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We report on the magnetic and structural properties of Ar- and Mn-implanted InAs epitaxial films
grown on GaAs �100� by molecular beam epitaxy and the effect of rapid thermal annealing �RTA�
for 30 s at 750 °C. Channeling particle induced x-ray emission �PIXE� experiments reveal that after
Mn implantation almost all Mn atoms are substitutional in the In site of the InAs lattice, like in a
diluted magnetic semiconductor. All of these samples show diamagnetic behavior. However, after
RTA treatment the Mn–InAs films exhibit room-temperature magnetism. According to PIXE
measurements the Mn atoms are no longer substitutional. When the same set of experiments was
performed with Ar as implantation ion, all of the layers present diamagnetism without exception.
This indicates that the appearance of room-temperature ferromagneticlike behavior in the Mn–
InAs-RTA layer is not related to lattice disorder produced during implantation but to a Mn reaction
produced after a short thermal treatment. X-ray diffraction patterns and Rutherford backscattering
measurements evidence the segregation of an oxygen-deficient MnO2 phase �nominally MnO1.94� in
the Mn–InAs-RTA epitaxial layers which might be the origin of the room-temperature
ferromagneticlike response observed. © 2009 American Institute of Physics.
�DOI: 10.1063/1.3087477�

I. INTRODUCTION

Combining semiconducting and ferromagneticlike �FM-
like� properties into the same material provides the opportu-
nity of not only controlling conduction in the traditional way
�electronics� but also controlling its quantum spin state. Co-
operative effects through spin-exchange interaction such as
the tuning of the magnetic properties of the semiconductors
by changing their carrier density1 open the way toward to the
emerging technology known as magnetoelectronics or spin-
tronics.

At this point, diluted magnetic semiconductors �DMSs�
have recently been a hot topic in the magnetic semiconductor
research. They are based on traditional semiconductors but
are doped with transition metals such as Mn. One of the
drawbacks of DMSs for industrial applications is its com-
monly low Curie temperature �TC�. However, theoretical
predictions2 indicate that TC can be raised above 300 K for
those semiconductors that contain a high concentration of
magnetic ions or consist of light elements, like in the case of
Mn or Co doped ZnO. Meanwhile, extensive doubts persist
on the origin of their magnetism3–6 or on the effective inter-
action between magnetism and semiconductivity. The III-V
semiconductors are the set of materials in which spin injec-
tion into nonmagnetic semiconductor and FM control by
light and electric fields for low Mn concentrations have been
demonstrated. Moreover, this kind of materials has also been

reported to posses TC above room temperature, i.e., for
In1−xMnxAs samples grown by metal-organic vapor phase
epitaxy a TC�330 K �Refs 7 and 8� has been reported. Al-
though, in some other works an experimental TC�55 K has
been measured for this phase.9 Incorporation of a large
amount of magnetic atoms in a controlled way during the
growth of III-V semiconductor structures by molecular beam
epitaxy �MBE� is a difficult task. Usually, the low equilib-
rium solubility of transition metals �such as Mn� into III-V
semiconductors originates surface segregation or phase sepa-
ration above a certain doping threshold. In the case of InAs,
magnetic dopants were successfully introduced during
growth for the first time in 1989 by Munekata et al. who
deposited In1−xMnxAs layers by MBE at relatively low tem-
peratures �200–300 °C� and Mn concentrations
�x�0.026�.10 To overcome these difficulties, implantation
techniques that allow insertion of magnetic impurities into
the semiconductors in a controlled way were started to be
used.11–13

Even when the In1−xMnxAs system has been relatively
well characterized, some controversies are still found in lit-
erature on the origin of its magnetic properties. In1−xMnxAs
layers were found to be FM or paramagnetic depending on
the local environment surrounding the Mn atoms, which in
turn depends on the growth procedure.10,14,15 For films grown
at relatively low temperature ��200 °C� Mn has been ob-
served to incorporate into the InAs structure occupying the
In sit, forming a homogeneous InMnAs alloy which presents
a paramagnetic behavior, while for films deposited at tem-
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peratures higher than 300 °C, Mn might form MnAs clusters
which are supposed to be responsible for the FM behavior of
these films.15

