PHYSICAL REVIEW B 107, 165138 (2023)

Giant negative magnetoresistance in the layered semiconductor CeTe,_,Sb,
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We report that the layered semiconductors CeTe,_,Sb, with low charge carrier density <2 x 10" cm™

3

exhibit giant negative magnetoresistance exceeding two digits at 2 K. The drastic decrease in electrical resis-
tivity is induced by the transition from the antiferromagnetic to the forced-ferromagnetic state with a wide
range of electrical resistivities [approximately 20 to (3 x 107) Q cm] in zero magnetic field. In contrast, the
negative magnetoresistance almost disappears in the low-resistivity sample with much higher carrier density
(~2.4 x 10%* cm™3). These results indicate that the observed giant magnetoresistance is driven by a substantial
change in the mobility of the magnetic polarons. In CeTe,_,Sb,, the charge carrier density is variable by several

digits by the substitution of Te with Sb. Consequently, the giant negative magnetoresistance is preserved within
a wide range of electrical resistivity as long as the magnetic polaron density is low enough that the magnetic
polarons rarely overlap each other. The magnetic polaron diameter is discussed using the samples’ carrier density.
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I. INTRODUCTION

A significant change in the electrical resistivity p of materi-
als as a response to an external magnetic field H demonstrates
advantages for the application to sensing and switching de-
vices [1]. This phenomenon, i.e., giant magnetoresistance, is
observed in various materials, and several mechanisms are
involved with this phenomenon [2-5]. In a magnetic field, a
compensated semimetal shows a dramatic increase in elec-
trical resistivity, reaching several digits at low temperatures
due to the cancellation of Hall voltage [6,7], while most of
the magnetic conductors show a decrease in resistivity (nega-
tive magnetoresistance) through the interaction between local
magnetic moments and itinerant electrons [8—18]. Although
there are various types of giant magnetoresistance materials,
it is difficult to widely tune the range of the electrical resis-
tivity in the same series of compounds, since it is primarily
determined by the total number of inside charge carriers. For
instance, the electrical resistivity of metallic compounds with
the large amount of charge carriers is insensitive to carrier
doping. Furthermore, the electrical resistivity range for ma-
terials showing giant magnetoresistance is limited, although
the electrical resistivity in Mott insulators is sensitive to finite
carrier doping [8].

Contrary to these systems, magnetic semiconducting ma-
terials with low carrier density are promising. In materials
with low-density electrical charge carriers, the formation of
quasiparticles, i.e., polarons, tends to reduce the mobility of
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charge carriers, since polarons induce a local lattice defor-
mation to gain an electrostatic energy by the electron-phonon
coupling. Similarly, a quasiparticle generated by the magnetic
interaction between surrounding magnetic moments is called
a magnetic polaron, forming local ferromagnetic clusters to
gain exchange energy [19]. In contrast to the lattice polaron,
the mobility of magnetic polarons is controllable by the exter-
nal magnetic field to align local magnetic moments. Therefore
electrical resistivity decreases with increasing magnetization
and saturates in the forced-ferromagnetic state. Moreover, the
magnitude of magnetoresistance, originating from the mobil-
ity change in the magnetic polaron, should be preserved in
a wide range of electrical resistivity as long as the magnetic
polaron density is low enough that the magnetic polarons
rarely overlap each other. Although several compounds have
been reported to display huge magnetoresistance exceeding
several digits using this mechanism [20,21], an examination of
the effect of the carrier density on the magnitude of the mag-
netoresistance has been lacking, and the relationship between
magnetization and electrical resistivity in the entire variation
process of the magnetization up to the forced-ferromagnetic
state has rarely been reported [22].

In this paper, we report that the layered semiconductors
CeTe,_,Sb, with low charge carrier density <2 x 10'8 cm~—?
exhibit a significant decrease in the electrical resistivity ex-
ceeding two digits at 2 K over a wide range of zero-field
electrical resistivities. In these samples, we observed a re-
markable relationship between magnetization and electrical
resistivity up to the forced-ferromagnetic state at various
temperatures. In contrast, the negative magnetoresistance be-
comes significantly smaller (3% at 9 T at 2 K) in the sample
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FIG. 1. Temperature dependence of (a) magnetic susceptibil-
ity at 0.1 T and (b) electrical resistivity ({ || [100]) of samples A
(CeTel_g3Sb0_17), B (CCT61_93Sb0_07), and C (CCTCI_31Sb()_69) down to
2 K in various magnetic fields along [001]. For the electrical resis-
tivity of sample A, the data in Ref. [27] are employed. The inset in
(a) shows the crystal structure and the magnetically ordered state at
the lowest temperature at O T. The inset in (b) shows the Arrhenius
plots of the electrical resistivities of the three samples.

with much higher carrier density (2.4 x 10 cm~—?). These
results offer strong evidence that the magnetic polaron mech-
anism is responsible for the giant negative magnetoresistance
in this system.

