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Electron spin dynamics and hyperfine interactions in Fe/Al,;Gaj¢As/GaAs spin
injection heterostructures
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We have completed a comprehensive study of hyperfine interactions between spin-polarized electrons and
lattice nuclei in AlyGagoAs/GaAs quantum well (QW) heterostructures. The spin-polarized electrons are
electrically injected into the semiconductor heterostructure from a metallic ferromagnet across a Schottky
tunnel barrier. The nuclear polarization and electron spin dynamics are accurately modeled using the formalism
developed previously for optical orientation in GaAs. We find that the nuclear spin polarization in the QW is
directly proportional to the electron spin polarization but depends only weakly on the electron density in the
QW. The direction of the nuclear spin polarization can be controlled by the reversal of the magnetization in the
ferromagnet. Nuclear magnetic resonance (NMR) is observed at low applied magnetic fields by electrically
modulating the spin injected into the QW. The electrically driven NMR demonstrates explicitly the existence
of a Knight field felt by the nuclei due to the electron spin as well as the presence of significant dipolar

coupling between nuclei.
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I. INTRODUCTION

Spin-polarized electrons in GaAs interact with lattice nu-
clei through the hyperfine interaction, leading to dynamic
nuclear polarization (DNP).! Typical DNP experiments in
GaAs exploit the spin-dependent selection rules for optical
transitions to generate the necessary population of spin-
polarized electrons in the conduction band. Recent experi-
ments have demonstrated the electrical injection of spin-
polarized electrons using a metallic ferromagnet as a contact
and a band-engineered Schottky tunnel barrier.*"'* Two re-
cent experiments have demonstrated that electrical spin in-
jection can be used to induce dynamic nuclear polarization
and that resonance of the nuclear spins can be observed.!?313
In this paper we present a comprehensive series of experi-
ments on dynamic nuclear polarization by electrical spin in-
jection into Alj;Gaj¢As/GaAs quantum wells. The nuclear
polarization and its subsequent effects on electron spin dy-
namics are described by the same model of DNP used in the
analysis of optical orientation experiments. However, the
magnetic anisotropies of the Fe contact allow access to new
geometries for observing the interaction between spin-
polarized electrons and nuclei. We demonstrate the complete
self-consistency of measurements in the different geometries
and show explicitly that the nuclear polarization is propor-
tional to the electron spin polarization in the quantum well
(QW). Reversal of the ferromagnet is used to invert the
nuclear spin polarization on time scales much faster than the
nuclear spin relaxation time. Finally, we explore the nonlin-
earities in the nuclear magnetic resonance observed at low
magnetic fields, demonstrating the effects of dipolar coupling
between nuclei.

II. SPIN INJECTION: BACKGROUND

Many experiments have utilized the selection rules for
optical transitions in GaAs to measure the spin polarization

1098-0121/2005/72(15)/155308(17)/$23.00

155308-1

PACS number(s): 72.25.Hg, 72.25.Rb, 76.60.Jx

of conduction band electrons.>!®!° These selection rules al-
low for a simple mapping between the net luminescence cir-
cular polarization Pp;=([,—1)/(I,+1_), where I, _ are the
intensities of the two helicities of circularly polarized light,
and the average electron spin along the sample normal:
Prr=aS,=aS-z, where S is the average electron spin and
a=2 for luminescence from QW systems while a=1 for
bulk systems.?%?! The orientation and magnitude of S will in
turn depend on the applied magnetic field B,,, and the elec-
tron spin lifetime 7,=(7'+7"")"!, where 7, is the rate of
electron spin relaxation and 77! is the rate of electron-hole
recombination. The electron spin immediately after injection
into the QW is given by the vector S,. Spin relaxation that
occurs before the electrons recombine with holes reduces the
total spin in the QW from its initial value S to its steady-
state value S. In addition, the spin will precess about B,
whenever B,,, XS #0. The angle through which the spin
precesses is determined by the product Q7 of the Larmor
precession frequency and the electron spin lifetime, where
Q= g*,uBBapp/ fi, g is the effective electron g factor, uy is
the Bohr magneton, and # is Planck’s constant. Typically,
O~10'""Hz at 5kG and T,~200 ps, giving QT,<2.
Combining these processes of injection, precession, relax-
ation, and recombination, we can define a rate equation that
describes the dynamics of the electron spin in the QW (Ref.
20):

_S—SO' (1)

T

— =0 XS-
dt

ds s
Ts

Luminescence is a steady-state measurement, and therefore
we can set dS/dt=0 and solve for S. It is convenient to
define the characteristic magnetic field B,,=%/(g" ugT,) at
which Qp T.=1. The steady-state solution of Eq. (1) can
then be written as
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FIG. 1. Spin-LED band structure at zero bias (Ref. 24) and a
schematic cross section (inset) of the spin-LED device. The dashed
line is the Fermi level, the open circle and arrow represents the flow
of unpolarized holes from the p-type layer to the QW, and the solid

circle represents the flow of spin-polarized electrons injected from
the Fe contact through the Schottky barrier.
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where =1/(1+17/7,).2> Equation (2) is the general equation
for electron spin dynamics in GaAs under steady-state con-
ditions. For the experiments under discussion here, the z
component S, is detected by the luminescence circular polar-
ization Pg;, and S is electrically injected from a ferromag-
netic metal contact.

In the case of electrical injection of spin-polarized elec-
trons from a thin Fe film, S,=epm, where m is the direction
of the Fe contact magnetization, p is the spin polarization of
the Fe contact, and € is the efficiency of spin transport across
the interface. Magnetic shape anisotropy in the thin film
causes the Fe magnetization to lie in-plane at low magnetic
fields. Hence, at B,,,=0, S, will be entirely in-plane and the
luminescence along the z direction will be unpolarized. In
order to achieve §,# 0 in the QW, either the Fe magnetiza-
tion must be rotated out of the plane prior to the injection of
spin-polarized electrons or the injected spin must precess
out-of-plane after reaching the QW. The first approach
can be accomplished by applying a magnetic field
along the z direction in the longitudinal, or Faraday,

geometry,*-711141623 while the second requires an angle
between S, and B, in the transverse, or Voigt,
geometry.8-10.12.13

III. SAMPLE DESIGN, GROWTH, AND PROCESSING

The devices studied here combine electrical injection of
spin-polarized carriers across an engineered Schottky barrier
with optical spin detection. This device design is referred to
as a spin-sensitive light emitting diode (LED), or
spin-LED.#-1416.17.23 A vertical block diagram schematic of
the spin-LED is shown in the inset of Fig. 1.

A ferromagnetic metal is deposited on top of a highly
doped (n+) layer of Al, ;GagoAs. Underneath the n+ layer is
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a drift layer of n-type Alj,GajoAs that separates the injector
region of the device from the detector. The detector is a
100-A GaAs QW with undoped Al ;GagoAs barriers, posi-
tioned approximately 1500 A from the ferromagnet/
semiconductor interface. Beneath the QW detector is a layer
of p-doped Alj;GajoAs, which serves as a source of unpo-
larized holes with which the injected electrons recombine in
the QW. The device is operated with the bias applied be-
tween the ferromagnet and substrate, and luminescence is
collected along the growth direction Z of the sample.

The spin-LED heterostructure consists of two back-to-
back diodes: a Schottky diode at the interface (injector) fol-
lowed by a n-i-p light emitting diode (detector). The device
is operated with the Schottky contact reverse biased (elec-
trons passing from Fe into Al, ;GagoAs) and the n-i-p LED
forward biased. Positive device voltages in this paper refer to
reverse Schottky and forward-LED-bias conditions: electrons
tunneling into the Alj;GayoAs and recombining with holes
in the QW to emit photons.

Two different injector doping designs are used for the data
presented here: graded doping and & doping. Sample A has a
graded doping injector similar to that of Hanbicki et al.’ and
is used for all field dependence and time dependence mea-
surements in this paper. Sample B has a 6-doped injector and
is used for nuclear magnetic resonance measurements. Field-
dependent measurements on sample B reported earlier are
consistent with the results for sample A discussed here.'? The
J-doped injector is created by depositing a two-dimensional
sheet of n-type dopant (Si) near the interface. Table I shows
details of these two heterostructure designs. Several samples
with varying & doping, graded interfacial doping, drift layer
doping, and QW doping have been grown and tested, and
they exhibit varying degrees electrical spin injection and dy-
namic nuclear polarization.

The samples are grown using molecular beam epitaxy
(MBE). The Fe film is deposited in situ and is capped with a
thin Al layer to prevent oxidation. The devices are processed
using standard photolithography and wet etching. Mesas, ei-
ther round or rectangular, are lithographically defined and
etched below the level of the n-i-p depletion region to mini-
mize leakage currents. Typical device dimensions are
300-um-diam dots (sample A) and 400—1200 pm X 80 um
bars (sample B).

