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1 Introduction

Electron transport played a decisive role in the discov-
ery of two-dimensional (2D) topological states of mat-
ter, which were unveiled by observations of the quantum
Hall effect in 1980 [1] and the quantum spin Hall effect
in 2007 [2-5]. In contrast, early evidence for the exis-
tence of their three-dimensional counterparts, 3D topo-
logical insulators [6-9], were gathered with surface probe
techniques such as angular resolved photoemission spec-
troscopy (ARPES) [10-12] and scanning tunneling mi-
croscopy (STM) [13, 14]. By definition, a 3D topological

insulator (TT) has an insulating bulk and conducting sur-
faces, on which resides a 2D system of Dirac fermions
featuring continuous energy spectrum with linear dis-
persion [15-17]. Given the experience gained from in-
tensive studies of graphene, another Dirac electron sys-
tem (though topologically trivial) [18], one may expect
that the unique transport properties of the surface states
would not be very difficult to observe. It turns out that
most of the fascinating properties predicted for TT still
remain to be observed despite a lot of effort. The diffi-
culty arises from the fact that the bulk of any TT known
to date is not completely insulating even at very low tem-
peratures. Nevertheless, remarkable progress has been
made in the last couple of years in improving the carrier
mobility, suppressing the bulk conductivity, identifying
the surface state transport, as well as engineering suit-
able structures for electrical gating.

Here we review advances in the studies of transport
properties of TI. We do not intend to make it exhaus-
tive. We rather mainly focus on the experiments related
to the surface state transport carried out at the Institute
of Physics (IOP) and elsewhere. This article is organized
as follows. Section 2 summarizes the advances in synthe-
sis of high quality single crystals and the quantum oscil-
lation experiments revealing the surface transport. In the
next section the phase coherent transport in TT nanorib-
bons will be discussed briefly. Section 4 is the main part
of this article. It describes the progress in the epitax-
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ial growth of TT thin films, electrical tuning of chemical
potential and the related transport measurements. The
experimental results will be discussed in the context of
weak antilocalization and electron-electron interactions.
Finally, a brief summary and outlook will be given in
Section 5.

2 Quantum oscillations in T1 single crystals

When a material with sufficiently high carrier mobility is
subjected to a magnetic field, the Landau quantization of
its energy spectrum leads to periodic oscillations in the
magnetoresistance with 1/B, the inverse of the magnetic
field. This is the Shubnikov-de Haas (SdH) effect, first
observed in bismuth single crystals in 1930. The SdH os-
cillations and their close cousin, the de Haas-van Alphen
(dHvA) oscillations, have since become important tools
for determination of the Fermi surfaces of various ma-
terials [19]. The frequency of such quantum oscillations
follows the Onsager relation, F = ﬁ = Q—Z”eAFS.
Here Apg is the extremal cross-sectional area of the Fermi
surface for a 3D material, and it turns into the area en-
closed by the Fermi circle in 2D. SdH oscillations in a
2D electron system (2DES) are dependent only on B,
the perpendicular component of the magnetic field. It
is therefore possible to differentiate a 2DES from bulk
states by measuring the resistance oscillations in tilted
magnetic fields.

Studies of the quantum oscillations in TT materials can
actually be dated back to several decades ago. For in-
stance, Kohler et al. carried out a series of systematic
measurements of BiySes and BisTes in 1970s [20-24].
The knowledge gained at that time, though without the
concept of TT, is still of great value today. The evidence
for quantum oscillations of 2D character in a TI was
first reported by Taskin and Ando, who measured dHvA
oscillations in Bij_,Sb, [25]. This binary alloy is how-
ever not favored in TT research because of a complicated
electronic structure, which comprises five Dirac cones in-
side the first Brillouin zone [10]. In contrast, the second
generation of TIs (BisSes, BisTes, and ShoTes) are char-
acterized by a single Dirac cone [11, 12, 26]. They have
become favorite systems for both theoretical and exper-
imental research. It is not difficult to synthesize BisSes
and BisTes single crystals harboring SAH oscillations in
the bulk. However, observation of the oscillations from
the surface states turned out to be very challenging. Only
a few groups have so far succeeded in obtaining clear ev-
idence for SAH oscillations of 2D origin.

