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Granular GaAs:(Mn,Ga)As �lms were prepared by annealing at 500 ◦C under ambient and enhanced
hydrostatic pressure (1.1 GPa), of Ga1−xMnxAs/GaAs layers (x = 0.025, 0.03, 0.04, 0.05 and 0.063) grown at
230 ◦C by molecular beam epitaxy method. Distinct in�uence of enhanced hydrostatic pressure applied during
sample annealing on strain state of inclusions was found. An increase of lattice distortion and of strain of in-
clusions for the samples treated under hydrostatic pressure is related to di�erent bulk moduli of GaAs and of MnAs

PACS: 61.05.cp, 75.50.Pp, 81.40.Vw

1. Introduction

Rapid development of spintronics is observed in recent
years. This exciting new �eld of research combines mag-
netism and electronics or optoelectronics. In the last
decade, �lms built from ferromagnetic MnAs clusters em-
bedded in GaAs lattice are very attractive since they
show giant magneto-optical e�ects at room temperature.
Such layers are frequently called �granular layers� and de-
noted GaAs:MnAs. It has been demonstrated that such
layers are formed in e�ect of annealing at high tempera-
tures (HT) of Ga1−xMnxAs layers [1�8]. During anneal-
ing, layer decomposition occurs and MnAs or (Mn,Ga)As
ferromagnetic precipitates are fairly easily produced. De-
pending on the annealing conditions and on Mn concen-
tration, small GaMnAs cubic, or larger of the NiAs-type
MnAs with the space group P63/mmc [9], nanoclusters
are created [1, 5�8]. Typical sizes of the cubic clusters are
of 2�3 nm for the layer with 2% Mn content and they in-
crease up to 3�4 nm in the layers with Mn concentration
of up to 6% [6, 8]. Due to their small dimension they can
not be detected by X-ray di�raction, but they are visible
in electron microscopy studies [6, 8]. Distorted, as com-
pared to MnAs bulk [3, 8] hexagonal MnAs clusters with
diameter up to 20 nm are formed during annealing at
higher temperature (T ≥ 500 ◦C) of Ga1−xMnxAs with
higher Mn concentration.
Distortion of the hexagonal MnAs inclusions intro-

duces compressive strain into the GaAs matrix [8].
Therefore the creation of granular GaAs:(Mn,Ga)As lay-
ers is accompanied with contraction of the lattice pa-
rameters of the GaAs matrix � its out-of-plane lattice
parameter, measured in the direction perpendicular to
the interface, is usually smaller than that of the GaAs
substrate (see e.g. [3, 7, 8]).

As it was stated earlier, not only temperature, but
also enhanced hydrostatic pressure (HP) applied dur-
ing annealing of semiconductors changes di�usivity of
interstitials Mn in GaMnAs and a�ects their structural
and magnetic properties considerably [10, 11]. In e�ect
of the HP�HT treatment and due to the di�erences in
compressibility and thermal expansion of primary ex-
isting precipitates, some additional defects can nucleate
and grow at the existing primary structural irregulari-
ties [12]. Distinct in�uence of hydrostatic pressure ap-
plied during annealing on layer strain has been found in
Ga1−xMnxAs/GaAs [13]. The HP-induced layer strain is
de�nitely dependent on the Mn content. An increase of
this strain was about three times higher, for the sample
with the highest Mn concentration (Ga0.937Mn0.063As)
containing after annealing mainly hexagonal inclusions
in comparison to the sample with the lowest Mn con-
centration (Ga0.975Mn0.025As). This e�ect could be ex-
plained by pressure-dependent distortion of the hexago-
nal MnAs nanoclusters. Therefore, further studies were
undertaken. In this work the results of these studies are
presented.

2. Experiment

Ga1−xMnxAs layers with nominal Mn content of x =
0.025, 0.03, 0.04, 0.05 and 0.063 were grown by MBE
method on the (001)-oriented GaAs substrates at 230 ◦C.
The Ga1−xMnxAs layers were subjected to annealing at
500 ◦C for 30 min in argon atmosphere under ambient
pressure (105 Pa) or under pressure of 1.1 GPa. Results
of electron microscopy investigations of these samples,
as-grown and annealed under ambient pressure at 500 ◦C,
were presented in [8]. The HP�HT treatment was per-
formed in specially designed high temperature-pressure
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furnace described earlier in detail [14]. The granular
GaAs:(Mn,Ga)As layers were produced in this way.
Determination of the lattice parameters of hexagonal

NiAs-type MnAs nanoclusters was performed using syn-
chrotron radiation (λ = 1.54056 Å) at the W1 beamline
at DESY�Hasylab. The orientation of the MnAs nan-
oclusters embedded in GaAs matrix is well-de�ned �
the ⟨00.1⟩ planes of MnAs are parallel to {111} GaAs
planes. Therefore, the lattice parameters of MnAs were
calculated from the 20.2 and 30.0 re�ections detected by
the ω scan in the vicinity of symmetrical 004 GaAs re�ec-
tion, and from the 2θ/ω scan around the asymmetrical
224 GaAs re�ection, respectively. Detailed description of
this procedure is given in [3, 8].

3. Results and discussion

An evidence of the presence of hexagonal nanoclusters

was enabled owing to the use of synchrotron radiation.
Hexagonal nanoclusters were detected only for the sam-
ples with Mn concentration x > 0.03 [8] for which the
HP�HT treatment caused a pronounced change of the
layer strain [13]. In the case of layers with smaller Mn
concentration, annealed at higher temperatures, forma-
tion of cubic nanoclusters is still preferable [8]. The ω
scan recorded around the 004 GaAs re�ection allowed
the detection of the two 20.2 re�ections originating from
the hexagonal NiAs-type MnAs nanoclusters [3, 8].

