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We report the magneto-thermopower measurements of nonmetallic topological insulator BizTes
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.

PACS numbers: 72.15.Jf, 63.20.kd, 73.20.-r

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 sig-
nificantly 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 2kp
backscattering, making the surface mobility much higher
than that of bulk.

Up to date, the topological surface stats have been
identified in a class of bismuth based compounds, such
as Bi,Sby_,. BioTes, and BisSez by angle resolved pho-
toemission spectroscopy (ARPES) [13-16]. Quantum os-
cillations 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 sur-
face mobility below 3.000 cm?/Vs [17, 19-22. 24] and the
electrical surface conduction is susceptible to conducting
bulk states.

Three-dimensional (3D) TIs including BisTes, BiaSes,
and ShoTes are also excellent thermoelectircs, which have
been intensively investigated for optimized thermoelec-
tric performance in the past few decades [27, 28]. How-
ever, previous thermoelectric measurements focused on
metallic crystals and the magneto-thermoelectric trans-
port of topological surfaces states has yet to be experi-
mentally probed. In this letter, we report the observa-
tion of quantum oscillations arising from surface states
in the magneto-thermopower measurement of nonmetal-
lic BixTes. In the high magnetic field, the surface ther-
mopower displays an oscillation magnitude on the order
of mV/K that is significantly higher than the bulk ther-
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FIG. 1: Hall mobility and carrier density characterization of
nonmetallic BizTes: (a) The resistivity pg. versus tempera-
ture T profiles in samples Q1 and Q2 between 4 and 250 K.
The sample size (W x L xt) is 750 % 300x 50 um? for Q1 and
500¢275x20 um?® for Q2. where W is the width. L the length.
and ¢ the thickness. (b) pz» and Hall resistivity py. versus
H in sample Q1 at 7 K. Note that py. is displayed enlarged
for clarity by a factor of 20 relative to pzz. (c¢) The mea-
sured pye in sample Q2 at 7 K. (d) Surface Hall conductance
G, (red circles) obtained by subtracting azy from observed
Hall conductivity o4y = pya/(p2e + poz). The black curve

is the fit to G, = 2;;—5%,
path, h Planck’s constant, e the electron charge, and us the
Hall mobility. In semi-classical treatment, 5 is related to the
metallicity parameter krle as us = el./hkr. The blue curve is

the calculated O'zy from af;y = peffeﬂb%, where peyy
is the effective bulk carrier density and p; is the bulk mobility.
The fit yields ps ~ 14,000 cm?/Vs.

where [. is the mean free

mopower. When the filling factor 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
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FIG. 2: Magneto-thermopower in high magnetic fields: (a)
The thermopower response —Sz, versus 1/H in sample Q1 at
T =3.5,5,and 7 K. (b) =Sz, versus 1/H in sample Q2. The
insets show the T" dependence of the thermopower profiles in
samples Q1 and M1 (a) and in sample Q2 (b). The arrows
mark the sub-integer dips resolved in 1/H < 0.06 T~L. The
dashed lines indicate the oscillating minima in the low field
regime.

measured with two thermocouple wires. Electrical con-
tacts 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
Sau < 0.5 pV/K at 7 K up to 30 Tesla, the voltage drop
from the Au wires is less than 5 nV in our measurements.
The Hall and resistance measurements extended to 35 T
were performed in the same cool-down with the ther-
mopower measurements. We used a DC current under
300 pA with a field sweeping rate of 2 T /min.

We use the same batch of nonmetallic BisTes as that
for high-field resistivity study [18]. Fig. 1(a) shows the

resistivity p,, versus temperature profiles for represen-
tative samples Q1 and Q2. At 7 K, both samples dis-
play a weak-field Hall anomaly, which is a snapshot of
high mobility surface conduction (Fig. 1(b) and 1(c)).
To determine the mobility us of surface electrons, we fit
the profile of Hall conductance G3,, (Fig. 1(d)) and find
s = 14,100 and 9,500 cm?/Vs for samples Q1 and Q2,
respectively.

