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Structural and magnetic properties of GaAs thin films with embedded nanoclusters were investigated
as a function of the annealing temperature and Mn content. Surprisingly, the presence of two kinds of
nanoclusters with different structure was detected in most of the samples independently of the thermal
processing or Mn content. This proved that the presence of a given type of clusters cannot be assumed a
priori as is reported in many papers. The fraction of Mn atoms in each kind of cluster was estimated
from the extended X-ray absorption fine structure analysis. This analysis ruled out the possibility of the
existence of nanoclusters containing a hypothetic MnAs cubic compound—only (Ga,Mn)As cubic and
hexagonal MnAs clusters were detected. Moreover the bimodal distribution of Mn magnetic moments
was found, which scales with the estimated fraction of Mn atoms in the cubic and hexagonal clusters.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Magnetic semiconductors with carrier-induced ferromagnet-
ism have received a lot of interest, since they hold out prospects
for using electron spins in electronic devices. Ga; _yMn,As is one
of the diluted magnetic semiconductor materials (DMS), which
has been the most extensively studied after its discovery in 1996
by Ohno et al. [1]. It has attracted a great deal of attention both as
an object of basic studies of DMS systems [2-4] and as a versatile
material suitable for testing prototype spintronic devices [5-8].
The low solubility limit of Mn in GaAs (less than 0.1%) has been
overcome by use of low temperature molecular beam epitaxial
(MBE) growth, for preparation of monocrystalline GaMnAs layers.
MBE is a highly nonequilibrium crystal growth method; more-
over, the use of extremely low (as for GaAs) growth temperatures,
in the range of 170-250 °C, allows the creation of GaMnAs ternary
alloy with nominal Mn content much higher than the solubility
limit [9,10]. Mn located at Ga sites in GaAs host is an acceptor
and gives a very large concentration of holes (in the range of
10%°-10%! cm~3) with Mn content in the range of a few percent.
However, due to the low crystallization temperature, GaMnAs
layer contains point defects retaining donor character and par-
tially compensating the Mng, acceptors. The most important
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defects of this kind are As antisites (Asga) and Mn interstitials
(Mny). In order to optimize the properties of GaMnAs such as
conductivity and ferromagnetic phase transition temperature (T,),
it is necessary to minimize the concentration of these compensat-
ing defects. The concentration of Asg, can be minimized by a
choice of suitable conditions for low temperature MBE growth
[10]. On the other hand, the concentration of Mn; defects can be
highly reduced by the use of low temperature (170-250 °C) post-
growth annealing procedures [11-13].

Low temperature (LT) annealing of thin GaMnAs epitaxial
layers at temperatures up to 250 °C causes a decrease of the layer
lattice parameter due to removal of the Mn interstials, which
form double donors [14]. A reduction of Mn interstitials leads
to enhanced carrier concentration and Curie temperature.
The present T. record in the diluted Ga;_yMn,As material is
about 190 K [15], which is remarkably high for a DMS material
but still too low for application purposes.

On the other hand, it has been demonstrated that, as an effect
of high temperatures (HT) annealing at 400-700 °C of the GaMnAs
layers [16-21] or the Mn-implanted GaAs crystals [22] ferro-
magnetic MnAs precipitates are fairly easily produced, yielding
multi-phase materials. The granular GaAs:Mn material exhibits a
ferromagnetic/superparamagnetic behavior at room temperature,
depending on the cluster size [21]. Such composite systems are
currently thoroughly investigated [23-27]. In many papers it is
assumed without experimental proof that after annealing at
temperature close to 600 °C only hexagonal clusters are formed
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(e.g. [28]), and they are responsible for the magnetic properties
that are not true as was recently reported [29] and will be shown
below. In this context we believe that it is very important to
perform a systematic and comprehensive study of the properties
of the GaAs:Mn granular system in a function of Mn content and
annealing conditions and correlate the type of created clusters
with magnetic properties.

The X-ray diffraction (XRD) and transmission electron micro-
scopy (TEM) methods were applied to get full information about the
structure and dimensions distribution of clusters and the related
values of strains in GaAs:Mn granular layers. Neither of these
methods provides knowledge about the fraction of Mn being bonded
in each of the detected kind of nanoclusters. Therefore, X-ray
absorption spectroscopy (XAS) was also applied. To control the Mn
content and depth profile after annealing, secondary ion mass
spectroscopy (SIMS) was used. Finally, the magnetic properties of
samples were measured and related to structural properties.

2. Experimental

Ga; _xMn,As layers with nominal Mn contents x=0.015, 0.06,
0.07 and 0.08 were grown by MBE on the (001)-oriented GaAs
substrates at a temperature of 230 °C. The nominal thickness of the
layers was 0.8 pm. After deposition each sample was cut into three
pieces: one of them was left untreated, and the remaining were
reintroduced into the MBE growth chamber and annealed under As,
flux for 30 min at T=500 °C and at T=600 °C, respectively.

