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The temperature dependences of resistance of n-type conductivity Bi,Se; whiskers with doping concentration
(1-2)-10* cm were studied in the temperature range 1.6-300 K. The sharp drop of the resistance was detected
that is a result of a partial transition to the superconductive state at the critical temperature 7. = 5.3 K and proba-
bly due to the inclusion of B-PdBi, phase in the studied samples. The transverse magnetoresistance of Bi,Se;
whiskers with various concentration of Pd doping impurity corresponding to the metal side of metal—-insulator
transition was studied in a magnetic field of 0-10 T. Superconductivity suppression effect by the magnetic field
was found that permits to create the basic parameters such as the upper critical field B, = 1.5 T, the coherence
length of the superconductor & (0) = 15 nm and the superconducting gap A ~ 0.8 meV. Studies of the n-type con-
ductivity Bi,Se; whiskers allow to create on their basis magnetic field sensors with a sensitivity of about 3.5 %/T, ca-
pable in the temperature range of 4.2-77 K. The investigated crystals can also be used in the magnetic switch-
control sensors magnetic switches due to the transition to the superconducting state at the critical temperature 7,

depending on a magnetic field induction.

Keywords: Bi,Se; whiskers, transverse and longitudinal magnetoresistance, superconductivity, magnetic

switch-control sensor.

1. Introduction

Numerous studies are focused on the functional 1D and
2D materials that are suitable for the creation of different de-
vices, which work in difficult operating conditions [1, 2].
Moreover, unique effects such as high-temperature supercon-
ductivity [3], the Kondo effect [4], the occurrence of the Berry
phase [5, 6], Shubnikov—de Haas oscillations (SdH) [6], giant
(GMR) or negative (NMR) magnetoresistance [7-11] have
been seen. All of them open the possibility of creating a new
class of devices based on topological insulators [3], which by
their properties can be attributed to specific devices [12].

Different structures on the InSh material base with nar-
row bandgap could be used in electronic device applica-
tions due to their high electron mobility, peak velocities,
and small electron effective mass. The high velocities of
antimonide based compound semiconductors were ob-
served in the analog electronic devices with low power
consumption at low electric fields [12-14].

On the other hand, filamentary crystals are ideal model
objects with the possibility of the existence of quantum-
dimensional effects. Among these effects are: a decrease in
the lattice parameter, a shift in energy levels, the lumines-
cence appearance in the visible range as the diameter is

reduced to less than 1 um, the appearance of a dimensional
dependence of the magnetic susceptibility, which is differ-
ent from the one observed in bulk samples [15].

In this case, the study of the magneto-transport proper-
ties of Bi,Se; whiskers is interesting from both practical
and fundamental point of view. Firstly, the magnetic re-
sponse of this material determines the possibility of using
whiskers in sensors of various physical quantities under the
influence of an external magnetic field. Previous studies
[16, 17] of Bi,Se; whiskers at low temperatures have re-
vealed a number of interesting effects. In work [16], the
temperature dependence of resistance was measured in
the temperature range 1.5-300 K and the sharp drop was
found at a temperature below 5.3 K. At the same time, the
magnetoresistance behavior of Bi,Se; whiskers in weak
magnetic fields could be described due to the two-dimen-
sional weak antilocalization model that corresponded to the
electron-electron, electron-phonon and spin-orbit interac-
tion. As follows, the behavior of the temperature depend-
ence of the resistance is covered to the contribution as the
superconductivity and weak electron antilocalization. Us-
ing a sharp drop in electrical conductivity and magnetic
resistance with certain values of the critical field (B.) at
low temperatures, it is possible to offer realization of this
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effect in switch-control sensors, which could be used in diffi-
cult operating conditions. The magnetoresistance behavior at
high temperatures, where its growth with the temperature
increase was previously investigated, seems interesting.

Thus, the aim of the work is to study the magnetic
resistance of Bi,Se; whiskers in the temperature range
1.6-300 K in strong magnetic fields with induction up to
10 T with their further application in sensors, which oper-
ate in difficult conditions.

