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Abstract
Temperature dependencies of GaSb whiskers’ resistance doped with Te to concentration of 1.7 × 1018 cm−3 were
measured in temperature range 1.5–300 K. At 4.2 K temperature, a sharp drop in the whisker resistance was found.
The observed effect is likely connected with the contribution of two processes such as the electron localization in
the whiskers and transition in superconducting state at temperature below 4.2 K. The whisker magnetoconductance
is considered in the framework of weak antilocalization (WAL) model and connected with subsurface layers of the
whiskers. The Shubnikov-de Haas (SdH) oscillatory effect is observed in high-quality n-type GaSb whiskers with tellurium
doping concentration near the metal-insulator transition (MIT) for both longitudinal and transverse magnetoresistance.
Keywords: Magnetoconductance, n-type GaSb whiskers, Weak antilocalization, Superconductivity

Background
GaSb is an important material for practical implementation in microelectronic circuits, sensors, solid-state
lasers, electrooptic modulators, and other new devices
due to the high quality and perfection of single crystals
[1, 2]. The GaSb epitaxial layers, or quantum dots grown
on lattice-matched, semi-insulating substrates, are used
in high-speed devices due to their advantages such as
low density of dislocations and defects [3, 4]. However,
these structures are affected by the substrate which
restricts the advantages. Hence, GaSb single crystals [5]
and free-standing nano- and microwires [6] were used
to avoid the abovementioned shortcoming. GaSb nanowires can also be used for lasing devices [7] that open
the possibility of their applications for semiconductor
subwavelength-wire lasers in photonic integrated circuits. The high charge carrier mobility and dimension
dependence of conductance in GaSb∕GaAs nanowire
heterostructures allow their wide usage [8, 9]. The highperformance GaSb nanowires could be integrated with
devices on the base of InSb, InAs, and InGaAs nanowires by the various transfer techniques [8, 10].
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Whiskers have several advantages over the wires, in
particular, such as absence of defects due to the
single-crystal structure of whiskers caused by their
growth conditions. Despite their large dimensions (as
compared with nanowires), whiskers are important
objects of nanoscale studies taking into account their
core-shell structures [11]. New physical effects were
obtained when the whiskers’ doping concentration
corresponded to metal-insulator transition, for instance, giant piezoresistance effect in Si whiskers [12],
appearance of magnetophonon oscillations in Ge
whiskers [13], and giant spin-orbit interaction with
g-factor 60 in InSb whiskers [14]. However, GaSb
whiskers were rarely studied from this point of view.
The aim of this work is to study spin-orbit interaction
for understanding observed superconductivity and weak
antilocalization in n-type GaSb whiskers with Te impurity concentration near the metal-insulator transition by
measurement of the magnetoresistance and magnetoconductance in the temperature range 1.5–300 K and
magnetic field 0–14 T.

Methods
n-type GaSb whiskers doped with Te were selected for
the study. The whiskers were grown by chemical vapor
deposition (CVD) method in a closed system [15]. The
whisker’s diameter ranges from 15 to 20 μm with length
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from 4 to 5 mm. Current electrical contacts were
created by welding Pt whiskers on the opposite ends of
the studied whiskers. The distance between potentiometric contacts was equidistant and equal to 1 mm. The
method provides resistive contact to the samples in the
temperature range 4.2–300 K. As a result, linear I-V
curves were obtained. Te is commonly used as n-type
dopant in GaSb for creating the photovoltaic devices.
The results of doped whiskers investigation by ion mass
spectroscopy have shown that n-GaSb whiskers (ρ300K =
0.004 Ω cm) have Te concentration corresponding to
the metallic side of metal-insulator transition and it is
equal to 1.7 × 1018 cm−3. To obtain reproducible results,
a group of approximately ten whiskers with identical
characteristics was studied. The samples have been
cooled down to 1.5 K in helium cryostat. A special inset
with a bifilar winding heater has been used to heat-up
samples to room temperature. Stabilized electrical
current of 1–100 μA depending on the resistance of the
sample has been generated by Keithley 224 current
source. Digital multimeters Keithley 2000 and Keithley
2010, with simultaneous automatic data registration via
parallel port of PC, have been used to measure both the
voltage at potential contacts of the samples, output
signals from thermocouple and magnetic field sensor
with accuracy up to 1 × 10−6 V. The Bitter magnet-based
setup has been used to study the effect of strong magnetic field on the samples. The induction of the magnet
increases from B = 0 up to B = 14 T at a rate ~1.75
and 3.5 T/min at 4.2 K and higher temperature range,
respectively.

