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A series of GaMnAs epilayers grown on GaInAs buffer layers have been investigated. The concentrations of Mn in the GaMnAs layer and In in the GaInAs layer were varied in the series, for which
the tensile strain condition for the GaMnAs layer are systematically changed. The X-ray measurement provided the lattice constants of the layers, from which the stain of the GaMnAs layer
was determined. The magneto-transport data revealed in-plane anisotropy in the GaMnAs sample
grown on a GaInAs buffer with a low concentration of In. Such in-plan magnetic anisotropy of
the GaMnAs layer continuously changed to a vertical magnetic anisotropy when the tensile strain
was increased in the sample grown on the GaInAs buffer with a higher In concentration. This
experiment clearly demonstrated that the magnetic anisotropy of GaMnAs could be continuously
engineered by using the strain introduced by the GaInAs buffer layers.
PACS numbers: 75.50.Pp, 75.70.Ak, 75.60.-d, 75.47.-m
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have different lattice parameters depending on In composition, which provides different strain conditions for the
GaMnAs. We have investigated the effect of strain on the
magnetic anisotropy of the GaMnAs layer by adapting
magneto-transport measurements, such as Hall voltage
and/or magnetoresistance.

I. INTRODUCTION
Recently, GaMnAs ferromagnetic semiconductor have
received a great deal of attention due to the possibility
of “spintronic” device applications [1, 2]. The GaMnAs
exhibits many interesting properties, such as relatively
high Curie temperature (Tc ) and magnetic anisotropy,
which determine the direction of easy magnetization of
the material [3–8]. The ferromagnetism of this material
can be controlled by using electrical carrier injection, optical pumping, and external doping [9–13]. Compared to
the work done on the control of ferromagnetism itself,
less attention has been given on the subject of the magnetic anisotropy of the material. Since the easy magnetization direction of a ferromagnetic material is an important factor for designing real spin device, it would be
valuable to carry out a systematic study on the magnetic
anisotropy of this material.
It is known that the easy magnetization axis of GaMnAs changes from the in-plane direction to the vertical
direction, depending on the strain condition [14]. To address this issue of magnetic anisotropy, we have grown a
series of GaMnAs epilayers on GaInAs buffer layers with
different In concentrations. Since InAs has a larger lattice parameter than GaAs, the ternary alloys GaInAs will
∗ E-mail:

II. EXPERIMENTS
The samples were grown by using molecular beam
epitaxy (MBE) with a Riber 32 R&D MBE machine
equipped with elemental sources of Ga, Mn, In, and
As. The fluxes of Ga and Mn in the chamber were
supplied from standard effusion cells, and the As2 flux
was produced by using a cracker cell. First, we deposited Ga1−x Inx As layers with a thickness of 500 nm on
semi-insulating (001) GaAs substrates at 600 ◦ C. Then
the substrate temperature was lowered to 250 ◦ C, after
which a 10 nm low-temperature (LT) GaAs layer and
a Ga1−x Mnx As layer were grown. Three samples designated as samples A, B, and C were prepared by changing
the concentrations of In in GaInAs buffer and Mn in the
GaMnAs layers. During the growth process, the surface
quality of the samples was monitored by using reflection
high-energy electron diffraction (RHEED). During the
low-temperature growth, the RHEED pattern showed a

slee3@korea.ac.kr; Fax: +82-2-927-3292

-829-

-830-

Journal of the Korean Physical Society, Vol. 50, No. 3, March 2007

Fig. 1. Schematic diagram of the Hall bar patterned on
GaMnAs layer systems. The magnetic field’s direction was
measured from the perpendicular direction of the plane, [001],
toward [1-10]. The direction of the current is [110].

(1 × 1) surface reconstruction for LT-GaAs, and a (2 ×
1) reconstruction for the Ga1−x Mnx As layer.
For the transport measurements, the Hall bar was patterned on the samples by using photolithography and
chemical wet etching. The Hall bar was patterned along
the [110] direction and had the shape of a 1.2 mm long,
0.4 mm wide strip with six terminals for metal contacts.
A schematic diagram of the hall bar is shown in Fig. 1.
Au of 100 nm in thickness was evaporated on those terminals for Ohmic contacts by using electron beam evaporation. Magnetoresistance measurements were used to
investigate the Curie temperature and properties of the
magnetic anisotropy of the systems.