2. Method and object research

Filamentous crystals of Bi,Se; were grown by gas
transport reactions in a closed ampoule type system. The
transport agent bromine was used to transfer the material
from the evaporation zone to the cooling zone, which
serves as a zone of crystallization and growth of crystals.
In order to ensure stable crystal growth, it was necessary
to create a temperature gradient along the length of the
ampoule, which was in the range 1100-780 K for the
evaporation zone and the crystallization zone, respective-
ly. An admixture of palladium was added in a closed am-
poule to ensure the required level of doping with the im-
purity in Bi,Se; whiskers. The samples of n-type conduc-
tivity Bi,Se; whiskers with palladium doping concentration
(1-2)-10" cm* that correspond to the metal side of the
metal-insulator transition (MIT) have been used for study-
ing their magneto-transport properties. Thus, the doping of
Bi,Se; whiskers was carried out during the growth of
whiskers, which provides the flexibility of the method. The
crystals were joined to platinum conductors by pulse weld-
ing. The creation of Pt-BiSe eutectic provides the mecha-
nical strength and ohmic of the metal-semiconductor con-
tact. Measurements were performed according to a four-
contact scheme. The measurements of current-voltage cha-
racteristics were performed to check the electrophysical
parameters of the metal-semiconductor contact (Fig. 1).

The low-temperature conductivity of the Bi,Se; whiskers
has been studied at temperatures down to 1.6 K. Ensuring
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Fig. 1. The current-voltage characteristics of Bi,Se; whiskers at
temperatures, K: 4.2 (1), 77 (2).

such a low temperature allowed the design of a special
insert and helium cryostat type Oxford. It helped to carry
out the experiments within the framework of the agreement
on scientific cooperation between Lviv Polytechnic Na-
tional University, Lviv, Ukraine and the Institute of Low
Temperature and Structure Research, Wroclaw, Poland.
The design of a special insert for studying the electrophysical
properties of Bi,Se; whiskers gave the possibility of simul-
taneous pumping and injection of helium vapor into a
closed space of the insert, in which a rarefied pressure of
about 0.6 bar was previously maintained. Continuous pump-
ing of helium vapor from the insert provided a decrease in
the temperature study to 1.6 K. Temperature stabilization
of the study process was maintained using a PID-tempera-
ture controller. Automatic registration, visualization and
saving the data arrays into files have been used to measure
the voltage at the potential contacts of samples. In addition,
a preliminary assessment of the electrophysical parameters
of Bi,Se; whiskers was conducted with the help of a certi-
fied hardware and research complex PPMS (Physical Proper-
ties Measured System), which involves the study of galvano-
magnetic effects (Hall potential) to assess the level of
doping. Measurements were performed on both alternating
and direct currents.

3. Experimental results and discussion

Investigation of electrical conductivity of Bi,Se; whis-
kers was carried out in the temperature range 4.2-300 K.
Investigation of magnetoresistance of the whiskers was
carried out in the temperature range 1.6-100 K. The prop-
erties of the whiskers were considered in the context of the
superconductivity of the second type-Il at ultra-low tem-
peratures [16]. The resistance changes abruptly, only ap-
proaching zero, reaches residual values with a certain criti-
cal temperature T, or critical value of the magnetic field B..
Particular attention was drawn to the study of magneto-
resistance in the field of helium temperatures up to 1 T.
The temperature dependence of resistance (Fig. 2) is
shown for Bi,Se; whiskers doped to concentrations in the
vicinity to MIT from metal side of the transition. Main
characteristics for whisker superconductivity are a very
little change in their resistance that indicates the existence
of a superconducting state exclusively in a thin subsurface
layer of Bi,Se; whiskers. A possible mechanism of super-
conductivity emergence is the partial superconductivity on
the surface of Bi,Se; whiskers.

Superconductivity suppression due to a magnetic field
influences are informative for the determining its nature.
We carried out series of the experiments on the influence
of the magnetic field on the behavior of whisker supercon-
ductivity and determined the critical magnetic field B,
from the Ginzburg-Landau equations:

B2 (0)1-t?)

BCZ(T): 1+t2

, )
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Fig. 2. Temperature dependences of resistance for Bi,Se; whis-
kers at 4.2-300 K with different doping concentration, cm™:
1-10"° (1), 2-10% (2). Inset: temperature dependence of resistance

for Bi,Se; whiskers in the temperature range 4.2-50 K.

where t=T /T,. According to expression (1), the depen-
dence B, (T) was plotted (Fig. 3).

Value of the critical field B, (T) corresponds to the tem-
perature T, for which there is a complete suppression of su-
perconductivity. Then Eq. (1) permits us to determine upper
critical magnetic field B_,(0) for the Bi,Se; whiskers. Ex-
perimental data linear approximation gives a value of ap-
proximately B, (0) = 1.5 T (see Fig. 4, inset). One can find
the superconducting coherence length &(0) from expression:

D,

BCZ (0) = W’