Results
Temperature dependence of resistance for Te-doped
GaSb whisker at a zero magnetic field is shown in Fig. 1
over the temperature range 1.5–300 K. Reviled R (T)
with monotonic decrease of the resistance from 8 to
3.5 Ω in the temperature range 4.2–300 K corresponds
to the metallic behavior of the electric resistivity of the
GaSb whiskers. Unexpectedly the sudden decrease of
GaSb whisker resistance from 3.5 to 3.25 Ω is observed
at temperature just below 4.2 K. This interesting behavior of the resistance, namely, the sudden drop of R (T) at
T ~4.2 K, could indicate the superconducting transition
at this low temperature (inset in Fig. 1). To be sure,
firstly, it should be discussed to what extent the junction
properties (welded Pt microwires) influence the measurement data at about 4 K and may contribute to the
observed drop in the resistance effect. To check the
possible influence of Pt junctions, I-V characteristics of
the whiskers were measured in the temperature range
1.5–4.2 K. The measurements have shown that I-V
characteristics were linear at every fixed temperature
and electrical contacts from Pt microwires remain
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Fig. 1 Temperature dependence of GaSb whisker resistance in
the temperature range 1.5−300 K in a zero magnetic field. Inset:
temperature dependence of GaSb whisker resistance for low
temperatures down to 1.5 K

ohmic. Thus, a sudden drop in the whisker’s resistance
is hardly connected with influence of the Pt contacts at
low temperatures.
On the other hand, the drop in resistance is very small,
namely, about 8.6% ((3.5–3.2)/3.5 = 8.6%), and the resistance below 4 K is still very large in order to be interpreted as transition to the superconducting states, which
expectedly is associated with a zero resistance. Nevertheless, one can suppose a presence of a small superconductive phase in the whisker. To support the idea, one
can examine a diamagnetic response of GaSb<Te> whiskers below 4.2 K in small magnetic fields. Magnetization
of GaSb whiskers versus magnetic field with strength
from −1.5 up to 1.5 kOe at various fixed temperatures
was measured using SQUID technics and presented in
Fig. 2. As can be seen from Fig. 2, the hysteresis, being
typical for type II superconducting state of GaSb whiskers, is observed in the available temperature range from
1.8 up to 4.2 K. The data in Fig. 2 allows estimation of
critical values of Hc1 and Hc2. All curves in Fig. 2 exhibit
expected linear behavior at low fields (<250 Oe), which
corresponds to the diamagnetic response of the sample.
However, they deviate from the linearity at Hc1, which is
expectedly different for different temperatures. Temperature
dependence of Hc1 is shown in the inset of Fig. 2 (curve 2).
On the other hand, we can also estimate Hc2 at the point
where magnetic field intensity corresponds to zero
magnetization (see arrow in Fig. 2). Estimated values of
Hc2 as a function of temperatures are shown in the
inset of Fig. 2. As can be seen from the graph, the
maximal Hc2 value is approximately 750 Oe.
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Fig. 2 Magnetization of GaSb whiskers versus magnetic field induction
at various fixed temperatures. Inset: temperature dependencies of Hc1
(Δ) and Hc2(○)

Thus, the partial superconducting transition of GaSb
whisker is likely to occur at the critical temperature of
about 4.2 K. Nevertheless, the reason of the superconductivity in the whiskers is not clear, since both the Tc =
1.09 K of Ga as well as the Curie temperature for
GaSb<Te> is substantially lower. The possible reasons of
the superconductivity in the whiskers could be their
amorphization [16] or the heavy Te doping up to concentrations in the vicinity to metal-insulator transition,
which is known to increase substantially the Tc values
[17]. The amorphization of the GaSb whiskers is excluded as was observed in Shubnikov-de Haas (SdH)
oscillations, which are usually occurring in high-quality
crystals. Metallic phase in the vicinity to the localization
threshold of metal-insulator transition (MIT) could be
responsible for anomalous superconducting transition in
GaSb crystals at temperatures near 4 K [18]. The other
possible reason of partial superconductivity could be the
creation of Sb2Te3 nanoclusters, which are known to be
topological insulators and to show a transition to superconducting state at Tc = 3 K [19]. However, Sb2Te3
nanoclusters are unlikely to be created in the whiskers
taking into account the relatively low Te concentration
(1.7 × 1018 cm−3 according to data of mass spectroscopy
investigation). As a result, the number of formed potential Sb2Te3 nanoclusters is rather insufficient in
order to provide the superconductive channel. Moreover, the partial superconductivity in the GaSb<Te>
whiskers has been observed at Tc of about 4.2 K,
which contradicts with Tc = 3 K observed for Sb2Te3
inclusions.
Suppression of superconductivity by magnetic field is
also informative for explaining its possible origin. In
order to observe the influence of magnetic field on the
resistivity drop below 4.2 K, one has to investigate the
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GaSb<Te> whiskers magnetoresistance RB(T). Longitudinal and transverse magnetoresistance of n-type GaSb
whiskers was studied in the temperature range 1.5–96 K
and magnetic fields 0–14 T. Results of these investigations for GaSb whiskers with Te doping concentration
1.7 × 1018 cm−3, which correspond to metallic side of the
metal-insulator transition, are presented in Fig. 3. The
oscillation peaks are distinctly seen on both longitudinal
(H || to the transport current I) (Fig. 3a) and transverse
(H ⊥ to I) (Fig. 3b) magnetoresistance at low temperatures (Fig. 3). Corresponding values of magnetic field induction at T = 4.2 K for both longitudinal and transverse
magnetoresistance oscillation peaks are marked by
arrows in the figure. The maximum peak amplitude expectedly decreases with the increase of the temperature
in the whole range of applied fields. However, it is still
observed up to at least 50 K.

