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We have investigated the magnetic properties of a piezoelectric actuator/ferromagnetic semiconductor hybrid
structure. Using a GaMnAs epilayer as the ferromagnetic semiconductor and applying the piezo stress along its
[110] direction, we quantify the magnetic anisotropy as a function of the voltage V), applied to the piezoelectric
actuator using anisotropic magnetoresistance techniques. As the magnetic anisotropy in GaMnAs substantially
changes as a function of temperature 7, the ratio of the magnetoelastic and the magnetocrystalline anistropies
can be tuned from approximately 1/4 to 4. Thus, GaMnAs/piezoelectric actuator hybrids are an ideal model
system for the investigation of different piezoelastic magnetization control regimes. At 7=5 K the magneto-
elastic term is a minor contribution to the magnetic anisotropy. Nevertheless, we show that the switching fields
of p(uoH) loops are shifted as a function of V), at this temperature. At 50 K—where the magnetoelastic term
dominates the magnetic anisotropy—we are able to tune the magnetization orientation by about 70° solely by
means of the electrical voltage V), applied. Furthermore, we derive the magnetostrictive constant Ayj; as a
function of temperature and find values consistent with earlier results. We argue that the piezo voltage control
of magnetization orientation is directly transferable to other ferromagnetic/piezoelectric hybrid structures,
paving the way to innovative multifunctional device concepts. As an example, we demonstrate piezo voltage-
induced irreversible magnetization switching at 7=40 K, which constitutes the basic principle of a nonvolatile

memory element.
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I. INTRODUCTION

Ferromagnetic semiconductors unite the long-range mag-
netic ordering characteristic of ferromagnets with the versa-
tile properties of conventional semiconductors. This class of
multifunctional materials therefore is very attractive from a
fundamental physics point of view. Moreover, novel spin-
electronic devices can be realized using ferromagnetic semi-
conductors, in which the electronic functionality is directly
linked to magnetic properties such as the magnetization
orientation.!~® For device applications it is attractive to con-
trol the magnetic properties via a nonmagnetic parameter. In
this paper, we investigate the approach to strain a dilute mag-
netic semiconductor (DMS) lattice by means of an external
piezoelectric actuator in order to manipulate its magnetic and
magnetotransport properties. Using GaMnAs as the DMS,
we discuss in detail the piezo voltage control of the magnetic
anisotropy, which can be utilized to reversibly manipulate
magnetization orientation, as well as to irreversibly switch
the magnetization between two magnetic easy-axis orienta-
tions. The experiments discussed here pave the way for the
three dimensional control of spins via a nonmagnetic control
parameter.

We begin with a short introduction into GaMnAs, before
reviewing different approaches to influence the magnetic
properties of magnetic semiconductors via nonmagnetic pa-
rameters reported in literature. Ga;_Mn,As is the prototype
ferromagnetic semiconductor with a Curie temperature 7¢
<170 K.>%9 The strong p-d coupling between the delocal-
ized holes and the localized electrons in the Mn d shell
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results in large magnetoresistive effects in GaMnAs.!0-14

Since the magnetic domains extend over 100 microns or
more,’> GaMnAs is ideally suited as a spin-injecting or
spin-polarizing contact in spintronic devices. Indeed, novel
functionalities or physical effects have already been de-
monstrated in spin-electronic devices based on GaMnAs,
such as the emission of circularly polarized light from a so-
called spin light emitting diode,'>!® the controlled motion of
domain walls via current pulses,'”!® the tunneling aniso-
tropic magnetoresistance in GaMnAs/insulator/normal metal
structures,'® and nonvolatile memory device concepts.*”8

One of the most intriguing properties of DMS is the
strong dependence of their magnetic properties on non-
magnetic parameters, such as electric field,?%?! light
irradiation,”>?*  temperature,”>’  dopant  density,?%%
strain,3*33 or pressure.3* This allows for various control
schemes of the magnetic properties of DMS, which we
shortly discuss in the following.

Ohno et al.?® demonstrated that an electric field control of
ferromagnetism is possible in InMnAs samples covered with
a metallic gate. Electrically assisted magnetization reversal,
as well as electrical demagnetization have already been dem-
onstrated in devices utilizing this effect.?! While this gate
voltage control of ferromagnetism appears very attractive for
spintronic devices, the high carrier density in degenerately
doped DMS and the resulting screening effects limit the
thickness of magnetic semiconductor films controllable by
electric fields to a few nanometer at most, imposing severe
constraints on the device geometries.
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Another approach to vary the hole concentration and thus
the magnetic properties relies on the introduction of addi-
tional nonmagnetic dopant species into GaMnAs, such as
Be?® or AL.?° The incorporation of hydrogen also allows to
control the hole density in GaMnAs.>-37 The hydrogen
incorporation is stable at ambient temperatures, but can be
reversed by a mild thermal, as well as a pulsed-laser
annealing.’®* However, while the exchange coupling in
GaMnAs films with thicknesses of several hundred nano-
meter can be switched on or off via codoping or hydrogena-
tion, these techniques do not allow to manipulate the mag-
netization orientation while operating a spintronic device.

For the realization of DMS tunable during device opera-
tion, the dependence of the magnetic properties on the crys-
tal lattice appears much more promising. Csontos et al.>*
showed that the ferromagnetic exchange interaction in In-
MnSb can be controlled via the application of hydrostatic
pressure. Also the magnetic anisotropy in GaMnAs was
found to qualitatively change as a function of strain.3%33
Ga,;_Mn,As layers grown on GaAs are compressively
strained, leading to a first-order uniaxial magnetic anisotropy
so that the film plane is an easy magnetic plane for the typi-
cal range of Mn concentrations (0.01<x<0.1).3032 A
smaller cubic (biaxial) anisotropy yields two approximately
orthogonal easy axes within the film plane. Furthermore, a
small in-plane uniaxial anisotropy along [110] is present in
most GaMnAs films on GaAs,?>2640-46 the microscopic ori-
gin of which is still controversially discussed. In GaMnAs
films with tensile strain, in contrast, the film plane is mag-
netically hard3®3? so that the magnetization aligns along the
film normal at low magnetic fields. Furthermore, the mag-
netic anisotropy in GaMnAs qualitatively changes with the
temperature. In comparison to other ferromagnetic metals,
demagnetization effects only play a minor role in GaMnAs,
as the saturation magnetization is small due to the small
concentration of magnetic ions. Recently also the control of
the magnetic anisotropy via anisotropic strain relaxation in
patterned structures has been reported.*” These experimental
observations are explained by the established theoretical
model for the ferromagnetic exchange:® The strain alters the
symmetry of the hole wave function in the GaAs valence
band, which due to the hole mediation of ferromagnetic ex-
change has a strong influence on the magnetic anisotropy.
This picture also is compatible with the recent measurements
of the magnetoelastic constants of GaMnAs in microme-
chanical devices.?’

