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We report the magnetothermopower measurements of the nonmetallic topological insulator Bi, Te; in
magnetic fields up to 35 T. Quantum oscillations arising from surface states are observed in both
thermoelectric and conductivity tensors. The inferred surface thermopower has a peak magnitude
~1 mV/K possibly as a result of surface electron and bulk phonon interaction. At the n = 1 Landau
level, we resolve additional quantum oscillations signaling Landau sublevels.
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Topological insulators (TIs) are a new class of quantum
states of matter with topologically protected conducting
surface states, arising from the topology of the bulk elec-
tronic band structure [1-5]. There are two distinguishing
features of topological surface states. One is the existence
of an odd number of Dirac cones on each surface, and the
other is the helical spin arrangement [6—8]. Theoretically, the
relativistic nature of Dirac fermions is believed to signifi-
cantly modify the electron-electron interactions, with the
possibility to produce more robust ground states at the n =
1 Landau level (LL) in Dirac fermions than in conventional
two-dimensional (2D) electron systems [9—12]. The unique
spin texture protects the topological surface states from non-
magnetic perturbations and 2k backscattering, making the
surface mobility much higher than that of bulk.

To date, the topological surface states have been identi-
fied in a class of bismuth based compounds, such as
Bi,Sb,_,, Bi,Te;, and Bi,Se; by angle resolved photo-
emission spectroscopy [13—-16]. Quantum oscillations of
surface states have also been widely studied by transport
experiments [17-24] and scanning tunneling microscopy
[25,26]. However, most magnetoresistance measurements
have been limited to samples with surface mobility below
3000 cm?/V's [17,19-22,24] and the electrical surface
conduction is susceptible to conducting bulk states.

Three-dimensional TIs including Bi,Te;, Bi,Se;, and
Sb,Te; are also excellent thermoelectircs, which have
been intensively investigated for optimized thermoelectric
performance in the past few decades [27,28]. However,
previous thermoelectric measurements focused on metallic
crystals, and the magnetothermoelectric transport of topo-
logical surfaces states has yet to be experimentally probed.
In this Letter, we report the observation of quantum oscil-
lations arising from surface states in the magnetothermo-
power measurement of nonmetallic Bi,Te;. In the high
magnetic field, the surface thermopower displays an oscil-
lation magnitude on the order of mV/K that is significantly
higher than the bulk thermopower. When the filling factor
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v is less than 2, we find series of sharp peaks suggestive of
Landau sublevels.

In the thermopower experiment, one end of the sample is
held at the cold finger while the other end is anchored with
a heater. To maximize the experimental accuracy, we used
an alternating heat current at a low frequency of 67 mHz to
produce an alternating temperature gradient measured with
two thermocouple wires. Electrical contacts to the samples
are made by gold wires using silver paste. One challenge
for the thermopower measurement in a high magnetic field
comes from the field dependence of the thermopower of
voltage leads. To overcome this problem, we kept AT <
10 mK across the voltage leads with the field swept at a
rate of 0.4 T/min. Given that S, < 0.5 uV/Kat7 Kup to
30T, the voltage drop from the Au wires is less than 5nV in
our measurements. The Hall and resistance measurements
extended to 35 T were performed in the same cooldown
with the thermopower measurements. We used a dc current
under 300 A with a field sweeping rate of 2 T/min.

We use the same batch of nonmetallic Bi,Te; as that for
high-field resistivity study [18]. Figure 1(a) shows the
resistivity p,, versus temperature profiles for representa-
tive samples Q1 and Q2. At 7 K, both samples display a
weak-field Hall anomaly, which is a snapshot of high
mobility surface conduction [Figs. 1(b) and 1(c)]. To deter-
mine the mobility u, of surface electrons, we fit the profile
of Hall conductance GY, [Fig. 1(d)] and find p, = 14100
and 9500 cm?/V s for samples Q1 and Q2, respectively.

