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We explore the emergence of linear magnetoresistance in thin Bi2Se3 sheets upon tuning the carrier

density using a back gate. With increasingly negative gate voltage, a pronounced

magnetoresistance of �100% is observed, while the associated B-field dependence changes from

quadratic to linear. Concomitantly, the resistance-versus-temperature curves evolve from metallic

to semiconductor-like, and increasingly strong weak anti-localization behavior is manifested.

Analysis of the magnetoresistance data reveals two contributions, namely from the bulk conduction

band and from a state inside the bulk gap. The latter is responsible for the linear magnetoresistance

and likely represents the topologically protected surface state. VC 2012 American Institute of
Physics. [http://dx.doi.org/10.1063/1.4719196]

Linear magnetoresistance (LMR), first discovered about

100 years ago in Bi,1 has been observed in a wide range of

materials, albeit the underlying mechanism can be quite

different.2–9 Recently, LMR has been reported for topologi-

cal insulators (TIs), a class of materials possessing an insu-

lating bulk state combined with a topologically protected

conducting surface state (TSS).10–12 Various layered materi-

als including Bi2Se3, Bi2Te3, and Bi1�xSbx have been identi-

fied as three-dimensional topological insulators (3D TIs)

with the aid of angle-resolved photoemission spectroscopy

(ARPES).13–19 Further hints have been gained from charge

transport and scanning tunneling microscopy (STM) studies,

in the form of weak anti-localization,20 Aharonov-Bohm

oscillations,21,22 as well as Shubnikov-de Haas oscilla-

tions23,24 and related quantum oscillation phenomena.25–28

Examples of topological materials in which LMR has been

detected are Bi2Se3 and Bi2Te3,
23,29 semimetal YPtBi,30 as

well as the silver-based compounds Ag2Te and Ag2Se.
31 In

case of the prototypical TI Bi2Se3, LMR has been observed

under high magnetic fields applied to 100 nm thick nanorib-

bons and attributed to the topological surface states.29 Fur-

thermore, it has been found that Bi2Se3 thin films are able to

exhibit LMR down to a thickness of 6 nm, below which a

weak negative magnetoresistance emerges.32 In this letter,

we demonstrate the possibility to tune the magnetoresistance

characteristics of Bi2Se3 by electrostatically tuning the car-

rier concentration. Under large negative gate potential, a MR

in the order of 100% can be achieved in this manner, a find-

ing that is relevant for magnetic field sensor applications.

We assign the LMR observable under such condition to pre-

dominant charge transport through TSS. This suggests LMR

as a possible fingerprint of TSS in charge transport experi-

ments, thus complementing the widely employed ARPES

measurements.

Thin plates of Bi2Se3 were synthesized by a catalyst-

free vapor transport method.33 In a typical experiment, 200

mg of ultrapure Bi2Se3 was placed inside a 2.5 cm diameter

quartz tube in the hot zone of a tube furnace, and silicon

wafers covered with 300 nm of SiO2 in the downstream zone

(10–12 cm away from the source). Prior to heating, the

quartz tube was repeatedly evacuated to a base pressure

below 10�4 mbar and purged with ultrapure Ar to remove

the residual oxygen. Then the Ar-flow was set to a constant

value of 50 sccm, and the furnace heated to the synthesis

temperature of 590 �C at which it was kept for 5–10 min, fol-

lowed by cooling down under Ar atmosphere. The chemical

composition of the product was confirmed by transmission

electron microscopy (TEM) and Raman spectroscopy. The

TEM analysis revealed the top and bottom surface of the

Bi2Se3 platelets to be (0001) facets, while their side faces

correspond to ð01�10Þ facets. Moreover, from the h1�100i and
h11�20i diffraction peaks, a lattice constant a of 3.98

Å6 0.13 Å (average over 8 different flakes) was calculated,

slightly smaller than the previously reported value of 4.14

Å.34 This difference may originate from a sizeable amount

of selenium vacancies in the present samples. The Raman

spectra, acquired with a 633 nm laser beam, displayed modes

at 131 and 173 cm�1, which can be attributed to the Eg and

A1g modes of bulk Bi2Se3, respectively.
35 For the electrical

transport studies, Cr/Au electrodes were defined using stand-

ard e-beam lithography. To reduce the contact resistance, the

exposed contact regions were etched for 6 min in diluted

HCl directly before the metal deposition, with the aim of

removing the surface oxide (mainly Bi2O3).

The two- and four-terminal MR of an approximately 10

nm thick platelet is shown as a function of applied (negative)

gate voltage in Figs. 1(a) and 1(b), respectively. At the mea-

surement temperature of T¼ 40 K, the most pertinent fea-

tures could be observed. For the highest negative gate

voltage (Vg¼�100 V), a significant MR of �80% is

reached. The same MR magnitude was reproducibly

observed for nine other samples with thicknesses ranging

between 10 and 30 nm. In the lower gate voltage regime

(jVgj< 40 V), the MR curves display a quadratic B-field
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dependence, in accordance with the previous reports.36 This

dependence is characteristic of Lorentz deflection of charge

carriers, which can be descried by Kohler’s rule37

RðBÞ=RðB ¼ 0Þ � 1þ ðlBÞ2; (1)

where l is the carrier mobility. With increasingly negative

gate voltage, a transition from quadratic to linear B-field de-

pendence occurs. It is noteworthy that at all gate voltages,

the region around B¼ 0 deviates from the linear dependence

as a consequence of the weak anti-localization effect,20,36

which is most pronounced at Vg¼�100 V.