BisSes has a bulk band gap of about 0.3 eV, the largest
among all known binary TIs. More importantly, its Dirac
point is located inside the gap [26]. This feature is highly
desirable for experiments that require the Fermi energy
to be placed at or very close to the Dirac point (e.g.,
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detection of Majorana fermions) [27-29]. The undoped
BisSes is usually n-type and has substantial bulk con-
ductivity due to selenium vacancies [30]. Compensation
doping with Ca and Mg has been used to reduce the
electron concentration and shown to be able to make the
samples p-type [30, 31]. This technique, however, only
raises the bulk resistivity up to several mQ-cm [30]. SAH
oscillations from the surface states have not been ob-
served in the compensation-doped samples. On the other
hand, Butch et al. managed to lower the electron den-
sity of undoped Bi,Ses single crystals to about 1016 cm =3
and improve the mobilities to over 2x 10* cm?/(V-s) [32].
Nevertheless, they were only able to observe the quantum
oscillations from the bulk. The absence of the surface sig-
nal suggests a lower mobility of the surface carriers than
that of the bulk. It is attributed to strong surface scat-
tering [32].

An important step forward was achieved by Analytis et
al. in 2010 [33]. They showed that the isovalent substitu-
tion of Bi with Sb can reduce the defect density in BisSes
and lower the electron density to about 3 x 106 cm™2.
Ultrahigh magnetic fields (up to 55T) brought the trans-
port in the 3D quantum limit. The observed magneto-
oscillations are periodic in 1/B_, regardless of the sam-
ple tilt angle. They also found that the oscillations can
be diminished by exposure of the sample to atmosphere.
These features build a strong case for a surface origin of
the SAH oscillations. An effective mass of 0.11m, was de-
duced from the temperature dependence measurements.
The authors attribute it to the magnetic field enhanced
cyclotron mass. This value is, however, very close to the
effective mass of the bulk conduction band (0.12m.) [22].
In a recent ARPES experiment, Bianchi et al. observed
coexistence of topologically trivial quantum well states
with the surface Dirac fermions. They suggest a down-
ward band bending near the surface of BizSes [34]. Con-
cern has to be raised if similar surface accumulation also
takes place in the samples used in the transport mea-
surements. However, it should be noted that an opposite
band bending was proposed in an earlier work that com-
bined ARPES and transport measurements [35].

Significant progress was also made on BisTes. Unlike
BisSes, BigTes can be made either n-type or p-type with-
out doping [30]. Qu et al. measured BisTes single crystals
with resistivities of 4-12mQ-cm at low T in tilted fields.
They concluded that the observed SAH oscillations are
of surface origin [36]. In a subsequent experiment, Xiu
et al. made similar observations in a BisTes nanorib-
bon prepared with a wet chemistry method [37]. They
managed to tune SdH oscilliations with a SiO2/Si back-
gate. The deduced cyclotron mass was found to increase
from 0.11m, to 0.13m, as the gate voltage is varied from
420 V to +80 V. This trend is consistent with the
increase in the SdH frequency (and hence the Fermi
wavevector of the surface Dirac electrons) as the gate
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voltage increases. The surface carrier mobility based
on the analysis of SdH signals is estimated to be ~
5 x 103 cm?/(V-s), about three times the value obtained
by Analytis et al. in BizSes [33]. Nevertheless, the to-
tal conductivity of the BisTes nanoribbon decreases as
the gate voltage gets larger. This indicates that the p-
type bulk conductivity still plays a significant role in the
transport.

