shown.
The field applied to the sample BA and that outside the cryostat B0

are shown. The incident light wave vector �with wavelength �
=809 nm� is shown as p� i. The incident and final �reflected� neutron
wave vectors are shown as n� i and n� f, respectively.
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surements of the scattering±0.1° away from the specular re-
flectivity. The diffuse scattering was not spin dependent, and
the same estimate was subtracted from the data for both neu-
tron spin states to obtain R±.21

R+ and R− are given by the same function of the appro-
priate neutron-spin-dependent scattering length:bc± �I / �2I
+1��
bPN�z�. bc=1.387�10−4 Å �
b=−3.17�10−5 Å� is
the spin independent �dependent� part of the coherent spin
neutron scattering length for GaAs.22 I=3 /2 is the nuclear
spin of Ga and As. z represents the depth into the sample.
PN�z� is the depth profile of the nuclear polarization—the
information we seek from PNR. We independently controlled
the neutron and nuclear spin orientation to measure Rl

+ and
Rl

− for left CPL incident on the sample, and Rr
+ and Rr

− for
right CPL.

In order to assess the spin dependence of the neutron re-
flectivity, we define a quantity called the neutron spin asym-
metry Ai= �Ri

+−Ri
−� / �Ri

++Ri
−�, where the subscript i is either

r or l. The neutron spin asymmetries Ar and Al are shown for
sample A in Fig. 3�a� as circle and open-cross-square sym-
bols, respectively �dashed curves connect the symbols�.
Since PN is reversed when the helicity of the CPL is reversed
�Fig. 1�, the relationship Rr

±=Rl
� leads us to expect that Ar

=−Al in the absence of instrumental �non-light-polarization-
induced� effects. To show this relationship, the data in Fig.
3�a� are plotted in Fig. 3�b� as Ar vs Al. The result of a

principal component analysis23 of the data in Fig. 3�b� is the
solid line that minimizes the sum of the orthogonal distances
between the solid line and the data �an example is the dashed
line�. This analysis treats symmetrically the errors in Ar and
Al. Since the slope of the line �r,l�A�=−0.9±0.1 is very close
to −1 �the result for negatively related distributions�, the data
are compelling evidence that Ar is negatively related to Al
and that instrumental effects �which lead to positive slopes�
are small. A principal component analysis comparing left and
off data and right and off data for sample A yielded �l,of f
=0.36±0.23 and �r,of f =−0.28±0.25, respectively. The oppo-
site signs are a consequence of comparing negatively related
distributions, Ar and Al, to a common distribution Aof f. In
contrast, a comparison of Ar and Al for sample B yielded a
positive value �r,l�B�= +0.7±0.1. A positive value means that
Ar and Al for sample B are not zero and are positively related
as expected if the correlation is due to an instrumental effect.
Notably, however, reversal of the helicity of CPL did not
affect the neutron spin asymmetry for this sample—
consistent for a sample having little or no nuclear polariza-
tion.

Ar and Al contain components that are independent of and
dependent on light polarization. Ains= �Ar+Al� /2 �Fig. 4�b��
is the �instrumental� part of the neutron spin asymmetry that
is independent of light polarization since the effects of right
and left CPL cancel each other in the average of the two

-0.02-0.02-0.02-0.02

-0.01-0.01-0.01-0.01

0000

0.010.010.010.01

0.020.020.020.02

-0.02 -0.01 0 0.01 0.02-0.02 -0.01 0 0.01 0.02-0.02 -0.01 0 0.01 0.02-0.02 -0.01 0 0.01 0.02

AAAA rrrr

AAAA
llll

A
rrrr
= 0.003 - 0.9A

llll

(a)

(b)

-0.03-0.03-0.03-0.03

-0.02-0.02-0.02-0.02

-0.01-0.01-0.01-0.01

0000

0.010.010.010.01

0.020.020.020.02

0.030.030.030.03

0.012 0.016 0.02 0.0240.012 0.016 0.02 0.0240.012 0.016 0.02 0.0240.012 0.016 0.02 0.024

right helicityright helicityright helicityright helicity
left helicity

AAAA
rrrr
an
d

an
d

an
d

an
d
AAAA
llll

Q (ÅQ (ÅQ (ÅQ (Å-1-1-1-1))))

