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The magnetic properties of a series of GaMnAs:Si ferromagnetic semiconductor films, in which
the Mn concentration ranges from 7% to 10%, were investigated by using magneto-transport measurements. The temperature dependence of the resistivity revealed a systematic increase in the
Curie temperature (Tc ) with increasing Mn concentration in the series. Since the Tc of the undoped
GaMnAs ferromagnetic semiconductor decreases with increasing Mn concentration above 6%, the
observation of a systematic increase of Tc with increasing Mn concentration in our GaMnAs:Si series indicates the effectiveness of our counter doping for the incorporation of a a large amount of
7% Mn in the system. The field scan of the planar Hall effect (PHE) showed a typical two-step
switching behavior at low temperatures, indicating the presence of a strong cubic anisotropy. The
switching fields, however, systematically decreased with increasing Mn concentration in the series.
The angular dependences of the switching fields were fitted by using the magnetic free energy and
Cowburn’s model to obtained the domain pinning energy, which showed systematically smaller values as the Mn concentration of the sample was increased. The temperature dependences of the
pinning energies indicated a change in the uniaxial anisotropy from the [110] to the [110] direction
with increasing Mn concentration in the series.
PACS numbers: 75.60.-d, 75.47.-m, 75.50.Pp, 75.70.-i
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I. INTRODUCTION

far below room temperature, hindering applications to
practical spintronic devices. This raised the important
issue of increasing Curie temperature (Tc ) in this material system.
It is natural to attempt growth of GaMnAs with a
high Mn incorporation to increase the Tc of the material.
However, the Tc of GaMnAs was limited to 110 K at 6%
Mn and decreased with further incorporation of Mn in
the system [6,7]. An extensive structural study done by
using particle-induced X-ray emission (PIXE) revealed
that the existence of Mn in interstitial positions (MnI ),
which acts as a compensating donor and also antiferromagnetically couples with substitutional Mn(MnGa ), is
the major reason for the low Tc in this material [8]. Later,
a fundamental thermodynamic limit for accommodating
the hole concentration was found to exist in these systems. Thus, the incorporation of above high 7% Mn into
GaMnAs leads to the formation of MnI , donors and/or
electrically inactive precipitate [9,10].
In this researchs, we have strategically applied a
counter-doping technique to increase the Mn concentration in the GaMnAs layer. While the magnetic ion Mn
act as a p-type dopant for GaAs, the Si act as an n-type
dopant for GaAs. Thus, the presence of Si compensates
parts of the holes generated by Mn in GaMnAs, which

Recently, spintronic devices, in which both the charge
and the spin properties of the electrons are simultaneously utilized [1], have received a great deal of attention in the solid-states research community. A ferromagnetic semiconductor is considered to be an ideal material system for realizing such spintronic devices because
it possesses both the characteristics of a magnet and a
semiconductor. The best-known material system is a
GaMnAs ferromagnetic semiconductor, in which the ferromagnetism is induced by mediating carriers generated
from incorporation of Mn [2, 3]. Owing to the carriermediation origin of the magnetism, the ferromagnetic
properties of the material can be controlled by changing
the carrier density in the material system. For example,
it was demonstrated that light illumination [4] and/or
application of a gate voltage [5] could change the carrier density in the material and consequently was able
to tune the ferromagnetic properties. Unfortunately, the
manipulation of the magnetic properties by such external means is only applicable in the temperature range
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Fig. 1. Schematic diagram for the Hall device along with
crystallographic directions.

lowers the Fermi energy in the valence band. This process allows more Mn incorporation into the GaMnAs alloy system. Using this counter-doping method, we were
able to obtain a series of GaMnAs:Si samples, in which
the Mn concentration was varied from 7% to 10%. The
magnetization reversal and the magnetic domain pinning
fields of the GaMnAs:Si were investigated by measuring
the planar Hall effect (PHE) [11].

Fig. 2. Temperature dependence of the resistivity for the
three GaMnAs:Si samples. The peak position systematically
shifts to higher temperature with increasing Mn concentration in the samples.

counterclockwise from the direction.