From the 2θ/ω scans of the 20.2 MnAs re�ection and
around the 22.4 GaAs asymmetrical one (Fig. 1a, b) the
lattice spacing d20.2 and d30.0 were calculated. On the
basis of these values the a and c lattice parameters of the
hexagonal unit cell of MnAs clusters, as well as the strain
values were determined. The obtained results are given
in the Table.

The crystal structure of the bulk MnAs is hexagonal
of NiAs-type with lattice parameters a = 3.7187 Å and
c = 5.7024 Å [15]. So, the unit cells of the inclusions
are distorted. This distortion creates the biaxial strain
in the ⟨00.1⟩ planes, εa = (aexp − abulk)/abulk and along
the c-axis, εc = (cexp − cbulk)/cbulk. The values of strain
for the Ga1−xMnxAs layers (x ≥ 0.04) annealed under
ambient pressure at 500 ◦C are: εa = −2 × 10−3, and
εc = 19×10−3. These values are very close to those pub-
lished earlier [3]. For the samples annealed under HP
the lattice parameters of inclusions and values of strain
increased. The average strain value in the ⟨00.1⟩ planes
for the HP�HT treated samples, εaHP−HT = −4 × 10−3

which is higher than that for the non HP treated sam-
ples, but still is relatively small. On the other hand,
the strain along the c-axis after the HP�HT treatment,
εcHP−HT, is equal to 58× 10−3 and 32× 10−3 depending
on the samples. The di�erence between the c lattice pa-
rameters of MnAs inclusions as well as the related strain,
εcHP−HT, can be caused by di�erent defect structure of
the inclusions [3]. The strain within inclusions, formed
during annealing under ambient pressure, develops from
both the lattice mismatch of MnAs and GaAs and large
di�erence between the thermal expansion coe�cients for
these compounds (thermal strain) [3]. An increase of the
lattice distortion and strain of inclusions, for the sam-
ples treated under HP, is related also to the di�erent
bulk moduli of GaAs matrix (BM = 76 GPa) and MnAs
inclusions (BI = 27 GPa). During the HP treatment,
the di�erence in compressibility of the MnAs inclusions
(1/BI) and of the GaAs matrix (1/BM ) involves addi-
tional internal strain according to the equation:

εHP =
HP

3

(
1

BI
− 1

BM

)
. (1)

In the case of our materials pressure-induced strain, εc,
within the inclusions should be a tensile one, being con-
�rmed by our measurements (see Table).
From the knowledge of strains of the nanoclusters, the

related stresses, δaHT, δaHP−HT, δcHT and δcHP−HT can
be estimated through the Hooke's law using the elas-

Fig. 1. The X-ray patterns of Ga0.937Mn0.063As after
annealing at 500 ◦C under 1.1 GPa. (a) � the 2θ/ω
scan of 20.2 MnAs re�ection; (b) � the 2θ/ω scan of
30.0 MnAs re�ection.

tic constants for hexagonal MnAs [16]. These stresses
are following: δaHT = −0.04 GPa, δcHT = 2 GPa,
δaHP−HT = −0.08 and δcHP−HT = 3.7 GPa or 6.3 GPa
(depending on the sample). Let us notice that the com-
pressive stress acting in the (00.1) plane, δa, of inclu-
sions is much smaller than the tensile stress, δc, acting
out of the (00.1) plane. Therefore, in further consider-
ations we will take into account only the δc stress. The
same stress, but with an opposite sign, acts in ⟨111⟩ di-
rections of the GaAs matrix unit cell. It means that
GaAs matrix is hydrostatically compressed [8] and the
unit cell compression increases for HP�HT treated sam-
ples (δcHP−HT > δcHT). In this way an in�uence of hy-
drostatic pressure applied during annealing on strain of
GaAs matrix contained MnAs hexagonal inclusions was
explained. For samples with lower Mn concentration con-



Pressure Variation of the Strain State of MnAs Nanoclusters Embedded in GaAs 905

TABLE
Lattice parameters and strains of the hexagonal MnAs inclusions produced in
Ga1−xMnxAs layers after HT and HP�HT annealing

Layer After HT annealing After HP�HT annealing
x a [Å] εaHT c [Å] εcHT a [Å] εaHP−HT c [Å] εcHP−HT

±0.002 ±5× 10−4 ±0.007 ±1× 10−3 ±0.002 ±5× 10−4 ±0.007 ±1× 10−3

0.04 3.711 −2× 10−3 5.812 19× 10−3 3.734 −4× 10−3 6.03 58× 10−3

0.05 3.710 −2× 10−3 5.812 19× 10−3 3.734 −4× 10−3 5.884 32× 10−3

0.063 3.709 −2× 10−3 5.812 19× 10−3 3.727 −4× 10−3 5.884 32× 10−3

taining mainly cubic MnAs, small in�uence of pressure
applied during annealing on strain state of the matrix is
probably caused by small di�erences between the bulk
moduli of GaAs and cubic MnAs.

4. Conclusions

Enhanced hydrostatic pressure applied during anneal-
ing at 500 ◦C of the MBE-grown GaMnAs layers results
in creation of increasingly strained MnAs inclusions. The
strain induced by this procedure is de�nitely dependent
on the crystallographic structure of MnAs clusters (cu-
bic or hexagonal) and it is much higher for the hexago-
nal ones. In consequence, the annealing under pressure
leads to the increase of the strain of the GaAs matrix,
especially for the layers containing the hexagonal MnAs
inclusions.
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