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ARTICLE INFO ABSTRACT
Keywords: Resistivity superconducting transition has been for the first time found in single crystal of two-
Two-component CdSb - NiSb system component 0.95(CdSb)-0.05(NiSb) system. End members of the system are not superconduc-
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tors under normal conditions. Insulating behavior in temperature dependence of the electrical
resistivity, which is due to hopping conductivity, precedes the transition. The resistivity super-
conducting transition is rather broad, since at cooling down the electrical resistivity starts to fall
at 10.5 K, whereas zero resistivity is reached only at ~2.3 K. Longitudinal magnetic field grad-
ually depresses superconductivity and shifts the superconducting transition to lower tempera-
tures. Under magnetic field above 0.5 T, superconductivity is totally destroyed. Main features
observed in the resistivity superconducting transition, including its unusually big width and
insulating electrical behavior above the transition, can be related to inhomogeneity of the single
crystal studied. According to XRD and SEM examinations, the single crystal consists of major
CdSb phase and minor NiSb phase. The NiSb phase forms inhomogeneities in the CdSb matrix.
Micro-sized needle-like NiSb crystals and nano-sized Nij.,Sby clusters can be considered as typical
inhomogeneities.

1. Introduction

Forming inhomogeneous and disordered structures in solids is usually applied as a fruitful way to tune their properties in a desired
manner. Inhomogeneous and disordered conductors and semiconductors often demonstrate unusual and specific features in behavior
of their electrical properties, which are related to developing new mechanisms of conductivity and magnetoresistance [1-7], forming
unstable and metastable states [8-10], arising strong fluctuation corrections to conductivity, which affect a superconducting transition
[11-15], and etc. All the features in the electrical properties are dominantly originated from compositional and phase inhomogeneity,
and structural disorder. There are many ways to prepare inhomogeneous and disordered solid-state systems. One of ways is based on
applying two-component systems, in which components are characterized by a limited solubility and can form eutectic alloys [16-18].
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At high temperatures above a melting point, these systems are homogeneous. During solidification, initial homogeneity starts
destroying, and two individual phases corresponding to components of system are gradually formed. Morphology, microstructure,
phase and elemental composition of the solidified material are strongly dependent on a ratio between components and conditions of
the solidification. Two-component CdSb-NiSb system is excellent example of the systems with limited solubility of components, which
can be applied to prepare strongly inhomogeneous and disordered single-crystalline samples [19]. Two types of inhomogeneities can
be considered in samples of this system, prepared via the solidification. Micro-sized needle-like NiSb crystals are the first type, whereas
nano-sized Nij_,Sby clusters are the second type. Both needle-like crystals and nano-clusters are distributed inside CdSb matrix.

In this paper, the electrical properties of single-crystalline Cdg 9s5Nig 05Sb system are examined within broad temperature interval. A
few unusual features in these properties were found. The most intrigue feature is finding resistivity superconducting transition.

2. Materials and methods

Single crystal being studied was grown by the Bridgman method, which is based on slow cooling of a melt under temperature
gradient. Two-stage process was applied. At the first stage, Ni was dissolved in Cd melt at temperature of 700 °C for 8 h. At the second
stage, stoichiometric amounts of Sb and Cd:Ni powders corresponding to Cdg.gsNip.0sSb composition were loaded into a quartz
ampoule covered with thin graphite layer and filled after evacuation with Ar gas to p = 0.1 atm. After holding the ampoule at tem-
perature of 460 °C for 12 h, it was cooled down at a rate of 0.5 °C-h ~1.

XRD (X-ray diffraction) analysis of the single crystal was carried out by a Bruker D8 Advance diffractometer. Scanning electron
microscopy (SEM) was involved to examine surface morphology of the crystal. Real elemental composition of the crystal was deter-
mined by energy dispersive X-ray spectroscopy (EDXS) method. To measure the specific electrical resistivity, p, a Mini Cryogen Free
Measurements System was applied. The p measurements were carried out by four-probe method with reversing measuring current.