Recently two groups made remarkable contributions
to the suppression of the bulk conductivity in TT materi-
als [38, 39]. They synthesized high quality BisTesSe sin-
gle crystals with improved melt-cooling methods. Ren et
al. [38] reported bulk resistivities exceeding 12-cm and
variable-range-hopping transport at low temperatures.
SdH oscillations were shown to be of surface origin. Xiong
et al. [39] subsequently reported that the resistivity of
BisTesSe can reach as high as 6 Q-cm, and convincing
surface SAH oscillations were also observed. Both groups
have attempted to extract the 1/B values for integer fill-
ings of Landau levels (LL). This could lead to direct ev-
idence for the Dirac energy spectrum if those values are
accurate enough to confirm the following Landau level
filling relation: 1/B = (v +1/2)e/(naph), where v is the
filling factor, and nop is the carrier density on the sur-
face, and the offset 1/2 originates from the Berry phase
of the Dirac fermions [40, 41]. Such effort is, however,
complicated by the large Zeeman energy as well as de-
viation from linear dispersion in this class of materials

[42].

3 Phase-coherent phenomena in TI
nanoribbons

At low temperatures, electron’s wavefunction can re-
main coherent even after many elastic scattering events.
A beautiful manifestation of the phase coherence was
conceived by Altshuler, Aronov and Spivak (AAS) in
1981 [43]. They considered the interference between elec-
trons traveling in two identical but time-reversed paths
with a magnetic flux @ piercing through. Based on a
seminal work by Aharonov and Bohm in 1959 [44], the
phase difference between the two paths is 47 @/ @y, where
@y = h/e is the flux quantum. The consequence is that
constructive interference occurs in a period of h/(2e)
as the magnetic field is varied. AAS oscillations were
soon observed by measuring the resistance along a thin
glass fiber coated with Mg thin film [45]. A more mod-
ern demonstration of AAS oscillations was realized with
carbon nanotubes [46]. If the surface transport on a TT is
indeed isolated from the bulk conductivity, similar mea-
surement of a nanowire-shaped sample could in principle
provide an ideal probe for the surface transport. Peng et
al. reported the first such experiment [47]. They observed
magnetoresistance oscillations in a BisSez nanoribbon
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with a period of h/e instead of h/(2e). This surprising
result still remains to be understood. Two scenarios for
h/e periodicity have been proposed theoretically [48, 49],
but both predict conductivity maxima at odd multiples
of h/(2e), instead of the integer multiples of h/e observed
in the experiment. It is noteworthy that similar h/e oscil-
lations have also been observed in BisTes nanoribbons,
but the FFT analyses yielded h/(2e) periodicity in addi-
tion to the h/e oscillations [37, 50].

According to theory, AAS oscillations are possible with
TT nanoribbons in the diffusive transport regime [48].
The electron spins on a T1 surface are transversely locked
to their translation momenta [51]. The Berry phase asso-
ciated with the spin-helical structure causes destructive
interference between the two time-reversed paths. This
effect leads to a conductivity maximum at zero magnetic
fields. Similar to early AAS experiments [45, 46], the h/e
periodicity is expected to be suppressed in this regime
because of ensemble average [52]. Experimental demon-
stration of the h/e or h/(2e) oscillations with theoret-
ically predicted features will be a major achievement,
but the control of surface chemical potential and disor-
der strength could be a demanding task. Much work has
to be done, both experimentally and theoretically, be-
fore the interference experiment can be established as
a reliable method for identifying and characterizing the
surface state transport on topological insulators.

4 Transport properties of TI thin films

Topological insulator thin films are attractive not only
for future device applications, but also for the extra de-
grees of control offered by the low dimensionality. For
instance, when a TI film is sufficiently thin, the cou-
pling between the top and the bottom surface could re-
sult in a crossover from 3D to 2D topological states [53,
54]. TT thin films are also more suitable for gate-voltage
control of the chemical potential than bulk materials.
Such control is a necessary ingredient to observe various
topological effects and explore novel device applications.
Moreover, modern thin film growth technologies, such
as molecular beam epitaxy (MBE), may eventually pro-
duce samples with carrier mobilities much higher than
bulk crystals if further progress can be made in defect
control, surface protection, as well as heterostructure en-
gineering.