To elucidate this point we examine the origin of the
magnetism in Mn-implanted InAs epitaxial grown by MBE
and the effect of rapid thermal annealing �RTA�. The struc-
ture of the InAs crystal lattice is investigated for the different
processes by x-ray diffraction �XRD�. The layer composition
has been characterized by Rutherford backscattering spec-
troscopy �RBS�. The relation of magnetism with lattice loca-
tion of Mn within the crystal structure is investigated by
particle induced x-ray emission �PIXE� and scanning quan-
tum interference device �SQUID� measurements. The ap-
pearance of secondary phases in the structure after annealing
and its relation with the magnetic properties of the samples is
investigated and discussed.

II. EXPERIMENTAL

InAs layers with a thickness of 250 nm were grown on
commercial GaAs �100� substrates by atomic layer molecular
beam epitaxy �ALMBE� �Ref. 16� at a substrate temperature
Ts=440 °C, a growth rate rg=0.5 ML /s �monolayers per
second�, and an arsenic �As4� beam equivalent pressure=2
�106 Torr. Previous to the growth of InAs, a 200 nm thick
GaAs buffer layer was grown at Ts=580 °C and rg

=1 ML /s by MBE. According to the reflection high energy
electron pattern, a two dimensional InAs growth front is
achieved after the first 30 nm were grown. InAs samples
were implanted with Mn ions at fluences of 1�1016 and 8
�1016 cm−2. InAs samples implanted with Ar ions at a flu-
ence of 1�1016 cm−2 have also been studied for comparison
purposes. In order to avoid implantation-induced sputtering
of the InAs layer, the Mn implantation at high dose �8
�1016 cm−2� was sequentially carried out in four steps, each
of them at a fluence of 2�1016 cm−2. The implantations
were performed at room temperature and out of channeling
incidence. The implantation conditions were selected to
achieve a similar damage pattern by implanting with Mn and
with Ar. The implantation energies were 190 and 180 KeV
for Mn and for Ar, respectively. Samples were RTA in Ar
atmosphere for 30 s at a temperature of 750 °C. During an-
nealing, the sample surface was covered with an InAs/GaAs
sample to prevent arsenic evaporation.

Structural characterization of the samples was carried
out by XRD using a Philips X-PERT four cycle diffracto-
meter with a Cu K� radiation source. The XRD measure-
ments were performed in Bragg–Brentano geometry.

The layer composition has been characterized by RBS.
RBS measurements were performed using very small cur-
rents of �2 nA of a 2 MeV He+ beam and placing a stan-
dard Si surface barrier detector at 170° with respect to the
beam direction.

Proton induced x-ray emission �PIXE� measurements in
channeling configuration were carried out to study the lattice
location of the Mn atoms within the InAs host matrix. PIXE
angular scan curves were measured using a H+ beam at an
energy of 1.5 MeV. The beam current for PIXE measure-
ments was close to 1 nA and the spot size was about 1.0
�1.2 mm2. The total beam fluence for a single analysis scan
was around 140 nC to avoid radiation-induced damage dur-
ing the measurements. Characteristic x rays were measured
by a Si�Li� detector located at an angle of 135° with respect
to the beam direction. The position of the Mn atoms in the
host matrix has been determined by comparing the shape and
position of the Mn angular scan curve with those for In. The
lattice disorder and the percentage of host atoms displaced
after implantation, as well as the damage recovery after RTA,
have been characterized by the minimum yield ��min� from
the measured PIXE angular scan curves. The minimum yield
is the ratio of the yield measured in the channeling direction
to that measured in random configuration. �min scales with
lattice disorder, being a good indicator of it.

Magnetic characterization of the samples was performed
by SQUID. The temperature dependence of the magnetiza-
tion at constant field and the field dependence at constant
temperature were measured in the zero field cooled protocol.
The field dependence of the magnetization was measured at
temperatures of 5 and 300 K.

