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Local structures around Mn in In12xMnxAs films grown by molecular-beam epitaxy have been studied by
using MnK-edge extended x-ray-absorption fine-structure~EXAFS! technique. Substitution of Mn atoms for
the In sites is found in samples either grown at low substrate temperatures~near 200 °C! or with a low Mn
concentration~about 1 at. %!. This result represents a significant extension of an earlier EXAFS study and
serves as direct experimental evidence for III-V diluted magnetic semiconductors obtained by substitutional
doping of Mn impurities in InAs.

I. INTRODUCTION

Incorporation of a controllable large amount of magnetic
impurities into the III-V semiconductor InAs was first ac-
complished in 1989 by using molecular-beam-epitaxy
~MBE! techniques.1 This result demonstrated a fact that it is
now possible to synthesize III-V magnetic semiconductors
under proper MBE processing conditions. These materials
could become potentially useful for technical applications.
Subsequent measurements of these In12xMnxAs films pre-
pared with various Mn contents and at different substrate
temperatures have shown three characteristic types of trans-
port and magnetic properties,2–4 these are summarized sche-
matically in Fig. 1. It is conceivable that these different
physical properties are closely related to the local environ-
ment surrounding the impurity atoms, and the local disorder
could have an important effect on the magnetic coupling be-
tween Mn ions. For an understanding of the basic properties
of this new class of magnetic semiconductors regarding the
type of carriers, degree of compensation,5 and microstruc-
tures~e.g., formation of complexes or phase separation! as a
result of Mn doping, it is desirable to obtain a clear physical
picture of the local structures around the Mn atoms.

We have previously investigated the local structures
around Mn in In12xMnxAs films with a specific value of
x50.12 grown at high and low substrate temperatureTs us-
ing the extended x-ray-absorption fine-structure~EXAFS!
technique.6 However, the Mn-As6–complex model consid-
ered earlier for the low-Ts samples suffers from an ambiguity
due to insufficient data. This ambiguity arises from the non-
central Mn atoms in a Mn-As6 complex that contains six As
nearest neighbors at 2.58 Å and two Mn next-nearest neigh-
bors at 2.83 Å from the central Mn atom. In principle, these
noncentral Mn atoms could have a local structure different
from that of the central Mn atom. Reconsideration of the
previous model with improved data and analysis is neces-
sary.

In the present work, we have pursued a more thorough

study of the local environment surrounding the Mn atoms
using a variety of growth parameters in the In12xMnxAs
films. Four additional samples of In12xMnxAs grown at dif-
ferent substrate temperatures and with Mn concentrationsx
pertaining to the above-mentioned three different types of
behavior ~see Fig. 1! were investigated in detail using
EXAFS. The data were analyzed with an improved curve-
fitting method. For comparison, we have measured EXAFS
spectra of a polycrystalline MnAs film that was also used as
a model compound in the data analysis. The structure of this
model compound was well characterized by x-ray diffraction
and found in good agreement with that of bulk MnAs. In
addition, a low-Ts film annealed at 480 °C was also exam-
ined to investigate the effects of annealing on these films.

FIG. 1. Schematic diagram of the film properties and their rela-
tion to the growth parameters~substrate temperature and Mn con-
centration!. Points representing~In,Mn!As films used in the present
experiment are indicated with¹ marks along with their correspond-
ing sample numbers~see also Table I!.
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II. EXPERIMENTAL AND DATA ANALYSIS

Samples of In12xMnxAs films were grown by MBE at
both low ~200–210 °C! and high ~280–300 °C! substrate
temperatures.7 One of the low-Ts films was then annealed at
480 °C for 74 min in the MBE chamber under As4 beam flux.
A model compound polycrystalline MnAs film was also
grown atTs5200 °C. The composition and other character-
istics of the six samples studied in the present experiment are
summarized in Table I. The EXAFS measurements were per-
formed at beamline X3B1 at the National Synchrotron Light
Source using a conventional setup and standard procedures.8

Except for the annealed sample In0.88Mn0.12As ~R1144A!,
which was measured at room temperature, all the other films
were measured at 40 K in order to reduce the Debye-Waller
factor.