To estimate the real Mn contents in Ga;_,Mn,As layers and to
check the influence of annealing on the distribution of Mn atoms
inside them, SIMS measurements using the CAMECA IMS6F micro-
analyzer were carried out. These measurements were performed
with an oxygen (O3 ) primary beam, with the current kept at
600 nA. The size of the eroded crater was about 150 pm x 150 pm
and the secondary ions were collected from the central region of
60 pm in diameter. The Mn content was derived from the intensity
of the Mn™" species and the matrix signal, As*, was taken as a
reference. Mn implanted GaAs was used as a calibration standard.
The accuracy of the Mn content determination in the SIMS method
is ~5%. The thickness of the examined layers was measured by an
Alpha-Step Profiler.

The X-ray measurements were performed using a high resolu-
tion Philips material research diffractometer (MRD) in double and
triple crystal configuration, equipped with a standard laboratory
source of CuKo; radiation. Moreover, the measurements with the
use of monochromatic synchrotron radiation (1=1.54056 A) at
the W1 beamline at DESY-HASYLAB were also performed.

The out-of-plane (a,) and in-plane (q)) lattice parameters
were calculated from 20/w in the vicinity of the 004 symmetrical
and 224 asymmetrical reflections. The relaxed lattice parameter
(arer) and the in-plane strain (¢) for each layer were calculated
according to the formulas:

a,+va
Qrel = 1+v (1)
where

c . , . .
v=2 C]_z —Poisson’s ratio for cubic crystals
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The XRD determination of the lattice parameters of hexagonal
MnAs nanoclusters was possible using synchrotron radiation. The
orientation of the MnAs nanoclusters embedded in GaAs matrix is
well-defined [17]: (00.1) planes of MnAs are parallel to {111}
GaAs planes, the (01.0) MnAs directions are parallel to (112>

GaAs directions, and the ¢(11.0)> MnAs directions are parallel to
<110% or <(11.0> GaAs directions. Therefore, the lattice para-
meters of hexagonal MnAs were calculated from 02.2 and 03.0
reflections that were detected by the w scan in the vicinity of
symmetrical 004 GaAs reflection, and from the 20/w scan around
the asymmetrical 224 GaAs reflection.

TEM studies were carried out using a JEOL 2000EX instrument
operating at 200 kV accelerating voltage. The cross-sectional
specimens were mechanically polished, dimpled and finally
milled with Ar* ions beams at 2 kV and 8° inclined to the sample
surface. The histograms of nanocluster sizes were obtained from
high-resolution images obtained in the (011 ) projection.

XAS measurements were performed at liquid nitrogen tem-
perature, at the A1 experimental station in DESY-HASYLAB using
a double crystal Si (111) monochromator. The Mn K-edge spectra
were registered using a seven-element fluorescence Si detector.
To reduce the error introduced by the diffraction peaks, which are
present in the well-oriented crystalline samples for each sample,
several spectra were collected at slightly different angles around
45°, The spectra were averaged and then analyzed.

Magnetization measurements were performed using super-
conducting quantum interference device (SQUID) magnetometer
as a function of temperature (5-325K) at constant magnetic
fields. Magnetic field was applied in-plane of the sample surface.
Magnetization data were corrected for the diamagnetic contribu-
tion of GaAs substrate.

3. Results and discussion
3.1. Secondary ion mass spectroscopy studies

The concentration of Mn and the thickness of the Ga; _,Mn,As
layers found from SIMS measurements in the as-grown samples
are presented in Fig. 1. The concentration of Mn and thickness of
the grown layers differ from nominal values. The smallest content
of Mn was x=0.025 and the highest x=0.063. Some tendency
of the Mn accumulation at the interface with the GaAs substrate
was observed. Therefore, the relation of the nominal contents
x=0.015, 0.06, 0.07 and 0.08 to the SIMS values is x=0.025, 0.04,
0.05 and 0.063, respectively. In further discussion we will use the
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Fig. 1. The Mn concentration x in-depth profiles and layer thickness resulted from

SIMS study of the investigated samples. The nominal concentration is given above
the curve.
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concentration values as estimated by SIMS. The concentration of
Mn in all of the examined samples did not change significantly
during the annealing. Results of the SIMS measurements for the
annealed sample x=0.04 are shown in Fig. 2 as an example.
During the annealing at 500 and 600 °C Mn atoms did not diffuse
significantly to the surface or to the substrate.

3.2. X-ray diffraction studies

The lattice parameters of the investigated layers were calcu-
lated from the symmetrical and asymmetrical 260/w scans
performed by the high resolution MRD diffractometer. It was
confirmed that all Ga,; _,Mn,As layers grow on the GaAs substrate
pseudomorphically, i.e. the in-plane lattice parameter (a|) is equal
to that of the GaAs substrate. It was found that the annealing of
these layers does not change their in-plane lattice parameter.

The 20/w scans around 004 GaAs reflection for the as-grown
and annealed samples with low (x=0.025) and higher Mn con-
centration (x=0.05) are presented in Figs. 3 and 4, respectively.
The 004 peaks marked by 1, 2 and 3 originate from layers as-
grown, annealed at 500 °C and annealed at 600 °C, respectively.

