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Abstract 

 

The electron transport and longitudinal and transverse magnetoresistance (MR) of glass-

insulated Bi0.92Sb0.08 single-crystal wires with diameters of 180 nm to 2.2 m and the (1011) 

orientation along the wire axis have been studied. The wires have been prepared by liquid-phase 

casting. It has been first found that the energy gap E increases by a factor of 4 with a decrease in 

wire diameter d due to the manifestation of the quantum size effect, which can occur under 

conditions of a linear energy–momentum dispersion law characteristic of both the gapless state 

and the surface states in topological insulators (TIs). It has been revealed that, in strong magnetic 

fields at low temperatures, a semiconductor–semimetal transition occurs, which is evident as an 

anomalous decrease in the transverse MR anisotropy and the appearance of a metallic 

temperature dependence of resistance at T < 100 K. It has been found that the effect of negative 

MR, the appearance of an anomalous maximum in the longitudinal MR, and the dependence of 

Hmax ~ d
1

 at 4.2 K is a manifestation of the classical MacDonald–Chambers size effect. The 

calculated value of the   
 

 component of the Fermi momentum perpendicular to the magnetic 

induction vector H is 2 times higher than the  value for pure bismuth wires. The features of 

the manifestation of the quantum size effect in Bi0.92Sb0.08 wires, semiconductor–semimetal 

electronic transitions induced by a magnetic field, and a decrease in the transverse MR anisotropy 

indicate the occurrence of new effects in low-dimensional structures based on semiconductor 

wire TIs, which require new scientific approaches and applications. 

Keywords: semiconductor nanowires, size effects, topological insulator, anisotropy, 

magnetoresistance, electronic transitions 

 

Rezumat 

  

 A fost studiat transportul de electroni și magnetoresistența longitudinală și transversală 

(MR) a firelor monocristaline de Bi0.9Sb0.08 în înveliș de sticlă cu diametre de la 180 nm până la 

2,2 μm și orientarea (1011) de-a lungul axei firului. Firele au fost obtinute prin turnarea din faza 
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lichidă. Pentru prima dată s-a constatat că gap-ul energetic E crește de 4 ori cu micșorarea 

diametrului firului d, datorită manifestării efectelor cuantice dimensionale, care pot apărea în 

condițiile unei legi de dispersie energie-impuls liniare, care este caracteristică atât pentru o stare 

fără gap, cât și pentru stările de suprafață în izolatorii topologici (TIs). S-a observat că, în 

câmpurile magnetice puternice la temperaturi scăzute, se produce  o tranziție semiconductor-

semimetal, care se manifestă printr-o scădere anormală a anizotropiei magnetoresistenței 

transversale și apariția unei dependențe metalice de temperatură a rezistenței la T<100K. S-a 

constatat că efectul magnetoresistenței negative, apariția unui maxim anormal în 

magnetoresistența longitudinală și dependența Hmax ~ d
1

 la 4,2 K sunt o manifestare a efectului 

dimensional clasic MacDonald-Chambers. Valoarea calculată a componentei    
 -  a impulsului 

Fermi, perpendicular pe vectorul de inducție magnetică H, este de 2 ori mai mare decât valoarea  

  
   pentru firele de bismut pur. Particularitățile manifestării efectului cuantic dimensional în 

firele Bi0,92Sb0,08, tranzițiile electronice semiconductor-semimetal induse de un câmp magnetic și 

scăderea anizotropiei magnetoresistenței transversale indică la manifestarea de noi efecte în 

structurile de dimensiuni reduse ale izolatorilor topologici pe fire semiconductoare, care necesită 

noi abordări științifice și aplicații. 

Cuvinte cheie: nanofire semiconductoare, efecte dimensionale, izolator topologic, anizotropie, 

magnetorezistență, tranziții electronice  

1. Introduction 

 

For many years, Bi1хSbх alloys have attracted the attention of researchers due to the fact 

that, on the one hand, these alloys can be used as a model material, which is extremely sensitive 

to stoichiometry, magnetic field, size, temperature, and deformations [1–3], and, on the other 

hand, these alloys are a promising material for thermoelectric energy converters at temperatures 

of 200 K, millivolt electronics, and infrared applications [4, 5]. 

