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SmBg, a topological Kondo insulator, with a gapped bulk state and metallic surface state has aroused great research
interest. Here, we report an exotic hysteresis behavior of magnetoresistance in individual SmBg nanowire in a temperature
range in which both surface and bulk states contribute to the total conductance. Under a magnetic field parallel to the SmBg
nanowire, the resistance suddenly increases at the turning point from up-sweep to down-sweep of the magnetic field. The
magnetoresistance hysteresis loops are well consistent with the magnetocaloric effect. Our results suggest that the SmBg
nanowires possess potential applications in the magnetic cooling technology.
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1. Introduction

SmBg, a Kondo insulator that had been investigated for
several decades, was recently predicted theoretically and con-
firmed experimentally to be a candidate of topological Kondo
insulator.l'=1?] In this strongly correlated system, the hy-
bridization of 5f electrons and 4d electrons opens a bulk
gap and the spin-momentum-locked topological surface state

13,141 The spin-texture of surface states has been ob-

emerges. |
served by spin-resolved angle-resolved photoemission spec-
troscopy (SRARPES).[!5-17 Moreover, the Fermi level always
lies in the gap by its Kondo insulator nature, leading to the
transport behaviors dominated by surface states.!>!8-231 The
transport properties of SmBg in a low temperature range have
been studied extensively, showing that the surface states dom-
inate the transport. However, the detailed investigations in the
temperature range, where both surface and bulk states con-
tribute to transport, are still desirable. In a temperature range
from 10 K to 4 K, the bulk channel is gradually closed, and
the surface states emerge to remarkably influence the transport
properties.

Here in this paper, we report the magnetotransport prop-
erties of individual SmBg nanowire at temperatures ranging
from 10 K to 4 K, where the resistance is very sensitive to
temperature. A hysteresis loop in magnetoresistance (MR) is
observed, when magnetic field direction is along the nanowire
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axis. When the magnetic field changes from forward to back-
ward sweep, a sudden increase of resistance occurs. Such a
resistance jump is detected both at a bias current of 0.1 pA,
where the MR is negative, and at 5 pA, where the MR is posi-
tive. The magnitude of the resistance variation is proportional
to the slope of the resistance—temperature (R-T) curve. The
experimental results are well understood by considering the
magnetocaloric effect (MCE). The backward sweep of mag-
netic field results in the sample cooling and increase of resis-
tance. The MCE has been reported in many materials with

[24-27

Lanthanide atoms. 1 Since Sm is also a lanthanide,?3! the

MCE may also be significant in SmBg.

2. Experiment

The SmBg nanowires were grown by chemical vapor
deposition (CVD) method in a tube furnace.?*°1 SmBg
nanowires were first transferred onto a Si substrate with a 285-
nm-thick SiO; layer. The Ti/Au electrodes were deposited on
individual SmBg nanowire by electron beam evaporation after
removing the oxide layer from the nanowire surface by Ar-ion
etching. Four terminal measurements were carried out in an
Oxford cryostat via lock-in technique with a current source of
17.777 Hz.

*Project supported by the National Key Research and Development Program of China (Grant No. 2016 YFA0300802) and the National Natural Science Founda-
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3. Results

Figure 1(a) shows the scanning electron microscope
(SEM) image of SmB¢ nanowires with lengths ranging from
10 pm to 20 um. The transmission electron microscopy
(TEM) image shown in Fig. 1(b) indicates that the nanowire
possesses high crystal quality grown along the [001] direc-
tion with lattice constant ~ 0.41 nm. The inset of Fig. 1(b)
shows the electron diffraction pattern of the nanowire in the
selected area. The SEM image of a typical device is shown
in Fig. 1(c). The variation of nanowire resistance with tem-
perature is shown in Fig. 1(d). Below 20 K, the resistance
increases sharply with temperature decreasing and finally is
saturated at 3 K. The saturated resistances at low temperatures
are well consistent with the fact that the bulk state is insulating
and only the surface state is conductive. By fitting the resis-
tance at 4 K-10 K, we obtain the bulk transport gap to be about
3.2 meV.

10 100
T/K

Fig. 1. (a) SEM image of SmB¢ nanowires grown by CVD method. (b) TEM
image of SmBg nanowire, with inset showing corresponding diffraction pat-
tern. (c) SEM image of typical device. (d) Variation of resistance of SmBg
nanowire with temperature.

Figure 2(a) shows the schematic diagram of the measure-
ment setup. Magnetic field is directed along the nanowire

The bias current is 0.1 pA. As shown in Fig. 2(b),
the MR curve exhibits no hysteresis behavior at 1.5 K, be-

axis.

cause the transport is only carried out by the surface states.
The parabolic negative MR is observed, which is attributed
to the decrease of spin-related scattering with magnetic field
increasing.*"! Figures 2(c)-2(f) show the MR values of the
same sample at 4 K-7 K, respectively. As temperature in-
creases, the magnitude of negative MR decreases monotoni-
cally. The negative MR starts to deviate from parabolic curve
and double-shoulder structures emerge at 5 T-7 T: the low-
field part of the negative MR curve even changes into positive

MR. All these phenomena originate from the fact that bulk
states play a more and more important role as temperature in-
creases. The topological surface states with spin—-momentum
locking are responsible for the negative MR due to the spin-
polarized transport. On the other hand, the trivial bulk states
result in a positive MR.

