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Abstract. Hybrid nanostructured InSb - MnSb films were obtained by the pulsed laser deposition using the
mechanical droplet separation. Films structure was characterized by different methods (electron diffraction,

scanning electron microscopy, atomic and magnetic force microscopy). The negative magnetoresistance
(nMR) takes place below 100 K. This temperature is several times more than the temperature at which the
nMR occurs in homogenous In;  Mn,Sb films. At low temperatures the spin-dependent scattering of the
holes by the localized Mn®" moments prevails. When the temperature rises, the low nMR is observed due to
the weak spin-dependent scattering on magnetic inclusions.

1 Introduction

Incorporating of local magnetic moments into a
semiconductor matrix is one of suitable ways for a
realization of manipulating by electron and spin
subsystems [1]. The highest Curie temperature (7¢) in a
dilute magnetic semiconductor is about 200 K, as found
for Ga; MnAs [2]. Ferromagnetic nanoclusters
embedding in a nonmagnetic or paramagnetic
semiconductor can help to rich the room temperature
ferromagnetism. Such hybrid systems with coexisting of
a ferromagnetic phase and a semiconducting matrix
demonstrate interesting properties and can be used to
fabricate spintronic devices [3, 4]. Incorporating of
ferromagnetic nanoscale precipitations into III-V
semiconductors with different dimensions: nanowires
(1D), layers (2D) and bulk samples (3D) can
substantially alter the observed magnetic characteristics
and galvano-magnetic effects [3 - 7]. MnAs and MnSb
are high temperatures ferromagnetic semimetals and

formed  nanoclusters  with  suitable  structure
compatibilities to III-V compounds [8]. It is shown that
MnAs/III-V  structures with the huge positive
magnetoresistance and the robust tunnel

megnetoresistance effect may find an application in high
sensitivity magnetic sensors and other magneto-electric
devices [3, 9]. The critical temperature of MnAs T¢ =
317 K is slightly higher than the room temperature. So,
MnSb with T = 585 K is a more available candidate for
applications with operating temperatures of traditional
electronic materials. GaSb/MnSb nanolayers were grown
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earlier by the molecular beam epitaxy [10 - 12], the
pulsed laser deposition (PLD) [13] and the magnetron
co-sputtering  [14] methods. They demonstrate
ferromagnetism and spin- depended scattering above the
room temperature. An influence of the ferromagnetic
MnSb inclusions on magnetic and electrical properties of
InSb/MnSb nanostructures was observed both in bulk
[15-17] and in films [18, 19].

Here we report the results about structural,
magnetic, electrical and magnetotransport properties of
magnetic eutectic InSb-MnSb nanostructured films
grown by PLD method.

2 Results and discussion

2.1 Experimental results

Thin hybrid InSb - MnSb films were obtained
by PLD. The mechanical droplet separation was used to
avoid the droplet deposition. In details the growth
procedure is described in Ref. 13.

The InSb-MnSb system has an eutectic near 6.5
mol% MnSb [20]. At first we grew by the Bridgman
method the eutectic composition consisting of InSb
single crystal matrix and faceted single-crystal MnSb
inclusions and used it as a starting material to prepare the
target.

Polished and oriented [0001] Leuco sapphire L-
AlL,O; with dimensions 4 x 5 mm’ have been used as
substrates.

Structural properties and compositions of films
were examined by the Tecnai G2 20F S-T (FEI)
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scanning transmission electron microscope (STEM) with
the high angle annular dark field (HAADF) detector and
the scanning electron microscope (SEM) JSM-6610LV
(Jeol) with the attachment for the energy dispersive X-
ray  spectroscopy (EDXS) X-MaxN  (Oxford
Instruments). The morphology and magnetic properties
of films surface were determined using an AIST NT
Smart SPM high resolution scanning probe microscope.
Magnetization of the samples was measured in fields up
to B=5T at temperatures T = 3 - 310 K using a
superconducting quantum interference device (SQUID)
magnetometer (model S600, Cryogenics Itd.). The
electrical and magnetotransport properties were
investigated between 4.2 K and 320 K using the standard
six-point geometry in pulsed magnetic fields up to 20 T.
The resistance was measured with a high accuracy (the
error was at most 1 % of the measured value). The films
had conductivity of p-type and linear current-voltage
characteristics in the range of the measurements. The
films thicknesses were about 50 nm.

2.2 Analysis of the results

Fig. 1. Typical STEM (a) and SEM (b) images of InSb -
MnSb films. The inset a) shows a ring structure of an
electron diffraction pattern. EDXS analysis was
performed for two different areas (b) labeled as 1 and 2

The microstructure observation showed a non
homogeneous structure of InSb - MnSb film in different
size scales (Fig. 1). The film is polycrystalline (Fig. 1a,
inset) and nanostructured (Fig. 1a) with 30 — 100 nm size
of granules and nanoinclusions. Less than 10 % of the
surface is covered by drops with diameters from 1 to 15
mkm. All films surface contains In, Sb, Mn with the
elements ratio close to a composition of the target and
homogeneous distribution within EDXS size accuracy (1
mkm). MnSb content is slightly lower only in drops
(Table).

