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We investigate the magnetic, thermal, and electrical transport properties on the single-crystalline compound
EuBiTe;. The magnetization measurements reveal the antiferromagnetic transition at 7 K along the ab plane
with a stable Eu>* ion. A short-range ferromagnetic interaction along the ¢ axis is inferred from magnetic
susceptibility and heat capacity measurements, which we associate with the presence of magnetic polarons.
The magnetic polaron gives rise to unconventional negative magnetoresistance such as the weak antilocalization
(WAL) and weak localization crossover. The WAL of the angle-resolved magnetoconductivity is well described
by the Al’tshuler and Aronov model along the longitudinal magnetoconductivity. The magnetic polaron is widely
observed above Néel temperature up to 50 K, which is supported by the Majumdar-Littlewood model in a scaled
magnetoresistance. Even though EuBiTe; should have one hole per formula unit, the electrical conductivity
o (T') exhibits strong localized insulating behavior. The transport mechanism of o (7) is distinguished by two
different mechanism: Efros-Shklovskii-type variable range hopping (VRH) transport in the high-temperature
range (T > 52 K) and three-dimensional VRH transport in the low-temperature regime (7 < 50 K). The VRH
transport suggests that the insulating behavior of ¢ (7") on the compound can originate from a Mott-type insulator

with strong Coulomb interaction.
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I. INTRODUCTION

In the past decade, the topological state of matter has been
intensively investigated in condensed-matter physics [1-3].
A topological insulator has a topologically protected gapless
surface state with an insulating bulk gap [4]. The topological
state can exist in various strongly correlated and interacting
spin systems such as the topological Kondo insulator [5,6], the
antiferromagnetic topological insulator [7,8], the topological
Mott insulator [9], the topological Anderson insulator [10],
etc. Because the topological state is based on strong spin-
orbit coupling, there have been significant efforts to find new
topological materials with strong spin-orbit coupling.

Rare-earth ternary chalcogenides are one of the candidate
systems for exotic states of matter because of strong spin-orbit
coupling and magnetic interaction among localized f elec-
trons. RBiTes (R is a rare-earth element) compounds can be
regarded as homologous compounds in which the rare-earth
element R replaces one of the quintuple Bi layers in Bi,Tes.
The theoretical ab initio calculation predicted that LaBiTes
can be a strong topological insulator [11], where the crystal
structures of LaBiTes, YBiTe;, LaSbTes, and YSbTe; share
the same rhombohedral crystal structure with the space group
R3m. In addition, the noncentrosymmetric three-dimensional
topological insulators LaBiTe; and LuBiTes; can undergo a
topological phase transition from a topological insulator to
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a normal insulator in the intermediate range of Sb-doped
LaBi;_,Sb,Te; and LuBi;_,Sb,Te; for x = 38.5%-41.9%
and x = 40.5%-45.1%, respectively [12]. Liu et al. argued
that there should be a Weyl semimetallic state near the
topological phase transition in the intermediate doping range
[12]. However, it has not yet been proved by experimental
investigations.

Recently, single-crystalline compounds EuBiTe; and
EuSbTe; were synthesized using the flux method which have
orthorhombic crystal structure and an antiferromagnetic tran-
sition at Ty = 7.6 K [13]. EuBiTe; can be applied to the
broadband photodetector, which is operated at room temper-
ature in the wavelength range from ultraviolet (370 nm) to
near infrared (1550 nm) with good reproducibility [14]. A
possible magnetic polaron on the EuBiTe; compound [13]
was also proposed. A magnetic polaron is a metastable quasi-
particle which is a bound ferromagnetic cluster within an
antiferromagnetic or paramagnetic background [15-17]. The
weak ferromagnetic ordering of a magnetic polaron along a
specific direction gives abnormal magnetotransport properties
[18-20].

