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abstract

Available online 27 February 2012

We report experiments where magnetization in GaMnAs ferromagnetic semiconductor is manipulated
via strain or electric current. In both cases, charge carrier holes become partially polarized due to the
anisotropic modiﬁcation of holes spectra caused by spin–orbit interactions, and this polarization exerts
spin torque sufﬁcient to rotate ferromagnetic domains.
& 2012 Elsevier B.V. All rights reserved.
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1. Introduction
A rapidly developing ﬁeld of spintronics is based on the idea
that substituting charge with spin as a carrier of information can
lead to new devices with lower power consumption, non-volatility and high operational speed [1]. While ﬁeld detection using
giant magnetoresistance (GMR) [2,3] and magnetic tunnel junctions (MTJ) [4] revolutionized readout heads in computer hard
drives and magnetic memory [5], magnetization manipulation
(the major advantage of active electronic devices) is trailing way
behind. For example, current magnetic random access memory
(MRAM) implementations rely on high currents to switch magnetization via Biot–Savart law, the process orders of magnitude
less efﬁcient than electrostatic gating in ordinary transistors.
Spin-torque techniques [6,7] reduce switching currents by an
order of magnitude, yet manipulation remains power-inefﬁcient
operation if compared with CMOS circuits.
Combining properties of semiconductor and ferromagnetic
materials has been attempted in late 1970s [8,9]. However, the
renewed interest in dilute magnetic semiconductors emerged after
demonstration of T c  100 K in (Ga,Mn)As in late 1990s [10–12].
These materials were extensively studied both experimentally and
theoretically over the past 15 years, see a recent review [13].
Unfortunately, despite serious efforts of many groups to increase Tc
above the room temperature, the record Tc is still below 200 K.
Nevertheless, (Ga,Mn)As can serve as an excellent prototype
material where new functionality emerges from a combination of
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semiconductor band structure, strong spin–orbit interactions and
ferromagnetism, the combination that exposes new physics and
enables the development of novel device concepts.
Straightforward electrostatic control of magnetization in
(Ga,Mn)As proved to be limited. It has been shown that depletion
of a ferromagnetic layer leads to a reduction in Tc [14,15].
This reduction comes from a simple fact that ferromagnetism
in (Ga,Mn)As is carrier-mediated. In an elegant experiment, Chiba
et al. [16] reported small angle rotation of magnetization vector.
However, the true beauty of (Ga,Mn)As is hidden in a multiferroic
nature of this material (both ferromagnetic and ferroelectric),
which puts it in the same class as more exotic multiferroics
like BiMnO3 [17], BiCrO3 [18], Bi2NiMnO6 [19]. Being ferroelectric,
the (Ga,Mn)As lacks the center of inversion, and is characterized
by strong spin–orbit (SO) coupling associated with lowered
symmetry. Furthermore, hole spins are coupled to lattice deformation. In this work we show that magnetization direction in
(Ga,Mn)As can be controlled via SO interaction [20] or external
strain [21], both effects leading to partial polarization of currentcarrying holes and the corresponding spin torque effect. The
reported effects are different from the conventional spin-transfer
torque, where polarized carriers are injected into ferromagnetic material and non-equilibrium polarization is limited to the
interfacial layer. On the contrary, each carrier in (Ga,Mn)As
generates its own effective magnetic ﬁeld, which scales with
volume.

2. Material and methods
The (Ga,Mn)As wafers (6–7% of Mn) were grown by molecular beam epitaxy at 265 1C on semi-insulating (001) GaAs
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Fig. 1. Sample schematic for (a) strain and (b) spin–orbit-induced manipulation of magnetization vector. Red dashed lines mark easy axes of magnetization. Symmetry of
the Dresselhaus spin–orbit ﬁeld is shown in (b). (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

