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Spatial imaging of magnetically patterned nuclear spins in GaAs
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We exploit ferromagnetic imprinting to create complex laterally defined regions of nuclear spin polarization
in lithographically patterned MnAs/GaAs epilayers grown by molecular beam epitaxy. A time-resolved Kerr
rotation microscope with;1 mm spatial resolution uses electron spin precession to directly image the GaAs
nuclear polarization. These measurements indicate that the polarization varies from a maximum under mag-
netic mesas to zero several microns from the mesa perimeter, resulting in large (;104 T/m) effective field
gradients. The results reveal a flexible scheme for lateral engineering of spin-dependent energy landscapes in
the solid state.
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The ability to control nuclear and electron spin in solids
attracting increased interest for use in spintronics and qu
tum computation.1,2 One possible route toward achievin
such control is the recently discovered ferromagnetic
printing of nuclear spins.3 In this process, a ferromagnet
film induces large~up to;20%! nuclear spin polarization in
an adjacent GaAs epilayer under photoexcitation. T
nuclear polarization in turn generates strong effective m
netic fields~up to ;0.9 T! that act on free-carrier electro
spins through the contact hyperfine interaction. While fer
magnetic imprinting was previously studied in continuo
films, the ability to imprint a complex, spatially varyin
magnetization onto the semiconductor nuclear spins
lithographic patterning of the adjacent ferromagnet may o
a route towards novel spin-based devices. In this case, l
ally defined nuclear domains should result in spatially va
ing effective magnetic fields and field gradients, giving r
to local enhancement of the electron Larmor precession
quency and spin-dependent forces on electrons, respecti

In this paper we investigate how closely the nuclear
larization in the GaAs tracks the magnetization of pattern
ferromagnet structures using a low-temperature tim
resolved Kerr microscope~TRKM! with ;1 mm resolution.
We find that the spatial variation of the GaAs nuclear pol
ization approximates the shape of the patterned ferromag
with a transition from maximum to zero nuclear polarizati
occurring over a distanceL of ;10 mm, yielding effective
magnetic field gradients of;104 T/m at T55 K. We also
find that L remains roughly constant with increasing tem
perature, in contrast to the electronic mobility. This sugge
that the longitudinal electron spin lifetime may play a role
setting the transition width. Finally, we observe a monoto
decrease inL with increasing GaAs epilayer thickness
well as fluctuations in the nuclear polarization as a funct
of lateral position under the ferromagnet.

Samples are grown by molecular beam epitaxy~MBE!
and have the following structure: type-A MnAs~15 or 25
nm!/n-GaAs~100, 250, 500 nm!/Al 0.75Ga0.25As(400 nm)/
n1-GaAs(100) substrate. Then-GaAs layer was Si doped a
nominally 731016 cm23. Figure 1~a! shows an optical mi-
crograph of an array of 100mm3100mm square MnAs me-
sas defined by optical lithography followed by a chemica
selective wet etch~1 min HCl:H2O, 1:10!. Comparison of
0163-1829/2003/68~4!/041307~4!/$20.00 68 0413
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hysteresis loops for a patterned and an unpatterned sa
taken atT55 K in a commercial superconducting quantu
interference device magnetometer~SQUID! @Fig. 1~b!# re-
flect unchanged bulk magnetic properties. Magnetic fo
microscopy~MFM! of a magnetized MnAs mesa indicate
that a single magnetic domain extends to the mesa edge
zero applied field as shown in Fig. 1~c!, while atomic force
microscopy ~AFM! ~not shown! identifies mesa sidewal
widths of ;100 nm, lateral edge roughness of,1 mm, and
MnAs root-mean-square~rms! vertical roughness of;0.4
nm. Samples are mounted face down ontoc-axis sapphire
using a transparent epoxy and the substrate is removed u
the 400-nm AlGaAs layer using a chemically selective et