Here we investigate the magnetic, thermal, and magneto-
transport properties of the compound EuBiTe; and interpret
the unconventional magnetotransport by the formation of a
magnetic polaron. We observe a small kink in magnetiza-
tion M(H) curves at low temperatures, implying a hidden
magnetic interaction under the antiferromagnetic background.
The magnetotransport properties of the compound EuBiTes
also support the ferromagnetic polaron formation. The
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FIG. 1. X-ray diffraction patterns of EuBiTe; single crystals. The
inset shows typical crystals S1 (black line) and S2 (red line).

magnetoresistance versus magnetization is explained by the
Majumdar-Littlewood (ML) model under a magnetic polaron
[19]. Furthermore, we observe that weak antilocalization
(WAL) was strongly enhanced for the condition that the
electrical current flows parallel to applying magnetic fields
(I || H), which is contrary to those of typical materials be-
cause WAL is enhanced when the direction of the electrical
current is perpendicular to the magnetic field direction (I L
H) [21-23]. It can be understood that magnetic polarons
along the c axis break time-reversal symmetry (TRS), giving
rise to WAL under [ || H in the dirty-metal regime [24].
From the angle-resolved magnetoconductivity measurement,
we observe a systematic change of WAL with respect to angle
between the electrical current and magnetic field directions,
showing that EuBiTe; has potential for applications in mag-
netic field directional sensors.

II. EXPERIMENTAL DETAILS

Single crystals of EuBiTe; were synthesized using the
Te-flux method. High-purity elements of Eu (99.9%), Bi
(99.999%), and Te (99.999%) were loaded in evacuated quartz

TABLE II. Atomic coordinates (x10*A) and equivalent
isotropic displacement parameters (> x 10° A) of EuBiTes. U (eq) is
defined as one third of the trace of the orthogonalized U" tensor.

X y z U(eq)
Bi(1) 2500 2500 1078(1) 34(1)
Eu(1) 7500 7500 3325(1) 18(1)
Te(1) —2500 —2500 1077(2) 31(D)
Te(2) 2500 2500 2874(2) 16(1)
Te(3) 7500 2500 5003(2) 26(1)

ampoules with molar ratios of Eu:Bi:Te = 1:3:13. The quartz
ampoules were heated at 900 °C for 12 h, held for 6 h, and
cooled down to 800 °C for 3 h, with subsequent slow cooling
to 470°C for 200 h. The quartz ampoules were decanted,
and the samples were separated from the flux using a high-
speed centrifuge. The typical size of the obtained samples is
2 x 2 x 0.19 mm?.

X-ray diffraction (XRD) measurements were performed
using Mo Ko radiation (0.71073 A) with a triple-axis four-
circle single-crystal diffractometer (D8 Advance, Bruker).
The electrical resistivity p was measured using the four-point
contact method. The magnetization M and specific heat C,
were measured with a physical property measurement system
(PPMS-Dynacool 14 T, Quantum Design).

III. RESULTS AND DISCUSSION

XRD patterns of single-crystalline EuBiTe; are revealed in
Fig. 1. The inset shows the typical samples what we measured
with XRD. It shows well-aligned patterns along the (00I)
direction. The crystal refinement data from the triple-axis
four-circle single-crystal diffractometer for EuBiTe; are pre-
sented in Table I, where we use the full-matrix least-squares
F? method. From the refinement, we characterize atomic
coordinates and list them in Table II. The crystal structure is
orthorhombic with space group Pmmn. The crystal structure
is presented in Fig. S1 of the Supplemental Material [25].
Bi-Eu-Te slabs are interspaced between Te monolayers. The
lattice parameters are a = 4.517(9) A, b = 4.614(1) A, and

¢ = 16.06(3) A, where the lattice volume (334.86 A’) is little
bit bigger than in the previous report (332.70 A3) [13].

TABLE 1. Crystal structure refinement of EuBiTe;.

Parameter Value Parameter Value
Crystal structure Orthorhombic Space group Pmmn
a(A) 4.5179(8) o 90°
b(A) 4.6141(8) B 90°
cA) 16.063(3) y 90°

