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Two (Ga,Mn)As samples having di�erent magnetic anisotropy (one with in-plane easy axis and another one
with out-of-plane easy axis) were studied by means of magnetotransport experiments. Anisotropy �eld BA was
determined for both samples as a function of temperature. For the sample having in-plane easy axis, an inversion
of the direction of planar Hall e�ect hysteresis was observed upon increase of temperature. This result was
simulated using the Stoner�Wohlfarth model.

PACS: 75.50.Pp, 75.47.−m

1. Introduction

(Ga,Mn)As is a diluted magnetic semiconductor, which
has been considered for many years as a very promising
material for possible applications in electronic devices.
However, the Curie temperature achieved so far (191 K)
is still too low for a real application of this material.
This important problem can only be solved when a better
understanding of the physical phenomena governing the
magnetic properties of (Ga,Mn)As is achieved.

Direction of the magnetization easy axis can be turned
by the change of the hole concentration, temperature or
strain ([1] and references therein). Our motivation was to
study magnetic anisotropy of strained (Ga,Mn)As sam-
ples with di�erent strain as a function of temperature.
Examining samples with di�erent strain but grown in
the same MBE process allows to exclude an in�uence of
another factors.

In�uence of epitaxial strain on magnetic anisotropy in
two Ga0.94Mn0.06As layers (named sample 1 and sam-
ple 2) of d = 50 nm thickness was studied. Both sam-
ples were grown simultaneously in the same MBE process
on [001] GaAs substrate. However, sample 2 contained
Ga0.88In0.12As bu�er layer, which provided tensile strain.
Lattice mismatch calculated basing on Vegard's law [2]
was equal to ε = −0.3% and ε = +0.6% for sample 1
and 2, respectively.

Fig. 1. Magnetization M as a function of temperature.
Data for sample 2 was published in [5] as sample A963.

The Curie temperature determined from magnetiza-
tion measurements by means of SQUID magnetometer
was T 1

C ≈ 50 K for sample 1 and T 2
C ≈ 80 K for sample 2

(see Fig. 1).
The Hall e�ect was measured as a function of tempera-

ture and magnetic �eld. Current �ow was nearly parallel
to [1�10] and [110] directions for samples 1 and 2, respec-
tively.

2. Anisotropy � model

In diluted magnetic semiconductors Hall resistance
RXY (ratio of the Hall voltage UH to the current I) de-
pends on magnetization and is given by the following
formula [3]:

RXY = R0B cosϑB +RAHEM cosϑ

+RPHE sin2 ϑ sin 2φ, (1)

where R0, RAHE, RPHE stand for normal, anomalous and
planar part of the Hall resistance, respectively (depen-
dent on sample temperature), ϑ is an angle between mag-
netization M and [001] axis, and φ in an angle between
I and the projection of M on a sample plane.
Since RXY depends on magnetization direction, the

Hall e�ect measurement is a useful tool to study magnetic
anisotropy.
In the case of absence of external magnetic �eld B,

magnetization M is directed along an easy-axis. Appli-
cation of magnetic �eld parallel to a hard axis forces mag-
netization to align parallel to B. The value of magnetic
�eld BA su�cient to align M with a hard-axis is a reli-
able parameter of magnetic anisotropy called anisotropy
�eld.
In the case of in-plane easy axis external magnetic

�eld should be put perpendicularly to the sample sur-
face (along z-axis). Projection of M along z-axis is then
a linear function of external magnetic �eld B until BA is
reached

MZ(B) =

{
MB/BA for |B| ≤ BA,

M for |B| > BA.
(2)

Taking into account Eqs. (1) and (2) and assuming that
the planar term is negligible one can get
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RXY (B) =

{
RAHEMB/BA +R0B for |B| ≤ BA,

RAHEM +R0B for |B| > BA.

(3)

In the case of out-of-plane anisotropy and external
magnetic �eld parallel to the sample surface, the main
term in Eq. (1) is an anomalous Hall term. RXY is
then proportional to the projection of M along z-axis:
RXY ∼ MZ . When B = 0, RXY signal achieves maxi-
mum value (ϑB = 0):

RXY (B = 0) ≈ RAHEM cosϑ = RAHEM.

For strong magnetic �eld B, ϑB = 90◦ and thus
RXY = 0.
The shape of RXY as a function on magnetic �eld can

be simulated by one-domain Stoner�Wohlfarth model [4]
assuming magnetostatic energy of a magnetic domain in
a simple form E = K sin2 ϑ, where K is the anisotropy
constant.

3. Experiment and discussion

Figure 2 presents the results of RXY measurements
performed for sample 2 as a function of temperature for
various magnetic �elds (B∥001). From this data one can
easily determine RXY as a function of magnetic �eld (in-
set in Fig. 2). Shape of RXY (B) function shows that
sample 2 exhibits an in-plane easy axis (compare with the
hysteresis loops published in [5] for sample A963, which
is the same sample). Anisotropy �eld BA as a function
of temperature was determined from experimental data
using Eq. (3). We found that for temperatures close to
the Curie temperature, T ≈ Tc, the model considered
above (Eq. (3)) did not describe correctly the experimen-
tal data.