Fig. 3 Longitudinal (a) and transversal (b) magnetoresistance of GaSb
whiskers versus magnetic field induction at various fixed temperatures.
The arrows correspond to numbered peaks of magnetoresistance
oscillations. On the insets: the Landau level (LL) index N of SdH
oscillation versus reverse magnetic field (1/B)
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Seven oscillation peaks were revealed on longitudinal
RB(B) dependence at liquid helium temperature (Fig. 3a).
The number of transverse magnetoresistance peaks
(Fig. 3b) decreases to four at 4.2 K in magnetic fields
with induction up to 14 T. In our recent works, we
found magnetophonon oscillations in n-Ge whiskers
[13] and Shubnikov-de-Haas (SdH) oscillations in nInSb whiskers in the temperature range 4.2–70 K [14].
In the present work, it is shown that the oscillations are
observed in n-GaSb whiskers in the low temperature
range. The oscillations are attenuated with the increase
of temperature and are already absent at temperatures
above 60 K. This fact indicates that the observed oscillations can be attributed to SdH oscillations like those in
InSb whiskers [14].
Next, we follow the well-developed methodology and
construct the Landau fan diagram [20]. To do this, we
assign a Landau level (LL) index number N to each resistance minimum (N + 1/2 to each resistance maximum) as shown in Fig. 3a, b by arrows. The Landau
level index N versus reversal magnetic field induction 1/
B (Landau fan diagram) is shown in the insets of Fig. 3a,
b. As it is obvious from the insets of Fig. 3a, b, the data
points fall on a straight line and the solid line represents
the best linear fit. The intercept of the linear fit with the
N-index axis yields zero phase β = 0 that indicates in
Schrodinger electron transport responsible for SdH
oscillations.

Discussion
Magnetoresistance and Magnetoconductance of GaSb
Whiskers in Low Magnetic Fields

Let us consider the influence of low magnetic fields on
GaSb<Te> whisker resistance in the temperature range
4.2–1.5 K (Fig. 4). As can be seen from the figure, the
longitudinal magnetoresistance dependencies demonstrate the expressed cusps at fields up to 1.0 T. To gain
a deeper understanding of the physics associated with
the superconductivity, we extracted the upper critical
field Bc (T) (denoted by arrows in Fig. 4) from the magnetoresistance curves obtained at fixed temperatures.
The obtained Bc (T) versus T/Tc dependence is shown in
the inset of Fig. 4. Meanwhile, the value of the upper
critical field at absolute zero temperature Bc (0) was
obtained by fitting the data to the generalized GinzburgLandau model:

 

BcðT Þ ¼ Bcð0Þ 1−t 2 = 1 þ t 2 ;

ð1Þ

shown by the solid curve in the graph, where t = T/Tc.
Actually, the Bc (T) curve (inset of Fig. 4) exhibits a
nearly linear dependence in the temperature range
1.5–4.2 K, as with topological YPtBi crystals [21]. Based
on the linear dependence, the zero temperature upper

Fig. 4 Magnetoresistance of GaSb whiskers at fixed temperatures:
1–4.2, 2–3.3, 3–3.47, 4–2.95, 5–2.45, and 6–1.5 K. The arrows designate
the critical field Bc at fixed temperatures. Inset: the critical field Bc (T)
versus reduced transition temperature T/Tc for GaSb whiskers. The solid
line shows the Ginzburg-Landau fit to the experimental data

critical field was obtained Bc (0) = 1.3 T by simple
extrapolation (inset of Fig. 4, dash line).
The value of Bc (0) for GaSb is well below the Pauli
paramagnetic limit:
BpC ð0Þ ¼ 1:85T c ≈7:7K ;