v (A% 334.86(10) z 2
Density (g/cm3) 7.376 F(000) 604
Absorption coefficient (mm™") 48.187 6 range (deg) 2.536 to 25.495
R indices R, 0.0546 wR, indices 0.1437
Goodness of fit on F? 1.120 Extinction coefficient 0.0019(6)
Index ranges —S5<h k<5 -19<I<19 Completeness to 6 = 25.242° 87.2%
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FIG. 2. Magnetic properties of the EuBiTe; crystal. (a) Temperature-dependent magnetic susceptibility x (7") under various magnetic fields
as indicated up to H < 13 T. (b) Temperature-dependent inverse magnetic susceptibility under H = 1 T for magnetic field along the c axis
(black square, pink line) and the ab plane (open circle, sky blue line). Isothermal magnetization versus scaled magnetic field y (defined in the
text) for various temperatures, as indicated along the applied magnetic field directions of (c) the ab plane and (d) the ¢ axis. Dotted lines in
(c) and (d) are the theoretical fitting by the Brillouin function. Insets of (c) and (d) represent the low-temperature magnetic susceptibility y (7))

for H = 0.1 and 1 T at the respective crystal orientations.

Figure 2(a) shows a temperature-dependent magnetic sus-
ceptibility x (T') of EuBiTe; along the H || ab plane. It clearly
shows the antiferromagnetic transition at 7y = 7.6 K under
a magnetic field of H = 1 T along the ab plane. The Néel
temperatures decrease with increasing magnetic field strength
by 6 and 3.5 K for H = 3 and 5 T, respectively. The antifer-
romagnetic order is not observed until 2 K for magnetic field
higher than H = 7 T. The inset shows the anisotropic magnetic
susceptibility x (7') under magnetic field along the ab-plane
(black line) and axis (red line) for H = 1 T. It indicates that
the easy axis of spin alignment is on the ab plane because a
significant decrease of x(T') is observed along the ab plane,
while the one of x (T') for the ¢ axis shows saturating behavior
at low temperature.

The inverse magnetic susceptibility 1/x in the high-
temperature region (7 > 150 K) follows well the Curie-
Weiss law 1/x = (T — ®)/C for both magnetic field
directions of H | ab (open circles) and H || ¢ (black solid
rectangles), as presented in Fig. 2(b), where C and ® are
the Curie constant and Weiss temperature, respectively. From
the Curie-Weiss fitting, the estimated effective magnetic mo-
ments p.r; and Weiss temperatures © are p® =719 up
and ®©, = —0.02K for H || ab plane and H/iff =73 ug
and ®, = 5.18K for H || ¢ axis, respectively. The effective
moments are close to that of the Eu>™ magnetic moment
(7.9 up). The Curie-Weiss behavior deviates at low temper-
ature 7 < 150 K while applying magnetic field along the ¢
axis. The deviation from Curie-Weiss behavior can be caused
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by short-range spin correlation [26] and the crystal field
effect [27].

Here we can define the frustration parameter f by the
ratio between the Weiss temperature ® and Néel temperature
Ty, defined as f = |®|/Ty, which denotes the strength of
the spin frustration effect [28]. The frustration parameters for
two different field directions are f. = 0.682 and f,;, = 0.002,
respectively. The small value of f indicates the relatively
strong frustration effect along the ab plane. The positive ©,
indicates the weak ferromagnetic contribution along the c-axis
direction in EuBiTes.

The magnetization versus magnetic field M (H) at various
isothermal temperatures is measured for different crystallo-
graphic orientations. In order to see clearly, we scaled the
magnetic field by y = g,upJH /kgT, which is a scaling factor
in the Brillouin function [29]:

2J + 1 2J + 1 1
= + coth 2 — coth (1), @))
2J 2J 2J 2J

) = ———

where J = 7/2 for the Eu?>* atom. The M(H) data with
respect to applied magnetic field are presented in Fig. S2 of
the Supplemental Material [25]. For the paramagnetic region,
the magnetization versus scaled magnetic field for H | ab
[Fig. 2(c)] and H || ¢ axis [Fig. 2(d)] follows very well the
Brillouin functional behavior (dotted lines), indicating that the
stable Eu?* incorporated the spin alignment. The saturation
magnetic moments reach 7 up per formula unit, which also
supports the stable Eu>* ion. The saturation of magnetization
without a metamagnetic transition is also a very interesting
property in antiferromagnetic materials. It indicates that the
antiferromagnetic spin alignment becomes a ferrimagnetic
state not a spin-flip transition when increasing magnetic field
up to 6.8 T. For magnetic field higher than 7 T, the ferrimag-
netic spin alignment becomes ferromagnetic, which follows
the Brillouin functional form of magnetization. The ferrimag-
netic state is consistent with the small frustration parameter
and ferromagnetic contribution of the Weiss temperature ®,
from the Curie-Weiss fitting.

