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The planar Hall effect (PHE) and magnetoresistance (MR) measurements have been carried out on a GaMnAs ferromagnetic semicon-
ductor. The PHE and MR spectra exhibit interesting two-step magnetization switching behavior arising from the magnetic anisotropy
properties of the system. By fitting the angle-dependent planar Hall resistance (PHR) data taken at 5 kG with the Stoner–Wohlfarth
model, the cubic and uniaxial anisotropy constants were independently obtained. The anisotropy constants lead to the precise deter-
mination of easy axis direction, which turns out to be in good agreement with the easy axis determined from the angular plot of the
switching field. The domain pinning energies were further obtained by fitting the angle dependence of the switching field, including the
effect of uniaxial anisotropy.

Index Terms—(Ga,Mn)As, magnetic anisotropy, magnetic semiconductor, magnetoresistance, pinning energy, planar Hall effect.

I. INTRODUCTION

THE substitution of Mn atoms into Ga sites of GaAs
host semiconductor provides both magnetic moments

and mobile charge carriers, which lead the material system
into ferromagnetism [1]. Among many interesting physical
phenomena related with ferromagnetism of the material, the
magnetic anisotropy arising from the anisotropic valence band
structure of the semiconductor is the most prominent property.
Due to the importance of the magnetic anisotropy property
of GaMnAs both for fundamental understanding of ferro-
magnetism in semiconductor-based systems and for practical
spin device application, the phenomena related with magnetic
anisotropy have been intensively studied by electrical transport
[2] and optical [3] measurements. Recently, the giant planar
Hall effect (GPHE) observed by Tang et al. in GaMnAs film
provides an extremely useful tool for studying spin phenomena
of the ferromagnetic semiconductor systems [4]. The detail
characteristics of the magnetization reversal process have been
observed in PHE and well understood in terms of magnetic
anisotropy of the system. Specifically, the domain wall pinning
energy in the GaMnAs film was obtained by Hamaya et al. [5]
using the magnetoresistance (MR) data based on Cowburn’s
model, which was developed to understand the magnetization
reversal process in an Ag/Fe/Ag ferromagnetic metal system
[6]. In the calculation of pinning energy, however, Hamaya
et al.

' = 215 ; 200 , and 185 .
Two-step magnetization switching behavior is clearly observed both in the
PHR and in the MR spectra.

equipped with elemental sources of Ga, Mn, and As. Prior
to the deposition of Mn containing (Ga,Mn)As film, the 10
ML of LT-GaAs layer was prepared as a final buffer layer
to reduce the lattice mismatch. For the Hall bar fabrication,
400- m-wide and 2500- m-long pattern was imprinted on the
photoresist by photolithography technique aligning carefully
the current direction parallel to the direction. By wet
etching in H SO :H O :H O acid solution, the
uncovered parts of the sample with photoresist were removed.
The measurements of Hall resistance and MR were carried out
simultaneously with two lock-in amplifier sourcing low-fre-
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Fig. 2. Plot of thefirst (open triangles) and the second (open circles) switching
fieldH versus appliedfiled angle' in the polar coordinate. The rectan-
gular shape appeared in the center indicates deviation of easy axis direction from
<100> in the system.

low ramping speed about 47 G/min. The PHR spectra exhibit
typical spin-valve-like behavior, which usually observed in the
GaMnAsfilm with biaxial in-plane magnetic anisotropy. Each
switching step corresponds to the transition of magnetization
from one magnetic easy axis to the other easy axis. Interestingly,
the very sharp peaks are appeared in MR spectra shown in the
low panels at the magneticfields where magnetization switching
occurs. This sudden increase of resistance can be caused by spin
scattering due to different magnetic domains (or domain wall re-
sistance as observed in Tanget al. [8]) formed during the tran-
sition of magnetization in the sample and thus implies multido-
main structures in the magnetization reversal process. Though
the MR data of GaMnAs epilayer are obtained by many other ex-
periment groups, the sharp peaks rarely appears in the data due
to the lack of magneticfield resolution, which must be better
than 0.5 G to observe peak as shown in the low panel of Fig. 1.
Recently, magnetization imaging experiment performed on the
GaMnAs layer clearly demonstrated that the nucleation and fast
propagation of magnetic domain in the magnetization switching
process [9]. The sharp resistance peaks observed in our MR data
at thefirst and the second switchingfield is in consistent with
the transient multidomain formation seen in such imaging tech-
nique.

