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We report on the magnetotransport properties of epitaxial thin films of In1−xMnxSb dilute magnetic semi-
conductor grown by metal-organic vapor-phase epitaxy. At temperatures below 10 K, a negative magnetore-
sistance dominates the magnetotransport that is attributed to spin-dependent scattering by localized magnetic
moments. Above 10 K, the magnetoresistance is positive and is well described by a two-band model consisting
of spin-split hybridized p-d subbands with different conductivities. Hall effect measurements show an anoma-
lous behavior that persists up to room temperature, providing an indication of ferromagnetic order. In addition,
magnetization measurements reveal distinct hysteresis loops at room temperature which confirms the ferro-
magnetism of the films.
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I. INTRODUCTION

III-Mn-V dilute magnetic semiconductors �DMS� are of
interest because of their potential application in the emerging
field of spintronics, where the control of the spin state of
carriers provides an important mechanism for future elec-
tronic devices.1 These magnetic materials possess unique
characteristics that include the potential for externally con-
trolled ferromagnetism, a high degree of spin polarization of
carriers, and a wide variety of spin-dependent transport
properties.2–4 The strong spin-dependent coupling between
the bands and localized states account for the outstanding
properties of DMS.5 This coupling gives rise to giant spin
splitting of the electronic states and spin-disorder scattering.

The presence of local magnetic moments and, in particu-
lar, the exchange interaction between carriers and local mo-
ments has been known to dramatically modify carrier trans-
port. The strong coupling between band and localized states
leads to large magnetoresistive effects including both nega-
tive and positive magnetoresistance �MR�.5 Several theoreti-
cal models have been proposed that describe the origin of the
magnetoresistance. A theory of spin-disorder scattering by
thermodynamic fluctuations of magnetic atoms was devel-
oped for ordered magnetic semiconductors6 based on an ear-
lier theory of scattering in magnetic metal alloys.7 The pres-
ence of an external magnetic field suppresses the fluctuations
of the local magnetization �due to magnetic moments of the
magnetic ions� and leads to decreased scattering and a nega-
tive magnetoresistance. Positive magnetoresistance on the
other hand has been attributed to increased scattering of car-
riers by localized magnetic moments due to an increase in
the magnitude of the local potential due to the Zeeman
effect.8–10 The increase in spin-dependent scattering by the
external magnetic field is especially large for semiconductors
with electrically active magnetic impurities.9

Magnetotransport of In-Mn-V DMS has been previously
investigated where Mn is both the source of localized mag-
netic moments and free carriers. InMnAs grown by low-
temperature molecular-beam epitaxy �LT-MBE� shows a
negative magnetoresistance at 3.5 K for In0.987Mn0.013As
�Ref. 11� and 4.2 K for InMnAs/GaSb heterojunctions.12 In
the case of the heterojunctions, where TC=35 K, negative

magnetoresistance is not observed above a TC of 42 K. The
presence of magnetic polarons qualitatively explains the
negative magnetoresistance observed at low temperatures in
InMnAs grown by LT-MBE.13,14 The applied magnetic field
aligns the magnetic moments of the substitutional Mn impu-
rities, thereby making the polarons more mobile and increas-
ing the conductivity.

Low-field magnetoresistance of InMnAs thin films grown
by metal-organic vapor-phase epitaxy �MOVPE� has been
previously measured up to 14 K, revealing a negative mag-
netoresistance that was attributed to spin-selective scattering
of carriers in an impurity band.15 At temperatures above 14
K, however, a small positive magnetoresistance was ob-
served. In a subsequent study, a positive magnetoresistance
at higher temperatures was observed in thin films of InMnAs
grown by MOVPE.16 The positive magnetoresistance at low
fields ��1 T� and at temperatures above 17 K was attributed
to conduction via spin-split hybridized p-d subbands with
different conductivities and mobilities. The splitting of the
band and the changes in the density of states result in differ-
ent carrier populations in the two spin subbands. These sub-
bands have different conductivities and mobilities for major-
ity and minority spin carriers. Increased scattering of spin-
polarized carriers due to changes in the local Zeeman
potential leads to the positive magnetoresistance.