Bi1хSbх alloys are representatives of the semimetal–semiconductor band inversion 

semiconductor system. The general scheme of the energy spectrum restructuring in Bi1хSbх 

alloys in a range of 0.05 < х < 0.22 is shown in Fig. 1 [6]. 

 

 
 

Fig. 1. Schematic rearrangement of the band structure of Bi1хSbх as a function  

of x (0  x  0.25) at 4.2 K [6]. 
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Recently, interest in objects based on Bi1хSbх alloys has increased due to the 

development of new directions in basic solid state physics, namely, the discovery of a new class 

of materials—topological insulators (TIs) [7, 8] and low-dimensional structures based on TIs [9, 

10]—in which, according to theoretical developments, an increase in the thermoelectric figure of 

merit is expected [11, 12]. Surface states within a bulk band gap with a linear dispersion law have 

been first experimentally observed in Bi1хSbх semiconductor alloys using angle-resolved 

photoemission spectroscopy [13]. 

The authors of [14, 15] discuss the possibility of using TIs in next-generation electronic 

and spintronic devices; the predicted increase in thermoelectric figure of merit in low-

dimensional TI structures makes it possible to use them to design alternative energy sources and 

miniature thermocooling devices. 

In this manuscript, results of studying the electron transport and the manifestation of 

classical and quantum size effects in the longitudinal and transverse magnetoresistance (MR) of 

TI semiconductor wires of Bi0.92Sb0.08 alloys in a wide range of temperatures, magnetic fields, 

and wire diameters are described. 

 

 

2. Experimental 

 

Glass-insulated Bi0.92Sb0.08 semiconductor single-crystal wires with various diameters 

(0.15–2.2 µm) were prepared by liquid phase casting in accordance with the Ulitovsky method 

[16, 17]. All samples had a strictly cylindrical shape with a circular cross section, as confirmed 

by images in a scanning electron microscope [17, 18]. 

. 

 

         

(a) (b)                            

 
Fig. 2. (a) Reduced Brillouin zone of Bi with the hexagonal packing and the (1011) orientation of the 

Bi1хSbх wires prepared by the Ulitovsky method and (b) a rotating device providing the rotation of a 

sample in two planes in the magnetic field of a superconducting solenoid. 

 

The monocrystallinity and crystallographic orientation of Bi0.92Sb0.08 wires were detected 

by X-ray diffraction studies (X-ray diffraction diagrams of rotation). The Bi0.92Sb0.08 wires, in 
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common with pure Bi wires [17] and Bi–17at%Sb alloy wires prepared by a similar method [18, 

19], were monocrystalline and had an identical orientation along the wire axis, namely, the 

(1011) orientation, at which the C1 bisector axis is deviated from the wire axis by 20, while the 

C2 binary axis is strictly perpendicular to the wire axis (Fig. 2). 

In the case of this crystallographic orientation of the wires, the direction of elongation of 

one electronic ellipsoid makes an angle of 20 with the wire axis, the cross section of this 

ellipsoid S1 with the plane perpendicular to the wire axis is close to minimal; the other two 

ellipsoids are localized symmetrically relative to the wire axis, and their cross section S2,3 with 

the plane perpendicular to the wire axis is S2,3 = 2S1 [18]. 

The measurements were conducted by a two-contact method using an InGa eutectics. The 

ohmicity of the contacts was verified by recording current–voltage characteristics in a 

temperature range of 4.2–300 K. 

The rotation diagrams of the transverse MR and magnetic field dependences in 

perpendicular (H  I) and parallel magnetic fields were studied in the field of a superconducting 

solenoid in magnetic fields of up to 14 T at temperatures of 4.2–300 K using a special rotating 

device (Fig. 2b). 

3. Results and Discussion 

 

Figures 3 and 4 show the rotation diagrams of transverse MR of Bi–8at%Sb wires with 

different diameters (Fig. 3a), at different magnetic field H values (Figs. 3b, 4b), and at different 

temperatures (Fig. 4a). Point A corresponds to H  C2, while point B (H  C2) corresponds to the 

direction deviated from the trigonal axis by 20 in the bisector–trigonal plane (Fig. 2a). The 

structures of the rotation diagrams of transverse MR for different diameters are identical and 

coincide with similar dependences of bulk samples [20]; this fact confirms that the studied wires 

have an identical crystallographic orientation. 