3. Results and discussion

To determine phase composition of the crystal, XRD analysis of powder, prepared by grinding the crystal, was carried out. The
single crystal consisted of two phases (Fig. 1). Major phase is orthorhombic Pbca phase characteristic for CdSb (lattice parameters are a
= 0.6469(1) nm, b = 0.8251(2) nm and ¢ = 0.8522(2) nm), whereas minor phase is hexagonal P63/mmc phase characteristic for NiSb
(lattice parameters are a = b = 0.3923 nm and ¢ = 0.5132 nm). Two phases are observed in SEM-image taken from surface, which is
oriented parallel to crystal (001) plane (inset to Fig. 1). Minor NiSb phase is formed as a system of needle-like crystals with length up to
~50 pm and width of 1-3 pm, which are distributed over CdSb surface (major phase). Real elemental composition of two phases, which
was determined by EDXS method, is slightly deviated from ideal CdSb and NiSb compositions (Table 1). Actually, Ni partially sub-
stitutes for Cd in CdSb, and Cd partially substitutes for Ni in NiSb. These substitutions resulted from high-temperature diffusion
redistribution of the elements, which occurred during growth of the single crystal.

Plate-like rectangular sample with dimensions of 4.25 x 1.95 x 0.78 mm® was used to measure p. In accordance with results of
high-resolution X-ray diffraction analysis performing the Bragg-Brentano method, the single crystal being studied was mosaic one and
consisted of many blocks, which are slightly disoriented relative to each other, and with sizes of several dozens of micrometers.
Detailed analysis of the block microstructure will be reported elsewhere. The blocks are partially ordered with preferential crystalline
orientation. For the rectangular sample, its larger surface corresponded to preferential orientating the blocks with crystal (001) plane,
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Fig. 1. XRD-pattern of powder prepared by grinding the single crystal with nominal Cdg ¢sNip.0sSb composition. Inset is SEM-image taken from
surface, oriented parallel to crystal (100) plane.
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Table 1

Elemental composition for surface and needle-like crystals.
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Element Concentrations for surface [at.%] Concentrations for needle-like crystals [at.%)]
Ccd 49.4 0.8

Ni 0.5 46.1

Sb 50.1 53.1

and the needle-like NiSb crystals were oriented parallel to long side of the rectangular.

The p(T) dependence taken for 1.6-200 K interval is presented in Fig. 2. This dependence can be divided into three parts. At cooling
from 200 K down to Ty ~45 K (part I), p is steady decreasing. This p(T) behavior is characteristic of metal. At further cooling between
Ty and T,,=10.5 K (part II), p is increasing that corresponds to insulating behavior. So, a metal-insulator transition occurs at Tyy.
Below Ty, (part III), p starts to fall reaching zero value at Tgp~2.3 K. This feature in the resistivity can be related to a superconducting
transition. Therefore, the resistivity superconducting transition occurs in the single crystal being studied. The metal p(T) behavior (part
I) should be attributed to acoustic phonon scattering of electrons. The u(T) dependence due this scattering is expressed as [2]

227 en’av? 1
where 7 is Plank constant, e is unit charge, d is mass density, v is sound velocity, m* is density-of-states effective mass, k is Boltzmann
constant and D, is deformation potential.

In accordance with expression (1) and taking into account u~p ! link, the experimental p(T) dependence was replotted to p—T >/
coordinates, as is shown in lower inset to Fig. 2. The replotted dependence is linear. Therefore, expression (1) very well fits the
experimental p(T) curve above Ty

To describe the insulating p(T) behavior (part II), expression corresponding to hopping conductivity mechanism was applied as
follows [1]

12
el

where Ty is characteristic temperature depending on particular microscopic characteristics of material.

In accordance with expression (2), the p(T) dependence taken between the Ty and T;, temperatures was replotted to lnp—Tl/ 2
coordinates, as is shown in upper inset to Fig. 2. For temperatures somewhat distant from Ty and Ty, the replotted dependence is
linear. Therefore, expression (2) can be really applied to fit the experimental p(T) curve.

