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The effect of Sb content on the in-plane anisotropic magnetoresistance (AMR) of the quaternary

ferromagnetic semiconductor (Ga, Mn)(As, Sb) was investigated. The results showed that the strain

increased with Sb content, but the hole density was found to fluctuate. Dominant cubic and uniaxial

symmetries were observed for the current along the [110] crystalline direction. The dependence of the

symmetry on the Sb content was demonstrated for the longitudinal AMR, which mainly results from the

alteration of the local stain relaxation and the hole density. A phenomenological analysis showed that the

variation of the AMR coefficients is a good explanation for the observed experimental results.
Introduction

The hole-mediated ferromagnetism occurring in the diluted
magnetic semiconductor (DMS) (Ga, Mn)As offers the possi-
bility of controlling its magnetic properties, e.g., the magnetic
transport properties,1–4 the magnetic anisotropy (ref. 5–10) and
the anisotropic magnetoresistance (AMR).11–13 In particular,
DMSs are suitable materials for the study of AMR due to the
sensitivity of AMR to the carrier concentration and strain. The
crystalline AMR in (Ga, Mn)As depends on two factors: the
current direction and the angle between the magnetization and
the crystalline axes.13 However, most studies on the AMR of
DMS materials mainly focused on ternary alloys. Recent reports
have shown that quaternary DMSs, such as (In, Ga, Mn)As and
(Ga, Mn)(As, P), offer a new degree of freedom to control the
fundamental physical properties due to the incorporation of
a fourth element.14–19 For example, the incorporation of P into
(Ga, Mn)As layers might reduce the epitaxial strain or even
change its direction, resulting in a strong modication of the
magnetic anisotropy, in particular, a switching of the magnetic
axis from in-plane along h110i to out-of-plane along [001] in the
case of a sufficiently large P concentration.17 In a previous study
we have demonstrated that the incorporation of Sb affects the
effective Mn content xeff as well as the Curie temperature TC in
the quaternary alloy ferromagnetic semiconductor (Ga, Mn)(As,
Sb).20

Recently, Howells et al. (ref. 21) reported a noticeable current
direction and an anomalous temperature dependence of the
AMR in the quaternary alloy ferromagnetic semiconductor (Ga,
Mn)(As, Sb), which was attributed to the interplay between the
China Electric Power University, Beijing
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crystalline and noncrystalline AMR components and a crossed
AMR term. Their results further suggested that an accurate
control of the AMR may be possible by adjusting the alloy
composition in the quaternary alloy DMS. In this study, we
investigated the effect of the Sb content on the AMR of (Ga,
Mn)(As, Sb) quaternary alloy ferromagnetic semiconductor thin
lms. The Sb content in the thin lms affects the lattice
constant and the strain, allowing for the tuning of the AMR
features of the samples.

Experimentation

A series of (Ga, Mn)(As, Sb) lms with a thickness of 100 nm
were grown on epiready semi-insulating GaAs (001) substrates
by low-temperature molecular-beam epitaxy (LT-MBE). The
entire growth process was monitored by in situ reection high-
energy electron diffraction (RHEED), and the substrate
temperature was measured by a thermal couple. A 100 nm thick
buffer layer of GaAs was rst grown on the substrate at 560 �C to
smooth the surface of the substrate. The substrate was then
cooled to 260 �C for the growth of a 100 nm thick (Ga, Mn)(As,
Sb) layer. The Mn/Ga ux ratio and the excess As4 ux were the
same for all samples. The total Mn mass percentage of the lms
was estimated to 2.5% according to the Mn/Ga ux ratio, and
the Sb/As beam equivalent pressure (BEP) ratio s was selected to
0% (without Sb incorporation), 0.96%, 1.63% and 2.43%,
respectively. The growth process has been previously described
in detail elsewhere.20

Results and discussion

The temperature dependence of the remanent magnetization
Mr of the annealed samples aer removal of the external
magnetic eld was measured along the in-plane [1�10] direction
This journal is © The Royal Society of Chemistry 2019
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Fig. 2 Double-crystal XRD patterns obtained for the (Ga, Mn)(As, Sb)
films with different values of s. The inset images (a) and (b) show the
lattice mismatch and the vertical strain 3zz as a function of s,
respectively.
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in the range from 5 to 150 K using a superconducting quantum
interference device (SQUID), and the results are shown in Fig. 1.
The magnetization lies in-plane along a direction determined
by a competition between a uniaxial anisotropy favoring the
[1�10] axis and a biaxial anisotropy favoring the in-plane [100]
axes, as is typical for III–V DMS lms under compressive
strain.22 The observed in-plane magnetization can obviously
divided into two stages: the rst corresponds to uniaxial
anisotropy and the second to biaxial anisotropy. The uniaxial
and biaxial anisotropy constants vary, respectively, as the
square and fourth power of the spontaneous magnetization
across the whole temperature range up to TC, so uniaxial
anisotropy is dominant from around 5 K up to the Curie
temperature TC of 50 K, especially for the sample with s ¼
0.96%. The hole density p was obtained through conventional
Hall measurements at a saturation eld above 4 T. The Hall
resistances Rxy could be described as the sum of ordinary and
anomalous parts as given by Rxy ¼ R0Bz + RAMz, where Bz andMz