The linear relationship with increasing magnetic field up
to 7 T at temperatures below Ty is a typical behavior from
the antiferromagnetic molecular field interaction. It is note-
worthy that the small kink is observed at around =5 <y <5
(—1.5 <H < 15T)at2K only along the H || ab direction,
which is marked by arrows in Fig. 2(c), while just the linear
behavior with magnetic field is shown for the H || ¢ direc-
tion [Fig. 2(d)]. This slope change of linear magnetization
versus magnetic fields can be characterized by an in-plane
spin state transition. This kind of small kink was already
reported ori Zn;_,Mn, Te compounds [30]. The slope change
with magnetic fields can be interpreted as small clusters of
ferromagnetic ions, called a magnetic polaron.

The magnetic polaron can be defined by metastable
quasiparticles when magnetic ions favor a localized ferro-
magnetic coupling in the antiferromagnetic or paramagnetic
background [15,17]. The coupling is mediated by exchange
interaction between the bound carriers which are formed by
the impurity state in magnetic semiconductors. In EuBiTes,
the bound carriers may originate from a small amount of Eu**
valence. The small amount of Eu*" valence can be found in

the x-ray photoelectron spectroscopy (XPS) data (not shown
here), while any kind of defect or structure dislocation is not
detected by the single-crystal XRD refinement.

The magnetic polaron is also observed in the temperature-
dependent magnetic susceptibility y (T') for different applying
magnetic fields, as presented in the insets of Fig. 2. The insets
of Figs. 2(c) and 2(d) show x (T") curves under magnetic fields
of H= 0.1 T (black line) and 1 T (red line) along H || ab
plane and H || ¢ axis, respectively. From the inset of Fig. 2(d),
we can easily recognize a small upturn for H || ¢ axis under
H = 0.1 T, indicating a complex spin structure including
spin canting. In many cases, the small upturn of x(7) is
observed in samples that contain ferromagnetic impurities. We
do not find any impurity phases from the x-ray diffraction
and single-crystalline x-ray refinement with the four-circle
diffractometer. On the other hand, the magnetization versus
magnetic field shows stable antiferromagnetic behavior that
linearly increases with applying magnetic field. The small
upturn of y (T') with the stable antiferromagnetic background
along the c axis may be related to the magnetic polaron. The
magnetic polaron is a state of bound ferromagnetic clusters
under an antiferromagnetic background. The small upturn of
x(T) is not observed along the ab-plane direction, as plotted
in the inset of Fig. 2(c). The magnetic polaron contribution
along the H || ¢ direction is consistent with the ferromagnetic
Weiss temperature ®, along the ¢ axis.

The small upturn of magnetic susceptibility at low tem-
perature under the antiferromagnetic background can give
rise to the formation of a bound magnetic polaron. In or-
der to elucidate the magnetic property contributions to the
thermal property, we measured the temperature-dependent
heat capacity C,(T) as presented in Fig. 3(a). There is
a sharp A-type transition at Ty = 7.6 K, confirming the
long-range antiferromagnetic transition. C,(T') can be fitted
with the Debye model C, =yT + BT3, where y is the
Sommerfeld coefficient and § is the lattice contribution to
heat capacity, where y = 503.38 mJ mol~! K2 and g =
1.96 mJ mol~! K=*. The Sommerfeld coefficient is exceed-
ingly large compared with the antiferromagnetic insulator
Cdy0s,07 (y = 1.08 m] mol ™! K~?) [31], the metallic charge
density wave system SmNiC, (y = 8.0 mJ mol~! K=2) [32],
and even the heavy-fermion compound CePtAl,Ge, (y =
201.38 mJ mol~! K~2) [33]. The large value of y can be
caused by strong disorder [34], strong correlation between
electron and orbital ordering [35], and strong ferromagnetic
fluctuation [36]. It is noteworthy that EuBiTe; shows insu-
lating behavior in the electrical transport, as presented in
Fig. 4(a). Therefore, the large Sommerfeld coefficient is not
caused by the enhancement of effective mass but comes from
the strong ferromagnetic fluctuation. The high Sommerfeld
coefficient from strong ferromagnetic fluctuation in an elec-
trical insulator is also observed in Cu, (VO4)(OH), showing a
canted antiferromagnetic ordering with weak spin frustration
arising from the competition between antiferromagnetic and
ferromagnetic interactions [37].