Established background-subtraction and correction meth-
ods were used to extract the EXAFSx functions from the
raw data.8,9 The x functions were then weighted withk and
Fourier transformed into the real space for detailed
comparison10 ~shown by fine lines in Fig. 2!. In view of the
distinct patterns of the oscillations, especially in the region

between 3.0 and 6.0 Å21, the results can clearly be classified
into two separate groups, representing two distinct types of
local structures around the central Mn atom. The first group
includes the model compound MnAs~R1201!, an annealed
low-Ts high-concentration sample In0.88Mn0.12As ~R1144A!,
and a high-Ts high-concentration In0.88Mn0.12As ~R1141!.
The second group includes an as-grown low-Ts high-
concentration sample In0.88Mn0.12As ~R1144!, a low-Ts low-
concentration In0.986Mn0.014As ~R1126!, and a high-Ts low-
concentration In0.983Mn0.017As ~R1264!. The corresponding
Fourier transforms of these EXAFS patterns are shown in
Fig. 3, which also exhibit characteristic differences between
the two groups consistent with thek-space classification.
Figure 3 also reveals some variations within the same group:
~i! A peak at;4.0 Å in the first group data forR1201 and
R1144A is absent inR1141.~ii ! A shoulder at;2.8 Å on the
high-R side of the first peak forR1264 is absent in the other
two samples in the second group.

The experimental data were analyzed and compared with
theoretical calculations using an improved curve-fitting

FIG. 2. Comparison of experimentalkx functions ~fine lines!
with calculated EXAFS results~coarse lines! for all six samples
using the final values of curve-fitting parameters listed in Table III.

FIG. 3. Comparison of the magnitude of Fourier transform ob-
tained in the present experiment~upper panel! with model calcula-
tions based on the MnAs structure~A! and InAs structure~B! using
parameters given in Table II~lower panel!.

TABLE I. A list of samples used in the present EXAFS experiment.

Sample Chemical formula Growth temperature~°C! Carrier type Magnetism

R1201 MnAs ferromagnetic
R1144A In0.88Mn0.12As 210
~annealed! ~annealed at 480 °C!
R1141 In0.88Mn0.12As 280 ferromagnetic
R1144 In0.88Mn0.12As 210 n type paramagnetic
R1126 In0.986Mn0.014As 200 n type paramagnetic
R1264 In0.983Mn0.017As 300 p type paramagnetic
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method.8,9,11 Three major steps were taken in this curve-
fitting procedure. First, using the known structures of MnAs
and InAs~see Table II!, we calculated theoretical MnK-edge
EXAFS spectra to initiate the curve-fitting process based on
two most probable models:~A! an MnAs local structure, or
~B! an In-site-substitution structure.12A direct comparison of
the Fourier transform of these calculated spectra~see lower
panel in Fig. 3! and that of the sample under consideration
can give an unequivocal choice of either~A! or ~B!, but not
both. In the event that the final curve-fitting result is unsat-
isfactory, the initially selected model was then modified by
either allowing the structural parameters to vary, or by in-
cluding additional physically conceivable near-neighbor
shells, and/or by introducing a non-Gaussian local disorder
in terms of the cumulants C3 and C4.

13 A satisfactory fit was
then established for each sample studied. In the second step,
as a double check, we challenged the uniqueness of the
model adopted in the first step~say, A or B! by a forced curve
fitting of the same data with the other most probable model
~B or A!. Such a forced curve fitting always gives unphysical
or inconsistent results for all of our samples, implying that
the structural model established in the first step is indeed
superior to the other alternative. In the third step, we further
tested whether the structural model excluded in the second
step could possibly exist as a minority phase in the sample
by performing a two-phase curve fitting that determines the
allowed fraction of the minority phase in each sample. In this
procedure, we have used parameters obtained in the first-step
curve fitting for samplesR1201 andR1126 to calculate thex
function for the possible minority-phase MnAs and In-site-
substitution structures, respectively. It turns out that only the
low-Ts high-concentration sample~R1144! and the annealed
sample~R1144A! could allow a nontrivial content of the mi-
nority phase.