substrates. The wafers were subsequently annealed for 1 h at
280 1C in a nitrogen atmosphere, increasing the Curie temperature to T c  80 K and reducing strength of the cubic
anisotropy. For the measurements of strain response (Ga,Mn)As layer was patterned into 2 mm-wide Hall bars oriented
along the [110] axis by combination of e-beam lithography
and wet etching, see Fig.1(a). After lithography 3 mm  3 mm
samples were mechanically thinned to  100 mm and attached
to a multilayer PZT (piezoelectric lead–zirconium–titanate
ceramic) with epoxy, aligning the [010] axis with the axis of
polarization of the PZT. Application of positive (negative)
voltage V PZT across the piezoelectric introduces tensile (compressive) strain in the sample along the [010] direction, and
strain with the opposite sign along the [100] direction proportional to the piezoelectric strain coefﬁcients d33  2d31 . Both
coefﬁcients decrease by a factor of 15 between room temperature and 4.2 K. The induced strain e ¼ DL=L for both [010] and
[100] directions was monitored with a biaxial strain gauge
glued to the bottom of the piezoelectric measured in the
Wheatstone bridge conﬁguration: De ¼ e½010 e½100 ¼ ðDL=LÞ½010 
ðDL=LÞ½100 ¼ aðR½010 R½100 Þ=R, where a is the gauge sensitivity
coefﬁcient and R is the resistance of the unstrained gauge. It has
been shown that the strain gradient across the piezoelectric and
the sample is negligible: i.e., gauges glued on top of the sample
and on the opposite side of the piezoelectric measure similar
strain.
For current-induced spin torque experiments, samples were
fabricated from 15-nm and 10-nm thick epilayers. The devices
were patterned into 6 and 10 mm-diameter circular islands in
order to decrease domain pinning. In the following we report data
on + ¼ 6 mm devices, other devices show similar results. Cr/Zn/
Au (5 nm/10 nm/300 nm) Ohmic contacts were thermally evaporated. All measurements were performed in a variable temperature cryostat at T¼40 K, well below the temperature of
(Ga,Mn)As-speciﬁc cubic-to-uniaxial magnetic anisotropy transitions [16], which is 60 K in the reported wafer. Temperature rise
for the largest currents used in the reported experiments was
measured to be o 3 K.

In order to determine the direction of magnetization M, we
use the dependence of transverse anisotropic magnetoresistance
Rxy ¼ V y =Ix on magnetization [22]:
Rxy ¼ Dr sin jM cos jM ,
where Dr ¼ rJ r? , rJ o r? are the resistivities for magnetization
oriented parallel and perpendicular to the current, and jM ¼ +MI
is an angle between magnetization and current, see Fig. 1(a). In
circular samples the current distribution is non-uniform and the
angle between the magnetization and the local current density
varies throughout the sample. However, it can be shown that the
resulting Rxy is the same as for a uniform current distribution. For
the current-to-current-density conversion, we model our sample
as a perfect disk with two point contacts across the diameter. The
average current density in the direction of current injection is
/jS ¼ 2I=ðpadÞ, where a is the disk radius and d is the (Ga,Mn)As
layer thickness. In a real sample the length of contact overlap
with (Ga,Mn)As insures that j changes by less than factor of
3 throughout the sample.

3. Theory
Microscopic physics of transport and magnetism in (Ga,Mn)As
system remains controversial to date. There are two competing
points of view on what kind of charge carriers are responsible for
these properties: (i) whether these are degenerate free holes
arising in the G8 valence band, when valence electrons are
captured by Mn acceptors, or (ii) these are mobile charge carriers
in an impurity band formed by random Mn. However, understanding many physical properties of (Ga,Mn)As require only
knowledge of the system symmetry, rather than precise microscopic identiﬁcation of charge carriers. The key to this understanding is that energy levels of Mn acceptors are centered
around 112 meV inside the forbidden gap atop the G8 band, while
the gap itself is about 1.5 eV. The physics of the system from the
vantage point afforded by symmetry is similar to that in systems
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with shallow acceptors, in which symmetry of holes in valence
and impurity bands can be largely considered the same [23].
On deeply microscopic level, the charge carrier angular
momentum J3/2 is coupled antiferromagnetically to Mn angular
momentum I5/2 [24], so that Mn acceptors are described by
HJI ¼ AI  J:

ð1Þ

This Hamiltonian together with properties of interactions and
spectral and kinetic characteristics of the subsystem of mobile
carriers deﬁnes the magnetization M in ferromagnetic (Ga,Mn)As.
The single-particle properties of charge carriers with angular
momentum 3/2 themselves are described by the Hamiltonian
with the following three ingredients.
First, the charge carriers in the absence of external magnetic
ﬁeld but in the presence of strain introduced by Mn doping or
externally are characterized by Luttinger–Pikus [25,26] Hamiltonian
X 2
X
X
X
Hh ¼ A0 p2 þ A1
Ji p2i þ A2
J i Jj pi pj þ B1
eii J2i þ B2
J i J j eij ,
i

i,j a i

i

i,j a i

ð2Þ
where i,j ¼ x,y,z. We use here the notation for the constants in (2),
which differs from that for Luttinger constants for zero strain g1 ,
g2 and g3 [25] and constants a, b and d introduced by Bir and
Pikus [26] for describing the effects of strain for valence band
holes, in order to underscore the applicability of (2) for charge
carriers in both the valence and impurity bands.
The second ingredient of the Hamiltonian of charge carriers
comes from the effect of magnetization in the crystal
HhM ¼ mkJ  MðrÞ:

ð3Þ

In general, M also couples to the components of axial vector J3i ,
however, these terms are known to be much smaller than the
linear coupling term (3). The Hamiltonian (3) implies that holes
are affected by magnetic interactions with Mn acceptors via
resulting ferromagnetic magnetization, and this effectively allows
to consider system of Mn and charge carrier system separately,
including only feedback coupling via (1). It is also worth noticing
that magnetization of the ferromagnet affects properties of holes
only via ferromagnetic coupling (3), but has no effect in orbital
channel via (2). This, strictly speaking, makes the effect of
magnetization different from that of external magnetic ﬁeld.
The latter affects spin properties not only via coupling (3) but
also via the angular momentum–momentum coupling (2), when
p becomes peA=c in magnetic ﬁeld, A is the external magnetic
ﬁeld vector potential.
The third ingredient of the charge carrier Hamiltonian is
associated with the absence of inversion symmetry in (Ga,Mn)As
system. In the presence of strain, there is an additional angular
momentum–momentum coupling
X
H0 ¼
C 1 ½J i pi ðei þ 1,i þ 1 ei þ 2,i þ 2 Þ þC 2 ðJi pi þ 1 Ji þ 1 pi Þei,i þ 1 ,
ð4Þ
i