IV. EXPERIMENTAL SETUP

The measurements are performed at 20 K in a split-coil
magneto-optical cryostat. The devices are biased with a cur-
rent source, and the voltage drop is measured across the en-
tire device (Schottky and n-i-p junction). Two data collection
techniques are used. For low-luminescence light-level
samples, such as sample B, the electroluminescence (EL) is
passed through a liquid-crystal variable retarder (LCVR),
which is switched between \/4 and 3\/4 retardation, and
then through a linear polarizer. The light is collected over a
variable integration time by a charge-coupled-device (CCD)
camera mounted on a spectrometer. The CCD camera col-
lects a full EL spectrum over a 40-meV window for each
setting of the LCVR (\/4 and 3\/4). The total intensity of
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TABLE 1. Heterostructure details for the two primary spin-LED samples discussed in this paper.

Sample A Sample B
Thickness (nm) Material Thickness (nm)
2.5 Torowin~0 °C Same
5 Torowin~0 °C Same
15 n+ (5X 108 cm™3)  Aly,GagoAs 2.5 i
15 n/n+ (graded doping)  Aly;GagoAs S-doped (Si)  n+ (31083 cm™?)
100 n (1X10%cecm™3)  Aly,GagoAs 100 n (6.7x10'% cm™3)
25 i AlyGagoAs Same
10 i-QW  GaAs Same
25 i Aly;GayoAs Same
50 p/p+ (1x107-1x 10" cm™3)  Aly,GagoAs Same
150 p+ (1X10"8 ecm™3) Al ,GagoAs Same
300 p+ (1.1X10"% cm™3)  GaAs Same
Substrate p+ GaAs (100) Same

each spectrum is integrated over the full heavy-hole exciton
line and used to define the net EL circular polarization:
Py =(I,—1_)/(1,+1_). For both samples, the electrolumines-
cence at the temperatures used in these experiments
(<70 K) is dominated by the heavy-hole exciton. Graded
doping structures such as sample A have a higher EL effi-
ciency than the &-doped structures and a maximum steady-
state electron spin polarizations of =~7%.> The maximum
steady-state electron spin polarization in sample B is =6%.

For high-luminescence light-level samples, such as
sample A, data can also be collected using a photoelastic
modulator (PEM) operating at 42 kHz, a linear polarizer, a
74-mm monochromator, and an avalanche photodiode
(APD). The monochromator center wavelength and exit slit
are set to transmit the entire EL line. An optical chopper (f
~400 Hz) is placed at the entrance slit of the monochro-
mator. The output of the APD is passed through a bandpass
voltage preamplifier and into two digital lock-in amplifiers
which are referenced to the PEM and chopper frequencies.
Py is defined as Vpgy/ Vipopper Where Vpgy and Vpopper are
the outputs of the two lock-in amplifiers.

A. Faraday geometry electroluminescence polarization

In the Faraday geometry the magnetic field is parallel to
the direction of light propagation: B,,,=B,,,Z [see Fig. 2(a)].
In this case Eq. (2) gives

S.=nSy-Z; (3)

that is, S, is simply the component of S, along z scaled by
n=1/(1+17/7,), where 7 characterizes the longitudinal spin
relaxation prior to recombination. Figure 3(a) shows the Fe
film magnetization as a function of magnetic field applied
out-of-plane, with the magnetization fully saturated along Z
at B,,,=4mM~2.1 T. Figure 2(a) shows a diagram of the
Faraday geometry experimental setup: the Fe magnetization
rotates out of the plane under the influence of the applied
field, and EL is collected along the z direction. The increas-
ing component of out-of-plane magnetization M, leads to an

Observation direction

A A

N
N

(a) Faraday (b) Oblique Easy Axis

Observation direction
A A
Z

ey

¥ s
s
=)

4 app

B
S
'\
X,
N/

(c) Opt. Pumping
Hanle

",

(d) Hard Axis

FIG. 2. Measurement geometries for the experiments discussed
in this paper. In all cases the observation direction is along z, the
injected spin direction is along S, the applied field lies along B,,,,,
and the detected component of steady-state spin is S,. (a) Faraday
geometry: at B,,,=0, S lies entirely in-plane. B,,, is applied out-
of-plane to rotate S, out-of-plane. (b) Oblique easy axis geometry:
B, is applied at a small angle out-of-plane, with its in-plane pro-
jection along the [011] magnetic easy axis. S precesses about B,
after injection. (c) Voigt geometry, optical pumping Hanle effect: S,
is optically injected along Z and precesses about B, which is
entirely in-plane. (d) Hard-axis geometry: B,,, is entirely in-plane
and along the [011] magnetic hard-axis direction. S rotates in-
plane as a function of B and S precesses about B,,, after
injection.
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FIG. 3. Magnetization curves for the thin Fe film. (a) Film mag-
netization for magnetic field applied out-of-plane, along the [100]
direction. (b) Magnetization for magnetic field applied along the
in-plane easy-axis direction, [011]. (c) Magnetization for magnetic

field applied along the in-plane hard axis, [011].

increasing Pg; signal, until M is completely saturated out-of-
plane at =2.1 T as seen in Fig. 4.4771114
For B,,,>4mM, Sy-2=S, and S.=5S,. Therefore, the

app
Faraday geometry Pg; at B,,,>2.1 T directly measures the
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FIG. 4. Electroluminescence polarization (Pg;) at fixed bias as a
function of applied magnetic field along the [100] direction in the
Faraday geometry. Pg; tracks the out-of-plane component of the Fe
magnetization.
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FIG. 5. Electroluminescence polarization (Pg;) as a function of
device bias at fixed field in the Faraday geometry. B,,,=2.5 T is
sufficient to saturate the magnetization along the observation direc-
tion. The nonmonotonic bias dependence of Py, is due to changes
in the ratio of spin relaxation time to electron-hole recombination
time.

scalar value of 7S, after accounting for up to 1% magneto-
absorption in the semitransparent Fe contact:

P =2nS,. (4)

In particular, this allows for the measurement of 7S, as a
function of the device bias. As shown in Fig. 5 for B,,,
=2.5 T, Pg; varies considerably and nonmonotonically over
the range of biases between the threshold for light emission
and the limit of the current source. There are three physical
quantities that may vary as a function of bias in the experi-
ment of Fig. 5: the spin injection efficiency € in S, the
electron-hole recombination time 7, and the electron spin re-
laxation time 7,. By using the combination of all three terms
in the product 7S, for all self-consistent calculations, we do
not distinguish between these three possible sources of bias
dependence. In practice, in order to extract the bias depen-
dence of any one of the three physical quantities it is neces-
sary to fix the other two. Using Eq. (4) it is possible to relate
the measured Pg; in the Faraday geometry at any given bias,
as in Fig. 5, to a corresponding 7S, in Eq. (2).

B. Voigt geometry photoluminescence polarization: The optical
Hanle effect

A complete solution of Eq. (2) for S requires knowledge
of three sample parameters: the ratio of spin relaxation to
electron recombination rates as given by #, the injected spin
vector S, and the characteristic field scale for precession
B,),. The combined factor 7S, is measured as a function of
bias in the Faraday geometry. The direction of S, is given by
the magnetization of the Fe film, which can be found from
the data in Fig. 3 under the assumption that the magnetiza-
tion rotates coherently.?® In order to determine B, it is nec-
essary to perform an optical pumping Hanle effect calibra-
tion measurement.??’

Hanle curves are obtained by optically injecting spin-
polarized electrons into the Alj;GajgAs barrier with circu-
larly polarized light at an energy near the Aly ;GajoAs band
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edge (E,~1.67 eV). The optically injected electrons are
swept into the QW and are governed by the same processes
of relaxation, precession, and recombination as electrically
injected carriers. Optical pumping Hanle measurements are
performed with the device bias just below the threshold for
EL in order to make the conduction and valence bands as flat
as possible while still minimizing background electrolumi-
nescence.