III. RESULTS AND DISCUSSION

The projected ranges of the implanted Mn and Ar ions
are calculated with the TRIM code17 to be approximately the
same for Mn and Ar. As shown in Fig. 1 the elemental depth
distributions of these elements within the InAs film are al-
most identical, presenting a Gaussian-like shape with the
center of the Gaussian located at the center of the film �125
nm�. The maximum numbers of target atom displacements
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FIG. 1. Mn �Left� and Ar �right� depth distributions within the InAs layer after implantation as simulated by the TRIM Monte Carlo code �Ref. 17�.
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per ion are calculated to be 3.7 and 2.2 for Mn- and Ar-
implanted layers, respectively.

The temperature dependence of the magnetization at
constant field for the as-grown �reference�, Mn-implanted,
and Mn-implanted+RTA �from now on Mn-RTA� as well as
for Ar-implanted and Ar-RTA samples is shown in Fig. 2.
The reference film exhibits a diamagnetic behavior with a
magnetic susceptibility of around −3�10−6 emu /g Oe.
Similar behavior is observed for Mn-implanted, Ar-
implanted, and Ar-RTA samples. Notice that, the diamagnetic
response seems to decrease when samples are implanted. We
relate the observed behavior to the implantation-induced
damage as evidenced in the broadening of the �200� InAs
peak �see Fig. 4� and because a similar effect is observed for
the Ar-implanted samples. The Mn-RTA sample is the only
one presenting positive magnetic susceptibility values for the
whole temperature studied range. The fact that at 300 K the
magnetization for the Mn-RTA sample drops to about 68% of
its low temperature value would imply that the Curie tem-
perature for this layer is above room temperature. The FM
behavior is further confirmed when measuring the isotherm
magnetization, where a clear hysteretic behavior is observed,
see Fig. 3.

Figure 3 �left and right� shows the magnetization versus
field reversal �M-H� measured at 5 and 300 K, respectively,
for all the samples. Hysteretic behavior is only observed in

the Mn-RTA sample at both temperatures. The saturation mo-
ment �Ms� and the coercive field �Hc� for this sample are 7
�10−4 emu /m−3 and 2�10−2 Oe at 5 K and 5.1
�10−4 emu /m−3 and 1.5�10−2 Oe at 300 K, respectively.

A characterization of the structural properties of the
samples has been done in order to investigate the changes
after implantation and annealing as well as the possible ap-
pearance of secondary phases and see the relation between
structure and magnetism in these samples, if any. XRD pat-
terns for as-grown, Mn- Ar-implanted, and postannealed lay-
ers are shown in Fig. 4. The four Bragg peaks observed in all
XRD patterns indicate that films are composed of an InAs
layer oriented along the �100� direction grown on a �100�
GaAs substrate. An additional small peak located at 2�
=45.09° is observed for the Mn-RTA layer, which indicates
the appearance of a secondary phase. This secondary phase is
neither a Mn–As, Mn–As-In, nor In–Mn combination, since
according to the JCPDS database, none of these phases
present diffraction maxima around d=2.01 Å.

The inset in Fig. 4 shows small changes in width and 2�
position of the �200� InAs peak for implanted and postan-
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FIG. 2. Temperature dependence of the magnetization at constant field for
the reference �black stairs�, Mn-implanted �black circles�, Mn-RTA �open
circles�, Ar-implanted �black squares�, and Ar-RTA �open squares� samples.
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FIG. 4. Logarithmic scale picture of the XRD patterns for the reference
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nealed layers in comparison to the reference film. These
changes are related to implantation-induced damage and
damage recovery after RTA. As shown in the inset in Fig. 4
the �200� InAs peak for the Mn- and Ar-implanted layer be-
came broader than in the as-grown sample, indicating a
higher lattice disorder in implanted layers. After annealing
the peak width slightly decreases in comparison to that of
implanted layers, but it is still broader than the reference one,
meaning that annealing under these conditions recovers only
partially the implantation-induced damage. No shift in the
�200� InAs peak position is detected for the Mn-implanted
layer, which indicates that Mn implantation does not induce
any additional stress in the InAs layer. This suggest, as next
corroborated by PIXE measurement, that Mn occupies sub-
stitutional positions into the InAs lattice, whereas the peak
shifts to higher angles for the Mn-RTA. A completely differ-
ent situation is observed for the Ar-implanted and Ar-RTA
layers, where a shift to lower angles in the �200� InAs peak
position is observed.

