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Quantum Oscillations and Hall
Anomaly of Surface States
in the Topological Insulator Bi2Te3
Dong-Xia Qu,1* Y. S. Hor,2 Jun Xiong,1 R. J. Cava,2 N. P. Ong1*

Topological insulators are insulating materials that display massless, Dirac-like surface states in
which the electrons have only one spin degree of freedom on each surface. These states have been
imaged by photoemission, but little information on their transport parameters, for example,
mobility, is available. We report the observation of Shubnikov–de Haas oscillations arising from
the surface states in nonmetallic crystals of Bi2Te3. In addition, we uncovered a Hall anomaly in
weak fields, which enables the surface current to be seen directly. Both experiments yield a surface
mobility (9000 to 10,000 centimeter2 per volt-second) that is substantially higher than in the bulk.
The Fermi velocity of 4 × 105 meters per second obtained from these transport experiments agrees
with angle-resolved photoemission experiments.

R
ecently, the existence of a new class of
bulk insulators called topological insula-
tors has been predicted (1–6). In a topo-

logical insulator, the bulk energy gap is traversed
by surface states in which the spin of the elec-
tron is locked perpendicular to its momentum
by strong spin-orbit interaction. On each surface,
the electrons have only one spin degree of free-
dom (fixed helicity). The spin-resolved nature of
the surface states has been confirmed in angle-
resolved photoemission spectroscopy (ARPES)
experiments on BiSb (7), Sb (8), Bi2Se3 (9), and
Bi2Te3 (10). The spin locking in BiSb has also
been studied by scanning tunneling microscopy
(11). However, it has been a challenge to resolve
the conductance of the surface states from the
dominant bulk contribution (12, 13). The lack of
transport information, especially the mobility, is
a serious hindrance. Moreover, detection of the
surface currents is a crucial first step in the in-
vestigation of phenomena, such as the Majorana
fermion (5) and unconventional electrodynamics
(6), in topological insulators.
We report dual evidence for surface state

conduction in Bi2Te3 from Shubnikov–de Haas
(SdH) oscillations and from the weak-field Hall
effect. As in the case of the selenide Bi2Se3 (12),
as-grown crystals of Bi2Te3 usually display a me-
tallic resistivity r versus temperature T (in Bi2Te3,
the Fermi energy EF lies in the valence band
VB). By selective cleaving of many crystals from

a boule of Bi2Te3 grown with a weak composi-
tional gradient (14), we have obtained nonmetal-
lic crystals (Fig. 1A). In the nonmetallic samples
Q1, Q2, and Q3, r rises when T is lowered be-
low 150 K and saturates to values 4 to 5 mohm
cm at 4 K or ~50 times larger than the value in

the metallic sample N1. The surface state dis-
persion obtained by ARPES (10) is sketched in
Fig. 1B, with EF in our samples indicated. Even
in the most resistive sample Q3, the bulk con-
ductance is ~300 times larger than the surface
term (see below). Nonetheless, the latter may be
resolved by detecting the SdH oscillations in the
resistivity and the Hall resistivity ryx at low T.
Quantum oscillations are well resolved in the raw
trace of the Hall conductivity sxy = ryx/(rxx

2 +
ryx

2) measured at T = 0.3 K (Fig. 1, C and D). In
metals, SdH oscillations correspond to succes-
sive emptying of Landau levels (LL) as the
magnetic field H is increased. The LL index n is
related to the extremal cross section SF of the
Fermi surface (FS) by

2p(nþ g) ¼ SF
ћ

eB
ð1Þ

where g = 0 or ½, e is the electron charge, h is
Planck’s constant (ħ = h/2p), and B is the mag-
netic flux density.
For a two-dimensional (2D) FS, the peak po-

sitions depend only on the field component H⊥ =
Hcosq along the axis c normal to the cleavage
plane (q is the tilt angle between H and c). To
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Fig. 1. (A) The resistivity profiles r versus temperature T of samples Q1, Q2, Q3, and N1. (B) Sketch of
the surface state dispersion near the G point [traced from (10)]. The Fermi energies of samples Q1, Q2,
Q3, and N1 are indicated by short lines (CB, conduction band). Curves of the Hall conductivity sxy
versus the magnetic field H in sample Q1 (C) and in samples Q2 and Q3 (D) showing well-resolved SdH
oscillations. m0 is the permeability.
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test this hypothesis, we tracked how the SdH
extrema shift with q, in fields up to 30 T [sup-
porting online material (SOM) section S2]. We
compare the derivative drxx/dH in nonmetallic
Q1 with that in the metallic sample N1 (Fig. 2,
A and B, respectively). In sample Q1, the period
of the oscillations depends only on H⊥: The mag-
netic field corresponding to the n = 3 minimum
varies with q as 1/cosq up to 65° (Fig. 1C). For
65° < q < 90°, the oscillations are not resolved.
By contrast, the oscillations in N1 survive up to
q = 90° (Fig. 1B). As q → 90°, SF in N1 de-
viates strongly from the 1/cosq trend, to saturate
at a value ~1.5× larger than that at q = 0. From
the comparison, we conclude that the quantum
oscillations in the nonmetallic sample arise from
a 2D FS (SOM section S2).
To extract more specific information on the