III. RESULTS AND DISCUSSION
II. EXPERIMENTS
A series of GaMnAs:Si samples were grown on GaAs
(001) substrate by using the molecular beam epitaxy
(MBE) technique. Prior to the deposition of the GaMnAs:Si film, we grew a 450 nm GaAs buffer layer at
590 ◦ C (i.e., under normal GaAs growth conditions).
The substrate was then cooled down to 265◦ C for the
growth of low-temperature (LT) GaAs to a thickness of
3 nm, followed by a GaMnAs:Si layer. The surface quality of the samples was monitored for the entire growth
process by using reflection high energy electron diffraction (RHEED). During the low-temperature growth, the
RHEED pattern showed a (1 × 1) surface reconstruction for LT-GaAs and a (2 × 1) reconstruction for the
GaMnAs:Si layer. The concentration of Mn in the samples was controlled by adjusting the beam pressure of Ga
while keeping those of Mn and Si the same in all samples.
From the flux ratio between Mn and Ga, the Mn concentrations of the three samples are estimated as 7%, 8.2%
and 10%, which refer to sample A, B and C, respectively.
For the magneto-transport measurements, a Hall device was designed in a rectangle shape of 300 µm by 1500
µm with six leads for signal detection and was patterned
on each sample with a long dimension along the direction by using photolithography and chemical wet etching. A schematic of the Hall-bar device, together with
the crystallographic directions, is shown in Fig. 1. In the
PHE measurement, the azimuthal angles for the magnetization (ϕ) and the external field (ϕH ) were measured

The temperature dependence of the resistances have
been measured to identify the Curie temperature (Tc ) of
the GaMnAs:Si films. The resistance of a magnetic film
is known to arise from the static fluctuations of the magnetization, which in turn scatters charge carriers. The
maximum of the magnetization fluctuations occurs near
the Tc [12] (i.e., just as the magnetic order begins to
form), thus leading to a maximum of the resistance at
that temperature [13]. Thus, the Tc of the GaMnAs
samples can be estimated from such resistivity measurements. The resistivity data for the three samples are
shown in Fig. 2. The value of the Tc of the samples determined from the resistivity peaks are 50, 58 and 65 K
for samples A, B and C, respectively [14] and are plotted in the inset as a function of the Mn concentration.
It is clear that the Tc of the samples shows a systematic
increase with increasing Mn concentration in the series.
The PHE was measured during the field scan at every
ϕH = 10◦ of the magnetic field direction. The representative planar Hall-resistance (PHR) data obtained at 14
K with ϕH = 10◦ for the three GaMnAs:Si samples in
the series are plotted in Fig. 3. All data show abrupt
two-step switching behavior in the field scan, which is
typically observed for the magnetization reversal process
from the GaMnAs film with four in-plane easy axes [15,
16]. This behavior can be understood based on the magnetic free energy given by
E = Ku cos2 ϕ +

Kc
cos2 2ϕ − M Hcos(ϕ − ϕH ),
4

(1)
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Fig. 3. Planar Hall-resistance (PHR) data taken with an
applied field angle of ϕH = 10◦ for the three samples. Though
the two-step switching behavior is commonly seen in all data,
the switching fields systematically decrease with increasing
Mn concentration in the samples

where Ku and Kc are in-plane uniaxial and cubic
anisotropy constant, H is the external field and ϕ and ϕH
are the azimuthal angles indicating the directions of the
magnetization and the external field with respect to the
crystallographic direction, respectively. Since the magnetization of a ferromagnetic system lies at positions of
minimum energy in the free-energy model, the easy magnetization axes can be derived from the condition dE
dϕ = 0
which gives ϕ = ((2n − 1)π/4) + (−1)n−1 δ, n = 1, 2, 3, 4
with δ = (1/2)sin−1 (Ku /Kc ) at H = 0. The deviation angle δ from the <100> directions is related to the
anisotropy constants andit can be obtained from an analysis of the angular dependence of the PHR data, as was
done in Ref. 17.
Though all samples exhibit qualitatively similar behaviors, the switching fields for the reorientation of the
magnetization systematically changed in the series. The
1st and the 2nd switching fields, (see the positions marked
as Hsw1 and Hsw2 in Fig. 3) decrease with increasing Mn
concentration. This systematic behavior of the switching
field and of the Tc observed from the GaMnAs:Si samples in the series indicates that the Mn concentration is
the most important factor in determining the magnetic
properties of the GaMnAs:Si films.
We further analyze the angle dependence of the switching field to investigate the magnetic domain pinning energies of the films. The angular dependences of the
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Fig. 4. Angle dependence of the switching fields for the
three samples. The open and the solid symbols represent the
1st and the 2nd switching fields. Solid lines are the fitting
results using Eq. (3), as described in the text. The angles
at which the 1st and the 2nd switching fields cross each other
are marked as arrows. The direction of the magnetization
reversal is shown as circled arrows in each region of the field
angle.

switching fields obtained from the PHR measurements
are plotted in Fig. 4, in which the open and the solid
circles represent the Hsw1 and the Hsw2 , respectively.
The pinning energy of the magnetic system can be obtained from Cowburn’s model [17], in which the magnetic
domain pinning energy is defined as the energy difference
between the two stable states when the magnetization
switches from one state to the other state. There are four
pinning energies crossing the hard axes of the [110],[110],
[110] and directions due to the presence of the four easy
axes in the GaMnAs system [18,19]. They are defined as
ε[110] = |E[010] − E[100] |, ε[110] = |E[010] − E[100] |
ε[110] = |E[100] − E[010] |,
and ε[110] = |E[100] − E[010] |.