4.1 Growth of TI thin films with MBE

The growth of TI thin films with MBE was first reported
by a few groups at the IOP and Tsinghua University [14,
55]. Since then, BisSes and BisTes thin films have been
synthesized on many substrates including graphene/SiC
[56-58], SrTiO3 [59, 60], Al;O3 [62], Si [63, 64], ZnSe [61]
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and GaAs [65]. Se- or Te-rich growth conditions were
found to be important for realizing the layer-by-layer
growth mode and obtaining the right stoichiometry [55].
A typical surface morphology is displayed in Fig.1(a).
It shows flat terraces of BisSes with step height of a
quintuple layer (0.95nm). If a BisSes film is sufficiently
thick (e.g. 50nm), the Fermi energy on the top surface
could be located in the band gap according to an in situ
ARPES experiment [56]. In contrast, the Fermi energy in
the films thinner than 10nm is often much higher than
the conduction band minimum. The significant electron
doping may come from the defects in the films and pos-
sibly in some cases charge transfer from the substrates.
Nevertheless, the TT films grown with MBE have allowed
for observation of the Landau level quantization in the
surface states and also provided a direct evidence for
the linear dispersion by using scanning tunneling spec-
troscopy [66]. Suppression of backscattering due to the
Berry phase has been demonstrated by imaging standing
waves scattered off nonmagnetic impurities on a BisTes
thin film [14].
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Fig. 1 (a) A typical STM image of BizSes thin films grown on
SrTiO3(111) substrates. The low energy electron diffraction pat-
tern is shown on the upper-left corner. Reproduced from Ref. [59],
Copyright © 2010 American Physical Society. (b) Magnetoresis-
tance (M R), defined as M R = pxx(B)/pxx(0) — 1, and Hall resis-
tance, Rxy, of a BiaSes thin film at 7' = 1.2K. A close-up view
of the MR between 43T is shown in the lower inset. Reproduced
from Ref. [70].

Ex-situ transport measurements of the MBE-grown
thin films have been carried out extensively by several
groups [59, 65, 67-70]. All of the films showed n-type
conductivity, even though some of them are coated with
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a Se or ZnS cap layer [67-69]. The electron densities
extracted from Hall measurements are usually in the
range of (1-10)x10'3 cm=2. According to ARPES mea-
surements, the top and bottom surface can only accom-
modate up to about 0.5 x 10'3 cm~2 even when the Fermi
energy reaches the conduction band minimum [11, 35,
71]. This suggests the existence of a large number of
bulk carriers (or quasi-2D carriers with parabolic disper-
sion) in most of these samples. The nonlinear Hall curve
shown in Fig. 1(b) also suggests coexistence of multiple
types of carriers, which are presumably the electrons at
the top surface and the bottom surface (interface), as
well as the conduction band electrons in the bulk. It was
also found that exposure to atmosphere often leads to
increase in electron density [72]. This is consistent with
a previous ARPES experiment [35]. Since exposure to O
was shown to have an opposite effect, i.e. lowering the
chemical potential in BisSes [31], the electron doping ef-
fect of atmosphere may be associated with the moisture.
This conjecture is supported by a recent surface analy-
sis work, but the mechanism related to the air exposure
remains to be elucidated [73].

TT thin films can also be obtained with other methods,
such as mechanical exfoliation from bulk single crystals
[74, 75], vapor—solid deposition [47, 76] and wet chem-
istry growth [37]. These techniques, however, do not have
good control over the thickness and the size of the sam-
ples. Ultrathin films (less than 20 nm thick), which are
convenient for electrical gating, are still limited to mi-
cron sizes. This poses a serious limitation on transport
studies as well as device applications. This difficulty can
be circumvented with epitaxial thin films. However, SdH
oscillations have never been observed in transport de-
spite that the mobilities of epitaxial TI thin films have
been improved to over 10% cm?/(V-s) [60, 64].