Table. A surface elemental composition of InSb-
MnSb film in different areas labelled on Fig.1b

At. percent
Area In Sb Mn
1 44.5 49.8 5.7
45.7 49.4 4.9

Fig. 2. Images of a site of the surface for the InSb-MnSb
film obtained by the SPM in the mode of atomic force
(a) and magnetic force (b) microscopy at 313 K.

The typical images of the InSb-MnSb film
surface obtained by the scanning probe microscopy
(SPM) at the room temperature are given in Fig. 2. The
presence of ferromagnetic inclusions is well visible. The
sizes of ferromagnetic granules measured by the SPM in
the magnetic force regime (30 — 200 nm) were
comparable with sizes obtained from TEM (Fig. 1a).

The electrical resistivity of the film had a
semiconductor character and decreased with increasing a
temperature in the range from 1.6 to 300 K. (Fig. 3). Ata
low temperature range the temperature dependence on
resistivity is p(T) = py exp[E4/(kT)], where p, — pre-
exponential factor, E, — activation energy, k -—
Boltzmann constant. [21] So the local activation energy
E, = dinp/d(kT)" = 0.30 meV we can found from low-
temperature linear segment of the plots Inp versus (A7)
(Fig 3, Inset). It is in a good agreement with £, = 0.28
meV observed earlier in [22] for p — InSb(Mn)
monocrystals at Ny, = 1.6:10" em?.

The field dependences of magnetoresistance
(Aol p=(pp-po)/py) of the InSb-MnSb film at different
temperatures are shown in Fig. 4. The maximal negative
magnetoresistance Ap/p~-20% was observed at
T=4.2K. At T, <100 K magnetoresistance consisted of
a negative component (nMR) prevailing up to 20 T,
increased with increasing of a magnetic field and tended
to the saturation at low temperatures. Note that 7, is



EPJ Web of Conferences 185, 06003 (2018)
MISM 2017

https://doi.org/10.1051/epjcont/201818506003

several times more than the temperature at which the
nMR is occur in homogenous In; ,Mn,Sb films [23].

The scattering of spin-polarized carriers on
isolated Mn*" ions at temperatures as below as above T¢
leads to decreasing resistivity. When 7 < T¢
ferromagnetic ordered regions increase as 7' decreases
but some of fractions of the spins can still remain outside
ferromagnetic network and serve as a source of magnetic
scattering [23]. In this case magnetoresistance is
proportional both to the spin polarization P arising from
the ferromagnetic block and to magnetization of the
isolated paramagnetic moments Ap/p ~-4P M(B) [23].
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Fig. 3. A temperature dependence of the resistivity of
InSb-MnSb film. Inset: linear segment of the plots of
Inp versus (kT)"

0.00

-0.05

-0.10

Aplp

-0.15

-0.20

Fig. 4. of the

field dependence
magnetoresistance for InSb-MnSb film at T = 4.2 K. Left
inset: The plots of the hole concentration versus
temperature. Right inset: Magnetoresistance as a
function of magnetic field for different temperatures.

A magnetic

The second approach to a description of the
nMR in our compounds is similar to one for granular
paramagnetic-ferromagnetic  GaAs:Mn/MnAs  hybrid
layers with nano-scaled MnAs clusters embedded in
GaAs:Mn matrix [24]. Total magnetoresistance in these
systems is formed by competition of negative and
positive terms and paramagnetism of matrix play the
sufficient role. At low temperatures in the external
magnetic field B.=0 the holes are trapped near cluster
interface due to the local giant Zeeman splitting and

form a bound magnetic polarons (it is accompanied by
decreasing hole concentration with decreasing of a
temperature (fig. 4, the left inset). When B,,, = 0 giant
Zeeman splitting spreads into paramagnetic GaAs:Mn
matrix resulting in aligning of carrier spins and occurring
of the negative magnetoresistance. A source of the
positive  magnetoresistance  (pMR) in  granular
paramagnetic-ferromagnetic systems is a difference of a
spin orientation of clusters and majority carriers [25].
The thermal disorder destroys the preferential spin
orientation of the Mn ions and the positive
magnetoresistance decreases for higher temperatures.

As temperature increases the magnetoresistance
follows the second scenario: negative magnetoresistance
decreases, becomes positive, reaches the maximum and
then slowly decreases (Fig 4, right inset). The same
behavior with smaller pMR was observed for (In,Mn)Sb
crystals containing microsized MnSb clusters [26] and
with the same and bigger pMR for GaAs:Mn/MnAs [26,
27]. At the same time pMR depended on both a size and
a distribution of clusters. For clusters lining up
perpendiculary to the current pMR reached 800 % and
increased with decreasing clusters volumes [27, 28].
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