We then examined the dependence of thermopower S,
on temperature 7" in both metallic and nonmetallic crystals.
When a temperature gradient —VT is applied along the
sample, both charge carriers and phonons flow from hot to
cold. The diffusion of charge carriers leads to a net electric
field E¢ which determines the diffusive thermopower S¢ =
—E4/|VT|. Meanwhile, the streaming phonons deliver
part of the momentum to carriers and drag them to the
cold end of the sample. The carrier accumulation builds up
an electric field E¢ which determines the phonon-drag
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FIG. 1 (color). Hall mobility and carrier density characteriza-
tion of nonmetallic Bi,Te;. (a) The resistivity p,, versus tem-
perature T profiles in samples Q1 and Q2 between 4 and 250 K.
The sample size (W X L X t) is 750 X 300 X 50 um? for Q1
and 500 X 275 X 20 ,um3 for Q2, where W is the width, L the
length, and 7 the thickness. (b) p., and Hall resistivity p,, versus
H in sample Q1 at 7 K. Note that p,, is displayed enlarged for
clarity by a factor of 20 relative to p,,. (¢) The measured p,, in
sample Q2 at 7 K. (d) Surface Hall conductance Gy, (red circles)
obtained by subtracting crfy from observed Hall conductivity
Oy = py/(pi + p3,). The black curve is the fit to GY, =
Qme3/h*){BL/[1 + (u,B)*]}, where I, is the mean free path,
h Planck’s constant, e the electron charge, and u, the Hall
mobility. In semiclassical treatment, u, is related to the metal-
licity parameter kypl, as u, = el,/hkp. The blue curve is the
calculated o2 from o, = pegep,{m,B/[1 + (u,B)*]}, where
Peir 18 the effective bulk carrier density and w, is the bulk
mobility. The fit yields w, ~ 14000 cm?/V's.

thermopower S8 = —E$/|VT|. The total thermoelectric
power S, is the sum of diffusive thermopower S¢ and
phonon-drag thermopower S¢. As shown in Fig. 2, insets,
though S, shows a low-7 peak in all these samples, the
peak of the nonmetallic samples Q1 and Q2 is significantly
stronger than that of the metallic sample M1. These
observed peaks indicate the occurrence of the phonon-
drag effect that is expected to appear at ~29 K in high
purity Bi,Tes crystals [29]. It has been demonstrated that
the phonon-drag thermopower from a 2D conducting layer
on a 3D crystal can display giant quantum oscillations due
to the phonon intra- and inter-LL scattering in the presence
of a strong magnetic field [30-32]. In such a 3D system,
surface electrons are dragged by nonequilibrium 3D pho-
nons of the whole specimen, while in a purely 2D system
such as graphene, electrons of a wave vector k can only
interact with 2D phonons of a wave vector g = 2k. In
addition, the bulk thermopower is considerably suppressed
due to the existence of two types of bulk carriers with
opposite signs [18]. Therefore, the thermopower measure-
ment may provide a powerful tool to elucidate the nature of
the topological surface states that is difficult to probe by
the conductance measurement.
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FIG. 2 (color). Magnetothermopower in high magnetic fields.
(a) The thermopower response — S, versus 1/H in sample Q1 at
T =3.5,5,and 7 K. (b) —S,, versus 1/H in sample Q2. The
insets show the 7 dependence of the thermopower profiles in
samples Q1 and M1 (a) and in sample Q2 (b). The arrows mark
the subinteger dips resolved in 1/H < 0.06 T~!. The dashed
lines indicate the oscillating minima in the low field regime.

Figures 2(a) and 2(b) show the thermopower response
—S,. versus the inverse magnetic field 1/H in samples Q1
and Q2, respectively. Large LL oscillations begin to
emerge at H > 8 T and their amplitude becomes smaller
as T decreases from 7 to 3.5 K. An interesting feature of
these oscillations is that at 1/H < 0.06 T~! sharp dips
(black arrows) appear, with an aperiodic spacing smaller
than the oscillating structure in the low field regime.