Nuclear polarization in the GaAs layer is determined
measuring the Larmor precession frequency of electron s
via time-resolved Kerr rotation.4,5 The measurement is per
formed with theTRKM ~Ref. 6! @Fig. 2~a!# which is used to
image electron spin dynamics in GaAs with;1 mm resolu-
tion from T55 K to room temperature. Pump and prob
pulses from a Ti:sapphire laser~;150 fs pulse width, 76
MHz repetition rate, wavelength;815 nm! are focused
through a microscope objective~numerical aperture50.73)

FIG. 1. ~a! Optical micrograph of MnAs mesas.~b! Hysteresis
loops taken at 5 K with field//GaAs@110# in a commercial SQUID
for patterned~top! and unpatterned~bottom! MnAs epilayers.~c!
Two different MFM images showing phase~Df! contrast between
the left and right edges of the same MnAs mesa indicating a sin
magnetic domain magnetized in plane.
©2003 The American Physical Society07-1
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which can be scanned laterally with;20 nm precision. The
circularly polarized pump pulse~;450mW! incident normal
to the sample excites spin-polarized electrons in the G
layer in the direction of its propagation. After a time del
Dt, a linearly polarized probe pulse~;350 mW! passes
through this nonequilibrium spin population and experien
a Kerr rotationuK proportional to the component of net sp
normal to the GaAs layer. The temporal evolution of this n
spin polarization is obtained by measuringuK while scanning
Dt. In the presence of a transverse magnetic field, the e
tron spins precess coherently in a plane perpendicular to
field at the Larmor frequencynL . HerenL is proportional to
the total effective transverse field comprised of the app
field (Bapp, set to 0.21 T! and the nuclear contact hyperfin
field (BN) and is given bynL5gmB(Bapp1BN)/h, wheremB
is the Bohr magneton andg520.44 for GaAs. In general
the Larmor frequency may be modulated by other effe
~e.g., fringing fields!; however, as discussed below, they co
tribute negligibly tonL in these experiments. In our exper
ment the Larmor precession manifests as an exponent
damped cosineuK(Dt)5A exp(2Dt/T2* )cos(2pnLDt), where
T2* is the effective transverse spin lifetime. Thus fittinguK as
a function ofDt yields a measure ofBN , which in turn is
proportional to the nuclear polarization.7–9 In addition to the
pump and probe beams, a third linearly polarized beam~813
nm, 30 mW continuous-wave diode laser! is incident to the
sample through the sapphire and serves to excite the ph

FIG. 2. ~a! Schematic of the experimental geometry.~b! Larmor
precession of electron spins underneath a MnAs mesa~bottom! and
between mesas~top!. ~c! CCD image of a MnAs mesa take
through the microscope objective showing the small overlap
pump and probe spots.
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carriers in the GaAs necessary to establish the nuc
imprint.3,10 This ‘‘imprinting’’ beam is defocused to a spo
size of;500mm to provide broad, slowly varying illumina
tion over the scan area. Figure 2~b! shows a delay scan take
at the center of a MnAs mesa as well as one taken on
bare GaAs between two mesas. The higher precession
quency on the mesa indicates the presence of non
nuclear polarization corresponding toBN of ;0.2 T.

Figure 2~c! shows a charge-coupled-device~CCD! image
of the tightly focused pump and probe beams as well as
centermost region of the large imprinting beam~which pro-
vides the background illumination! on a MnAs mesa. To en
sure that the pump and probe beams do not significantly a
the nuclear polarization created by the imprinting beam,
study the nuclear polarization as a function of laborato
time after turning on the pump and probe. We observe
increase innL of ,5%, indicating that the effect of the
pump-probe beams is negligible compared to the imprint
beam. In addition, we note that because the imprinting be
is linearly polarized, nuclear polarization induced by op
cally driven dynamic nuclear polarization is negligible.9,11