From the PHR or MR spectra, one canfind angle dependence
of switchingfields , which are plotted in polar coordi-
nate as shown in Fig. 2. Thefirst switchingfield shows a rect-
angular shape, and the second switchingfield shows a divergent
behavior along , and directions, which
correspond to the magnetic hard axes of the system. We inter-
pret these results by Cowburn’s model, in which the pinning
energy is given by [6]

(1)

where is the switchingfield and and are the initial
andfinal state of magnetization. The pinning energy is the en-
ergy difference between two stable magnetization states. There-
fore, the correct determination of the magnetic easy axis direc-
tions of the given system is thefirst step toward the domain pin-
ning energy calculation.

Fig. 3. Plot of magnetization angle versus appliedfield angle. The solid squares
represent data points obtained from (2). The solid line represents the result of
fitting using (4) to obtain the cubic and uniaxial anisotropy constants.

The magnetic easy axes of the system strongly depend on the
relative strength of cubic to uniaxial anisotropy. One, therefore,
has tofind correct values of anisotropy constants, which are
usually obtained by ferromagnetic resonance experiments [10].
Even though it is rather difficult to obtain anisotropy constants
from electrical transport measurement, PHE measurement pro-
vides unique ways to determine such magnetic anisotropy con-
stants by combining the PHE and magnetic energy of the system
as described below.

The Hall resistance values can be expressed as [11]

(2)

where is thefilm thickness, and is angle between the direc-
tions of and ; the constant is related to the anisotropic
magnetoresistance (i.e., the difference of resistivity between
magnetization parallel to and perpendicular to the direction
current). The magnetization anglecan be obtained by nor-
malizing Hall resistance. Fig. 3 shows the plot offield angle
versus magnetization angle obtained from the PHR data taken
at 5 kG. From the Stoner–Wohlfarth equation, the relation
between and is given by [4]

(3)

in which the parameters are defined as and
. Here, and are the cubic and uniaxial

anisotropy constants determining the direction of magnetic easy
axes. When the appliedfield is strong and close to , (3) can
be approximated into

(4)

By fitting the data given in Fig. 3 with (4), the cubic and
uniaxial anisotropy constants were obtained as G
and G, respectively. From these values, deviation
angle of easy axis from the <100> direction can be calculated
using the well known relation, which leads
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Fig. 4. Plot of switchingfields versus appliedfield angles for both thefirst and
the second switching. The solid lines are the bestfitting result using (5).

to the value of 8.8 2.7 . The deviation angle can be
directly estimated from the switchingfield data shown in Fig. 2,
where thefirst and second switchingfields appeared to cross
at four appliedfield angles, ,
where . The deviation angle 6.47 from Fig. 2
is in good agreement with the value obtained byfitting process.

The pinning energy, including effect of the uniaxial
anisotropy contribution, can be now calculated since the
value of is obtained. From (1), we obtain the magnitude of
the switchingfields required to overcome the energy barrier
formed in each hard axes as follows:

(5)

Using (5), we canfit the switchingfield data by treating pin-
ning energy asfitting parameter. The experimental data and the
fitting results are shown in Fig. 4. The bestfitting result was
obtained with pinning energies of

and , for each
hard axes directions. The values indicate that the domain wall
displacement occurs more easily when the direction of magne-
tization changes through or direction than through

or direction.

IV. SUMMARY

We have investigated the magnetotransport properties of the
GaMnAs epilayer with in-plane magnetic anisotropy. The cubic
and uniaxial anisotropy constants were obtained from the planar
Hall effect data taken at the magneticfield of 5000 G. The mag-
netic easy axis direction was determined using cubic and uni-
axial anisotropy constants and compared with the direction ob-
served from switchingfield. The different domain pinning ener-
gies obtained for or directions indicates the influence
of uniaxial anisotropy in the magnetic energy of the system.
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