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In layered films of n-(Bi, Sb, In)2(Te, Se)3 solid solutions, which are 3D topological insulators, quantum oscillations

and temperature dependences of magnetoresistivity have been investigated in strong magnetic fields up to 14T.

Using the Lifshitz−Kosevich theory, the parameters of the surface states of Dirac fermions have been calculated,

revealing that the studied films are characterized by two cyclotron resonance frequencies. It is demonstrated that the

surface concentration of Dirac fermions increases in films with a high thermoelectric power factor when substituting

atoms in the Bi sublattice with In, compared to Sb→Bi substitutions. The Landau level indices and Berry phase

have been calculated. It is demonstrated that with an increase in the cyclotron resonance frequency in the film

n-Bi1.92In0.02Te2.88Se0.12, Landau levels are observed at higher magnetic fields compared to n-Bi1.6Sb0.4Te2.91Se0.09 .

In the n-Bi1.6Sb0.4Te2.91Se0.09 films, temperature dependencies of resistivity in the magnetic field B = 14 T exhibit

plateaus at low temperatures, characteristic of topological insulators. At temperatures below 15K, a non-linear

dependence of resistivity on magnetic field is observed due to quantum interference effects associated with weak

anti-localization of Dirac fermions.
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1. Introduction

Layered films of solid solutions of

n-(Bi, Sb, In)2/(Te, Se, S)3 are effective thermoelectrics with

a tetradimite structure and belong to strong topological

3D-insulators (TI) with surface 2D states of Dirac

fermions [1–3]. Topological surface states in these materials

arise as a result of the inversion of electronic states at

the edges of the band gap and are associated with strong

spin-orbit interaction. Anomalous spin-dependent metallic

conductivity and spiral-spin texture are characteristic of

Dirac fermions [1,2].
Currently, intensive studies of chalcogenide thermo-

electrics are carried out to use topological surface states

in electronic technologies, in photonics, and in optical

communication systems [4–6]. The absence of backscat-

tering on non-magnetic impurities in TI contributes to an

increase of the mobility, which stimulates the creation of

energy-efficient field-effect transistors based on films of

Bi2Se3and Bi2Te3 [4,7,8]. The use of Bi2Te3 films for

information processing using magnetic devices that can

be competitive in speed and performance with available

modern technologies is promising [4]. Films of Sb2Te3,

GeTe, Ge2Sb2Te5 compounds are used for the development

of neuromorphic materials and devices [9].

In thermoelectricity, the use of the properties of surface

states of fermions is associated with the effect of super-

fluidity of surface topological excitons in Sb2Te3/Bi2Te3
heterostructures containing p−n-transition [10,11].

The impact of Dirac fermions on an increase of the

power factor in p-Bi05Sb1.5Te3 films of submicron thickness

was observed in isostructural topological transitions [12,13]
at high pressures, P = 3−4GPa. A significant increase

of the power factor under pressure compared to normal

conditions determines the prospects for the use of films of

p-Bi05Sb1.5Te3 as a p-branch of thermoelectric devices [12].
The characteristics of the developed devices can be im-

proved in a magnetic field owing to the additional transverse

and longitudinal magneto-thermoelectric effects [14].

The galvanomagnetic effects measured in strong magnetic

fields [15–17] constitute an informative method for analyz-

ing the topology of thermoelectrics of bismuth and antimony

chalcogenides. This paper studies the quantum oscillations

effects of magnetoresistance in magnetic fields up to 14 T at

low temperatures and the dependence of magnetoresistance

on temperature up to room temperature in films of solid

solutions of n-Bi1.6Sb0.4Te2.91Se0.09.

2. Quantum oscillations
of magnetoresistance

Periodic quantum oscillations of magnetoresistance am-

plitudes in strong magnetic fields at low temperatures,

resulting from modulation of the density of electron states

with a cyclotron resonance frequency F , are used to

calculate the parameters of the surface states of Dirac

fermions in TI [18–20].
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Figure 1. Resistivity ρxx (curves 1−3) depending on the reverse magnetic field B−1 in films of a) n-Bi1.92In0.02Te2.88Se0.12 and

b) n-Bi1.6Sb0.4Te2.91Se0.09 at temperatures of T , K: 1 — 3, 2 — 5, 3 — 10.
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Figure 2. Quantum oscillations of magnetoresistance 1ρxx (curves 1−3) depending on the reverse magnetic field B−1 in films of

a) n-Bi1.92In0.02Te2.88Se0.12 and b) n-Bi1.6Sb0.4Te2.91Se0.09 for temperatures T , K: 1 — 3, 2 —5, 3 — 10.