are the perpendicular-to-plane components of the magnetic
eld and the magnetization, respectively. The ordinary Hall
coefficient R0 is given by (1/ped), where e is the elementary
electric charge, d is the lm thickness, and p is the hole density.
We can separate these two parts in high magnetic eld because
the anomalous Hall resistance will saturate at a certain
magnetic eld, but the normal Hall resistance has a linear
increase. The R0 is obtained from the slope of the curve when
the magnetic eld is above 4 T. The values of p can be calculated
from R0, and the results for annealed samples are shown in the
inset image in Fig. 1. As the Sb content was increased, the hole
density p reached a maximum for the sample with s ¼ 0.96%,
and then drastically decreased. The higher the hole concen-
tration, the higher the amount of substitutional Mn atoms in
the lm, and the higher the Curie temperature TC.23 The
observed behavior is consistent with the predictions of the p–
d Zener model.6

Fig. 2 shows the results of the high-resolution X-ray diffrac-
tion (HR-XRD) measurements performed on the four (Ga,
Fig. 1 Temperature dependence of the remanent magnetization Mr

after removal of the magnetic field for (Ga, Mn)(As, Sb) films with Sb
mass percentages of 0%, 0.96%, 1.64%, and 2.43%, respectively. The
inset image shows the hole density p versus the Sb/As BEP ratio s (in%).

This journal is © The Royal Society of Chemistry 2019
Mn)(As, Sb) samples at room temperature. The intensity of the
diffraction peak gradually weakens and the half width increases
with the increasing of the Sb concentration, which indicates
that the crystal quality of the sample is gradually decreasing.
The lattice constant was calculated from the position of the
(004) peak of the (Ga, Mn)(As, Sb) layer assuming that the layer
was fully strained and showed the same elastic constant as
GaAs. The strained lms are characterized by their substrate-
lm lattice mismatch lm ¼ (alm � asub)/alm,24 where asub and
alm are the relaxed lattice constants of the GaAs substrate and
the (Ga, Mn)(As, Sb) lm, respectively. The results of the
calculation are shown in the inset image (a) in Fig. 2. The
vertical strain 3zz can be calculated as follows:16

3zz ¼ lm

1� C11

ðC11 þ 2C12Þ
1þ C11

ðC11 þ 2C12Þlm
;

where C11 and C12 are the elastic stiffness constants, z is along
the direction of growth. As an approximation, the values for
GaAs were used for all samples, i.e., C11 ¼ 11.90 � 1010 Pa and
C12 ¼ 5.34 � 1010 Pa.25 The inset image in Fig. 2(b) shows the
variation of 3zz with the Sb content. Both the lattice mismatch
and the vertical strain gradually and monotonically increased.
However, a higher Sb content resulted in a signicant degra-
dation of the crystal quality, and correspondingly the ferro-
magnetic behavior of the samples disappeared. In our Sb
concentration range, the observed positive 3zz classies the
annealed (Ga, Mn)(As, Sb) lms as typical compressive strain
semiconductors. The hole density p, the lattice constants and
the strain 3 are linked with each other. The variation of the Sb
concentration induces competing effects between these prop-
erties, which affects the AMR of ferromagnetic (FM)
semiconductors.
RSC Adv., 2019, 9, 10776–10780 | 10777
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The AMR in the (Ga, Mn)(As, Sb) lms with s ¼ 0%, 0.96%
and 1.64% was studied by performing magnetotransport
measurements. The sample with s ¼ 2.43% was not studied
because of its poor ferromagnetic behavior. The longitudinal
resistance rxx and the transverse or planar Hall DC resistance
rxy were recorded by applying the standard four-probe
measurement technique using Hall bars at 10 K with a DC
current of 10 mA along the [110] direction and a 0.5 T in-plane
magnetic eld. A schematic diagram of the Hall bar structure
is shown in Fig. 3. The angular dependence of the resistance
was measured in a superconducting magnet equipped with
a rotating sample holder, which allowed to continuously change
the angle 4 between the magnetic eld H and the current I. The
sample was rotated around the [001] direction, and thus rxx and
rxy varied with 4. The results of the measurements are shown in
Fig. 3. Both rxx and rxy were found to oscillate as the sample was
rotated, but the observed oscillation periods are different.
Whereas the oscillations in rxy can be described using a simple
cosine or sine function, which is typical for polycrystalline FM
lms,13 the oscillations in rxx cannot be described this way.