In the following we will investigate the control of the
magnetic anisotropy of GaMnAs via the application of an
external stress by a piezoelectric actuator. This approach has
already been shown to allow in-situ manipulation of mag-
netic anisotropy in piezoelectric actuator/ferromagnet hybrid
samples at room temperature.*®>*° We have recently demon-
strated that this approach can be transferred to piezoelectric
actuator/GaMnAs hybrids,>® as also reported by Refs. 51 and
52. Here we compile our extensive experimental findings and
show that they can be understood consistently using a free
energy model. In particular, we make use of the strong tem-
perature dependence of the magnetic anisotropy in GaMnAs
to tune the ratio of the piezo-controlled magnetoelastic and
the magnetocrystalline anisotropy contribution in a range of
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approximately 1/4 to 4 in one and the same sample. In this
way, we are able to access qualitatively different regimes: (i)
At low temperatures 7=~5 K, the magnetoelastic anisotropy
term is small compared to the crystalline one. In this regime,
the application of a voltage to the piezoelectric actuator
allows to shift the switching fields of p(uyH) loops, while
the magnetization orientation is not manipulated substan-
tially. (ii) At higher temperatures 7=40 K, the magneto-
elastic anisotropy is the dominant anisotropy contribution,
enabling a reversible voltage control of magnetization orien-
tation by up to 70°. Furthermore, in this regime, an irrevers-
ible, voltage-induced magnetization reorientation by up to
180° can be achieved after preparing the system by means of
a magnetic field sweep. These two regimes are not particular
to GaMnAs. Rather, our results show that in order to achieve
a substantial piezo voltage control of magnetization orienta-
tion in any given ferromagnet/piezoelectric actuator hybrid,
the ratio between magnetoelastic and magnetocrystalline
anisotropies must be adjusted appropriately.

This paper is organized as follows: After a review of the
magnetic free-energy approach in Sec. II, we summarize the
experimental procedures employed and the properties of the
piezoelectric actuator used in Secs. III and IV, respectively.
The method to determine the magnetic anisotropy from mag-
netotransport experiments is described in Sec. V. From a
comparison of the piezo-induced strain (Sec. IV) and the
corresponding magnetoelastic contribution to magnetic an-
isotropy, we derive the temperature dependence of the mag-
netostrictive constant (Sec. VI). In the following sections we
investigate several temperature regimes exhibiting different
relative strength of the piezo-controlled magnetoelasic and
the magnetocrystalline magnetic anisotropy. At low tempera-
tures (T=5 K) the piezo voltage-induced changes are small
compared to the dominating cubic magnetic anisotropy, re-
sulting in a piezo voltage dependence of the magnetoresis-
tance switching fields in external magnetic field sweeps (Sec.
VII). In contrast, at T=50 K the magnetoelastic contribu-
tion dominates magnetic anisotropy (Sec. VIII), which al-
lows to continuously and reversibly rotate magnetization ori-
entation (Sec. IX). In Sec. X we demonstrate a piezo voltage-
induced irreversible magnetization switching. After giving
the conclusion in Sec. XI we discuss possible applications of
the investigated effects in Sec. XII.

II. FREE ENERGY APPROACH

To describe the magnetic anisotropy and thus magnetiza-
tion orientation in our sample, we adopt a free energy ap-
proach. To second order, the free energy in GaMnAs normal-
ized to the saturation magnetization is given by?3!3-4

FIM = - poH(h - m) + B, (m; + m})
+B110(V,)(j - m)* + Boygm;
=— uoH cos(B - a)
+ B,[cos*(B+45°) + cos*(B—45°)]
+B“()(V,,)cos2 B+ By cos’(B—45°), (1)

where we have assumed that the magnetization is aligned
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FIG. 1. (Color online) (a) Schematic illustration of a 90° mag-
netization switching for a GaMnAs film affixed onto a piezoelectric
actuator with the magnetic easy axis [100] parallel to the main
expansion direction of the actuator. (b) Corresponding free energy
surface. The free energy for the magnetization oriented along a
specific direction is given by the distance from the center of the
coordinate system to the surface. In this example the magnetization
is oriented along [100]. (c) A positive voltage applied to the actua-
tor leads to an elongation of the actuator/GaMnAs layer. (d) This
strain induces a uniaxial anisotropy with a magnetic hard axis in
elongation direction, which leads to a change in the relative strength
of the in-plane magnetic easy axes [Fig. 2(a)] and thus a 90° mag-

netization switching into the global minimum at [010].

within the film plane. uy=47X10""Vs/Am is the vacuum
induction, m; are the direction cosines of the magnetization
relative to the cubic axes, B, is the in-plane cubic anisotropy
parameter, and By,¢(V,) and By, are the uniaxial anisotropy
parameters. The orientation of the external magnetic field H
and the magnetization M are given by the unit vectors h and
m, with the corresponding angles « and B with respect to the
current direction j as shown in Fig. 3. The individual terms
in Eq. (1) describe the Zeeman interaction, the in-plane cubic
and two uniaxial magnetic anisotropy contributions along
[110] and [010] crystallographic directions. The third term
[B110(V,)(j-m)?], the magnetoelastic contribution to the
magnetic anisotropy, accounts for the changes in magnetic
anisotropy due to a voltage V), applied to the piezoelectric
actuator in the particular stress geometry discussed below.
The fact that the piezo voltage-induced effect can be de-
scribed by a uniaxial anisotropy is derived in the Appendix.
Note that the anisotropy fields used in Refs. 55 and 56 are
given by 2K'll/M =-4B, for the in-plane cubic field and
2K',/M=2B; for the uniaxial fields.

Figure 1(b) illustrates a typical free energy surface of a
compressively strained GaMnAs film. The free energy for
the magnetization oriented along a specific direction is given
by the distance from the center of the coordinate system to
the surface. The magnetic anisotropy in Fig. 1(b) is domi-
nated by a uniaxial anisotropy perpendicular to the film plane
(the film plane is indicated by the orange plane). Conse-
quently, the magnetization will be oriented within the film
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FIG. 2. (Color online) Cuts through the free energy surface
within the film plane for two different strain configurations. The
black dashed curves illustrate the in-plane cubic anisotropy contri-
bution with magnetic easy axes along (100). (a) For the main elon-
gation direction of the piezoelectric actuator aligned along a mag-
netic easy axis, the strain-induced uniaxial anisotropy leads to a
change of the relative strengths of the magnetic easy axes (red full
curve). (b) In contrast, for the main elongation direction of the
piezoelectric actuator aligned along a locally hard axis of the in-
plane cubic anisotropy, e.g., [110], the strain-induced uniaxial an-
isotropy leads to a rotation and a change of the relative orientations
of the magnetic easy axes (red full curve).

plane at low external fields in good approximation. In the
film plane, magnetic anisotropy mainly is determined by the
cubic contribution with easy axes along (100) at liquid He
temperatures.

