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Abstract — We have investigated the transport properties ofopological insulator based on single-crystal
Big.gShy 17 hanowires. The single-crystal nanowire samples ithe diameter range 200 nm — 1.Jum were
prepared by the high frequency liquid phase castingn a glass capillary using an improved Ulitovsky
technique; they were cylindrical single-crystals wh (1011) orientation along the wire axis. In this orientaion,
the wire axis makes an angle of 1¥5with the bisector axisC, in the bisector-trigonal plane. BjgShy 17 is a
narrow gap semiconductor with energy gap at L poiniof Brillouin zone 4E= 21 meV. In accordance with the
measurements of the temperature dependence of thesistivity of the samples resistance increases with
decreasing temperature, but at low temperatures deease in the resistance is observed. This effeceaease
in the resistance, is a clear manifestation of thimteresting properties of topological insulators the presence
on its surface of a highly conducting zone. The Ahenius plot of R in samplesd=1.1 um andd=200 nm
indicates a thermal activation behavior with an adwation gap 4E= 21 and 40 meV, respectively, which
proves the presence of the quantum size effect ihdse samples. We found that in the range of diamet&100
nm - 200 nm when the diameter decreases the energgp is growing exponentially. We have investigated
magnetoresistance of BigsShy ;7 hanowires at various magnetic field orientations.From the temperature
dependences of Shubnikov de Haas oscillation amplde for different orientation of magnetic field wehave
calculated the cyclotron massm, and Dingle temperature T for longitudinal and transverse (B||C3 and
BJ||C2) directions of magnetic fields, which equal.26*10% mo, 9.8 K, 8.5*10° my, 9.4 K and 1.5*10' my, 2.8 K
respectively. The observed effect are discussed.

Index Terms— topological insulator, Bi-Sb, nanowires, quantunsize effect, quantum oscillations.

thermoelectrics and refrigeration in the cryogenic
temperature range. Bismuth is a semimetal withngtro
[. INTRODUCTION spin—orbit interactions, which have an indirectateg gap
A topological insulator is a material with a bulkbetween the valence band at the T-point of the bulk
electronic excitation gap generated by the spititorbBrillouin zone and the conduction band at L-poif@st]
interaction, which is topologically distinct froomardinary ~ Substituting bismuth with antimony change the caiti
insulator. This distinction, characterized by #Z2 energies of the band structure (see Fig. 1). AtSin
topological invariant, necessitates the existerfcgapless concentration of x=0.04, the gafE between La and Ls
electronic states on the sample boundary. In tweoses and a massless, three-dimensional (3D) [ioat
dimensions, the topological insulator is a quantsjpin is realized. As x is further increased this gappens with
Hall insulator, which is a close cousin of the gee inverted symmetry ordering, which leads to a chaimge
quantum Hall state. The strong topological insulaigo sign of 4E at L-point in the Brillouin zone. For
predicted to have surface states whose Fermi surfa@oncentrations greater than x=0.07 there is no lawer
encloses an odd number of Dirac points and is &tsac between the valence band at T and the conductind ba
with a Berry’s phase aft This defines a topological metal L, and the material becomes an inverted-band itwula
surface phase, which is predicted to have novetreleic Once the band at T drops below the valence bargl at
properties. The first topological insulator to hiscdvered X=0.09, the system evolves into a direct-gap irteula
was the alloy Bi,Sh,, the unusual surface bands of whichvhose low-energy physics is dominated by the spiit-o
were mapped in an ang|e_reso|ved photoemissid}pupled Dirac partiCIes at L. [5] In the first Boiiin zone
spectroscopy  (ARPES)  experiment [1,2].  Théf bulk Bii_Sh, there are one T point, three L points and
semiconducting alloy Bi,Sh, is a strong topological Six H points, as shown in Fig. 2.

insulator due to the inversion symmetry of bulkstayline ~ The unusual metallic surfaces of these topological
Bi and Sb. insulators may result in new spintronic or magnlettteic
Bismuth-Antimony alloys (Bi,Sh) constitute a devices. Furthermore, in combination with

materials system that has been attracting conditieraSuperconductors, topological insulators could tead new
attention in recent decades. This class of maserial architecture for topological quantum bits.
considered to be one of the best materials careticfair In the present paper we report measurements of
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Fig. 1. Schematic representation of band ene
evolution of Bi,Sh, as function of x.

Fig. 3. Scanning electron microscope cross sectiol
temperature dependences of resistance as well geti;m the 1.0 um Bjg:Shy 17 wire in its glass coating. The in
field dependences of magnetoresistance of topabgicllustrates the Ulitovsky method for synthesizingng
insulator Bj gsShy 17 Nanowires in glass coating. small-diameter wires in a glass fiber.

. SAMPLESAND EXPERIMENT the BbgaShy 17 filament in glass protects it from oxidation
and mechanical stress. Scanning electron microscass

Individual Bi nanowires were fabricated usin
b8sStb.17 gsections of the 1.0 um &=Shy 17 wire in its glass coating

the Ulitovsky technique (see schematic diagranmsdtion -
Fig. 3.), by which a high-frequency induction cuoiklts a is shown in Fig. 3.