ð2Þ

which suggests an orbital pair-breaking mechanism of
superconductivity for GaSb whiskers [21].
Using the relation:
Bc ð0Þ ¼ Φ0 =2πξð0Þ2 ;

ð3Þ

where Φ0 is the flux quantum, we obtained superconductor coherence length ξ(0) = 1.7 nm. The obtained
value is in good agreement with the coherence length
ξab (0) = 1.0 nm for cuprates [22].
The short coherence length (ξ(0) ~ 1.7 nm) of Cooper
pairs, comparable with that found for high-Tc superconductors, could lead to a variety of fascinating phenomena
in contrast to low-Tc materials, which have homogeneous
superconducting properties on length scales ξ0 of the
order of several hundreds of nanometers [22]. Thus, the
obtained low value of the coherence length is believed
to provide an evidence for a possible competition of
superconductivity and other physical phenomena in
GaSb whiskers.
A small diminution of the whisker resistance (8.6%) at
T ≤ 4.2 K suggests the formation of only small superconductive islands in the sample, which causes the observed
partial transition of the whisker to the superconducting
state. Since the main part of the whisker conductance is
believed to occur on the whisker surface, like that in
Si whiskers [12], one can suppose that the partial
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superconductivity of the whiskers should take place
on their surface. However, if the sample is biphasic,
the superconductive transition is expected to be
somewhat blurred. That is why the obtained narrow
transition (sudden drop of the resistance at T ≤ 4.2 K)
just might be an additional argument in favor of the
surface superconductivity in the whiskers.
It is worthy to note that the value of Bc (0) for GaSb,
obtained from the above measurements, is an order of
magnitude greater than the value obtained from
magnetization measurement (of about 0.075 T). Thus,
the obtained magnetoresistance cusps cannot be satisfactory explained only by the whisker transition to the
superconducting state. Another possible reason of the
whisker magnetoresistance cusps could be the effect of
weak antilocalization (WAL) similar to that observed in
the single crystals based on Bi-Te [23].
The nature of WAL can be caused by spin-orbit interaction in the three-dimensional bulk channel. However,
in GaSb whiskers, the two-dimensional nature of the
electrical transports is assumed, as mentioned above,
which is more likely to originate from the surface conductance, as it takes place in Si whiskers [12].
According to the WAL model [24], the electronelectron and electron-phonon scattering are supposed to
emerge in the whiskers. The theoretical dependence of
normalized magnetoconductance Δσ(B)/G0 for twodimensional electron gas [24] has the following forms:


Δσ ðBÞ σ ðBÞ−σ ð0Þ
B
þ
¼
¼f
G0
G0
H so þ H ϕ
;
ð4Þ


 
1
B
1
B
þ f
− ð1 þ βÞf
2 2H so þ H ϕ
2
Hϕ

H so ¼

ℏc
;
4eDτ so

ð8Þ

where c is the light velocity and D is the diffusion
coefficient.
Further, let us consider β → 0. In this case, the conductivity change Δσ(B) in a magnetic field, normalized
by the amount G0, was determined from experimental
dependencies of GaSb whiskers’ magnetoresistance in
magnetic field in the following way:


Δσ ðBÞ σ ð0Þ ΔRðBÞ
2
þ ðμH Þ ;
ð9Þ
¼
G0
G0
Rð0Þ
where μ is the Hall mobility and H is the magnetic field
intensity. The temperature dependencies of the Hall mobility for GaSb whiskers were calculated in Ref. [25].
Thus, the obtained dependence Δσ(B) (Fig. 5) is matched
with the theoretical one according to (4) in order to find
the parameters Hϕ and Hso. Figure 5 shows the magnetic
field dependencies of normalized magnetoconductance
change Δσ(B)/G0 of GaSb whisker at different temperatures (dots): 1–1.5, 2–3.3, 3–4.2, 4–12, 5–25, 6–42, and
7–50 K compared with theoretical curves calculated
using (4) at the same temperatures (solid lines). As it is
seen from Fig. 5, the very good coincidence of experimental data and theoretical curves is observed at low
temperatures 1.5–50 K, when parameters Hϕ and Hso are
properly chosen. As mentioned above, obtained parameters Hϕ and Hso depend on dephasing times τϕ (7) and
τso (8), respectively. The calculated values τϕ = 1 ps and
τso = 0.26 ps are similar to those reported in the
literature [26]. The fact has to provide an evidence
for the validity of the approach. The abovementioned

where B is the magnetic field induction and β is a factor
determining the value of Maki-Thompson correction.
Correspondingly,
G0 ¼ e2 =2πh

ð5Þ

is the quantum conductivity. Function f(x) is determined
by the digamma function Ψ(z):


