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We have studied the effect of stress on the magnetic properties of ferromagnetic (Ga,Mn)As diluted

magnetic semiconductor. We show that the magnetization of a thin ferromagnetic (Ga,Mn)As layer can

be manipulated by uniaxial stress applied in its plane. The effect of stress manifests itself in spin

depolarization of holes and stabilizing the easy axis in the direction of the applied stress. The developed

bound hole) wave functions, well describes the observed photoluminescence polarization properties in

a magnetic field.

& 2012 Elsevier Ltd. All rights reserved.
1. Introduction

The progress in today’s semiconductor electronics originates
from the possibility of tailoring the electrical and optical proper-
ties. During the last decade intense efforts were made to extend
the functionality of semiconductors by making them also mag-
netic. This possibility was opened up by the discovery of ferro-
magnetism in the (Ga,Mn)As diluted magnetic semiconductor [1]
(DMS). One of the key properties of ferromagnetic (Ga,Mn)As is its
magnetic anisotropy, which may be used for the recording of
information similar to traditional ferromagnetic materials. So far,
a great deal of experimental evidence has been accumulated in
manipulating the magnetic properties of (Ga,Mn)As by applying
an electric field and varying the doping level [2–8]. Recently, it
was demonstrated that the magnetization of a thin ferromagnetic
(Ga,Mn)As layer can be modulated by picosecond acoustic pulses
[9,10]. In general, the magnetic anisotropy of (Ga,Mn)As films is
largely controlled by epitaxial strains [11,12], with tensile and
compressive strains inducing in-plane and out-of plane orienta-
tion of the magnetic moment, respectively. The strain effects in
(Ga,Mn)As have hence been controlled so far by lattice-parameter
tailoring during growth [13,14] as well as through post-growth
lithographic patterning [15–17]. In this letter we present a direct
study of uniaxial stress effects on the magnetic anisotropy of
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(Ga,Mn)As layers as well as on the spin polarization of ferromag-
netism mediating holes. The effect has been studied by means of
polarized hot electron photoluminescence (HPL) which is sensi-
tive to the magnetic field as well as to the applied stress. Our
study of the HPL polarization demonstrates that in plane stress
increases the constant of the uniaxial magnetic anisotropy and
leads to a decrease of the hole spin polarization. The latter effect
is explained by a stress induced wave function mixing of the
ground state of Mn acceptor-bound holes or holes located in the
impurity band. The increase of the uniaxial anisotropy energy
with stress is explained by an analysis of the potential energy
of magnetization in the concurrent presence of magnetic and
stress fields.
2. Experimental

The 600 and 800-nm-thick (Ga,Mn)As films for this study were
grown at 250 1C by molecular beam epitaxy on semi-insulating
GaAs ð001Þ substrates covered with 100-nm GaAs buffer layers.
The ferromagnetic (FM) samples studied here have a Mn content
of x¼0.043 (sample A) and x¼0.06 (sample B). In addition, a
Mn-doped 1000-nm-thick GaAs film with x� 10�5 grown at
540 1C was used as reference sample (R). The laser power density
focused on the sample was varied in the range from 100 to
200 W cm�2. The photoluminescence (PL) spectra were dispersed
by a Jobin–Yvon U-1000 monochromator equipped with a cooled
GaAs photomultiplier. Uniaxial stress was applied in the plane of
the epilayer along /110S and perpendicular to the external
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magnetic field. The HPL circular polarization was measured
at sample temperatures of T¼2 K in the backscattering geometry
using a photoelastic modulator (see [18,19] for details).
The degree of circular polarization was defined by the common
expression rc ¼ ðIþ�I�Þ=ðIþ þ I�Þ, where Iþ and I� are the inten-
sities polarized like the exciting light or opposite to it,
respectively.
3. Results and discussion

To study the effect of stress on the magnetic properties of
(Ga,Mn)As by means of HPL, whose polarization properties are
sensitive to the magnetic and stress fields, was demonstrated in
[20]. Fig. 1a shows the HPL spectra of the FM and R samples. The
HPL spectrum of the R sample at low temperatures (see spectrum
in Fig. 1a for T¼4 K) is due to the recombination of hot electrons
with holes bound to single Mn-acceptors as illustrated schema-
tically in Fig. 1b. It spreads from the point of electron generation
in the conduction (c) band (marked as 0LO) on the high-energy
side of the spectra to the bottom of the conduction band.
Recombination of equilibrium electrons with holes bound to Mn
acceptors contribute to the strong band gap PL peak at 1.41 eV. In
the FM sample, on the other hand, the hot electrons rather
recombine with holes located in the impurity band. Therefore
the HPL high-energy cutoff is blueshifted [18]. In contrast to the
doped reference sample, the LT grown DMS samples does not
demonstrate any band gap PL [19]. Therefore, the measurements
of the PL polarization in a magnetic field have been made in the
arbitrary spectral point of HPL marked by arrow in Fig. 1a.
Fig. 1. (Color online) (a) PL and HPL spectra of reference (R) and FM DMS samples (A

