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Effect of orientation of NiSb needle inclusions on temperature
dependence of resistance in Cd, ¢sNij (sSb crystals
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A composite CdyosNig.osSb crystal consisting of CdSb and NiSb inclusions was obtained by the modified
Bridgman method. It was shown by the methods of scanning electron microscopy, X-ray phase analysis, energy-
dispersive X-ray spectroscopy, and studies of Raman spectra, that the main CdSb matrix was a block single crystal
(orthorhombic Pbca structure) containing microcrystalline acicular inclusions of the second NiSb phase (hexagonal
structure of the NiAs type P63/mmc). It has been found that the anisotropy of single-crystal NiSb needles in
samples of the CdoosNig.0sSb crystalline composite (needles are directed along and across the current direction)
significantly affects the resistance and magnetoresistance of the crystal. The interface is a needle-like inclusion —
the matrix can become superconducting, which affects the conductivity of the composite as a whole. However, this
superconductivity is insufficient for the transition at the experimental temperatures to the superconducting phase

with zero resistance of the composite.
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1. Introduction

Cadmium antimonide is an anisotropic narrow-gap semi-
conductor with a band gap of approximately 0.5eV [1].
Recently, it has attracted attention as a thermoelectric
material [2,3], which, when doped with silver, has a
low phonon thermal conductivity at room temperature,
comparable to the values found in promising compounds for
thermoelectric power converters [4,5]. Theoretically, it was
shown that the introduction of impurity atoms into CdSb
leads to significant local distortions of the crystal lattice, a
significant change in the energy spectrum, and a change in
the band gap similar to that occurring after the application
of external pressure or heating [6]. Thus, when CdSb is
doped with Group I and IV elements, there is a strong
anisotropy of transport properties [7], and when 3d-elements
(Mn, Ni) are doped in CdSb crystals, anisotropy of magnetic
properties, ferromagnetism, negative magnetoresistance, and
an anomalous Hall effect are found [8-11]. When the
equilibrium solubility limit of Ni in CdSb is exceeded,
magnetic nano- and microsized Ni—Sb inclusions with a
high aspect ratio [12] are formed. The band gap under nor-
mal conditions in similar single-crystal structures CdSb:Ni
(0.35¢V) turns out to be lower than in undoped CdSb, and
when external pressure is applied, it decreases to 0.05eV
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(at 5.3 GPa) [13], and when the temperature drops to 3.5K,
such systems can become superconducting [14]. Tt was
previously shown that in Cds3Sbs; crystals synthesized at
high pressures, a transition to the superconducting state was
observed at approximately 4.2 K, which shifted towards low
temperatures during thermal cycling up to disappearance,
due to amorphization of the high-temperature metastable
high-pressure crystalline phase [15]. And in CdSb crystals
with disordered NiSb inclusions, a characteristic feature
of the temperature behavior of electrical resistivity was
the appearance of a metal-insulator transition and the
presence of a hopping conduction region that preceded the
superconducting transition [14]. With this in mind, it is of
interest to study the electrical properties at low temperatures
in the CdSb—NiSb composite system.

In the present work, we study the influence of the
direction of needle-like single crystals of NiSb (N) in
Cdp.95Nig ¢5Sb samples with respect to the direction of the
current vector on the transport properties.

2. Experiment

The crystal for research was grown by the Bridgman
method, by slowly cooling the melt in the temperature



390 V.S. Zakhvalinskii, E.A. Pilyuk, A.V. Kochura, L.A. Morgun, A.B. Davydov, Aung Zaw Htet...

gradient of the furnace. This process was implemented in
two stages. At the first stage, Ni was dissolved in the Cd
melt at a temperature of 700°C for 8hr. At the second
stage, Sb and Cd:Ni, corresponding to the composition
Cdy.95Nig 055b, were placed in a graphitized quartz capsule
filled after evacuation with an inert Ar gas at a pressure
of p=0.1atm, and then into the second evacuated capsule
(vacuum case). After the capsule was slowly heated to a
temperature of 460°C for 12 hr, the capsule was cooled in
the furnace gradient at a rate of 0.5°C/hr.