The layered films of solid solutions of

n-Bi1.92In0.02Te2.88Se0.12 and n-Bi1.6Sb0.4Te2.91Se0.09
were prepared for the study by exfoliation of single crystal

grains of bulk materials up to 500 nm using the method

described in [21]. The dependences of the resistivity ρxx on

the magnetic field were measured on the obtained films, on

a substrate made of sticky polymer tape (Figure 1) using

the unit of the Physical Property Measurement System

(PPMS) Transport Option in the low temperature range of

T < 10K in magnetic fields of up to 14 T. The current I
was directed along, and the magnetic field B — was

perpendicular to the interlayer surface of van der Waals

(0001) during the measurements, which corresponds to

transverse magnetoresistance.

The frequencies of cyclotron resonance F1 and F2 in

layered films (Figure 3) were determined from the de-

pendences of oscillations 1ρxx(B−1) (Figure 2) using the

fast Fourier transform method. Figure 3 shows that the

spectral values of amplitude A of quantum oscillations of

magnetoresistance depending on the frequency of F in

films have two resonant frequencies, F1 and F2. The

appearance of two resonant frequencies in the studied films

is determined by a change of the conditions of cyclotron

resonance on the free surface of the film and the surface

located on the substrate, as well as by the features of

the Fermi surface [17]. As follows from Figure 3, the

amplitudes of magnetoresistance oscillations A decrease

with the increase of the temperature. Fermi level in

films of similar composition n-Bi1.6Sb0.4Te2.94Se0.06 [22]

and n-Bi1.92In0.02Te2.85Se0.15 [23] is located in the band

gap, which confirms the contribution of surface carriers to

quantum oscillations of magnetoresistance (Figures 2 and 3).
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Figure 3. Amplitudes A of quantum oscillations of magnetoresistance depending on the frequency of cyclotron resonance F in film

of a) n-Bi1.92In0.02Te2.88Se0.12 and b) n-Bi1.6Sb0.4Te2.91Se0.09 . Curves 1, 2 — 3K, 3, 4 — 5K, 5, 6 — 10K. The maximum frequencies of

cyclotron resonance are: a — F1 = 38.5 and F2 = 15.6 T, b —F1 = 26 and F2 = 12 T.

3. Parameters of Dirac fermions

The cross-sectional area of the Fermi surface S(kF),
the wave vector kF and the surface concentration of

fermions ns for layered films were calculated from the

magneto-resistance oscillation amplitudes 1ρxx(B−1) (Fi-
gure 2, a and b) in accordance with Lifshitz−Kosevich

theory [16,18,24,25]. Frequency of cyclotron resonance of

oscillations

F =

(

~

2πe

)

S(kF), (1)

kF =

√

S(kF)

π
. (2)

The surface concentration ns is determined as follows:

ns = k2
F/(4π).

Since two resonant frequencies F1 and F2 were detected

in the studied films (Figure 3), two sets of parameters

correspond to them (Table).
The surface concentration of ns is one of the pa-

rameters that impacts the contribution of Dirac sur-

face fermions to thermoelectric properties. The value

of ns in the film of n-Bi1.92In0.02Te2.88Se0.12 with high

power factor PF = 48 · 10−6 W · cm−1
· K−2 at low tem-

peratures was higher than in n-Bi1.6SSb0.4Te2.91Se0.09with

a smaller factor PF = 29.3 · 10−6 W · cm−1
· K−2 (table).