Bios:Shy1; boule within a borosilicate glass (Pyrex) _The samples for the measurements were_cut from long
capsule, simultaneously softening the glass. Gladdres and were from 3 mm dovyn to 1 mm in Iengt_h and
capillaries containing BiSh,y, filament [6] were were mounte(_:i on special foil-clad f|b¢r-glass p_)dast
produced by drawing material from the glass. Thgolders. Elegtrlcal_contact to the copper foil wzesde with
nanowire samples in the diameter range 200 nm -urh.1 In-Ga eutectic. This type of solder consistentlyjkesagood

were cylindrical single-crystals with (101 orientation conthacts, as compargd to c()jther IOV\:c-r?]eltmgjpoﬂdem.
along the wire axis. In this orientation, the wérds makes The temperature dependence of the resistance neeiasur

an angle of 195with the bisector axi€; in the bisector- n fﬂgeggglcc}g?ds_?é u;:j%gtcr::;?s?;g;g}?\?aestﬁiéments
trigonal plane (see Fig. 2). Bulk Bi—Sb crystals difficult g P

to arow successfully and require special techniates in the 0 to 14 T range were carried out at therhagonal
9 cessiuly qut P quees High Magnetic Field and Low Temperatures Laboratory
avoid constitutional supercooling and the resultin

. . . i Ywroclaw, Poland), and we employed a device ttiatttie
segregation. However, in the Ulitovsky techniqueda  g5mpje axis with respect to the magnetic field afsb
the high frequency stirring and high speed cryg@ion (> otates the sample around its axis. Shubnikov-dasHa

10° Kfs) is possible to obtain homogeneougscillations measured using the technique of magfietd
monocrystalline Bjg:Shy 17 nanowires. Encapsulation of

Wi res al igned 10 4 d=1100 nm 4+ d=45nm Bi nanowires in glass coatings
C3 along [1011]

0 I 50 I 1(I)0 ' 150 I 2(I)O I 25I':O ' 360
T, K
Fig. 2. The Brillouin zone of Bisb, showing the Feri
surface of the three electron pockets at the Lippome T-
point hole pocket and the six hole pockets at thgokts.
The orientation of the (1@} wires is also indicated.

Fig. 4. Temperature dependences of thelative
resistance for BigsShy ;7 nanowires. InsertTemperatur
dependences of the relative resistance for Bi nalesw
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Fig. 5 Temperature dependeesi of the relativ
resistance for 1100 nm and 200 nm 8%k, 17 nanowires.
The temperature rangesithin which the law of resistan
exponential growth is valid, are also shown. Insg&tte
Arrhenius plot of R/By in 1100 nm and 200 r
Bigg:Shh1; nanowires indicatesa thermal activatic
behavior with an activation gapE= 21 and 35 me)
respectively.

modulation with amplitude of 75 Oe that allowed taos
register amplitude of the oscillations directlytia¢ lock-in
amplifier output.

[ll. RESULTSAND DISCUSSION
Quantum confinement effects in semimetal

in Fig. 4 presents the temperature dependencelatfve
resistanceR/Rygo for Bi nanowires withd varied from 650
nm down to 45 nm. The temperature dependence of the
resistance of a bulk sample is also presented. rélatg to

the semimetal-to-semiconductor transformation, (&)
dependences exhibit a “semiconductor” behavior.nura
confinement effect in semiconducting BiShky 17
nanowires increases the energy gd&pand thus increases
the resistance. However, at low temperature condyycof

the topological surface states reduces the resistabhe
greater the relative amount of surface states velwith
decreasing nanowires diameter, the stronger thertetif
reducing resistance. Temperature dependencies ®f th
relative resistanceR/Ryyo for 1100 nm and 200 nm
Big gsShy 17 nanowires are shown in Fig. 5. The temperature
ranges, within which the law of resistance expoiatnt
growth R=~expdE/(2ksT)) is valid, are also shown. The
Arrhenius plot (see the insert) 8/Ry in 1100 nm and
200 nm Bj gsShy 17 nanowires indicates a thermal activation
behavior with an activation gagE= 21 and 35 meV,
respectively. With decreasing diameter of the naresy
shift the temperature range of exponential growfh o
resistance into a higher temperature region (sge5-and
insert in Fig. 6) can be explained as follows: thrsan
increase in the energy gap increases the effective
temperature of energy spectrum smearing; secomdti,
decreasing nanowires diameter increases relativeneof
high-conductive surface region and reducing thestasce

of the nanowire will be noticeable at higher tenapere.
Fig. 6 shows dependence of energy ga&pon BiygShy 17

Bhanowires diameter. At least in the region of dieen&100

nanowires, which decrease the effective band qgverla 200 nm it is well approximated by the equationtloé
energy, Eq, become relevant for quantum wires with theexponential energy gap growth with decreasing namesw
diameterd = 25,/2m E, , wherem' is the effective mass diametet/E~exp(-d)

transverse to the wire axis. Detailed calculatipfjsshow
that a semimetal-to-semiconductor transition ocfors ~
55 nm for wires oriented along the trigonal direntilnsert
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Fig. 6. Dependence of energy gayE on BpgShy 17

