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Spin-polarized surface state transport in a topological Kondo insulator SmB6 nanowire
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SmB6, as a topological Kondo insulator, has spin-momentum-locked surface states and fully insulating bulk,
which presents promising spintronic applications. Here, we report on the magnetotransport properties of individual
SmB6 nanowires. With decreasing temperature below 10 K, the surface states dominate the transport behavior as
reflected by the resistance saturation. At 1.5 K, a transition from negative to positive magnetoresistance occurs
with gradually increasing the bias current. The nonlocal measurements indicate that the surface state transport is
spin polarized, and the spin diffusion length is as long as 0.5 μm. Bias-current-modulated two-channel transport
is employed to explain the observed sign reversal of the magnetoresistance.
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I. INTRODUCTION

SmB6, a representative strongly correlated system [1], has
recently been predicted to be a promising topological Kondo
insulator [2–4]. At low temperatures, the strong interaction
between electrons and Sm ions results in the hybridization of
the localized 4f bands and conductive 5d bands and opens an
energy gap at the Fermi level [5]. Because of the inversion
of the d and f bands, topologically protected metallic surface
states will emerge on the surface [6]. The in-gap states have
been observed by angle-resolved photoemission spectroscopy
(ARPES) measurements [7–10]. Morevoer, the spin-resolved
ARPES experiments have revealed the nature of the spin
texture of the SmB6 surface states, giving evidence of its
topological nature [9]. The temperature dependence of the
electronic structure supports the topological surface states
on SmB6 at low temperatures [11], and confirmation of the
topological nature by ARPES requires further improvement of
the energy resolution [12]. Quantum oscillation measurements
show the two-dimensional metallic surface states of SmB6

[13], while an alternative explanation of the three-dimensional
Fermi surface has also been reported [14]. The metallic surface
states have been observed in low-temperature transport experi-
ments [15–24]. Recent electrical measurements at low temper-
atures have demonstrated various magnetotransport properties
in SmB6, for example, one-dimensional edge state transport
[19], weak antilocalization and linear magnetoresistance (MR)
[20], and a thickness-independent surface Hall effect [21].

It has been reported that spin excitons are the lowest-energy
bulk excitations of SmB6, and the spin-exciton-mediated
scattering results in incomplete protection of the topological
surface states [25]. The fact that spin-exciton scattering
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can destroy the protection of the surface states of SmB6

has been revealed by a photoemission spectroscopic study
[26] and planar tunneling spectroscopy [27]. On the other
hand, the spin-momentum-locking nature of the surface states
should produce highly spin-polarized carrier transport with
the insulating bulk at low temperatures. Therefore, scattering
between the spin-polarized current and the spin excitons from
the bulk magnetic excitations should play an important role in
the magnetotransport properties.

Here, we employ SmB6 nanowires to investigate the
exotic magnetotransport properties. The nanowire has a large
surface-to-volume ratio, which favors the quantum transport
dominated by the topological surface state. Furthermore, as
the fine surface channel carries a large spin-polarized current
density, the spin-dependent transport should be significant.
We observed a transition from negative MR to positive MR
with increasing bias current. The negative MR is ascribed
to the spin-dependent scattering between the surface states
and the surface local magnetic moments. The positive MR
is consistent with the prediction that the spin-exciton-related
scattering breaks the protection of the topological surface
states when a sufficiently large bias current stimulates the
bulk magnetic excitations. This scenario is further confirmed
by nonlocal measurements, where the negative MR always
persists, regardless of the source-drain current at 1.5 K.

II. RESULTS AND DISCUSSION

The SmB6 nanowires were prepared by chemical vapor
deposition (CVD) in a tube furnace, and the details are de-
scribed elsewhere [28]. As shown in Fig. 1(a), the transmission
electron microscopy (TEM) image indicates the high-quality
SmB6 nanowires along the [001] direction with a lattice
constant of 0.41 nm. Selected nanowires were transferred onto
a silicon substrate with a 285-nm SiO2 layer. Ti/Au electrodes
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FIG. 1. (a) TEM image of a SmB6 nanowire grown by the CVD, the scale bar is 5 nm. (b) Schematic of the measurement configuration. (c)
SEM image of a typical device, the scale bar is 2 μm. (d) The resistance as a function of temperature.