sample. (b) Scheme of HPL spectroscopy for acceptor bound (right) and impurity-band (

values. (d) Polarization curves measured on FM DMS sample (A) for three different str
The magnetic field dependence of the circular polarization of
the HPL obtained from the FM GaMnAs DMS sample is shown in
Fig. 1d and from the paramagnetic sample R sample in Fig. 1c,
both under unpolarized excitation. In the stress free state, the
magnetic field dependence in the FM sample is identical to that
observed in Refs. [18,19] i.e. it saturates at rc � 0:2 in Bs¼0.2 T.
The saturating magnetic field in the FM sample is determined as
the point where the linear magnetic field dependence of polariza-
tion crosses with the observed polarization plateau. When we
increase the applied stress, the level of the polarization plateau
decreases, while the saturating magnetic field increases. In Fig. 2
we plot the dependence of the saturating magnetic field on the
applied stress. In the stress free paramagnetic R sample the
polarization curve measured on the band gap PL peak saturates
at 0.7 in agreement with theoretical prediction [20]. The PL
polarization in the saturating magnetic field decreases with stress
increase similar to the FM sample. In Ref. [20] it was shown that
the PL as well as the HPL polarization curve related to Mn
acceptors in GaAs is very sensitive to stress. To separate the
effect of stress on the PL polarization properties (i.e. optical
selection rules) and magnetocrystalline ones in the FM sample
we start with the analysis of PL selection rules for a single Mn
acceptor undergoing magnetic and stress fields.

In contrast to the nonmagnetic acceptors, the ground state of
the Mn acceptor in GaAs is strongly modified by exchange
interaction between 3d5 electrons with total spin S¼ 5=2 and
valence band holes with J¼ 3=2 [21,20]. The Hamiltonian of this
interaction can be written as

Ĥ ¼�AðĴ Ŝ Þ ð1Þ
). Arrow indicates spectral point where polarization curves were measured in FM

left) holes. (c) Polarization curves measured on (R) sample for three different stress

ess values.



Fig. 2. (Color online) The dependence of ðBsÞ
2=3 on applied stress for ferromagnetic

samples (A) (circles) and (B) (triangles). Dashed and solid lines are fits by

Eqs. (6) and (7) respectively.
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where A represents an exchange integral. It was demonstrated in
[20–23] that the ground state F ¼ 1ðF ¼ Sþ JÞ is obtained via
antiferromagnetic exchange interaction of the hole with 3d5

electrons of Mn (i.e., Ao0 in (1)). It is known that the PL circular
polarization in a magnetic field in the low temperature limit
assumes þ1(�1) for nonmagnetic shallow acceptors in GaAs. On
the other hand, for Mn acceptors the circular polarization saturates
at � 5

7 ðþ
5
7Þ due to antiferromagnetic exchange. In the ground state

the total angular momentum of Mn acceptors (3d5
þh state) equals

F¼1, while the first excited state is shifted by 4.4 meV [23] to
higher energies. In the low temperature limit (T � 2 K) the Mn
acceptor properties in a magnetic and stress field can then be
described by the following effective Hamiltonian [24]:

ĤB,P ¼

�
q
2 þw 0 �ig
0 q 0

ig 0 �
q
2�w

0
B@

1
CA

q¼
bP

10ðC11�C12Þ
, g¼

ffiffiffi
3
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40C44
, w¼ mBg1B ð2Þ

where b, d are deformational potentials of the center, C11,C12,C44

are components of the compliance tensor, and g1 ¼
7
4 gdþ

3
4 gh

(where gd and gh are g factors of Mn 3d5 electrons and valance
band holes respectively) is the g factor of the ground state F¼1. We
assume in Eq. (2) that the uniaxial stress is applied in /110S
direction while a magnetic field coincides with the /001S axis.
Using the selection rules for optical G6�G8 excitation, the PL
circular polarization can be expressed for recombination of equili-
brium (k� 0) electrons with Mn acceptor bound holes as follows:

r¼
5

1�d2
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ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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w2þg2

p ð3Þ

Eq. (3) was obtained with the assumption that the equilibrium
electrons are not polarized in a magnetic field because kT4mBgeB.
Examination of (3) in the high magnetic field limit shows that the
circular polarization value rs decreases with increasing stress in
the doped sample (see Fig. 1c). This effect is related to wave
function mixing of the Mn2þ