In order to quantify how precisely the nuclear polarizati
tracks the shape of the MnAs mesas, we construct t
dimensional images ofBN by scanning the microscope ob
jective relative to the fixed sample and performing a tim
delay scan at each position. Figures 3~a! and 3~b! depict
150mm3150mm scans~3 mm step size! of BN over a
MnAs mesa for samples of GaAs epilayer thickness of 1
and 500 nm, respectively. Qualitatively, these plots show
transition from maximum nuclear polarization under t
MnAs mesas to zero nuclear polarization in regions wh
the MnAs has been etched away. Analysis of individual li
scans over the mesa edge@Fig. 3~c!# yields the transition
width L, which we define as the distance over whichBN
increases from 10% to 90% of its average value under
mesa,̂ BN&. Comparing the two samples,L is larger for the
sample with 500 nm ofn-GaAs. Furthermore, for the 100-nm
sample the average effective field^BN& is 0.34 T~6% polar-
ization! and the maximum gradient is 4.43104 T/m, while
these values are 0.28 T~5% polarization! and 1.8
3104 T/m for the 500-nm sample.

Another striking feature of the data is the appearance
fluctuations in the magnitude of nuclear polarization as
function of lateral position on the sample, which do not c
relate to any morphological features measured via AF
These fluctuations in the nuclear polarization are more e
dent in the 100-nm sample@Fig. 3~a!, left panel# than in the
500-nm sample. To determine whether they are associ
with inhomogeneity in the imprinting beam or are associa
with sample inhomogeneity, the imprinting beam is tran
lated laterally and the nuclear polarization is imaged a s
ond time. We find that the structure in the nuclear polari
tion is independent of imprinting beam position, indicatin
that the fluctuations are due to some sample inhomogen
Additional measurements performed on unpatterned sam
show similar behavior, indicating that the fluctuations are
an artifact of the MnAs lithography and that the decrease
nuclear polarization at the edge of a mesa is not due to
tial variation of the imprinting beam intensity. Finally, Fig
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3~d! demonstrates that spreading of the nuclear polariza
does not preclude the ability to define more complex nuc
domains.

The value of the width over which the nuclear polariz
tion decreases, averaged over the mesa edges@Fig. 4~a!, solid
squares#, yields values ofL59, 13, and 17mm for GaAs
thicknesses of 100, 250, and 500 nm, respectively, at 5 K
a measure of the fluctuations inBN , we calculate the stan
dard deviation (sN) divided by the mean (^BN&) for the
center 60mm360mm region of the 100mm3100mm me-
sas. These data@Fig. 4~b!, solid squares# show that the mag-
nitude of the fluctuations decreases markedly with increas
GaAs thickness. We verify these trends inL andsN /^BN& as
a function of GaAs thickness by fabricating a second sam
set ~with identical GaAs thicknesses! from a new set of wa-
fers. The results forL andsN /^BN& are summarized by the
open squares in Figs. 4~a! and 4~b!, respectively. The agree
ment between the two sample sets indicates that these q
tities are robust even in the presence of growth-to-gro
variations in the base material.12 We also note that this con
sistency inL andsN /^BN& remains despite the presence
sample-to-sample variation in the magnitude ofBN .

To investigate the origin of the fluctuations in nucle
polarization, we measure the nuclear polarization for a 1

