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Abstract 
The structure and chemical composition of grain boundaries in GaSb<Mn> magnetic semiconductors have been investigated. 
We determined that quenching of the GaSb melt with 2% Mn results in the formation of a textured polycrystal (111). The 
grain boundaries of the texture are formed by split 60 degree dislocations with <110> dislocation lines. Microinclusions 
based on the ferromagnetic compound MnSb are located on the stacking faults of split dislocations. The chemical 
compositions of microinclusions differ, but their average composition is close to Mn1.1Sb. The synthesized GaSb<Mn> is a 
soft ferromagnet with a coercive force of 10 Oe and a magnetic state approaching superparamagnetic. 
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1. Introduction
The production of spintronic devices requi-

res materials that have both magnetic and 
semiconductor properties and are technologically 
compatible with common semiconductor devices. 
Recently, a large number of studies have focused 
on the search for new magnetic semiconductors 
in the form of solid solutions of manganese 
in III–V  compounds, i.e. dilute magnetic 
semiconductors (DMS) [1].

All these studies employed the latest 
technologies, including molecular-beam epitaxy 
(MBE), laser irradiation, ion implantation, etc. 
Nevertheless, they did not manage to overcome 
the low solubility limit of manganese, because, 
according to the results of the studies, at room 
temperature and above ferromagnetism of AIIIBV 
is explained by the formation of microinclusions 
based on Mn-V magnetic compounds [2–16]. 

At the same time, cluster magnetic semicon-
ductors have certain advantages over dilute 
magnetic semiconductors. These materials are 
of practical importance since its is possible to 
control their magnetic properties by modifying 
the composition, the size, and the concentration 
of the forming magnetic microinclusions without 
using expensive technologies.

It is important to perform a comprehensive 
study of the effect of rapid melt crystallisation 
on the composition, structure, and properties 
of Mn-doped gallium antimonide. The article 
presents the results of the study of the structure 
and chemical composition of grain boundaries in 
GaSb<Mn> obtained by melt quenching. 

2. Experimental
In order to obtain bulk samples of GaSb+2% 

Mn we used the following initial components: 
hole-conducting monocrystalline gallium 
antimonide and pure Mn (99.99%). The samples 
were prepared by melting the mixture in a vacuum 
quartz ampoule at Т = 1200 K, incubating the 
melt at this temperature for 24 hours, and the 
following vertical quenching of the melt in a 
mixture of water and ice. 

The samples were identified using X-ray 
phase analysis (XRD), performed using a BRUKER 
D8 ADVANCE diffractometer (CuKa-radiation) 
at the Centre for Collective Use of Physical 
Research Methods of the Kurnakov Institute of 

General and Inorganic Chemistry of the Russian 
Academy of Sciences (CCU IGIC RAS). The angle 
range 2q was from 10º to 80º with the scanning 
step ∆2q = 0.014º. The XRD patterns were then 
analysed using the ICDD PDF-2 database.

The section surface was studied by means of 
scanning electron microscopy (SEM). Micrographs 
and chemical compositions of certain phases on 
the microstructure level were obtained at CCU 
IGIC RAS using a Carl Zeiss Nvision40 scanning 
electron microscope with an Oxford Instruments 
X-Max microprobe analyser.  

The magnetic properties of the GaSb(2 % Mn) 
samples were studied at Т = 4 K and Т = 300 K in a 
magnetic field of up to Н = 50 kOe using a PPMS-9 
(Quantum Design) automated measurement 
system. When measuring the DC magnetization 
the absolute sensitivity was ±2.5·10–5 g/cm3.

3. Results and discussion
In [16], we suggested that dislocations in 

semiconductors doped with magnetic impurities 
can be used as extensive linear magnetic circuits 
aligned in the same crystallographic direction. The 
concept of impurity-dislocation magnetism was 
inspired by the studies of the Cottrell atmosphere 
formation [17] and spheroid formation [18] 
performed by means of 3D imaging of impurity 
segregation near dislocations inside a crystal. 

It was demonstrated that the impurity 
segregation in dislocations by means of atom 
diffusion inside the crystal is as intensive as the 
impurity segregation by means of decorating 
the dislocations on the surface. Therefore, we 
conducted a series of experiments, where III–V 
semiconductor compounds were doped with a 
d-element – manganese. 

Namely, we analysed the samples of the 
semiconductor compound GaSb doped with 2 
at% Mn. 

Identically aligned dislocations were 
generated by quenching the melt at different 
coefficients of linear thermal expansion for GaSb 
(a ≈ 6.7·10–6 K-1 [19]) and quartz (a ≈ 0.5·10–6 K–1 
[20]), with heat being removed radially from 
the cylindrical part of the melt-containing 
ampoule during the vertical quenching (Fig. 1a). 
Judging by the temperature dependence of the 
magnetization, the samples were ferromagnets 
with a Curie temperature ТС = ~560 K (Fig. 1b). 
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Fig. 2a demonstrates a diffraction pattern of 
the synthesised GaSb<Mn> powder. Besides the 
peaks of polycrystalline GaSb, it shows peaks 
of the ferromagnetic compound Mn1.1Sb whose 
Curie temperature complies with the magnetic 
properties of the sample (Fig. 1b). 