To achieve a piezo control of the magnetization orienta-
tion, the GaMnAs film is cemented onto the piezoelectric
actuator (Sec. III). Regarding the relative orientation of the
GaMnAs film and the main elongation direction of the piezo-
electric actuator there are two qualitatively different ap-
proaches: (i) To achieve an irreversible switching of the mag-
netization from one minimum of cubic anisotropy into
another, the GaMnAs film has to be affixed onto the piezo-
electric actuator with an easy axis parallel to the main ex-
pansion direction of the actuator [Fig. 1(a)]>% In this way,
starting from a GaMnAs film magnetized along the main
expansion direction, the application of a positive voltage will
lead to tensile strain and thus induce a uniaxial magnetoelas-
tic contribution with a magnetic hard axis along the expan-
sion direction [Fig. 1(c)]. Thereby, the magnetization can be
switched by 90° into the direction of the new global mini-
mum in free energy surface [Figs. 1(d) and 2(a)]. We note
that two equivalent global minima are present at [010] and

[010]. In order to lift this degeneracy, e.g., a small external
magnetic field should be applied in experiment. (i) In con-
trast, to be able to continuously and reversibly rotate magne-
tization within the film plane, we here will affix the GaMnAs
film onto the piezo actor with the orientation of the [110]
sample edge parallel to the main expansion direction (Fig. 3).
The difference between these two approaches can be visual-
ized via cuts through the free energy surface within the film
plane (Fig. 2). While in the alignment (i) [Fig. 2(a)] the
relative strength of the magnetic easy axes is changed, the
alignment (ii) [Fig. 2(b)] allows a rotation and thus a change
of the relative orientation of the magnetic easy axes.
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FIG. 3. (Color online) Illustration of the relative alignment of
the Hall bar, the GaMnAs thin film, and the main expansion direc-
tion of the piezoelectric actuator. h=H/H, m=M/M, j, and t de-
note the unit vectors along the orientation of the magnetic field H,
the magnetization M, the current density j, and the direction trans-
verse to the current, respectively.

III. EXPERIMENT

The 30-nm-thick Ga;_ ,Mn,As film with a Mn concentra-
tion x=0.045 investigated here was grown on a (001)-
oriented GaAs substrate by low-temperature molecular-beam
epitaxy (LT-MBE).>* The sample exhibits a Curie tempera-
ture T-=85 K determined from superconducting quantum
interference device (SQUID) magnetometry. Via optical li-
thography and wet chemical etching, we patterned the film
into Hall bars with the current direction j along the [110]
crystal axis. After the etching process the GaAs substrate was
mechanically polished to a thickness of about 100 um. The
sample then was cemented onto a lead zirconate titanate
(PZT) piezoelectric actuator “PSt 150/2X3/5a” (Piezo-
mechanik Miinchen) using the two-component epoxy “M-
Bond 600 (Vishay Inc.) annealed for 2 h at 120 °C in air.
As shown in Fig. 3 the main piezoelectric actuator expansion
direction is aligned parallel to the GaAs [110] direction.

We extracted the magnetic anisotropy from magnetotrans-
port experiments carried out in a superconducting magnet
cryostat. The sample was mounted on a rotatable sample
stage that allows rotation around one axis, in such a way
that the applied magnetic field always lay within the film
plane, and that the angle « enclosed by the magnetic field
orientation h and the current density j could be adjusted
within —140° < a<<140°, as illustrated in Fig. 3. Using a dc
current density of j=4.4X10° A cm™ the resistivities pjong
along j and p,,, perpendicular to j were recorded via four-
point measurements. We studied the magnetic properties of
the sample using conventional magnetoresistance traces
{Prong(0H) , Pyrans(oH)} at a fixed magnetic field orientation
a, as well as via angle-dependent magnetoresistance
(ADMR) measurements {pjone(@), pyans(@)} at a fixed exter-
nal magnetic field strength.

IV. MEASUREMENT OF PIEZO-INDUCED STRAIN

Application of a positive piezo voltage results in a lattice
elongation €;; along j and a lattice contraction €, along
t perpendicular to j (cf. Fig. 3). To determine the tem-
perature dependence of the piezo-induced lattice distortions
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FIG. 4. (Color online) (a) Longitudinal (e;;, black full symbols)
and transverse (€, red open symbols) lattice distortions for piezo
voltage sweeps at 5 K (squares) and 50 K (circles) determined via
strain gauges. The data show three full voltage cycles. To allow for
comparison, we plot €;(V,)—€;(+200 V), i e {j,}. (b) Temperature
dependence of the piezo-induced lattice distortions Ae;=¢€;(V,=
+200 V)-¢€;(V,=-200 V), ie{j,t}, determined from the third
voltage cycle.

€(V,), i €{j,t}, we used strain gauges. Figure 4(a) depicts
the measured longitudinal (e;;) and transverse (¢,,) lattice dis-
tortions for piezo voltage sweeps at 5 K and 50 K. For in-
creasing temperature we observe an increase in both the total
lattice distortions Ag;=¢;(V,=+200 V)-¢;(V,=-200 V),
i e{j,1} [Fig. 4(b)] and the hysteresis exhibited by the piezo-
electric actuator [Fig. 4(a)]. This piezo voltage-induced
strain causes an additional magnetoelastic contribution
Frnagel(V,) | M =By 1o(V,,)cos* B to the magnetic anisotropy as
derived in the Appendix. Positive (negative) piezo voltage
thus results in an additional uniaxial magnetic anisotropy
with a magnetic hard (easy) axis along j direction.

V. DETERMINATION OF MAGNETIC ANISOTROPY
FROM MAGNETOTRANSPORT

We now describe the determination of the magnetic aniso-
tropy from magnetotransport measurements, in which the ex-
ternal magnetic field H is rotated at different field strengths
within the film plane, as introduced above. Due to the domi-
nating uniaxial anisotropy in growth direction caused by ep-
itaxial strain, the magnetization in our film, in good approxi-
mation, is aligned within the film plane. Therefore, the
longitudinal and the transverse resistivities

Plong = Po + Pl(j ’ m)2 + P3(j ’ m)4
=PoTt P1 cos® B+ P3 cos* B, (2)

P = (- m)G - m) = 2y sin(2) 3)

are determined by the angle (3 between the in-plane orienta-
tion of the magnetization m and the current direction j. The
orientation t denotes the in-plane direction perpendicular to j
(Fig. 3). These expressions can be derived from a series ex-
pansion of the resistivity tensor in powers of the magnetiza-
tion components m;.3>* Following Limmer et al.>>>* the re-
sistivity parameters py, p;, p3, and p; can be deduced from
magnetotransport measurements in which a constant large
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FIG. 5. (Color online) Schematic illustration of ADMR accord-
ing to Egs. (2) and (3). In all panels, the same p,, p;>0 and p,
p3<0 have been used. The black dashed curves correspond to
{P1ong(@), puans(@)} curves for a large magnetic field H rotated
within the film plane, so that the magnetization is aligned in field
direction, i.e., 8= ca. For small magnetic fields H, the magnetization
tends to remain oriented close to a magnetic easy axis (e.a., green
straight lines) and pjong and pyns therefore tend to remain constant
over a broad range of external magnetic field orientations nearby a
magnetic easy axis, resulting in {pjone(@) , pyrans(@)} given by the red
full curves. (a), (b) represent the case of a cubic magnetic aniso-
tropy in the film plane, while in (c), (d) [(e), (f)] an in-plane
uniaxial anisotropy with the easy axis along 90° [0°] is present.
Note that this figure shows the relevant ADMR features, which will
be observed as a function of temperature in Figs. 6 and 11.

