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Abstract

Spin interactions are studied between conduction band electrons in GaAs heterostructures and local moments, specifically the spins of

constituent lattice nuclei and of partially filled electronic shells of impurity atoms. Nuclear spin polarizations are addressed through the

contact hyperfine interaction resulting in the development of a method for high-field optically detected nuclear magnetic resonance

sensitive to 108 nuclei. This interaction is then used to generate nuclear spin polarization profiles within a single parabolic quantum well;

the position of these nanometer-scale sheets of polarized nuclei can be shifted along the growth direction using an externally applied

electric field. In order to directly investigate ion spin dynamics, doped GaMnAs quantum wells are fabricated in the regime of very low

Mn concentrations. Measurements of coherent electron spin dynamics show an antiferromagnetic exchange between s-like conduction

band electrons and electrons localized in the d-shell of the Mn impurities, which varies as a function of well width.

r 2006 Published by Elsevier B.V.
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1. Introduction

GaAs, due to its high electron mobility and direct band
gap, is a critical component of today’s semiconductor
technology; its applications range from integrated circuits
operating at microwave frequencies to light-emitting and
laser diodes. As the possibility of new devices based on spin
has emerged in recent years [1], researchers have turned to
GaAs due to its favorable electronic properties and rich
spin phenomenology. Experiments in GaAs have revealed
conduction electron spin coherence on the order of 100 ns
[2], over distances in excess of 100 mm [3], and even across
heterointerfaces [4,5]. Electric fields have been used in
GaAs/AlGaAs parabolic quantum wells (PQWs) to control
the electron spin g-factor [6,7] and in lateral channels to
generate and manipulate spins in the absence of magnetic
fields [8,9]. Similar experiments have also led to the
observation of the spin Hall effect in GaAs and InGaAs
epilayers [10,11]. Experiments in highly confined GaAs
systems, known as gate-defined quantum dots, have also
e front matter r 2006 Published by Elsevier B.V.
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demonstrated long electron spin lifetimes and the ability to
manipulate the spin states of single electrons [12–14].
Lest we limit ourselves to electronic spin, note that the

spin of lattice nuclei is also responsible for a number of
intriguing effects in GaAs, which have been studied over
the past 50 years [15–18]. Particularly interesting are
phenomena attributable to the contact hyperfine interac-
tion, which couples the itinerant spins in the semiconductor
bands to those of the nuclei. Through this interaction,
optical excitation can result in the hyperpolarization of
nuclear moments [15] enabling the detection of nuclear
magnetic resonance (NMR) in GaAs with a sensitivity
several orders of magnitude larger than conventional
methods provide [19–24]. Recent work, aimed at develop-
ing techniques for locally manipulating nuclear polariza-
tion, have expanded our knowledge of the microscopic
processes taking place between electronic and nuclear spins
in low-dimensional structures [25–28]. The ability to
perform controlled interactions on small numbers of nuclei
is critical for schemes suggesting the use of the semicon-
ductor nuclear spins to store information; in such schemes,
mobile band electrons naturally act as mediators used both
to probe and modify the nuclear states [29]. GaAs
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structures provide a promising medium for the application
of these ideas with their favorable electronic properties and
long nuclear spin lifetimes (ranging up to minutes and
hours).

In addition to lattice nuclei, another group of localized
moments is fundamental to the physics of GaAs: the spin
of shell electrons bound to magnetic dopants. The coupling
of these moments to band electrons leads to a variety of
phenomena, including, perhaps most importantly, carrier-
mediated ferromagnetism in III–V dilute magnetic semi-
conductors (DMS) [30,31]. These interactions enable
striking experimental results demonstrating the external
electrical control of ferromagnetism in a thin-film semi-
conducting alloy [32,33]. While the ferromagnetic transi-
tion temperatures in these materials are currently below
room temperature, progress is being made towards this
milestone. A material with controllable room-temperature
ferromagnetism, especially an alloy of GaAs with its well-
established electronic applications, would put spin-based
interactions in semiconductors firmly in the realm of
everyday information technology.