1 1
f ðz Þ ¼ Ψ þ
þ lnðxÞ
ð6Þ
2 x
The parameter Hϕ is related with the dephasing time
τϕ of the electron wave function caused by electronelectron or electron-phonon interaction:
Hϕ ¼

ℏc
:
4eDτ ϕ

ð7Þ

Accordingly, the parameter Hso is related with the
dephasing time τso caused by spin-orbit interaction of
electrons:

Fig. 5 Magnetic field dependencies of normalized magnetoconductance
change of GaSb whiskers at different temperatures (dots): 1–1.5, 2–3.3,
3–4.2, 4–12, 5–25, 6–42, and 7–50 K compared with theoretical
curves calculated using (4) at the same temperatures
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parameters allow obtaining the coherence length Lϕ
as well as the spin-orbit length Lso using the following relations:
2

L

ϕ

e
¼ Dτ ϕ ¼ 4 H ϕ
ℏc

L2 so ¼ Dτ so ¼ 4

e
H so
ℏc

ð10Þ
ð11Þ

From (10–11), the temperature dependencies of Lϕ
and Lso for the studied whiskers are calculated (Fig. 6).
It is well known that the coherence length Lϕ is proportional to T− 1/3 for the one-dimensional system and T
− 1/2
for the two-dimensional one [27]. Figure 6 shows
that coherence length Lϕ is proportional to T− 0.53 and
the spin-orbit length Lso to T− 0.45, which is very close to
the T− 1/2 dependence expected for the two-dimensional
system. This fact confirms the conclusion that conductance of GaSb whiskers mainly occurs in subsurface
layers of the whiskers.
Therefore, weak antilocalization and superconductivity
are the main possible mechanisms responsible for the
magnetoresistance observation in GaSb<Te> whiskers
that is likely to originate from the whisker surface.
Magnetoresistance Oscillations for GaSb Whiskers in High
Magnetic Fields

We can analyze the whisker parameters also taking into
account the SdH oscillations (Fig. 3). The magnetoresistance oscillations are periodic in 1/H. Magnetoresistance
oscillation period P in the opposite field for quadratic
dispersion law is described as follows [14]:

 
1
ℏ j ej
P¼Δ
:
¼
H
E F m c

where e is the elementary charge, ℏ is the Planck constant, EF is the Fermi energy, m* is the effective cyclotron mass, and c is the speed of light. In the studied
GaSb whiskers doped to Te concentration near the MIT,
the period was found from experimental data and
reaches 0.025 T−1.
The analysis of SdH oscillations allows the finding of
main GaSb whisker parameters. In particular, the cyclotron effective mass of electrons was determined according to the relative change in the amplitude of SdH
oscillations at different temperatures A [14]:
mc ¼

A ðT 1 ; H Þ
jejℏH
Ar cosh
;
2π 2 k B T 1 c
A ðT 2 ; H Þ

ð13Þ

where kB is the Boltzmann constant.
This expression applies in the semiclassical region of
fields assuming that it does not change with temperature
and magnetic field. For weak magnetic fields, mc ≈ 0.047
mo is in good line with the literature data.
The mean free path of the charge carrier le could be
calculated based on the equation:
le ¼

hk F G0
;
ne2

ð14Þ

assuming a spherical Fermi surface with wave number:
S ¼ πk F 2 :

ð15Þ

The frequency of oscillation depends on the extreme
section of the Fermi surface plane F = P− 1 that is perpendicular to the magnetic field for an arbitrary dispersion law and shape of the Fermi surface, according to
the relation:
F¼

Fig. 6 Coherence length Lφ and spin-orbit length LSO as a function
of temperature. The corresponding data points are obtained from
the fitting with the two-dimensional weak antilocalization model
[18] taking the electron-electron interaction and electron-phonon
scattering into account. Lφ and LSO are proportional to T− 0.53 and T−
0.45
, respectively. It indicates the GaSb whisker conductance to occur
in subsurface crystal layers

ð12Þ

cS
;
jejh

ð16Þ

The frequency of oscillation for longitudinal and transverse magnetoresistance coincides, which is in good
agreement with the experimental results. Substituting F =
P− 1 in (16), one can calculate the Fermi surface S value.
Taking the calculated value S = 3.8 × 1017 m−2 into account, we obtained the values of wave number kF = 3.46 ×
108 m−1 from (15) and mean free path of the charge
carrier le = 230 nm from (14).
Thus, le > ξ, which confirms that GaSb is sufficiently
pure to allow for odd-parity superconductors. A comparison of free path of the charge carrier le = 230 nm
with phase coherence length Lϕ (Fig. 6) was shown to
coincide in a wide temperature range 10–60 K. On the
other side, the spin-orbit length Lso is shown to coincide
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with superconductance coherence length ξ that indicates
the spin-orbit origin of superconductivity.
According to D’yakonov-Perel spin decoherence
mechanism [28],
pﬃﬃﬃﬃﬃ
dLso ¼ 12L2Ω
ð17Þ
where d is the whisker diameter and LΩ is the spin processing length with Ω representing the spin processing
frequency under spin-orbit interaction. The spin processing length was calculated from the obtained data according to (17) and amounts to LΩ = 530 nm. Taking
into account the equation
LΩ ¼