Magnetotransport studies on InMnSb thin films grown by
LT-MBE have been previously reported.17,18 Initial measure-
ments on In1−xMnxSb films indicate that scattering of carriers
by isolated Mn2+ ions is the dominant mechanism, leading to
a negative magnetoresistance for temperatures up to 12 K.19

These LT-MBE alloys show well-defined magnetic hysteresis
loops and an anomalous Hall effect �AHE�. The Curie tem-
perature �TC� measured in these samples is very low, on the
order of 7–20 K. Recently, however, we have shown that
single phase In1−xMnxSb films grown by MOVPE are ferro-
magnetic at room temperature with a TC in excess of 400
K.20 Ferromagnetism was supported by field-cooled �FC� and
zero-field-cooled �ZFC� magnetization measurements and by
clear hysteresis in the anomalous Hall resistivity. The high
TC is attributed to carrier-mediated ferromagnetism involving
Mn and its complexes that form shallow or resonant elec-
tronic states through correlated substitution in the semicon-
ductor host.
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In the present work, we report on magnetoresistive prop-
erties of single-phase, semiconducting In1−xMnxSb thin films
grown by MOVPE. We focus on the spin-dependent scatter-
ing processes responsible for the magnetoresistance observed
in the films. We find that at temperatures below 10 K a nega-
tive magnetoresistance dominates the magnetotransport
while above 10 K the magnetoresistance is positive. The
negative magnetoresistance observed at low temperatures is
attributed to scattering of spin-polarized holes by magnetic
Mn2+ ions. For the observed positive magnetoresistance, a
two-band model is proposed where the bands result from the
strong p-d exchange interaction. The p-d exchange results in
a splitting of the valence band into subbands for the two spin
directions. Analytical expressions were developed that de-
scribe the behavior of magnetoresistance with field and tem-
perature. From the MR measurements the carrier distribution
and spin polarization were calculated. In addition, we present
results of the Hall effect measurements that exhibit distinct
hysteresis loops and an anomalous Hall resistivity even at
room temperature. The transport properties are consistent
with the presence of ferromagnetic order in these phase pure
films.

II. EXPERIMENT

In1−xMnxSb thin films were grown using atmospheric
pressure MOVPE on semi-insulating GaAs �100� substrates.
The films were deposited at a substrate temperature of
400 °C at a typical growth rate of �330 nm /h. The thick-
ness of the films was on the order of 300–550 nm. Details of
the growth procedure are reported elsewhere.20 The
In1−xMnxSb films studied have a Mn concentration of x
=0.02 and 0.035 �herein referred to as 2% and 3.5% Mn
samples�. The manganese concentration was determined by
energy-dispersive x-ray spectroscopy using a beam energy of
25 keV and a probe current of 30 mA. The phase purity and
the lattice constant of the films were determined by double
crystal x-ray diffraction using Cu K�1 radiation. X-ray dif-
fraction �XRD� and high-resolution transmission electron
microscopy �TEM� indicate that the films are single phase
with no secondary phases present.21 In addition, extended
x-ray absorption fine-structure �EXAFS� analysis indicates
that Mn substitutes for In and has tetrahedral coordination as
would be expected for a single-phase film with a zinc-blende
structure.20–22

Magnetic properties of the films were measured with a
superconducting quantum interference device �SQUID� mag-
netometer. For analysis, the diamagnetic contribution from
the substrate and holder was subtracted from the total sample
magnetization. For magnetotransport studies, Hall bars were
patterned on the samples using standard photolithography
and wet chemical etching. A gold wire was attached to each
terminal by soldering indium dots on the pads of the Hall bar
to make electrical contact. Magnetotransport properties were
measured at the National High Magnetic Field Laboratory
where a superconducting magnet with a variable temperature
insert was used to sweep the magnetic field up to 18 T for
temperatures ranging from 1.4 to 298 K. Longitudinal �Rxx�
and Hall �Rxy� resistances were measured using the standard

four-probe lock-in technique with a 100 �A drive current.
The magnetic field was applied perpendicular to the plane of
the sample. The In1−xMnxSb films were determined to be p
type from the Hall data.

