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We report on an investigation of the applicability of the skew scattering model for the anomalous
Hall Effect in (Ga,Mn)As prepared using low-temperature molecular beam epitaxy. Specifically, we
study the relationship between the Hall resistivity (ρxy ) and the longitudinal resistivity (ρxx ) for
differing Mn concentrations incorporated into the IIIGa site. The growth conditions for single-phase
(Ga,Mn)As were carefully determined by using in-situ reflection high-energy electron diffraction, exsitu high-resolution X-ray diffraction, superconducting quantum interference device magnetometry,
and magneto-transport measurements. After the growth of (Ga,Mn)As with values of TC ranging
from 60 to 100 K, the samples were annealed in an inert atmosphere, with the resulting values
of TC ranging from 80 to 130 K as measured indirectly from transport measurements and from
Hall measurements. From the Hall measurements, we found that the anomalous Hall coefficient to
scaled linearly with the resistivity for various ranges of Mn contents in which we could rule out the
co-existence of secondary precipitates.
PACS numbers: 75.50.Pp, 72.20.My, 73.61.Ey
Keywords: Magnetic semiconductor, Anomalous Hall Effect, Spintronics

in a wide range of semiconductor and oxide host matrices, such as group IV [3], II-VI [4], wide-band gap semiconductors [5] and oxides [6]. Of these DMS systems,
arguably highly Mn-doped GaAs has stood out as the
seminal DMS exhibiting FM ordering [7]. Many theoretical studies of the mechanism for FM ordering in DMS
systems have been based on (Ga,Mn)As [8, 9] and experimental verifications of such concepts as the role of
carriers in FM ordering.
Due to the extremely limited solubility at thermal
equilibrium of Mn in a GaAs matrix, typical realization
of (Ga,Mn)As requires low-temperature molecular beam
epitaxy (LT-MBE) growth. First experimental verifications of single-phase DMS exhibiting FM ordering relied on whether the sample exhibited the anomalous Hall
Effect (AHE) below their magnetic transition tempera-

I. INTRODUCTION

Difficulty in demonstrating robust spin-injection in
diffusive transport between a ferromagnetic transition
metal thin film as a source of spin into a semiconducting channel has driven research in diluted magnetic semiconductors (DMS) [1] as efficient spin-injection
would be a necessary condition for the realization
of semiconductor-based spintronic devices, as demonstrated in spin-dependent electroluminescence from spinpolarized light-emitting diode structures [2]. Since the
first observation of ferromagnetic (FM) ordering in InAsand GaAs-based DMS, others have reported FM ordering
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tures (TC ). As highly Mn-doped (Ga,Mn)As shows near
metallic behavior below TC , measurement of the AHE
attributed to skew scattering allowed for indirect characterization of its magnetic properties, to be detailed
later, which permitted determination its magnetic properties, such as the Curie temperature (TC ), by using
transport measurements. The relationship between the
AHE coefficient and the magnetic properties allowed for
unique demonstrations of carrier -mediated FM ordering
in DMS [3, 10, 11]. Since initial reports of TC ’s in the
∼110 K range, many groups have reported higher TC ’s
by annealing (Ga,Mn)As -based DMS at moderate temperatures. The increase in TC at moderate annealing
temperatures has been attributed to a decrease in deeplevel donor point defects, such as arsenic antisites, and
to a decrease in interstitial Mn (MnI ) concentrations.
At higher temperatures and longer annealing times, one
might expect the Mn substitutional donor impurities to
leave the matrix solid solution to form intermetallic clusters, such as MnAs, resulting in higher resistivities and
lower TC ’s that can be attributed to the DMS phase.
Due to the magnetization of DMS materials, the Hall
resistivity is expressed as a sum of the ordinary Hall Effect due to the Lorentz forces acting on moving charge
carriers and an anomalous term that depends on the
magnetization of the material and, in most cases, is much
larger than the ordinary Hall effect. The origin of the
AHE term can be thought of as spin-dependent scattering that breaks a spatial symmetry in the trajectory of
the scattered charge carriers. For large part, the scattering events attributed to the AHE are distinguished
as two: skew scattering and the side-jump mechanism,
the latter is of quantum mechanical origin [12]. Qualitatively, skew scattering is characterized by the carriers
being scattered at some constant spontaneous angle θS .
On the other hand, the side-jump mechanism is characterized by carrier being scattered by some constant
lateral displacement ∆y.
Since scattering events are responsible for both longitudinal and transverse conductivities, a relationship between the two related quantities is often observed. The
predicted relationship between the AHE coefficient (RS )
and the longitudinal resistivity (ρxx ) is linear for skew
scattering and quadratic for the side-jump mechanism.
Thus, RS = αρn with n = 1 corresponding to skew scattering and n = 2 corresponding to the side-jump mechanism (or alternatively, RS = Aρ + Bρ2 ). Experimentally, n is found to have values between one and two. The
anomalous Hall Effect is not unique to single-phase ferromagnetic materials. Such systems as nano-ferromagnetic
clusters in a paramagnetic metallic matrix (such as a
CoAs granular system) and metallic clusters in a nearly
percolating network in an insulator matrix can exhibit
non-linear dependence of the Hall resistivity on the applied magnetic field and exhibit AHE characteristics [13].
Such systems show fitting parameters, n, that take on
values greater than two, which cannot be adequately explained in terms of the above model of AHE. Recently,
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Gerber et al. [13] showed that the AHE in magnetic
nanoparticles embedded in a normal-metal matrix, insulating impurities in a magnetic matrix, surface scattering, etc... do not necessarily violate the AHE models.
Gerber et al. used Matthiesen’s rule to separate contributions of different scattering sources, thus isolating the
magnetic field dependent terms to determine whether the
scattering was primarily due to skew scattering or the
side-jump mechanism.
Applied to DMS systems, as mentioned previously, the
AHE effect in (Ga,Mn)As has been attributed to skew
scattering allowing for indirect measurement of the magnetization from magneto-transport measurement. Recently, Jungwirth et al. attributed AHE in ferromagnetic
(III,Mn)V semiconductors to spin-orbit coupling in the
Hamiltonian of the perfect crystal as opposed to AHE
being attributed to the spin-orbit coupling component
in the interaction between band quasiparticles and crystal defects in metals [14,15]. Although their approach is
quantum mechanical in nature, Jungwirth et al. report
that the calculations support monotonic dependences of
the Hall conductivity on sample magnetizations (i.e., a
direct relationship between M and RS ). Implicitly, their
calculations assume a clean system, which is difficult to
realize in (Ga,Mn)As due to the LT growth conditions.
Although for a particular Mn concentration, skew scattering has been shown to be the dominant mechanism
below TC [7], we are not aware of an explicit study of
the validity of the skew scattering model for differing Mn
concentrations, regardless of whether the Mn ion is an
interstitial or on an IIIGa site.