It is worth noting that the MR curves show obvious hys-
teresis behaviors at temperatures ranging from 4 K to 7 K as
shown in Figs. 2(c)-2(f). The MR hysteresis occurs as the
magnetic field reverses from forward to backward sweep. The
hysteresis loop becomes larger and larger with temperature in-
creasing. At 7 K, as shown in Fig. 2(f), the sudden change of
MR at the turning point from forward to backward sweep of
magnetic field reaches as large as 0.3%.

0t (c) 1 0 (d)
X —04 =
2 _os =04 T=5K
S =1k =R\
2T 10 -10 0 10
B/T B/T
0.4
057 (e) (f)
S s
g g’
f/ T:GK\\ o r/ T:7K\]
T, R BT, —10 0 10

B/T B/T

Fig. 2. Plots of MR of SmBg nanowire versus B, measured at different tem-
peratures. The magnetic field is parallel to SmBg nanowire. The bias current
is 0.1 pA. (a) Schematic diagram of the nanowire device, (b) MR at 1.5 K
without hysteresis behavior. (¢)—(f) The MR values versus B at4 K, 5K, 6 K,
and 7 K, respectively. The hysteresis behavior gradually becomes obvious.
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Fig. 3. Variations of MR with B of SmB¢ nanowire measured at different
temperatures. Magnetic field is parallel to SmBg nanowire. Bias current is
5 pA. (a) Variations of MR with B at 5 K and (b) at 10 K. Although the MR
is positive, the hysteresis behavior is still observed.

To further investigate the hysteresis behavior, we perform
the measurements under a bias current of 5 pA. At this large
current, bulk states can be activated even at 1.5 K and a pos-

itive MR is induced.P9 At 5 K, as shown in Fig. 3(a), the
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MR curve still exhibits slight hysteresis behavior even the MR
becomes positive. It is interesting to note that the resistance
is still larger in the backward sweep process than that in the
forward sweep process. The MR curve at 10 K shows more
obvious hysteresis behavior (Fig. 3(b)).

The MR under a magnetic field perpendicular to both
the substrate and the nanowire is further investigated. The
measurement schematic diagram is shown in Fig. 4(a). With
0.1-uA current bias, a negative MR is observed at both 5 K

(Fig. 4(b)) and 10 K (Fig. 4(c)), which is attributed to the mag-
netic field reduced spin-related scattering of the spin-polarized
topological surface states.3°! Besides the overall negative MR,
an MR dip is observed near the zero magnetic field, which re-
sults from the weak antilocalization effect. Furthermore, the
hysteresis MR under a perpendicular magnetic field can still
be observed (Figs. 4(b) and 4(c)), while the hysteresis loop is

much smaller than that under a parallel magnetic field.
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Fig. 4. (a) Schematic diagram of device; variations of MR with B at (b) 5 K and (c¢) 10 K of SmBg nanowire measured at different temperatures with a
perpendicular magnetic field and 0.1-pA bias current. The hysteresis loop is small.

We should first point out that SmBg¢ does not have a ferro-
magnetic order, so the hysteresis behavior should not originate
from the sample magnetism. We suggest an MCE mechanism
to explain the MR hysteresis. When magnetic field is applied,
the magnetic moments in SmByg tend to be aligned and the en-
tropy of magnetism decreases. When the magnetic field is re-
moved, the increase of the magnetism entropy is compensated
for by absorbing the phonon energy, thus leading the temper-
ature to decrease. This makes the system temperature in the
magnetic field backward sweep process lower than that in the
forward sweep process. On the other hand, the SmBg resis-
tance increases sharply with temperature decreasing from 10 K
to 4 K. This is why the hysteresis loop is much remarkable in
that temperature range. Moreover, the hysteresis loop shows
the same tendency under large (5 pA) and small (0.1 pA) bias
current. Because even the bulk states are activated with large
current bias, the MCE still exists. Besides, the MCE is sym-
metric for positive and negative magnetic field, which is also
Nevertheless, an little MR
hysteresis under a perpendicular magnetic field indicates the
anisotropy of the MCE.

in accordance with our results.

To verify the mechanism of MCE, we extracted the incre-
ments in resistance (AR) at the turning point of 14 T at dif-
ferent temperatures. The slopes of the R-T curve (dR/dT)
at different temperatures are also extracted. The plot of AR
versus dR/dT is presented in Fig. 5, which shows a linear
dependence. The MCE leads to a change of temperature AT,
thus a change of resistance AR. This is well consistent with
the dR/dT in the R-T curve.
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Fig. 5. Plot of AR versus dR/dT. AR is extracted as resistance increases
at 14 T with reversing the magnetic field sweep direction at different tem-
peratures. dR/dT values are extracted from slope of R—T curve at different
temperatures.

4. Conclusions

In this work, we have observed a hysteresis behavior of
MR of SmB¢ nanowire at temperature ranging from 10 K to
4 K. When magnetic field is parallel to SmBg nanowire, the
resistance of SmBg nanowire exhibits a sudden increase at
the turning point from forward to backward sweep of mag-
netic field. We suggest an MCE mechanism to explain this
phenomenon. That is, the demagnetization induces a cooling
process of the system, and thus the resistance increases with
temperature decreasing.
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