The position of the 004 peak from the as-grown layer is situated
on the left side of the 004 peak from the GaAs substrate, which
means that this layer is compressively strained (a iayers > dgaas)- The
relatively large compressive strain of the as-grown layers results
from Mn interstitial and Asc, anti-site defects, as well as from Mn in
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Fig. 2. The concentration of Mn atoms in the sample with x=0.04 as-grown and
after annealing.
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Fig. 3. The 20/w scans of 004 reflection for GaAs:Mn samples with x=0.025:
(1)—as-grown, (2)—after annealing at 500 °C and (3)—after annealing at 600 °C.
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Fig. 4. The 20/w scans of 004 reflection for GaAs:Mn samples with x=0.05:
(1)—as-grown, (2)—after annealing at 500 °C and (3)—after annealing at 600 °C.

Ga sites [30-32]. It was also found that for the as-grown layers an
increase of Mn content leads to an increase of the a, lattice
parameter, and, in consequence, to an increase of the strain state
(¢). The relaxed lattice parameters (a,.;) of these layers are larger
than the lattice parameter of GaAs substrate. On the other hand, the
positions of 004 peaks originating from the annealed layers are
shifted towards higher angles with respect to the position of
004 GaAs peak, which indicates the change of strain state from
compressive to tensile (a, jqyers < Gcaas). Simultaneously, the relaxed
lattice parameters of these layers become smaller than the lattice
parameter of GaAs. In the case of lower Mn content (x=0.025) the
annealing at higher temperature leads to further decrease of the a
lattice parameter (Fig. 3), which results in further decrease of a,
and increase of tensile strain. The opposite effect was found for the
all layers with higher Mn concentration (e.g. x=0.05, Fig. 4)—an
increase of annealing temperature to 600 °C leads to an increase of
the a, lattice parameter and a decrease of tensile strain. The
calculated values of the lattice parameters a, and a,, and the
in-plane strain state (¢) of the examined layers, are given in Table 1.

The decrease of the lattice parameter of annealed GaMnAs
layers is related to the formation of granular GaAs:Mn material
consisting of MnAs nanoclusters [16,20,30]. The mechanism of
such behavior is not clear, therefore, we made an attempt to
explain this effect. In our XRD studies the evidence of hexagonal
nanoclusters (in the layers with Mn concentration higher than
x=0.025) was possible owing to the use of synchrotron radiation.
The @ scan recorded around the 004 GaAs reflection (Fig. 5a)
allowed the detection of two reflections of 02.2 originating from
hexagonal, NiAs-type MnAs nanoclusters (Bragg angles for these
reflections are very similar: §=33.30° for 02.2 of MnAs bulk and
0=33.03° for 004 GaAs). The broadening of the 02.2 peaks can be
attributed to disorder in the orientations of different MnAs
nanoclusters. From the 260/w scans of 02.2 MnAs reflection
(Fig. 5a, inset) and the asymmetrical reflection of 2 2 4 GaAs
(Fig. 5b), the lattice spacings doz»=1.406 A and do30=1.071A
were calculated. On the basis of these values the lattice para-
meters of hexagonal unit cell of MnAs nanoclusters, a=3.710 +
0.002 and ¢=5.812 + 0.007 A, were determined. These values are
close to those reported in Ref. 18.

The crystal structure of the bulk MnAs is hexagonal of NiAs-
type with lattice parameters a=3.7187 and c=5.7024 A (e.g., Ref.
[33]). Differences between these values and those determined for
MnAs nanoclusters result from both the lattice mismatch
between the lattice parameters of MnAs and GaAs and the large
difference between the thermal expansion coefficients for these
compounds. Due to these effects, the oriented hexagonal MnAs
clusters are distorted with respect to unstrained bulk MnAs. This
distortion creates the biaxial strain (&;1=¢33) in {00.1} planes
and along the c-axis (&33) in <00.1) directions. The values
of these strains are &1 =&>=—0.2x 1072, and &33=1.8 x 10~2.
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1533

Values of the lattice parameters a,, a, and in-plane strain ¢, for Ga(; —x)Mn,As layers before and after annealing. The in-plane lattice parameter a| for all studied layers is
the same as that of GaAs substrate: aj=dgsas=5.6533 A. All lattice parameters in are given in A and were calculated with an accuracy of 10~4 A.
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Sample GH] —anxAS aias-grown a,500 °c a,600 °C Qrelax as-grown Arelax 500 °C Arelax 600 °C Sas-grown x 10
x=0.025 5.6658 5.6500 5.6479 5.6596 5.6517 5.6506 -11.1 2.8 4.8
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x=0.05 5.6763 5.6439 5.6505 5.6648 5.6486 5.6519 —20.3 8.3 2.5
x=0.063 5.6857 5.6475 5.6501 5.6695 5.6504 5.6517 —28.6 5.13 2.8
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Fig. 5. The X-ray patterns for GaAs:Mn sample with x=0.05 after annealing at 600 °C. The  scan around 004 GaAs reflection—(a) the inset displays the 260/ scan of 02.2

reflection and (b) 20/ scan in the vicinity of 224 GaAs reflection.