III. RESULTS AND DISCUSSION

Through detailed sample-by-sample EXAFS analyses, an
unequivocal choice between the two most probable local
structural models~A! or ~B! can be clearly made for each
sample studied~with some minor modifications in the special
cases ofR1144 andR1144A!. The final values of structural
parameters obtained from these detailed analyses are summa-
rized in Table III. Further, in order to identify the peaks in
the Fourier transform magnitude with various neighboring
shells around Mn, an ‘‘anatomy’’ of the curve-fitting results

was made by calculating the contribution from each indi-
vidual shell using the parameters given in Table III. This
shell anatomy is shown in Fig. 4.

By a comparison of Tables II and III~and also Fig. 4!, it
is evident that three samples in the first group~R1201–
R1141! all show a local structure around Mn similar to that
in MnAs ~NiAs-type structure! while the other three samples
in the second group~R1144–R1264! all show a majority lo-
cal structure around Mn in good agreement with the In-
substitution model in which the Mn atoms occupy the In
sites in the zinc-blende structure of an InAs host. However,
owing to the changes in Mn concentration and substrate tem-
perature, the local structures around Mn for samples in the
same group still show some minor variations. In the first
group, in which the MnAs-like structure prevails, the an-
nealed sample~R1144A! shows large non-Gaussian local dis-
order. Further, 7.5% of Mn atoms in this sample could sub-
stitute for the In sites in the InAs host and form a minority
phase. Also, the structure of the high-Ts high-concentration
sample~R1141!, compared to that of MnAs, shows a signifi-
cant increase in the interatomic distance and a decreased co-
ordination number for the second~Mn! shell, as well as a
decrease in both the interatomic distance and coordination
number of the first~As! shell. In the second group, the
nearest-neighbor distance between Mn and As~2.54–2.58 Å!
is shorter than the In-As bond length~2.61 Å! in the InAs
host ~see Table II!. Also, an additional In shell exists at a
distance 3.11 Å from the Mn impurity with a coordination
number of about 3 in the high-Ts low-concentration sample

FIG. 4. A summary of the anatomy results for all six samples
~coarse lines! in comparison with experimental results~fine lines!.
Note that for samples containing a significant amount of minority
phases~MnAs in R1144 and In-site substitution inR1144A!, only
the majority-phase components in the calculated magnitude of Fou-
rier transform~coarse lines! are shown in the figure. Differences
between data and calculation in these two samples also serve as an
indication of the significant contributions from the minority phase.

TABLE II. Structural parameters for MnAs and InAs~N is the
coordination number, andR is the interatomic distance!.

Central atom Neighboring atom N R ~Å!

Mn in MnAs As 6 2.57
Mn 2 2.85
Mn 6 3.71
As 6 4.51
Mn 12 4.68
As 6 4.78

In in InAs As 4 2.61
In 12 4.27
As 12 5.00
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~R1264!. The appearance of this additional In shell is accom-
panied by a shortened Mn-In bond length~4.16 Å! compared
to the In-In distance~4.27 Å! in the original InAs structure.
In addition to this obvious structural variation inR1264,
which appears as a shoulder in the Fourier transform, we
have found it necessary to include an additional In neighbor-
ing shell with a coordination number of 2.8 at a distance of
3.00 Å in R1144 in order to obtain a reasonable fit for the
high-R region. A significant 25.5% of Mn atoms in sample
R1144 may be in the form of MnAs clusters according to the
results of two-phase fitting. With our improved EXAFS
analysis method, the results of this low-Ts high-
concentration sampleR1144 are largely different from the
Mn-As6-complex model proposed earlier.6

It is remarkable that the low-concentration sampleR1264

prepared at high-Ts contains an extra shell~see the ‘‘shoul-
der’’ in Fig. 3! with three In atoms at 3.11 Å in addition to
the usual near neighbors in InAs. The presence of this extra
In shell in the EXAFS data could arise from either a varia-
tion of the local structure around Mn atoms that occupy the
In sites or a possible coexistence of other Mn atoms with
different local structures. In contrast to other samples in the
second group that aren type, this particular film isp type.
One might speculate that the difference of carrier type in this
sample may owe its origin to the changes in the local struc-
ture around the Mn atoms.

IV. CONCLUSION

The local structures around Mn impurities derived from
our EXAFS data provide useful information on the physical

TABLE III. Local structures around Mn for each sample obtained from curve fitting. Underlined values were kept constant during fitting.
Uncertainties of the last digit were estimated by the double-minimum residue~2x2! method and shown in parentheses.