It is illuminating to compare the oscillations in — S, and
the Shubnikov—de Haas effect in the conductance tensor,
which was confirmed to arise from the 2D surface states in
the previous study [18]. As shown in Fig. 3, the extrema in
—AS,, coincide with the extrema in AG,,, and are phase
shifted by 90° from the extrema of Ap,,. This occurs
because both —S . (S, <O for electronlike carriers) and
o, peak when the Fermi level (Ef) aligns with each LL,
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FIG. 3 (color). The quantum oscillations in —AS,,, AG,,, and
Apy, in sample Q2. (a) —AS,, is plotted as a function of 1 /H at
T =7K.(b)AG,, versus I/HatT =5 K. (c) Ap,, versus 1/H
at 7 =35 K. A smooth background has been subtracted from
three quantities. The vertical dashed lines mark the minima of
—AS,,, AG,,, and Ap,,. The extrema of —AS,, and AG,, are
in phase with each other, whereas they are phase shifted by 90°
from the extrema of Ap,,. The LL filling factor »* of the top
(+) and bottom (—) Fermi surfaces are indexed in all panels.

whereas they vanish when Ep lies between LLs.
Furthermore, we observe pronounced LL splitting near
1/H = 0.061, 0.102, and 0.142 T~! (gray dashed lines in
Fig. 3). This splitting indicates that the degeneracy is lifted
between top (+) and bottom (—) surfaces. A similar effect
has been seen in strained HgTe 3D TIs [33], Bi, Te; flakes
[34], and Bi,Se,Te bulk crystals [22]. Here, a weak Te
composition gradient in Bi,Te; breaks the inversion
symmetry and generates displaced Dirac points [see the
inset of Fig. 3(a)]. By cleaving the crystal into bulk
samples with a thickness = 20-100 um, we obtain
slightly different surface carrier densities, which then leads
to two sets of v in one piece of sample. Hence, we can
pinpoint the top and bottom surface index fields B,+ and
B,- from the periodic spacing of strong (black dashed
lines) and weak (grey dashed lines) minima in AG,, for
sample Q2 [Fig. 3(b)]. Similar results were observed in
sample Q1.

In terms of the carrier concentration 7, on one surface,
B, is related to v by

_ ne¢0
(v—v)

v (1)
where ¢, = h/e is the magnetic flux quanta, 4 is Planck’s
constant, e the charge of the electron, and <y the filling
factor shift. A shift with y = 0 corresponds to a conven-
tional spectrum, whereas a deviation from the zero shift

with y = 1/2 implies a Dirac spectrum. The 1/2 arises
from the n = 0 LL at the Dirac point. In the following, we
label the filling factors as »*, where s = * indexes the top
and bottom surface states. With the B,,! identified in both
=Sy, AG,,, and Ap,,, we plot them against v [Figs. 4(a)
and 4(b)]. The slopes of the linear fit to the data yield the
carrier concentration n, = 7.37(5.92) X 10" cm~2, with
the Fermi wave vector kr = 0.030(0.027) A~", for the top
(bottom) surface states in sample Q2. The linear fit inter-
cepts the v axis at y = 0.67 = 0.05 in Q2, close to 1/2
instead of O or 1.

By fitting AG,.(T) versus T with the expression
AG,(T) = AG,.(0)A/ sinh(A) (A = 27%kgT /hw,., where
w, is the cyclotron frequency), we obtain the cyclotron
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FIG. 4 (color). The top panels show the 1/H positions of the
=Sy AG,,, and Ap,, minima versus the filling factor » in
sample Q2 for bottom surface (a) and top surface (b). The 1/H at
minima of Ap,, is plotted against v + %. The middle panels
show the —S,, as a function of the filling factor » = n,¢oB~' +
v in sample Q1 (c) and Q2 (d) at 7 K. For Q1, the index plot of
oscillation extrema versus v yields n, =9.27 and 7.61 X
10" em™2, with y = 0.45 = 0.05, for the top and bottom sur-
faces, respectively. The curves are vertically offset for clarity.
The bottom panel shows Ap,, versus 1/H at selected T for
sample Q3 (¢ = 100 uwm). A subinteger dip (indicated by the
arrow) at 1 < » <2 can be clearly resolved at 0.3 K, and it
gradually diminishes to zero as 7 > 1 K.
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mass mey. = 0.085m,, where m, is the free-electron mass.