The geometry for the optical pumping Hanle measure-
ment is sketched in Fig. 2(c). The magnetic field is applied
entirely in-plane and the optically injected spin is along the
direction of laser propagation, Sg*'=SiPZ. Solving Eq. (2) for
this configuration gives

opt p2
SO B1/2

=M P
Bl/2+Bapp

©)

which is a Lorentzian with half width at half maximum of
B, ). Of the four variables in Eq. (5), only two may poten-
tially vary with bias: the coefficient 7 and B;,,. In both cases,
the variation with bias will be due to changes in the recom-
bination time 7 and the spin relaxation time 7:

1
_ , 6
K 1+ 77, (©)
o1 1
31/2=*_<‘+_>- (7)
8§ MBp\T Ty

For the samples under consideration here, we find 7~47;
and 7 will be more strongly dependent on changes in 7 than
By, This is confirmed by observing negligible change in
B, over a full bias range for optical Hanle curves on a
spin-LED device with very low electroluminescence inten-
sity. Hence, it is possible to extract a fixed value of B/, from
optical pumping Hanle curves collected below EL threshold
and apply that value to calculations of S under electrical bias.
At 20 K for sample A, B;;=2.4 kG. Hence, it is possible to
solve Eq. (2) for the electrically injected steady-state spin S
in the GaAs QW by combining By, from optical pumping
Hanle curves, 7S, as a function of bias found in Faraday
geometry Pp;, and the direction of S taken from the mea-
sured Fe magnetization.

C. Voigt geometry electroluminescence polarization: The
oblique easy-axis configuration

Figure 2(b) describes the first type of Voigt Pg; measure-
ment discussed in this paper. The magnetic field is aligned
along the [011] direction of the sample, which is the mag-
netic easy axis of the Fe contact. The field is then rotated out

of the plane about the [011] axis by an angle 6,-20° <6
< +20°. We will refer to this configuration as the oblique
easy-axis geometry since the projection of B,,, onto the
sample plane continues to lie along the easy axis, even as 6 is
varied.3-'0 The magnetization reversal along the magnetic
easy axis is shown in Fig. 3(b) and is just that of a simple
square hysteresis loop. The solution for S, in this setup can
be found from Eq. (2) by setting B,,,=B,,[cos(0)y
+sin(6)z] and S,=S¢y where Sp=+5,, corresponding to the
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FIG. 6. Electroluminescence polarization curve in the oblique
easy-axis geometry with #=20°. The points are data; the dashed
line is a calculation of the expected luminescence polarization
based on the bare applied field. The solid curve is the expected
polarization including an effective magnetic field due to spin-
polarized nuclei.
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Electroluminescence polarization data obtained in the ob-
lique easy axis geometry at #=20° are shown in Fig. 6. The
points are data and the dashed line is the result of calculating
S. using Eq. (8) with 7S, determined from the Faraday ge-
ometry measurements in Fig. 5, By, determined from an
optical pumping Hanle curve, and the direction of S set by
the easy axis magnetization in Fig. 3(b). Clearly, the data do
not match the S, calculation as described by Eq. (8): the
electron spin precesses faster in small field (further out-of-
plane) than expected for the effective g factor in the QW,
g =~-0.21,2%?% leading to a large step across zero. To match
the observed Pp; it is necessary to include an effective mag-
netic field of ~4 kG in addition to the applied magnetic
field. The presence of an effective magnetic field that is sig-
nificantly larger than the applied field can be seen in the step
across zero and the near saturation of Pp; as would be ex-
pected from Eq. (8) for B,,,> B, ;. The effective field, which
vanishes above 70 K in these devices, is due to the hyperfine
interactions between the spin-polarized electrons and lattice
nuclei in the QW that lead to dynamic nuclear polarization.

D. Dynamic nuclear polarization

Dynamic nuclear polarization occurs in a solid when a
nonequilibrium electron spin polarization is transferred to the
nuclear spin system via the hyperfine interaction.!>303! Dy-
namic nuclear polarization can be driven by saturation of an
electron spin resonance,’” a large splitting between electron
spin states in an applied magnetic field,?? or by injection of a
nonequilibrium electron spin polarization. There are several
mechanisms for injecting the nonequilibrium electron spin
polarization into a semiconductor heterostructure. The most
common mechanism is optical injection,? particularly for
bulk GaAs,>>33-36 but also for quantum wells*’~** and quan-
tum dots.*! A more recent technique for generating the non-
equilibrium electron spin polarization is by optical pumping
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at the interface between a ferromagnetic material and
GaAs.*?%6 Spin-blockade techniques have also been used re-
cently to observe hyperfine interactions in GaAs quantums
dots.*” We focus here on direct electrical injection of spin-
polarized carriers from a ferromagnetic metal across a tunnel
barrier.!®!2!13:15 The Hamiltonian for the hyperfine interac-
tion can be written as

167 A A
H=- ?MBMn"P(R)PI'S’ 9)

where I is the nuclear spin, S is the electron spin, |[W(R)|? is
the probability density of the electron wave function at the
position of the nucleus, u, is the nuclear magnetic moment,
and ujp is the Bohr magneton.>? Dynamic nuclear polariza-
tion occurs when spin-polarized electrons and lattice nuclei
engage in hyperfine “flip-flop” interactions in which they
exchange angular momentum. For hyperfine interactions in
an applied magnetic field, the difference in Zeeman energies
for electrons and nuclei requires that the spin flip-flop be
accompanied by an assisting process to conserve energy,
such as absorption or emission of phonons or photons. A
nonequilibrium electron spin polarization can therefore gen-
erate a nonequilibrium nuclear polarization at a rate T;;l de-
termined by the strength of the hyperfine interaction and the
rate of the assisting process:

Tpor= Ao (10)
where A contains the matrix element for the hyperfine inter-
action and T;(l)l is the rate of the assisting process that con-
serves energy.*® A typical nuclear polarization time constant
T,y is on the order of 10 sec in GaAs. 320

Whereas nuclear polarization is due almost exclusively to
hyperfine flip-flop interactions, nuclear depolarization in-
volves a combination of hyperfine and nuclear spin-spin in-
teractions. Nuclear spin relaxation is driven by precession in
the fluctuating local magnetic field due to dipole-dipole in-
teractions with neighboring nuclei, B, =~ 1.45 G,? and by pre-
cession about the hyperfine field of the electron spin. The
Zeeman splitting of the nuclear spin sublevels increases the
energy required to induce a transition, reducing the rate of
spin relaxation by the ratio of the square of the Zeeman
energies of the local and applied fields: Bi/Bipp.zz’31 The
combination of the hyperfine interaction, spin-spin interac-
tions, and Zeeman splitting can be represented for nuclear
spin depolarization in a form similar to Eq. (10):

BZ
77! =AT;jp0,<—L), (11)

app

where A again contains the matrix element for the hyperfine
interaction and T;elpol is the rate of the assisting relaxation
processes. Because of the ten orders of magnitude difference
between the spin relaxation rate of electrons (7,~ 10~ sec)
and nuclei (T;=1 sec), even a very weak hyperfine interac-
tion and small steady-state electron spin polarization of a few
percent can produce significant nuclear spin polarization.?’
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A phenomenological rate equation for dynamic nuclear
polarization by spin-polarized electrons can be constructed
from the balance of nuclear polarization and depolarization
rates -} and YTI (Ref. 31):

pol

() 1 1
it AETCH EF S AN (E)
II+1)
- gs(s+1)’ (13)

where (S.) and (I,) are the electron and nuclear spin along
the applied magnetic field B,,,=B,,%2, and f; is a leakage
factor. A rate equation analogous to Eq. (12) can also be
derived from a rigorous spin-temperature argument,’! in
which case f; is shown to be the fraction of nuclear spin
relaxation that is due to hyperfine interactions. If nuclei only
relax via electrons, then f,=1, while the presence of any
other relaxation mechanisms will reduce f,. Equation (12)
can be solved in steady state to find the average nuclear spin
1,,=(I.)% along the magnetic field in terms of the electron
spin and the polarization and depolarization rates:

(.2
1+ (Zﬂ)
T,
The hyperfine interaction results in nuclear spin aligned
along the electron spin direction. The nuclei, however, pre-
cess about the applied field just as the electrons do. While the
electron spin lifetime is short, limiting precession to less than
a full cycle for the field scales investigated here, the nuclear
spin lifetime is long, resulting in an averaging of nuclear spin
components perpendicular to B,,,,. The magnetic field depen-

dence of the average nuclear spin polarization is found by
substituting for T, and T} in Eq. (14), giving

1,=k (14)

(S Byy)B,y, (15)

I 2
B, +&B]

av —

where we have used

2
Z&l — g(i) , (16)
T, Baﬁﬁ
- _T&l. (17)
Tdepol

The coefficient & characterizes the assisting processes that
enable nuclear spin polarization and depolarization but are
not explicitly related to the hyperfine interaction matrix ele-
ment.