 

                              (a)                        (b)               

 

Fig. 3. (a) Rotation diagrams of transverse MR (H  I) of the Bi0.92Sb0.08 wires at 4.2 K, H = 14 T: d = (1) 

0.18, (2) 0.39, (3) 0.5, (4) 0.55, and (5) 2.2 m (y-axis scale on the right outside) and (b) rotation diagrams 

of transverse MR R/R() of the Bi0.92Sb0.08 wire at d = 0.5 m, T = 4.2 K, and the different magnetic field 

H values. 
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                         (a)                                     (b)                       

 

Fig. 4. Rotation diagrams of transverse MR R/R() of the Bi0.92Sb0.08 wire at d = 2.2 m in a magnetic 

field of H = 14 T (a) at temperatures of T = (1) 4.2, (2) 50, and (3) 100 K and (b) at 100 K in magnetic 

fields of H = (1) 0.1, (2) 0.5, (3) 1, and (4) 5 T. 

 

Figure 3a shows the rotation diagrams of transverse MR R/R() at H  I of Bi–8at%Sb 

wires with the different diameters in a magnetic field of 14 T at a temperature of T = 4.2 K. It 

was found that the MR anisotropy (A = RH||C2 /R H||C3) at 14 T and T = 4.2 K increases with a 

decrease in the wire diameter d from the value of A = 1.4 for the wire with d = 2.2 m to A = 2.5 

for wires with d = 0.39 m. The transverse MR anisotropy of the wire with d = 2.2 m at 

different temperatures in a magnetic field of H = 14 T (Fig. 3b) is maximal (A = 2.3) at 100 K 

(curve 3); at 4.2 K, A = 1.4. An increase in the magnetic field up to 5 T leads to a 1.5-fold 

decrease in anisotropy (Fig. 4b) in the Bi–8at%Sb wires with d = 0.55 m. This anomalous 

change in the transverse MR anisotropy is a consequence of the semiconductor–semimetal 

electronic transition associated with the overlapping of the electron La and hole T4,5 extremes in 

strong magnetic fields [21, 22]. 

 

3.1. Temperature dependence of resistance 

 

Figure 5 shows temperature dependences of the reduced resistance RT/R300(T) of 

Bi0.92Sb0.08 wires with different diameters in a temperature range of 4.2–300 K. At 300 K, the 

resistivity is almost independent of wire diameter d and has the same value as the resistivity of 

bulk single crystals x = 145  10
6

  cm [20]. 

The log(1/T) dependences show clear exponential portions T = 0*exp(E/2k0T), whose 

slope and region of existence depend on wire diameter d (Fig. 5, top inset). 
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Fig. 5. Temperature dependences of the relative resistance RT/R300(T) for Bi0.92Sb0.08 wires with diameters 

d = (1) 0.18, (2) 0.39, (3) 0.5, (4) 0.55, and (5) = 2.2 m. The top inset shows the ln(T
1

) dependence; the 

bottom inset shows the dependence of the energy gap E on wire diameter d. 

 

For the wires with d  2.2 m, the E value determined from analysis of the ln(T
1

) 

dependences (curve 5) was 11–12 meV, which is in good agreement with the value for bulk 

samples. It was shown [21, 22] that, in semiconductor alloys Bi1хSbх with 0.07 < x < 0.09, the 

minimum energy gap is the ELT indirect gap (Fig. 1) equal to the distance between the 

conduction band bottom at point L of the Brillouin zone and the valence band top at point T. 

With a decrease in wire diameter d, the energy gap increases; this fact is associated with the 

manifestation of the quantum size effect [9, 10]. 

It has been first found that, with a decrease in wire diameter d, the energy gap E 

increases almost fourfold and achieves a value of 47 meV in the wires with d  180 nm. In 

similar Bi–17at%Sb wires, the energy gap Eg increases about twofold at significantly smaller 

diameters (d = 75 nm) [19]. 