In order to determine the location of Mn atoms in the
InAs lattice in the Mn-implanted and Mn-RTA samples, RBS
and PIXE measurements were performed in channeling con-
figuration along the �100� and �110� axes. These measure-
ments also allow us to check for the damage induced in the
InAs lattice by implantation and damage recovery after
annealing.18 Because of the similarity in mass numbers of
Mn and Ga, RBS data do not allow to resolve the Mn and Ga
signals, which can be done well by PIXE. Therefore, PIXE
was used for the determination of the Mn location in the
film.

PIXE angular scan curves along �100� and �110� crystal
axes taken from the In L, Mn K�+K�, and As K� for Mn-
implanted and postannealed layers are shown in Fig. 5. For
comparison an angular scan curve corresponding to a refer-
ence as-grown sample is also shown. The degree of lattice
order of the as-grown layer is inferred from the measured
minimum yield ��min�. In the as-grown layer the minimum
yield for In at the surface is significantly higher than that
expected for a typical single crystal, �min=0.02–0.03,18

which indicates that the surface of the 250 nm InAs layer is
still affected by the typical defects such as misfit dislocations
at the heterojunction, being not fully free of stress or
defects.19,20

The large differences observed in �min from In and from
As atoms along the �100� and �110� axes are due to the fact
that the As signal obtained by PIXE comes from the As
atoms of the InAs layer and also from the GaAs substrate.
Indeed, RBS measurements carried out in channeling con-
figuration �not shown� which offers depth resolution, reveal
only small differences in �min for the In and As atoms located
in the InAs layer. For this reason and in order to obtain
information only about the InAs layer, we will consider for
the analysis of PIXE data only the In and Mn signals.

Following room-temperature implantation the scan
curves for Mn and In atoms along the �100� and �110� axes
almost overlap, indicating that most of the Mn-implanted
atoms occupy subsbtitutional positions into the In site. The
quantification of the percentage of In atoms displaced from
their lattice position after implantation is estimated from the

�min value. As observed in Fig. 5 �min for In atoms increases
up to 0.52 for �100� and 0.64 for �110�, in comparison to
0.26 for �100� and 0.48 for �110� measured for the as-grown
sample, which indicates that approximately 26% for the
�100� and 18% for the �110� of the In atoms were displaced
from their lattice position, being randomly distributed in the
InAs lattice after implantation.

According to the angular scan curves, annealing drives
the Mn atoms to move away from lattice positions to be
randomly distributed in the InAs lattice. Moreover, the ther-
mal treatment promotes damage improvement, reducing �min

observed for In after implantation. As deduced from the
changes in �min �0.36 for �100� and 0.35 for �110�� after
annealing, damage recovery proves to be an anisotropic pro-
cess. The fact that along the �110� axis �min for the annealed
layer is smaller than that for the as-grown one would indicate
that not only the radiation damage is diminished but also part
of lattice disorder induced by the as-grown defects, i.e., dis-
locations, whereas along the �100� axis only a small fraction
of the radiation-induced damage �16%� is reduced. Thus, af-
ter annealing around 36% of the In atoms are still randomly
distributed.

RBS data indicate that even sequential Mn implantation
at fluences as high as 8�1016 cm−2 produced high sputter-
ing of the InAs layer, reducing up to a factor of 0.6 its thick-
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ness. Therefore, the density of Mn atoms that can be im-
planted into the InAs layer is limited by its low radiation
resistance.

