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Angular-dependences of in-plane and interlayer magnetotransport properties in n-type Bi2Te3 bulk
single crystals have been investigated over a broad range of temperatures and magnetic fields.

Giant in-plane magnetoresistances (MR) of up to 500% and interlayer MR of up to 200% were

observed, respectively. The observed MR exhibits quadratic field dependences in low fields and

linear field dependences in high fields. The angular dependences of the MR represent strong

anisotropy and twofold oscillations. The observed angle-dependent, giant MR might result from

the strong coulomb scattering of electrons as well as impurity scattering in the bulk conduction

bands of n-type Bi2Te3. The strong anisotropy of the MR may be attributable to the anisotropy of

electron mobility, effective mass, and relaxation time in the Fermi surface. The observed giant

anisotropic MR in n-type Bi2Te3 bulk single crystals paves the way for Bi2Te3 single crystals to be

useful for practical applications in magnetoelectronic devices such as disk reading heads,

anisotropic magnetic sensors, and other multifunctional electromagnetic applications. VC 2012
American Institute of Physics. [http://dx.doi.org/10.1063/1.4756941]

Bismuth telluride (Bi2Te3) has a rhombohedral struc-

ture, space group R3m (D5
3d), and is well-known as a narrow

gap (band gap energy, Eg � 0.2 eV) layered semiconductor.1

In the past few years, Bi2Te3 crystals have been intensively

studied because of their excellent thermoelectric perform-

ance at the vicinity of room temperature.2,3 And, Bi2Te3
based semiconductors have been widely applied in thermo-

electric energy converters, refrigerators, and thermostats

operating near room temperatures. Recently, Bi2Te3 com-

pounds were confirmed as three-dimensional topological

insulators by angle resolved photoemission spectroscopy

(ARPES) measurements and band structure calculations.4,5

Topological insulators have been mainly investigated by

ARPES, scanning tunneling microscopy (STM), and theoret-

ical calculations.6 Topological insulators are quantum mate-

rials with insulating bulk states and topologically protected

metallic surface states. They have fascinating electronic

properties and potential applications in quantum information

processing, magnetoelectric devices, and other spintronics.7

The electrical properties and band structure parameters

of Bi2Te3 have been systemically studied through magneto-

transport measurements within the last few decades. The

Hall effect, Shubnikov-de Haas effect (SdH), and the ther-

moelectric effect have been investigated in Sb, Sn, Ag, and

Ga doped Bi2Te3.
8,9 A many-valley model was applied to

estimate several parameters, including the shape and orienta-

tion of the energy ellipsoids, as well as the density of carriers

and the relaxation time.10 The transverse MR effect (defined

as (RB�R0/R0)� 100% with RB and R0 the resistance with

and without magnetic field, respectively) has also been stud-

ied in a Bi2Te3 crystal annealed at 410 �C.11,12 The observed
MR value at 1.8K is 200% with a field of 9 T applied along

the c-axis. The anisotropy of the electrical conductivity in

n-type Bi2Te3 has been measured and the mass parameters of

the ellipsoids were calculated with the six-valley ellipsoid

model in the isotropic relaxation time approximation.13–15

Recently, Aharonov–Bohm oscillations have also been

observed in Bi2Se3 and Bi1�xSbx topological insulators.
16,17

Non-saturating positive linear MR (LMR) of up to 22% and

50% at high fields and low temperature was observed in

Bi2Se3 films and nanoribbons.18,19 Very recently, we have

observed room temperature giant and linear MR in the topo-

logical insulator Bi2Te3 in the form of nanosheets.20 The

thickness of Bi2Te3 nanosheets is only 20 nm, corresponding

to about 20 QL layers and the applied magnetic field is per-

pendicular to the direction of current. The giant, linear MR

achieved is as high as over 600% at room temperature with-

out any sign of saturation at measured fields up to 13 T. The

observed linear MR was attributed to the quantum linear MR

model developed by Abrikosov.21 The observed LMR could

possibly allow topological insulators to be implemented as

magnetic sensors regardless of its source.

Angular-dependent in-plane MR and Shubnikov-de Haas

oscillations have been studied in topological insulators Bi2Se3,

Bi1�xSbx, PbS single crystals.22–24 The observed angular-

dependent oscillations can be well simulated by using the pa-

rameters obtained from the Shubnikov-de Haas oscillations,

which clarify that the oscillations are essentially due to the

bulk Fermi surface. The results pave the way to distinguish the

2D surface states from 3D bulk states in angular-dependent

MR studies by completely elucidating the bulk oscillations.