(2)

Though four pinning energies crossing the [110], [110],
[110] and [110] directions are present, the symmetry existing in the magnetic easy axes of the GaMnAs:Si system reduced them to two independent values (i.e., the
values for the collinear directions [110] and [110] or [110]
and [110] are equal). From Eqs. (1) and (2), the relations
between the switching fields and the pinning energies can
be obtained as
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1 ε[110]or[110]
1
−1 ε[110]or[110]
1
, HSW [110] = HSW [110] = √
,(3)
2M sinϕH (sinδ + cosδ)
2M cosϕH (sinδ − cosδ)

Fig. 5. Summary of the pinning fields obtained at three
different temperatures for the three samples. The circles,
squares andtriangles represent samples A, B and C, respectively. The open and the solid symbols are used for the
ε[110]or[110] /M and ε[110]or[110] /M , respectively. The pinning
fields of all samples monotonically decrease with increasing
temperature. The Mn concentration dependences of the pinning fields at 14 K are plotted in the inset. It also shows a
monotonic decrease in the pinning fields with increasing Mn
concentration. Notice that the values of ε[110]or[110] /M and
ε[110]or[110] /M cross over each other as the Mn concentration
in the sample increases.

The angular-dependent switching field data presented
in Fig. 3 can be fitted with Eq. (3) by treating the
domain pinning field, ε<110> /M , as a fitting parameter.
The best fitting results are shown as solid lines in Fig. 4.
The pinning fields obtained at several different temperatures are plotted in Fig. 5, in which circles, squares andtriangles represent samples A, B and C, respectively. The
open and the solid symbols are used for two different values of ε[110]or[110] /M and ε[110]or[110] /M . It is clear that
all pinning fields of the samples monotonically decrease
with increasing temperature due to the effect of thermal
energy. The data also show that the pinning fields of
both directions decrease with increasing Mn concentration, as shown in the inset of Fig. 5, where only data
obtained at 14 K are plotted. Notice, however, that the
pinning field changes at different speeds with increasing
Mn concentration for the two directions. The difference
in the pinning fields between the two directions (i.e., between ε[110]or[110] /M and ε[110]or[110] /M ) arises from the
influence of uniaxial anisotropy. For the case of sample
A ε[110]or[110] /M is larger than ε[110]or[110] /M , indicating
that the direction of uniaxial anisotropy of sample A is

along the [110] direction. However, the situation is reversed in samples B and C, implying that the direction of
uniaxial anisotropy is along the[110] crystallographic direction. This result indicates that the direction of uniaxial anisotropy strongly depends on the Mn concentration
in the GaMnAs:Si films. There is yet another interesting
feature that is related to the magnetic domain pinning
energy in Fig. 4. Notice the position of the “cross-over”
angle ϕcross , at which HSW 1 and HSW 2 have the same
magnitude, for the samples. While it shifted toward the
[110] direction from the [100] direction in sample A, it
shifted toward the [110] direction in samples B and C.
The position of the “cross-over” angle is important because it sets the criterion for a clockwise or counterclockwise rotation of the magnetization in the reversal process
[20]. The value of ϕcross can be found as [21]
π
tanϕcross = (ε[110] /ε[110] )tan( − δ)
(4)
4
by using the condition of H[110]or[110] = H[110]or[110] in
Eq. (3). Eq. (4) shows that the ϕcross depends on both
the ratio of the pinning energies between the two directions and the deviation angle of the easy axis δ, from the
<100> crystallographic direction. Since the value of δ is
determined from the cubic and the uniaxial anisotropy
fields, as explained above, the position of ϕcross gives
the direction of uniaxial anisotropy. The shift of ϕcross
toward the [110] or the [110] direction from the <100>
directions indicates that the uniaxial anisotropy of the
system is along the [110] or [110] the direction, respectively. Therefore, in sample A, the direction of uniaxial
anisotropy is along the [110] direction while it is along
the [110]direction for samples B and C. This observation
is consistent with the result inferred from the behavior
of the pinning fields for the samples in the series.

IV. CONCLUSIONS
We have investigated counter-doped GaMnAs:Si films
by using magneto-transport experiments. The systematic behavior of Tc for the samples in the series indicates
that the counter-doping technique is, indeed, useful for
fabricating GaMnAs films with high Mn concentrations.
The PHE measured for the series of GaMnAs:Si films
showed that the switching fields, consequently the domain pinning energies, decrease with increasing Mn concentration. The experiment also revealed that the direction of uniaxial anisotropy is an important factor for
the “cross-over” angle, which is a critical angle separating the region of field direction for clockwise or counter-
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clockwise rotation of the magnetization during reversal
process [22].
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