external magnetic field H is rotated in the film plane. In good
approximation, the magnetization in this case can be as-
sumed to be oriented along the magnetic field direction, i.e.,
B=a in Eq. (2) and (3), where « denotes the angle between
the magnetic-field orientation h and the current direction j.
Equations (2) and (3) then yield the black dashed curves for
{P1ong(@) , Prans(@)} in Fig. 5. Note that angles are defined in
the mathematically positive sense (counterclockwise) in Fig.
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FIG. 6. (Color online) (a) Longitudinal resistivity pjon,() and
(b) transverse resistivity py.ns(@) for a constant external magnetic
field upH=60 mT and I T rotated within the film plane for V,
=0 V. The black circles represent the experimental data, the yellow
dashed curves the result of the corresponding simulation using the
parameter values given in Fig. 7.

3 and are plotted clockwise in the following. Thus +90° cor-

responds to the [110] direction and not [110] as given in Ref.
50. In contrast, for measurements at smaller external mag-
netic fields, the orientation of magnetization—and also pj,,,
and py,,—to an increasing extent will be influenced by the
magnetic anisotropy. Therefore, at small magnetic fields the
magnetization will tend to remain oriented close to a mag-
netic easy axis (e.a., depicted as green straight lines in Fig.
5)—and pjyp and pyans Will tend to remain constant—over a
broad range of external magnetic-field orientations near to a
magnetic easy axis. Accordingly, abrupt changes in
{P1ong(@) , Pyrans(@)} indicate a nearby magnetic hard axis, as
shown by the red full curves in Fig. 5. This is true for both a
dominant in-plane cubic magnetic anisotropy [as is the case
for GaMnAs at liquid He temperature, Figs. 5(a) and 5(b)],
as well as a dominant in-plane uniaxial magnetic anisotropy
[as is the case at higher T<<T, Figs. 5(c)-5(f)]. Note that a
similar approach to determine the in-plane magnetic aniso-
tropy in GaMnAs has recently been followed by Yamada et
al>’

For the angle-dependent magnetoresistance (ADMR)
measurements, we first aligned the magnetization into a well-
defined initial state in an external magnetic field of wyH
=7 T along a=-140°. Then, we lowered the field to the
measurement field and started the angular scan
{plong(a)’ptrans(a)}- Figure 6 shows {plong(a')’ptrans(a)} mea-
sured at 7=5 K and V,=0 V for rotations within external
magnetic fields uoH of 1 T and 60 mT. Following the dis-
cussion above, the angular dependence at small wyH already
indicates that the in-plane anisotropy is dominated by a cubic
contribution with magnetic easy axes along (100) [compare
Figs. 5(a) and 5(b)]. This is corroborated by the simulation,
where the simulated curves (yellow dashed) are the result of
a procedure in which the resistivity parameters and the an-
isotropy parameters from Eq. (1) are fitted iteratively.>> The
values for pg, p;, p3, and p; and the anisotropy fields thus
obtained are summarized in Fig. 7 below. We note that in this
fit all resistivity parameters except for p, are kept constant
for the different values of the applied magnetic field. The
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FIG. 7. (Color online) Temperature dependence of the aniso-
tropy parameters By,o(V),), Bojo, and B, (a), (b) and the resistivity
parameters pg, py, p3, and py (c), (d) as derived from the iterative
fitting procedure of the ADMR curves at different external magnetic
field strengths. At temperatures 7<7/2~40 K the magnetic an-
isotropy is dominated by the cubic contribution, while at higher
temperatures 7= T/2 the piezo voltage-induced uniaxial magnetic
anisotropy contribution becomes more important. Parameter p, in
(c) was derived from measurements at V,=+200 V and woH
=100 mT, the parameters p;, p3, and p; are found to be indepen-
dent of V,, within error bars.

change in p, with magnetic field strength accounts for the
influence of negative magnetoresistance typically observed
for GaMnAs.”®

VI. TEMPERATURE DEPENDENCE OF THE MAGNETIC
ANISOTROPY AND THE MAGNETOSTRICTIVE
CONSTANT

From the full set of ADMR {pjon(@),pyans(@)} mea-
surements and the corresponding  analyses  for
V,e{+200 V,0 V,-200 V} at different temperatures (cf.
Sec. VIII for T=50 K), we obtain the temperature depen-
dence of the resistivity parameters py, p;, p3, and p; and the
anisotropy parameters By;(V,), Boj, and B, (shown in Fig.
7). Within error bars we did not observe a dependence of py,
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p3, and p; on V. The dependence of the resistivity param-
eters on the external magnetic field has recently been inves-
tigated by Wu et al.>® in the range 0.5 T=<puyH=9 T. For
the magnetic field range uyH=1 T of our ADMR measure-
ments, we also did not observe a magnetic field dependence
of py, p3, and p;, which within error bars is in agreement
with Ref. 59. The piezo voltage dependence of p, at 50 K is
exemplarily shown in Figs. 13(a) and 13(c).

As typically observed for GaMnAs, the magnetic aniso-
tropy at low temperatures (T<T-/2~40 K) is dominated
by the cubic magnetic anisotropy contribution. In this tem-
perature regime the magnetoelastic anisotropy is only about
1/4 of the magnetocrystalline one [Figs. 7(a) and 7(b)]. As
we will discuss in Sec. VII in this regime application of
voltage on the piezoelectric actuator allows shifting the
switching fields in p(ugH) curves. At higher temperatures
(T=T./2) the cubic anisotropy term strongly decreases so
that magnetocrystalline anisotropy is dominated by the
uniaxial contribution. Simultaneously the magnetoelastic an-
isotropy contribution substantially increases due to the in-
crease in the absolute piezo elongation with temperature
(Fig. 4). Thus, in this temperature range the magnetoelastic
term B;o(=200 V) is about a factor of four larger than the
magnetocrystalline one. This enables the substantial piezo
voltage control of magnetization orientation, as will be dis-
cussed in Secs. IX and X.