Sample
Rmin–Rmax

~Å! Atom N
R

~Å!
s2 ~C2!

~1023 Å2!
C3

~1024 Å3!
C4

~1025 Å4!
DE0
~eV!

Weighting
~%!

x2

~1023!

R1201 1.42–4.76 As 6 2.57 3~3! 2.0 ~9! 100 5.68
Mn 2 2.85 5 ~3! 2 ~4!

Mn 6 3.71 6 ~3! 0 ~3!

As 6 4.51 3 ~6! 0 ~5!

Mn 12 4.68 9 ~6! 25 ~5!

As 6 4.78 7 ~40! 8 ~6!

R1144A 1.36–4.76 As 6.1~5! 2.57 ~1! 7.6 ~8! 5 ~3! 3 ~26! 21.7 ~5! 92.5 0.13
Mn 1.4 ~4! 2.88 ~3! 19 ~5! 233 ~5! 31 5 ~4!

Mn 6 3.71 19 ~1! 20.6 ~5!

As 6 4.51 9 ~2! 22 ~3!

Mn 12 4.68 13 ~2! 27.1 ~5!

As 6 4.78 40 9 ~15!
As 4 2.54 0.1 27 7.5
In 12 4.22 8 211
As 12 5.01 6 27

R1141 1.76–5.16 As 5~1! 2.56~2! 3 ~3! 1 ~4! 100 3.99
Mn 1~4! 2.98~5! 9 ~35! 13 ~10!
Mn 6 3.71 15 ~5! 1 ~4!

As 6 4.51 6 ~4! 3 ~4!

Mn 12 4.68 37 ~40! 25 ~5!

As 6 4.78 3 ~4! 12 ~2!

R1144 1.64–4.90 As 4 2.57 ~1! 0.4 ~4! 21 ~3! 74.5 0.83
In 2.8 ~8! 3.00 ~3! 6 ~3! 24 ~1!

In 12 4.25 ~3! 11 ~2! 25.7 ~5!

As 12 5.06 ~5! 6 ~2! 1 ~5!

As 6 2.57 3 2 25.5
Mn 2 2.85 5 2
Mn 6 3.71 6 0
As 6 4.51 3 0
Mn 12 4.68 9 25
As 6 4.78 7 8

R1126 1.64–4.90 As 4 2.54 ~3! 0.1 ~8! 27 ~5! 100 23.3
In 12 4.22 ~4! 8 ~5! 211 ~5!

As 12 5.01 ~5! 6 ~7! 27 ~43!
R1264 1.74–5.0 As 4 2.58 ~2! 0.2 ~5! 0 ~4! 100 2.88

In 3 ~1! 3.11 ~3! 4 ~5! 29 ~5!

In 12 4.16 ~3! 13 ~3! 211 ~5!

As 12 5.00 ~4! 4 ~3! 27 ~5!
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consequences of Mn doping under various processing condi-
tions and with different Mn concentrations. Our results pro-
vide clean-cut evidence that substitution of Mn for the In site
in the InAs host can indeed be achieved by using a low Mn
concentration~with x around 0.01! and at low substrate tem-
peratures~Ts;200 °C!. Either increasingx to ;0.1 or rais-
ing Ts to 300 °C may still result in predominantly In-site
substitution, but accompanied by an inevitable local struc-
tural modification~e.g., the appearance of an additional In
shell of ;3 In atoms at;3 Å from the Mn atom!. These
results demonstrate that III-V diluted magnetic semiconduc-
tors can be prepared by substitutional doping of magnetic
impurities under proper MBE processing conditions. Since
the local structure around the impurity atom can have a pro-
found influence on its effective valency in the host, it could
be difficult to control then or p type of carriers by Mn
doping if the low-concentration and low-Ts conditions are
not simultaneously fulfilled. On the other hand, in contrast to
the In-site-substitution films, the high Mn-content films with
x.0.1 either grown at high-Ts ~near 300 °C! or at low-Ts

~;200 °C! but annealed at an elevated temperature all con-
tain a large amount of MnAs clusters; the resulting films are
ferromagnetic and similar to polycrystalline MnAs. The tech-
nique of impurity control may provide unprecedented oppor-
tunities for making new III-V magnetic semiconductors.
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