A few features of the resistivity superconducting transition were found. Firstly, the transition is broad with transition width equal to
AT=T,~T¢p~8.2 K. Secondly, the transition is implemented as the insulator-superconductor transition, since the insulating p(T)
behavior is observed above the transition. Finally, another feature was extracted from examination of longitudinal magnetic field
effect on the transition. The p(T) dependences taken for various magnetic fields with induction B = 0.00, 0.05, 0.15, 0.25 and 0.50 T
are shown in Fig. 3. The transition is shifted to lower temperatures under magnetic field. Even under weakest field of 0.05 T, a
superconducting state with zero electric resistivity is already not formed, i.e. the sample is in a resistivity state down to lowest
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Fig. 2. The p(T) dependence taken at zero magnetic field within broad temperature interval. Upper inset is the Inp(T~/%) dependence, related to
hopping conductivity (between Ty and T¢); lower inset is the p(T 3/2y dependence, related to acoustic phonon scattering (above Tyy).
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temperature of 1.6 K. Resistivity value at 1.6 K is steady increasing with increasing B, i.e. the resistivity state is stabilized under
magnetic field. At B > 0.5 T, the p(T) dependences are B-independent, since the p(T) curves for these magnetic fields coincide with
each other. A few kinks are observed in the p(T) curves at temperatures T;, and temperature position of these kinks is B — dependent.
Thus, longitudinal magnetic field depresses the superconducting transition at 0 < B<0.5 T up to total destroying the superconducting
state at B > 0.5 T. Temperature Ty, is B-independent. The p(T) maximum is also observed for B > 0.5 T, when the superconducting
transition is totally depressed. This destroying the superconducting state can be characterized by analyzing the p(B) curves, taken at
temperatures below T.. The p(B) curves taken at 1.6, 4.0 and 7.0 K are shown in Fig. 4. The superconducting state is destroyed within
broad range of magnetic fields in rather complicated manner that is characteristic of type-II superconductors. Similarly to the p(T)
dependences (Fig. 2), kinks in the p(B) curves can be also observed at fields, designated as B; in Fig. 2. Critical magnetic field, which
corresponds to total destroying the superconducting state, is designated as B¢. Above Bg, the electrical resistivity is very weak
B-dependent. The field B¢ is gradually decreasing with increasing temperature, tending to zero at Tc~8 K. The temperature T cor-
responds to temperature of the superconducting transition onset.

The features of the superconducting transition found in single-crystalline Cdg 9s5Nig 0sSb system are characteristic for granular
conductor systems [13]. These systems are typical example of inhomogeneous and disordered systems. Ideally, they consist of
close-packed metallic granules possessing high enough conductivity, which are separated by intergranular insulating boundaries. The
superconducting transition observed in granular conducting systems is really broad. Broadening the transition is related to several
mechanisms, as follows:

(A) Temperature of the superconducting transition in granular systems is dependent on granule size, r, in accordance with
expression [20]

Te 1 N 1.04(1 +2%) 1.04(1 + k2*) 1+ 0.674(ay/r)
= ex, - , k= )
Tes  1+0674(ae/r) " P20 = 0.1(1+4°)  ki* —0.1(1 + 0.63kA") 1 —0.551(ap/r)

(3)

where aq is interatomic distance, 2° is electron-phonon coupling constant for bulk metal, and T¢p is temperature of the superconducting
transition in bulk metal, but which is granular material in relevant granular system.

According to expression (3), T¢ enhances with increasing r, and this tendency becomes more expressed for nano-sized granules. The
r-effect on T¢ is originated from large surface-to-volume ratio characteristic for metallic granules, separated by insulating boundaries,
which results in enhancing electron-phonon coupling constant through softening phonon mode. If granule size is distributed within
broad range, the superconducting transition will be rather broad, too, since granules with different size will undergo a local super-
conducting transition at strongly defined temperature.

(B) The superconducting transition in granular conducting system is usually two-staged [21]. Under cooling down the sample
through the superconducting transition, each of individual granules gradually becomes superconducting, but coherent super-
conducting state within of total volume of the sample is not yet formed (at the first stage). At lower temperatures, all superconducting
granules are already coupled, i.e. coherent superconducting state within of total volume is formed (at the second stage). Imple-
mentation of the superconducting transition through two stages also results in broadening the transition.

(C) Broadening the superconducting transition can be attributed to fluctuation conductivity [13]. Generally, corrections to the
conductivity, which are related to superconducting fluctuations, include correction to the conductivity via reduction in density of
states due to forming virtual Cooper pairs (DOS), and Aslamazov-Larkin (AL) and Maki-Thompson (MT) contributions to the con-
ductivity. The AL contribution is due to forming non-equilibrium Cooper pairs above temperature of the superconducting transition,
which results in new contribution to charge transfer. The MT contribution is related to coherent scattering of electrons, which form the
Cooper pairs on impurities.