FIG. 3. �Color online� Neutron spin asymmetry is shown as a
function of neutron wave vector transfer for �a� right and left CPL.
�b� Principal component analysis showing Ar and Al. Additional
data for this sample and sample B are in Ref. 21.
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measurements. Ains has a mean and standard deviation of
0.001±0.003 for sample A �Fig. 4�b�� and 0.005±0.006 for
sample B �see Ref. 21�. Thus, the instrumental contribution
to the neutron spin asymmetry is approximately 1 part in
1000 for sample A and 1 part in 200 for sample B.24 Apol
= �Ar−Al� /2 �Fig. 4�a�� is the part of the neutron spin asym-
metry that depends on light polarization �and hence PN� since
the influence of right and of left CPL reinforce each other
�and the instrumental effects cancel each other�.

The systematic variation of Apol with Q is direct evidence
for a nonuniform distribution of nuclear polarization with
depth. The simplest representation of such a distribution con-
sistent with Apol�Q� is to ascribe different neutron spin-
dependent scattering lengths to the top and bottom parts of
the sample �thus introducing a second interface �the first is
the sample’s surface�, inset of Fig. 4�a��. The change of the
scattering length across the two interfaces gives rise to a
modulation of A�Q�. A�Q� can be analytically calculated for
the case of one layer with thickness � �i.e., the separation
between two interfaces� and nuclear polarization P0 �repre-
senting the nuclear polarization near the surface of GaAs� on
a second �infinitely thick� layer with nuclear polarization P1
�representing the bulk nuclear polarization, see inset of Fig.
4�. The result �correct to first order in P0 and P1� is given by
Eq. �1�, where N for GaAs is 0.022 f.u. /Å−3.25

A�Q� = � 2I

2I + 1


b

bc
	� Q


Q2 − 16�Nbc
	

��P0 + �P1 − P0�cos 
Q2 − 16�Nbc��

� � 2I

2I + 1


b

bc
	

��P0 + �P1 − P0�cos Q�� . �1�

The prefactor is small for GaAs�17%. The expression for
A�Q� is remarkable in that the three distinct characteristics of
the Q-dependent neutron spin asymmetry—the period and
amplitude of the oscillation and the mean—separately deter-
mine the magnitudes of �, P1, and P0 for our model. The
mean of Apol= �Ar−Al� /2 for sample A �Fig. 3�a�� is −0.0008,
so an upper bound on the net nuclear polarization near the
surface of sample A is �P0��0.005.

To obtain information about the depth dependence of
nuclear polarization in sample A, we compare data in Fig. 4
to the neutron spin asymmetry calculated for cases where the
nuclear polarization is uniform �P0= P1� and nonuniform
�P0� P1�. In order to account for the resolution of the instru-
ment �which varies with Q, as shown by the horizontal error
bars in Figs. 3 and 4�, the spin-dependent neutron reflectivi-
ties R±�Q� were first calculated using the �dynamical� for-
malism of Parratt.26 Next, the reflectivities were convoluted
with instrumental resolution and then A�Q� computed. The
dashed curves in Fig. 4�a� show the A�Q� anticipated for
uniform nuclear polarization of P0= P1= ±4%. The disagree-
ment between the calculation and the neutron data rules out
the possibility of uniform nuclear polarization with the value
inferred from the Hanle curves.27

On the other hand, the nonuniform model can explain
why neutron scattering and the luminescence experiments
obtain different results. Using P0=0 �implied by the near
zero mean of Apol�, we obtain �=58±2 nm and P1
=3% ±1% for a simple single layer model that best fits �by
minimizing an error metric �2�28 our neutron data �red curve,
Fig. 4�. Our model suggests that nuclear polarization exists
in the sample bulk �as inferred from luminescence� but is
suppressed near its surface.