This means that the lattice parameter a of nanoclusters is
compressed by only 0.20%, while the lattice parameter c is increased
by 1.8%. Knowing the strains of the nanoclusters we can estimate
the related stresses, d, and o, through Hooke’s law using the elastic
constants for hexagonal MnAs [34]. The stresses d, and J,, along the
a- and c-axes, respectively, are d,= —0.04 GPa and 5.=1.92 GPa.
The same stresses, o, and J., but with opposite sign, act in the
¢110) and <111 directions of the matrix unit cell, decreasing its
lattice parameter. The stress o, is very small compared with that
acting in the (111 direction, o; therefore in further considerations
we will take into account only d.= —1.92 GPa. From this value of
stress, using the bulk modulus (76 GPa) for GaAs [35] and pressure
p=1.92 GPa, the lattice parameter of the hydrostatically compressed
GaAs unit cell ayqinea=5.6057 A was determined. However, this
value is much smaller than the experimental values, a,, obtained
from our measurements for all investigated samples (see Table 1).
Because the X-ray measurements give an average value of the lattice
parameters of strained and unstrained unit cells, we can conclude
that only part of the matrix unit cells is strained by hexagonal MnAs
inclusions. The fraction of the strained unit cells (y) can be estimated
from the simple equation:

3)

where dgyerqge is the relaxed lattice parameter (ay,) obtained from
measurement of the Ga; _,Mn,As layer after annealing and acgs is
the lattice parameter of unstrained GaAs unit cells.

In particular, for the GaggsMngosAs layer annealed at 600 °C
(aye1=5.6519 A), the fraction of the strained unit cells inside the
GaAs matrix is y=0.03. This estimation was derived assuming the
existence of only hexagonal MnAs inclusions, although according
to other studies (TEM, EXAFS) nanoclusters of cubic GaMnAs are
also created. The lattice parameter reported for cubic MnAs is
~5.9A (e.g., Ref. [30]). Unfortunately, the size of these inclusions
is too small for detection by X-ray diffraction. As was shown in
TEM studies, the creation of the clusters starts from the meta-
stable, cubic small nanoclusters, which grow epitaxially on {111}
GaAs planes. Calculation of the stress developed in the GaAs
matrix by cubic (Ga,Mn)As nanoinclusions, using the above

Y Qcass strained + (1 -y )aGaAs = Uaverage,

Fig. 6. Cross-sectional bright-field TEM images and electron diffraction patterns of
granular GaAs:Mn layers obtained after annealing of Ga;_,Mn,As with two
different Mn compositions x at 600 °C: (a),(b)—x=0.025, and (c),(d)—x=0.063.

described method is impossible, because neither the strain state
nor the elastic constant of cubic GaMnAs is known.

3.3. Transmission electron microscopy studies
For all the annealed samples, nanoclusters were observed. Fig. 6

shows as an example cross-sectional TEM images of granular layers
for samples with x=0.025 and x=0.063 annealed at 600 °C. It was
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found that small clusters of sizes less than 10 nm have cubic ZB
structure in contrast to the large nanoclusters, which have NiAs-
type hexagonal structure. In both cases most of nanoclusters were
coherently aligned with the GaAs matrix (Fig. 6b and d).

The Bragg spots from GaAs structure were visible on all the
diffraction patterns. For x=0.025 (Fig. 6b) lines of weak diffuse
intensities along (111 directions were present. These originated
from nucleation of (Ga,Mn)As cubic clusters on the {111} planes
of the GaAs matrix. On the diffraction pattern for the sample
with x=0.063 (Fig. 6d) in addition to the spots from GaAs matrix
week spots attributed to hexagonal MnAs clusters were visible.
From the analysis of electron diffraction patterns it was found
that the additional spots originated from NiAs-type hexagonal
nanocrystals with {00.1} lattice planes parallel to the {111}
of GaAs matrix and with MnAs <(11.0) directions collinear with
{110) of GaAs.

The distribution of nanocluster diameters is presented in
Fig. 7. For the sample with the lowest Mn concentration
(x=0.025), after annealing at 500 and 600 °C only small nanoclus-
ters with diameter about 3-6 nm were found. For the sample with
x=0.05 most of the nanoclusters have diameter between 6 and
11 nm already after annealing at 500 °C. After annealing at 600 °C
only a few nanoclusters with diameter smaller than 10 remain;
most of the nanoclusters have larger diameters. In the case of the
sample with x=0.063, after annealing at 500 °C, only a small
number of nanoclusters with diameter larger than 10 nm was

K. Lawniczak-Jablonska et al. / Journal of Solid State Chemistry 184 (2011) 1530-1539

found, and even after annealing at 600 °C a relatively large
number of nanoclusters with small diameter were still detected.