Fig. 2. X-ray spectra taken for the series of samples. All
samples show clear reflection peaks from the GaAs substrate
and the InGaAs buffer. The GaMnAs peak appeared between
the GaAs and the InGaAs peaks and had a relatively weak
intensity.
Table 1. Chemical composition and strain determined by
X-ray measurements.
Sample
A
B
C

Mn in
GaMnAs (%)
4.3
5.2
1.1

Strain e
0.00208
0.00728
0.0114

us to determine the lattice parameters of GaInAs and
GaMnAs for each sample. The concentrations of In in the
GaInAs buffer and of Mn in the GaMnAs layers, respectively, were determined using Vegard’s law. Once the
lattice parameters for the GaInAs buffer and the GaMnAs layers are known, one can calculate the amount of
strain between them by using the following equation [14]

III. RESULTS AND DISCUSSION
e=
Knowledge of precise chemical composition of the samples is very important in this study because it determines the strain condition of the GaMnAs relative to
the GaInAs buffer. An X-ray diffraction experiment, in
which the Bragg reflection peak from each layers can
be observed, is a typical way to determine the chemical composition and the lattice parameters of a thin film
alloy compound. Fig. 2 shows X-ray spectra taken for
the three GaMnAs samples with different chemical compositions. The strongest peak appearing at 66.05◦ is a
Bragg reflection peak from the (004) plane of the GaAs
substrate. The peaks appearing at the lowest angle in
each spectra correspond to the GaInAs buffer layers. The
GaMnAs peak appears in the region between the peaks
of the GaAs substrate and the GaInAs buffer.
The peak position, together with Bragg’s law, allows

In in
GaInAs (%)
9.4
16.8
14.4

αbuf f er − αGaM nA
.
αGaM nAs

(1)

All the information obtained from the X-ray measurement is summarized in Table 1. Even though the Mn
concentration and the strain are determined based on
the X-ray measurement, the accuracy of the values is
limited due to the broadness of the peaks and the fluctuations in the growth conditions [15–17]. Nevertheless,
a systematic variation of the tensile strain (i.e., positive
values of e) was clearly observed in samples A, B, and C.
We are now in a position to investigate the magnetotransport properties of the sample, which are patterned
in a Hall bar shape. The magnetoresistance (MR) measurements were carried out on the samples by applying
the magnetic field out of plane and in plane, but perpendicular to direction of current (see Fig. 1). The MR
data taken at two different configurations for the three
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Fig. 3. Magnetoresistance measured with two different
magnetic field directions perpendicular to the current direction. The systematic change of magnetic anisotropy from
in-plane (Sample A) to out of plane (Sample C) is clearly
seen with changing of MR in low field region.

Fig. 4. Hall resistance spectra taken for the series of GaMnAs samples. Strong magnetic field dependences of the Hall
resistance on the magnetization of the samples are seen in
all the spectra. While the linear dependence of the Hall resistance observed in Sample A indicates in-plane anisotropy,
the abrupt transition and hysteric behavior seen in Sample C
indicates out-of-plane anisotropy.

Ga1−x Mnx As samples are shown in Fig. 3, in which the
resistance is normalized to its value at zero field. At high
fields above 300 mT, all samples show a negative MR
in a similar manner, regardless of the direction of the
magnetic field. This negative MR is typically observed
in most ferromagnetic systems due to the reduction of
spin scattering being reduced with increasing magnetic
field [18]. The MR data in the low-field region (i.e.,
smaller than 300 mT), however, show a rather complex
behavior compared to that in high-field region. When
the field is applied out of plane, the samples A and B
show a positive MR while sample C shows a negative
MR. The positive MR appearing in A and B samples is
strongly related with the in-plane magnetic anisotropy
of the system. The magnetic domains that were originally aligned with the current within the plane are reoriented toward the direction of field out of plane, thereby
increasing the resistivity of that portion of the sample.
When the strength of the magnetic field is sufficient to
overcome the intrinsic in-plane anisotropy of the material, the magnetic domain of the entire sample will align
with the direction of the field and start to decrease the
resistivity as seen in Fig. 3. This fact was confirmed by
the experiment performed with different configurations,
in which the field was applied in-plane, but perpendicular to the current (i.e., θH = 90◦ ) [19]. Therefore, the

behavior of the MR observed in samples A and B in this
configuration indicates that the magnetic easy axis lies
in-plane for these samples.
The MR behavior is significantly different in sample
C, in which the tensile strain is the strongest, as shown
in the bottom panel of Fig. 3. The MR decreases very
fast within a very small magnetic field region when the
applied field is out of plane. (i.e., θH = 0◦ ) This indicates
the magnetic easy axis is in a direction perpendicular
to the sample plane; thus, the magnetic domains align
quickly with the magnetic field.
The magnetic anisotropy properties of the samples
were also observed in the Hall resistance data obtained
with the magnetic field out of plane, as shown in the Fig.
4, The Hall resistivity, ρH , for a ferromagnetic system is
given by
ρH = R O B + R S M ,

(2)

where RO is the ordinary Hall coefficient, RS the anomalous Hall coefficient, and M the magnetization of the
samples. Eq. (2) indicates that, in addition to the normal Hall resistivity term, RO B, the anomalous Hall term,
RS M, needs to be considered if the system has non-zero
magnetization, M. In the case of a ferromagnetic sys-
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Fig. 5. Temperature dependence of the resistance taken for
the GaMnAs samples before and after annealing. Samples
A and B, in which the Mn concentrations are large, show
significant enhancement of Tc after annealing.