III. THEORY

The observed negative magnetoresistance in dilute mag-
netic alloys at low temperature was initially explained in
terms of the scattering of carriers by localized moments.23

Upon application of an external magnetic field, the localized
magnetic moments in the alloy become ordered. Conse-
quently, carrier scattering is reduced resulting in a decrease
in resistivity that is proportional to the square of the magne-
tization M. However, while the qualitative features of the
negative magnetoresistance at low fields were consistent
with the localized magnetic moment model, quantitative dis-
agreements existed. This is because the localized moment
theory, and that of a similar model proposed later,24 was
based on calculations involving only the second-order pertur-
bation expansion of the exchange Hamiltonian. Hence, a
modified theory was proposed that takes into account higher-
order terms of the perturbation expansion.25 The negative
magnetoresistance is then given by25

��

�
= − a2 ln�1 + b2H2� , �1�

where a and b include the physical characteristics of the
exchange interaction and H is the applied magnetic field.

In the present work, we describe the observed negative
magnetoresistance using the semiempirical expression given
in Eq. �1�. This equation is based on the third-order expan-
sion of the exchange Hamiltonian and on the logarithmic
temperature dependence of the zero-field resistivity of dilute
magnetic alloys.23,26 In particular, the coefficients a and b in
Eq. �1� are given by

a = A1JD��F��S�S + 1� + �M2�� �2�

and

b2 = �1 + 4S2�2	2JD��F�
g


4�	 g�B

�kBT

2

. �3�

Here, J is the exchange interaction energy, D��F� is the
density of states at the Fermi level, �M2� is the average mag-
netization squared, �B is the Bohr magneton, and � is a
numerical factor that is on the order of unity.27 The quantities
S and g are the total spin and the effective Lande g factor of
the localized magnetic moments, respectively. The parameter
A1 is a measure of the contribution of spin scattering to the
total magnetoresistance.

The magnetization term in Eq. �2� is given by

M�T,H� = MF�T,H� + �	p�T��H , �4�

where MF�T ,H� is the ferromagnetic component due to in-
teracting Mn ions, 	p�T� is the high field paramagnetic sus-
ceptibility due to noninteracting Mn ions, T is the tempera-
ture, and H is the applied magnetic field.

To explain positive magnetoresistance, a two-band model
is utilized.25,28–31 In this model, electrical transport occurs
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via a valence band that consists of a partially filled hybrid-
ized p-d band that is spin split. The resultant two bands have
different transport behavior. A schematic for the density of
states versus energy is given in Fig. 1. The dashed curves
denote the majority and minority carrier bands after kinetic
p-d exchange.32,33 In the p-d exchange mechanism the low-
lying d band hybridizes with the majority p band and pushes
it to higher energies above the Fermi level. The higher lying
d band hybridizes with the minority p band and thus pushing
it away from the Fermi level to lower energies.32 This hy-
bridization leads to the spin splitting of the bands. Carriers
with different spin polarization have different mobilities.9,10

For a two-band model the positive magnetoresistance is
given by25,28–30

��

�
=

c2H2

�1 + d2H2�
, �5�

where the fitting parameters c and d are related to the con-
ductivity and mobility of carriers in the two spin-split bands,
respectively. Specifically, c and d are related to the band
parameters by

c2 =

1
2��1 + �2�2

�
1 + 
2�2 , �6�

d2 =
�
1�2 − 
2�1�2

�
1 + 
2�2 , �7�

where �i and 
i are the mobilities and conductivities of the
carriers in the two bands, respectively. The subscripts 1 and 2
denote the majority-spin and minority-spin carriers, respec-
tively. The relative population of carriers in these two bands
is determined by the spin splitting.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

A. Transverse magnetoresistance

The dependence of the transverse magnetoresistance on
applied magnetic field at temperatures ranging from 1.4 to
298 K is shown in Fig. 2. The magnetoresistance is given by
�� /�= ��−�0� /�0, where � and �0 are the resistivities in the
presence and absence of an external magnetic field. The
magnetic field is oriented normal to both the direction of
current flow and to the plane of the film. The top panel