In order to extract the magnetic contribution of heat ca-
pacity C,q,, We subtracted the lattice contribution of C,, as
depicted in the inset of Fig. 3(a) (red line). The magnetic
contribution of heat capacity versus temperature Cqg(T) in
the vicinity of antiferromagnetic transition is depicted in
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FIG. 3. (a) Temperature-dependent specific heat C,, of EuBiTes. The inset shows an expanded plot of C, at low temperatures (7' < 25 K).
The red line is the fitting result from C,(T) = ¥ T + BT°>. (b) Temperature-dependent magnetic heat capacity divided by temperature C,qe/T
where C,,,, is subtracted from the electronic and lattice heat capacity [inset of (a); shaded region, left axis] and magnetic entropy change AS,,,,
(right axis). The dashed line is the value of RIn(2S + 1) for S = 7/2. (c) Temperature-dependent inverse magnetic susceptibility x ~'(T") for
different crystalline orientations of H || ¢ axis (black square, sky blue line) and H || ab plane (open circle, pink line).

Fig. 3(b). From the magnetic specific heat, we can obtain the
magnetic entropy from the relation AS),,, = f (Cnag/T)HdT .
The estimated value of magnetic entropy is 14.44 J
mol~! K2, which is about 83% of theoretical value given by
Boltzmann’s law, AS = RIn(2S + 1) &~ 17.29 J mol ™' K2
for an § = 7/2 system, as presented in Fig. 3(b) (right axis).
The estimated value of S,,,, lower than theoretical expectation
implies that the magnetic transition is not purely from the
long-range magnetic interaction but from the competition
between long-range and short-range interactions.

The competing behavior between long-range and
short-range magnetic interactions can be identified in the
temperature-dependent  inverse magnetic  susceptibility
1/x(T), as depicted in Fig. 3(c). For H || ab plane (open
circles), 1/x(T) shows linear behavior with temperature
down to the antiferromagnetic transition temperature,
indicating a typical Curie-Weiss law. On the other hand,
for the inverse magnetic susceptibility along H | ¢ axis
(solid squares), the linear relationship deviates at high
temperature (about 100 K), which is a typical signature of
short-range correlation [38]. The anisotropic behavior on
the temperature-dependent inverse magnetic susceptibility
suggests that a short-range correlation is more significant
along H | ¢ axis than the case of H | ab plane. One
possibility of short-range correlation with ferromagnetic
fluctuation under the antiferromagnetic background is the
existence of a bound magnetic polaron.

When we measure the temperature-dependent electrical
resistivity p(T'), it exhibits unconventional behavior with
temperature. The inset of Fig. 4 presents a semilog plot of
electrical resistivity (log scale) versus temperature (linear
scale). Evidently, it is an insulator at low temperature with an
order of 10 k2 cm at 2 K, but it does not follow conventional

temperature dependence of a semiconductor: p = ppe 7. For
applied magnetic fields, p(T) is decreased with increasing
magnetic fields at low temperatures, indicating a negative
magnetoresistance (MR). The negative magnetoresistance at
high magnetic fields (H > 3 T) can be understood by the
decrease of electron-spin scattering due to the evolution of
spin alignment with increasing magnetic field from the an-
tiferromagnetic state, as shown in Fig. 2(a).

The isothermal magnetoresistance [p(H) — p(0)]/p(0)
with respect to applying magnetic field up to 13 T along the
c-axis direction is shown in Fig. 4(b) at temperatures below
50 K, as indicated. At low magnetic fields (H < 600 Oe),
the MR is increased with increasing magnetic fields for
T < 7 K, which might be associated with antiferromagnetic
transition. For magnetic fields higher than 600 Oe, the MR
significantly decreased with increasing magnetic fields at low
temperatures. Especially, a significant drop in MR saturates
at H > 8 T for T = 2 and 3 K. The negative MR at high
magnetic fields is increased with increasing temperatures but
still remains a negative value for 7 < 50 K.