tem, the anomalous effect is significant, and its contribution dominates the Hall effect. This anomalous Hall
effect is clearly seen in the form of a sudden change of
resistivity in the low-field region in Fig. 5. The effect,
however, seems different in the samples, implying different degrees of magnetization along the out-of-plane
magnetic field. Cleary, sample A shows a linear dependence without a hysteric behavior, indicating a strong
in-plane anisotropy. A hysteric behavior of the Hall resistance is observed in sample B and C, which are under
a stronger tensile strain than sample A. Sample B, however, shows a linear dependence with a weak hysteric behavior, which implies the coexistence of in plane and outof-plane magnetic anisotropy. Sample C clearly shows a
square like hysteric behavior in the Hall resistance, indicating a strong out-of-plane magnetic anisotropy. These
Hall resistance behaviors observed in the series of samples are consistent with the MR data, in which the inplane magnetic anisotropy is systematically changed into
an out-of-plane anisotropy with increasing tensile strain.
Further detailed information on the magnetic anisotropy
can be obtained from the Hall resistivity data if angle
dependent measurements are performed [20].
We have also investigated the effect of annealing on the
magnetic anisotropy of this series of GaMnAs samples.
The samples were annealed at 250 ◦ C for 90 minutes in
a N2 atmosphere. Fig. 5 shows the temperature dependence of the resistivity taken at zero magnetic field for
the three samples before and after annealing. A common
feature of the data presented in the Fig. 5 is a monotonic
increase in the resistivity with decreasing temperature in
the high-temperature region. This is known to be typical
behavior for a paramagnetic system due to the scattering
of carriers with magnetic impurity and well is explained
using magnetic impurity scattering theory [21,22]. The
resistivity of the systems, however, shows a drastically
decrease in the low-temperature region, resulting the re-

Fig. 6. Hall resistance spectra taken for the series of GaMnAs samples after low-temperature annealing. The overall
behaviors are the same as those observed for the as-grown
samples (see. Fig. 4). This indicates that low-temperature
annealing does not significantly affect the properties of magnetic anisotropy in GaMnAs ferromagnetic semiconductors.

sistivity peaks around a certain temperature, as seen in
the Fig. 5. The decrease in resistivity is known to be
due to the spontaneous ordering of the magnetic system.
The appearance of a resistivity peak in temperature scan,
therefore, provides an estimate of the Curie temperature
(Tc ) of the system. It seems that the annealing effect
was more significant in the GaMnAs with higher concentration of Mn, as reported in other studies [23,24].
Fig. 6 shows the Hall resistance data for annealed
samples when the applied field was out of plane. (i.e.,
θH = 0◦ ). Even though we have observed a significant
change of Tc in some samples (i.e., samples A and B)
after annealing, there is no remarkable change in the
Hall resistance signals. The sample with one type of
anisotropy, either strong in-plane (Sample A) or strong
out of plane (Sample C), shows almost the same Hall resistance behavior as that observed in the as-grown samples. Sample B, which has the characteristics of both
types of anisotropy shows very minor change in the magnetic anisotropy, which can be recognized by only the
squareness of the hysteric loop in the small-magneticfield region. Such overall Hall resistance behavior observed in the series of GaMnAs samples after annealing
indicates that the thermal treatment is not an effective
way to control the magnetic anisotropy of the system.
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IV. SUMMARY
In summary, we have performed systematic transport
measurements on a series of GaMnAs samples prepared
with different strains. Both the MR and the Hall resistance measurements reveal that the magnetic anisotropy
properties of GaMnAs layers strongly depend on the
strain condition and can be engineered by introducing a
proper buffer layer, on which to grow the GaMnAs films.
Low-temperature thermal annealing, however, does not
significantly affect on the magnetic anisotropy of the
GaMnAs samples.

[8]

[9]
[10]
[11]

[12]

ACKNOWLEDGMENTS

[13]

This research was supported by National Science
Foundation grants DMR02-45227; by Korea Research
Foundation Grant. (KRF-2004-005-C00068); by the
Seoul R&BD Program; by KOSEF through QSRC at
Dongguk University; and by the second Brain Korea 21
Project.

[14]

[15]
[16]

REFERENCES

[17]

[1] S. A. Wolf, D. D. Awschalom, R. A. Buhrman, J.
M. Daughton, S. von Molnár, M. L. Roukes, A. Y.
Chtchelkanova and D. M. Treger, Science 294, 5546
(2001).
[2] Y. Ohno, D. K. Young, B. Beschoten, F. Matsukura, H.
Ohno and D. D. Awschalom, Nature 402, 790 (2000).
[3] K. W. Edmonds, K. Y. Wang, R. P. Campion, A. C.
Neumann, N. R. S. Farley, B. L. Gallagher and C. T.
Foxon, Appl. Phys. Lett. 81, 4991 (2002).
[4] A. M. Nazmul, T. Amemiya, Y. Shuto, S. Sugahara and
M. Tanaka, Phys. Rev. Lett. 95, 017201 (2005).
[5] M. Sawicki, K.-Y. Wang, K. W. Edmonds, R. P. Campion, C. R. Staddon, N. R. S. Farley, C. T. Foxon, E.
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