The XRD results were compared with those obtained by TEM
measurements. For the sample with the lowest Mn concentration
x=0.025 no precipitations were detected by XRD, but the TEM
image (Figs. 6a and b and 7) clearly shows the cubic nanoclusters
with dominating diameters of about 3-6 nm. Simultaneously, after
annealing at 600 °C the increase of the layer strain was detected by
XRD (Table 1). This increase can be related to the further ordering of
Mn in the cubic clusters. The opposite effect was observed for the
layers with larger Mn concentrations (x=0.05 and 0.063): here
annealing at higher temperature leads to creation of hexagonal
MnAs clusters (see Fig. 6¢c and d and 7), which results in a decrease
of the strain state of the layers (Table 1). However, the observed
decrease of the layer strain was less pronounced for the sample with
x=0.063, which can be connected to the presence of relatively large
number of cubic nanoclusters in this sample as compared to the
sample with x=0.05 (see Fig. 7).

The careful analysis of XRD and TEM results leads to the
conclusion that the cubic inclusions exert higher stress on the
matrix unit cells than the hexagonal ones.

3.4. X-ray absorption studies

The XRD and TEM measurements provide information about the
crystallographic structure of the matrix and formed nanoclusters

80 4 Al
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Fig. 7. Histograms of GaAs:Mn samples with x=0.025, x=0.05 and x=0.063 annealed at 500 °C (left column) and 600 °C (right column).
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but do not allow to estimate the fraction of Mn atoms located in
each kind of nanoclusters or their chemical composition. XAS probes
the local atomic order around the absorbing atom; therefore, it is an
ideal tool for the determination of the Mn location in the investi-
gated structures [30,36-38]. The XAS spectra were analyzed using
the IFEFFIT package [39]. The applied mathematical formalism
represents a Real-Space Multiple-Scattering (RSMS) with summa-
tion of contributions from all single scattering paths of inner
photoelectrons emitted during the absorption process.

In the analysis of the EXAFS spectra Mn based nanoclusters
with ZB- and NiAs-type hexagonal structures immersed in the
GaAs matrix were considered. Different values of lattice constants
for hypothetical zinc-blende MnAs have been reported in the
literature, namely 5.7, 5.9 and 5.98 A [40-43]. Corresponding Mn-
As bond lengths are ~2.47, ~2.55 and ~2.59 A. In a starting
model it was assumed that the distance of the first coordination
sphere is equal to 2.55 A and this distance was refined during the
analysis, therefore this choice has no influence on the results of
analysis. For the hexagonal inclusions, the NiAs-type structure
(P63/mmc space group) with the lattice constants a=3.7187 and
c=5.7024 A [33] was considered.

The amplitude-dumping factor (S3), which is strongly corre-
lated with coordination number N and disorder parameter
sigma?, was estimated similarly as in Ref. [30] and found to be
0.85; this value was used in all fittings. The data were analyzed
from Ky, around 2 A=" to ke from 12.8 to 14.5 A~ depending
on data quality. The fitting was performed in R space. The data
were weighted by k> to enhance the oscillations for high k.

To keep the number of fitting parameters as small as possible,
the parameter weighting the number of atoms in the coordination
spheres according to the fraction of Mn atoms in each kind of
nanoclusters was introduced. N1 represents the fraction (in %) of
the Mn atoms bonded in nanoclusters with the cubic structure.
The fraction of the Mn atoms bonded in nanoclusters with the
hexagonal structure was assumed to be 100 —NT1.

Taking into consideration the existence of hypothetical zinc
blende MnAs, widely discussed in the literature, we have
constructed a model of such structure. According to the atomic
order in this structure, Mn atoms should have 4 As atoms as the
nearest neighbors, in the second shell 12 Mn and next 12 As
atoms. Surprisingly, while assuming the ZB order the Mn atoms
cannot be found in the second coordination sphere for any of the
investigated samples. Only Ga atoms in the second sphere
provided physical parameters of the fit. We have also considered
the possibility of the coexistence of GaMnAs solid solution and
cubic MnAs nanoclusters. In all samples the fraction of MnAs ZB
was at the detection limit. The amplitude and phase of the

Table 2

scattering photoelectrons remarkably differ for Mn and Ga atoms
and can be easily distinguished during EXAFS analysis. To the
authors’ knowledge in none of the reported literature of EXAFS
results, the existence of cubic inclusions with 12 Mn in the second
shell was reported (see [30] and reference therein). Therefore, we
can rule out the existence of hypothetic pure MnAs nanoclusters
in the investigated samples. Only nanoclusters of (Ga,Mn)As zinc
blende solid solution were found. The presence of one Mn atom in
the second shell cannot be excluded because is at the level of the
error in the EXAFS analysis. This gives in a 6 nm cluster the Mn
concentration close to 20% [29]. The atomic distances and
disorder parameters differ in ZB nanoclusters and depend on
the Mn content and annealing temperature (see Tables 2 and 3).
In average distances of the first As shell are systematically longer
in samples annealed at 600 °C than in those annealed at 500 °C.
The change of the inter-atomic distances can explain the variety
of lattice parameters reported in the literature for hypothetic ZB
MnAs and can be related to the stress induced into the matrix as
was discussed in the XRD and TEM studies above.