ℏ
2m α

ð18Þ

The Rashba spin-orbit interaction parameter α was
calculated and it is equal to α = 1.66 × 10−12 eV m which
is in good line with literature data for GaSb nanowires
3 × 10−12 eV m [29]. A consequence of the emergence of
large Rashba field is the possibility to polarize flowing
electron along the direction of this field. As a result,
magnetoresistance cusps are observed in longitudinal
direction, while they are not appearing in transverse one
at low magnetic fields (Fig. 3).
Substituting the value of wave number kF = 3.46 ×
108 m−1 and the Rashba spin-orbit interaction parameter
α in
Δso ¼ 2k F α

ð19Þ

, one can obtain the spin splitting energy Δso, which was
found to be Δso = 1.15 meV for GaSb whiskers.
Thus, we can conclude that the experimentally observed WAL in GaSb whiskers is likely to result from
the 2D surface conductivity channel of the whiskers.
Due to the obtained large value of spin processing length
LΩ = 530 nm, one could suppose that the superconducting nanoclusters are localized in subsurface layers of the
GaSb whiskers.
In conclusion, one can return to the question about
the nature of superconductivity in GaSb<Te> whiskers.
The lower critical field Hc1 shows clear linear
temperature dependence from 4.2 down to 1.5 K (see
inset in Fig. 2, curve 2), which could indicate a non-swave superconductivity but rather an unconventional
superconductivity with a nodal gap structure [30]. A very
low value of coherence length (ξ0 ~ 1.7 nm) like that of
cuprates (ξ0 ~ 1 nm), as well as an unconventional
nature of superconductivity in cuprates, could be
connected with the similar features of these materials.
Indeed, superconductivity of cuprates is underlined by
the fact that these superconductors emerge from an
antiferromagnetic Mott insulator upon carrier doping [31].
In the case of GaSb<Te> whiskers, weak antilocalization of

charge carriers suggests antiferromagnetic correlation of
the carriers in the metallic samples in the vicinity to MIT.
The starting point is the Hubbard model in two
dimensions from which we may derive an effective spin
fluctuation-based interaction between electrons, which is
eventually responsible for the formation of Cooper pairs.
Thus, spin fluctuations could emerge due to the obtained
large value of spin-orbit interaction (spin processing length
LΩ = 530 nm) and be responsible for competition between
WAL and SC in GaSb whiskers.