þh state in the stressed sample.
Meanwhile the excited states (FZ2) do not contribute to the rs at
T � 2 K (i.e. kT5A). The polarization curves presented in Fig. 1c
can be well approximated by (3) with deformational potentials
b¼1.6 eV, d¼2.2 eV. We conjecture that the decrease of b and d

in comparison to that for shallow acceptors or the top of the
valence band is due to strong wave function localization in Mn
acceptors [25].

Next we discuss the effect of stress on the HPL polarization
curves in FM DMS sample when the Mn content exceeds
1020 cm�3 and the interaction between Mn acceptors cannot be
neglected. In the DMS regime the strong wave function overlap of
neighboring Mn acceptors leads to the impurity band formation,
thus holes interact with many Mn2þ ions. In this case the model
of a single Mn acceptor is not valid and we must assume that hole
with J¼ 3=2 experience an effective mean exchange field induced
by the Mn2þ ion ensemble. The finding that the polarization
curve of the FM sample saturates at much lower field Bs � 0:2 T
(see Fig. 1d) in contrast to the single Mn acceptor (Bs � 6 T) means
that in DMS the strong intrinsic exchange field orients the hole
spins in the impurity band. Consequently, the external magnetic
field orients the total magnetization of the ensemble, and the hole
angular momentum J turns out to be oppositely directed to the
intrinsic magnetic fields. To describe the effect of orientation one
has to write the density of free energy related to magnetic
anisotropy of a sample and the magnetic moment orientation of
the system in an applied magnetic and stress field

U ¼M

(
�

C1

2
ðm4

xþm4
yþm4

z ÞþC2m2
z�2C3mxmy

�2g2sxymxmy�g1ðsxxm2
xþsyym2

e Þ�mzBz

)

sxx ¼ syy ¼ sxy �
P

2
ð4Þ

where CiM are energies of anisotropy [26]. In particular, C1M

corresponds to cubic anisotropy, C2M corresponds to anisotropy,
like the ‘‘easy axis’’, while C3M is related to anisotropy in the
plane. gi are magnetoelastic coefficients, mi are direction cosines
which are codirectional with the magnetic moment of the sample,
M is the magnitude of magnetization, sxy is the stress tensor, Bz is
the external magnetic field, being oriented along the ½100� direc-
tion. Since C2M and C3M are due to internal deformations, we can
consider C1MbC2M, C3M, and neglect any contributions, which
are proportional to m4

i and ðmimjÞ
2.

Note, C3M40 means that the magnetization orients along
½110� and C3Mo0 the magnetization is parallel to ½110�. We can
find the equilibrium state of magnetic moment for given values of
uniaxial stress and external magnetic field by solving

@U

@y
¼ 0

@U

@j¼ 0

8>><
>>: ð5Þ

The solution of the system of (5) uniquely defines the minima
of free-energy corresponding to specific orientations of magneti-
zation for given values of sij and Bz. In the absence of external
magnetic field, the magnetization vector lies in the sample plane.
The applied magnetic field continuously drives the magnetization
vector out of the plane. When the angle reaches some critical
value (ys), the magnetization vector abruptly orients along the
external magnetic field. Further increase of a magnetic field
affects neither the polarization nor the angle ys. However, the
magnetic field corresponding to the total magnetization does
depend on P. The external magnetic field Bs corresponding to the
polarization curve saturation can be expressed as

Bs ¼ 8

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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Eqs. (6) and (7) clearly show that Bs increases with stress P

enhancement. The value of Pm is given by

Pm ¼
ð25=3
�1ÞC1þ2ð22=3

�1ÞC2�2C3

g2�ð2
2=3
�1Þg1

ð8Þ

Fig. 2 shows the dependence of Bs on applied uniaxial stress for
ferromagnetic samples A (solid circles) and B (solid triangles).
When stress is applied, the magnetization vector orients along
the axis of the stress and rotates in external magnetic field in the
(P, B) plane. The dependence of Bs(P), presented in Fig. 2, clearly
demonstrates the transition from condition Eq. (6) (dashed line)
to Eq. (7) (solid line), which accompanies the abrupt change of the
curve slope. The kink in the Bs(P) dependence for both A and B
samples determines Pm � 2 kbar. Fits of the data presented in
Fig. 2 by means of Eqs. (6) and (7) yield the following constants of
magnetic anisotropy C1 � 510 Oe cm�3, C2 � 100 Oe cm�3, C3 ¼