surface states, we next analyzed how the SdH
amplitudes vary with T in samples Q2 and Q3
(measured with H||c). As shown in Fig. 3A, the
oscillation amplitudes in drxx/dH decrease rap-
idly as T is raised from 0.3 to 20 K. Although
measurements were not carried out at interme-
diate q in Q2 and Q3, we verified that the SdH
peaks were absent at q = 90°. In the index plot
(Fig. 3B), we confirmed that the (inverse) peak
fields 1/B fall on a straight line versus the in-
tegers n (Eq. 1). For Q2 and Q3, the slopes yield
SF = 33.3 and 28.6 T, with Fermi wave vector kF =
0.032 and 0.030 Å−1, respectively (Table 1). In
Q1, the shallower slope yields kF = 0.036 Å

−1.
Extrapolation of the high-field SdH peaks in Q1
is consistent with 0 < g < ½ (figs. S3 and S4).
To find the corresponding EF, we next determine
the Fermi velocity vF.
The T dependence of the amplitude Dsxx of

conductivity oscillations is given by Dsxx(T ) =
Dsxx(0)l(T)/sinhl(T ). For 2D massless Dirac
states, the thermal factor l(T ) is given by (15, 16)

l(T ) ¼
2p2kBT

ћeB
mcyc ð2Þ

where kB is Boltzmann’s constant and mcyc = EF/vF
2

is the cyclotron mass. In low H, the degree of
orbit bending is measured by the Hall mobility m,
given by m = ettr/mcyc = e‘/ħkF, where ttr and ‘ are
the transport lifetime and mean free path, respec-
tively. We may find mcyc by fitting the T depen-
dence of the conductivity amplitudes to Eq. 2
(Fig. 3D). Because kF is known, we calculate vF =
3.7 and 4.2 × 105m s–1 for Q2 and Q3, respectively
[from ARPES (10), vF ~ 4 × 10

5 m s–1]. Lastly,
this yields EF = 94, 84, and 78 meV above the
Dirac point in samples Q1, Q2, and Q3, respec-
tively (Fig. 1B).
The lifetime t of the surface states can be

found by estimating the Dingle factor e–D, where
D = 2p2GEF/(ħeBvF

2), with G = 1/t the scattering
rate. Because DR=R0 ∼

l(T)
sinhl(T ) e

−D (where R is
resistance), we may find G from the slope in
the semilog plot of (DR/R0)Bsinhl(T) versus 1/B
(Fig. 3, E and F). We find that vFt = 217 and
219 nm in Q2 and Q3, respectively (these val-

ues are lower bounds for the mean free path ‘ =
vFttr because ttr > t in principle). The metallicity
parameter is then kF‘ > 69 and 66 in samples
Q2 and Q3, respectively.

The conductance tensor Gij(B) of the 2D
Dirac gas may be calculated in the semiclas-
sical Boltzmann approximation (14). Defining
G(B) ≡ Gxx(B), we may express the zero-B con-

Fig. 2. The resistivity derivative drxx/dH versus 1/H⊥ = 1/(Hcosq) in (A) sample Q1 and (B) sample N1
at selected tilt angles q. In (A), the minima lie on the vertical dashed lines consistent with a 2D FS,
whereas in (B), the minima shift systematically with q. (C) The field position of the n = 3 LL peak for
sample Q1 (red circles) varies with q as 1/cosq (black curve), consistent with a 2D FS. (D) The period SF
for sample N1 (blue circles) increases by 35% as q → 90°, deviating strongly from 1/cosq (black curve),
consistent with a 3D FS.