It should be noted that the value of ns in the film

of n-Bi1.92In0.02Te2.88Se0.12 according to differential tun-

neling conductivity data, measured by scanning tunneling

spectroscopy at room temperature is 2.8 · 1012 cm−2 [23],
which is significantly higher than ns at low temperatures

(table).
The Fermi level EF (Table) corresponding to the higher

frequency F1 is located higher than at the lower fre-

quency F2 (Figure 3), therefore the frequency F1 is

associated with the upper free surface of the film, and

F2 is associated with the lower surface, which is located on

the substrate, which is consistent with experimental studies

of films based on bismuth telluride and antimony [17,26].
The higher frequency F1 on the free surface of the studied

films is confirmed by the results of comparison of data

obtained by angular resolution photoelectron spectroscopy

(ARPES) on the free surface of films at low temperatures

and the study of oscillation effects in strong magnetic

fields [17,26]. Measurements of the ARPES spectra showed

that the values of the Fermi level EF and the surface

concentration ns on the free surface of the films are

consistent with similar data obtained from oscillation effects

for a higher frequency of cyclotron resonance [17,26]. It

follows from the data given in the table that EF and ns in

films of n-Bi1.92In0.02Te2.88Se0.12 and n-Bi1.6Sb0.4Te2.91Se0.09
are higher on the free surface, as is the frequency of

cyclotron resonance.

The cyclotron effective mass of fermions was calculated

using the least-square method (LSM) mcyc from the tem-

perature dependences of 1ρxx(B−1) (Figure 2), normalized

by the amplitude of oscillations at T = 3K, at a fixed

maximum magnetic field B = 14 T. The velocity vF and

Fermi energy EF (table) were obtained from data of the

effective mass mcyc and the wave vector kF in accordance

with [16,25]. The fermion relaxation time τ and the

Dingle temperature TD were calculated at a minimum

temperature T = 3K from the slope angles of the maximum

oscillation amplitudes 1ρxx(B−1) and the reverse magnetic

field (Figure 2). Free path length lF = vFτ and fermion

mobility µ = eτ /mcyc [16,25]. The values of lF and the

mobility of fermions µ were determined using kF, vF

and mcyc. The values lF for two cyclotron frequencies F1

and F2 were higher in the film of n-Bi1.92In0.02Te2.88Se0.12,

while the mobility of µ slightly increased compared to the

film of n-Bi1.6Sb0.4Te2.91Se0.09 (table).
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Parameters of the surface states of Dirac fermions

F , T S(kF), nm
−2 kF, nm

−1 EF, meV ns, 10
12 cm−2 mcyc/me τ , 10−13 s TD, K lF, nm vF, 10

5 m/s µ, m2/Vs

n-Bi1.92In0.02In0.02Se0.12

38.5 0.368 0.342 81.0 0.93 0.11 3.06 3.98 110 3.6 0.489

15.6 0.149 0.218 24.1 0.38 0.15 2.44 4.96 41.0 1.68 0.286

n-Bi1.6Sb0.4Te2.91Se0.09

26.0 0.248 0.281 46.3 0.63 0.13 4.5 2.7 84.0 2.50 0.454

12.0 0.115 0.191 16.3 0.29 0.17 4.5 2.7 35.0 1.30 0.278

4. Landau levels and Berry phase

The quantum oscillations of the magnetoresistance

1ρxx(B−1) (Figure 2, a and b) are associated with the

redistribution of the electron density of carriers at the

Landau levels. The energy difference of the Landau levels

corresponds to the cyclotron resonance frequency [18,19].
The extreme positions of oscillation amplitudes 1ρxx on

dependencies 1ρxx(B−1) were used to construct a Landau

diagram and determine the Berry phase (Figure 4) in

films of n-Bi1.92In0.02Te2.88Se0.12 and n-Bi1.6Sb0.4Te2.91Se0.09
(Figure 2, a and b).

The Landau level indices n and the Berry phase β (Fi-
gure 4) were determined using LSM in accordance with the

expression n = F · B−1
exs + β [17.25] for cyclotron resonance

frequencies F1 and F2 in the inverse magnetic fields B−1
exs ,

which characterize the positions of the minima and maxima

of the magneto-resistance oscillation amplitudes.

The Landau levels n were detected in the range of mag-

netic fields of B = (13.7−8.8) T on the upper surface of the

film of n-Bi1.92In0.02Te2.88Se0.12 for the cyclotron frequency

of F1 = 38.5 T. The whole indices of the Landau levels

were equal to n = 4, 5, and the half-integer indices were

equal to n = 3.5 and 4.5 (Figure 4, curve 1). For the

frequency F2 = 15.6 T on the lower surface of the film

of n-Bi1.92In0.02Te2.88Se0.12 integer indices n = 5, 6, and

the half-integers — n = 5.5 and 6.5 at B = (3.6−2.6)T
(Figure 4, curve 2).