In order to further study the structural properties 
of the material, we produced a metallographic thin 
section of its ingot, whose diffraction pattern is 
given in Fig. 2b. It shows that the metallographic 
thin section of GaSb<Mn> is a texture, and 
therefore consists of blocks separated by low-angle 
grain boundaries formed by dislocations. 

The (111) texture axis indicates that the 
dislocations controlling the grain formation 

are 60 degree edge dislocations with the (111) 
slip plane and the dislocation line <110>, which 
contradicts the generally accepted view that the 
structure of the sphalerite is formed by Lomer 
dislocations with (110) slip planes. 

In order to see whether Lomer dislocations 
participate in the formation of the texture 
we synthesised a sample of a different III–V 
compound (InSb) by means of melt quenching. 
The diffraction pattern of the InSb powder is 
given in Fig. 2c. It demonstrated InSb peaks with 
the crystal structure of sphalerite type, identical 
to GaSb. However, the diffraction pattern of the 
crystallographic thin section of InSb corresponds 
to the texture with simple slip planes of type (110), 

                                                    a                                                                    b
Fig. 1. Diagram of an ampoule with the melt placed vertically during quenching (a) and the temperature de-
pendence of the specific magnetization of the sample of GaSb + 2 % Mn (b)

Fig. 2. X-ray diffraction patterns of (a) powder and (b) metallographic thin section of GaSb doped with Mn; 
powder (c) and metallographic thin section (d) of undoped InSb
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which agrees well with the existing concepts. 
Thus, in our study, we determined that the 

introduction of impurities during the melt 
quenching affects the orientation of the resulting 
ingots of III-V semiconductor compounds. To 
explain this phenomenon, let’s consider the 
formation of a Lomer sessile dislocation. 

Fig. 3a shows a simple 60 degree edge 
dislocation most common for a crystal structure 
of sphalerite type. Such dislocations are 
characterised by a (111) slip plane of the 
dislocation line along the crystallographic 
direction <110>; the family of the direction in 
the structure of the sphalerite is shown in Fig. 3b. 

According to [21, 22], the formation of the 
Lomer sessile dislocation is a complex process 
including the following states of the material:

1 – formation of 60 degree edge dislocations 
in intersecting crystallographic planes;

2 – splitting of the edge dislocations into 30 
and 90 degree dislocations, connected by a layer 
of stacking faults with two stacking faults moving 
towards each other until they meet at the planes 
intersection (Fig. 3b);

3 – formation of the Lomer sessile dislocation 
(Fig. 3c).

The possibility of all the stages taking place 
is quite high in pure semiconductors with a 
sphalerite structure. However, when an impurity 
is added to the crystal, the regions of hydrostatic 
compression and expansion around the extra 
half-plane of the edge dislocation begin to 
play a significant role. In Fig. 3a the region of 
hydrostatic compression is shaded. The impurity 
atoms intensively diffuse towards the regions of 
arising stresses, segregate around the extra half-
plane, pin the dislocations to the crystal lattice 
of the material, and immobilise them. 

Fig. 3. Edge dislocation and Lomer sessile dislocation: a – initial 60 degree dislocation of GaSb with a shaded 
region of hydrostatic compression and a [110] dislocation line; b – the family of [110] directions in the sphaler-
ite structure;  c – a diagram of the formation of the Lomer sessile dislocation
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If the diffusion rate is higher than the rate of 
formation of sessile dislocations, the latter do not 
appear. This is what happens when GaSb is doped 
with manganese. Of the two ways to hinder the 
dislocation motion, segregation of the impurity is 
the main one, and therefore the third stage of the 
formation of sessile dislocations does not occur. 

Fig. 4a demonstrates a scheme and Fig. 4b 
shows the result of scanning electron microscopy 
of split dislocations of the surface of GaSb doped 
with Mn. 

A split dislocation has the form of a stacking 
fault ribbon bounded by partial dislocations. The 
stretching of the stacking fault aims to pull the 
partial dislocations together, while pressing the 
microimpurities located between them (Fig. 4b), 
and limit their size. 

The stacking fault ribbon is a two-dimensional 
crystal interlayer with incorrect alterations of the 
atomic close-packed layers of the FCC lattice 
and the formation of a thin interlayer of the 

hexagonal close-packed (HCP) structure. The 
split dislocation may consist of three, four, or 
more partial dislocations, and therefore of two, 
three, or more stacking fault ribbons, and come 
in the form of alternating regions of FCC and 
HCP lattices. 