In the context of the aforementioned work, we discuss
recent experiments focusing specifically on the interactions
of band electrons in GaAs heterostructures with both the
spin of lattice nuclei and of electrons bound to impurity
atoms. Particular attention is paid to the effects of carrier
confinement on these interactions. Our study of the contact
hyperfine interaction in quantum wells (QWs) leads to the
demonstration of a technique for NMR sensitive far
beyond conventional methods [34] and subsequent work
in PQWs makes further use of the contact hyperfine
interaction to pattern nanometer-scale profiles of nuclear
polarization [35].

Experiments discussed here on the s–d exchange inter-
action between conduction band electrons and Mn
impurities in GaMnAs QWs suggest that this exchange
energy has both a strong dependence on confinement and is
antiferromagnetic [36,37]. The latter result may stimulate
the rethinking of current theories for sp–d exchange in
GaMnAs [38]. Heterostructures of GaAs play a central role
throughout the presented work as a means to confine and
control band electrons and their spin.

2. Nuclear spin in GaAs heterostructures

2.1. Optically detected NMR

The contact hyperfine interaction couples the spin of
conduction band electrons in a semiconductor to nuclear
spins in the crystalline lattice. Among the many con-
sequences of this coupling are the dynamic spin polariza-
tion of the lattice nuclei by optically oriented electron spins
and the Overhauser shift in the electron spin resonance
frequency. Used together, these effects allow for the optical
detection of NMR. The detection sensitivity of this
technique is several orders of magnitude better than
conventional NMR methods allowing for the measurement
of nuclear spin phenomena in certain semiconductor
nanostructures containing too few spins for conventional
detection.
For instance, the small number of nuclear spins in QWs

and quantum dots makes conventional NMR difficult in
these semiconductor nanostructures. The enhancement in
nuclear spin polarization achieved through optical pump-
ing mentioned in Section 1 can increase the detection
sensitivity of typical radio frequency (RF) probes from a
minimum of 1017 nuclear spins to 1012. As a result, RF
detection of optically pumped GaAs multiple QWs has
been achieved [19]. Detection of NMR has also been
demonstrated through optical measurements of recombi-
nation polarization, either by exciting NMR transitions
with a conventional coil [20,39], or by purely optical means
[21–24]. In the latter case, an optical field is modulated at
the nuclear Larmor frequency resulting in an oscillating
electron magnetization. This magnetization interacts with
nuclear spins through the contact hyperfine coupling and
induces NMR transitions in lieu of an external RF field.
While ODNMR provides the high sensitivity typical of
optical techniques, it has several limitations. For electron
g-factors and spin lifetimes typical of GaAs structures,
ODNMR is only possible at low magnetic fields (o1T). In
addition, the reliance on radiative recombination for
detection makes ODNMR disproportionately sensitive to
nuclei located near shallow donors and impurities [40].
Another type of ODNMR is possible using the time-

resolved Faraday rotation (FR) of transmitted light
polarization [41] to probe nuclear spin polarization. In
this detection scheme, FR measures the spin precession
frequency of electrons in the conduction band. Nuclear
spins act on electron spins through the contact hyperfine
interaction altering this frequency and allowing for the
precise measurement of nuclear polarization. All-optical
versions of this method have been demonstrated in bulk
GaAs and in GaAs QWs [25,42,43]. These measurements
can be made at high-applied magnetic fields and, unlike
measurements of time-and polarization-resolved photolu-
minescence (PL), they are not limited by the charge
recombination time.
An extension of this technique utilizing a RF coil for the

excitation of NMR transitions [34]. As in all experiments
discussed here, a 250-fs 76MHz Ti:sapphire laser tuned
near the exciton absorption energy produces pulses which
are split into pump and probe with a full-width at half-
maximum (FWHM) of 8meV and an average power of
2.0mW and 100 mW, respectively. The linearly (circularly)
polarized probe (pump) is modulated by an optical
chopper at f1 ¼ 940Hz (f2 ¼ 3.12 kHz). Both beams are
focused on the sample surface to an overlapping spot 50 mm
in diameter with the pump beam injecting polarized
electron spins along the sample growth direction. The
pinning of the of the initial electron spin polarization S

along the growth direction relies on the fact that pump
pulses couple predominantly to heavy hole states, which
are split off from light holes states in a QW [42,44]. Small
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rotations in the linear polarization of the transmitted probe
are measured and are proportional to the component of
electron spin polarization in the conduction band along the
growth direction. Variation of the pump-probe time delay
Dt reveals the time evolution of this spin polarization. The
Larmor precession frequency nL and the inhomogeneous
transverse spin lifetime T�2 can be extracted from such data.