II. SAMPLE PREPARATION
All samples were prepared in a Riber MBE 32 deposition chamber with eight solid elemental sources (Gallium (99.99999 %), Mn (99.999 %), and As (99.99999
%), all using a standard PBN crucible in a commercially available effusion cell) connected in ultra-high vacuum to other MBE chambers. Before each growth,
molybdenum sample holders were chemically etched and
epi-ready Semi-Insulating GaAs(001) substrates were indium mounted. Chemically etched sample holders insured the absolute range of temperature readings would
be comparable between growth run to growth run. Typically before growth, a base pressure of < 1 × 10−10
Torr is reached. The substrate holder temperature is
increased until oxide desorption is verified by in-situ 12keV reflection high -energy electron diffraction (RHEED)
with a typical 2 × 1 surface reconstruction. A buffer
GaAs homoepitaxy growth follows at 600 ◦ C with a typical As4 /Ga flux ratio of 30 [16], as measured at the substrate position by using a flux ion gauge, and a growth
rate of 300 nm/hr, (as monitored by RHEED oscillations and verified from surface stylus profilometer measurement). After a typical 450-nm growth of the buffer
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Table 1. Growth conditions and Mn concentrations of LTMBE (Ga,Mn)As samples studied.

GaAs layer, the substrate holder temperature is lowered
further for (Ga,Mn)As growth with the As solid source
shutter opened.
After reaching low substrate temperatures, a LT GaAs
buffer of 25 nm is grown, which is followed by all three
solid sources’ shutters being opened simultaneously. For
all subsequent growth of (Ga,Mn)As, the thickness was
targeted to be 100 nm. As reported by others, insitu RHEED showed streaky, typically 1 × 2 surface
reconstruction for the duration of (Ga,Mn)As growth,
for a range of substrate growth temperatures and Mn
fluxes (or content as controlled by Mn effusion cell temperatures (Table 1)), indicative of layer-by-layer single
phase epitaxial growth (see Fig. 1). After growth,
the Mn content was determined by using θ-2θ scans
of high-resolution X-ray diffraction (HRXRD) measurements from the position of (004) (Ga,Mn)As epifilm
diffraction peaks relative to a calibrated peak by using electron probe microanalysis (EPMA) measurements
(Fig. 2(a)) and by applying Vegard’s law for lattice constants between GaAs and MnAs. Typically, we found
the Mn content from the HRXRD method to be lower
than the one from the EPMA measurement, as HRXRD
measurements are more sensitive to MnGa .
Henceforth, we will concentrate on four of our samples,
alphanumerically noted as A through D, with Mn % con-