In the following we use the magnetic anisotropy constants
B, Bo1g, and By, as derived from the analysis of the mag-
netotransport measurements (Fig. 7) and the piezo-induced
lattice distortion (Fig. 4) to derive the magnetostrictive con-
stant Aq;. In contrast to By, this quantity is a property of
the GaMnAs film and not dependent on the particular
method used to apply stress. As detailed in the Appendix, the
magnetostrictive constant \;;;(7) can be calculated from

2AB;,o(T)M(T)
3644[A6jj(T) -Ae,(T)] '

A7) = 4)
using the temperature dependence of the piezo-induced lat-
tice distortions Ae;=¢€;(V,=+200 V)-¢;(V,==200 V), i
S {],t} (Flg 4), of AB]IO(T)=BIIO(T’ V,=+200 V)
-Byo(T,V,==200 V) [Fig. 7(a)], and of the magnetization
M(T) determined via superconducting quantum interference
device (SQUID) magnetometry at a fixed magnetic field
strength of uyH=100 mT. For ¢4, we use the elastic modu-
lus of bulk GaAs. Since it only varies slightly with tempera-
ture, a fixed value of ¢44=59.9 GPa (Ref. 60) is used in all
calculations. The temperature dependence observed is sum-
marized in Fig. 8 and compared to the results of Masmanidis
et al.*” To our knowledge, this is only the second time that
this quantity is measured for GaMnAs. Around 10 K to 20 K
there is good agreement with the values obtained via nano-
electromechanical measurements. Due to the small magneto-
elastic contribution to the magnetic anisotropy at 5 K, we
do not attribute a high significance to our data point at this
low temperature. The deviation at higher temperatures be-
tween our data and Ref. 27 can be accounted for by the
differences in T- between the 80 nm thick Gagg4sMn o50AS
sample in Ref. 27 with T-=57 K and our 30-nm-thick
Ga 955Mng g45As sample with a much higher 7-=85 K.
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FIG. 8. (Color online) Temperature dependence of the magne-
tostrictive constant (full black squares) compared to the values ob-
tained by Masmanidis ef al.(Ref. 27) via a nanoelectromechanical
resonator (open blue squares).

VII. ADMR AND PIEZO STRAIN AT 5 K

At 5 K the influence of piezo-induced strain on the
ADMR scans {pjong(@) , pyrans(@)} discussed in Sec. V is only
marginal. This is due to the small piezo-induced lattice dis-
tortion at 5 K (Fig. 4) and the large cubic anisotropy (Fig. 7)
at this temperature. However, the influence of the magneto-
elastic contribution can be resolved in conventional
{Prong(10H) , Pyrans(oH)} magnetotransport measurements.

Figure 9 shows the {pione(t0H) , Pyrans(oH)} downsweep
curves measured at 5 K for the external magnetic field H
aligned at «=350°. The evolution of the downsweep curve
for V,=0 V from positive to negative magnetic fields can be
understood as follows (compare the corresponding evolution
of {Piong(@), Pyans(@)} in Fig. 6 at puoH=1 T where B=a is
fulfilled): (A) uoH=+100 mT— -5 mT: rotation of magne-
tization from B=350° —315°, the orientation of the closest
magnetic easy axis. (B) uoH=-5 mT: first switching pro-
cess by AB=90° into a direction close to the magnetic easy
axis at 225°. We refer to the corresponding field as a switch-
ing field in the following. This magnetization switching
process can be limited by either domain nucleation or do-
main wall propagation. While we have no microscopic evi-
dence, the magnetoresistance data—and in particular the de-
pendence of the switching fields on the strain (Fig. 10)—can
be consistently understood in terms of domain nucleation,
as discussed in more detail in the next paragraph. We there-
fore favor this mechanism. In contrast, domain wall propa-
gation would be limited by the presence of pinning centers,
which should not significantly be affected by strain. (C)
MmoH=-5 mT——-40 mT: slight rotation of the magnetiza-
tion (corresponding to a decrease in B) within the minimum
of free energy close to 225°. (D) wyH=-40 mT: second
switching process by AB=90° into a direction close to the
magnetic easy axis at 135°. (E) ugH=-40 mT——-100 mT:
rotation of magnetization from = 135° — 170°, the orien-
tation of the external magnetic field. Note that the change
in {plong(/-LOH)’ptrans(:U’OH)} during each Step [(A) to (E)]
of the downsweep described above is in agreement with
the values expected for the corresponding orientation of
magnetization from the angle-dependent resistivity loops
{Prong(@) . pyans(@)} at high external magnetic field in Fig. 6,
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FIG. 9. (Color online) (a) piong(oH) and (b) pans(toH) curves
measured at 5 K for the external magnetic field H aligned at a
=350°. An explanation of the evolution is given in the text. (c)
Ilustration of the evolution of magnetization orientation during the
external magnetic field sweep.

where B=a is fulfilled. For example, this comparison ex-
plains the fact that the jumps observed in p,,, are much
larger than the ones observed in pjy,,, since for the first
switching process (B) pians jumps from its minimum value at
315° to its maximum value at 225°, while pjo,, exhibits ex-
actly the same values at 315° and 225°. The fact that pn,
nonetheless decreases at (B) for decreasing uoH indicates
that the magnetization does not exactly switch from S
=315° to B=225° but from B=315°-¢, to B=225°-¢,
(€,,6=0°), as depicted in Fig. 9(c).

Figures 10(c) and 10(a) shows the dependence of the first
(B) and the second (D) switching field on V,, for the same
magnetic-field orientation a=350°. For positive (negative)
V, the first switching field shifts to lower (higher) and the
second switching field to higher (lower) absolute values of
the magnetic field. This observation can be explained via a
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FIG. 10. (Color online) (a), (c) Enlarged sections of the
Puans(oH) curves measured at 5 K for the external magnetic field
H aligned at @=350° showing the piezo voltage dependence of the
first (c) and second (a) switching field. (b), (d) For @=260° the
order of switching fields depending on the piezo voltage is inverted.
The arrows indicate the direction of the field sweeps.

slight tilt of the relative orientation of the magnetic easy
axes. A positive V), induces a uniaxial magnetic anisotropy
with a magnetic hard axis along j, leading to a switching
angle <90° for the first and >90° for the second switching
process. The smaller the switching angle, the smaller is the
energy cost for the domain nucleation process, which in turn
is determined by the energy cost for the domain wall forma-
tion around a new magnetic domain nucleus. The latter has
to be accounted for by the energy gain of the magnetization
switching into the energetically more favorable minimum in
free energy. Therefore, a smaller (larger) angle between two
magnetic easy axes leads to a shift of the corresponding
switching field to smaller (larger) absolute values of the
magnetic field, in agreement with experimental observation.
For the external magnetic field aligned along a=350°-90°
=260°, the order of the switching fields is inverted compared
to @=350° [Figs. 10(b) and 10(d)]. This is due to the fact
that the order of the switching angles is inverted, too, cor-
roborating our analysis.