4.2 Gate-voltage tuning of chemical potential

Precise tuning of the chemical potential in topological
insulators is indispensable for many interesting experi-
ments, such as searching Majorana fermions [27-29], ob-
serving quantum anomalous Hall effect [77], and detect-
ing novel magnetoelectric effects [78, 79]. Many of these
experiments prefer the chemical potential tuned with a
backgate, because the top surface needs to be interfaced
with structures of other materials. The most frequently
used backgate dielectric is the SiOg layer on Si. It has
been a workhorse for tuning the carrier densities in nu-
merous low dimensional structures including graphene
and carbon nanotubes. This technique, however, only
offers charge tunability up to 1x10* cm=2, which is in-
sufficient for most TT thin films currently available. Fur-
thermore, the amorphous nature of SiO5 is incompatible
with the epitaxial growth. The application of SiOs dielec-
tric to TTs has been limited to exfoliated nanoflakes or
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synthesized nanoplates/nanoribbons. Effective tuning of
the chemical potential on the top surface with a backgate
had rarely been reported until recently [59, 60, 70, 75,
80], even though many groups have attempted electrical
gating work on TT [37, 76, 81].

A method that can overcome the difficulty in gating
has been developed at the IOP. It is based on the MBE
growth of TT thin films on SrTiO3(111) substrates [59].
The high electric breakdown threshold of SrTiO3 pro-
vides very large charge tuning capability. Its relative di-
electric constant can exceed 10* at low T [82]. Applying
a gate voltage of less than 200V is sufficient to induce
variations in the carrier density of at least +2x10'3 cm =2
[83]. Cautions have to be taken to avoid creating too
much oxygen deficiency during the high temperature an-
nealing of the substrates in order to preserve the high
dielectric strength of SrTiO3 [60].

Figure 2 shows the gate-voltage dependencies of the
longitudinal resistivity (pxx) at zero magnetic fields and
the Hall resistance (Ryy) up to B = 15T for a 10nm
thick BisSes film. It represents samples with the high-
est charge tunability obtained to date. As the gate volt-
age Vg is varied from +50V to —86 V, Ry, increases by
nearly one order of magnitude, corresponding to a change
in electron density from about 3x10' to 0.3x 103 cm~2.
At a slightly smaller gate voltage (~ —105V), pxx
reaches the maximum, which is also enhanced by a fac-
tor of about 10. These features point to the existence
of a certain amount of holes at the py, maximum. At
larger negative gate voltages, the increasing hole den-
sity is manifested in the strongly nonlinear Hall curves
and the reversal of the sign of Ry, at high fields. For
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the whole range of V, a minimum in the Hall constant
is, however, not reached despite a trend pointing toward
this. This implies that the Fermi energy at the top sur-
face is still located above the Dirac point, whereas it
drops below the Dirac point at the bottom surface. The
corresponding band diagrams are shown in Fig. 2 (b, in-
set) for the two limiting cases, namely 0 > Vg > =50V
and Vg < —120V. Similar features were also observed
by Checkelsky et al. in a BisSes thin flake exfoliated on
a SiO2/Si substrate [75]. In that work, the longitudinal
resistivity in the Ca-doped sample was nevertheless only
increased by a factor of about 3, much smaller than those
obtained in epitaxial films on SrTiO3. A maximum resis-
tivity exceeding h/e? has been achieved by gating BisSes
films grown on SrTiO3 [59]. It is a very encouraging sign
for much suppressed bulk conductivity induced by gat-
ing, even though the residue bulk conductivity cannot be
completely ruled out.