The sharp increase of MR at low magnetic field and signif-
icant decrease of MR at higher magnetic field (H > 600 Oe)
at low temperature (T < 7 K) are similar to the crossover
between WL and WAL [39,40]. Recent investigation shows
that WAL is observed in Dirac semimetals and topological
insulators, induced by a relative Berry phase with respect to
time-reversed paths [41,42]. The weak localization is gener-
ally observed in trivial magnetic materials with broken time-
reversal symmetry. In the magnetic ion-doped Bi,Ses, a weak
antilocalization to weak localization crossover was observed
with respect to doping, temperature, and magnetic fields [39].
However, the topologically driven WAL to WL crossover is
not likely in this compound because this compound already
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FIG. 4. (a) Log-log plot of electrical resistivity versus tempera-
ture o(T") under various magnetic fields as indicated. The vertical line
is the Néel temperature. The inset shows the semilog plot of electrical
resistivity versus temperature without magnetic field. (b) Isothermal
magnetoresistance [p(H) — p(0)]/p(0) versus magnetic field rang-
ing from —13T < H < 13 T at the temperature, as indicated below
50 K.

has broken time-reversal symmetry; in other words, it is a
topologically trivial magnetic material.

This WAL to WL crossover behavior can be understood by
the competition between long-range antiferromagnetic order
and the short-range ferromagnetic cluster, namely, a bound
magnetic polaron. At low temperature and low magnetic
fields, the antiferromagnetic ordering gives rise to positive
magnetoresistance, while ferromagnetic clusters evolve when
we apply magnetic fields. Thermal activation at temperatures
higher than the Néel temperature can also maintain short-
range magnetic interaction, giving rise to a bound mag-
netic polaron. The negative magnetoresistance at temperatures
higher than Ty (up to 50 K) is consistent with the assumption
of short-range ferromagnetic cluster.

4.0x10* |

0.0 |-

-4.0x10" |

Ac (e2/h)

-8.0x10 |

90 °
-1.2x107° |
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FIG. 5. Angle-resolved magnetoresistance Ao with respect to
scaled magnetic field H sin6 for respective angles 6 between the
magnetic field direction and the ¢ axis. The dashed line represents
the longitudinal weak antilocalization fitting with the Al’tshuler and
Aronov model.

In order to elucidate the exotic MR behavior at low tem-
perature and low magnetic field, we measured angle-resolved
magnetoresistance at T = 2 K, as depicted in Fig. 5. In the
case of WAL in topological insulators, the two-dimensional
surface Dirac fermions gives rise to a WAL signal with a dip
at low magnetic field. The WAL signal is diminished by ap-
plying magnetic field along the in-plane direction [21,23]. On
the other hand, in this compound, the (WAL-like) crossover
behavior becomes significant for applying magnetic field to
the in-plane direction. It strongly indicates that the abnormal
magnetoresistance is caused by the magnetic polaron, as
discussed below.

As we mentioned above, magnetic polarons in EuBiTes
prefer ferromagnetic interaction along the c-axis direction
(AF or canted AF interaction along the ab plane). The WAL
can exist only under the TRS; however, the ferromagnetic
alignment breaks the TRS and gives additional magnetic flux.
The additional magnetic flux destroys the coherence of the
phase in the electronic wave function when electrons move
through a closed path on the ab plane; thereby, the WAL
diminishes when applying magnetic field along the ¢ axis. On
the other hand, because of the absence of additional internal
net magnetic flux due to antiferromagnetic interaction along
the ab plane, the closed electron path out of the plane can
have a phase coherence length longer than the in-plane one.