VIII. ADMR AND PIEZO STRAIN AT 50 K

Due to the strong temperature dependence of magnetic
anisotropy in GaMnAs (Secs. I and VI), the magnetic
anisotropy landscape can be adjusted to a regime in
which piezo voltage-induced strain qualitatively alters
magnetic anisotropy.”® This becomes obvious from the
{Prong(@) , Pyrans(@)} ADMR measurements at 50 K (Fig. 11).
For ugH=100 mT, the magnetization orientation is still
predominantly determined by the orientation of the exter-
nal magnetic field «. Therefore, at wuoH=100 mT the
{P1ong(@) . Prans(@)} curves at different piezo voltages only ex-
hibit minor changes. However, for u,H=10 mT, the magne-
tization orientation and thus also the magnetic anisotropy is
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FIG. 11. (Color online) Longitudinal resistivity pjone(c) and
transverse resistivity puans(@) at 50 K for a constant external mag-
netic field rotated within the film plane at different voltages V,
applied to the piezoelectric actuator: (a), (b) V,=+200 V, (c),(d)
V,=0 V, and (e), (f) V,=-200 V. The black and gray symbols
correspond to the ADMR curves obtained at puoH=10 mT and
poH=100 mT, respectively. The yellow (uoH=10 mT) and red
(upH=100 mT) dashed curves are obtained from the iterative fit-
ting procedure of the ADMR curves at different external magnetic
field strengths using the parameter values given in Fig. 7.

strongly influenced by the piezo-induced strain, which can be
deduced from the qualitatively different behavior of
{P1ong(@) , prans (@)} at different piezo voltages. As shown in
Figs. 11(a) and 11(b) for an external magnetic field of 10 mT
at V,=+200 V, piyp; and py,ps €xhibit abrupt changes for an
angle of the magnetic field @~ 0° between h and j, indicat-
ing a nearby magnetic hard axis. The smooth changes in
resistivity around a=90° indicate a nearby magnetic easy
axis [compare Figs. 5(c) and 5(d)]. In contrast, the curvature
for V,=-200 V [Figs. 11(e) and 11(f)] evolves approxi-
mately vice versa, indicating a rotation of the magnetic easy

045203-8



Ga;_,Mn,As/PIEZOELECTRIC ACTUATOR...
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180°

FIG. 12. (Color online) Free energy normalized to the saturation
magnetization F/M() as a function of magnetization orientation 3
for an external magnetic field uoH=10 mT applied along a=
—25° taking into account the magnetic anisotropy parameters de-
rived from the ADMR at different magnetic field strengths at 50 K
depicted in Fig. 11. The magnetization orientation is expected to
change by AB=76° when the piezo voltage V,, is varied between
+200 V and -200 V.

axis by almost 90° [compare Figs. 5(e) and 5(f)]. In a more
thorough analysis the anisotropy parameters are determined
independently for each piezo voltage via the iterative fitting
procedure of the ADMR curves at different external mag-
netic field strengths, as already described above for the mea-
surements at 5 K (Sec. V). In this way we are able to quan-
titatively determine the piezo voltage-induced change in the
free energy surface at 7=50 K. This analysis yields a rota-
tion of the magnetic easy axis by about 70°.

IX. REVERSIBLE PIEZO VOLTAGE CONTROL OF
MAGNETIZATION ORIENTATION

As discussed in the preceding section we are able to rotate
the orientation of the magnetic easy axis by about 70° via
the application of different piezo voltages at 50 K. However,
since at zero external magnetic field the magnetization can
decay into magnetic domains aligned either parallel or anti-
parallel to the magnetic easy axis, a piezo voltage control of
magnetization orientation is not granted. To prevent this is-
sue of domain formation, we apply a small external magnetic
field fixed at a=-25°, which lifts the degeneracy between
antiparallel and parallel alignments of m relative to the mag-
netic easy axis. In this way only one global free energy mini-
mum prevails, which is oriented along B=-80° for V,=
+200 V and along B=-5° for V,=-200 V for wuoH
=10 mT (Fig. 12).

We now take advantage of the direct correspondence be-
tween {pjong. Prrans/ and the magnetization orientation to in-
situ monitor the evolution of magnetization orientation as a
function of V,. A measurement of pe(V),) and pygns(V),)
allows to recalculate the corresponding magnetization orien-
tation B(V,) via inversion of Egs. (2) and (3). For details
regarding the inversion we refer to Ref. 50. Since the data
obtained for uyH=10 mT applied along a=-25° have al-
ready been discussed in detail in Ref. 50, in the following we
will focus on the changes observed for different external
magnetic field strengths. Figures 13(a) and 13(b) [(c), (d)]
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FIG. 13. (Color online) Evolution of (a) pjone(V,) and (b)
Prans(V) as a function of the variation of the piezo voltage V,
between +200 V and —200 V for uyH=10 mT applied along a=
—25° at 50 K. The solid green line in (a) displays the elongation
dependence of the resistivity parameter pg in pjoq, [compare Eq. (2)]
as derived from the corresponding ADMR curve, which is sub-
tracted from pjo,, for the magnetization orientation determination.
(¢),(d) Corresponding measurements for uoH=100 mT. In all pan-
els the orange open circles at Vp=—200 V, 0V, and +200 V dis-
play the resistivity values obtained from the ADMR measurements
at a=-25° (cf. Fig. 11), demonstrating the good reproducibility.

show pione(V,) and pyans(V),) at T=50 K for a constant field
moH=10 mT [uoH=100 mT] applied along a=-25°. The
data consist of three full voltage cycles (V,=+200 V—
—200 V—+200 V) in 5-V steps, evidencing the good re-
producibility of the measurement. The hysteresis is due to
the hysteretic expansion/contraction of the piezoelectric ac-
tuator with V, [Fig. 4(a)].

Figure 14 shows the magnetization orientation B(V,) as a
function of piezo voltage V,, at 50 K obtained from the pjyn,
data (black open squares) and the p.,, data (red full circles)
for different external magnetic field strengths uoH applied
along a=-25°. The abrupt jumps in py,, at V,~-=75 V and
V,~0 V for upH{=10 mT and 20 mT are an artifact of the
arcsine transformation caused by the fact that the minimal
value of pyuns(V,=0 V)=-0.07 mQ cm in Fig. 13(b) is
somewhat larger than the value %p7=—0.1 m{) cm in Eq. (3)
determined from ADMR traces at 50 K (cf. Fig. 7). The
magnetization orientations B(V,) obtained from pjy,, and
Puwans CONsequently are consistent and demonstrate that for
moH=10 mT we indeed are able to continuously and revers-
ibly adjust the magnetization orientation at will within about
70° solely via application of a voltage to the piezoelectric
actuator.’® With increasing magnetic field strength, the Zee-
man contribution in Eq. (1) increasingly dominates over the
magnetoelastic contribution to the free energy. Thus the an-
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FIG. 14. (Color online) The magnetization orientation B as a
function of piezo voltage V), at 50 K for different external magnetic
field strengths poH applied along a=-25° calculated from py,,, via
Eq. (2) (black open squares) and py,ns via Eq. (3) (red full circles).
The good agreement between the 3 values calculated from pj,,, and
Puans COrroborates our analysis and demonstrates that for uyH
=10 mT, the magnetization orientation can be continuously and
reversibly rotated by about AB=~70° solely by varying the piezo
voltage between +200 V and -200 V, as expected from the free
energy contours (Fig. 12). For increasing uH the maximum angle
of rotation is decreased to AB~15° for uyH=100 mT.

gular range within which the magnetization orientation can
be rotated as a function of V), decreases from Aa=70° for
moH=10 mT to Aa=15° for uyH=100 mT.