The integer indices — n = 3, 4, 5 at B = (10.2−5.75)T
in the film of n-Bi1.6Sb0.4Te2.91Se0.09 on the upper surface

for the frequency F1 = 26T, and half-integer indices —
n = 2.5, 3.5, 4.5 at B = (12.9−6.4)T (Figure 4, curve 3).
On the lower surface of the film for the frequency

F2 = 12T n = 5, 6 at B = (2.7−2.15) T, and n = 5.5, 6.5

at B = (2.4−2)T (Figure 4, curve 4).

The obtained data on the position of the Landau levels n
showed (Figure 4) that Landau levels are observed in higher

magnetic fields in the film of n-Bi1.92In0.02Te2.88Se0.12,

which is characterized by with higher cyclotron frequencies

F1 and F2.

Berry phase value β (Figure 4, insert) in

films of n-Bi1.92In0.02Te2.88Se0.12 (lines 1, 2) and

n-Bi1.6Sb0.4Te2.91Se0.09 (lines 3, 4), is 0.58 and 0.47,
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Figure 4. The Landau level indices n and Berry phase β in

the reverse magnetic field B−1 obtained from the extremes of

magneto-resistance oscillation amplitudes 1ρxx (B−1), (Figure 2, a

and b) in the film (curves 1, 2) n-Bi1.92In0.02Te2.88Se0.12 and (3, 4)
n-Bi1.6Sb0.4Te2.91Se0.09 for cyclotron resonance frequencies of

F1 (1, 3) and F2 (2, 4). The Berry phase In the insert is β,

calculated simultaneously with the Landau indices using LSM.

5 — β = 0.58 in films of n-Bi1.92In0.02Te2.88Se0.12 and 6 —
β = 0.47 in n-Bi1.6Sb0.4Te2.91Se0.09 .

respectively, and coincides for the upper and lower surfaces

of the films and is located at the intersection of the lines 1, 2

and 3, 4 with the axis of the Landau indices n. The values

of β are consistent with the experimental data of [17,25].
The change of the curvature of the cyclotron orbit, the

Zeeman splitting [27] and the distortion of the linear

dispersion of fermions with an increase of the magnetic

field explain the discrepancies between the experimental

values of the Berry phase β and the theoretical value which

is equal to 0.5 in TI [19,25,28].

5. Temperature dependences
of resistance in a magnetic field

The temperature dependences of resistivity ρ in the tem-

perature range of (4.2 − 300)K in magnetic fields B = 5,

10 and 14 T were studied in films in n-Bi1.6Sb0.4Te2.91Se0.09.
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Figure 5. Normalized temperature dependences of resistance

ratios to values ρ at temperatures 100K (curve 1), 50K (5),
300K (9) and resistance ρxx/ρxx (T = 100K), (2−4) and

ρxx/ρxx , (T = 50K), (6−8) in magnetic fields B . The in-

sert shows corresponding ratios at 300K (9−12) for the film

of n-Bi1.6Sb0.4Te2.91Se0.09 . B , T: 1, 5, 9 — 0; 2, 6, 10 — 5;

3, 7, 11 — 10; 4, 8, 12 — 14.

Pronounced plateaus in the low temperatures at T < 15K

(Figure 5, curves 4, 8) were found on the normalized

temperature dependences of the resistance ratios ρxx/ρxx

(T = 100K) and ρxx/ρxx , (T = 50K) in the magnetic

field B = 14 T. A plateau occurrence trend in the low

temperature region at B = 14T was observed in case

of the normalization of the ratios ρxx/ρxx(T = 300K),
but a formation of a complete plateau was not found

(Figure 5, box).

The occurrence of such plateaus due to saturation of

resistance with an increase in the magnetic field in [29]
was explained by the impact of the surface states of

Dirac fermions on transport properties as a result of the

transformation of the bulk part of the material into an

insulator in materials with strong spin-orbit interaction

because of the preservation of symmetry with respect to

time reversal.