4.3 Magnetoconductivity and weak antilocalization

As discussed in Section 3, the Berry phase associ-
ated with the spin-helical surface states suppresses the
backscattering due to the destructive interference be-
tween two closed paths with time-reversal symmetry.
It protects the electron system against the Anderson
(weak) localization regardless of the strength of disor-
der. Such effect is referred to as weak antilocalization.
The immunity to localization is expected to survive
even when the electron—electron interactions are present
[84]. The weak antilocalization can be brought out by
measuring the magnetotransport. It causes negative

(b)

Ry, /kQ
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Fig. 2 (a) Sketch of a typical back-gated device used in this work. (b) Gate-voltage dependence of the Hall resistance
Rxy for B up to 15 T. The bottom panel shows that Rxy increases as the gate voltage Vg is decreases from 450V to —86 V.
The solid lines are linear fits to Rxy in high magnetic fields (B = 13.5-15T). The top panel shows Rxy decrease as Vg is
reduced further from —86 V. The high field Hall resistances become negative for Vg = —130V and —150 V. The inset shows
two band diagrams for small (left) and large (right) negative gate voltages. (c) Gate-voltage dependencies of the low field
Hall coefficient (R%{7 open circles), the high field Hall coefficient (Rg7 open triangles), and the longitudinal resistivity at
B = 0 (pxx|B=0, solid squares). The main part of the figure is reproduced from Ref. [60], Copyright © 2011 Wiley-VCH

Verlag GmbH & Co. KGaA.
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magnetoconductivity due to the broken time-reversal
symmetry in perpendicular magnetic fields. Following
the work of McCann et al. on graphene [85], the mag-
netoconductivity can be written as

SbG5)-E) v

Here ¢ is the digamma function, By = h/(4Dety) is a
characteristic field related to the electron dephasing time
Te, D is the diffusion constant, and the coefficient o takes
a value of 1/2 for transport on one TI surface [86].

Ac(B) ~ —«

The weak antilocalization is not limited to the Dirac
fermion systems alone. It also exists in traditional 2D
electron systems with spin—orbit coupling (SOC), such
as Au and InSb thin films. The corresponding magneto-
transport has been extensively studied [87, 88]. The cor-
rection to magnetoconductivity is described by Hikami-
Larkin—Nagaoka equation [89]

2
o= 5 o3 ) ()
3 e? 1 B B,
smlGrE) ()]
e

2 1 B* B*
s — <l -1 = 2
wGE)(3) e
with By, = h/(4Dety), Be = h/(4Dete), Bl, = 3Bso +
By, B = B+ Bs,, where 7y, and 7. are spin—orbit scat-
tering time and elastic scattering time, respectively. The

first term in Eq. (2) is related to the Cooperon in the
spin singlet state. It is responsible for negative magne-

toconductivity (weak antilocalization) at weak magnetic
fields. The second (spin-triplet) term leads to positive
magnetoconductivity (weak localization), and it becomes
dominating as B increases. The last term determines the
high field boundary for the range of magnetic fields where
the logarithmic behavior resulting from the weak local-
ization/antilocalization is observed. Generally speaking,
this term is unimportant at low magnetic fields if the
carrier mobility is low.

The crossover from the weak antilocalization to the
weak localization with increasing B does not take place
in the transport on one TI surface, which may be re-
garded as a 2DES with SOC of infinite strength. Eq.
(1) (with a = 1/2) thus gives a unified description of the
magnetoconductivity for a TI surface and a topologically
trivial 2DES with sufficiently strong SOC. The examples
for the latter include many heavy metal systems such as
Au, Pt and Bi thin films, which only show negative mag-
netoconductivity as a result of dominating SOC [87, 90,
91].

Magnetotransport properties have been measured in
BisSes and BiyTes thin films on various substrates [59,
67-69, 92]. All of them showed the negative magnetocon-
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ductivity without crossover to positive magnetoconduc-
tivity at large magnetic fields. For the samples of Hall
bar geometries, which allow accurate determination of
the conductivity, the data can be well fitted by Eq. (1)
with a values close to 1/2 [59, 70, 92]. The electron densi-
ties in these samples are in the range of 0.8 x 1013 cm ™2
to 8.6 x 10 cm~2. As discussed above, the Fermi en-
ergy in this case is probably located in the bulk con-
duction band. If there is no upward band bending near
the surface, significant mixing between the bulk and sur-
face states is expected. This may account for the single-
component transport described by Eq. (1) even though
multiple types of carriers coexist in the samples. An al-
ternative explanation is that both the surface states and
the bulk carriers contribute independently, and the de-
phasing field for one of the components is much smaller
than those of the others. However, this scenario requires
independent conducting channels, which may be difficult
to realize in the (unintentionally) n-doped samples with-
out gating.