FIG. 3. ~Color! ~a!, ~b! Spatial images of ferromagnetically im
printed nuclear domains in 100 and 500-nm-thickn-GaAs epilayers,
respectively, measured at 5 K and 0.21 T applied field. The scale i
the surface plots is the same in each case, while in the color
plots it is optimized for each sample.~c! A line scan on the 500-nm
GaAs sample~0.5 mm step size! illustrating the definition ofL. ~d!
Spatial image showing a more complex nuclear domain pattern
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nm GaAs layer covered by 12 nm of MBE-deposited
@open circle in Fig. 4~b!#.13 We observe thatsN /^BN& for the
Fe sample is significantly lower than that of a MnAs sam
with equal GaAs thickness. This seems to indicate that
fluctuations are not driven by processes in the GaAs la
but rather stem from variation inherent to the ferromagne
ferromagnet/GaAs interface. We note that the lattice m
match of the MnAs/GaAs system is larger than that of F
GaAs and that the nucleation processes during the growt
these two materials differ significantly.14–16 These differ-
ences may result in spatial variation in the efficiency of t
ferromagnetic proximity polarization~FPP! of electron spin,
which is known to be an underlying mechanism driving t
nuclear polarization.10 In addition, scans of MnAs samples a
T560 K ~at which there is negligible nuclear polarizatio!
show spatially uniformnL , indicating that the nuclear polar
ization fluctuations observed atT55 K are not due to inho-
mogeneous strain-induced changes in the Lande´ g factor.
These high-temperature measurements also place an u
bound on contributions tonL from sources other than th
applied and nuclear fields. For instance, one may reason
expect that fringing fields~since the Curie temperature16 of
MnAs is 313 K! or Rashba splitting~resulting from drift due
to strain-induced inhomogeneous band bending! would result
in some modification ofnL near the mesa edges. While the
effects may indeed be present, they are not large enoug
detect.

ap

FIG. 4. ~a! Nuclear polarization transition widthL as a function
of GaAs thickness for two sample sets grown on different s
strates.~b! Fluctuation in nuclear polarizationsN /^BN& as a func-
tion of epilayer thickness for two sample sets, wheresN is the
standard deviation and̂BN& is the mean ofBN under a MnAs mesa.
Also shown~open circle! is one measurement on a sample with
in place of MnAs. ~c! Transition width ~squares! and electronic
mobility ~circles! as a function of temperature on the 500-n
sample. ~d! Fitted values ofT1 based on measured linecuts
nuclear polarization as a function of temperature. Inset: meas
linecut of nuclear polarization~solid circles! and fit ~solid line! of
nuclear polarization that yieldsT1 at T55 K for the 500-nm-thick
n-GaAs epilayer.
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Finally, we investigate whether the electronic mobility
involved in determiningL. Since photoexcited electrons po
larized via the FPP process are necessary to generate
nuclear polarization, the magnitude ofL is likely related to
the motion of these carriers~via drift or diffusion!. Because
the diffusion length and drift velocity both depend on ele
tron mobility m (,diff;Am,ndrift;m), we investigate the role
of electron motion by comparing the temperature dep
dence ofm andL for one of the 500-nm samples. Measur
ments fromT55 to 35 K @Fig. 4~c!, solid squares# show that
L remains approximately constant as a function
temperature.17 Mobility measurements are performed on H
bars18 at similar temperatures and under approximately
same illumination intensity as that provided by the impri
ing beam@Fig. 4~c!, solid circles#. We find thatm increases
with temperature, from a value of 3400 cm2/V s atT55 K to
5100 cm2/V s at T535 K. This discrepancy in the tempera
ture dependences ofL andm indicates that a simple mode
explainingL in terms of only the electron drift and diffusio
is inadequate. Other factors such as the electron spin
time, enhanced electron spin diffusion,19,20 and interfacial
reflection of electrons21 must be considered. In particula
one explanation for the different temperature dependence
ev

o
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1
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L and mobility may be related to a decrease of the long
dinal electron spin lifetimeT1 with increasing temperature.22

Given the temperature dependence of the mobility, we ca
late an approximateT1 by fitting linecuts of nuclear polar-
ization with a simple model that estimates the steady-s
diffusion profile of electron spin emanating from beneath
MnAs mesas.23 Figure 4~d! shows an order of magnitud
decrease~50–5 ns! in T1 as calculated from the model from
T55 to 35 K, as well as a representative linecut and fit
BN ~inset!. Another potential factor in determiningL is the
diffusion of nuclear spin, but to date we have not observ
propagation of nuclear domain boundaries with time sca
characteristic of nuclear diffusion~;minutes!.24

In conclusion, we have demonstrated the patterning
imaging of nuclear spin domains whose hyperfine fields m
be exploited for manipulating electron spin in novel sp
tronic devices.
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