In Fig. 1 we show the response of the FR of transmitted
light through a doped 7.5-nm wide (1 1 0) GaAs/AlGaAs
QW due to the resonant depolarization of nuclear spins
using an RF uncoil. The data represent resonances
corresponding to the three isotopes present in the QW,
69Ga, 71Ga, and 75As along with corresponding satellite
peaks resulting from a nuclear electric quadrupolar
splitting. The sensitivity of the FR-based ODNMR
represents one of its main advantages over conventional
luminescence-based methods; analysis of the signal-to-
noise ratio and of the nuclear polarizations detected,
reveals a sensitivity of 108 nuclear spins. This technique
also provides an excellent way to perform ODNMR
measurement at high magnetic fields.

The use of an external RF field allows for the future
application of well-developed pulsed-NMR techniques for
noise reduction while at the same time exploiting the high
sensitivity of FR detection [45]. In addition, the conven-
tional magnetic excitation of nuclear transitions circum-
vents the complex interactions between electrons and
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Fig. 1. NMR detected by time-resolved FR in a (1 1 0) GaAs/AlGaAs

QW. FR plotted as a function of detuning DnNMR from the 69Ga

resonance of 52.9539MHz at B ¼ 5.2T, from the 71Ga resonance of

67.2898MHz at B ¼ 5.2T, and from the 75As resonance of 54.4992MHz

at B ¼ 7.5T for the gray, red, and green points, respectively. Solid black

lines are fits to the data while dashed lines show the three peaks included in

those fits.
nuclei, which take place in schemes involving optical
excitation. Unlike conventional RF magnetic fields, which
induce only dipole transitions, modulated optical fields
induce both magnetic dipole transitions and electric
quadrupole transitions [21,35,42,43].
2.2. Generating highly-localized nuclear polarization

The contact hyperfine interaction is local by its very
nature: the coupling is non-zero at the locus of each
nucleus and vanishes everywhere else. In semiconductor
heterostructures, the electron envelope function plays a
direct role in determining the spatial extent of the
interaction. Under optical orientation, this coupling
produces a nuclear polarization profile whose extent is
similarly determined [46]. As a result, this interaction
affords us the unique ability to pattern nuclear polarization
profiles in the image of the envelope functions of polarized
conduction band electrons. Depending on the type of
heterostructure used, nanometer-scale polarization profiles
should be achieved. Profiles containing sufficiently small
numbers of nuclear spins combined with the long spin
lifetimes of nuclei in the solid-state may have important
implications for the future of dense information storage,
both classical and quantum. In addition, control over
highly localized interactions between conduction electrons
and lattice nuclei may provide a means to manipulate such
information. Here we review some of the first experiments
performed in this vein.
The effect of spin-polarized electrons on nearby lattice

nuclear spins can be expressed in terms of an effective
magnetic field Be. This field, which is a manifestation of the
contact hyperfine interaction, acts to polarize nuclear spins.
Dynamic nuclear polarization (DNP), however, depends
on the strength of the hyperfine interaction, which goes as

Hhf / CðRÞ
�
�

�
�
2
I � S, (1)

where C(R) is the electron envelope function and R is the
position of the relevant nucleus. The nuclear polarization
profile, which develops as a result, has a similar spatial
extent: it will be confined to the immediate vicinity of the
electron probability density. Therefore, we can imagine
controlling the position of a confined envelope function of
polarized electron spins and thereby polarizing different
regions of the crystal. Furthermore, note that since Be goes
as |C(R)|2, we can vary this effective field at a nuclear site
by controlling the position of the electron envelope
function. At resonant drive frequencies we may thus expect
to induce nuclear spin transitions in the immediate vicinity
of the electron probability density. These concepts are
illustrated in Fig. 2 and make up the basis for experiments
discussed here and in further detail in Ref. [35].
Here, we use gate voltages to electrically position �23-

nm wide distributions of polarized nuclei over a �20-nm
range in a single PQW. Using optically injected spin-
polarized carriers, we exploit the contact hyperfine
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Fig. 2. We imagine a device in which we can control the local interactions

between electronic and nuclear spin with an applied voltage by (a) moving

the electron envelope function using a pair of external gates, (b) locally

polarizing the spin of lattice nuclei, and (c) resonantly inducing nuclear

spin transitions.
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Fig. 3. Measurements of the nuclear polarization distribution within a