In the case of the hexagonal structure, the distances and the
coordination numbers N between the central atom and specific
shells were kept according to crystallographic data. The sigma?
parameters were fitted for all samples taking into account the fact
that chemical disorder in clusters can differ from sample to
sample. The numerical results of such fitting are collected in
Table 2 for samples annealed at 500 °C and in Table 3 for samples
annealed at 600 °C. The fractions of Mn atoms found in each
phase are summarized in Table 4. The experimental data together
with fitted models for the investigated samples are shown in
Figs. 8-11.

Examining the parameters of the fitting procedures collected
in Tables 2 and 3, one may notice that for ZB clusters the disorder
parameter sigma? is rather high for the second and third spheres.
This is obviously related to the small dimension of these clusters
and scatter of the Mn content. In the case of hexagonal nanoclus-
ters the relatively high disorder was found in the forth sphere
composed of As atoms with the distance close to As atoms in ZB
clusters. Therefore, the inter-path correlations stress on the
sigma? parameters and lead to the increase of the estimated error
of given parameter.

Considering the existence of both kind of clusters one should
notice that they differ already in the first coordination shell (4 As
atoms in ZB structure and 6 As in hexagonal structure of MnAs).
Therefore, the proportion between these two kinds of cluster can
be estimated already from consideration of only first shell.
Nevertheless, we were able to get good fit considering all shells
up to 4.8 A. Neglecting the existence of two kinds of clusters

The inter-atomic distances R (A) in the subsequent coordination spheres, and disorder parameters sigma® (A?) as estimated for samples after annealing at 500 °C.
Rf denotes the parameter describing the quality of fitting, N1 the fraction of nanocluster in zinc blende structure.

Atom (# in the shell) R (A) Sigma? (A?) R (A) Sigma? (A?) R (A) Sigma? (A?) R (A) Sigma? (A?)
Sample x=0.025 x=0.04 x=0.05 x=0.063
Rf=0.0005 Rf=0.0001 Rf=0.0003 Rf=0.0002
N1 (%) 100 72(2) 53(5) 69(2)
As (4) 2.557(2) 0.0055(6) 2.52(1) 0.008(1) 2.55(1) 0.005(1) 2.53(1) 0.006(1)
Ga (12) 4.06(4) 0.025(6) 4.15(7) 0.034(8) 4.07(4) 0.013(5) 4.10(4) 0.024(5)
As (12) 4.73(3) 0.018(4) 4.49(6) 0.029(7) 4.27(5) 0.011(4) 4.48(3) 0.018(3)
100—NT1 (%) 0 28 47 31
As (6) 2.58 0.003(2) 2.58 0.006(1) 2.58 0.002(1)
Mn (2) 2.85 0.02(1) 2.85 0.005(3) 2.85 0.005(4)
Mn (6) 3.72 0.015(8) 3.72 0.013(9) 3.72 0.006(5)
As (6) 452 0.013(9) 452 0.011(6) 452 0.02(1)
Mn (12) 4.69 0.002(1) 4.69 0.011(9) 4.69 0.004(1)
As (6) 4.79 0.0012(8 4.79 0.007(4) 4.79 0.003(1)
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The inter-atomic distances R (A) in the subsequent coordination spheres, and disorder parameters sigma® (A2) as estimated for samples after annealing at 600 °C. Rf
denotes the parameter describing the quality of fitting; N1 the fraction of nanocluster in zinc blende structure.

Atoms (# in the shell) R (A) Sigma? (A2) R (A) Sigma? (A2) R (A) Sigma? (A?) R (A) Sigma? (A?)
Sample x=0.025 x=0.04 x=0.05 x=0.063
Rf=0.0002 Rf=0.0001 Rf=0.0002 Rf=0.0003

N1 (%) 100 40(5) 15(5) 50(5)
As (4) 2.577(4) 0.0049(2) 2.54(1) 0.006(1) 2.55(1) 0.002(1) 2.57(1) 0.006(1)
Ga (12) 4.23(4) 0.025(7) 4.13(4) 0.012(6) 4.10(4) 0.006(4) 4.19(3) 0.017(4)
As (12) 4. 68(2) 0.017(3) 4.29(7) 0.014(8) 4.24(3) 0.005(3) 4.73(5) 0.02(1)
100—N1 (%) 0 85 50
As (6) 2.58 0.005(1) 2.58 0.0047(2) 2.58 0.004(1)
Mn (2) 2.85 0.010(4) 2.85 0.007(3) 2.85 0.005(2)
Mn (6) 3.72 0.017(5) 3.72 0.011(3) 3.72 0.010(3)
As (6) 452 0.026(9) 452 0.012(4) 452 0.026(9)
Mn (12) 4.69 0.0010(3) 4.69 0.009(3) 4.69 0.009(3)
As (6) 479 0.006(3) 479 0.006(2) 479 0.005(3)