The average effect of the hyperfine interactions between
an electron and all nuclei within the electron’s wave function
is an effective magnetic field

By= >, b2 /1%, (18)
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167
38*00

by= P deN, (19)
where g" is the effective electron g factor, v, is the volume of
the unit cell, d7 is the electron wave function density at the «
isotope nucleus, w, is the nuclear magnetic moment, and N
is the number of « nuclei in the unit cell.>*® Given that all
three isotopes in GaAs (" As, ®Ga, and 7'Ga) have the same
spin I=3/2, we replace I* with /. Additionally, since we are
unable to distinguish the contributions of individual isotopes
to the total effective field, we replace by, with a total by that
includes the contributions of all nuclei. This by is the maxi-
mum effective magnetic field felt by electrons for 100%
spin-polarized nuclei. In bulk GaAs with g, =—0.44, b3"*
=53kG.> In a 100-A Aly,GayoAs/GaAs QW, b%w
=(gpun/ ggw)bk,“'kx 111 kG. For the remainder of the paper,
we will use by=111 kG. Combining Egs. (15) and (18) gives
the effective magnetic field due to polarized nuclei,?

(I+1) (S-B,,,)B,,

2 2
s(s+1) B,,,+ B

By=feby (20)

Spin-polarized electrons precess as though in the presence
of a total magnetic field A=B,,,+By. Equation (2) for elec-
tron spin dynamics in the QW then becomes

BiSo+ (Sy-A)A + B, (A X )
=7

! Bi,+A?

, (21)

and Eq. (8) for the special case of the oblique easy-axis
configuration as in Figs. 2(b) and 6 becomes

5.= 7750 cos(tZ)smgb’) . (22)
1 + (Bj/A%)

Using Eq. (20) for By, Eq. (22) gives the solid line in Fig. 6
as a fit to the data using the leakage factor f, as the only free
parameter. For the solid line in Fig. 6, f,=0.46. The factor
V“E’BL in Eq. (20) is less than 50 G and can be ignored when
fitting data over wide field ranges on the order of several
kOe. Compared with B;,,=2.4 kG, it is clear how the effec-
tive field By=~4 kG dominates the electron spin dynamics in
Fig. 6, particularly at low B,,,. The range of B,,, in which
Pg; is most sensitive to nuclear polarization effects lies be-
tween the local field factor VéB, and B,,. When Bipp
= §Bi,BN approaches zero and does not significantly affect
electron spin precession. At Bipp>B%/2 the applied field is
sufficient to produce significant electron precession and the
sensitivity to nuclear polarization effects is reduced.

The local field factor fB% in the denominator of Egs. (15)
and (20) defines the scale of Zeeman energy below which the
average nuclear spin polarization goes to zero. As discussed
above, the local field B; =1.45 G is the effective magnetic
field due to nuclear spin-spin interactions and ¢ is a factor
that incorporates sample-specific processes that assist nuclear
spin transitions. The effect of the local field at low B, is a
reduction in By and consequently less electron spin preces-
sion.

Without the reduction in By and spin precession at B[%pp
< ¢B?, the oblique easy-axis curve in Fig. 7 would exactly
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FIG. 7. Electroluminescence polarization hysteresis loop in the
oblique easy-axis geometry with #=20°. The points are data, and
the line is a fit which includes the effect of dynamically polarized
nuclei. The broad dips in Pg; as the field is swept through zero are

due to nuclear spin depolarization for Bipp< §Bi.

match the shape of the easy-axis hysteresis loop in Fig. 3(b),
with a singularity at B,,,=0 T. Instead broad dips in the
luminescence polarization appear as the field is swept
through zero. The width of this depolarization region can be
fit by setting B;=1.45 G and varying & This is a single-
parameter fit since f, is separately determined over a wider
field scale on which §Bi has a negligible affect. For the data
in Fig. 7, the fit gives §{=400+120. The uncertainty in the fit
comes from the overshoot in Py at B,,,=0 Oe, which is
attributed to small off-axis components of the field profile of
the superconducting magnet as the field is swept through
Zero.

V. EXPERIMENTAL RESULTS AND DISCUSSION
A. Field dependence along the easy axis

The large step across zero field in the single +5-kG ob-
lique easy-axis field sweep at #=20° in Fig. 6 was fit using
Egs. (20) and (22) and a single free parameter f,. It was
assumed that 7S, measured in the Faraday geometry and By,
measured in an optical pumping Hanle curve remained un-
changed. The consistency of these assumptions can be tested
by taking the parameters from Fig. 6 and applying them to a
set of oblique easy axis curves collected with B, at differ-
ent out-of-plane angles, adjusting only 6 in Egs. (20) and
(22) to fit the additional curves. This is shown in Fig. 8: the
points are data, the line for 6=20° is a one-parameter fit, and
the remaining lines are calculated without adjusting any pa-
rameters. The model accurately predicts the oblique easy-
axis curve at each subsequent measurement angle within the
experimental uncertainty A#~0.4°, confirming the validity
of the fitting assumptions.

Figure 9 contains several oblique easy-axis curves at in-
creasing bias over a smaller field range than the curves in
Fig. 8. Over the smaller scale, the Fe contact hysteresis can
be observed and the £B? factor in the denominator of Eq.
(20) becomes relevant. The points in Fig. 9 are data, the lines
are fits in which %S, is taken from Faraday geometry mea-
surements at the corresponding bias, and B, is taken from
the optical pumping Hanle curve. The parameter £=520, and
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FIG. 8. (Color on-line) Electroluminescence polarization curves
in the oblique easy-axis geometry at several values of 6. The points
are data. The lines are predicted polarization curves with parameters
fixed by fitting the 20° data and then changing only the measure-
ment angle for subsequent calculations.

thus £B2=1100 G2, is fixed for all curves by fitting the low-
field oblique easy axis Pg; depolarization features in Fig. 7.
f¢ 1s the only remaining free parameter that is adjusted to fit
the data at each bias. All curves are offset for clarity. The Pp;
amplitude in Fig. 9 is defined as the difference in Pg; be-
tween +100 Oe and —100 Oe. At low biases, just above the
threshold for light emission, the oblique easy-axis curve
closely resembles the prediction for zero nuclear polariza-
tion. The Pg; amplitude increases as the bias initially in-
creases above threshold, reaches a maximum, and then de-
creases at higher biases. The fits shown in Fig. 9 accurately

T=20K

T
sede o

1.4 Alem®

20 | * 4.2 A/sz_

M.S Aem?

- Sramily 11.3 Alem™

&-&,—- 14.1 Alem®
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FIG. 9. Electroluminescence polarization (Pg;) hysteresis loops
in the oblique easy-axis geometry with §#=20° at several biases. The
points are data, and the lines are fits which include the effect of
dynamically polarized nuclei. The amplitude of the oblique easy-
axis curves varies with device bias due to changes in the steady-
state electron spin polarization. The Pg; loops do not fully close at
the coercive field for the Fe contact because the nuclear polarization
lags as B, is swept at a rate comparable to TTI. All curves are
offset for clarity.
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FIG. 10. Both panels, left axis (solid symbols): steady-state
electron spin polarization in the QW as measured by Faraday ge-
ometry Pg; at 2.5 T. (a) Right axis (open symbols): the asymptotic
value of the effective magnetic field By due to spin-polarized nuclei
based on fits to oblique easy-axis geometry Pg; curves. (b) Right
axis (open symbols): values of the leakage factor f, used to deter-
mine By in (a).

capture the amplitude change as a function of bias. The slight
shearing of the hysteresis loops is due to the fact that the
sweep rate was fast relative to the nuclear spin relaxation
rate.

The amplitude change observed in oblique easy-axis hys-
teresis loops as a function of bias is directly linked to the
changing effective magnetic field By: initially increasing
with bias, then peaking and decreasing. The changes in By
are in turn related to changes in steady-state electron spin
polarization in the QW as measured in the Faraday geometry.