)
where @, is quantum flux, that equal to 2.07-107"° T-m°.
We obtained that £(0) = 15 nm for Bi,Se; whiskers. The
coherence length obtained for Cu,Bi,Se; crystals are sub-
stantially less than value of 200 nm [18]. The Cooper pair
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Fig. 3. Longitudinal magnetoresistance of Bi,Se; whisker at different
temperatures, K: 4.2 (1), 10 (2), 20 (3), 40 (4), 60 (5), 90 (6). Inset:
temperature dependence of longitudinal magnetoresistance in Bi,Se;
whisker at magnetic field induction 10 T.
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Fig. 4. Temperature dependences of resistance for Bi,Se; whisker
in the temperature range 1.6-7 K at fixed magnetic fields, T: 0 (1),
0.01 (2), 0.02 (3), 0.03 (4), 0.04 (5), 0.06 (6), 0.08 (7), 0.1 (8),
0.15 (9), 0.2 (10), 0.3 (11), 0.4 (12), 0.5 (13), 1.0 (14), 1.5 (15).
Inset: Critical magnetic field induction for superconductivity (1)
in Bi,Se; whiskers [16] and weak localization (2).

coherence length consists of 18 nm, that comparable to that
&(0) = 15 nm for Sr,Bi,Se; [19], just like for high-T. super-
conductors, can lead to variety of exciting phenomena in
contradistinction to materials with low levels of T [20].

Value of the superconducting gap can be determined
due to expression [18]:

_ 35kgT,
—re.

A ®)

Substituting the value of T, = 5.3 K and the Boltz-
mann’s constant kg, we obtained a superconducting gap of
approximately 0.8 meV that agrees well with the literature
data of 0.6 meV [18].

Let’s discuss the possible cause of the superconductivi-
ty in the Bi,Se; whiskers. The most possible mechanism of
the whisker superconductivity is the intercalation of the Pd
doping impurity that was used as an initiator of their
growth. There are the literature data [21] on the supercon-
ductivity appearance with the critical temperature T, = 5.5 K
in the Pd,Bi,Te; crystals. In addition, B-PdBi, crystals are
superconducting with T, = 5.3 K [22] that coincides with
the data of our experiments. The superconductivity coher-
ence length is approximately of 20 nm in -PdBi, crystals
[22], which agrees well to our results. These data indicate a
possible cause of the superconductivity connected with the
intercalation of Pd impurities in the Bi,Se; whiskers. The
partial superconductivity agrees well with the data [21] for
the Pd,Bi,Te; crystals, when the resistivity also does not
fall to zero. This may be due to the rather low concentra-
tion of Pd dopants associated with rigid intercalation in the
whiskers. To deepen the nature of the superconductivity
observed in the whiskers, it is worth conducting further
structure and research of ARPES.
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The behavior of the magnetoresistance could be related
to two probable causes: the weak localization and the elec-
tron-electron interaction or coexistence of these both effects.
The weak localization effect occurs in the diffuse mode with
electron relaxation time t when kgT */h <1, whilst the elec-
tron-electron interaction predominates in the transient and
the ballistic mode at kgT */h>1. In addition, it is worth not-
ing that weak localization effect takes place in the weak
magnetic fields, but the electron-electron interaction occurs
in the strong fields [23].

Figure 3 shows that the magnetoresistance change of
n-type conductivity Bi,Ses in the field 4-10 T and at dif-
ferent temperatures acquires a linear character with a sensi-
tivity to changes in the field 3.6 %/T. Such properties
could be used in magnetic field sensors with the magneto-
resistive principle of operation, which work at cryogenic
temperatures in the range 4.2-77 K. However, must be
taken into account the temperature change of the magneto-
resistance in Bi,Se; whiskers, at which the magneto-
resistance falls in the range 4.2-30 K, and then it increases
with increasing temperature (see Fig. 3, inset) by magnetic
field induction 10 T. The alternating properties of the whisker
magnetoresistance with critical temperature 7, = 30 K can be
used for so-called switch-devices.

Figure 4 shows the dependence of the resistance of the
Bi,Se; whiskers with the concentration of charge carriers
1-10" cm™ at ultra-low temperatures in the range 1.6-7 K
at different fixed values of magnetic field induction in the
range 0-1.5 T.

In n-type conductivity Bi,Se; whiskers with the concen-
tration of charge carriers 1-10*° cm™ there is a sharp drop
in magnetoresistance in the temperature range 1.6-7 K
with different value B, transition to the superconducting
state. This can be used in magnetic switch-control sensors.
Figure 5 shows the temperature dependence of the trans-
verse magnetoresistance with different values of the criti-
cal transition temperature T..
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Fig. 5. Temperature dependences of transverse magnetoresistance
in Bi,Se; whiskers vs critical temperature of transition.