(5/250 nm) were deposited via electron beam evaporation after
in situ removal of the outer amorphous layer by Ar+ milling.
Figure 1(b) shows a schematic of the four-terminal measure-
ment setup. Figure 1(c) is a scanning electron microscopy
(SEM) image of a typical device. The resistance measured via
the four-terminal method at different temperatures is shown in
Fig. 1(d). According to the thermal activation mechanism, a
ln(R) vs 1/T fitting of the resistance vs temperature dependence
shows a bulk gap ∼3.2 meV, which is consistent with previous
reports [15,29]. Usually, there are impurity states in the bulk
gap, which pin the chemical potential [26]. Therefore, the
bulk transport properties are highly related to the in-gap
impurity states and the transport gap calculated via thermal
activation mechanism is much lower than the bulk band gap,
∼20 meV [12]. At low temperatures below 10 K, the resistance
tends to saturate, indicating that the surface states dominate
the transport. The temperature dependence of the resistance
implies that there is a temperature-dependent phase transition,
and below the critical temperature, there are in-gap states
contributing to the saturating resistance.

The MR measured at a fixed bias current of 0.1 μA is shown
in Fig. 2. There is negative MR at temperatures from 1.5 to 5 K,
as the magnetic field is parallel to the SmB6 nanowire, as shown
in Fig. 2(a). The MR does not saturate, even for high magnetic
field up to 14 T. As the temperature increases, the magnitude
of the negative MR decreases. At 5 K, a double-shoulder-like
MR is observed under low magnetic fields, suggesting that the
bulk states are being gradually activated. Figure 2(b) shows
the MR of another similar device measured at 1.5 K and for
different angles between the direction of magnetic field and the
nanowire axis. From parallel (θ = 0◦) to perpendicular (90◦)

magnetic field, the MR magnitude reduces monotonically;
however, the negative MR is always maintained. The MR
measured at different temperatures under a perpendicular
magnetic field is shown in Fig. 2(c), and the negative MR can
still be observed even at 10 K. Spin-dependent transport may
give rise to the observed negative MR. Due to spin-momentum
locking the topological surface states are spin polarized as they
transport along one momentum direction.

Recent experiments show that local magnetic moments
exist near the surface of SmB6 due to the Sm3+ magnetic
moments [30]. The spin-dependent scattering with the local
magnetic moments can result in negative MR [31,32]. The
scattering is strongly related to the orientation between the con-
duction carrier spin and the random local magnetic moment.
The magnetic field can align the local magnetic moment and
thus reduce the backscattering of the spin-polarized carriers,
giving rise to a negative MR [31,32]. Also, the parabolic MR
shape agrees with the MR caused by local magnetic moments.

The spin-dependent transport was further investigated
by gradually increasing the spin-polarized current density.
Figure 3(a) shows the MR of another SmB6 nanowire as
a function of the magnetic field at 1.5 K where the bias
current was progressively increased from 0.05 to 5 μA. It is
interesting to note that there is a transition from negative to
positive MR as the current was increased to 3 μA. Under 0
T, the resistance reduces with increasing current, as shown in
Fig. 3(b). Figure 3(c) presents the MR for parallel magnetic
fields at different temperatures at a fixed bias current of 5 μA.
There is little change in the magnitude of the positive MR from
1.5 to 5 K. Before trying to explain the observed phenomena,
the current-induced Joule heating effects can be excluded due
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FIG. 2. The magnetoresistance measured at a fixed bias current
of 0.1 μA. (a) The MR for parallel magnetic field at different
temperatures. (b) The MR measured at 1.5 K and under the magnetic
field with different directions. The inset schematically shows the
angle θ between the direction of magnetic field and the longitudinal
direction of the nanowire. (c) The MR for perpendicular magnetic
fields at different temperatures.