Motivated by these experiments, here, we investigated the

angular-dependences of in-plane and interlayer MR in n-type
Bi2Te3 bulk single crystals. Angular-dependent MR does not

display Shubnikov-de Haas oscillations, however, giant, high

field linear, in-plane MR of up to 500%, and interlayer MR

of up to 200% were observed in Bi2Te3 bulk single crystals.

a)Author to whom correspondence should be addressed. Electronic mail:

xiaolin@uow.edu.au.
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Both in-plane and interlayer MR display strong angular-

dependences and twofold oscillations, especially at low

temperatures and high magnetic fields. Our experimental

results show that the Bi2Te3 bulk single crystals also have

potential applications in anisotropic magnetoelectronic

devices such as anisotropic magnetic sensors.

The n-type Bi2Te3 single crystals used for this study

were cleaved from the same bulk crystals (with 99.99% pu-

rity) that were used in Ref. 20. In the procedures for the in-

plane magnetotransport measurements, four-probe transport

measurements were performed on a rectangular sample

between T¼ 2K and T¼ 300K using a Quantum Design 14T

Physical Properties Measurement System (PPMS). The size

of the sample was 4� 3� 0.16 mm3, and the distance d

between the two inner contacts was 1mm. The resistances

were obtained by applying an electric current I (500lA)
through the two outer silver contacts and monitoring the volt-

age drop V between the two inner contacts, as shown in

Fig. 1. The current I was applied in the plane and the magnetic

field B was applied in the C2C3 plane, perpendicular to the

current direction. For some selected magnetic field directions,

the field dependences of the in-plane MR were measured by

sweeping B between 0 and 13 T. Rotation of the sample in

constant magnetic field B was used to measure the MR. In the

procedures for the interlayer magnetotransport measurements,

four-probe transport measurements were also performed on a

rectangular sample between 2K and 300K using the same

PPMS. The size of the sample was 3.28� 1.15� 1.15 mm3,

and the distance between the two inner contacts was 1mm.

The current for the interlayer magnetotransport measurements

was 5000lA and was applied along the C3 axis while the

magnetic field B was applied in C2C3 plane.

The temperature dependences of the in-plane and inter-

layer resistivity of n-type Bi2Te3 bulk single crystals were

measured in B¼ 0 T. As shown in Fig. 1, the in-plane and

interlayer resistivities decrease with the temperature and do

not stay constant until T¼ 10K. Compared with the in-plane

resistivity, the interlayer resistivity is about twice as large.

Such metallic R (T) curves are typical bulk behavior for n-
type Bi2Te3 and result from the electron-type bulk carriers

induced by Bi-Te antisite defects. At high temperatures, the

scattering is predominantly governed by phonons and defects

scattering, while at low temperatures the dominant scattering

is electron Coulomb scattering in the valleys of conduction

bands. The topological surface states are masked by the bulk

states because of the high carrier concentration, so that the

magnetotransport studied here mainly results from bulk

transport properties. Figure 2(a) shows the in-plane MR

measured at several degrees, ranging from h¼ 0� to

h¼ 180�, in B¼ 13 T at T¼ 2K. The maximum value of the

in-plane MR reaches up to 500% in B¼ 13 T at h¼ 180�.
Linear and non-saturating MR is clearly observed in high

fields at h¼ 135� and h¼ 180� in positive B, but the linear

MR is greatly suppressed at h¼ 0�, h¼ 45�, and h¼ 90� in

positive B. The dependence of MR linearity on the angles of

magnetic fields might result from the anisotropic Coulomb

scattering of carriers with open orbits or close orbits due to

the anisotropy of valleys. Figure 2(b) shows the interlayer

MR versus magnetic field from B¼ 0 to B¼ 13 T, measured

at different degrees. The maximum interlayer MR reaches up

to 200% in B¼ 13 T at h¼ 0�. At low magnetic fields, the

interlayer MR exhibits quadratic field dependences, which

can be fitted by MR¼ kB2, with k a constant. The patterns of
interlayer MR curves evolve linearly in high magnetic fields

over all selected degrees. It is evident that the high field lin-

ear MR arises from the anisotropic bulk transport of the

Bi2Te3 bulk with its layered crystal structures.

Figure 3(a) displays the angular-dependences of the in-

plane MR in n-type Bi2Te3 measured at B¼ 13 T for various

temperatures. The temperature T, ranging from 2 to 300K,

was kept constant during each rotation. The observed

angular-dependences of the MR display strong anisotropy

and twofold oscillations. The MR values increase with

decreasing temperature over all angles. The peaks appear at

around h¼ 0� and h¼ 180�, while the dips are at around

h¼ 90� and h¼ 270�. This suggests that the in-plane MR is

much larger in interlayer high fields. Figure 3(b) shows the

angular-dependences of the in-plane MR measured in differ-

ent magnetic fields at 2K. The magnetic field B, ranging

from 1 to 13 T, was kept constant during each rotation. The

FIG. 1. In-plane and interlayer resistivity of n-type Bi2Te3 as a function of

temperatures in B¼ 0 T. The insets show schematic diagrams for the

measurements of in-plane (black squares) and interlayer (red circles) MR.