With kr = 0.030 A~!, we then calculate the Fermi veloc-
ity vy =3.9 X 10° m/s, which is consistent with the
angle resolved photoemission spectroscopy result [14].
Furthermore, the weak-field Hall anomaly provides an
independent measurement of the average kr. The value
of kj derived from surface Hall conductance is in reason-
able agreement with the quantum oscillation analysis.

We next extract the surface thermopower S3, from the
observed thermopower response. In the experimental
geometry with —VT || %, the total charge current density
J is the sum of bulk current density J” and surface current
density J* divided by the sample thickness ¢, viz.,

J=Jt+ /1, 2)

where J! =Y [0VE; + ali(=0,T)] (i=x, y), J =
YIAGLE; + aj(=9,1)] (i = x, y), with o-lbj the bulk con-
ductivity tensor, ij the surface conductance tensor, and
al ; (=" or s) the bulk or surface thermoelectric con-
ductivity tensor. As the total conductivity tensor o;; is

L
— b s
i = a-ij + Gij/t’ J can be expressed as

J = ;I:a',-jEj o+ DNean] @

Because of the open boundary condition, we may obtain S
via solving for E with J = 0,

ay;
Sij=—E/9,T=73 pik(azj' + Tj) 4)

k=x,y

where p;; is the total resistivity tensor. By setting J b=0
and J* = 0, we may get «;; from the thermopower tensor
Sijas afy = ¥—y, oSy, and @), = X, ,G}S};. Given
that nonmetallic Bi, Te; displays p.. > p,,, ol > afc’y,
Gy, > Gy, and o, > G3,/t in high fields, S,, may be
approximated as

1
Sxx = S,lgx + ;pxfochix’ (5)

where S?, is the bulk thermopower, which only gives rise to
a featureless background. The p, G35/t term can be
obtained from the resistivity measurements. We find that
the maximum magnitude of p,,G3./t ~ 0.027 and 0.01 in
Q1 and Q2, respectively. From Eq. (5), we can extract the
peak magnitude of —Sj,, which is in the range of
0.5-2.0 mVK ™!, more than an order of magnitude higher
than that of the bulk ~30 wVK™! at 5 K. Unlike conven-
tional 2D systems where the thermopower magnitude
roughly displays a linear field dependence [30], the surface
thermopower at higher order LLs such as n = 4 is compa-
rable or even greater than that of lower LLs (n = 3). This
giant oscillating magnitude and the specific field profile
of the surface thermopower may be understood within
the scenario of the 2D Dirac electron and 3D phonon

interaction. Because of the relativistic dispersion of topo-
logical surface states, the wave function W, of a Dirac
electron in the nth LL is the superposition of the nth and
(n — 1th LL wave functions of a nonrelativistic electron
[9-11,35,36]. The mixture nature of the wave function
significantly modifies the electron-phonon matrix element
in the n = 1 LLs [32], leading to a thermopower profile
different from an ordinary 2D system.

Besides integer Landau oscillations, we observe addi-
tional narrow, reproducible dips at —S,, in the range of
1 < v <2 for samples Q1 and Q2 [Figs. 2(a) and 2(b)].
Interestingly, if we plot the —S,, versus the filling factor
calculated as v =n,¢poB~ ! + vy, the —S, (v) traces
obtained at various n, are almost overlapped, and their
minima are all located around v = % + 0.02 [Figs. 4(c) and
4(d)]. The T dependence of Ap,, is shown for sample Q3
in Fig. 4(e). We find that the subinteger oscillation rapidly
disappears as 7T is above 1 K, whereas the integer Landau
oscillation sustains up to 20 K. There has been a report of
fractional-filling states at n = 1 LL in (Bi;_,Sb,),Ses,
resolved in the second-derivative trace of a resistivity
tensor [19]. Here, we show that the sublevel oscillations
are directly evident in the raw trace of —S,. Their origin is
the subject of ongoing research.

In summary, we report the thermopower measurement of
nonmetallic TI in the presence of a high magnetic field.
Quantum oscillations in the thermoelectric tensor are con-
sistent with Shubnikov-de Haas oscillations arising from
topological surface states. The observed surface magneto-
thermopower is significantly higher than the bulk values.
With its sensitivity to surface states, thermopower may
provide a useful tool to study quantum transport in TIs.
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