Fig. 2. Hall resistance RXY measured as a function
of temperature for various values of magnetic �eld B
for sample 2. For each temperature one can determine
RXY as a function of magnetic �eld (inset) and thus an
anisotropy parameter BA.

Figure 3 presents the results of RXY measurements
performed for sample 1 as a function of magnetic �eld
(B∥110) for various temperatures. RXY (B) hysteresis
loops show that sample 1 exhibits an out-of-plane easy

axis. The observed magnetization jumps are related to
small �eld misalignment out of a sample surface. Exper-
imental data was analyzed in the frame of the Stoner�
Wohlfarth model (anisotropy E = K sin2 ϑ). Results
of the �tting are shown in Fig. 3 (right), where solid
thin line was obtained using three �tting parameters: K,
RAHEM and α (α is an angle between magnetic �eld and
sample surface). Solid thick line was calculated for the
same K and RAHEM as for the thin one but that time
the angle α was put α = 0. The above method allowed
us to determine BA = 2K for each temperature. The
values of BA obtained for both samples as a function of
temperature are shown in Fig. 4.

Fig. 3. (a) Hall resistance RXY measured as a function
of magnetic �eld B for various temperatures for sam-
ple 1 (B in plane of the layer). (b) Data for T = 35 K
(points) with �tted curves (see text).

Fig. 4. Anisotropy �eld BA � external magnetic �eld
su�cient to align magnetization along hard axis deter-
mined for both samples.

One should notice that the simple procedure of deter-
mining the anisotropy �eld BA, considered above, is not
reliable for sample 1 for T ≈ Tc (amplitude of hysteresis
is very small) as well as for the lowest measured tempera-
ture due to the change in the hysteresis shape. Therefore
for these temperatures anisotropy �eld BA was not de-
termined.
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4. In-plane anisotropy

In the case of in-plane easy axis (sample 2) and in-
-plane external magnetic �eld, B⊥[001] magnetization
also stays in-plane, but an angle φ between magnetiza-
tion and [1�10] direction changes.
In such a case, magnetostatic energy is then given by

the formula [4]:

E(ϑ) ∝
[
B1

4
sin2 2(φ+ 45◦)−B2 sin

2 φ

−B3 sin
2(φ+ 45◦)−B cosϑB

]
, (4)

where B1 is uniaxial and B2, B3 are biaxial anisotropy
constants connected with crystalographic directions
[100], [−110] and [010], respectively. B1, B2, B3 depend
on temperature.
Magnetization direction (φ) minimizes Eq. (4) and

thus the value of RXY depends on the magnetization di-
rection (planar term in Eq. (1)). Magnetization direction
(and RXY ) varies (sometimes rapidly) under in�uence
of magnetic �eld. Since magnetostatic energy has more
than one energetic minima, hysteresis loop in RXY (B) is
observed.

Fig. 5. Hall resistance RXY measured as a function of
magnetic �eld at various temperatures for samples 2.
Change in loop direction was modeled theoretically
assuming ratio of anisotropy parameters B3:B2:B1 as
125:50:0 and 125:50:1 for parts (b) and (d).

The shape of hysteresis loop depends on: B1, B2, B3,
φc (an angle between [110] and the current), φB (an angle
between [110] and magnetic �eld B). Typical hysteresis
measured at 20.5 K and 50 K for sample 2 are presented
in Fig. 5a,c. One should notice that the shape of hystere-
sis and even hysteresis direction varies with decreasing

temperature. To explain this behavior numerical simu-
lation has been performed using the Stoner�Wohlfarth
model (minimizing Eq. (4)). We have found sets of pa-
rameters, which reproduce quite well turning of hystere-
sis direction with temperature. The angles φc and φB

cannot change during experiment. Figure 5b presents
simulations for φc = 5.9◦, φB = 89.5◦ and the ratio of
B1:B2:B3 equal to 125:50:0, while Fig. 5d presents sim-
ulations for the same values of φc and φB but the ratio
of B1:B2:B3 being 125:50:1 (B3 ̸= 0). One can see that
both simulated hystereses have opposite directions.
Our results show that the parameterB3, which is some-

times assumed to be negligible [6], is important in this
case. It should be noticed that even small changes of B3

could lead to pronounced changes in the shape of hys-
teresis loops and one needs to care about discrete rep-
resentation of the angle φ in computational simulations
and numerical artifacts.

5. Summary

We have studied two samples grown in the same MBE
process, which revealed di�erent magnetic anisotropy;
in-plane easy axis and out-of-plane easy axis for sam-
ple with and without GaInAs bu�er layer, respectively.
From magnetotransport experiments, for both samples
we have determined the anisotropy �eld BA as a func-
tion of temperature. For the sample having in-plane easy
axis we have analyzed the shape of hysteresis loops of
RXY (B). We have found that often neglected parameter
B3 is in this case important for reproducing our experi-
mental data.
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