Fig. 3. (A) Derivative dryx /dH versus 1/H in sample Q3 measured at temperatures T between 0.3 and 20 K.
(B) DG (conductance obtained after subtracting a smooth background based on curves measured above 20 K)
for sample Q2 at selected T over the same interval. (C) LL index plot 1/B versus n for samples Q1, Q2, and Q3.
Our results are consistent with 0 < g < ½ (fig. S3). Values of SF and kF derived are reported in Table 1. (D)
T dependence of the normalized conductivity amplitude Dsxx(T)/Dsxx(0) at 0.3 K in samples Q2 (with H =
12 T) and Q3 (7.8 T). The curves are best fits to l(T)/sinhl(T) (Eq. 2). Dingle plots of log[(DR/R0)Bsinhl]
versus 1/H, used to determine t and vFt for (E) sample Q2 and (F) sample Q3.
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ductance as G(0) = (e2/h)kF‘, whereas the Hall
conductance is

Gxy ¼
2pe3

h2
B‘2

½1þ ðmBÞ2%
ð3Þ

(including both spin degrees). With kF‘ ~70, we
calculate G(0) ≈ 2.4 × 10−3 ohm−1, compared
with the observed total resistance R ≈ 1.4 ohm
at 0.3 K in sample Q1. Hence, the 2D states ac-
count for ~0.3% of the total conductance ob-
served at 0.3 K. Interestingly, the large value of
kF‘ implies a large Hall mobility (m = 10,200 cm

2

V–1 s–1). In weak H, the surface Hall current may
dominate the low-mobility bulk Hall current.
We next report the detection of this surface

Hall current as a distinct anomaly. In Fig. 4A, we
plot the observed Hall conductivity sxy in sample
Q3. In addition to the SdH oscillations in high
fields (>5 T), we observe a prominent “dispersive”
anomaly in weak H corresponding to a high-

mobility contribution that is n-type. We express
the observed Hall conductivity as the sum

sxy ¼ sbxy þ
Gxy

t
ð4Þ

where sbxy > 0 is the bulk, p-type Hall con-
ductivity and Gxy < 0 the surface Hall conduct-
ance given in Eq. 3, with t the crystal thickness.
As shown in Fig. 1C and D, the sign of ryx in
sample Q1, fixed by the bulk carriers, is n-type,
whereas Q2 and Q3 are p-type (fig. S4 and SOM
section S4). By using Eq. 3 and a Drude-like
expression for sbxy, we have achieved a close fit
to the nonmonotonic curve in Fig. 4A (fig. S5).
On subtracting s

b
xy, we isolate the surface

term Gxy, which shows a large dispersive anom-
aly centered at H = 0, with quantum oscillations
in the wings (Fig. 4B). The solid curve is the fit to
Eq. 3 (the semiclassical expression does not de-
scribe the quantum oscillations). By Eq. 3, Gxy

attains the maximum value Gmaxxy = (e
2/2h)kF‘

at the peak field Bp = 1/m (arrows in Fig. 4B).
From the fit, we find m ~ 9000 cm2 V–1 s–1, kF‘ =
94, kF = 0.04 Å

−1, and ‘ = 235 nm. Given the non-
uniformity of the cross-section and the uncertain-
ties in measuring t and the voltage lead spacing
L (both T 10%), these are in good agreement
with the numbers inferred from the SdH period
and the Dingle analysis (17).
The quantitative agreement with 2D states per-

suades us that the weak-field Hall anomaly origi-
nates from Dirac surface states. Because of the
large difference in mobilities and the difference in
carrier sign, we are able to resolve directly the sur-
face Hall current as the dispersive anomaly super-
posed on the bulk Hall current. The curve in Fig.
4B is a snapshot of the Dirac surface current from
which m and kF‘ may be estimated by inspection.
By how much is m enhanced over the bulk?

Unfortunately, in the nonmetallic crystals, it is not
straightforward to pin down the hole density p
and mobility mb of the bulk states. The bulk Hall
signal changes sign abruptly as EF approaches
the Dirac point. As shown in fig. S1, samples
Q1 and N1 are n-type, whereas Q2 and Q3 are
p-type. This suggests competition and compen-
sation between electron and hole bulk bands. A
more interesting complication is the unusual mag-
netoresistance (MR). In samples Q1, Q2, and Q3,
the transverse MR measured with H||c displays a
highly unusual linear increase versus H [by con-
trast, metallic crystals do not show the linear MR
(fig. S2)]. As shown in Fig. 4C (for sample Q2),
the nonanalytic variation r(H)

r(0) − 1 ∼ jH j extends
over 3.5 decades in H (from 30 G to 14 T) at
0.3 K. The expanded view in Fig. 4D shows that,
as T is raised to 20 K, the low-H region is rounded.
The large linear MR is predominantly caused by
coupling of the spin to H. When H is aligned
with the current, the longitudinal MR is 50% as
large as the transverse MR (fig. S7). This unusual
MR, which may arise from a spin-mediated de-
crease in the bulk carrier density p with H, im-
plies that the bulk states cannot be regarded as
conventional impurity bands. However, if we use
the bulk value obtained from the fit in Fig. 4B
(mb ~ 860 cm