where cyclic permutation of indices is implied, and for i¼x we
deﬁne iþ1¼y and iþ2¼z. This Hamiltonian couples angular
momentum projections Ji with linear momentum projections, and
thereby has symmetry that permits uniform magnetization of the
system by an applied electric current. The strain-induced term
deﬁned by the constant C1 has a symmetry similar to that of the
Dresselhaus term in two dimensional (2D) electron gas grown along
[001] direction, Fig. 1(b). The terms proportional to the constant C2
arise in the presence of shear strain, and their symmetry is similar
to that of Rashba term in 2D electron systems conﬁned by
asymmetric potential. We note that there are other terms associated with the lack of inversion symmetry in GaAs, most notably
bulk Dresselhaus term that is cubic in momentum [27], and linear
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in momentum term that couples to ½Ji ,ðJ 2i þ 1 J 2i þ 2 symm projections
[28]. None of these terms allow polarization of charge carrier spin
linear in applied electric current. We also note that in conﬁned
geometries, when holes in ground state have heavy mass in the
direction of quantization, asymmetric conﬁnement potential does
not allow spin Hamiltonian linear in momentum, and does not
result in uniform polarization of hole spins linear in applied electric
current. In this regard, linear in momentum interaction (4) in bulk
GaAs and (Ga,Mn)As system is unique. We underscore that terms
associated with shear strain in (4) are unrelated to the structurally
induced asymmetry, and only their symmetry reminds the Rashba
term that gives spin polarization perpendicular to the ﬂowing
current [29,30].
Let us now discuss the symmetry properties and physics of
magnetization orientation in (Ga,Mn)As using this model Hamiltonian. The magnetization of the sample provides a preferential
direction for angular momentum of holes J according to (3). In
turn, angular momentum of holes has a feedback onto angular
momentum I of Mn acceptors system via (1). In equilibrium, the
whole system of holes and acceptors resides at an energy
minimum. In this regard, strains in the system are of utmost
importance. In GaAs, in the absence of external strain, the internal
compressive strain comes from Mn ions, with compressive strain
characterized by ezz 4 0 and corresponding volume-preserving
strain components exx ¼ eyy o 0. Then, orientation of J by M along
z would be energetically unfavorable, while in-plane J and M
would reduce energy of charge carriers. From the vantage point
afforded by the strain itself, all in-plane directions are equivalent,
but the hole spectrum is additionally governed by the strainindependent terms, with different constants A1 and A2 characterizing the so-called warping, (2). Minimization of hole energy
taking warping into account gives four equivalent directions,
½100, ½010, ½100 and ½010 of the preferential orientation of
J and M. Applied external magnetic ﬁeld rotated in plane is
capable of switching between these four equivalent directions.
Furthermore, if we now introduce sufﬁciently strong external inplane strain, e.g., making exx a eyy , this applied strain will deﬁne
only two preferential directions of in-plane orientation of J and M.
If the electric current ﬂows through the system, it leads to the
orientation of angular momentum of holes via (4). As shown in
[20], orientation of angular momentum with electric current
comes directly from non-equilibrium distribution of holes by an
electric ﬁeld. In this regard, the orientation of angular momentum
of holes differs from polarization of electron spins by the electric
current [29,30], when non-equilibrium distribution of holes in
applied electric ﬁeld on its own is insufﬁcient, and spin polarization arises only in the course of spin relaxation. Macroscopically,
ﬂowing electric current induces additional component of /JS,
which direction is deﬁned by both internal and external strain in
the (4), and the direction of the ﬂowing current. Application of
external magnetic ﬁeld also results in variation of /JS and is
capable of compensating the polarizing effect of the electric
current. This allows measurement of the current-induced spin
polarization demonstrated below.

4. Results
4.1. Magnetization rotation via strain control
In Fig. 2 Rxy is plotted for the strained and unstrained Hall bars
as magnetic ﬁeld of constant magnitude H¼50 mT is rotated in
the plane of the sample. For the unstrained sample (not attached
to the piezoelectric), there are four extrema for the external ﬁeld
angles jH around 451, 1351, 2251 and 3151 with four switchings of
magnetization by 901 near [110] and ½110 axes. For the strained
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magnetization and magnetization aligns itself with [010]. As
additional tensile strain is applied along [010] direction, the
½100 direction becomes the easy axis and polarization switches
by 901. The switching occurs in a few steps, indicating a fewdomain composition of our device. At V pzt ¼ 0 the magnetization
!
!
has two stable orientations, M J½100 and M J½010, and the
orientation can be switched by applying a negative or a positive
voltage on the piezoelectric. Thus, the device performs as a bistable non-volatile magnetic memory with electrostatic control of
the state.
The center of the hysteresis loop in Fig. 3(a) can be shifted
by adjusting jH : e.g., a 11 change shifts the center of the loop
by De  3:5  105 . As H increases, the size of the hysteresis
loop decreases, and the hysteresis vanishes for H 4100 mT.
At H o 40 mT the loop increases beyond the accessible 7200 V
voltage span. In our experiments the magnetic ﬁeld balances
the residual strain due to anisotropic thermal expansion of
the PZT.
4.2. Magnetization rotation via spin–orbit interaction
Fig. 2. Transverse anisotropic magnetoresistance (Rxy) in unstrained (a) and
strained (b) samples for clockwise and counterclockwise rotation of an external
magnetic ﬁeld H¼ 50 mT. In (c) Rxy for clockwise ﬁeld rotation is shown with
different voltages applied to the PZT.