Table 4 -

The percentage of Mn atoms in (Ga,Mn)As ZB clusters and in hexagonal MnAs 16 - —n— Fit

clusters as estimated by EXAFS analysis. Experiment

Sample Annealed at 500 °C Annealed at 600 °C
Clusters ZB (%) Hexagonal (%) ZB (%) Hexagonal (%)
x=0.025 100 0 100 0
x=0.04 72(2) 28 40(5) 60
x=0.05 53(5) 47 15(5) 85
x=0.063 69 (2) 31 50(5) 50

10 A _

. Experiment
9 —=—Fit

IX(R)I(A®)

Fig. 8. GaAs:Mn with x=0.025 annealed at 500 °C and 600 °C. Model of (Ga,Mn)As
ZB clusters with 12 Ga in second shell. Fourier transform of the EXAFS (full line)
and the result of fitting (squares).

resulted with unphysical coordination number N in the first shell
as is reported in some of EXAFS papers [44].

Let’s analyze the data collected in Table 4 showing the fraction
of Mn atoms in ZB (Ga,Mn)As and hexagonal MnAs nanoclusters
together with the dimensions of clusters presented in Fig. 7. One
can notice that for samples with small amounts of Mn, x=0.025
small clusters with ZB structure were detected. For the sample
with x=0.05 annealed at 500 °C small clusters and those with
dimensions up to 15 nm are seen, and from EXAFS analysis almost
50% of (Ga,Mn)As ZB and hexagonal inclusion have been obtained.
After annealing at 600 °C most clusters have dimensions between

IX(R)I (A®)

Fig. 9. GaAs:Mn with x=0.04 annealed at 500 and 600 °C. Model of 72%
(Ga,Mn)As ZB and 28% MnAs hexagonal clusters for 500 °C and model of 40%
(Ga,Mn)As ZB and 60% of MnAs hexagonal clusters for 600 °C. Fourier transform of
the EXAFS (full line) and the result of fitting (squares).

Experiment
—=—Fit

16 4 x=0.05

IX(R)I (A®)
]

600 °C

R®A)

Fig. 10. GaAs:Mn with x=0.05 annealed at 500 and 600 °C. Model of 53%
(Ga,Mn)As ZB and 47% MnAs hexagonal clusters for 500 °C and model of 15%
(Ga,Mn)As ZB and 85% of MnAs hexagonal clusters for 600 °C. Fourier transform of
the EXAFS (full line) and the result of fitting (squares).
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2.5

Experiment

—=—Fit

IX(R)] (A®%)

R(A)

Fig. 11. GaAs:Mn with x=0.063 annealed at 500 and 600 °C. Model of 69%
(Ga,Mn)As ZB and 31% MnAs hexagonal clusters for 500 °C and model of 50%
(Ga,Mn)As ZB and 50% of MnAs hexagonal clusters for 600 °C. Fourier transform of
the EXAFS (full line) and the result of fitting (squares).

10 and 20 nm and EXAFS found only 15% of ZB clusters. In the
case of the sample with x=0.063 after annealing at 500 °C the
histogram shows that most clusters have dimensions between
5 and 10 nm, and EXAFS found 69% of Mn atoms in (Ga,Mn)As ZB
clusters. For the sample annealed at 600 °C still almost 50% small
clusters were seen, and EXAFS detected 50% of Mn atoms in
(Ga,Mn)As ZB clusters. Therefore, our studies performed by TEM
and EXAFS are in agreement with the statement reported in many
papers, that small clusters (here up to 6-8 nm) in GaAs matrix
have ZB structure and larger ones—hexagonal structure. More-
over, the annealing at 600 °C is not sufficient to convert all
clusters into hexagonal inclusions. In Ref. [37] the EXAFS studies
of the as-grown samples from the same series have been
presented and the fractions of Mn in the substitutional and
interstitial position estimated. Only in the sample with x=0.025,
90% of Mn atoms were located in the Ga position. In all other
samples more than 40% of Mn atoms were in the interstitial
position. After annealing of the sample with x=0.025, only ZB
inclusions were formed. In the case of other samples, annealing at
500 °C was sufficient to form some hexagonal inclusions. It may
imply that Mn in Ga position is more difficult to convert into
hexagonal inclusions even by annealing at 600 °C, but Mn in
interstitial position easily forms hexagonal inclusions already during
500 °C annealing. The Mn-As bond length in the substitutional
position in as-grown samples was found to be 2.48 A. The Mn-As
bond in the ZB nanoclusters is longer ~2.55 A and leads to tensile
strain of the layer as was observed in XRD studies.

3.5. Magnetic studies

In order to get more information about the clusters properties
the structural study was supplemented by magnetization measure-
ments. As it was mentioned in the introduction both hexagonal
MnAs and cubic GaMnAs are ferromagnets; however, critical
temperature of MnAs is about 320 K, while for the GaMnAs it varies
with Mn concentration and hardly reaches 190 K [15]. Therefore
above 200 K GaMnAs behaves as a paramagnet, while hexagonal
MnAs is still in a ferromagnetic state.