PQW. In the left column the electron envelope function is shown

schematically, centered at different positions xpol. Corresponding nuclear

polarization distributions are created at B ¼ 3.98T by polarizing nuclei

for 20min at position xpol (blue line). Nuclear polarization is measured as

an Overhauser shift nn and is plotted as a function of x (solid points). Red

curves are Gaussian fits to the data with a fixed FWHM of 23 nm. Centers

of the Gaussian fits are 2.7, 5.8, and 6.1, 12.1 and 16.6 nm from top to

bottom.
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interaction to produce nuclear polarization in the vicinity
of their confined envelope functions [46]. The thin sheets of
polarized nuclei are laterally defined by the 50-mm diameter
of the focused laser spot. Data showing the measurement
of a position-dependent nuclear polarization within a PQW
are presented in Fig. 3. The contribution to the electron
Larmor precession frequency due to nuclear polarization,
nn, is extracted from time-resolved measurements of FR
similar to those described in Section 2.1. The qualitative
agreement of the data with theoretical predictions [47]
points to our ability to use localized spin-polarized
electrons to orient nanometer-scale profiles of nuclear
spin. Extending such techniques from systems with one-
dimensional confinement (QWs) to systems with higher
degrees of confinement (quantum wires and quantum dots)
may allow for the controllable polarization of drastically
fewer nuclear spins. The application of resonant RF
voltages to the gates provides additional electrical control
over nuclear spin. In this case, nuclear depolarization is
observed upon the application of a resonant RF voltage
and is attributed to a local charge-mediated quadrupolar
interaction [35].
3. Mn impurity spin in GaMnAs heterostructures

3.1. Background

The introduction of magnetic dopants into semiconduc-
tors allows for the study of interactions between itinerant
and localized spins. DMS are semiconducting alloys in
which a fraction of the cation sites are occupied by
magnetic ions. The spin of electrons localized in the
partially filled shells of the substitutional impurities couples
to the spin of carriers in both the conduction and valence
bands. As a result, electronic Zeeman splittings are
enhanced leading to dramatic spin-dependent properties
including giant FR, the magnetic-field-induced metal–in-
sulator transition, and the formation of magnetic polarons.
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Most importantly, however, the discovery of ferromagnet-
ism in zinc-blende III–V and II–VI Mn-based compounds
and the realization that this collective magnetic behavior is
mediated by delocalized or weakly localized holes, has
given a technological impetus for developing a clear picture
of the carrier–shell exchange couplings. In these systems
the exchange between the s-like conduction band or p-like
valence band and the d shell of the Mn2+ are known as the
s–d and p–d exchange parameters, respectively. In addition
to offering an ideal system in which to study the
interactions between localized and delocalized spin, DMS
offer the prospect of a room-temperature ferromagnetic
semiconductor whose ferromagnetic state can be switched
on or off by changes in carrier concentration. Such a
material would have far-reaching implications on the
semiconductor industry and would propel spintronics into
the mainstream of computing technology.

In this section we treat the recent development of
GaMnAs QWs and the measurement of their s–d and p–d
exchange couplings. In II–VI DMS, the s–d and p–d
exchange energies are readily measurable and have been
characterized in detail through magneto-optical spectro-
scopy. These materials benefit from high Mn solubility and
the electrical neutrality of Mn impurities upon incorporat-
ing into the lattice. High concentrations of Mn-doping are
achievable, making the effects of s–d and p–d exchange
large and easily measurable.

The situation in the III–V alloy GaMnAs is more complex.
The presence of Coulomb potentials centered on the
magnetic ions as well as on compensating donors introduces
an additional obstacle to the interpretation of measurements.
More importantly, as a consequence of the low solubility of
Mn in GaAs, molecular beam epitaxy (MBE) growth is
typically performed at low substrate temperatures (�250 1C)
and high arsenic overpressures. In this regime of growth
defects, such as excess As and Mn interstitials, are
incorporated into the epilayers at concentrations that quench
sensitive optical signals, including PL and absorption.
Therefore characterization of the exchange parameters
through optical techniques is problematic in these materials.
Despite this constraint, several estimates of the p–d exchange
constant have been published from modeling of transport
[48], core-level photoemission [49], and cyclotron resonance
measurements [50]. A previous study on highly dilute
Ga1�xMnxAs (xo0.2%) crystals grown by the Czochralski
method reports polarized magnetoreflectance data from
which the total exciton spin splitting is determined to within
600meV [51]. This measurement of the collective sp–d
energy, however, includes no independent measurements of
the s–d and p–d exchange constants (N0a and N0b,
respectively); the reported estimation of N0b depends on an
assumed positive value of N0a based on work in II–VI DMS.