The solid symbols in Fig. 10 plot Faraday Pg; at B,
=2.5T (left axis). This signal is the steady-state electron
spin polarization 2 7S, and is used to fit the oblique easy-axis
curves as discussed in Sec. IV A. The open symbols (right
axis) in Fig. 10(a) are the asymptotic values of By at high
field from fits to curves such as those in Fig. 9. The nearly
identical qualitative bias dependence of both B) and the Far-
aday geometry Ppg; reflects the role of S in Eq. (20) and the
close coupling between steady-state electron spin polariza-
tion in the QW and nuclear polarization. The other two terms
in Eq. (20) that may vary with bias are f, and & The leakage
factor f, is the one free fitting parameter for the data in Fig.
9 and is plotted as a function of device bias in Fig. 10(b)
(right axis, open symbols). f, increases slightly at low bias,
then remains essentially unchanged at ~0.4 throughout the
rest of the operational bias range, reflecting a lack of signifi-
cant variation in nuclear spin relaxation mechanisms as a
function of bias above threshold. This result is somewhat
surprising. One would expect the balance of nuclear depolar-
ization mechanisms to vary as a function of electron density
in the QW. However, this does not appear to be the case.
Instead, the nuclear system responds primarily to changes in
the electron spin polarization S.
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B. Field dependence along the hard axis

In order to detect an out-of-plane component of spin in
the case of B,,, near the magnetic easy axis ([011]), the field
must be rotated out of the plane to create an angle between
Sy and B,,,. For fields applied along the magnetic hard axis

([011]), there is no need to rotate the field out of the plane
since the magnetization itself will coherently rotate through a
full in-plane circle as B, is swept from positive to negative
values and back. We will refer to this configuration as the
hard-axis geometry. The assumption of magnetization rever-
sal by coherent rotation?® is confirmed by fitting in-plane

magnetization curves with the field along the hard axis [011]
and at 45° between the hard and easy axes, along [010]. As
can be seen from the hard-axis magnetization curve in Fig.
3(c), for B,,,>500 Oe, 7 is nearly parallel to B,,,,. As the

field decreases, m rotates away from [011] and towards the
[011] easy axis. The rotation direction is determined by any

slight in-plane misalignment between [011] and the field
axis. The diagram in Fig. 2(d) and the following discussion
assumes 7 rotates from +% towards —y. As B,,,,, goes through
zero, m rotates through the —y easy axis and saturates along
the hard axis in the —% direction. As B,,, sweeps back to
complete the hysteresis loop, m rotates through the +y easy
axis and realigns with the +x hard axis, completing the full
circle. Setting B,,,=B,,X and S=So[cos(¢p)x+sin(¢)y]
where ¢ is the angle between m and the x axis, the z com-
ponent of steady-state electron spin from Eq. (21) is

5= nSOAZBI/Z Sll; d” (23)
Bi,+A

which results in the double-lobed hysteresis curves shown in

Fig. 11.

Figure 11(a) shows three electroluminescence polarization
hysteresis loops in the hard-axis geometry taken at different
biases and, therefore, different effective magnetic fields By.
The data exhibit changes in both the peak-to-peak Pp; am-
plitude and the shape of the loops as a function of increasing
By. The dotted curve at the higher bias and larger effective
magnetic field is stretched vertically, tracing out tall, pointed
lobes with peaks near zero field. The solid and dashed curves
at lower bias and effective magnetic field are accordingly
smaller with more rounded lobes and peaks further from zero
field. Figure 11(b) is an expanded view (X35) of the lowest-
bias curve (dashed line) in Fig. 11(a). Figure 11(b) shows
more clearly the broader and more widely spaced lobes that
correspond to lower By, as well as the hard-axis Py, trace for
the two field sweep directions. The dotted line is for B,,,
sweeping from positive to negative fields, and the solid line
is for B,,, sweeping from negative to positive fields.

The amplitude change as a function of bias in Fig. 11(a) is
expected in light of the strong Pp; amplitude dependence as
a function of bias observed in the easy axis geometry (Fig.
9). The shape change observed for Pg; hysteresis loops in the
hard-axis geometry is predicted in Eq. (23) as the total inter-
nal magnetic field A changes from less than B, to greater
than B, ,,. Figure 12(a) shows Pg; hysteresis loops at several
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FIG. 11. Electroluminescence polarization hysteresis loops in
the hard-axis geometry. (a) Hard-axis Pg; loops at three biases and
therefore three different effective magnetic fields By. (b) Magnified
view (5X) of the lowest-bias hard-axis Pg; loop from (a). The
dotted line indicates the signal for B,,, sweeping from positive to
negative field. The solid line indicates B,,, sweeping from negative
to positive field.

app

different biases in the hard axis geometry using the same
sample and bias range as the oblique easy axis loops in Fig.
9.

Just as in the case of the oblique easy-axis geometry, the
change in the effective magnetic field causes a modulation in
loop amplitude that mirrors that of the steady-state electron
spin polarization. The values of f, and & found in the oblique
easy-axis geometry [in Figs. 10(b) and 7, respectively] can
be used directly to calculate Pg; hysteresis loops in the hard-
axis geometry with full consistency. This is shown in Fig.
12(b) with no parameters adjusted. There is good overall
agreement between the data and calculations as a function of
bias with respect to both changes in the Pg; loop amplitude
and loop shape. For the calculations in Fig. 12(b), the angle
#(B,,,) between M and B,,, is generated using a Stoner-
Wohlfarth model.?® The Stoner-Wohlfarth model is in turn fit
to measurements of the hard-axis magnetization reversal of
the continuous (~5 mm X5 mm)50-A Fe film before the
sample is processed into individual devices. The quantitative
discrepancies between the data in Fig. 12(a) and the calcula-
tions in Fig. 12(b) are due to the difference between the fit to
the magnetization reversal of the continuous film (area
~25 mm?) and the actual magnetization reversal of the pro-
cessed device (area ~0.07 mm?).

C. Time dependence of the nuclear polarization

To first order, nuclear spin polarization and depolariza-
tion, and hence the effective magnetic field, will be exponen-
tial in time after the spin-polarized current is turned on or
off. The depolarization is characterized by the spin-lattice
relaxation time 7, in Eq. (12). In the absence of any polar-
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FIG. 12. (a) Electroluminescence polarization hysteresis loops
in the hard axis geometry at several biases. (b) Predicted polariza-
tion in the hard-axis geometry based on fits to the oblique easy-axis
geometry Pg; curves at corresponding biases. There are no free
parameters used to generate the curves in (b). All curves are offset
for clarity.

izing mechanism, the average nuclear spin will decay from
its value at =0 as

I,,(1)=1,,(0) ™", (24)

Equation (24) is incorporated into the right-hand side of Eq.
(20) as

By(1) =By(0)e™"" (25)

to give the effective magnetic field for decaying nuclear spin
polarization. Dynamic nuclear spin polarization by oriented
electrons occurs in the presence of nuclear spin-lattice relax-
ation, and nuclear polarization is found by integrating Eq.
(12) to obtain

Iav(t)=1av(oo){] _exp|:_ t(MP_Ol>:|}7 (26)
Tl Tpol

where I,,() is the steady-state value of the average nuclear

spin. Inserting this exponential envelope for nuclear spin into

Eq. (20) gives a saturating exponential for the effective field.

Although the exponential approximation does not take into
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account nuclear spin diffusion,*® it nonetheless allows for a
first-order evaluation of T and T,,.*’

The time dependence of nuclear polarization buildup and
decay can be probed by modulating either the steady-state
electron spin in the device or the applied field. The most
direct experimental approach is to switch the electron spin in
the QW on and off as a function of time and observe the
change in nuclear polarization by the effect that change has
on Pg;. This can be done by switching the bias current on
and off, which is analogous to turning on and off the illumi-
nation in an optical pumping experiment.>> When the device
bias is off, the steady-state electron spin polarization is zero
and any nuclear spin polarization will decay away with a
time constant 7,. When the bias is turned on, the nuclear
polarization will build up as in Eq. (26). At fixed B,,, the
change in nuclear polarization will result in a change in Py,
which can be measured as a function of time in either the
oblique easy-axis geometry or the hard-axis geometry. The
analysis is simplest in the case of the oblique easy-axis ge-
ometry.

In Fig. 13(a), Pg; is plotted as a function of laboratory
time. The device starts with the bias off for several minutes.
At =0 the bias is turned on for 6 min, then turned off for
2 sec, turned on again for 120 sec, then off for 6 sec, then on
again for 120 sec, and so on with increasing times during
which the bias is off. In each case the device is on for
120 sec. The gray bars in Fig. 13 indicate times during which
the bias is off. Note that data points can only be collected
when the bias is on. The sample is positioned in the oblique
easy-axis configuration with §=20° after ramping B,,,, from
+1 kOe down to +40 Oe. The resulting data show the labo-
ratory scale time dependence of nuclear spin polarization
buildup and decay.

As seen from Eq. (22) and the dashed line in Fig. 6, at low
fields (B,,,<Bj;) the out-of-plane component of steady-
state spin is negligible if there is no effective magnetic field
from polarized nuclei to induce significant precession. At
fixed field and bias, the change in Pg; as a function of time
is a direct measure of the change in the precession angle due
to the change in nuclear spin polarization. The initial point
collected after the bias is turned on depends on the preces-
sion angle in the residual effective field that remains at the
end of a bias-off cycle. By selecting the initial point after
each off cycle [the circled points in Fig. 13(a)] and plotting
Ppg; at that point against its associated off time, it is possible
to construct a plot of Pg; versus time during which the bias
is off, as shown in Fig. 13(b). Since the out-of-plane compo-
nent of electron spin is proportional to the nuclear polariza-
tion in this geometry, the time constant for Pg; decay in Fig.
13(b) is the longitudinal nuclear spin relaxation time 7. We
find T, = 60 sec for the data of Fig. 13(b).