Tashkin and Ando in their work [8], investigatinbet
Shubnikov de Haas (ShdH) and de Haas—van Alphen
oscillations in high-quality bulk crystal of a tdpgical
insulator B o;Sky og discovered the existence on the crystal
surface of the two-dimensional Fermi surface. TRi3

Bi, ;,Sb, ,, nanowire, d=200 nm, LMR
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Fig. 7. Magnetic field dependence of the longitud

nanowires diameter. Insert shows the temperaturgesa magnetoresistance for 200 nmy BBk, .; nanowire, T :

depending on the nanowires diameter, within whilch
resistance increases exponentially.

4.2 and 1.5 K.
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Fig. 8 Angular dependence of cyclotron mass of
carriers obtained from Shubnikov de Haas oscilfetifor

properties of 2D surface carriers the 85k 17 nanowires
with trigonal orientation, i.e. when th@; axis is located
along the nanowires axis, and tBe axis perpendicular to
the surface of the nanowire, are required.

IV. CONCLUSION

We have investigated temperature dependences of
resistance of topological insulator (BiSh,;; nanowires
with diameter 200 nm < d < 1100 nm, obtained byiaad
frequency casting in glass capillary. Due to quangize
effect, the energy gaplE increases with decreasing
diameter of the nanowires. The Arrhenius plot Rfin
samples with various diameter indicates a thermal
activation behavior with an activation gai= 20 and 35
meV for d= 1100 nm and 200 nm, respectively. Surface
states manifest itself as decreasing resistivity lay
temperatures. The energy gdl with decreasing diameter

of the nanowiresd from 1100 nm down to 200 nm

Fermi surface lies in the bisectix plane (perpemdicto

increases exponentialyE~exp(-d) From the temperature

the C, axis). Two prominent features are readilydependences of Shubnikov de Haas oscillation ancigit
recognized: first, the absolute valuernf in the magnetic for different orientation of magnetic field we have
field perpendicular to the surface is extremely lsma calculated the cyclotron mass. for longitudinal and
measuring only 0.00%®%, which is smaller than the transverseR||C; andBJ|C,) directions of magnetic fields,

cyclotron mass in pure Bi for any direction. Secomg6)

which equal 1.96*18 m,, 8.5*10° my and 1.5*10" my,

diverges at =0° and shows the 1/gidependence, that is, respectively. We have determined the Dingle tentpeza

characteristic of a 2D Fermi surface, giving unagubius

for these directions of magnetic fielf=9.8 K for LMR,

evidence for the 2D nature. We were interestedetgfiy 9.4 K and 2.8 K for TMR. The occurrence in thin

whether there is such a two-dimensional surfacgetarin
our 200 nm nanowire of topological insulator, BShy 17

Big.gaShy17 hanowires with (101) orientation along the
wire axis a two-dimensional surface Fermi surfaded in

In our nanowiresC, axis is inclined from the nanowires the bisectrix plane (perpendicular to t8g axis) has not
axis by ~20 degrees, which assumes carrying out theen confirmed. For observation and use of the ugniq

investigation of longitudinal magnetoresistance.ghfgtic

properties of 2D surface carriers the 85k 17 nanowires

field dependence of the longitudinal magnetoresiza Wwith trigonal orientation, i.e. when the; axis is located
(LMR) for 200 nm Bj ¢:Shy 17 nanowire aff = 4.2 and 1.5 along the nanowires axis, and t@g axis perpendicular to

K are shown in Fig. 7. From the temperature depecelef
ShdH oscillation amplitude we have calculated the
cyclotron massmn, = 1.96*10° my,, which was 3.5 times
higher than in the Tashkin and Ando work [8]. Frtme

This

the surface of the nanowire, are required.
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We have measured transverse magnetoresistance (TMR)

when Bl. And in this case Shubnikov de Haas oscillationﬁ]
at various orientation of magnetic field were olser
Cyclotron mass for various direction of transvers?Z]
magnetic field were calculated. Fig. 8 shows angula
dependence of cyclotron mass of carriers for 200 nm
BiogsShy.17 nanowire. ForBJ||C; and BJ|C, directions of
magnetic fields, the cyclotron masses and Dinglg]
temperatures equal 8.5%30ny, 9.4 K, and 1.5*10 my, 2.8 [4]
K respectively. Cyclotron mass along tlig axis is less [5]
than the cyclotron mass along tle axis in 2.2 times, [6]
which was not observed in [8].

Unfortunately, in 200 nm BgShy1; nanowire with [7]
(1011) orientation along the wire axis we cannot canfir
the presence of a surface 2D Fermi surface, pysdid to  [8]
the fact that in this crystallographic orientatiminnanowire
core theC; axis intersects nanowires surface at a small
angle (~26). For observation and use of the unique
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