As discussed in Section 4.2, the transport at the top
and bottom surface may be separated by applying a neg-
ative gate voltage. If the dephasing fields of these two
conduction channels are comparable, fitting the magne-
toconductivity data to Eq. (1) should yield « values de-
viating from 1/2. This was indeed observed in the re-
cent experiments on 10-nm-thick BisSes films grown on
SrTiO3 [60, 70]. As shown in Fig. 3, when the electron
density is high, corresponding to the Fermi energy lo-
cated in the conduction band, the extracted a values
are close to 1/2. Decreasing the gate voltage results in a
much depleted bulk layer and hence separated conduct-
ing channels at the bottom and the top surfaces (see Fig.
2). The coefficient « increases as expected. At large neg-
ative voltages, a was found to be close to 1, indicating
two independent conducting channels with comparable
dephasing fields [70, 90].

The high field magnetoresistance is also noteworthy.
As shown in Fig. 4, there exists a linear MR in a wide
range of magnetic fields (5-15T) for V' > —50V. It be-
comes much less pronounced for V' < —86V, when the
surface conductivity presumably becomes more relevant.
This suggests that the linear MR may not be treated as
a unique signature for the transport of Dirac fermions
[95]. Similar linear MR has also been reported in BiySes
nanoribbons fabricated with chemical vapor deposition
and BizTes single crystals [36, 97]. We note that a model
based on strong inhomogeneity was proposed by Parish
and Littlewood to account for similar MR observed in
AgTe [94, 96]. However, it is unclear whether this model
can be applied to such a large variety of materials pre-
pared with so many different methods. The observed
gate-voltage dependence of the slope of linear MR may
be valuable to unveil the origin of the linear MR [60].
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Fig. 3 (a) The gate-voltage dependence of the magnetoconductivity Ac(B) due to weak antilocalization. All of the data was taken
at T'= 1.6 K. Reproduced from Ref. [60], Copyright © 2011 Wiley-VCH Verlag GmbH & Co. KGaA. (b) Gate-voltage dependencies of
dephasing field By and coefficient «, which are obtained by fitting the Ag(B) to Eq. (1). For more detailed discussion of the relevant

physics, please see Ref. [70].
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Fig. 4 The magnetoresistance at several gate voltages from +50
to —150V. The MR curves for Vg = 450V and 0V are shifted
downwards for clearer view. All of the data was taken at 7' = 0.1 K.
Reprroduced from Ref. [60], Copyright © 2011 Wiley-VCH Verlag
GmbH & Co. KGaA.

4.4 Temperature dependence and electron—electron in-
teractions

Figure 5 displays temperature dependencies of the lon-
gitudinal resistance in two BisSes thin films grown with
MBE. The resistance drops with decreasing temperature
as a result of the reduced electron—phonon scatterings.
This behavior persists only to a finite temperature (typi-
cally from a few K to about 20K), below which py even-
tually increases logarithmically with decreasing tempera-
ture [70]. Similar In T" dependence has also been reported
in BisSes films by two other groups [68, 69]. All of the
samples used in the T-dependent measurements reported
so far have electron densities exceeding 2x10'3cm™2.
They are probably not in the so-called topological trans-
port regime [71], since the contribution from the carriers
of parabolic dispersion could be significant or even dom-
inating in the transport.