Fig. 3. Hysteretic switching of magnetization as a function of (a) strain and
(b) current. In (a) a static magnetic ﬁeld H¼ 50 mT is applied at jH ¼ 621. On the
top axis approximate voltage on the PZT is indicated (ignoring small hysteresis in
Vpzt vs strain). In (b) H¼ 6 mT is applied at jH ¼ 721. Orientation of magnetization
relative to the current ﬂow is shown schematically for the Rxy 4 0 and Rxy o 0
states.

sample there is a gradual change in the angle of magnetization
with only two abrupt 901 switchings per ﬁeld rotation, which
indicates strong uniaxial anisotropy due to a highly anisotropic
thermal expansion coefﬁcient of the PZT stack ( þ1 ppm/K along
and 3 ppm/K perpendicular to the piezoelectric stack).
Application of H¼50 mT at jH ¼ 621 compensates the thermally induced uniaxial strain and restores the original degeneracy
between [010] and ½100 magnetization directions of the
unstrained (Ga,Mn)As for V pzt  0. An additional strain is then
applied by varying voltage on the piezoelectric. In Fig. 3(a) Rxy is
plotted as a function of measured strain De, the corresponding
Vpzt are approximately marked on the top axis (there is a small
hysteresis in De vs Vpzt). As additional compressive strain is
applied along [010], this direction becomes the easy axis of

In the presence of a strong external magnetic ﬁeld H, the
magnetization of the ferromagnetic island is aligned with the
ﬁeld. For weak ﬁelds, however, the direction of magnetization is
primarily determined by magnetic anisotropy. As a small ﬁeld
ð5 o H o 20 mTÞ is rotated in the plane of the sample, the
magnetization is re-aligned along the easy axis closest to the
ﬁeld direction. Such rotation of magnetization in circular samples
(Fig. 1(b)) by an external ﬁeld is shown in Fig. 4(a). For the current
IJ½110, the measured Rxy is positive for MJ½100 and negative for
MJ½010. Note that Rxy, and thus also the magnetization, switches
direction when the direction of H is close to the hard axes [110]
1801
(j01
) and ½110 (j901
and j2701
), conﬁrming the cubic
H and jH
H
H
magnetic anisotropy of our samples.
In the presence of both external and current-induced spin–
orbit magnetic ﬁelds, we expect to see a combined effect of
Hþ Hso on the direction of the magnetization. For small currents
(few mA) Hso  0, and Rxy does not depend on the sign or the
direction of the current. At large dc currents the value of the
switching angle becomes current-dependent and we deﬁne
DjH ðIÞ ¼ jH ð þ IÞjH ðIÞ. Speciﬁcally, for IJ½110 the switching
of magnetization around jH ¼ 901 ð½010-½100Þ occurs for
I¼ þ0.7 mA at larger angles than for I¼  0.7 mA, Dj901
H 4 0. For
the switching near jH ¼ 2701 ð½010-½100Þ the I-dependence of
switching angle is reversed, Dj2701
o0. There is no measurable
H
difference in the switching angle for magnetization switching
around jH ¼ 01 and 1801 (½100-½010 and ½100-½010),
1801
Dj01
 0. When the current is rotated by 901ðIJ½110Þ, we
H , DjH
1801
2701
observe Dj01
o0, and Dj901
 0.
H 4 0, DjH
H , DjH
The data can be qualitatively understood if we consider an
additional current-induced effective magnetic ﬁeld Heff. In the
absence of Heff magnetization rotation occurs when external ﬁeld
H is aligned with a hard axes. In the presence of Heff a0 rotation
is initiated when the total ﬁeld Htot ¼H þHeff is aligned with the
hard axes. Depending on the direction of Heff the switching angle
becomes large, smaller or is not effected by Heff, as shown
schematically in Fig. 4(b) for IJ½110.
The dependence of DjH for different magnitudes and directions of the current is summarized in Fig. 4(c) and (d). Assuming
that the angle of magnetization switching depends only on the
total ﬁeld Htot, we can extract the magnitude Heff and the
angle y ¼ +IHeff from the measured DjH , thus reconstructing
the whole vector Heff. Taking into account that DjH is small,
we ﬁnd that
Heff  H sinðDjH =2Þ=sinðyjH Þ
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Fig. 4. (a) Transverse anisotropic magnetoresistance is plotted as a function of external magnetic ﬁeld angle jH in the presence of a dc current I ¼ 70.7 mA, IJ½110.
In (b) the change of the switching angle jH ð 7 IÞ in the presence of current-induced effective ﬁeld Heff is shown schematically. In (c,d) a difference between switching
angles DjH ¼ jH ðþ IÞjH ðIÞ is summarized for different current values and directions. (e) Effective ﬁeld is extracted from (c,d) and is plotted as a function of average
current density. The solid line is the actual dependence of spin–orbit ﬁeld Hso after correction for the current-induced Oersted ﬁeld HOe.