The magnetic behavior of our composite is illustrated in Figs. 12
and 13, where magnetization of the samples with x=0.05 (Fig. 12)
annealed at 600 °C and, x=0.025 (Fig.13) annealed at 600 °C is
plotted as a function of magnetic field for several temperatures.
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Fig. 12. Magnetization of sample with x=0.05 annealed at 600 °C as a function of
magnetic field measured at 10, 100 and 300 K.
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Fig. 13. Magnetization of sample with x=0.025 annealed at 600 °C as a function of
magnetic field measured at 5, 100 and 295 K.

In the case of the sample containing both hexagonal MnAs and
cubic (Ga,Mn)As inclusions as discussed above (x=0.05, Fig. 12)
magnetization shows typical ferromagnetic-like behavior
(i.e. very fast saturation with magnetic field) even at 300K, in
agreement with magnetic properties of bulk MnAs. Similar fast
saturation of magnetization with magnetic field is also observed
for the sample containing solely cubic (Ga,Mn)As inclusions
(x=0.025, Fig. 13). While it is not surprising at low temperatures,
where inclusions built of ferromagnetic GaMnAs may reveal such
behavior, very fast magnetizing of the system at 295 K, where
bulk GaMnAs is paramagnetic, is not expected. As it was
discussed recently [29] this may suggest that these clusters are
formed of GaMnAs with Mn concentrations higher than 15%
(the highest in the GaMnAs epilayers in substitutional position),
yet still well below 100% (MnAs). Monte Carlo simulations for
GaMnAs layers with increasing content of Mn showed that Curie
temperature reaches room temperature for content of Mn close to
20%. On the other hand, with decrease in temperature increase in
saturation magnetization may result from Mn concentration
dispersion over different inclusions. At low temperatures (below
100 K) all inclusions are ferromagnetic, whereas at high tempera-
tures (e.g. ambient temperature) the cubic inclusions with x
smaller than roughly 20% are paramagnetic and their contribution
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Fig. 14. Saturated magnetization per unit composition evaluated at T=10K
versus fraction of Mn in hexagonal MnAs clusters.

to magnetization at moderate fields (below 5 T) is negligible. Thus
the total magnetization saturates at values lower than those at
low temperatures.

The difference between hexagonal MnAs and cubic (Ga,Mn)As
clusters is exemplified in Fig.14, where saturated magnetization
per unit composition M/x (evaluated at T=10K) versus the
fraction of hexagonal clusters is plotted. Apparently magnetic
moment per Mn ion is higher at hexagonal MnAs clusters than in
cubic clusters (Ga,Mn)As. For the samples where both hexagonal
MnAs and cubic (Ga,Mn)As clusters are present saturated mag-
netization should be the average of the extreme values, which
seems to be the case (Fig. 14).

Details of the magnetic study of our samples will be published
elsewhere. We only mention here that the possibility to have
clusters, which are ferromagnetic at room temperature, is very
promising for spintronic applications.

4. Conclusions

The set of Ga;_xMn,As layers grown on GaAs (001) substrate
with different contents of Mn and annealed at 500 or 600 °C was
studied. For samples annealed at lower temperatures, creation of
predominantly cubic nanoclusters was observed. In the case of
layers with small Mn concentration annealed at higher tempera-
tures, formation of only cubic nanoclusters was still detected.
However, for the samples with higher Mn concentration, already
at 500 °C hexagonal inclusions were formed, and annealing at
600 °C led to creation of a higher number of hexagonal nanoin-
clusions. Therefore, a priori assumption of a given type of clusters
formation is not justified. The tensile strain of the GaAs matrix
related to the creation of Mn-containing cubic nanoclusters was
larger than for hexagonal ones, which indicates that cubic inclu-
sions act with larger stress on the matrix unit cells than the
hexagonal nanoinclusions. This explain the different lattice con-
stants of annealed GaMnAs layers as observed in XRD studies.

XAFS studies rule out the possibility of the formation of a
hypothetic MnAs ZB compound, widely discussed in the litera-
ture. Only (Ga,Mn)As ZB clusters were detected. In all samples, in
order to get reasonable fit of EXAFS data to the model, the Ga
atoms have to be located in the second coordination sphere
around Mn atoms instead of Mn as in MnAs ZB. The comparison
of the distribution of nanocluster dimensions estimated from TEM
with the fraction of Mn atoms found by EXAFS in (Ga,Mn)As ZB

and the hexagonal MnAs clusters were in agreement with the fact
that clusters up to 6-8 nm have ZB structure and larger ones—the
hexagonal structure. The fraction of Mn found in hexagonal
structure was directly related to magnetic properties of samples.
Moreover, the ZB clusters found in the sample containing solely
the cubic (Ga,Mn)As clusters remain ferromagnetic even at room
temperature. According to the recent calculations [29] this fact
implies that the content of Mn in these (Ga,Mn)As ZB clusters
should be close to 20%. Saturation magnetization divided by Mn
content indicated on a bimodal distribution of Mn magnetic
moments, higher for hexagonal clusters and lower for (Ga,Mn)As
ZB clusters.
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