Conclusions
The magnetoresistance of n-GaSb whiskers with Te
concentration 1.7 × 1018 cm−3, near the metal-insulator
transition, was studied in low temperature range from
1.5–96 K and magnetic fields with induction up to 14 T.
Analysis of longitudinal and transverse magnetoresistance peaks allowed to identify them as the Shubnikov-de
Haas oscillations in the low temperature range 1.5–60 K.
It was found that at T = 4.2 K, the number of transverse
magnetoresistance peaks is smaller than the number of
corresponding longitudinal magnetoresistance peaks.
Resistance of n-type GaSb whiskers was measured over
the temperature range 1.5–300 K and magnetic field up
to 10 T. The revealed sharp drop of resistance below
4.2 K indicates possible partial superconductivity in the
whiskers. The magnetoconductance of these whiskers in
low-field regime can be well described by a twodimensional weak antilocalization model (WAL), where
the dephasing length of the electrons follows T− 1/2 dependence. Taking into account the WAL model as well
as SdH oscillations analysis, the Rashba spin-orbit interaction parameter α = 1.66 × 10−12 eV m was calculated.
A consequence of the emergence of large Rashba field is
the possibility to polarize flowing electrons along the
direction of this field. As a result, magnetoresistance
cusps are observed in longitudinal direction, while they
are not appearing in transverse one. Due to the obtained
large value of spin processing length LΩ = 530 nm and
large whisker diameters (of about 20 μm), one can suppose that the superconductivity is created as a consequence of competition of superconductive and weak
localized states in subsurface layers of the GaSb<Te>
whiskers. The short coherence legnth (ξ(0) ~ 1.7 nm) of
Cooper pairs serves as additional evidence of the competition of superconductivity and WAL in the whiskers.
The origin of the superconducting state at temperature
below 4.2 K is not clear, since the Tc = 1.09 K for Ga and
the Tc = 3 K for possible Sb2Te3 nanoclusters, as well as
the Curie temperature for GaSb<Te>, are substantially
lower. Appearance of superconductivity could be explained by strong spin-orbit interaction of charge carriers in metallic phase in the vicinity to the localization
threshold of MIT in the GaSb whiskers, which is known
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to increase substantially the Curie temperature. In order
to confirm the abovementioned statement regarding the
origin of the superconductive states, a thorough study of
the whisker surface should be performed, which will be
a task for the next investigations.
Abbreviations
CVD: Chemical vapor deposition; LL: Landau level; MIT: Metal-insulator
transition; PC: Personal computer; QDs: Quantum dots; SdH: Shubnikov-deHaas; SQUID: Superconducting quantum interference device; WAL: Weak
antilocalization
Acknowledgements
The authors thank Prof. Solovjov A.L. (B.Verkin Institute for Low Temperature
Physics and Engineering National Academy of Sciences of Ukraine) for the
useful discussion of the experimental and theoretical results and Dr. Koreckii
R.M. (Lviv Polytechnic National University) for the technical support and sample
preparation.
Funding
No funding was received.
Authors’ Contributions
AD provided the technical support and conceptual advice; IK and IO
analyzed and drafted the manuscript; YuK designed and conducted the
experiments and performed the characterization of GaSb crystals; KR
supported the experimental investigation; and NL-K modified and drafted
the manuscript. All authors have read and approved the final manuscript.
Competing Interests
The authors declare that they have no competing interests.
Declarations
This study has nothing to do with the human participants or health-related
outcomes.
Received: 13 December 2016 Accepted: 14 February 2017

References
1. Fornari R, Roth Recent M (2009) Advances in bulk crystal growth. MRS-Bulletin
34(4):239–244
2. Rodriguez JB, Cerutti L, Tournie E (2009) GaSb-based, 2.2 μm type-I laser
fabricated on GaAs substrate operating continuous wave at room temperature.
Appl Phys Lett 94:023506
3. Richter J, Strassner J, Loeber T, Fouck H, Nowozin T (2014) GaSb quantum
dots on GaAs with high localization energy of 710 meV and an emission
wavelength of 1.3 μm. J Cryst Growth 404:48–53
4. Zhou W, Li X, Xia S, Yang J, Tang W, Lau K (2012) High hole mobility of
GaSb relaxed epilayer grown on GaAs substrate by MOCVD through interfacial
misfit dislocations. Array J Mater Sci Technol 28(2):132–136
5. Gadkari DB (2012) Advances of the vertical directional solidification
technique for the growth of high quality GaSb. J Chem Chem Eng 6(1):65–73,
http://www.davidpublishing.com/davidpublishing/upfile/5/1/2012/
2012050186098929.pdf
6. Yang Z, Wang F, Han N, Lin H, Yuen Cheung H, Fang M, Yip S, Hung T
(2013) Crystalline GaSb nanowires synthesized on amorphous substrates:
from the formation mechanism to p-channel transistor applications.
Appl Mater Interfaces 5:10946–10952
7. Chin H, Vaddiraju S, Maslov AV, Ning CZ, Sunkara MK, Meyyappan M (2006)
Near-infrared semiconductor subwavelength-wire lasers. Appl Phys Lett
88(16):163115
8. Guo YN, Zou J, Paladugu M, Wang H, Gao Q, Tan HH, Jagadish C (2006)
Structural characteristics of GaSb∕GaAs nanowire heterostructures grown
by metal-organic chemical vapor deposition. Appl Phys Lett 89:231917
9. Jeppsson M, Dick KA, Wagner JB, Caroff P, Deppert K, Samuelson L, Wernersson LE
(2008) GaAs/GaSb nanowire heterostructures grown by MOVPE. J Cryst Growth
310:4115–4121
10. Ravi Kishore VV, Partoens B, Peeters FM (2012) Electronic structure of InAs/
GaSb core-shell nanowires. Phys Rev B 86:165439