The WAL for applying magnetic field along the out-of-
plane direction in a two-dimensional surface state is explained
by the Hikami-Larkin-Nagaoka (HLN) theory as following
equation [43]:

B — o 1 B L ,
oB)=ash| v EJr4eBLg5 ~ Mgz ) | 2

where ¥ (x) is the digamma function, Ly is the phase coher-
ence length, and « is the parameter that is given by —1/2
per surface channel. On the other hand, when we apply
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magnetic field along the in-plane direction, the MR behavior
becomes complicated, so several models were proposed in
terms of sample thickness [24]. In the dirty-metal regime,
where the mean-free path /, is much smaller than sample
thickness d, the MR behavior is described by the Al’tshuler
and Aronov (AA) model [44]. In the case of the pure-metal
regime (I, > d), in contrast, the MR can be explained by
the Dugaev-Khmelnitskii (DK) model [45]. The crossover
between AA and DK was described by Beenakker and van
Houten [46]. Because the HLN model describes only a
WAL under magnetic field along the out-of-plane direction,
the generalized longitudinal magnetoresistance with quan-
tum correction term from the above models can be written

as [24]
e’ Bed?
In(1+—B?), 3
n2hn< * 4B, ) )

Aoj(B) >~ —
0)(B) s

where Ao (B) = 0. (B)) — 0, (0), ais 1/2 for WAL and —1
for WL at each surface channel, By is the dephasing field, and
d is the thickness of samples.

From the above general equation, each model is charac-
terized by the parameter §. The parameter 8 is 1/3 for the
AA regime (I, € d) and 1/16 (d « [,) for the DK regime.
When we take into account that our sample is not a film but
a bulk slab with a thickness of 0.19 mm, the insulating nature
of electrical transport suggests that the mean-free path is much
smaller than the sample thickness. Therefore, we surmise that
the MR of EuBiTejs is in the AA regime. The red dashed line
in Fig. 5 is the calculation result of the longitudinal MR curve
(H || in plane) from the WAL in the AA regime, which agrees
fairly well with experiment.

In dilute magnetic semiconductors with a typical magnetic
polaron, the negative magnetoresistance is observed over a
wide temperature range at temperatures higher than 7y. In that
case, the magnetoresistance is linearly scaled by (m/mm,)2
within the ML model, where m is the magnetization and
my, is the saturation magnetization at high magnetic field
[19]. This model is adapted with a self-trapped magnetic
polaron system regardless of the specific magnetic interaction
[47]. Furthermore, because the local distribution of magnetic
polarons can be treated as random hopping sites, we can
expect electrical transport in terms of random hopping in a
semiconducting background. The random scattering of trans-
port carriers allows a positive correction term in the resistivity
formalism. When we apply the magnetic field, the carrier
acquires an additional phase at each scattering processes, and
the resistivity is decreased when applying magnetic fields,
which is called weak localization [41,48].

The increasing MR for low magnetic fields and low tem-
peratures corresponds to the WAL. At high magnetic fields
and high temperatures, the bound magnetic polaron can in-
crease in size, giving rise to the decrease of hopping energy,
thus resulting in the negative magnetoresistance. This mag-
netic polaron scenario within the ML model fits relatively
well, as presented in Fig. 5(a). The negative magnetoresis-
tance linearly fits well with the ML model at the paramagnetic
state (in the range of 20 K < T < 50 K). Within the argument
of the ML model, the slope is a function of correlation
length &y, with Ap/p = (1/2kr&y)?>(m/ms, ), where & is the
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FIG. 6. (a) Magnetoresistance versus (m/m,, ) at two different
temperatures of 30 K (open squares) and 50 K (open circles). Lines
are fitted results with the Majumdar and Littlewood (ML) model.
(b) Logarithmic electrical conductivity versus 7 ~1/* of the EuBiTes
crystal without magnetic field. Bright green and red lines repre-
sent three-dimensional variable range hopping (VRH) and Efros-
Shklovskii-type (ES) transport, respectively.

order of separation between ferromagnetic clusters. In our
system, the correlation length between ferromagnetic clusters
increases with decreasing temperature.