The dependence of the energy gap E ~ d
1

 (Fig. 5, inset) indicates that the cause of the 

increase in E with a decrease in the wire diameter d is the quantum size effect predicted in [9] 

and observed in Bi, Bi–2at%Sb, and Bi–17at%Sb wires [17, 19, 23]. 

This significant increase in the energy gap can be attributed to the fact that, according to 

[7, 13], near the gapless state, the dispersion law differs from the quadratic law and becomes 

similar to the "Dirac-type" law characterized by a linear energy–momentum dependence  

E = hkvF, where vF is the Fermi velocity of electrons. This factor leads to a more significant shift 

of the energy bands due to the quantum size effect and an increase in the gap to 47 meV. 

Therefore, unlike Bi–17at%Sb wires, the surface states characteristic of TIs do not lead to 

this abrupt decrease in the resistance and metallic conductivity at temperatures of T < 50 K. 
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3.2. Magnetoresistance 

 

Both longitudinal (H  I) and transverse (H  I) MR was studied (НС2 and HС2) in 

magnetic fields of up to 14 T at T = 4.2–100 K. Figure 6 shows the field dependences of the 

longitudinal MR for Bi–8%Sb wires with different diameters at Т = 4.2 K in magnetic fields of 

up to 14 Т. In the MR(H)=ΔU/U=ΔR/R=(RH–R0)/R0 field dependences of relative MR, three 

regions of longitudinal MR can be distinguished: an abrupt increase in the resistance in weak 

magnetic fields, the formation of a maximum, and a decrease in the resistance with the formation 

of a region of negative MR in strong magnetic fields. 

The dependence of Hmax ~ d
1

 (inset in Fig. 7) and the subsequent negative MR indicate 

the occurrence of the galvanomagnetic size effect (MacDonald–Chambers) [24], which is 

observed in pure bismuth wires [16, 17]. The initial increase in the resistance of the wires in a 

longitudinal magnetic field is attributed to the fact that the distortion of the trajectory of charge 

carriers by a magnetic field leads to a decrease in the mobility due to the contribution of surface 

scattering. 

 

 

Fig. 6. Field dependences of the relative longitudinal MR ΔU/U=ΔR/R=(RH–R0)/R0 at 4.2 K for Bi0.92Sb0.08 

wires with d = (1) 0.18, (2) 0.39, and (3) 0.55 m. 

 

In the region where the Larmor radius rL is equal to the wire diameter d (rL = d), the role 

of the surface is excluded and the resistance decreases with an increase in magnetic field H. The 

shift of the maximum in R(H) to the region of stronger magnetic fields with a decrease in wire 

diameter d is attributed to an increase in the magnetic field magnitude for the fulfillment of the 

condition rL = d (Larmor radius fits into the cross section of the cylinder), rL   
         

where  is the component of the Fermi momentum perpendicular to the magnetic induction 

vector H. The value of PF = 4.0  10
21

 g/(cm s) calculated for Bi–8%Sb wires is 2 times higher 

than the value in pure Bi wires [16, 17]; this fact is apparently associated with the manifestation 

of the quantum size effect in 1D TIs [11, 13]. The RH /R0 value at the maximum point decreases 

with an increase in wire diameter d, as in pure Bi wires and in Bi–17at%Sb semiconductor wires, 
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in a diameter range of 75–200 nm [19]. 

The transverse MR R(H) (H  I) was studied at points A and B (Fig. 3) in magnetic fields 

of up to 14 T at different temperatures. Figures 7 and 8 show the field dependences of the relative 

MR RH/R0(H) at points A and B corresponding to H  C2 and H  C3 in the rotation diagrams of 

transverse MR in magnetic fields of 14 T at temperatures of T = (1) 4.2, (2) 20, (3) 54, (4) 72, and 

(5) 100 K. 