to the following reasons. First, the resistance at 1.5 K and
5 μA is the same as that at 9 K and 0.1 μA. However, the
parabolic positive MR at 1.5 K and 5 μA is very different from
the double-shoulder-like negative MR at 9 K and 0.1 μA, as

shown in Fig 3(d). As it is repeatedly sweeping the magnetic
field, the MR curve at 9 K and 0.1 μA has obvious hysteresis.
But we did not observe any hysteresis loop for the MR curve
measured at 1.5 K and 5 μA. Although we still do not know
the origin of the hysteresis of the MR curves measured at high
temperatures, the positive MR measured at 1.5 K and 5 μA
cannot be explained by temperature increasing. Second, the
magnitudes of the positive MR at bias currents of 3, 4, and
5 μA are the same under a magnetic field below 5 T. If the
heating effects were notable, the temperatures for 3 and 5 μA
would be much different and the magnitude of the positive
MR under 5 T should also be different. Therefore, we can
conclude that the current-induced change in the MR is not
due to heating effects. Stern et al. reported that the thermal
and electronic dynamics of coupled surface and bulk states
can produce an oscillator with MHz frequency [33]. By using
Stern’s theory, the surface area (4 × 0.2 × 20 = 16 μm2) in
our sample corresponds to an oscillator with limiting frequency
∼2 THz, so the period of the oscillation is 0.5 × 10−6 ms.
Nevertheless, the sampling time in our lock-in measurements
is ∼300 ms, which cannot track the ultrafast thermal and
electronic dynamics of coupled surface and bulk states.
Therefore, our measured magnetotransport properties should
be the equilibrium properties of SmB6. Therefore this effect
should also not be the origin of the current-modulated MR.
This might be because of the much greater surface-to-bulk ratio
of the nanowire sample, which gives rise to much sufficient
heat exchange between the sample and environment.

The current-induced transition from negative to positive
MR can be explained by two-channel transport; that is, one is
through the bulk states and the other is through the topological
surface states. When the current is larger than 3 μA, the
voltage bias is more than 26 mV, which can activate the
bulk conductivity and also stimulate bulk magnetic excitations,
that is, spin excitons [25–27]. The spin excitons can provide
spin-flipped scattering to the surface states and destroy the
protection of the topological surface states [25–27]. The
surface states without spin polarization together with the bulk
states cocontribute a positive MR.

The spin-polarized transport arising from the surface states
is further manifested via nonlocal measurements. Figure 4(a)
schematically shows the setup of the nonlocal measurements.
The source-drain current (Isd) is applied on two neighboring
electrodes and the nonlocal voltage (Vnl) is measured using
another pair of electrodes. The nonlocal resistance (Rnl) is
calculated by Vnl/Isd. Figure 4(b) shows the Rnl/Rlocal as a
function of temperature measured at 0.1 μA. The ratio of
the nonlocal resistance to the sample resistance reflects the
capacity for the electron diffusion. The Rnl/Rlocal dramatically
increases with decreasing temperature below 3 K, where the
surface states dominate the transport. The imbalance in the
electrochemical potential will drive the diffusion of carriers,
resulting in the nonlocal voltage. The measured nonlocal
voltage Vnl is proportional to Vle

−(l/λ), where Vl is the local
voltage across the source-drain electrodes, λ is the diffusion
length, and l is the distance between the nonlocal electrode
and the current injection electrode. We then measured two
nonlocal voltages, Vnl1 and Vnl2, for different distances l1 and
l2, respectively. Then, using the ratio Vnl1

Vnl2
= e−(l1/λ)

e−(l2/λ) , we obtain
that the diffusion length λ is as long as 0.5 μm at 1.5 K.
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FIG. 3. The magnetotransport for magnetic fields oriented parallel to the wire. (a) The MR at 1.5 K for different bias currents ranging from
0.05 to 5 μA. (b) For 0 T, the resistance decreases with increasing current. (c) The MR at different temperatures when the current is 5 μA.
(d) The MR measured at 9 K, 0.1 μA, and 1.5 K, 5 μA with repeatedly sweeping the magnetic field, respectively.