shows the magnetoresistance of the 2% In1−xMnxSb sample
while the bottom panel shows it for the 3.5% sample. As can
be seen from Figs. 2�a� and 2�b�, the magnetoresistance is
negative at low temperatures �below 10 K� and decreases in
its absolute value as the temperature is elevated. For tem-
peratures above 10 K, the magnetoresistance changes sign
and reaches its maximum at 77 K; then the magnitude de-
creases slowly while remaining positive. The magnetoresis-
tance observed at temperatures below 10 K has two compo-
nents: a negative component that dominates up to fields of
3–5 T, then passes through a minimum, and subsequently
becomes positive starting with these fields up to 15 T. The
lower the Mn concentration or temperature, the lower the
field required for the change in slope of magnetoresistance
with temperature. In addition, the magnitude of the negative
magnetoresistance at low temperatures increases with in-
creasing Mn concentration for a particular magnetic field
�e.g., 1 T�; this indicates that spin scattering decreases with
increasing Mn concentration which is consistent with Eq.
�2�. We also see from Figs. 2�a� and 2�b� that the magnetore-
sistance shows a tendency to saturate at higher fields. It is
worth noting that the disappearance of the negative magne-
toresistance above 10 K does not represent a magnetic tran-
sition from ferromagnetic to paramagnetic states as the TC

for the two films grown under identical conditions was found
to be in excess of 400 K from both SQUID magnetometry
and magnetic force microscopy.21

To determine the scattering mechanisms responsible for
the observed low-temperature magnetoresistance shown in
Fig. 2, we performed a least-squares fitting of our data to the
expression given by

FIG. 1. �Color online� Schematic of the spin-polarized DOS in
the case of p-d exchange.

FIG. 2. �Color online� �a� Magnetoresistance data for
In0.98Mn0.02Sb and �b� In0.965Mn0.035Sb thin films.
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��

�
= − a2 ln�1 + b2H2� +

c2H2

�1 + d2H2�
�8�

taking into account both the negative and positive contribu-
tions to the magnetoresistance. The four parameters a, b, c,
and d were treated as fitting parameters. The fitted magne-
toresistance agrees very well with the experimental data as
seen in Fig. 3. The observed negative magnetoresistance is
due to a decrease in spin scattering of holes. Using the values
obtained from the fitting procedure it was found that the
parameters a, b, c, and d have a temperature and concentra-
tion dependence �see Table I�. Specifically the value of b,
and hence the absolute magnitude of the negative magnetore-
sistance, decreases with increasing carrier and dopant con-
centration while increasing with decreasing temperature
�Table II�. On the other hand, the parameter a increases with
increasing dopant concentration and hence with increasing
spin magnetic moment S. Cooling the sample from 4 to 1.4 K
increases the absolute magnitude of the negative magnetore-
sistance which is consistent with Eq. �3�. The low-
temperature behavior of our samples is consistent with the
magnetic moment model and gives us added confidence with
regard to the model described by Eq. �1�.

Information about the exchange interaction energy J in
InMnSb can be obtained from the magnitude of the param-
eter b in Eq. �3�.34 We see from Table II that the value of b
decreases from 1.557 to 0.975 for Mn concentrations x
=0.02 and x=0.035, respectively. By substituting the values
of S=5 /2 and g=2 for the Mn2+ ion into Eq. �3�, we find that
at a fixed temperature �4 K, for example�, the product J
�D��F� �assuming �=1�27 decreases with increasing Mn
concentration. In addition, Table II shows that the carrier

concentration increases with increasing Mn concentration
and implies that the density of states D��F� also increases
with increasing Mn concentration. Consequently, it follows
that the decrease in the product J�D��F� denotes a reduc-
tion in the value of J for increasing Mn concentration. The
above observation is explained as follows: by increasing Mn
concentration, the Mn atoms are closer to one another and
hence will lead to an overall reduction in the exchange en-
ergy since J depends on the distance of Mn atoms.35