 

 

 

                              (a)                        (b)                

 

Fig. 7. Field dependences of the relative transverse MR RH/R0(H) of the Bi0.92Sb0.08 wire with d = 2.2  m 

at the different temperatures: T = (1) 4.2, (2) 20, (3) 54, (4) 72, and (5) 100 K; (a) H  C2 and (b) H  C3 

(points A and B in the angular rotation diagram). The insets show temperature dependences of resistance 

RT,H/R4/2(T) in a magnetic field of H = (1) 14, (2) 5, (3) 1, and (4) 0 T (for curves 3 and 4, scale on the 

right). 

 

 

 

                              (a)                         (b)               

Fig. 8. Field dependences of the relative transverse MR RH/R0(H) of the Bi0.92Sb0.08 wire with d = 0.55 m 

at different the temperatures: (a) H  C2 and (b) H  C3. The insets show temperature dependences of 

resistance RT,H/R4/2(T) in a magnetic field of H = (1) 14, (2) 5, (3) 1, and (4) 0 T. 
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In weak magnetic fields (H < 2 T), a monotonic increase in MR with an increase in the 

magnetic field at H  C2 and at H  C3 is observed, while the relative MR RH/R0 at 4.2 K is higher 

than that at 100 K. However, in strong magnetic fields (H > 3 T), the behavior of the curves 

qualitatively changes: the relative MR R14T/R0(H) at 4.2 K becomes lower than that at 100 K; at  

H  C3, it tends to saturation in magnetic fields of >3 T (Figs. 7, 8, curves 1, 2), because the 

current carrier mobility decreases in a magnetic field. 

The saturation and decrease in the resistance R14T/R0(H) in strong magnetic fields at low 

temperatures in Bi1хSbх semiconductor wires can be observed only upon this rearrangement of 

the energy spectrum in a quantizing magnetic field, at which the charge carrier concentration 

increases. An increase in the concentration of electrons and holes in Bi0.92Sb0.08 wires in strong 

magnetic fields at H  C3 is a consequence of the semiconductor–semimetal electronic transition 

induced by a strong magnetic field and caused by the overlapping of the electron L and hole T 

extremes [21, 22]. 

At low temperatures, in the direction of the quantizing magnetic field along C3, the L-

terms converge, and the hole extreme at point T of the momentum space rises up the energy 

scale; as a result, the direct EL and indirect ELT gaps decrease and can overlap. The insets to 

Figs. 7 and 8 (a, b) show the temperature dependences RH/R0(T) in a magnetic field (curves 1–3) 

and RT/R4.2(T) without a magnetic field (curve 4) in the region of T = 4.2–100 K for Bi0.92Sb0.08 

wires with two different diameters d at points A and B. It is evident from the figures that the 

temperature dependences exhibit a "metallic" behavior (curves 1, 2 in the insets). At T < 100 K, 

the resistance decreases by a factor of 2.6 in the wires with d = 2.2 m, for which the gap is 

minimal (11 meV), whereas in the absence of a magnetic field, the R(T) dependence exhibits a 

semiconductor behavior (curves in the insets). In thinner wires, the effect of the semiconductor–

semimetal transition is less pronounced (curves 2–4). 

A similar effect in semiconductor alloys in a strong magnetic field was observed in bulk 

samples of BiSb alloys doped with Te [25]. 

Thus, a strong magnetic field leads to the occurrence of semiconductor–semimetal 

topological transitions in Bi1хSbх semiconductor wires at low temperatures; in thin wires, 

stronger magnetic fields are required for the occurrence of the effect. 

 

4. Conclusions 

 

A comprehensive study of the resistance and longitudinal and transverse MR in 

Bi0.92Sb0.08 single-crystal wires with different diameters in a temperature range of 4.2–300 K and 

magnetic fields of up to 14 Т has been conducted. It has been found that the manifestation of the 

quantum size effect in TI wires based on Bi0.92Sb0.08 alloys leads to an increase in the energy gap 

by a factor of 4 with a decrease in the wire diameter to 180 nm; this finding is attributed to a 

linear dispersion law in TIs. In a longitudinal magnetic field, the classical size effect of negative 

MR depending on wire diameter d is observed. In transverse magnetic fields, semiconductor–

semimetal electronic transitions have been detected; they lead to a decrease in the MR anisotropy 

in strong magnetic fields and a metallic temperature dependence of the resistance at a 

temperature of T < 100 K. 
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