Page 8 of 8

11. Klimovskaya AI, Prokopenko IV, Svechnikov SV, Cherneta TG, Oberemok A,
Ostrovskii IP, Kurnosikov OV (2002) The structure, composition, and chemical
state of the surface of wire-like silicon nanocrystal grown by self-organization
technology. J P hys: Condens Matter 14(8):1735
12. Druzhinin A, Ostrovskii I, Khoverko Y, Koretskii R (2015) Strain-induced
effects in p-type Si whiskers at low temperatures. Mater Sci Semicond
Process 40:766–771
13. Druzhinin AA, Ostrovskii IP, Khoverko YN, Liakh-Kaguy NS, Vuytsyk AM (2014)
Low temperature characteristics of germanium whiskers. Funct Mater 21(2):
130–136
14. Druzhinin A, Ostrovskii I, Khoverko Y, Liakh-Kaguy N, Khytruk I, Rogacki K
(2015) Peculiarities of magnetoresistance in InSb whiskers at cryogenic
temperatures. Mater Res Bull 72:324–330
15. Druzhinin AA, Ostrovskii IP (2004) Investigation of Si-Ge whiskers growth by
CVD. Phys Stat Sol C 1(2):333–336
16. Demishev SV, Kosichkin YV, Sluchanko NE, Sharambeyan MS, Lyapin AG
(1993) Crystallization of metastable phases and superconductivity in
amorphous gallium antimonide. JETP 77(1):68, http://www.jetp.ac.ru/cgi-bin/
dn/e_077_01_0068.pdf
17. Klein T, Achatz P, Kacmarcik J, Marcenat C, Gustafsson F, Marcus J, Bustarret
E, Pernot J, Omnes F, Sernelius BE, Persson C, Ferreira da Silva A, Cytermann
C (2007) Metal-insulator transition and superconductivity in boron-doped
diamond. PhysRev B 75:165313
18. Gantmakher VF, Zverev VN, Teplinskii VM, Tsydynzhapov GE, Barkalov OI
(1993) Anomalous superconducting response and nonactivating tunneling
in high-resistance metastable states of GaSb. JETP 77(3):513, http://www.jetp.
ac.ru/cgi-bin/dn/e_077_03_0513.pdf
19. Tsai WH, Chien CH, Lee PC, Ou MN, Harutyunyan SR, Chen YY (2016)
Superconductivity and superconductor-insulator transition in single crystal
Sb2Te3 nanoflakes., http://www.mathpubs.com/detail/1608.05337v1/
Superconductivity-and-Superconductor-Insulator-Transition-in-Single-CrystalSb2Te3-Nanoflakes
20. Qu DX, Hor YS, Xiong J, Cava RJ, Ong NP (2010) Quantum oscillations and
Hall anomaly of surface states in the topological insulator Bi2Te3.
Science 329:821–824
21. Guizhou X, Wenhong W, Xiaoming Z, Yin D, Enke L, Shouguo W, et al (2014)
Weak Antilocalization Effect and Noncentrosymmetric Superconductivity in a
Topologically Nontrivial Semimetal LuPdBi. Scientific Reports 4
22. Tinkham M (1996) Introduction to superconductivity. McGraw-Hill, Inc., New York
23. Bao L et al (2012) Weak anti-localization and quantum oscillations of surface
states in topological insulator Bi2Se2Te. Sci Rep 2:726
24. Bykanov DD, Novikov SV, Polyanskaya TA, Savel’ev IG (2002) Weak antilocalization
and spin-orbit interaction in a In0.53Ga0.47As/InP quantum well in the persistent
photoconductivity state. Semiconductors 36(12):1389–1397
25. Druzhinin AA, Ostrovskii IP, Khoverko YN, Khytruk II (2015) The electron
scattering on local potential of crystal defects in GaSb whiskers.
J Nano Electron Phys 7(4):04084-1–04084-4, http://jnep.sumdu.edu.ua/uk/
component/content/full_article/1677
26. Flatté ME, Byers JM, Lau WH (2002) Spin dynamics in semiconductors.
In: Awschalom DD, Loss D, Samarth N (eds) Semiconductor spintronics
and quantum computation. Springer, New York, pp 107–145.
doi:10.1007/978-3-662-05003-3_4
27. Altshuler BL, Aronov AG, Khmelnitsky DE (1982) Effects of electron-electron
collisions with small energy transfers on quantum localisation. J Phys C: Solid
State Phys 15:7367–7386
28. Kettemann S (2007) Dimensional control of antilocalization and spin relaxation
in quantum wires. Phys Rev Lett 98(17):176808
29. Nimje S, Sharma A, Ghosh B (2015) Monte Carlo simulation of spin polarized
transport in nanowires and 2-D channels of III–V semiconductors. Quantum
Matter 4(6):636–643
30. Wang XL, Dou SX, Ren Z-A, Yi W, Li Z-C, Zhao Z-X, Lee S-IK (2009) Unconventional
superconductivity of NdFeAsO0.82F0.18 indicated by the low temperature
dependence of the lower critical field Hc1. J Phys Condens Matter 21(20):205701
31. Mineev VP, Samokhin KV (1999) Introduction to unconventional superconductivity.
Gordon &Breach Science Publishers, NewYork