We then examined the dependence of thermopower Sy,
on temperature 7T in both metallic and nonmetallic crys-
tals. When a temperature gradient —V T 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 ther-
mopower S¢ = —FE?/|VT|. Meanwhile, the streaming
phonons deliver part of momentum to carriers and drag
them to the cold end of the sample. The carrier accu-
mulation builds up an electric field EY which determines
the phonon-drag thermopower S9 = —FE9/|VT|. The
total thermoelectric power S,, is the sum of diffusive
thermopower S¢ and phonon-drag thermopower S9. As
shown in Fig. 2, insets, though S,, shows a low-T peak
in all these samples, the peak of the nonmetallic sam-
ples Q1 and Q2 is significantly stronger than that of the
metallic sample M1. These observed peaks indicate the
occurrence of phonon-drag effect that is expected to ap-
pear at ~ 29 K in high purity BisTes crystals [29]. It has
been demonstrated that the phonon-drag thermopower
from a 2D conducting layer on a 3D crystal can dis-
play giant quantum oscillations due to the phonon intra-
and inter-LL scattering in the presence of a strong mag-
netic field [30-32]. In such a 3D system, surface electrons
are dragged by non-equilibrium 3D phonons of the whole
specimen, while in a purely 2D system such as graphene,
electrons of a wavevector k can only interact with 2D
phonons of a wavevector ¢ < 2k. In addition, the bulk
thermopower is considerably suppressed due to the ex-
istence of two types of bulk carriers with opposite signs
[18]. Therefore, the thermopower measurement may pro-
vide a powerful tool to elucidate the nature of the topo-
logical surface states that is difficult to be probed by the
conductance measurement.

Figure 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 Hass (SdH) effect in the conduc-
tance 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 phase-shifted by 90° from the extrema of
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FIG. 3: The quantum oscillations in —ASzs, AGyz, and Apy,
in sample Q2: (a) —AS,, is plotted as a function of 1/H at
T=7K. (b) AGy, versus 1/H at T =5 K. (¢) Apys versus
1/H at T = 5 K. A smooth background has been subtracted
from three quantities. The vertical dashed lines mark the
minima of —ASzz, AGer and Apys. The extrema of —AS,,
and AG,, are in phase with each other, whereas are phase-
shifted by 90° from the extrema of Apy,. The LL filling factor
v® of the top (+) and bottom (—) Fermi surfaces are indexed
in all panels.

Apys. This occurs because both —S,, (Szz < 0 for
electron-like carriers) and o,, peak when the Fermi level
(Er) aligns with each LL, whereas vanish when Ey 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 (4) and bottom (—) sur-
faces. Similar effect has been seen in strained HgTe 3D
TIs [33], BigTes flakes [34], and BiySesTe bulk crystals
[22]. Here, a weak Te composition gradient in BisTe;
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 t = 20 ~ 100
pm, 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) min-
ima in AG, for sample Q2 (Fig. 3(b)). Similar results
were observed in sample Q1.

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

_ e Po
=) W

where ¢y = h/e is the magnetic flux quanta, h Planck’s

constant, e the charge of electron, and ~ the filling fac-
tor shift. A shift with v = 0 corresponds to a conven-
tional spectrum, whereas a deviation from the zero-shift
with v = 1/2 implies a Dirac spectrum. The 1/2 arises
from the n = 0 LL at the Dirac point. In the follow-
ing, we label the filling factors as v®, where s = £ in-
dexes the top and bottom surface states. With the B}
identified in both —S;., AGy,, and Ap,,, we plot them
against v (Fig. 4(a) and 4(b)). The slopes of the linear-
fit to the data yield the carrier concentration n, = 7.37
(5.92) x 10t cm ™2, with the Fermi wavevector kr = 0.030

(0.027) Afl, for the top (bottom) surface states in sample
Q2. The linear-fit intercepts the v axis at v = 0.67+0.05
in Q2, close to 1/2 instead of 0 or 1.

By fitting AG,.(T) versus T with the expression
AG(T) = AGzz(0)A/sinh()\) (A = 272k T /hw: where
we is the cyclotron frequency), we obtain the cyclotron
mass mgye = 0.085mg, where mg is the free electron mass.

With kg = 0.030 /&_1, we then calculate the Fermi ve-
locity vp = 3.9 x 10°> m/s, which is consistent with the
ARPEX result [14]. Furthermore, the weak-field Hall
anomaly provides an independent measurement of the
average kp. The value of kp derived from surface Hall
conductance is in reasonable agreement with the quan-
tum oscillation analysis.