Figure 13(c) shows Py as a function of time in response
to turning the device bias on after all of the nuclear polariza-
tion has decayed away. This curve can be fit using Egs. (22)
and (26) and the value of T, extracted from Fig. 13(b). The
result is shown as the solid line in Fig. 13(c), for which
T/~ 10 seconds.

Table Il summarizes the results from fitting 7),,; and T at
different applied fields in the oblique easy-axis geometry. At

lower B,,, the T(T,,) is shorter (longer), as expected from
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FIG. 13. Electroluminescence polarization (Pg;) as a function of time at fixed field in the oblique easy-axis geometry with §=20°. (a) Py,
as a function of laboratory time as the device bias is switched on and off. The gray bars indicate times during which the bias is off and the
nuclear polarization decays. Data cannot be collected when the bias is off. The amount of nuclear spin polarization decay increases with
increasing bias off time. (b) Reconstructed Pg; decay as a function of bias off time. Points are taken from the initial (circled) point after the
bias is turned on in (a) and plotted against the preceding off time. The curve is a fit to the data assuming that the nuclear polarization decays
exponentially with time constant 7. (c) Pg; as a function of time after the bias is turned on. By=0 at r=0. The line is a fit to the data
assuming a saturating exponential polarization with time constant 7).

Egs. (16) and (17). Table II also includes the values of &
calculated from Eq. (16).

The calculated values of ¢ at different fields and the value
found from fitting the low-field depolarization feature in ob-
lique easy-axis field sweeps agree within an order of magni-
tude. Note that the measurements that correspond to the two

extreme values of §, B,,,=-40 Oe and B,,,=+18 Oe, are
each special cases. At B,,,=-40 Oe, S, and I,,, are antipar-
allel to B,,,, corresponding to a nonequilibrium, negative

spin-temperature configuration for the polarized nuclei. The
other extreme case, Ba,,,,:IS Oe, gives the least consistent
value of ¢ and has the highest uncertainty. B,,,=18 Oe is at
a positive nuclear spin temperature, but it is well within the
low-field nuclear spin depolarization region. The data at
B,,,=18 Oe are also the only set for which 7,,>T),. The
value of ¢ determined in other experiments ranges from a
low of 2-3 in bulk GaAs (Refs. 2 and 3) to a high of ~3
X 10° in quantum dots*! and [110] GaAs quantum wells.’® A
large value of ¢ on the order of 5X 10* is also observed in

DNP driven by imprinting at a ferromagnet-semiconductor
interface.*? The large variation in the observed value of &
reflects the role of the assisting processes that conserve en-
ergy during the hyperfine interaction [see Eq. (17) and Ref.
41]. The relative rates of the assisting processes will vary
depending on the sample structure, resulting in dramatically
different magnetic field scales for nuclear spin depolariza-
tion.

A second experimental approach to observing the
laboratory-scale time dependence of nuclear polarization and
depolarization is to rapidly reset B,,, while maintaining a
constant injected electron spin S.!> The result of such a
change in the applied field is a simultaneous polarization and
depolarization of nuclear spin in what we will refer to as a
two-spin system model. The first spin system is defined as the
equilibrium nuclear polarization at B, prior to resetting the
field: I;’L‘“al(Bupp). The second spin system is the equilibrium
nuclear polarization at the reset field B, :I) (B, ). At the

I¢ app* app
moment the field is reset, " begins to decay exponentially

TABLE 1II. Values of T} and T, from oblique easy-axis time dependence measurements, as well as the
calculated local field factor & The bottom row contains the value of & from fitting the low-field depolarization

feature of oblique easy-axis field sweeps.

Field (Oe) T, (sec) Ty (sec) &
—-40+5 95+10 9+2 T2+42
18+4 17+10 102+5 1380+500
40+5 60+5 102 12768
200+5 440+10 102 432+118
300+5 60020 2.3+1 16482

Field sweep — — 400+120
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at 7', while I}, begins to build up according to Eq. (26).
The average nuclear spin seen by the electrons is the sum of
these two spin polarizations:

Itaotal(t) Immal(t) +Il;v(t). (27)

Field reset experiments are most interesting at low applied
field, in which either B, or Bapp is less than \§BL and the
other field is outside the depolarization region. This requires
using the oblique easy-axis geometry since in the hard-axis
configuration S is a function of B,,, at low fields.

For this measurement, the magnetic field is initially set
well outside the depolarization region at —500 Oe, with the
sample aligned in the oblique easy-axis configuration at 6
=20°. The nuclear spin system is allowed to reach its equi-
librium polarization, and then the field is rapidly swept to a
new field |Bapp| <200 Oe at a rate of 167 Oe/sec(1 T/min).
The magnetization is constant over this field range, except
for when Bapp sweeps past the coercive field of the Fe con-
tact, causing m to rotate 180°. Time 7=0 is defined as the
point at which B] ' is reached.

Figures 14(a) and 14(c) show three traces of Pg; versus
time after sweeping the field from B,,,=-500 Oe to B; op
=-100, +35, and +50 Oe. The points on the oblique easy-
axis hysteresis loop corresponding to these reset fields are
marked in the inset to Fig. 14(a). The response at B('W:
—100 Oe is essentially flat since the magnetization does not
change between —500 Oe and —100 Oe, and —100 Oe is still
well beyond the depolarization field fBL At Bapp
+35 Oe~ vy fBL the Pg; response is long lived and nonmono-
tonic, requiring more than 2 min to equilibrate at the EL
polarization that corresponds to that of the field swept hys-
teresis loop in the inset. The magnetization at +35 Oe is the
same as at —100 Oe, and the Pj; response is caused solely by
simultaneous nuclear spin depolarization and polarization in
response to the reset field being within the depolarization
regime near VEB;. At B(’W=+50 Oe, just beyond the coer-
cive field of the Fe contact, Py; discontinuously switches and
rapidly equilibrates. The response for —45<Bapp< +60 Oe
is summarized in Fig. 14(d) as a gray-scale intensity map
with B, along the vertical axis and time along the horizon-
tal axis. The Pg; scale bar is at the top of the figure. The
dotted lines mark the +35 Oe trace shown in Fig. 14(b) and
the +50 Oe trace in Fig. 14(c). The gradual transition from
negligible to significant Pp; response as Bupp moves into the
depolarization region, corresponding to the difference be-
tween Figs. 14(a) and 14(b), is seen in the gray region at the
center of Fig. 14(d). The rapid step in Pg; when the magne-
tization switches [Fig. 14(c)] appears as the nearly constant
band of black at the bottom of Fig. 14(d). Repeated measure-
ments using a fine scale for B;,, through this field range
verify that the switching is a discrete event.

The qualitative response of Pg; in Fig. 14 can be under-
stood in terms of the two-spin system model of Eq. (27).
Before the field is reset, the nuclear spin system is in equi-

librium at B,,,,=—500 Oe. When the field is reset to B’ | the

app™ app?
initial nuclear spin I lnltlal(Bam,) begins to decay exponentially
atarate T}, while nuclear spin I/, (B! ) builds up according

app
to Eq. (26). The average nuclear spin seen by the electrons is
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FIG. 14. Electroluminescence polarization (Pg;) as a function of
time after rapidly resetting the applied magnetic field from B,
=-500 Oe to Bapp in the oblique easy-axis geometry with 6=20°.
The field is reset to B(;pp at =0 at a ramp rate of 1 T/min. Negative
times correspond to B,,,=—500 Oe. (a)—(c) Single curves of PEL as
a function of time after the field is ramped to the reset field B’ app @
indicated in the figure and by the marks on the oblique easy-axis
field sweep in the inset of (a). (d) Gray-scale intensity map of Pg;
as a function of reset field B;pp and time after reaching Bapp The
curves in (b) and (c) are cross sections from (d) marked with dotted
lines. The long time scale response in (b) and at the center of (d) is
due to depolarization of the nuclear spin pumped up at Bapp and
simultaneous polarization of nuclear spin at the new field B/ app- The
fast response in (c) and at the bottom of (d) represents an adiabatic
reversal of nuclear spin as the Fe magnetization switches at the

coercive field.