In order to eliminate the possibility that the magnetism
observed at room temperature is due to lattice disorder in-
stead of the segregation of secondary phases of Mn, a set of
samples was implanted with Ar, which is inert, at the same
fluences and under conditions that according to SRIM

calculations17 give rise to similar damage patterns as for Mn
�similar densities of atomic displacement and vacancy cre-
ation�. As shown in Figs. 2 and 3 neither the Ar-implanted
nor the Ar-RTA layer samples present any magnetic behavior,
indicating that magnetism is not related to lattice disorder but
to magnetic dopants and, in particular, to the formation of a
Mn-based second phase.

The depth distribution of the randomly distributed Mn
atoms in the Mn-RTA layer can be inferred by comparing
experimental and simulated RBS spectra. These data show
that after the thermal treatment, manganese is not uniformly
distributed along the whole InAs layer, but it is segregated
near to or at the film surface. Thus, Mn is supposed to be in
direct contact with air and therefore, the combination of Mn
with O should also be taken into account. Indeed, the el-
emental composition of this Mn–O surface layers is esti-
mated from RBS data to be 34 at. % Mn and 66 at. % O
which corresponds to a general formula of MnO1.94. Bearing
in mind that a Mn–O phase could be formed, we check the
x-ray database and one Mn–O phase presents a diffraction
maximum at 2�=45.09°, the oxygen-deficient MnO1.937

phase,21 the oxygen concentration of which is close to the
obtained value by RBS. The segregated MnO1.94 nanopar-
ticles must be oriented along the �100� direction, the same as
the GaAs substrate and the InAs film. This can be deduced
by the fact that the �400� X-ray diffraction maximum is the
only one observed and this maximum does not correspond to
the more intense peak for MnO2-x phase in polycrystalline
form. The only way �004� maximum is the more intense is
that the particles are oriented along the �100� direction and
not randomly. This phase is the cubic defect spinel �-MnO2.
This oxygen-deficient MnO2 polymorph has a lattice con-
stant of 8.04 Å and a space group of Fd3m. Given that the
only sample which exhibits a FM behavior is the one con-
taining this peak, the magnetic response might be due to this
phase. Since the phase is oxygen deficient, Mn3+ and Mn4+

should coexist in the sample. The coexistence of
Mn3+–O–Mn4+ bonds is known to be responsible for FM
via the double-exchange mechanism in different
compounds,3,22,23 which usually exhibits a large Curie tem-
perature �TC� even above room temperature.24 This behavior
is similar to what has been previously observed for the
ZnO /MnO2 system.3 Another possible explanation of the
magnetism observed can be consistent with the geometric
frustration inherent in the Mn sublattice in this phase.25,26

These experimental data contrast somewhat with those de-
scribed in literature in which the FM behavior at room tem-
perature of In1−xMnxAs layers has been traditionally associ-
ated with the formation of magnetic MnAs clusters10 or to
the doping introduction of Mn inside the InAs structure.

IV. CONCLUSIONS

The magnetic properties of Mn- and Ar-implanted and
postannealed �Mn-RTA and Ar-RTA� InAs layers grown by
MBE have been investigated. Mn–InAs samples where Mn is
substitutional in the In site behave diamagnetically. Room-
temperature FM-like behavior was only present in the Mn-
RTA layer. The magnetic behavior of this layer �in which the
Mn atoms are not substitutional inside the InAs lattice and
mainly located near to or at the InAs surface layer� could be
related to the formation of a second phase which has been
identified from RBS and XRD to be an oxygen-deficient
�-MnO1.94 phase. Changes in the width and position of
Bragg diffraction peaks and in the �min value in the PIXE
angular scan curves evidence implantation-induced lattice
disorder in the InAs lattice, which is partially or fully recov-
ered after annealing. No significant stress is developed in
Mn-implanted layers in which almost all Mn atoms occupy
substitutional positions at the In site, while a tensile stress is
observed for the Mn-RTA layer in which the Mn atoms are
segregated. A compressive stress has been measured in the
Ar-implanted samples as well as in the Ar-RTA layer. The
density of the Mn atoms which can be introduced via im-
plantation in the InAs layer is limited by its low radiation
resistance. By comparing magnetic and structural data for
Mn- and Ar-implanted layers, no relation between magne-
tism and lattice disorder has been detected.
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