The localized state of the bound magnetic polaron also
affects the electrical transport even under zero magnetic field.
The random distribution of polaronic hopping sites may give
rise to three-dimensional Mott variable range hopping (VRH)
as the relation o = ogexp (—Ty/T)" at sufficiently low tem-
perature, where n = 1/(d 4+ 1) for d-dimensional hopping
and T is the Mott temperature correlated with the localization
length, density of states, and electronic structure [49]. Efros
and Shklovskii (ES) argue that when long-range Coulomb
interaction is strong between localized electrons, the electrical
conductivity follows n = 1/2 in the ES VRH regime [50,51].
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Figure 6(b) presents the logarithmic electrical conductivity
versus 7174, At low temperature 7 < 50 K, it follows the
three-dimensional Mott VRH very well (sky blue line). On
the other hand, the logarithmic electrical conductivity follows
the ES-type VRH model such that n = 1/2 in the high-
temperature range (7 > 52 K). It is not likely to be the
one-dimensional VRH because it has three-dimensional bulk
crystals. Therefore, we believe that transport is dominated by
two distinguished physical origins in different temperature
regions. The ES VRH model indicates long-range Coulomb
interaction at high temperature (7 > 50 K), and it evolves
to random hopping of electronic transport via the three-
dimensional VRH mechanism at low temperature (7 < 50 K).
The temperature range is also consistent with the short-range
magnetic fluctuation in the inverse magnetic susceptibility
with temperature, as shown in the inset of Fig. 3(b). Therefore,
the existence of the magnetic polaron is attributed to the
abnormal behaviors of x(7"), M(H), negative MR, and the
electrical transport properties along the ¢ direction.

In the ES VRH mechanism, however, long-range Coulomb
interaction should open a band gap near the Fermi level. It
is very interesting that EuBiTe; should have one hole per
formula unit. Typically, many compounds containing Bi and
Te, such as Bi,Te; and BiTel, have charge valences with
Bi* and Te?", respectively. So we expected that one valence
electron would leave (EuBiTes;)™' because Eu has a Eu>*
state, as we confirmed by XPS measurement. Although the
metallic behavior is expected when we take into account the
charge valance, o (T') of EuBiTe; shows insulating behavior
with VRH transport. One possible scenario for the insulating
behavior of EuBiTe; is the Mott-type insulator due to strong
Coulomb interaction. It is reasonable because o (T") is de-
scribed by the ES VRH transport at high temperatures. It is
well known that many half-filling systems (S = 1/2) open a
band gap due to strong Coulomb interaction, which is the Mott
insulator [49,52,53]. The strong Coulomb interaction and
VRH transport in electrical transport suggest the possibility
that EuBiTes (S = 7/2) is a Mott insulator, which should be
investigated in further research.

IV. CONCLUSIONS

In summary, we synthesized a EuBiTes single crystal and
investigated the magnetic, thermal, and electrical transport
properties. The M(T) and M(H) curves showed antiferro-
magnetic interaction along the ab plane with a stable Eu>*
ion. Short-range ferromagnetic interaction, in other words, a
bound magnetic polaron, was revealed along the ¢ axis by the
small upturn of x(7) at low temperature, the deviation from
the Curie-Weiss law, and a magnetic entropy smaller than the
one for stable Eu>*.

The magnetic polaron was also supported by the uncon-
ventional negative magnetoresistance. The negative MR is
suppressed with increasing temperature due to a decrease of
the magnetic polaron size at high temperature. Interestingly,
we observed a WAL at low temperature in the low-magnetic-
field region. From the angle-resolved MR measurement, the
WAL becomes significant for applying magnetic field to
the in-plane direction. We can understand that the magnetic
polaron along the ¢ axis introduces an additional magnetic
phase which breaks time-reversal symmetry. The WAL of
longitudinal magnetoconductivity is well described by the
Al’tshuler and Aronov model, which is reasonable in bulk
crystals (small coherence length compared with sample size).
The magnetoresistance is scaled by (m/m, )* within the Ma-
jumdar and Littlewood model. It also supports the magnetic
polaron formation over a wide temperature range below 50 K.

Even though EuBiTe; should have one hole per formula
unit, the electrical conductivity exhibited strong localized
insulating behavior. At high temperature (7 > 52K), the
electrical conductivity follows the Efros-Shklovskii-type vari-
able range hopping model, while o(7") follows the three-
dimensional VRH model at low temperatures (T < 50K). The
change in transport mechanism can be attributed to the for-
mation of a magnetic polaron in a similar temperature range.
The ES-type VRH model indicates that EuBiTes has strong
Coulomb interaction. Therefore, the insulating behavior of
electrical transport in the compound can originate from a
Mott-type insulator.
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