Landau indices and Berry phase were determined in the

region of magnetic fields, at which plateaus were observed

on the normalized dependences of ρxx/ρxx (T = 100K)
and ρxx/ρxx (T = 50K) on temperature, in the film of

n-Bi1.6Sb0.4Te2.91Se0.09 (Figure 5, curves 4, 8) (Figure 4,

curve 3). The minimum Landau index n = 2.5, which is

characterized by a high population of fermions (Figure 4,

curve 3), and the non-zero Berry phase (β = 0.47) confirm

the topological character of the identified plateaus in the

studied TI films.

The ratio ρxx/ρxx (100K, 50K) increases on the plateau

with an increase of the magnetic field to 14 T, however, the

metallic type of conductivity in films n-Bi1.6Sb0.4Te2.91Se0.09
is preserved, unlike Bi2Te3 films, in which the type of

conductivity changed from metallic to semiconductor with

an increase of the magnetic field because of the topological

metal-insulator phase transition [30].
A nonlinear dependence of resistance is observed

in the studied films at low temperatures (Figure 5)
ρxx/ρxx (T = 100K) (curves 2, 3) at T < 15K and

ρxx/ρxx (T = 50K) at T < 20K (curves 6, 7) in magnetic

fields at B = 5 and 10T like in Bi2Te3 [28], that is,

the ratios ρxx/ρxx (T = 100K) and ρxx/ρxx (T = 50K)
decrease with an increase of the magnetic field from 5

to 10 T. Non-linearity was not found on dependencies

ρxx/ρxx (T = 300K) (curves 10−12).

Nonlinearity at low temperatures in the ratios

ρxx/ρxx (T = 100K) and ρxx/ρxx (T = 50K), accompanied

by an increase of the magnetic field from 5 to 10 T,

arises as a result of quantum interference effects, which

are determined by the weak antilocalization of Dirac

fermions in TI films with a long quantum phase coherence

length lφ [31–33]. The length of the quantum phase

coherence lφ increases with the decrease of temperatures,

and lφ ∝ CT−m/2, where C is a constant for electron-

electron and electron-phonon interactions m = 3/2 and 3,

respectively. The value of lφ is greater than the free path

length lF and reaches 300 nm in Bi films2Te3 [32] and

500 nm in Bi2Se3 [33] because of weak antilocalization of

fermions in magnetic fields [31–33].

6. Conclusion

The parameters of the surface states of Dirac fermions

in the layered films of n-Bi1.98In0.02Te2.88Se0.12 and

n-Bi1.6Sb0.4Te2.91Se0.09 of TI were determined from the

analysis of quantum oscillations of magnetoresistance mea-

sured in strong magnetic fields up to 14 T. It is shown

that oscillations in films are characterized by two cyclotron

resonance frequencies F1 and F2 because of different

resonant conditions on the upper and lower surfaces.

The surface concentration of Dirac fermions ns , free-path

length lF and Fermi velocity vF increase compared to

n-Bi1.6Sb0.4Te2.91Se0.09 in film n-Bi1.98In0.02Te2.88Se0.12 with

high power factor. An increase of the value of ns indicates

an increase of the impact of the surface states of fermions

on the transport properties in films containing In.

From the analysis of the position of the minima and

maxima of the amplitudes of quantum oscillations of

magnetoresistance depending on the reverse magnetic field

1ρxx(B−1), integer and half-integer indices of Landau

levels n and the Berry phase are determined. It is shown that

with an increase of the frequency of cyclotron resonance

in the film of n-Bi1.92In0.02Te2.88Se0.12, Landau levels are

observed in higher magnetic fields. The Berry phase β in

films coincides for the upper and lower surfaces of films,

and β = 0.58 and 0.47 for n-Bi1.92In0.02Te2.88Se0.12and

n-Bi1.6Sb0.4Te2.91Se0.09 respectively.

The plateaus characteristic of TI were found in the

film n-Bi1.6Sb0.4Te2.91Se0.09 on normalized temperature

dependences of resistance ρxx/ρxx(T = 50K) and

Physics of the Solid State, 2024, Vol. 66, No. 4
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ρxx/ρxx (T = 100K) in magnetic fields B = 14T at

the low temperatures. The nonlinear dependence of

resistance on the magnetic field at 5 and 10 T, associated

with a decrease of resistance in the low temperature range,

is explained by the weak antilocalization of Dirac fermions.
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