centrations as determined by HRXRD ranging from 2.4
% to 6.1 %, with samples A and B grown at 270 ◦ C and
C and D at 250 ◦ C. After growth, the samples were characterized by using EMPA, transport measurements, and
SQUID magnetometry. As-grown, these samples exhibit
TC ’s ranging from 60 K to 100 K (Fig. 2(c)). We also
note that the anomalies in the transport measurements
(metal-insulator transition-like) [17] correspond well to
the TC ’s measured by SQUID magnetometry and, henceforth, use the terms interchangeably. An increase in TC
after annealing at moderate temperatures was also observed. Samples were placed under a clean GaAs wafer to
minimize As out-gassing and were annealed in a quartz
tube furnace with a flow of dry nitrogen gas or forming
gas (N2 /H2 mixture) at 250 ◦ C (as measured by using
a thermocouple placed locally near the sample) for sixty
minutes.
For transport measurements, standard four-point geometry and Hall bar geometry were used with indium
soldered contacts to form ohmic contacts (as verified
from DC I-V measurements). Hall bars of 300 µm in
width and 1900 µm in length were fashioned by using
standard photolithographic techniques (an AZ5214 photoresist baked on a hotplate at 90 ◦ C for 60 s and developed with MIF500 developer) and a standard citric
acid/hydrogen peroxide etch solution. Both DC and
AC transport measurements were conducted in either a
closed-cycle cryostat from 10 K – 300 K or in a quantum
design physical property measurement system (PPMS)
from 1.8 K – 300 K. The AC magnetotransport properties were measured as functions of the temperature (from
5 to 300 K) and the applied magnetic field (+/− 7 Tesla)
in a PPMS by utilizing ac lock-in techniques with excitation currents of 40 µA at a frequency of 17 Hz.

III. RESULTS AND DISCUSSION
From the transport properties and the magnetic properties (Fig. 2 & 3), the resulting (Ga,Mn)As epifilms
were found to be comparable to those reported in literature. The often stated model for the Hall resistivity
(ρxy ) in magnetic systems includes the anomalous term:
ρxy = R0 B + Rs M,

Fig. 1. RHEED images with the electron beam pointed
along the [110] and the [110] crystal directions show the (a)
‘1 x’ and (b) the ‘2 x’ patterns, respectively.

(1)

where the anomalous term stems from the magnetization of the material and the ordinary term arises from
Lorentz forces on the moving charge carriers due to all
applied magnetic fields. As stated previously, the anomalous term (RS ) can be attributed to a combination of
skew scattering and/or the side-jump mechanism. RS
under the predicted models for AHE can be further related to the longitudinal resistivity (ρxx ) by the relationship
RS = Aρxx + Bρ2xx

(2)

A Study on the Validity of the Skew Scattering Model· · · – Y. S. Kim et al.

-309-

Fig. 2. (a) θ-2θ X-ray diffraction scans were performed using Cu Kα radiation. Clear diffraction peaks were observed for all
the samples with different Mn compositions. The lattice constant a was calculated from the peak position of the (Ga,Mn)As
(004) diffraction pattern. (b) The magnetization measurement was done by using a SQUID magnetometer with the field applied
parallel to the plane of the substrate. A clear square hysteresis is observed, which indicates a well-ordered ferromagnetic
structure in the film. The magnetic moment as a function of the temperature of (c) as-grown and (d) annealed samples. The
value of TC are seen to range from 60 K to 130K.

where A is attributed to skew scattering and B to the
side-jump mechanism. First reports of AHE in (III-V)As
assumed the AHE to be dominated by skew scattering
for samples exhibiting distinct metal-to-insulator (MIT)like transition. Thus, by combining Eqs. 1 and 2 (and
the anomalous contribution being much larger than the
ordinary Hall effect), one can derive an expression to indirectly measure the magnetization of the sample by usρxy
ing magnetotransport measurements (i.e., M ∝ ( 1c ρxx
)
where c is some constant) [7,18]. By Arrott plots, the TC
of the sample can be determined from magneto-transport
measurements (Fig. 3(c) & 3 (d)).
Experimental determination of Eq. 2 can be accomplished by either successive magnetotransport measurements at differing temperatures or by varying solute concentrations. In either case, ρxx is varied, and a fit to the
slope of log(RS ) vs. log(ρxx ) should yield some value between one and two. Up to this point in (Ga,Mn)As literature, the relationship expressed in Eq. 2 has been verified explicitly for a particular Mn concentration, and ρxx