3.2. Mn-doped QWs

In our work, MBE growth conditions are optimized in
order to produce GaMnAs in which coherent spin
dynamics can be observed optically, while at the same
time incorporating enough Mn to make the effects of s–d
and p–d couplings observable. Two types of QW structures
are studied, GaMnAs/AlGaAs and InGaMnAs/GaAs. By
combining FR measurements of electron spin dynamics
with secondary ion mass spectroscopy (SIMS) measure-
ments of these materials both the sign and magnitude of
the s–d coupling are determined. The study of QWs of
several different widths reveal the dependence of this
energy on the carrier confinement.
Using FR spectroscopy to measure the spin-splitting

energy of conduction electrons in QWs with various Mn
concentrations x and widths w, N0a is determined to be
negative in both GaMnAs and InGaMnAs QWs. An
example of the data is shown in Fig. 4. In addition, N0a is
seen to grow more negative the narrower the QW, while
saturating for wide QWs. In II–VI DMS QWs, a negative
change in N0a as large as �170meV was previously
reported for increasing confinement and was attributed to
a kinetic exchange coupling due to the admixture of
valence and conduction band wave functions [52].
We plot N0a as a function of the electron kinetic energy

(Ee) for GaMnAs QWs in Fig. 5, and the data are roughly
linear. Here, Ee is defined as the energy between the bottom
of the conduction band in the GaAs QW and the ground
state energy, which is calculated using a one-dimensional
Poisson–Schroedinger solver and the material and struc-
tural parameters of the QWs. Extrapolating to Ee ¼ 0 we
obtain a bulk value of N0a ¼ �2278meV for GaMnAs. A
change in N0a as large as �185meV, relative to the
extrapolated value for Ee ¼ 0, is observed in the narrowest
wells measured (w ¼ 3 nm). Since N0a40 in bulk II–VI
DMS, the kinetic exchange effect appears as a reduction of
|N0a|, and is expected to cross through zero for very large
confinement. Rather than a reduction, we observe an
increase in |N0a| in GaMnAs QWs. This observation is
consistent with the negative contribution of the kinetic
exchange predicted by Merkulov et al., since we measure
N0ao0 in our samples.

3.3. An antiferromagnetic s–d coupling?

There is a difference in the behavior of the exchange
couplings for the conduction and valence bands in II–VI
DMS which is rooted in the nature of exchange interac-
tions between localized spins on impurity sites and the
spins of band electrons:

Hex ¼ �
1

_2
JS �M; (2)

where J is the exchange coupling constant, S is the spin of a
band electron, and M the spin shell electrons on a Mn
impurity. Here, we have written the interaction in its
simplified two-particle form. Two mechanisms contribute
to the value of J: (1) a normal (direct) exchange mechanism
originating from the interaction potential between band
and d-shell electrons proportional to the inverse of their
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separation; and (2) a resonant scattering mechanism due to
hybridization between the band and d-shell electrons
occurring when the d-level is close to a band edge [53,54].
The first mechanism results in a positive (ferromagnetic)
exchange and the second in a negative (antiferromagnetic)
exchange. In general both mechanisms contribute to the
total exchange J. In II–VI DMS, the resonant scattering
mechanism does not contribute to the conduction band
exchange, which is dominated by the normal exchange.
Thus a positive exchange is measured in CdMnTe, for
example: N0a ¼ 0.22 eV. In contrast, since the localized
d-level falls within the valence band in these systems, the
resonant scattering mechanism dominates the exchange for
the valence band resulting in a negative interaction energy:
N0b ¼ �0.88 eV. These energies are of the same order for
all II–VI compounds containing Mn [55].
The above reasoning makes the extrapolation of our