The positive magnetoresistance can be explained by em-
ploying the two-band conduction model. Results of a least-
squares fit of the magnetoresistance data for the two-band
model expression, given by Eq. �5�, are shown in Fig. 4 for
the 2% sample. Similar fits were also obtained for the 3.5%
sample �not shown�. As can be seen from Eq. �5�, the mag-
nitude of the positive magnetoresistance is a function of the
parameters c and d that are related to the conductivities and
carrier mobilities in the two spin subbands.16 The depen-
dence of �� /� on H increases more slowly than H2, in-
creases linearly with H, or tends to a saturation value for
d2H2�1. Thus, the parameter d in Eq. �5� determines, in
part, the saturation value of the positive magnetoresistance.
The values of the parameter d for the 2% sample are 0.327,
0.288, 0.202, 0.177, and 0.154 for 10 K, 15 K, 77 K, 150 K,
and 298 K, respectively, as summarized in Table III. The
dependence of d on temperature is reflected in Fig. 4, where
saturation occurs at higher fields for higher temperatures. In
addition, we observe from Fig. 4 that the magnitude of the
magnetoresistance for a particular field �5 T, for example�
increases with increasing temperature up to 77 K. Accord-
ingly, the values of c and d will be temperature dependent as
shown in Table III. This temperature dependence of the mag-
netoresistance is attributed to the difference in the mobilities
of the spin-spilt bands for the spin-polarized carriers.9,10

To relate the values of the fitting parameters c and d to the
electrical parameters �Table IV� 
i, �i, and ni �ni are the

TABLE I. Values of the fitting parameters to the expression:
��
� =−a2 ln�1+b2H2�+ �c2H2 / �1+d2H2��.

Sample x
Temperature

�K� a b c d

2% Mn 0.02 1.4

4 0.520 1.557 0.162 0.101

3.5% Mn 0.035 1.4 1.645 2.683 0.583 0.141

4 1.278 0.975 0.274 0.083

TABLE II. Concentration dependence of the fitting parameter b
at 4 K.

Mn
�%�

Carrier conc.
�cm−3� b �at 4 K�

2.0 1.00�1019 1.557

3.5 3.00�1019 0.975

FIG. 3. �Color online� Least-squares fit of the low-temperature
magnetoresistance data to Eq. �8� for the 3.5% sample.

FIG. 4. �Color online� Least-squares fit of the positive magne-
toresistance to Eq. �5� for temperatures between 10 and 77 K.
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carrier concentrations�, analytic expressions are obtained for
�i and 
i using Eqs. �6� and �7�. For a given temperature and
Mn concentration these band parameters were obtained from
the measured magnetoresistance data using the following de-
rived equations:


i =



2
	1 
�1 −

4c2

����2
 , �9�

�i =
��
i




 d , �10�

where the total conductivity 
1+
2=
 and the total mobility
�1+�2=��. The value of ni is readily obtained from the
relation ni=
i /e�i. The computed values of the total carrier
concentration n=n1+n2 can then be compared to the experi-
mentally measured values of n.

Table V lists the values of the extracted parameters
n1 ,�1 ,
1 ,n2 ,�2 ,
2 for the two bands from 10 to 300 K for
an alloy with x=2% with applied magnetic field perpendicu-
lar to the sample. Clearly, the majority carrier contribution is
dominant. With increasing temperature, the values of 
1 and
�1 increase while 
2 and �2 decrease. In addition, there is a
very good agreement between the values of n predicted by
the model and the measured values from the Hall effect. It is
therefore reasonable to conclude from the above analysis that
the excellent agreement between the data and the fitting
functions support the assumption of a two-band conduction
mechanism to describe the positive magnetoresistance �Eq.
�5��.

It is important to note the large differences in the magni-
tudes of carrier concentrations and mobilities for the two

bands listed in Table V. For the majority-spin band 1 the
concentration is on the order of 1019 cm−3 and for the
minority-spin band 2 the concentration is on the order of
1017 cm−3. Thus, the magnetoresistance measurements indi-
cate that the alloy shows nearly 100% spin polarization,
where P= �n1–n2� /n. The alloy is nearly a ferromagnetic half
metal even at 298 K.36 The carrier mobilities for the two
bands also differ by a factor of seven hundred. This suggests
that the high-mobility band 1 is mainly p-like and the low-
mobility band 2 is mainly d-like in character.