Let us discuss the insulating p(T) behavior, which is observed above the superconducting transition. Depending on intergranular
coupling strength, granular conductor system can behave either metal or insulator [13]. If the coupling between granules is sufficiently
strong, granular system will be well conducting. In case of low coupling, granular system will behave as insulator. In the last case, the
insulator-superconductor transition can take place at low temperatures. Expression (2) was firstly developed for heavily doped
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Fig. 3. The p(T) dependences taken at magnetic fields of 0.00 (curve 1), 0.05 (2), 0.15 (3), 0.25 (4) and 0.50 T (5).
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Fig. 4. The p(B) dependences taken at temperatures of 1.6 (curve 1), 4.0 (2) and 7.0 K (3). Inset is the B.(T) dependence.

semiconductors [1]. For these semiconductors, expression (2) corresponds to variable-range hopping conductivity. Hopping con-
ductivity is related to tunneling of electron from one to another localized state within impurity energy band. Unit tunneling process is
considered as electron hop. Besides heavily doped semiconductors, expression (2) can be also applied to describe the insulating p(T)
behavior in granular conducting systems [13]. For these systems, electron transport takes place as tunneling of electron through
potential barriers, associated with intergranular contacts. Hopping processes in granular conducting systems is similar to hopping
conductivity in heavily doped semiconductors. Both hopping conductivities are implemented in the same manner and described by the
same expression. In heavily doped semiconductors, the insulating behavior is true, since hopping conductivity is related to electron
hops between localized states, positioned inside the impurity band. In granular conducting systems, hopping conductivity is related to
tunneling hopes of electrons from one metallic granule to neighboring granule. The tunneling is originated from presence of inter-
granular boundaries.

As was mentioned above, destroying the superconducting state under magnetic field takes place within broad range of the fields
(Fig. 4) that is one of specific characteristics of type-II superconductors. For true type-II superconductors, the superconducting state
starts destroying at lower critical field, B, but complete suppressing superconductivity takes place only at upper critical magnetic
field, B.,. Between B and B, the superconducting and normal phases are coexisting, but a volume ratio between these phases is
changed with varying B. Similar critical fields can be introduced to characterize destroying the superconducting state under magnetic
field in granular conducting systems. For these systems, individual metallic granules become superconducting at and below B,
whereas all superconducting granules are coupled at and below B;. Hence, for granular conducting systems, both the p(T) dependence,
which corresponds to transition from normal to superconducting state (Fig. 2), and the p(B) dependence, which corresponds to
transition from superconducting to normal state (Fig. 3), should reflect this two-staged implementation of the superconducting
transition. The field B¢ in Fig. 4 is obviously related to B,. The field B is very small to be estimated in our experiments.

Thus, all the features of the resistivity superconducting transition found in the samples of single-crystalline 0.95(CdSb)-0.05(NiSb)
system are really typical for granular conducting systems. There are reasons to consider these samples as granular conducting systems.
As was mentioned above, owing to low solubility of Ni in CdSb lattice, two types of inhomogeneities can be formed in the samples.
Besides micro-sized needle-like NiSn crystals (Fig. 1), nano-sized Ni;_,Sb, clusters can be also formed in Ni-doped CdSb [22]. These
inhomogeneities could be responsible for features in the properties, which are characteristic for granular conducting systems. Then,
superconductivity in two-component 0.95(CdSb)-0.05(NiSb) system should be attributed to NiSb component. However, no super-
conductivity has been found in NiSb itself at cooling down to 2 K [23]. Stable CdSb is not superconductor under normal conditions, too
[24]. However, superconductivity in alloys of Cd-Sb system could be observed, if these alloys were transformed into a metallic phase
by applying high pressure [25]. After this high-pressure treatment, the CdsoSbyy and Cd4;Sbss alloys undergo the superconducting
transitions at temperatures of 4.6 and 4.5 K, respectively [26, 27]. However, the superconducting state was unstable and fast vanished
under thermo-cycling. Instability of the superconducting state is associated with forming amorphous insulating phase during
thermo-cycling. The superconducting state found in the CdggsNigosSb sample is stable, and the superconducting transition is
repeatable during, at least, 30 processes of thermo-cycling. Besides, the insulating p(T) behavior was observed above the super-
conducting transition. In contrast to the CdsoSbyy and Cd4;Sbss alloys prepared via high-pressure treatment, no true metal phase
formed in this case. Therefore, the superconducting state observed in CdSb — NiSb system is due to combination and interplay of the
physical properties of both CdSb and NiSb, which are usually non-superconducting themselves. Mechanism responsible for super-
conductivity in this system seems to be related to its inhomogeneity and disorder.

Besides zero electrical resistivity, forming the superconducting transition is usually accompanied by appearance of a diamagnetic
response, too. Unfortunately, at present we have no experimental facilities to carry out magnetic measurements. However, the features
observed in temperature and magnetic field dependences of the specific electrical resistivity of the sample being studied very well
correspond to the resistivity superconducting transition.
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4. Conclusion

Thus, superconductivity has been for the first time found in single crystal of two-component 0.99(CdSb)-0.01(NiSb) system. All the
features of the resistivity superconducting transition are typical for granular conducting systems.
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