measurements to a bulk GaMnAs exchange of
N0a ¼ �2378meV surprising. The value has a much
smaller magnitude and most importantly the opposite sign
than values predicted by s–d exchange theories in DMS.
Since direct exchange should dominate in the conduction
band, N0a is expected to be positive. We must therefore
consider that some of the assumptions which are valid in
II–VI do not apply in GaMnAs. For instance, theoretical
efforts are currently underway treating the effects of a
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possible hybridization between s-like conduction band
states and an excited state of the Mn shell electrons. Such
a hybridization could lead to a resonant-scattering
contribution in the conduction exchange coupling, explain-
ing the measurement of a negative N0a. It is also possible
that the smaller band-gap energy in GaMnAs compared to
II–VI systems and the correspondingly stronger admixture
of valence band states to the conduction band explains the
measured negative s–d exchange.

3.4. The effects of confinement on s–d exchange

As mentioned in Section 3.2, increasing confinement in
II–VI DMS nanostructures results in the reduction in strength
of the s–d exchange interaction between conduction electrons
and electrons localized in the d-shell of Mn impurities [52].
This reduction is due to an enhancement of the electron
kinetic energy by the dimensional quantization of states in a
confined system. For conduction band states the dependence
of the exchange coupling on carrier kinetic energy results in a
decrease in the magnitude of the exchange energy for an
increase in the kinetic energy [56]. Though theoretical models
of kinetic exchange based on these principles replicate the
qualitative features of the data in II–VI materials, their
predictions fall short by a factor of �5 [57].

A more complete model also takes into account the
effects of the admixture of valence band states to the
conduction band states [52]. For states with non-zero k, the
p-like orbitals of the valence band admix to the Bloch
functions of the conduction band. Due to the dominance of
the resonant scattering mechanism in the valence band,
these states contribute a negative energy to the total
exchange. As electron kinetic energy (and thus k) increases
and the admixture of valence band states becomes stronger,
so does the negative contribution to the exchange energy.
This negative shift in N0a with increasing Ee contrasts the
simple reduction in magnitude predicted for pure conduc-
tion band states. Therefore, depending on the degree of the
admixture, a positive conduction band exchange constant
can decrease and even become negative with increasing
kinetic energy. Predictions made by this model agree
quantitatively with the experimental data available in II–VI
DMS.
Though there are a number of important differences

between GaMnAs and the II–VI systems to which the
theory of kinetic exchange has been applied, the model by
Merkulov et al. which includes the admixture of valence
band states into the conduction band fit well to our
measurements once the correct material parameters and a
single adjustable parameter are used. As evident from Fig.
5, N0a, which we measure to be negative in all our
experiments, becomes more negative with increasing
kinetic energy Ee, just as predicted by this model. The
earlier model of Bhattacharjee et al., which ignores the
aforementioned admixture of states, predicts a reduction in
|N0a| with increasing Ee and proves to be inconsistent with
our findings.
Experimental efforts are currently underway to make

more detailed measurements of the dependence of N0a on
Ee in GaMnAs and InGaMnAs QWs. We are also making
measurements of N0a as a function of Ee in GaMnAs QWs
by varying the QW depth instead of the QW width. Such
measurements provide further insight on the nature of the
dependence and its functional form. Preliminary results
show that measurements of N0a in GaAs/AlGaAs samples
with lower barriers (10% and 20% Al) follow the same
dependence shown in Fig. 5. Therefore, regardless of the
manner in which we alter the confinement energy, its effect
on N0a is observerd to be the same. While confinement is
found to alter the s–d exchange energy in all our
experiments, measurements indicate that the interaction
remains isotropic regardless of reduced degrees of freedom.

4. Conclusion

Here we present experimental data showing our ability to
control local interactions between electrons and nuclear
spin in a PQW with an externally applied gate voltage.
Quasi-static bias voltages allow the patterning of nan-
ometer-size nuclear spin distributions. In addition, we
demonstrate the growth of III–V GaMnAs heterostructures
in which coherent electron spin dynamics can be observed.
The measured s–d exchange coupling is antiferromagnetic
in GaMnAs and InGaMnAs QWs. Strong evidence is
presented of a direct relation between the conduction band
exchange constant and the electron kinetic energy due to
one-dimensional quantum confinement.
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