The trend from quadratic to linear B-field dependence is

obvious from both the two- and four-terminal data, evidenc-

ing that the LMR cannot be related to contact resistance. In

order to unravel its origin, we measured the temperature de-

pendence of resistance at different gate voltages. As exem-

plified in the inset of Fig. 1(b) for the above sample, with

increasingly negative gate voltage the resistance increases,

which is suggestive of reduced carrier concentration. It can

furthermore be seen that the R vs. T curves exhibit metallic

behavior up to Vg¼�40 V, while a resistance peak appears

at more negative gate voltages. A reasonable explanation for

the peak is that two components contribute to the charge

transport, with the first one showing normal metallic behav-

ior and the second one thermally activated behavior.38 While

the latter behavior is plausibly connected to the thermal exci-

tation of carriers to the bottom of the conduction band, the

metallic component can be ascribed to a state inside the bulk

gap. Although there is good evidence that this state is the

topological surface state (see further below), it is termed

“gap state” in the following evaluation of the resistance

peak.

Fig. 2(a) depicts a set of MR curves measured on the

above sample at different temperatures and fixed

Vg¼�100V. It is apparent that with decreasing tempera-

ture, the curves become more linear. In Fig. 2(b), the corre-

sponding zero field resistance is plotted as a function of

temperature. For fitting the curves, we write the total con-

ductance Gt of the sample as

GtðTÞ ¼ GiðTÞ þ GbðTÞ; (2)

where Gi is the conductance of the gap state, and Gb is the

conductance associated with the bulk conduction band.37 We

furthermore assume that Gi is given by

GiðTÞ ¼ 1=ðAþ BTÞ; (3)

where A accounts for the static disorder scattering and B

introduces electron-phonon coupling.39 The thermally acti-

vated bulk conductance can be written as

GbðTÞ ¼ nb0e
�D=Tel ¼ 1=ðRb0e

D=TÞ; (4)FIG. 1. (a) Two-terminal magnetoresistance of a �10 nm thick Bi2Se3 sheet

at 40 K and at different back gate voltages. The left panel shows the absolute

values, and the right the relative magnetoresistance defined as

ðRðBÞ � RðB ¼ 0ÞÞ=RðB ¼ 0Þ. (b) Four-terminal magnetoresistance of the

sample at 40 K for different back gate voltages. In left panel, the absolute

values are plotted, in the right panel the relative values. In all cases, the Hall

contribution was removed from the raw data. Inset: Resistance vs. tempera-

ture curves of the sample measured at different gate voltages.

FIG. 2. (a) Four-terminal magnetoresistance of the same sample as in Fig. 1

measured between 5 and 193 K at fixed Vg¼�100V. Left panel: absolute

values; right panel: relative values. (b) Resistance at zero B-field measured

as a function of temperature with Vg fixed at �100 V. Fitting (solid line) of

the raw data (stars) reveals a thermally activated behavior. (c) Fits (dashed

lines) of the raw magnetoresistance curves (solid lines) recorded at four dif-

ferent temperatures. Fitting was performed using the parallel conduction

model involving a bulk conduction band and a topological surface state

contribution.
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where the fitting parameter D defines the energy gap between

the Fermi level and the bottom of the bulk conduction band,

and Gb0 is the high temperature conductance of the bulk

state. The fit of the data in Fig. 2(b) yields D¼ 369.9 K,

Rb0¼ 290.7 X, A¼ 2665.3 X, and B¼ 18.42 (X/K). The

extracted gap size D is significantly larger than the measure-

ment temperature in Figs. 1(a) and 1(b) (T¼ 40 K), indicat-

ing that under this condition, the bulk conduction band

contribution to the transport is strongly suppressed. In fact,

based upon the above fitting values, one obtains Rb (T¼ 40 K)

¼ 3.0 MX and Ri (T¼ 40 K)¼ 3.4 kX. It follows that the

bulk resistance exceeds the gap state resistance by approxi-

mately three orders of magnitude and is even larger than the

total magnetoresistance measured at the highest B-field

(12 T). Accordingly, at low temperature, the gap state is

expected to dominate the charge transport and thus impart

the observed linear magnetoresistance behavior. The poor

agreement between the fit and measured data at lowest

temperatures (T< 20K) is attributable to electron-electron

interaction.40

Under the assumption that the gap state and the bulk

conduction band are characterized by a linear and quadratic

B-field dependence, respectively, the total magnetoresistance

is obtained as

RtðBÞ ¼ RiðBÞ � RbðBÞ=ðRiðBÞ þ RbðBÞÞ; (5)

where Rb (B) and Ri (B) are the bulk and gap state resistance.