X. PIEZO VOLTAGE-INDUCED NONVOLATILE
MAGNETIZATION SWITCHING

In this section we show that the piezo voltage-induced
strain not only allows to control the magnetic anisotropy, but
also can be used to induce an irreversible switching of mag-
netization. The solid black curve in Fig. 15(a) shows the
transverse resistivity 100p pyans(oH) at 40 K and V,=
+200 V, with the external magnetic field oriented along «
=335°. As indicated by the black arrows, uoH was swept
from —300 mT to +300 mT and back to =300 mT. The re-
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FIG. 15. (Color online) (a) Transverse resistivity loop

Prans(toH) at 40 K with V,=+200 V and the external magnetic
field oriented along a=335°. The open blue circles describe the
evolution of pyns(uoH) during the measurements sequence A to G
described in the text. The fact that the symmetry axis of the full
Puans(MoH) loop is not at zero magnetic field, we attribute to trapped
flux in the superconducting magnet. (b) Piezo voltage-induced
change in free energy normalized on saturation magnetization
F/M(B) as a function of magnetization orientation B for uoH=
-5 mT. (c) Evolution of py,,s during the piezo voltage sweep from
V,=+200 V (B})—0 V (By)—-200 V (B3)—0 V (By)—
+200 V (Bs).

sistivity jump in the upsweep at uoH= +4 mT is due to a
switching of magnetization orientation between two minima
in the free energy surface. In the free energy diagram for
poH==-=5 mT shown in Fig. 15(b), this would correspond to
a switching from the minimum at 8=~90° into the minimum
at B~250°. The hysteresis of py.n(toH) between up- and
downsweeps is caused by the magnetization residing in one
of these two minima. To induce a switching process of mag-
netization orientation back to 8=~90°, a negative magnetic
field in excess of the coercive field uyH-=—6 mT has to be
applied. As we will show in the following, the additional
degree of freedom offered by the piezoelectric actuator al-
lows inducing a nonreversible magnetization switching al-
ready at external magnetic fields below the coercive field.
Starting from the same magnetic preparation (uoH=
-300 mT, V,=+200 V) the upsweep [blue symbols in Fig.
15(a)] is stopped in a second experiment at wyH=-5 mT
(position denoted B;). Keeping the magnetic field constant at
this value, the piezo voltage is swept from V,=+200 V to
V,=-200 V with the corresponding increase in py,,, shown
in Fig. 15(c) [B{(V,=+200 V)—B,(V,=0 V)—Bs(V,=
—-200 V)]. Sweeping the piezo voltage back to V,=
4200 V, pyans(oH) remains in this high resistance state
[B;5(V,==200 V) — B,(V,=0 V)— Bs(V,=+200 V)]. This
behavior can be understood with the help of the correspond-
ing free energy plots at V, € {+200 V,0 V,-200 V} in Fig.
15(b). These have been derived from ADMR measurements,
as described in Sec. V. The free energy plots indicate that the
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magnetization orientation is rotated from B=90° at V,=
+200 V (By) over B~=135° at V,=0 V (B,) to B~ +200° at
V,==200 V (B;). Sweeping V, back to +200 V, due to the
potential barrier at S~ 180°, the magnetization does not ro-
tate back in the same way, but evolves into the potential
minimum at B= +250° (B;— B,— Bs). Therefore, the
sweep in piezo voltage from V,=+200 V to V,=-200 V
and back to V,=+200 V results in an irreversible magneti-
zation orientation change and the corresponding resistivity
change observed at upH=-5 mT. We note that these experi-
mental results are closely comparable to those reported in
manuscript Ref. 51.

Sweeping uoH from =5 mT to +6 mT (Bs— C) after the
piezo loop cycling of V,, from +200 V to =200 V and back
to +200 V, py.ns decreases and approximately follows the
resistivity curve obtained in the conventional magnetotrans-
port measurement for the opposite sweep direction in this
magnetic field range. The fact that p,,,, does not exactly
coincide with the downsweep curve, we attribute to first in-
dications of multidomain effects, which begin to become im-
portant at these small magnetic fields. In particular, the
downsweep curve depicted as the full line in Fig. 15(a) was
measured after saturating the magnetization at +300 mT, so
that multidomain effects should be less important. As we
sweep uoH back to =5 mT (C— Bs) and up to +2 mT again
(Bs— D), Pians remains on this resistivity branch.

At woH=+2 mT (D) we performed a second irreversible
switching process via cycling the piezo voltage V), again
from +200 V to —200 V and to +200 V. In analogy to the
switching process at —5 mT described above, the magneti-
zation is switched from the minimum at 8=~250° into the
minimum at 3~90° (D —E). Sweeping uyH to +3 mT (F)
after this second irreversible piezo-induced switching and
back to =6 mT (G), py.s as expected follows the corre-
sponding upsweep branch. These experiments clearly dem-
onstrate that the piezo voltage not only allows to control the
magnetic anisotropy and thus the magnetization orientation,
but also to induce an irreversible magnetization switching.

XI. CONCLUSIONS

In summary, we have investigated the magnetic properties
of a piezoelectric actuator/ferromagnet hybrid structure. Ap-
plication of a voltage to the piezoelectric actuator results in
an additional uniaxial magnetoelastic contribution to mag-
netic anisotropy. For the GaMnAs thin film investigated, the
axis of elongation (contraction) corresponds to the magnetic
hard (easy) axis of this uniaxial magnetic anisotropy. We
studied the temperature dependence of the magnetic aniso-
tropy including the magnetoelastic contribution using aniso-
tropic magnetoresistance techniques. The temperature depen-
dence of the derived magnetostrictive constant A;j; is in
agreement with the first A;;; measurements in GaMnAs by
Masmanidis et al.?’’ We explicitly take advantage of the
strong temperature dependence of the magnetic anisotropy of
GaMnAs to access different regimes of the relative strength
of the magnetoelastic and the magnetocrystalline contribu-
tion. At T=5 K the magnetoelastic term constitutes only a
minor contribution compared to the dominating cubic term,
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but we showed that the switching fields of p(uH) loops are
shifted by the application of a piezo voltage also at this tem-
perature. At 50 K—where the magnetoelastic term dominates
magnetic anisotropy—we demonstrated a continuous, fully
reversible control of magnetization orientation by about 70°,
solely via application of voltage to the piezoelectric actuator.
This piezo voltage control of magnetization orientation is
directly transferable to other ferromagnetic/piezoelectric hy-
brid structures opening the way to new innovative multifunc-
tional device concepts, such as all electrically controlled
magnetic memory elements. As an example, the piezo
voltage-induced irreversible magnetization switching dem-
onstrated at 7=40 K constitutes the basic principle of a non-
volatile memory element. Note that depending on the appli-
cation intended, care should be taken to adjust the ratio of
the magnetoelastic and the magnetocrystalline anisotropy
contribution. As exemplarily shown in this paper for a
GaMnAs/piezoelectric actuator hybrid sample, in order to
maximize the angle of reversible magnetization reorienta-
tion, the magnetocrystalline anisotropy contribution should
be as small as possible (as, e.g., in polycrystalline soft ferro-
magnets), while in order to realize a memory device concept
based on irreversible magnetization switching, a finite but
small magnetocrystalline anisotropy should be present.