�35 Oe cm�3 and of magnetostriction g1 � 90 Oe kbar�1, g2 � 690
Oe kbar�1. Comparison of Eqs. (6) and (7) shows that the change
of the slope in the Bs(P) curve depends on the C2=C1 ratio, which is
determined by the contribution of the uniaxial magnetic aniso-
tropy caused by the stress in the growth direction. For the
structures studied here we estimate this ratio to be 0.2, which
is smaller than that of 0.9 estimated using data from [26]. We
conjecture that the lower contribution of the uniaxial magnetic
anisotropy in our sample is related to its larger thickness
(6002800 nm) in comparison with that (300 nm) studied in [26].

We now analyze the dependence of polarization rs on the
applied stress. As in the case of single Mn acceptors, the effect of
stress on the HPL polarization can be understood by wave
function mixing. In a FM sample the wave functions of holes
localized on different potentials can overlap, thus forming the
band of delocalized states. In this case, a hole experiences the
mean exchange field (Weiss mean field) of all Mn ions. To
calculate the HPL circular polarization, we assume that the hole
wave function of this narrow band can be calculated using the
model of zero radius potential. In this model, the binding energy
(Eloc) is considered as a parameter, while the symmetry of the
hole wave function is considered exactly. The HPL polarization
properties are calculated for the recombination of hot electrons
(wave vector kb

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2mhEloc

p
=_) with G8 holes bound to the Mn

center.
The explicit form of the spin density matrix of hot electrons in

the c band has to include additive terms related to non-zero
angular momentum for electrons with non-zero wave vector [20]

r̂ss0 ¼ dss0 1þ
a
4
�

3

4
a cos2y

� �
ð9Þ

where a is the parameter describing the anisotropy of momentum
distribution, dss0 is Kronecker delta. We assume that the exciting
laser light propagates along z and the orientation of the electron
momentum with respect to z and x-axes is defined by the angles
y, j. The maximal value of the HPL circular polarization for GaAs
(a¼�1) under unpolarized excitation is then given by the
expression

r¼ 153�59n2

177þ131n2
ð10Þ

Here n¼ ð4b2C2
44þd2

ðC11�C12Þ
2
Þ=ð16ðC11�C12Þ

2C44dmBghÞ � P=Beff ,
where Beff is the intrinsic exchange field. However, the saturation
value of HPL observed in the FM sample is much lower than that
in the PM sample at the same uniaxial stress. This difference is
caused by the larger density of Mn ions which leads to stronger
elastic field. This elastic field can be described like random fields,
which mixes hole states with different angular momentum [20].
The effect of random fields on the HPL polarization can be taken
into account by multiplication of r by a factor b. By comparing
the polarization calculated (see (10)) for zero external stress
(r¼ 0:86) with the measured r¼ 0:18 (see Fig. 1d), we estimate
a value of b¼ 0:2. Considering Eq. (10) and the value of the
circular polarization in a saturating magnetic field r¼ 0:11 at
P¼3 kbar (Fig. 1d), the effective field can then be assumed to be
Beff ¼ 15 T (n¼ 0:6 at P¼3 kbar).
4. Conclusions

We have studied the combined effect of external magnetic and
uniaxial stress fields on the magnetic properties of (Ga,Mn)As DMS.
In paramagnetic GaAs:Mn effect of magnetic and stress field man-
ifests itself in spin depolarization of acceptor bound holes due to the
applied stress. In ferromagnetic (Ga,Mn)As DMS, in addition to the
hole spin depolarization, the in-plane uniaxial stress leads to the
orientation of the magnetization vector along the applied stress field
which stabilizes the easy magnetization axis in the plane of the
epilayer. The constants of magnetic anisotropy C1 � 510 Oe cm�3,
C2 � 100 Oe cm�3, C3 ��35 Oe cm�3, and of magnetostriction g�
90 Oe kbar�1, g2 � 690 Oe kbar�1 have been determined. Our find-
ings demonstrate that a control of the magnetization in (Ga,Mn)As
DMS can be realized by appropriate external stress and magnetic
fields.
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