the sum of these two components as in Eq. (27). Because of
the difference between T and 7),,;, the sum of the saturating
and decaying effective magnetic fields is nonmonotonic. In
addition, for B(’W greater than 0 Oe, but less than the coer-
cive field for the Fe contact, the nuclear spin is in a nonequi-
librium, negative spin-temperature state. The direction of the
nuclear spin polarization is determined solely by S in Eq.
(15). Hence, even when the magnetic field sweeps through
zero, the nuclear polarization does not change direction, and
at 0<B,,,<Bcoer> I, is antiparallel to B; . When B, ,
moves past the coercive field, the new equilibrium state for
nuclear spin in the QW corresponds to a positive spin tem-
perature. The injected spin exerts a torque on the nuclear
spin system and induces a rotation into the equilibrium state
while maintaining the magnitude of total nuclear
polarization.”® This rotation appears as the discrete switching
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FIG. 15. Diagram of the hard-axis geometry NMR setup. B, is
applied along the magnetic hard axis (X) between 20 Oe and
500 Oe, leading to an angle ¢ between S, and B,,,. A four-turn,
1-cm-diam coil, driven by a sinusoidal function generator, produces

B (t) perpendicular to B,,,, and parallel to the observation direction.

with rapid equilibration in Figs. 14(c) and 14(d). The rotation
of nuclear spin is caused by the torque exerted by the Knight
field B,. The Knight field is the effective magnetic field due
to spin-polarized electrons that is felt by the nuclei. For the
system investigated here, we expect a Knight field of order
B,~1 G when the electron spin polarization is 6%.>'

D. Nuclear magnetic resonance

Nuclear depolarization can also be detected by applying
an alternating magnetic field B,(7) perpendicular to B,,, at
the resonant frequency for a particular nuclear species,
thereby driving a transition between Zeeman eigenstates. '3

The schematic in Fig. 15 shows a diagram of this experi-
ment in the hard-axis geometry. In the presence of a mag-
netic field, the Zeeman Hamiltonian is

H.=— yiB,, 1, (28)

where y is the nuclear gyromagnetic ratio. Taking B,,,
=B,,%, the eigenstates of H, have energies E.=—yhB,,,m
where m=-3/2,-1/2,+1/2,+3/2 and the sublevel spacing
is fiwy=hyB,,,,. A magnetic field perpendicular to B,,,, os-
cillating at frequency w, will induce Am=+1 transitions be-
tween the nuclear sublevels, leading to nuclear spin depolar-
ization. Because the nuclear depolarization is driven by the
coil-generated B;, this will be referred to as coil-driven
NMR."

Figure 16(a) is a plot of Pg; as a function of increasing B,
oscillation frequency at fixed B,,,, in a coil-driven NMR ex-
periment using the setup of Fig. 15.3 As for all other
frequency-swept measurements discussed in this paper, the
sweep rate is small relative to 1/7, so that the time to cross
a resonance peak is always much longer than the longitudinal
spin relaxation time. The sample is aligned in the hard-axis
geometry and B is along the sample growth direction Z. The
depolarization signatures for each of the three nuclear iso-
topes in the GaAs QW—75As, 69Ga\, and "'Ga—are easily
identified in Fig. 16(a) as sharp dips in Pg;. Note that for the
data shown in Fig. 16(a) the nuclear spin depolarization re-
sults in an increase in Pg; magnitude. This is due to the
nonmonotonic dependence of P; on By, and therefore /,,, in
the hard-axis geometry, as in Eq. (23), and reflects a decrease
in the average nuclear spin polarization.
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FIG. 16. (a) Electroluminescence polarization in the hard-axis
NMR geometry as a function of B; oscillation frequency at B,
=330 Oe and T=20 K. The depolarization features correspond to
resonant nuclear spin depolarization and a reduction in By. (b) The
frequency of each depolarization feature as a function of B,,,. The
slopes of the linear fits give the measured values for the nuclear
gyromagnetic ratio y*. From Ref. 13.

Figure 16(b) shows the frequency of the peak depolariza-
tion for each isotope as a function of B,,,. The lines are
linear fits to the data whose slope gives an experimental de-
termination of the gyromagnetic ratio y* for each isotope a.
The gyromagnetic ratios are in good agreement with the ac-
cepted values.!3?

The dipole selection rules for the Zeeman eigenstate tran-
sitions only allow the Am=1 transitions that appear at f*
=v"B,,,- However, at high B, amplitude depolarization fea-
tures are also observed at the higher-harmonic frequencies
2f* and 3f* Figure 17 shows a sequence of frequency
sweeps at increasing B; amplitude; the data are offset verti-
cally for clarity. Weak resonance features first appear at
B pea=0.02 Oe. As the peak amplitude of B, increases, the
primary resonances become stronger, and then the 2f* and
3f“ transitions appear. At the amplitude where the 2f“ and
3f* transitions begin to appear, the primary resonances cease
to grow. While the 2f“ transitions are at exactly twice the
primary observed NMR frequencies, the transitions labeled
as 3f“ are shifted slightly towards higher frequency.

The field dependence of the additional resonances is
shown in Fig. 18. The points are from the Pz; NMR sweeps
at B;=1 Oe, and the lines are calculations of the field de-
pendence for the principal dipole transitions, as well as sums
and multiples of those transitions. The field dependence of
the 2f“ and 3f* transitions clearly establishes their identity.
In addition, there are some resonance features that appear to
correspond to sums of unlike isotope transition frequencies,
marked with dotted lines.

A complementary experiment to the coil-driven NMR of
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FIG. 17. Electroluminescence polarization in the hard-axis
NMR geometry at 7=20 K and B,,,=330 Oe. Each curve repre-
sents a full frequency sweep at a particular peak amplitude for By,
as indicated in the figure. The symbols and vertical lines mark the
positions of the principal NMR resonances, as well as harmonics of
the principal resonances. The appearance and amplitude of the
dipole-forbidden harmonic resonances are associated with increases
in B; amplitude. All curves are offset for clarity.

Figs. 1618 is current-driven NMR. For the current-driven
NMR experiment, the coil of Fig. 15 is removed and the
function generator is connected directly to the device. The
function generator output is set for a dc voltage offset below
the threshold for EL plus a sinusoidal oscillation. Figure 19
shows Ppg; as a function of the frequency of the ac compo-
nent of the device bias at B,,,=330 Oe and 500 Oe. The
frequency axis has been scaled by B,,, in order to plot both
data sets together. The frequencies corresponding to principal
and harmonic resonances are marked with vertical lines.
There are also prominent transitions between unlike nuclei at
frequencies equal to the sum of the two Ga isotopes: f*'™!

=f6gGa+f7lGa (marked with a +), and the sum of "°As and

75 69,
®Ga: pUm2=f Asypf G2 (marked with a x). The sum fre-
quency for 7'Ga and "As is too close to the 2f harmonic of
Ga to clearly resolve the cause of the resonance line

69, 75 71
(2f Ga=f Asyf G although the depolarization line for
this frequency is particularly strong.

In addition to the sum and harmonic 2f* and 3f“ reso-
nances, Fig. 19 also exhibits multiple subharmonic reso-
nances at f=(n/2)f%, and (n/3)f* where n=1,2,3. Subhar-
monics of NMR transitions are expected when there are
nonsinusoidal higher harmonics in the ac modulation wave
form. This is particularly pronounced in current-driven NMR
because the back-to-back diode device structure leads to non-
linear current-voltage characteristics and therefore to a non-
sinusoidal current wave form.
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FIG. 18. Resonance frequencies as a function of B, from coil-
driven electroluminescence polarization NMR measurements in the
hard-axis geometry at B;=1.0 Oe. The points are the frequencies
of resonances from NMR sweeps at fixed field, and the lines are
calculations based on the allowed Zeeman transitions for the iso-
topes in the GaAs quantum well, as well as harmonics and sums of
those transitions. The labels along the right-hand side refer to the
different transitions. The field dependence identifies these transi-
tions as due to multiples and sums of the principal dipole transi-
tions. The dotted lines indicate transitions involving coupled nuclei
of unlike isotopes.

The depolarization features at sums and multiples of the
Zeeman transition frequencies in Figs. 17-19 demonstrate
the presence of perturbations to the Zeeman eigenstates of
the nuclei. There are two primary perturbations that can lead
to the higher-harmonic transitions: nuclear dipole-dipole
coupling and electric quadrupole coupling. The dipole-dipole
Hamiltonian H, (Ref. 50) can be constructed from the inter-
action between two dipoles, p;=7y,hl, and m,=yhl,, and
enters as a perturbation to the Zeeman Hamiltonian [Eq.
(28)] for two spins,

HZ == ylﬁBazppllz - ’YZﬁBappIZZ' (29)

In the H,;=0 case, only Am==+1 transitions are allowed.
When H,+# 0, however, off-diagonal terms produce admix-
tures of the zeroth-order Zeeman states, and the previously
forbidden Am==+2 and Am==+3 transitions are allowed. It
therefore becomes possible to observe resonances at frequen-
cies 2 and 3 times the primary f“ and at sums of frequencies
fum=fely fo2 where al and a2 each correspond to any of
the three isotopes in the QW.3

The second perturbation to the Zeeman Hamiltonian that
can result in resonances at harmonics of the principal fre-
quencies is the nuclear quadrupole interaction. The Ga and
As nuclei in GaAs are spin 3/2 and have electric quadrupole
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FIG. 19. Electroluminescence polarization NMR in the hard-axis geometry at 7=20 K as a function of ac bias frequency. The frequency
axis has been scaled in order to compare sweeps from two fields. The device bias is the sum of a 1.3 Vpc offset and a 0.65 Vpp ac sinusoid.