The obtained ingot, from which Cd;_yxNixSb samples
with the composition X = 0.05 were cut out for research,
was a block single crystal. The diffraction pattern of X-ray
radiation (GBC EMMA, CuK, radiation, 2 = 1.5401 A)
from its central part in the cleavage area (Fig. 1) contains
diffraction from planes (h00), both for CdSb (orthorhombic
structure Pbca (p.g. 61)) and for NiSb needles (hexagonal
structure of NiAs type P63/mmc (p.g. 194)). For the CdSb
matrix, there are also weak reflections from the family
of (102) planes, which indicates the presence of a small
number of disordered blocks. The samples for research
were cut so that the needle-shaped NiSb single crystals lay
in the plane of the largest face and were either co-directed to
the flowing current or perpendicular to it (J || N or J L N,
respectively).

According to the study of the powder diffraction pat-
tern, the lattice parameters of the main CdSb matrix
were a=6.49(2)A; b=8.213)A; ¢ =8.59(0)A) and
are in good agreement with the parameters for undoped
crystals a = 6.469(1) A; b =8.251(2)A; ¢ = 8.522(2)A)
turned out to be close to the values a = 3.9360(1)A,
¢ = 5.1382(1) A from [17]. Diffraction peaks of elementary
components (Ni,Cd, Sb), as well as other compounds of
the Ni—Sb system (NizSb, NisSb, and NiSby) [17] were
not found. There is an assumption that the second phase
CdySby is formed at the needle-matrix interface, which is
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Figure 1. X-ray diffraction pattern of a Cd;_xNixSb (x = 0.05)
ingot cleavage.
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Figure 2. SEM image of the surface on a cleavage of an ingot
with needle-like inclusions. The insets show distribution maps of
Cd, Sb, and Ni.

responsible for superconductivity, but due to the smallness
of its volume and the potential closeness of its lattice
parameters and those of CdSb, it was not found.

The microstructure of the crystal surface was studied
using a scanning electron microscope (SEM) JSM-6610LV
(Jeol, Japan) with an attachment for energy dispersive
X-ray spectroscopy (EDX) X-MaxN (Oxford Instruments,
England) with analysis accuracy elemental composition up
to 0.1at%. As shown by the SEM of the ingot on
the cleavage, as well as the element distribution maps
constructed based on the results of scanning the same area
by the EDX method (Fig. 2), the main CdSb matrix contains
thin extended inclusions in the form of needles (minimum
504 m and diameter from 1 to 3um). The percentage
composition of the Cd, Sb and Ni elements content is given
in the table.

Raman scattering spectra (RSS) without polarization
were measured at room temperature using a combined
SPM system with a confocal fluorescence spectrometer
and an OmegaScope™ RS spectrometer (AIST-NT Inc.,
USA). The excitation was carried out by a laser with a
radiation wavelength of 532nm, a power of 50 mW, and a

Elemental composition of the sample obtained from the results of
EDX by area and at a point on an acicular inclusion

Content, at.%
Element Sample Surface Needle
Area 0.3 mm Inclusion
Cd 489(2) 04(1)
Sb 50.6(0) 50.6(1)
Ni 0.4(8) 49.9(8)
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Figure 3. The Raman scattering spectrum of the Cdy.9sNig 05Sb
sample and its decomposition using the Vogt function into normal
(red curves) and total phonons (blue curves).

spot size of focused light on the sample surface of about
500nm. The spectral resolution was 0.8cm~'. Due to
the peculiarities of the measuring system, the frequency of
the detected radiation from the side of lower energies was
limited to 120 cm ™.

According to the group-theoretic analysis, 24 Raman-
active normal modes should be observed in the orthorhom-
bic crystal lattice of CdSb. Of these, 22 phonons were pre-
viously discovered experimentally, and only 9 of them have
a frequency over 120cm~! (3Ag: 153, 171 and 174cm™1;
1Byg: 145cm™; 2Byg: 136, 161 em™ 3Bsg: 128, 154
and 171 cm~1) [18].