Because the 0.5 Tmagnetic eld was large enough to saturate
the sample, the magnetizationM should be fully aligned withH.
The angle between M and I is almost identical to the angle
between H and I. Therefore, the AMR of the samples can be
described only as a function of the angle 4. The longitudinal
and transverse AMR dependence on the angle 4 for the (Ga,
Mn)(As, Sb) samples with different Sb content are shown in
Fig. 4(a) and (b). Usually the longitudinal and transverse AMR is
expressed as AMRxx ¼ (rxx � rav)/rav and AMRxy ¼ (rxy � rav)/rav,
Fig. 3 Dependence of rxx and rxy on the angle 4 betweenH orM and I for
Sb) samples at T ¼ 10 K. The black and red curves are the measured and

10778 | RSC Adv., 2019, 9, 10776–10780
respectively, where rav is the average value of the longitudinal
resistivity over 360� in the plane of the lm.21 In Fig. 4(a), the
longitudinal AMR is subject to an oscillation from the obviously
dominant cubic to a uniaxial symmetry and then reverts to the
cubic symmetry as the Sb content further increases. Unlike the
symmetry observed for AMRxx, the transverse AMR shows
a uniaxial symmetry, as shown in Fig. 4(b). However, the
greatest AMRxy was found for the sample with s ¼ 0.96%. The
AMR sharply decreased when s reached 1.64%. The crystalline
terms are generally associated with band warping effects
reecting the underlying crystal symmetry. The cubic symmetry
originating from the long-range ferromagnetic phase coincides
with the fourfold symmetry of the [001] plane of the zinc blende
crystalline structure. The twofold symmetry originates from the
alignment of spins with random orientations in single crys-
tals.13 Fig. 4(c) shows the longitudinal AMR of the sample with s

¼ 0.96% for the [110]-oriented Hall bar at various temperatures.
Initially, as the temperature increases from 2 K to 10 K, the
AMRxx increases rst, and then the AMRxx is always weakened
as the temperature continues to rise from 15 K to 55 K above the
TC temperature, which is due to the reduction in the magneti-
zation on approaching TC. In the temperature range of 2–55 K,
the distribution of Sb in the crystal does not change too much
with the increase of temperature, but the mobility of holes will
be greatly affected, so the AMRxx intensity will change accord-
ingly. But its uniaxial symmetry does not change.

The strong sensitivity of the magnetic anisotropy to the
epitaxial strain for the (Ga, Mn)As ferromagnetic semiconductor
was already pointed out by Ohno et al.1 Recently, it has been
an in-planemagnetic field withH¼ 0.5 T observed for the (Ga, Mn)(As,
fitted results, respectively. And schematic diagram of Hall bar.

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 Angle dependence of (a) the longitudinal and (b) the transverse
AMR of the (Ga, Mn)(As, Sb) films with different s. And (c) the
temperature dependence of AMRxx for s ¼ 0.96%.
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reported that the patterning allows the in-plane compressive
strain in the (Ga, Mn)As lm to relax in the direction along the
width of the bar, which can lead to an additional uniaxial
component in the magnetocrystalline anisotropy for bars with
widths #1 mm.26 In our experiment, the incorporation of Sb
results in an increase of the lattice constant and the vertical
strain. When the Sb content is increased, both the FM behavior
and the crystal quality of the sample decline, and the AMR
signal correspondingly weakens. The AMRxy or the planar Hall
resistance show a uniaxial symmetry as previously reported in
This journal is © The Royal Society of Chemistry 2019
literature (ref. 13). The strongest AMR signal obtained for the
sample with s ¼ 0.96% corresponds to the sample with the
highest hole density. Therefore, the increased strong spin–orbit
interaction induced by a homogeneous Sb incorporation may
lead to the uniaxial term dominant in AMRxx for s ¼ 0.96%.

From a phenomenological perspective, the AMR can be
written as a sum of a uniaxial term (twofold symmetry) and
a cubic crystalline term (fourfold symmetry), and therefore the
longitudinal and transverse magnetoresistance can be
described by the following equations:13

rxx ¼ r0(1 + Au cos 24 + Ac cos 44) (1)

and

rxy ¼ r1 sin 24 (2)

where Au, Ac, r0 and r1 are constants which can be determined
by tting the experimental data. The well-tted results are
presented in Fig. 3, corresponding to the solid lines. The coef-
cients of the uniaxial term (Au) and the cubic crystalline term
(Ac) were obtained from eqn (1). Fig. 5 shows the variation of the
coefficients with s. For the sample without Sb, Au ¼ 0.429%,
which is about two times the magnitude of Ac (�0.172%). In this
case, both components were found to be dominant. In contrast,
for s ¼ 0.96%, Au ¼ 0.156% and Ac ¼ �0.025%, and therefore
AMRxx is almost exclusively determined by the uniaxial
component. As the Sb content increases, all coefficients tend
towards zero because of the bad crystal quality of the samples,
which is in good agreement with our experimental data.

In summary, we have investigated the in-plane anisotropic
magnetoresistance (AMR) of GaAs-based (Ga, Mn)(As, Sb)
quaternary ferromagnetic semiconductor lms. With the
increase of the Sb content, the lattice constant and the vertical
strain in the lms were found to increase accordingly. The angle
dependence of AMRxx showed that the cubic component was
suppressed, resulting from an increase of the local compressive
strain. A suitable Sb concentration can make the uniaxial
Fig. 5 The coefficients Ac and Au of the AMRxx term versus s.

RSC Adv., 2019, 9, 10776–10780 | 10779
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symmetry dominate the AMRxx term, and a high hole density
causes a strong AMRxy signal.
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A. W. Rushforth, E. De Ranieri, U. Rana, K. Výborný,
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