We explored the sensitivity of P1 and � to constraining
P0=0. Fits of the single layer model allowing P0 to vary
yielded an optimum value for P0 that was not significantly
different from zero. Nor did these fits produce any significant
change in the amplitude of the oscillation P1− P0, or its pe-
riod �. We also examined the sensitivity of our model to the
presence of a smeared nuclear polarization profile across the
P0 / P1 interface. A�Q� was not significantly affected nor were
the values of P0, P1, and �, for smeared nuclear polarization
profiles that varied as an error function �typical for diffusion�
with characteristic widths from 0 to 5 nm.

The nuclear spin diffusion length 
DT1 can be estimated
using the spin diffusion constants for the isotopes in GaAs
D�10−13 cm2 /s �Refs. 29 and 30� and the nuclear spin re-
laxation time. For T1=1–10 s �measured optically as de-
scribed previously�, the nuclear spin diffusion length 
DT1 is
3–10 nm, and its effect on our neutron data cannot be ob-
served.

In order to further investigate the robustness of our analy-
sis protocol, we applied it to neutron scattering data that
should yield null results. We have three such “control” mea-
surements. The first is a measurement of sample A with the
light turned off.21 The second is Ains= �Ar+Al� /2 for sample
A �Fig. 4�b��. The third is Apol= �Ar−Al� /2 for sample B.21

For these cases, fits of the uniform model yielded P0= P1
ranging from 0.1% to 0.6%. Fits of the nonuniform model
P0� P1 did not significantly improve the goodness-of-fit
metric, so there is no evidence for depth-dependent nuclear
polarization in these data.

IV. DISCUSSION

We suggest that two factors contribute to the suppression
of nuclear polarization near the surface. First, since occupied
donor sites are required for efficient DNP, nuclear polariza-
tion is not generated in the surface depletion region. The
electric field at the surface of the sample is approximately
105 V /cm,31 and given the binding energy �5.8 meV� �Ref.
32� and characteristic dimension of the electron wave func-
tion �9.9 nm�,32 Si donor sites will not be occupied for elec-
tric fields greater than 5000 V /cm. Based on a self-
consistent solution of the Poisson equation,31 this criterion
yields an effective depletion depth of 30 nm for sample A.33

The second contributing factor is the suppression of nuclear
spin diffusion due to the relatively short nuclear spin relax-
ation time T1 in our sample �at 20 K and 265 G�. As noted
above, we infer a nuclear spin diffusion length of 3–10 nm
in our samples. As a result, nuclear polarization generated by
efficient DNP in the bulk of the sample cannot diffuse to the
surface. We also note that large electric field gradients near
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the surface might further reduce T1, and hence the diffusion
length, below the bulk value.

V. CONCLUSION

In summary, we have detected nuclear polarization of
GaAs by measuring the scattering of polarized neutron
beams. The wave vector dependence of the neutron spin
asymmetry enables us to conclude that nuclear polarization
is not uniform across the depth of the GaAs sample. A profile
of nuclear polarization that is suppressed within �60 nm of
the GaAs surface and then increases to �3% in the GaAs
bulk explains the neutron data and is consistent with mea-
surements of bulk nuclear polarization inferred from lumi-
nescence. The suppression of nuclear polarization near the
GaAs surface is a probable consequence of the absence of
DNP near the surface �due to unoccupied donor sites� and the
relatively short nuclear spin diffusion length in compensated
p-type GaAs that precludes diffusion of nuclear polarization
into the surface region. Suppression of nuclear polarization
near the GaAs surface �and by extension to any interface that
is accompanied by a modest electric field� suggests that the
influence of nuclear polarization on electron spin dynamics
near the surface �or interface� should be minimal. The sensi-
tivity of polarized neutron reflectometry to the very small

neutron spin dependence produced by nuclear polarization in
GaAs was made possible by minimizing �e.g., through mil-
lisecond modulation of the neutron spin flipper� and cancel-
ing �e.g., by comparison of data taken with right and left
circularly polarized light34� instrumental sources of neutron
spin asymmetry to about 1 part in 103. Further advances in
small signal detection may be possible in the future since
efforts in the nuclear physics community35 have demon-
strated reductions of instrumental sources of neutron spin
asymmetry to 1 part in 108.
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