and y can be found from the comparison of switching at two
angles. We ﬁnd that y  901, or Heff ? I for IJ½110 and IJ½110.
Moreover, the symmetry of the measured Heff with respect to I
coincides with the unique symmetry of the strain-related SO ﬁeld
characterized by the constant C1 in (4) and depicted in Fig. 1(b).
In Fig. 4(e), Heff is plotted as a function of the average current
density /jS. There is a small difference in the Heff vs /jS dependence for IJ½110 and IJ½110. As shear strain is not present in our
samples, and the term proportional to the constant C2 in (4)
vanishes, the difference can be explained by considering the
current-induced Oersted ﬁeld HOe pI in metal contacts. The Oersted ﬁeld is localized under the pads, which constitutes  7% of
the sample. The Oersted ﬁeld has the same symmetry as that of the
ﬁeld described by the terms with the constant C2 in (4) and is
added to or subtracted from the SO ﬁeld depending on the current
direction. Thus, Heff ¼ Hso þHOe for IJ½110 and Heff ¼ Hso HOe for
IJ½110. We estimate the ﬁelds to be as high as 0.6 mT under the
contacts at I¼1 mA, which corresponds to HOe  0:04 mT averaged
over the sample area. These estimates are reasonably consistent
with the measured values of 0.07 mT. Finally, we determine Hso as
an average of Heff between the two current directions. The SO ﬁeld
depends linearly on j, as expected for strain-related SO interacso
tions: dH =dj ¼ 0:53  109 T cm2 =A. This result is in agreement
with quantitative theoretical calculation of orientation of hole
spins by current in [20].
Current-induced effective SO ﬁeld Hso is sufﬁcient to reversibly
manipulate the direction of magnetization. If we ﬁx H¼6 mT
at jH ¼ 721, Rxy forms a hysteresis loop as current is swept
between 71 mA, as shown in Fig. 3(b). Rxy is changing between

7 5 O, indicating that M is switching between [010] and ½100
directions.

5. Conclusions
We demonstrated that the vector of ferromagnetic magnetization can be manipulated by inducing anisotropy into the spectra of
holes in (Ga,Mn)As by application of uniaxial strain or currentinduced polarization of holes via spin–orbit interactions, and
explained these effects based on symmetry analysis. In both cases
the devices perform as a non-volatile memory cells, with two states
encoded in the magnetization direction. The direction can be
controlled by application of an external strain or an unpolarized
current passing through the device. Devices can be potentially
operated as a four-state memory cells. We ﬁnd that we can
reversibly switch the magnetization with currents as low as
0.5 mA (current densities 7  105 A=cm2 ), an order of magnitude
smaller than by polarized current injection in ferromagnetic metals
[6,7,31], and just a few times larger than by externally polarized
current injection in ferromagnetic semiconductors [32]. In current
experiments PZT material has few-mF capacitance, which precludes
high frequency operation. However, one can utilize piezoelectric
properties of GaAs. In GaAs d14 shear coefﬁcient is 100 times smaller
than d33 coefﬁcient for PZT, but similar strain can be achieved in
thin GaAs layers well below the breakdown voltage. The use of
nanofabrication will allow capacitance reduction down to a few pF,
which will enable high frequency magnetization control.
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