We next extract the surface thermopower S3, from the
observed thermopower response. In the experimental ge-
ometry 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=J0+ T/t (2)

where J? = Zj[aﬁ’jEj + o (=0;1)] (i = x,y), J§ =
> 4GHLE; + afi(=0;T)] (i = x,y), with o}, the bulk
conductivity tensor, G7; the surface conductance tensor,
and of; (I = b or s), the bulk or surafce thermoelectric
conductivity tensor. As total conductivity tensor o;; is
0ij = 0} + Gi;/t, J can be expressed as
s,
J =Y loy B+ (af; + —)(=0,T)] 3)
J

Because of open boundary condition, we may obtain S

via solving for E with J =0
ag s
Sij=—Ei/0;T =Y pulal; + %

k=xz,y

) (4)

where p;; is the total resistivity tensor. By setting J b=0
and J® = 0, we may get o;; from thermopower tensor .S;;
asaf; =>,_, ohSp andaf; =30, G5.S;. Given
that non-metallic BiyTes displays pzz > pye, O'Zz > agy,
G;. > G5, and 04, > G5, /t in high fields, S, may be
approximated as
1 . ors
Spw =S+ Y aRGH (5)

T~ xT
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FIG. 4: The top panels show the 1/H positions of the —Szz,
AGgz, and Apy, minima versus the filling factor v in sample
Q2 for bottom surface (a) and top surface (b). The 1/H
at minima of Apy, is plotted against v + i. The middle
panels show the —S;, as a function of the filling factor v =
nepoB~! + v in sample Q1 (c) and Q2 (d) at 7 K. For Q1,
the index plot of oscillation extrema vs. v yields n. = 9.27
and 7.61x10'" cm ™2, with v = 0.45 + 0.05, for the top and
bottom surfaces, respectively. The curves are vertically offset
for clarity. The bottom panel shows Ap,, versus 1/H at
selected T' for sample Q3 (¢ = 100 um). A sub-integer dip
(indicated by the arrow) at 1 < v < 2 can be clearly resolved
at 0.3 K, and it gradually diminishes to zero as 7' > 1 K.

where S?_ is the bulk thermopower, which only gives rise
to a featureless background. The p,, G5, /t term can be
obtained from the resistivity measurements. We find that
the maximum magnitude of p,, G, /t ~ 0.027 and 0.01
in Q1 and Q2, respectively. From Eq. (5), we can ex-
tract the peak magnitude of —S7_, which is in the range
of 0.5 — 2.0 mV K, more than an order of magnitude
higher than that of the bulk ~ 30 uV K1 at 5 K. Unlike
conventional 2D systems where the thermopower magni-
tude roughly displays a linear field dependence [30], the
surface thermopower at higher order LLs such as n = 4
is comparable or even greater than that of lower LLs
(n = 3). This giant oscillating magnitude and the spe-
cific field profile of the surface thermopower may be un-
derstood within the scenario of the 2D Dirac electron and
3D phonon interaction. Because of the relativistic disper-
sion of topological surface states, the wave function ¥,,

of a Dirac electron in the nth LL is the superposition
of the nth and (n — 1)th LL wave functions of a non-
relativistic 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 (Fig. 2(a) and
2(b)). Interestingly, if we plot the —Sg, versus the fill-
ing factor calculated as v = n.goB~! + 7, the —S,,.(v)
traces obtained at various n. are almost overlapped, and
their minima are all located around v = 3 4 0.02 (Fig.
4(c) and 4(d)). The T dependence of Ap,, is shown for
sample Q3 in Fig. 4(e). We find that the sub-integer
oscillation rapidly disappers as T is above 1 K, whereas
the integer Landau oscillation sustains up to 20 K. There
has been report of fractional-filling states at n = 1 LL in
(Bi1—»Sh;)2Ses, resolved in the second-derivative trace
of resistivity tensor [19]. Here, we show that the sublevel
oscillations are directly evident in the raw trace of —Sy;.
Their origin is a subject of ongoing research.

In summary, we report thermopower measurement of
nonmetallic TT in the presence of a high magnetic field.
Quantum oscillations in thermoelectric tensor are consis-
tent with SdH oscillations arising from topological sur-
face 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.

We would like to thank F. D. M. Haldane, L. Fu, N.
P. Ong, and C.-X. Liu for helpful discussion. The mea-
surements were performed at the National High Magnetic
Field Laboratory, Tallahassee.
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