FIG. 2. (a) In-plane MR in n-type Bi2Te3 as a function
of magnetic fields at several temperatures. (b) Inter-

layer MR in n-type Bi2Te3 as a function of magnetic

fields at several angles.
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observed angular-dependences of the MR also display two-

fold oscillations, and the MR values increase with increasing

magnetic fields. Figure 4(a) shows the angular-dependences

of the interlayer MR measured in different temperatures T,

ranging from T¼ 2K to T¼ 300K, in B¼ 13 T. Figure 4(b)

displays the angular-dependences of the interlayer MR

measured at different magnetic fields B, ranging from B¼ 1

to B¼ 13 T, at T¼ 2K. The observed angular-dependences

of the interlayer MR also display strong anisotropy and two-

fold oscillations. Wide peaks in the interlayer MR curves

appear at around h¼ 0� and 180�, and dips at around h¼ 90�

and 270�. This suggests that the interlayer MR is most

strongly pronounced when magnetic fields are perpendicular

to the current direction. The MR anisotropic oscillations

are also most strongly pronounced in high fields and low

temperatures.

The well established Kohler’s rule suggests that the MR

of a material is a universal function of B as a result of the

Lorentz force deflection of carriers, and at high fields, MR

will saturate in most materials. Therefore, such a giant, ani-

sotropic, non-saturating MR as in our n-type Bi2Te3 bulk

crystals is unusual. Linear quantum-MR theory was origi-

nally developed by Abrikosov, based on gapless semicon-

ductors and semiconductors at the extreme quantum limit to

explain the observed giant linear MR in doped silver chalco-

genides.25 As stated above, in our previous work, the

observed linear MR was attributed to the quantum linear MR

from the surface states of topological insulators.20 Metals

that contain Fermi surfaces with open orbital in some crystal-

lographic directions, including Cu, Ag, and Au, will also ex-

hibit large linear MR for fields applied in those directions.26

LMR can also occur in semiconductors as a consequence of

strong electrical disorder, which is related to the carrier mo-

bility, but is independent of carrier density.27 The well

known anisotropic MR is always observed in ferromagnetic

materials, which results from s-d scattering.28 In addition,

anisotropic MR also can result from the anisotropy of the

Fermi surface because of the anisotropic effective mass and

scattering effects.29

The giant, high-field linear, in-plane, and interlayer MR,

with twofold anisotropic oscillations, in our samples is likely

to be related to the configurations of the bulk conduction

bands. The Fermi surfaces in n-type Bi2Te3 are approxi-

mately ellipsoids with rotational symmetry around the C3

axis, with a small amount of trigonal warping. The Fermi

surface consists of six ellipsoids tilted at an angle to the basal

plane, where the two conduction bands are responsible for

conduction.10 The conduction bands are multivalley bands

and consist of upper and lower conduction bands. Both con-

duction bands are filled by electrons with different mobility,

effective mass, and relaxation time in different valleys.8 The

non-saturating linear MR suggests that electrons have open

orbits along the Fermi surface, because the MR should satu-

rate at high B if the orbits are closed in high fields.23 The

main mechanisms of scattering in n-type Bi2Te3 are acoustic
phonon scattering, impurity scattering, and coulomb scatter-

ing in conduction bands. The giant MR might come from

electron coulomb scattering in the lower conduction band

and from impurity scattering from doping induced impurity

bands.23 Furthermore, the upper and lower conduction bands

in Bi2Te3 are anisotropic, due to the anisotropy of the ellip-

soidal electron pockets with different mobility and relaxation

time, which results in the observed giant anisotropic in-plane

and interlayer MR.11,12

In conclusion, we measured angular-dependent in-plane

and interlayer MR of n-type Bi2Te3 bulk single crystals in

different magnetic fields, temperatures, and angles. Giant,

high field linear, in-plane MR of up to 500%, and interlayer

MR of up to 200% were observed. Both in-plane and

interlayer MR represent strong anisotropy and twofold oscil-

lations. The giant anisotropic MR might result from strong

in-plane and interlayer electron coulomb scattering with ani-

sotropic mobility and relaxation time in bulk conduction

bands. Our results show that n-type Bi2Te3 bulk single

FIG. 3. (a) Angular-dependences of in-plane MR in n-
type Bi2Te3 at B¼ 13 T at different temperatures. (b)

Angular-dependences of in-plane MR in n-type Bi2Te3
at T¼ 2K in different magnetic fields.

FIG. 4. (a) Angular-dependences of interlayer MR in n-
type Bi2Te3 at B¼ 13 T at different temperatures. (b)

Angular-dependences of interlayer MR in n-type
Bi2Te3 at T¼ 2K in different magnetic fields.
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crystals have potential applications in anisotropic magnetic

sensors and other multifunctional electromagnetic devices.

This work is partially supported by funding from the

Australian Research Council under a Discovery Project

(DP1094073).
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