From Fig. 5 can be seen that the Bi,Se; whiskers have a
negative coefficient of resistance in magnetic fields with
induction up to 1 T in the temperature range 1.5-5.5 K. Its
value is approximately 7.3 %/K.

4, Conclusions

It was established, that n-type conductivity Bi,Se; whisk-
ers with Pd doping concentration level (1-2)-10* cm™ that
corresponds to the metal side of the metal—-insulator transi-
tion in the temperature range 1.6-300 K and magnetic
fields with induction up to 10 T can be used in devices at
ultra-low temperatures. It was shown, that Bi,Se; whisker
can be used in magnetic field sensors with the magneto-
resistive principle of operation in the temperature range
4.2-77 K. Magnetoresistance of the whiskers is linear in the
field 4-10 T with a sensitivity to changes in the field 3.6 %/T.
In addition, the alternating properties of the magneto-
resistance of the whiskers with critical temperature 7, = 30 K
can be used in the magnetic field of 10 T and at cryogenic
temperatures of 4.2-77 K in switch-devices.

Bi,Se; whiskers with n-type conductivity, which were
used at ultra-low temperatures (1.5-5.5 K), can employ in
threshold devices that work in harsh operating conditions.
Therefore, the magnetic switch-control sensors use transi-
tion to the superconducting state with its critical transition
temperature 7, depending on the magnetic field, in which
the crystal is located. The negative coefficient of resistance
in such whiskers reaches near 7.3 %/K.
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KpuTnyHi nons 1a ocobnmBoCTi
€neKTpoMarHiToTpaHCnopPTy HUTKOMNOAIGHNX
KpucTtanis Bi,Se; npu HU3bkMX TeMmnepaTypax

Anatoly Druzhinin, Igor Ostrovskii, Yuriy Khoverko,
Natalia Liakh-Kaguy, Valeria Mazur

JlocnipkeHo TeMIepaTypHi 3aJIeXKHOCTI ONOpPY HUTKOIIOIIOHIX
KpHcTaliB BiySe; mpoBiqHOCTI N-THITY 3 KOHIEHTPALEO JIETYI0U0T
momimxn (1-2)-10" cM~® B inrepsani Temmeparyp 1,6-300 K. Bu-
SIBIICHO Pi3Ke MaJiHHs OHOPY, LIO € Pe3yJbTaTOM YacTKOBOIO Ie-
pexony B HaJNpOBIIHMI CTaH 3a KpUTHYHOI Temmneparypu T, =
=5,3 K, iimMoBipHO, 1noB’si3aHe 3 BrmoueHHsM B-PdBi, ¢asu y
JIOCIIDKYBaHUX 3pa3kax. Y MarHiTHHX Noisix 3 ingykniero 0-10 T
BHBYCHO MOMEPCYHUI MarHIiTOOMIp HHUTKOMOJIOHUX KPHUCTAJIiB
Bi,Se; i3 pi3HOI KOHIEHTpaliero Jieryrodoi momimkd Pd, mo
BIMOBiZIa€ MeTajeBili CTOPOHI MEpexoxy MeTal—[ieNeKTPHK.
BcranosieHo edexT mpurHideHHS HAANPOBIIHOCTI MAarHiTHUM
HoJjeM, SKUH JI03BOJISE€ BM3HAYMTH TAaKi OCHOBHI HapaMeTpH, SK
BepxHE kputuuHe mone By, = 1,5 Ti, moBXHHY KOTEpEHTHOCTI
Haanposinauka & (0) = 15 HM Ta BeJTMYMHY HAAIPOBIAHOI IUTHHA
A~ 0,8 meB. TIpoBeneHi nocimiKeHHsS HUTKOMOAIOHUX KPUCTAIIIB
Bi,Se; mpoBigHOCTI N-THITY MOXYTh OYTH BHKOPHCTaHi IUIsl CTBO-
PEHHSI IATYHKIB MATHITHOTO TOJIS 3 Iy TIHBICTIO O6m3bKo 3,5 % / T,
sIKi Jie3natHi B iHTepBani temneparyp 4,2—7 K. ocmimkeni kpu-
CTaJIM TAaKOK MOXKYTh BUKOPHCTOBYBATHCSI B MAarHITHHX IEPEMH-
Kayax 3a paXxyHOK Iepexoy B HaIMPOBIJAHMII CTaH 38 KPUTHYHOT
Temreparypu 7., 3aJIe)KHOT BiJI IHAYKIii MATHITHOTO TIOJIS.

KirouoBi ciioBa: HutkomoaiOHi kpucranu BiSes, momepeunuit i

MMO3/IOBXKHIM  MarHiToomip,  HaANpPOBIAHICTS,

MarHiTHU# HepeMHKad.
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