0 1 2 3 4 5

0

20

40

60

80

V
nl

 (
V

)

I ( A)

 1.5 K
 2 K
 3 K
 4 K
 5 K
 6 K
 7 K
 8 K
 9 K

2 4 6 8 10
0.0

0.2

0.4

0.6

0.8

1.0

 R
nl

 / 
R

lo
ca

l

T (K)

-15 -10 -5 0 5 10 15
-12

-8

-4

0 B  I

M
R

 (%
)

B (T)

  0.1 A
  3 A
  5 A

1.5 K

(b)

(c) (d)

(a)

FIG. 4. Nonlocal measurement results. (a) Schematic of the nonlocal measurement configuration. Electrons are injected from electrode 2
and diffuse to electrodes 3 and 4 to give a nonlocal voltage. (b) The nonlocal-to-local resistance ratio as a function of temperature measured at
Isd of 0.1 μA. (c) The measured nonlocal voltage as a function of bias current at different temperatures. (d) The nonlocal magnetoresistance at
1.5 K at different bias currents for a parallel magnetic field.
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It is well known that the spin-momentum locking of the
surface states will protect electrons from backscattering and
increase the diffusion length [34]. The nonlocal voltages as a
function of source-drain current at different temperatures are
shown in Fig. 4(c). At 9 K, the Rnl is a constant according to
the linear dependence between Vnl and Isd. At 1.5 K, the Rnl

is much larger than that at 9 K, and the Vnl saturates and even
drops a little when the Isd is above 3 μA. The saturation of Vnl

is caused by the bulk conductivity being activated under a large
bias, because the bulk states contribute little to Vnl due to the
quite short diffusion length. The slight decrease of the Vnl at
sufficiently large bias current is also consistent with the above-
discussed scenario that the spin-exciton-related scattering can
destroy the protection of the topological surface states. At
high temperatures, the bulk conductivity is more notable and
the nonlocal voltage is mainly due to the Ohmic leakage.

We further measured the nonlocal response to the magnetic
field, i.e., the nonlocal MR, defined as Rnl(B)/Rnl(0) − 1.
Figure 4(d) shows the nonlocal MR at 1.5 K for different Isd.
The nonlocal MR is negative and its magnitude is about twice
as large as the local MR. As the current increases from 0.1 to
5 μA, the nonlocal MR is always negative without apparent
change in curve shape and magnitude, which is very different
from the negative-to-positive transition in local MR. In the
nonlocal region, the diffusion current is very small and the
bulk channel cannot be activated regardless of the source-drain
current. In Fig. 4(d), the nonlocal magnetoresistance at 1.5 K
shows a clear asymmetry between positive and negative fields.
Because the scatterings will deflect the motion direction of
the carriers and the carrier movement (or a small component)

has a possibility to be perpendicular to the magnetic field, the
Lorenz force will be different and make the magnetoresistance
different when the magnetic field direction is inversed.

III. CONCLUSION

In conclusion, we have investigated local and nonlo-
cal magnetotransport properties of single SmB6 nanowires.
We find that for an increased bias current, the local MR
changed from negative to positive, while the nonlocal MR
always remained negative at 1.5 K. A long diffusion length
∼0.5 μm was deduced from the nonlocal measurements,
suggesting that the surface states are topologically protected.
The spin-momentum-locked surface states produce a highly
spin-polarized transport as the bulk is insulating. The spin-
dependent scattering facilitates a negative MR. A sufficiently
large bias current can activate the bulk conductive channel
and bulk spin excitons, resulting in a positive MR. The
bias-current-induced switching of spin polarization in a
SmB6 nanowire demonstrates its potential for applications
in nanoscale spintronics. This phenomenological topological
phase transition is helpful for understanding the transport
properties of the well-known Kondo insulator SmB6.
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