The experimental RS spectrum of the Cdg 95Nig o5Sb
sample is shown in Fig. 3. Its dispersion analysis in the
zone 120—270cm~!, performed with the approximation
of crystal lattice vibrations by Vogt functions, shows the
presence of five normal modes (138, 144, 152, 162 and
172 ecm™1), which agrees well with that found earlier in [18]
for undoped CdSb. The remaining vibrations in Fig. 3 with
frequencies 182, 189, 198, 218, 243, 249 and 261 cm~!
are most likely formed by the total vibrations of the crystal
lattice.

The magnetoresistance of the sample was measured using
a CFMS-16 cryostat (Cryogenic, England) equipped with a
superconducting solenoid capable of creating a magnetic
field up to 16 T. The variable temperature insert (VTI)
allowed to cool the sample at a controlled rate from
300 to 1.8K. The sample was in a 4-He gas flow. To
eliminate the effects associated with the heat capacity
of the sample and the system, the measurements were
carried out both during cooling and during heating at
the same rate of 0.5K/min. The temperature insertion
device allowed to place the holder with the sample
perpendicular or parallel to the direction of the magnetic
field.
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The sample resistance was measured according to the
classical 4-point scheme using a controlled current source
CS580 and synchronous detectors SR830 (Stanford Re-
search Systems, USA) at low frequency alternating current
(from 100 #A to 1 mA RMS) (from 7 to 300 Hz). Specific
parameters (the value and frequency of the measuring
current) were selected based on the noise parameters of the
measurements and the absence of sample overheating. Let
us note that sample overheating by the measuring current in
this system was quite difficult to obtain, since the resistance
of the samples under study was low (from 100 mS2 to 2 2),
and the thermal contact of the sample with the thermostat
was very good (sample was in 4-He). During the
measurements, the effective Hall concentration and mobility
of charge carriers were estimated. For T = 1.8 K they are
equal to 6.8 - 10 cm 2 and 450 cm?/(V - s) respectively.

3. Results and discussion

The above results of studies of the structure and com-
position showed that the Cdg.9sNig ¢sSb samples are a two-
component system that consists of two main phases: a CdSb
single crystal and predominantly oriented microsized single-
crystal NiSb needles inside the matrix CdSb. Previously,
it was found that due to the limited solubility of nickel
in CdSb, the latter can also form a certain amount of
nanosized clusters of the composition Ni;_xSby [12]. Thus,
the potential presence of such clusters inside a CdSb single
crystal, along with needle-like inclusions, should be taken
into account when analyzing the experimental results on
the study of the electrical properties of our samples.

On samples cut from a Cdgo5NigsSb ingot, the tem-
perature dependence of resistivity was studied in order to
determine the influence of the orientation of the needles of
NiSb single crystals relative to the direction of the current
through the sample on the electric transport properties. It
has been specified that the orientation of single-crystal NiSb
needles in a Cdg 95Nig ¢5Sb solid solution sample affects the
temperature dependences of the resistivity. In samples Ne 1
(Fig. 4) and Ne 2 (Fig. 5) at a temperature T; = 300K,
the resistivity was p; = 0.161 Q2 - cm and p = 0.221 Q2 - cm
respectively.

At temperature decreasing, there was the metal-
insulator transition at temperatures Ty = 44K (Ne 1) and
Tvr = 87K (Ne 2), which corresponded to the resistivity
p1 =0.044Q - cm and p; = 0.102 Q2 - cm respectively. At a
further temperature decreasing, there was an increase in re-
sistivity characteristic of a semiconductor up to temperatures
Tm = 3.5K, which corresponded to the maximum resistivity
01 =0.212Q2 -cm and p; =0.233Q2-cm at T,, =9.0K,
in samples Ne 1 (Fig. 4) and Ne 2 (Fig. 5), respectively.
A further temperature decreasing leads to a sharp decrease
in the resistivity of the Ne 2 sample to p, = 0.188 2 - cm at
a temperature of Ty, = 2.45K and the beginning of the
decay in sample Ne 1 at temperature T, = 2.08 K and
resistivity p; = 0.205w - cm. In both samples, this low-
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Figure 4. Temperature dependence of the resistivity of a
Cdg.05Nig.0sSb single crystal, sample Ne 1 (J || N, ie., needle-
shaped NiSb single crystals are parallel to the direction current
through the sample).
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Figure 5. Temperature dependence of the resistivity of a
Cdg.05Nig.0sSb single crystal, sample Ne 2 (J L N, ie., needle-
shaped NiSb single crystals are located perpendicular to the
direction current through the sample).