B. Hall effect and magnetic properties

The Hall resistivity �xy of the two films was measured
over the temperature range of 1.4–298 K. The Hall resistivity
of a magnetic semiconductor has an ordinary contribution
��OH� due to the Lorentz force that is proportional to the
external magnetic field H, and an anomalous contribution
��AH� often taken to be proportional to the sample magneti-
zation M. The total resistivity is given by37

�xy = �OH + �AH = R0H + RAM , �11�

where R0 and RA are the normal �ordinary� and anomalous
Hall coefficients, respectively, H is the applied magnetic
field, and M is the component of the magnetization perpen-
dicular to the sample surface. A nonzero value of RAM at low
field indicates that the films are ferromagnetic.5

Figure 5�a� shows the Hall resistivity ��Hall� versus ap-
plied magnetic field for the 2% In1−xMnxSb sample measured
at different temperatures. The inset shows the Hall resistance
�Rxy� versus field for an InSb sample without Mn doping. We
observe from the plot that the Hall resistivity of In1−xMnxSb

TABLE III. Values of the fitting parameters c and d for the
expression: ��

� = c2H2

�1+d2H2� .

Sample x
Temperature

�K� c d

2% Mn 0.02 10 0.529 0.327

15 0.550 0.288

77 0.506 0.202

150 0.412 0.177

298 0.357 0.154

3.5% Mn 0.035 77 0.529 0.187

150 0.466 0.169

298 0.376 0.149

TABLE IV. Electrical parameters of In1−xMnxSb at 4 K, 10 K, 77 K, and 300 K.

Mn conc. �x�

Resistivity �
��10−3 � cm�

Carrier concentration np

��1019 cm−3�
Mobility �
�cm2 /V s�

4 K 10 K 77 K 300 K 4 K 10 K 77 K 300 K 4 K 10 K 300 K

0.02 4.81 4.08 3.52 3.14 1.12 1.13 1.06 0.99 116 135 201

0.035 1.70 1.05 3.26 3.01 113 198

TABLE V. Carrier concentration, conductivity, and mobility in
two bands for In1−xMnxSb �x=2%� and their temperature
dependence.

Two-band parameters 10 K 77 K 300 K

Band 1 �majority�
n1 ��1019 cm−3� 1.13 1.07 0.99


1 ��102 1 /� cm� 2.45 2.86 3.19

�1 ��102 cm2 /V s� 1.35 1.67 2.01

Band 2 �minority�
n2 ��1016 cm−3� 7.10 8.04 4.13


2 ��10−2 1 /� cm� 4.03 3.11 1.07

�2 ��10−1 cm2 /V s� 3.29 2.04 1.55
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at low fields is nonlinear in magnetic field for all measured
temperatures. In the low-field regime shown in Figs. 5�b� and
5�c�, the AHE dominates the Hall resistivity at all tempera-
tures. The AHE exhibits a hysteresis loop that appears to
reflect the magnetization of the sample. Due to the nonlin-
earity of the Hall resistivity at low magnetic fields, electrical
parameters of the In1−xMnxSb thin films need to be calcu-
lated from the linear portion of the data in the high field
range of 10–18 T where R0H�RAM. Electrical parameters
were calculated from the linear Hall coefficient in the high
field range at 1.4 and 300 K; the parameters are given in
Table IV. We observe that the carrier concentration increases
with Mn concentration. In addition, the zero-field resistivity
decreases with increasing Mn concentration due to increased
carrier concentration. Another point of note is that the mea-
sured hole concentration of �1019 cm−3 for our films is
lower than that reported for In1−xMnxSb films grown by LT-
MBE of �1020 cm−3.17–19 However, the mobility at 300 K of
the MOVPE grown films is higher than that of MBE-grown
films.

The nonlinearity of the Hall resistivity presumably results
from asymmetric scattering of carriers caused by the spin-
orbit coupling between mobile charge carriers and localized
magnetic moments or Berry phase effects.38,39 Since obser-
vation of the anomalous Hall effect is often used as a signa-
ture to establish ferromagnetism in DMS, it provides evi-
dence for the essential role of hole-mediated coupling
between local Mn moments in long-range ferromagnetic
order.5,40 A detailed discussion of the origins of the anoma-
lous behavior of the Hall resistivity in In1−xMnxSb films
grown by MOVPE and its relationship to the observed mag-
netoresistance will be reported elsewhere.41

The magnetization of the two samples was also measured
as shown in Fig. 6�a�. The saturation magnetization of the
In1−xMnxSb films is dependent on Mn concentration. For the