To determine the chemical composition of 
grain boundaries in GaSb<Mn>, we studied the 
chemical composition of the microinclusions on 
the dislocations controlling the grain formation 
by means of electron probe microanalysis. Since 
the region of X-ray excitation by an electronic 
probe is about 1 μm, we studied the inclusions of 
1 μm size separated and surrounded by a relatively 
smooth surface of the semiconductor (Fig. 5a). We 
estimated the accuracy of identification to be ±2 
at%. 

The parameters of the chemical composition 
of the microinclusions were placed on the 
composition line of the state diagram Mn–Sb [23] 
(Fig. 5b). Then we performed phase identification 

a                                                                           b
Fig. 4. Scheme (a) and SEM images (b) of split dislocations on the surface of GaSb doped with manganese

a                                                                           b
Fig. 5. Dislocation outcrops on the surface of GaSb doped with Mn (a) and their compositions on the lines of 
magnetic transformations of the Mn-Sb phase diagram (b) 
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of the microinclusions and determined the type of 
magnetism and the Curie temperature for each of 
them. Fig. 5b shows that, although the chemical 
compositions of the microinclusions differ, their 
average composition is close to Mn1.1Sb. The 
difference in the compositions is caused by the 
difference in the cooling rate during directional 
crystallisation of the melt from the surface to 
the centre of the ingot (in Fig. 1a the process is 
indicated by the gradual change in the contrast 
of the melt). 

The temperature dependence of zero field 
cooled (ZFC) and field cooled (FC) magnetization 
of the GaSb<Mn> texture was the same at the 
cooling Т ≈ 300 K. This means that at temperatures 
above room temperature the ferromagnetic state 
is transformed into a superparamagnetic state, 
and Т ≈ 300 K is the blocking temperature for the 
ferromagnetic state of the texture. 

Using the Bean–Livingston method [24] 
we can determine the dependency between 

the constant of the magnetic crystallographic 
anisotropy, the blocking temperature and the 
size of single-domain microinclusions in the 
diamagnetic matrix of GaSb. 

Assuming that magnetic clusters are spherical, 
the maximum radius of the blocked effective 
clusters is about 180–200 nm. 

Thus, the calculated maximum effective size 
of the blocked clusters r ≈ 200 nm is close to the 
micron size of magnetic inclusions in dislocations 
(Fig. 4b). 

The study of the magnetic properties 
demonstrated that at the temperature Т = 300 K, 
sample GaSb<Mn> is still a ferromagnet with 
the coercive force of a soft magnetic material 
Нс ≈ 10 Oe (Fig. 6). 

The dislocation lines doped with magnetic 
impurities in a diamagnetic semiconductor 
matrix are artificially induced easy axes of 
magnetization. The magnetic moments of single-
domain particles can be located along <110> or 

Fig. 6. Field dependences of the magnetization of the crystal and powder of GaSb doped with Mn. Inserts: No.1: 
the hysteresis loop region of the crystal, No.2: the hysteresis loop region of the powder
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<–1–10> directions depending on the direction 
of the external magnetic field +Н or –Н. (Fig. 3b). 

The characteristic feature of superpara-
magnetism is the merging of the demagnetization 
and magnetization curves, which means that 
hysteresis disappears. In this regard, it is 
interesting to compare the demagnetization 
and magnetization curves of the texture and 
its powder in the vicinity of a zero magnetic 
field. While the texture still has ferromagnetic 
properties (insert No.1, Fig. 6), in the case of its 
powder (insert No.2, Fig. 6) demagnetization 
and magnetization curves change places in the 
regions of magnetic tension Н = ±0.15 kOe. 
With the magnetic tension being from –0.15 to 
+0.15 kOe, both curves merge (taking into account 
the measurement error) and form a region of 
superparamagnetic state. 

4. Conclusions
As a result of our study we obtained samples 

of a semiconductor compound GaSb+2 at% Mn. 
XRD analysis demonstrated that the main 

source of ferromagnetism in the obtained samples 
is the Mn1.1Sb phase with the Curie temperature 
ТС = ~560 K. The study also demonstrated the 
fundamental importance of the heat removal 
mode during the process of melt crystallisation 
and explained the formation of the <111> texture 
in GaSb that has a sphalerite crystal structure. We 
also determined that grain boundaries are formed 
by split edge dislocations. 

SEM was used to determine the chemical 
compositions of microinclusions in stacking 
faults of split dislocations, perform their phase 
identification, and determine the type of magnetism 
and the Curie temperature for each of them. 

The study of the magnetic properties showed 
that quenching of bulky samples of GaSb<Mn> 
results in the formation of a soft magnetic 
material. It also demonstrated the possibility 
of transition from the ferromagnetic to the 
superparamagnetic state. 
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