varied with temperature. Implicitly, it is assumed that
only the substitutional Mn in the group III site (MnGa )
contributes to the magnetic properties while interstitial
Mn (MnI ) acts as a deep level donor, thus lowering the
delocalized carrier concentration and indirectly having a
detrimental effect on the magnetic properties. As mentioned, recently observed increases in TC after annealing at moderate temperatures have been attributed to a
reduction in MnI [19–24]. Varying the Mn content during growth does not necessarily guarantee maintaining a
constant MnGa : MnI ratio yet original (Ga,Mn)As experimental reports and theoretical studies all point to a
monotonic increase in TC with Mn content up to certain
upper bound on the Mn concentration. Furthermore, it
is not clear whether imperfections, such as MnGa or MnI ,
should scatter the carriers differently (i.e., one favoring
skew scattering with the other favoring the side-jump
mechanism).
When a universal fit of Rs vs. ρxx is plotted, a certain degree of uncertainty arises due to the complex dependence of ρxx on the applied magnetic field, which at
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Fig. 3. Magnetic field dependence of (a) the resistivity ρxx and (b) the Hall resistivity ρxy of sample C at various temperatures.
(c) The Arrott plot and (d) the saturation magnetization Ms determined from the transport measurements.

Fig. 4. (a) Resistivity dependence on temperature. All samples considered show peaks near TC and metallic behavior below
TC . (b) ρxx and ρxy of all samples at various temperature below Tc . The dependence of the anomalous Hall coefficient Rs on
the resistivity ρxx plotted in two ways: (c) Rs ∼ d ρxy /dB at B = 0T and (d) Rs ∼ ρxy /Ms .

low temperatures indicates a mix of positive and negative magnetoresistance characteristics (Fig. 3(a)). When
RS is determined from the Hall measurements, the con-

tribution from the ordinary Hall term, although much
smaller than that from the anomalous term, especially
at low temperatures and at low applied fields, can be-
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come significant at higher temperatures, i.e., near TC ,
and at high applied magnetic fields. In Fig. 4(b), we
show a log-log plot of the hall resistivity (ρxy ) as a function of the longitudinal resistivity (ρxx ) for samples A,
B, and C, both as grown and annealed (with value of
TC ranging from ∼55 K to ∼120 K) for data sets below the TC of each sample. For each sample, a series
of data point much like those used to plot Fig. 3(a) &
3(b) collapse onto a single plot of ρxy vs. ρxx . The resulting scatter in the data points stems from dependence
of ρxx on the magnetic field (general scatter in the ρxx
axis) and on the temperature (general scatter in the ρxy
axis). The scatter in the data points can be reduced
somewhat by considering the low-field values (i.e., the
values where the AHE dominates). Fig. 4(c) plots the
slope of the Hall response near zero applied field as a
function of ρxx . Thus, each data point corresponds to
∼RS at a particular temperature. All the samples except one show a linear relationship between ∼RS and
ρxx . The inset of Fig. 4(c) shows a log-log plot in which
the sample with the highest conductivity deviates significantly from the universal curve. This deviation stems
from the large positive magnetoresistance at low applied
magnetic fields (Fig. 3(a)) with a local minima in the
ρxx (H) measurements. To further reduce the scatter in
the data points, we draw a log-log plot of ρxy /MS vs.
ρxx for data points recorded above the apparent coercive
field (HC ) for a particular sample. Here, we see the scatter is reduced significantly for both the ρxy /MS and the
ρxx axes. Most importantly, the slope of the fitted line
is 1.1, a very reasonable fit as a value of one is expected
when skew scattering is the dominant source for AHE.
The spread in the data points (on the ρxx axis) for the
highest resistive sample (as-grown C) can be attributed
to difficulty in fully magnetically saturating (Ga,Mn)As
samples with high resistivities [7,18].
Thus, for the sample set showing a distinct MIT-like
transition, we have shown that the skew scattering model
of the AHE holds for differing Mn content. By annealing
the as-grown samples, we changed the concentration of
MnGa , and the resulting increase in TC , as well as the
resistivities, (both ρxy and ρxx ) suggests that the AHE
is more sensitive to Mn ions, which are ‘magnetically
active.’
IV. CONCLUSIONS
We have successfully realized single-phase homogeneous (Ga1−x ,Mnx )As samples by using solid-source low
-temperature molecular beam epitaxy. By careful measurements of the anomalous Hall effect for a series
of as-grown and annealed samples, we found that the
monatomic behaviors of the Hall resistivity and the magnetization could be extended for samples with differing Mn content and MnGa /MnI ratios. A universal fit
of ρxy /MS as function of ρxx indicates skew scattering
to be the dominant mechanism for the anomalous Hall
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effect in (Ga,Mn)As -diluted magnetic semiconductors.
The observed universal fit extends to samples with differing as-grown Mn concentration (i.e., total Mn incorporated into the epifilm) and differing MnGa concentrations (as increased by moderate temperature annealing
conditions). With the recently reported observation of
AHE in Co-doped TiO2 by two differing groups [25,26],
where one reported a of single-phase homogeneous material and the other, Ref. 26, ferromagnetic cobalt clustering in the semiconductor matrix, the temperature, the
transition metal impurity, and the solute concentration
dependences of the AHE must be considered in more detail.
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