2% film, the measured saturation magnetization �Ms� is
�4.5 emu /cm3 with a remanence �Mr� of �1.6 emu /cm3

and a coercive field �Hc� of 217 Oe. For the 3.5% film the
values of Ms and Mr increase to �22 emu /cm3 and
�4.6 emu /cm3, respectively. The measured saturation mag-
netization of �22 emu /cm3 corresponds to a contribution of
�2.28 �B per Mn atoms for the 2% sample. Figure 6�b�
shows the out-of-plane magnetization of the 3.5% film. The
saturation is reached at higher magnetic fields ��0.5 T�
when the magnetization is measured out of plane. Thus, the
easy axis of the magnetization in �In,Mn�Sb thin films is in
plane. For comparison, magnetization and Hall measure-
ments carried on InSb without Mn did not show either fer-
romagnetism or AHE �see Fig. 7�. The InSb sample without
Mn is strongly diamagnetic as is evident from the large nega-
tive slope measured at both low and higher magnetic fields.
No evidence of hysteresis is observed.

A comparison of the magnetization probed by the anoma-
lous Hall effect and that measured by direct out-of-plane
SQUID magnetometry shows nearly the same behavior, as
would be expected from Eq. �11�. We should note, however,
that the saturation field for the anomalous Hall resistivity is
much higher than that of SQUID magnetization. This is be-
cause SQUID measurements presumably probe the magnetic
properties of the entire sample whereas transport measure-
ments probe only regions of higher conductivity, where
carrier-mediated magnetic interaction is strongest.42

The question of course arises as to the origin of the AHE
in the MOVPE films, as to whether or not ferromagnetic
precipitates play a role. We have previously reported that
XRD and high-resolution TEM indicate that secondary

FIG. 5. �Color online� �a� Hall resistivity versus applied mag-
netic field for the 2% In1−xMnxSb sample measured at 1.4, 4, 77,
150, and 298 K. Inset shows the Hall resistance vs field for InSb
without Mn doping. �b� The anomalous Hall resistivity for the 2%
sample at 77 K and �c� at 298 K.

FIG. 6. �Color online� �a� Field dependence of magnetization for
the 2% and 3.5% samples showing clear hysteresis at 298 K. The
magnetic field was applied in the plane of the sample �easy axis�.
�b� Out-of-plane magnetization vs field of the 3.5% film.
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phases are absent in the films.20 In addition, EXAFS analysis
indicates that Mn substitutes for In and has tetrahedral coor-
dination as would be expected for a single-phase alloy. Fur-
thermore, ZFC and FC magnetization versus temperature
curves show clear reversibility and thus support the homog-
enous nature of ferromagnetism in the films at room
temperature.20,21 It has been recently proposed that the ferro-
magnetism in InMnSb is stabilized by a Ruderman-Kittel-
Kasuya-Yosida mechanism and with correlated substitution
of magnetic impurities.43,44 In this case, substitutional Mn
acceptor complexes are the source of both free holes and the
localized spins that lead to a high TC. Thus, the observation
of hysteresis loops in both the Hall and SQUID measure-
ments that persist above room temperature indicates that the
ferromagnetism is attributable to the single-phase alloy and
not due to isolated ferromagnetic Mn precipitates in a non-
magnetic semiconductor host.

V. SUMMARY AND CONCLUSIONS

In summary, we have described the magnetotransport
properties of InMnSb epitaxial thin films on semi-insulating
GaAs grown using MOVPE. At temperatures below 10 K, a
negative magnetoresistance dominates the magnetotransport;
the magnitude of magnetoresistance depends on the Mn con-
centration. We attribute the negative magnetoresistance to a
decrease in spin-dependent scattering of holes by localized
Mn magnetic moments. At temperatures above 10 K, the
negative magnetoresistance is negligible and a positive mag-
netoresistance dominates the magnetotransport. We have
analyzed the positive magnetoresistance in terms of a two-
band model in which the bands consist of spin-spilt hybrid-
ized p-d subbands. Calculations based on the magnetoresis-
tance and its field dependence indicate that the carriers are
highly spin polarized. Hall effect measurements indicate an
anomalous resistivity component at room temperature, indi-
cating existence of ferromagnetic order in the alloy. Further-
more, magnetization measurements reveal distinct hysteresis
loops at room temperature and confirm that the single-phase
films are ferromagnetic.
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