The frequency of the ac component is swept at fixed B,

to induce the resonant transitions. In addition to the principal NMR resonances at

f%, resonances are observed at harmonics (2f* and 3f%), subharmonics [(n/2)f* and (n/3)f* where n=1,2,3], and at the sum of two

75 69 69, 71
different isotope frequencies (f “S+f O and f G%+f ©%). The subharmonics are caused by higher-harmonic frequencies in the ac bias
caused by the diode structure of the device. The sums are unambiguous evidence of strong nuclear spin-spin coupling.

moments. The electric field gradients (EFG’s) typically asso-
ciated with quadrupole effects in NMR are not present in
GaAs. However, in Al,Ga;_,As, the partial replacement of
Ga atoms with Al atoms alters the local As environment and
breaks the cubic symmetry, leading to electric field gradients
and quadrupole coupling for the °As nuclei.?> Smaller but
perhaps still significant electric field gradients that affect all
three nuclear species will occur at interfaces within the het-
erostructure. In general, the quadrupole Hamiltonian induces
an admixture of Zeeman states that makes Am==x2 and
Am=+3 transitions allowed for a single nucleus. However,
5 As experiences the largest EFG and has a larger quadrupole
moment than the other nuclei, and we would expect the

2f75AS and the 3 f75AS signals to dominate those from the Ga
isotope harmonics, which is not the case. Also, significant
quadrupole coupling should cause splitting in the resonance
lines,*® which is also not observed. If quadrupole coupling is
a cause of the harmonics in Figs. 17-19, then its role is only
to produce weak admixtures of Zeeman eigenstates. Pertur-
bations to the Zeeman eigenstates from both dipole-dipole
coupling and quadrupole coupling can lead to the resonant
transitions at 2f* and 3f°. The resonant transitions at f*™™
=f*'+ %> where al # a2 in Figs. 18 and 19 can only be due
to Hd'

A second major inconsistency concerns the dipole-dipole
coupling. ‘H, is more likely to couple unlike nuclei than like
nuclei due to the 1/7° dependence of the dipole interaction,
and therefore one would expect more instances of transitions
at fUm= ol 4 92 where al # a2 than are actually observed in
coil-driven NMR. There are very few features in Fig. 18 that
correspond to coupling between unlike nuclei and there are
none in Fig. 17. In fact, a key distinction between the coil-
driven NMR of Figs. 16—18 and the current-driven NMR of
Fig. 19 is the relative prevalence in the current-driven case of
resonances at sum frequencies where al # a2.

A speculative explanation that accounts for the distinction
between current-driven and coil-driven NMR with respect to
dipole-dipole coupling is that the nuclear spin polarization
diffuses away from the QW and into the Al ;GagoAs barri-
ers. Nuclear spin diffusion has been ignored in all of the
preceding discussion of DNP in this paper.®® Polarized nuclei
in the Aljy;GajoAs barriers experience larger electric field

gradients due to Al substitution and layer interfaces than the
nuclei in the GaAs QW. Therefore, any polarized nuclei in
the QW barriers will be comparatively more likely to be
perturbed by quadrupole coupling. In the coil-driven NMR
experiment, the entire sample is irradiated with the time-
dependent field B;. Nuclear spin depolarization in the
Al ;Gag9As barriers at frequencies allowed by quadrupole
coupling would extend into the QW on the time scale of
T,~ 100 usec. Quadrupole coupling in a coil-driven experi-
ment will allow the 2f* and 3f* resonances that are observed
in abundance in Figs. 17 and 18 without the expectation for
a similar abundance of f""=f!+f%2 where al # a2.

In the case of current-driven NMR the modulated device
bias combines multiple possible drives for nuclear spin tran-
sitions,  including  hyperfine interactions,  carrier
concentration,>*** band bending,* and even Biot-Savart
fields from the current. The latter three possible sources
would affect the entire sample just as B; does in coil-driven
NMR, but modulation of the hyperfine interaction is confined
to the QW. The local hyperfine field is equivalent to the
Knight shift, which will be approximately 1 Oe in the GaAs
QW with ~6% electron spin polarization.' A Knight field of
a few tenths of an Oe would be enough, in principle, to
induce resonant nuclear spin depolarization in the QW,
where quadrupole effects should be weakest but dipole-
dipole coupling is still present. The current-driven NMR data
of Fig. 19 show the strongest evidence for dipole-dipole
coupled transitions between unlike nuclei, with resonance
amplitudes on a similar scale as the other features. Thus, the
difference between coil-driven NMR and current-driven
NMR may be the difference between a global drive and a
local drive: B; will interact with all nuclei in the sample
while a modulated Knight field will only interact with nuclei
in the QW.

Perhaps the most relevant aspect of the experiment for
explaining the resonances at frequencies other than f“ is the
amplitude of the depolarizing mechanism. Note that in both
NMR experiments, the appearance of the nonlinear features
is aided by the strong modulation amplitude of the driving
depolarization source: By in the case of Figs. 17 and 18 and
the electron spin polarization in Fig. 19. Clearly in Fig. 17
the 2f* and 3f* transitions appear only for high B; ampli-
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tudes. These peak values of B; that generate the nonlinear
resonance features exceed the typical NMR saturation con-
dition of (yB,)?T\T,~1." In the current case of 7y
~1 kHz/Oe, T, ~ 60 sec, and assuming 7,~ 100 usec, the
saturation condition is satisfied for B;>0.1 Oe. All of the
points in Fig. 18 are taken at the highest B, amplitude
(~1 Oe) in Fig. 17. In the case of current-driven NMR, the
Knight field due to the electron spin polarization is also es-
timated to be ~1 Oe. Hence the appearance of some nonlin-
ear affects may be expected simply from driving the nuclear
spin system far out of equilibrium. Curiously, the primary
resonances do not broaden significantly as the saturation
condition is exceeded.*

In summary, the NMR data demonstrate saturation of the
ordinary magnetic dipole transitions, the existence of dipole-
dipole coupling, and that resonant modulation of the spin-
polarized current can selectively depolarize the nuclei in the
QW. The presence of a time-dependent Knight field in the
current-driven case may explain some of the differences ob-
served in the two types of resonance experiments.

VI. SUMMARY AND CONCLUSION

In this paper we have discussed a series of investigations
of electron spin dynamics in the presence of hyperfine effects
in Fe/Alj;Gaj9As/GaAs spin injection heterostructures.
The typical nuclear polarization at 20 K in these structures is
on the order of 5%—-10% and strongly depends on electron
spin polarization. The effective magnetic field felt by the
electrons in the configurations studied here is on the order of
4 kG.

PHYSICAL REVIEW B 72, 155308 (2005)

The observation of nuclear polarization is intrinsic evi-
dence of spin-polarized electron transport. The electron spin
dynamics in the presence of electrically driven nuclear spin
polarization is described by the same formalism used for
optical pumping experiments. The spin dynamics can be
modeled with four parameters: the steady-state electron spin
polarization § in the QW, the conservation of angular mo-
mentum in the coupling of the electron and nuclear spin
systems as characterized by the leakage factor f, the preces-
sional field scale By, and &, the ratio of the relaxation rates
for nonhyperfine assisting polarization and depolarization
processes. The upper bound for § is set by Faraday geometry
spin injection measurements, B, is measured using optical
pumping Hanle curves, and single-parameter fits to the data
on large and small field scales determine f, and &. The self-
consistency of the bias dependence of S as measured in the
Faraday geometry, in which the nuclear polarization does not
affect Pg;, and By in the oblique easy-axis geometry estab-
lishes the accuracy of experimental determinations of elec-
trically injected steady-state spin polarization using the spin-
LED. Finally, the electrically driven NMR and adiabatic
inversion of the nuclear spin demonstrate the ability to elec-
trically create and manipulate polarized nuclei using the hy-
perfine interaction in a ferromagnet/semiconductor hetero-
structure.
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