The physics of the traditional, topologically trivial 2D
system with strong SOC has been well understood. A

404 =244 !
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< 354 T T T
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\\_‘_ T/K
0.6 -
0.4 -
02 by gt
10 100
T/IK

Fig. 5 Temperature dependence of the longitudinal resistivity
pxx at B = 0 for samples A (top) and B (bottom). The correspond-
ing conductivity (oxx = 1/pxx) for sample A follows a InT type
of dependence at low T'. Part of the figure is reproduced from Ref.
[70].

latest discussion in the context of transport in TI is
given in Ref. [84]. The scaling analysis predicts that the
topologically trivial electron states are always localized
regardless of the strength of disorder. Both electron—
electron interactions and weak antilocalization leads to
InT type of temperature dependence, but their correc-
tions to conductivity differ in magnitude and sign. The
temperature dependent part of conductivity follows

Ao (T)|p=o = (11) e—2111T: ilnT (3)

- 2) mh 2rh
where the two coefficients (1 and —1/2) in the bracket
are due to the effects of electron—electron interactions
and weak antilocalization, respectively [84]. The interac-
tion term (proportional to 1) is the singlet contribution
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in the diffusion channel. It should be noted that for a
2D electron system with weak SOC, the e—e interaction
term is proportional to 1 — %F“, in which the second
part comes from the triplet contribution in the diffusion
channel [98, 99]. The F? term is however suppressed
for a system with strong SOC [84, 99-103]. The ob-
served InT" dependencies are qualitatively in agreement
with Eq. (3), even though the magnitude of the slope,
defined as k = (7h/e?)dow(T)/(dInT), usually devi-
ates from 1/2. This may be attributed to corrections in
the Cooperon channel and possibly the existence of tiny
amount of magnetic impurities in the samples [104].

It is also interesting to note that the e—e interactions do
not lead to noticeable corrections to B-dependent part of
the conductivity at low fields despite that the electron g-
factor is quite large in bulk BisSes [22]. For 2D systems
with weak SOC, a Zeeman split term in the diffusion
channel is responsible for a field dependent correction
proportional to F° [98, 99]. As discussed above, strong
SOC can suppress the Zeeman correction. Tilted field
measurements of the magnetoconductivity in a 10nm
thick BisSes thin film (with Er located in the conduction
band) have clearly shown that the Zeeman correction is
indeed negligible for the range of magnetic fields relevant
to the weak antilocalization [70].

As mentioned above, the temperature dependent mea-
surements reported so far have been limited to samples
with Fermi energy presumably located in the conduc-
tion band. It will be of great interest to carry out such
measurements in samples where the surface state con-
ductivity plays a dominating role. This may eventually
render a direct evidence for the immunity to localization
of the surface Dirac fermions.

5 Summary and outlook

In the past few years we have witnessed remarkable
progress in many aspects of transport studies of the 3D
topological insulators. These include synthesis of high
quality single crystals for suppression of the bulk con-
ductivity and quantum oscillations experiments. The
latter have provided strong evidences for the surface
transport even though further work has to be done in
order to fully prove the relevance of the Dirac spectrum.
The magnetoresistance oscillations with periods of h/e
and h/(2e) observed in topological insulator nanorib-
bons may be associated with the surface states, but they
remain to be understood theoretically. A great deal has
been learned from the transport measurements of epi-
taxial TT thin films. The low field magnetoconductivity
due to weak antilocalization may become a basis for con-
venient identification of the surface state transport. The
highly tunable TT thin films have been epitaxially grown
on SrTiOj3 substrates. The high-k dielectric enables the
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Fermi energy to be pulled from the conduction band to
the band gap and even below the Dirac point. Suppres-
sion of the bulk conductivity by gating has also been
demonstrated, despite that a small amount of residue
conductivity of impurity band cannot be completely
ruled out. The temperature dependent measurements
of the n-doped samples have suggested the importance
of the electron—electron interaction effects, but the true
surface transport properties remain to be explored in
order to confirm the predicted immunity to localization.
The advances mentioned above may be treated as a
promising starting point for this emerging field. A lot of
experimental challenges, including materials synthesis,
interface engineering, and device fabrication, have to be
addressed in order to observe various novel effects in the
topological insulators as well as to realize any possible
application.
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