temperature area indicates a transition to the supercon-
ducting state and represents the insulator-superconductor
transition. This is the result of the influence of micro-
and nano-sized inclusions on the electrical conductivity
of the matrix. The main components of Cdg.9s5Nig.gsSb
single crystals that exhibited superconductivity, namely
CdSb [18], NiSb and Nij_xSbx [19], individually are not
superconductors. However, it can be assumed that a large
internal stress arises at the needle-matrix interface due to
the lattice mismatch, which leads to partial decomposition
of the main matrix [20], accompanied by the formation of a
layer of the CdySb phase y. Such a phase arises during the

growth of a composite in a matrix and is superconducting,
as was previously shown in works [15,21], conditionally
creating a certain film around the needle. That is, this effect
is responsible for the conductivity of the entire composite
as a whole. However, the superconductivity of CdySby
is insufficient for the transition of the entire sample at
the measured temperatures to the superconducting phase
with zero resistance. This differs from the results of the
work [14], where the transition to the superconducting state
with zero resistance of the CdSb: Ni sample was found at a
temperature of Tgp ~ 2.3 K.

It is important to emphasize that a characteristic feature
of the area preceding the superconducting phase transition
is the presence of hopping conductivity, which is described
by the following formula [22]:

(3] —

where Ty — is the characteristic temperature of the onset of
hopping conduction, which depends on the characteristics
of the material.

Since the specific conductivity of NiSb is 2—3 orders
of magnitude higher than that of CdSb, NiSb acicular
inclusions play the role of conducting channels. In case
of a composite Cdgo5NipsSb single crystal, the hop-
ping conductivity and tunneling between oriented high-
conductivity NiSb needles should depend on the distance
between them and the density of their arrangement. This
is confirmed by the results of temperature dependences
with needles located parallel and perpendicular to the
direction of current flow J || N or J L N shown in Fig. 4
and 5 for the samples Nt 1 and 2. The resistivity of the
longitudinal and transverse components of the conductivity
of the samples differs by several times, which corresponds
to the same difference in the mobility of charge carriers.
Moreover, in the case of J L N at the minimum temper-
ature at which a superconducting transition was observed
(p2 = 0.188 Q2 - cm), the temperature dependence turns out
to be significantly lower than in the Ne 1 sample at J || N
(p1 =0.205Q2 - cm).

The electrical properties of a similar two-phase system
are described in [23]. The conductivity of the Ne 1 sample
can be represented as the sum of two parallel conduction
channels due to the extended NiSb needles and the CdSb
matrix. The electrical conductivity will be represented by
the following expression:

op = Vio1 + Va0, (2)

where V; and V, — are the volume fractions of needle
inclusions and matrix, respectively. Recalculation from mole
fractions of Ni content (0.05) to volume percentage of
NiSb content gave the value Vi = 0.03. For the transverse
arrangement of the needles to the current, the expression
will already look different

oT = 0y + 1#\/2 (3)

0|1 — 0y 20'2
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The system of equations (2) and (3) can be used to
separate the conductivity of the CdSb matrix and NiSb
inclusions if the experimental dependences of the specific
conductivity on the temperature of the system are known
for the cases of J || N and J L N. It was assumed that the
relative volume fraction of inclusions and the matrix does
not change much with temperature and no other conduction
mechanisms appear. For ease of understanding the data
and comparing them with previous figures, the result is
presented as a dependence of the temperature dependences
of the resistivity of the CdSb matrix and inclusions NiSb in
Fig. 6.