2 V–1 s–1), we find that the surface
mobility is 12 times larger than the bulk value.
By using both the SdH and weak-field Hall

anomaly, we have resolved a surface current that
is n-type with kF ~ 0.035 Å

−1 and a velocity vF ~
4 × 105 m s–1. The observed mobility and kF‘
are enhanced substantially over the bulk values.
These features are consistent with protected sur-
face Dirac states. With the surface current de-
tected, research on topological insulators may now
be expanded to include transport experiments.
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In-Plane Resistivity Anisotropy in an
Underdoped IronArsenideSuperconductor
Jiun-Haw Chu,1,2 James G. Analytis,1,2 Kristiaan De Greve,3 Peter L. McMahon,3 Zahirul Islam,4

Yoshihisa Yamamoto,3,5 Ian R. Fisher1,2*

High-temperature superconductivity often emerges in the proximity of a symmetry-breaking
ground state. For superconducting iron arsenides, in addition to the antiferromagnetic ground
state, a small structural distortion breaks the crystal’s C4 rotational symmetry in the underdoped
part of the phase diagram. We reveal that the representative iron arsenide Ba(Fe1−xCox)2As2
develops a large electronic anisotropy at this transition via measurements of the in-plane resistivity
of detwinned single crystals, with the resistivity along the shorter b axis rb being greater than
ra. The anisotropy reaches a maximum value of ~2 for compositions in the neighborhood of the
beginning of the superconducting dome. For temperatures well above the structural transition,
uniaxial stress induces a resistivity anisotropy, indicating a substantial nematic susceptibility.

T
he iron-arsenide family of compounds ap-
pears to present a new paradigm for high-
temperature superconductivity. The parent

compounds are multiband itinerant antiferromag-
nets (1, 2) with a Fermi surface consisting of
several small pockets resulting from reconstruc-
tion due to the broken translational symmetry
(3, 4). Suppression of the antiferromagnetic
ground state by various means eventually leads
to superconductivity, with critical temperatures
of up to 55 K (5). Notably, the antiferromag-
netic transition is always preceded by or coinci-
dent with a tetragonal to orthorhombic structural
distortion (6–8). It has been proposed that this
structural distortion is driven by an electronic phase
transition (9–12), perhaps due to orbital ordering
(13–16) or fluctuating antiferromagnetism (9, 10).
In both proposals, a large in-plane electronic an-
isotropy is anticipated in the “nematic” state (17).
Although electron nematic phases have been

intensively studied in quantum Hall systems (18)
and in Sr3Ru2O7 (19), there is growing evidence
for substantial electronic anisotropy in underdoped

cuprates (20, 21) that cannot be explained by the
structural orthorhombicity alone. In particular, the
recent observation of a large in-plane anisotropy in
the Nernst effect in YBa2Cu3O7–d suggests that

themuch-debated pseudogap phase is a rotational
symmetry-breaking phase (22). The crucial ex-
periments in all of these cases probe the in-plane
transport anisotropy that arises due to the nematic
order (17). Here, we report measurements of in-
plane resistivity anisotropy of Ba(Fe1−xCox)2As2
over a wide range of doping and temperature, to
elucidate the nature of the structural phase tran-
sition in the iron pnictides.
One difficulty with probing the in-plane elec-

tronic anisotropy of the iron arsenides is that the
material naturally forms dense structural twins
below the orthorhombic transition at TS (Fig. 1, A
and B) (23). Measurements of twinned samples
present only an average of the intrinsic anisot-
ropy, from which little detailed information can
be extracted. For the present study, we have
developed a mechanical cantilever device (shown
in Fig. 1 C) that is able to detwin crystals in situ.
Crystals were cut such that the orthorhombic a
and b axes were aligned parallel to the direction
of applied stress. With only modest pressures
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Fig. 1. (A) Diagram of the crystal structure of BaFe2As2 in the antiferromagnetic state. The magnetic
moments on the iron sites point in the a direction and align antiparallel along the longer a axis and parallel
along the shorter b axis. (B) Diagram illustrating a twin boundary between two domains that form on cooling
through the structural transition at TS. Dense twinning inmacroscopic crystals obscures any in-plane electronic
anisotropy in bulk measurements. (C) Diagram of the device used to detwin single crystals in situ. The sample
is held sandwiched between a cantilever and a substrate, with a screw in the center of the cantilever to adjust
the uniaxial pressure. The (0 0 1) surface of the crystal is exposed, enabling transport measurements.
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