Each component can be expressed by

RbðBÞ ¼ Rbð0Þ þ aB2 (6)

and

RiðBÞ ¼ Rið0Þ þ bB: (7)

As Ri(0) and Rb(0) are interrelated fitting parameters, only

three fitting parameters remain. The fits yield the mobility of

the bulk charge carriers lb ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a=Rbð0Þ

p
and the bulk carrier

density nb ¼ 1=ðRbð0ÞelbFÞ, where F¼W/L¼ 3 represents

the sample width divided by length. The curve fits in Fig. 2(c)

(for Vg¼�100 V) describe well the measured data for tem-

peratures at high temperature (roughly above 70 K, see sup-

plementary information41). At lower temperatures, by

comparison, there is a notable deviation at low B-fields,

which is due to the fact that the model does not include the

weak anti-localization effect. From the fits, bulk carrier den-

sities of 5.3 � 1023 m�3 at 193 K and 4.7 � 1022 m–3 at 70 K

were calculated. This decrease upon cooling is in qualitative

agreement with the assumed thermally activated behavior,

and the absolute values are similar to those reported for

Bi2Se3 nanostructures.38 Moreover, the obtained gap and

bulk state resistance values are consistent with the fitting

results based upon Eqs. (2)–(4) (see supplementary

information).

In order to determine the nature of gap state, we further

analyze the weak anti-localization (WAL) effect around zero

B-field, which is notably enhanced with increasingly nega-

tive gate voltage (see Figs. 1(a) and 1(b)). The low field

anomaly in the magneto-conductivity of Bi2Se3 is well

described by the Hikami-Larkin-Nagaoka (HLN)42 equation

which assumes surface-state governed charge transport

DrðBÞ ¼ �a � e
2

ph
w

1

2
þ B/

B

� �
� ln

B/

B

� �� �
; (8)

where a is a constant whose value depends on the involved

surfaces (a¼ 1/2 if only one surface contributes, a¼ 1 if both

the top and bottom surface conduct), DrðBÞ ¼ rðBÞ � rð0Þ is
the variation of 2-D magneto-conductivity, obtainable by mul-

tiplying the conductance with the geometric factor L/W¼ 1/3,

w is the digamma function, and B/ ¼ �h
4el2/

is an effective mag-

netic field related to the dephasing length l/. Previous magne-

totransport studies on Bi2Se3/Bi2Te3 grown by molecular

beam epitaxy have concluded that only the top surface of the

layer conducts.20,36 By contrast, magnetotransport data gained

from exfoliated Bi2Se3 sheets have pointed toward both surfa-

ces contributing to the transport.38 In Fig. 3(a), Dr(B) is plot-
ted for the above sample under different applied gate voltages.

The data can be well fitted using the HLN equation, which

underscores that the gap state is the topological surface state

of Bi2Se3. It is apparent that a increases from 0.6 at Vg¼ 0 V

to 1.2 at Vg¼�80 V as seen in Fig. 3(b), suggesting that

under the latter condition, charge transport occurs through

both surfaces. The fact that a slightly exceeds the value of 1

might be due to a residual contribution of the bulk state or to

the rough estimation of sample geometry. The dephasing

length l/ shows an initial increase upon changing the gate

voltage from 0 V to �40 V, which likely reflects the suppres-

sion of the bulk conduction band contribution. The subsequent

decrease of l/ when the gate voltage is made more negative is

ascribable to enhanced electron-electron interaction with

decreasing electron density.20

The finding of gate-controllable LMR in Bi2Se3 has

implications for related materials such as Ag2þdTe and

Ag2þdSe, which according to theory are likely candidates as

TIs.31 The MR in these compounds shows a transition from

quadratic to linear B-field dependence at a certain crossover

field.5,6 Thus far, the physical meaning of this field has not

been fully clarified. Specifically, within the quantum magne-

toresistance model by Abrikosov it corresponds to the B-

field above which all the electrons condense into the first

FIG. 3. (a) Anomaly in the two-dimensional magnetoconductivity, defined

as Dr4t(B)¼r4t(B)�r4t(0), for different gate voltages applied to the same

sample as in Figs. 1 and 2. The raw data are represented by symbols and the

fitting curves by the solid lines. (b) Fitting parameter a and dephasing length

l/ as a function of gate voltage, both extracted from the line fits in (a).
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Landau level,43,44 while the classical Parish-Littlewood

model considers it as a measure of average mobility or

mobility disorder.45 Based upon the above analysis, the

crossover field may well reflect the competition between the

bulk and topological surface state contributions.

In conclusion, we have demonstrated that by the appli-

cation of high negative gate voltages to thin Bi2Se3 plates,

the B-field dependence of magnetoresistance can be tuned

from quadratic to linear. This transition is accompanied by a

notable enhancement of the weak anti-localization effect,

while the temperature dependence of the sample resistance

changes from metallic to semiconductor-like. Our data anal-

ysis suggests that the quadratic B-field dependence originates

from the bulk conduction band, and the linear B-field

dependence is most likely associated with the topologically

protected surface state of the sheets. The possibility of gate

control over the magnetotransport characteristics of thin top-

ological insulator sheets could prove useful for the develop-

ment of magnetic sensors.
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