According to literature data, the resistivity of NiSb
has a monotonic temperature dependence of the metallic
type [19,24]. However, it is clearly seen that the conductivity
of NiSb acicular inclusions at low temperatures has a
strong dielectric behavior. Most likely, this behavior is
due to the presence of a Schottky barrier at the inclusion-
matrix interface, which ceases to affect the conductivity
at T > 20K. As follows from the dependence pcqsy(T)
(Fig. 6), at low temperatures, a transition to the super-
conducting state from the dielectric phase can take place,
as shown in the work [14]. Since the main components
of the two-phase Cdg.95Nig osSb samples studied by us,
which demonstrated the transition to the superconducting
state, namely CdSb [18], Nij_x Sbx [19], individually are
not superconductors, then the area of a sharp decrease
in resistivity at low temperatures (Fig. 5), as already
noted above, is possibly associated with a transition to a
superconducting the state of the layer at the NiSb—CdSb
interface from the side of the matrix. However, in our
experiment, there is no zero resistivity, as was found on
another crystal of similar composition in the work [25].
Thus, Cdy.95Nig 05Sb samples generally have two conduction
channels (along needle inclusions and matrix), and the
matrix has not only normal, but also superconducting
phases. Some hint of such behavior is found when studying
the magnetoresistance of the samples.

The magnetoresistance of the samples was measured
at a temperature of 1.8K. The magnetic field in both
samples was perpendicular to the current, however, the
orientation of the acicular inclusions differed with respect
to the field. Thus, for sample Ne 1, the inclusions were
directed across the magnetic field, while for sample Ne 2,
they were oriented along the magnetic field. The general
form of the curves for two samples in weak fields is
qualitatively the same and is determined by the effect of
weak localization. This effect manifests itself in the form
of a zone of negative magnetoresistance in low fields up
to 1.5T and at low temperatures, as shown in Fig. 7. With
an increase in the magnetic field, this zone is replaced
by a positive magnetoresistance. However, there is a
significant difference in quantitative display. In a sample
with a longitudinal arrangement of needles relative to the
current, there is a several times stronger effect of positive
magnetoresistance. Considering that at a temperature of
1.8 K the conductivity of the needles drops significantly, it
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Figure 6. Dependences of the resistivity of the CdSb matrix and
NiSb inclusions on temperature, obtained from the solution of the

system of equations (2) and (3) using experimental data (Fig. 4, 5).
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Figure 7. Dependence of the resistivity of the samples on the
magnetic field. The orientation of the needles in sample Ne 1 —
across the magnetic field, in sample Ne 2 — along.

does not significantly affect the overall conductivity of the
samples at low temperatures.

These results indirectly confirm the presence of a super-
conducting phase in the conductivity of the matrix and the
destruction of superconductivity by a magnetic field, leading
to a decrease in the conductivity of the matrix. However,
if the superconducting phase is connected to the inclusion—
matrix interface, conditionally creating a certain film around
the needle, then in sample Ne 1 the magnetic field will
cross the surface of this film, and in sample Ne 2 it will
lie along the film surface, which, as is known, leads to a
significant difference in critical fields. Thus, in sample Ne 1,
the superconducting states will be destroyed much faster
than in sample Ne 2. As a result, there is a difference in the
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behavior of resistivity (anisotropy) for both samples in an
external magnetic field.

4. Conclusion

Composite materials Cdy 95Nig.0sSb, consisting of a CdSb
single crystal (matrix) and NiSb needle microcrystals (in-
clusions), which are oriented along and across the direction
of current flow, are studied. The sizes of inclusions were:
length minimum 50 ym and diameter from 1 to 3 um. It has
been found that the direction of single-crystal NiSb needles
significantly affects the resistance and magnetoresistance of
the entire crystal, causing the anisotropy of its electrical
properties. The specific resistance of the longitudinal and
transverse components of the samples conductivity differs
up to 3 times. A potential transition from the insulating
state to the superconducting state in Cdg 95Nip ¢5Sb was also
discovered, associated with the needle-like inclusion-matrix
interface. It arises due to the formation of the superconduc-
ting second phase CdxSby, due to the mismatch between the
lattice parameters of the needle and the matrix, which leads
to the appearance of an internal stress in this region and
the potential decomposition of the matrix in it. However,
there was no transition to the superconducting phase with
zero resistance due to insufficiently low temperatures in our
experiments.
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