XII. OUTLOOK

In this paper, we have demonstrated the manipulation of
the magnetization in the plane of a dilute magnetic semicon-
ductor. However, also a manipulation of the magnetization
from in-plane to out-of-plane should be possible. For this,
the magnetic anisotropy landscape has to be changed by re-
ducing the strong uniaxial anisotropy in growth direction
present in Ga;_,Mn,As thin films grown on GaAs. As dis-
cussed in Sec. I, this can be achieved by growing on a lattice
matched Ga,_In,As virtual substrate.**=* In the presence of
a dominantly cubic magnetic anisotropy with only a small
remaining uniaxial anisotropy in growth direction, the appli-
cation of a biaxial tensile strain within the film plane would
thus allow a switching of the magnetization orientation from
in-plane to out-of-plane. Such controllable biaxial in-plane
strain could be realized, e.g., via cementing the GaMnAs
film onto the head side of the piezoelectric actuator. The
controlled application of either uniaxial or biaxial stress
would allow a full three-dimensional control of the magne-
tization orientation.

A possible device concept based on this approach is ex-
emplarily illustrated in Fig. 16, consisting of a GaMnAs
layer, which is strained locally by a piezo- or ferroelectric
actuator. To allow optimal transfer of the stress from the
actuator to the DMS layer, the Ga;_Mn,As thin film should
be made self-supporting by removing an AlAs sacrificial
layer below it via wet-chemical etching. Finally, prestraining
of the DMS can be achieved by the Ga,_jIn,As virtual sub-
strate discussed above or nanopatterning. Of course, since
the magnetic anisotropy in GaMnAs in general is not only
determined by the biaxial strain, but also additional factors
such as hole concentration and temperature,*’ the parameters
for the pretailoring of the magnetic anisotropy landscape will
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FIG. 16. (Color online) Sketch of a spin valve structure based
on strain modulation. The magnetization of the central part of the
Hall bar is manipulated by the actuator positioned above a
Ga,_,Mn,As layer prestrained by a self-supporting Ga,_,In,As vir-
tual substrate. In this particular realization, the Ga,_, In As buffer
with a lattice constant greater than that of the GaMnAs layer leads
to an out-of-plane orientation of the magnetization, which is flipped
in-plane by a biaxial compressive strain induced by the actuator.

have to be chosen with care also in the case of in-plane to
out-of-plane switching, as has been discussed in detail in this
paper for pure in-plane manipulation. To realize efficient
strain transducers, a direct deposition of the actuator material
onto the DMS is required. The fabrication of standard piezo-
or ferroelectrics, such as PZT or BaTiOs, is well established,
but typically requires temperatures in excess of 400 °C.5!62
Therefore, these deposition processes cannot be straightfor-
wardly transferred to GaMnAs films, as this ferromagnetic
semiconductor is grown by LT-MBE at substrate tempera-
tures around 250 °C or below.!! The exposure of GaMnAs to
temperatures above 250 °C results in Mn segregation and
MnAs formation and thus to a destruction of the ferromag-
netic semiconductor. To circumvent this issue, more exotic
fabrication routes, e.g., the realization of PZT or BaTiO; via
hydrothermal methods,®>%* could be viable approaches. Or-
ganic ferroelectrics such as poly(vinylidene fluoride/
trifluoroethylene) or PVDF/TIFE are interesting alternatives,
as they can be spin-coated and polymerized at temperatures
below 200 °C and therefore should be compatible with
GaMnAs 6566
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APPENDIX: MAGNETOELASTIC CONTRIBUTION TO
MAGNETIC ANISOTROPY ENERGY

In this Appendix we discuss the influence of the piezo
voltage-induced strain on the magnetic anisotropy of the
film. As described in Sec. III the (001)-oriented sample is
cemented onto the piezoelectric actuator with the main ex-
pansion direction parallel to the [110] direction of GaAs. In

the {j,t,n} coordinate system with jlI[110], tll[110], and

PHYSICAL REVIEW B 78, 045203 (2008)

nll[001], the strain induced by the piezoelectric actuator in
the GaMnAs film is given by the tensor

e{j,t,n} = O Ett 0 (Al)
0 0 e€

nn

with the diagonal components ¢;; describing the strains along
the coordinate axes. Note that all other components vanish
since in the {j,t,n} coordinate system, no shear strains are
present. To derive the piezo-induced change in magnetic an-
isotropy, we transform € ¢ y into the {x,y,z} coordinate sys-
tem with coordinate axes along (100) using the transforma-
tion matrix

T= \/T \/T (A2)
N -0
2 2
0 0 1
and its inverted matrix
1 1
\/j _ \/j 0
2 2
(A3)

T'= 1 1
\ﬁ\ﬁo
2 2
0 0 1

In this way we obtain the strain tensor in the {x,y,z} coor-
dinate system:

1 1
5(51‘_/"" €) - E(fjj -€) 0

€ =Te; T ' =
{x.y.z} {i.tn} €+ €) O

1 1
- E(Ejj_ €) E(

0 0 €

nn

(A4)

with the strains €., =€, 2( ii+€,) and €..=¢€,, and the shear
strains €,,=€,,= 2( 6”). These are now inserted in the
general expression for the magnetoelastic contribution to the
magnetic anisotropy®’

Fhaeel =By (mz—l>+e,<m2—l>+e,<m2—l)
mage 3 yy y 3 Z Z 3

+ By (€ mmy + €, .mm_ + €,.m_m,) (AS)

with m; denoting the direction cosines of magnetization ori-
entation with respect to the cubic axes, the magnetoelastic
coupling constants B;, and €;; describing the strains in the
{X,y,z} coordinate system. The magnetoelastic coupling
constants B; can be substituted with the magnetostrictive
constants Ajyy and A;;; using the relations B,:%)\loo(clz
—cyy) and By=—3\;;cq4 with the elastic moduli ¢;;.

Since €, = €y m§+m§=1, and magnetization is oriented
in the film plane (m.=0), the first term in Eq. (AS5) exhibits
no anisotropy and therefore in the following is omitted. Fur-
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thermore, using mxmyzcos(,8+45°)cos(,8—45°):cosz(ﬂ)—%
and again omitting the isotropic part we obtain

3N(11Caul€i— €
Fonagel/M = L“2“](”L;”)cos2 B=Bgn’. (A6)

PHYSICAL REVIEW B 78, 045203 (2008)

This expression constitutes a uniaxial magnetic anisotropy
contribution along [110] with the direction cosine of magne-
tization orientation relative to the j axis m; and the corre-
sponding uniaxial anisotropy parameter Bjjo=3\;jjc44(€;;
—€,)/2M and is used as the third term in the total free energy
in Eq. (1).
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