II. EXPERIMENT

Single crystals of CeTe,_,Sb, (x = 0.07, 0.17, and 0.69)
were obtained by the chemical vapor transport technique with
iodine as a transport agency. Single-crystal x-ray diffraction
was employed to analyze the layered structure consisting of
the magnetic insulating [CeTe(1)] layer and the semiconduct-
ing Te(2) layers [inset in Fig. 1(a)]. The inductively coupled
plasma method accurately determined the composition ratio
of each element. The electrical resistivity was measured using
the four-probe method. The gold paste was used for putting
the gold wire to the sample. We labeled the samples as sam-
ples A, B, and C in the order of magnitude of the electrical
resistivity at 0 T (from high to low).

III. RESULTS AND DISCUSSION

Figure 1(a) shows the magnetic susceptibility of the three
samples, samples A (x = 0.17), B (x = 0.07), and C (x =
0.69), in H || [001] and H || [100]. The steep increase in the
susceptibility in H || [001] below 10 K indicates the develop-
ment of the ferromagnetic correlation between intraplane Ce
ions with a magnetic easy axis along [001]. In addition, the
sharp decrease below ~2.8-4.0 K reflects the interplane anti-
ferromagnetic order as discussed in previous reports [23-27].
Figure 1(b) shows the temperature dependence of the electri-
cal resistivities of the three samples in various magnetic fields
along the [001] direction. At O T, two samples, samples A
and B, demonstrate the semiconducting behavior in the entire
temperature range below 300 K, but their electrical resistivity
values differ significantly. The resistivities of sample B are
one digit lower at 300 K and six digits lower at 2 K than
those of sample A. In contrast, the electrical resistivity in
the most conducting sample, sample C, is nearly temperature
independent. From the Hall resistivity measurements, carrier
density in samples B and C was calculated to be ~2 x 10'8
cm ™~ (electrons) and ~2.4 x 10?° cm ™3 (holes), respectively,
at 2 K [28], but it could not be determined in sample A because
of the significantly higher longitudinal resistivity. Therefore
the carrier density of sample A is considered to be much lower
than the other two samples and in the vicinity of the dilute
limit [29]. Note that only a small number of the doped carriers
contribute to the electrical conduction due to the energy gap of
the charge-density-wave state [25-27,30-33]. Below 10 K, the
electrical resistivity in samples A and B exhibits significant
magnetic field dependence, but not in sample C.

Figures 2(a) and 2(b) show the magnetization and electrical
resistivity, respectively, of the three samples in H || [001] up
to 2 T at 2 K. The semiconducting samples A and B show a
significant decrease in the electrical resistivity in H | [001]
above the ferromagnetic transitions. Notably, these two sam-
ples show similar temperature and magnetic field dependences
except for their zero-field resistivity value, as if these were
shifted vertically in the logarithmic display. In contrast, the
negative magnetoresistance is negligibly small in the most
conducting sample C with much higher carrier density. This
result is consistent with the magnetic polaron mechanism;
the magnitude of the magnetoresistance is determined by the
mobility change in the polaron, and the electrical resistivity
value depends on the charge carrier density [34]. Assuming
that the magnetic polaron density n of sample A is inversely
proportional to the magnitude of the electrical resistivity in the
forced-ferromagnetic state at 0.4 T and the average distance

between magnetic polarons is n~3, we plot p(0 T)/p(0.4 T)
as a function of 73 in the inset in Fig. 2(b). Here, n3 s 3300,
80, and 17 A for samples A, B, and C, respectively. Therefore
the magnetic polaron diameter £ is estimated to be 17 < § <
80 A in the isotropic three-dimensional model.

Next, we discuss the strong relationship between mag-
netization and electrical resistivity in the low-temperature
range, which captures the crucial characteristic of the mag-
netic polaron mechanism. As a prototypical example, we
show the magnetization and electrical resistivity of sam-
ple B (CeTe;93Sbpp7) at 2 K in the low-magnetic-field
range in Figs. 3(a) and 3(b), respectively. Those of samples
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FIG. 2. Magnetic field dependence of (a) magnetization and
(b) electrical resistivity (I || [100]) of samples A (CeTe; s3Sbg.17),
B (CeTel,%Sbom), and C (CeTel‘;ngbO‘(,g) at 2 K in a mag-
netic field along [001]. The inset shows the magnetoresistance
[p(0T)/p(0.4T)] as a functior} of the average distance between the

charge carriers estimated as n~ 3.

A and C are discussed in Ref. [27] and the Supplemen-
tal Material, respectively. In CeTe; 93Sbg g7, the interplane
antiferromagnetic order occurs below 4.0 K, and thus the
magnetization approaches nearly zero after cooling at zero
fields. In the magnetic-field-increasing process, the magne-
tization suddenly jumps at 0.2 T and reaches around 1/3
of its saturation value Mg, and it steeply increases again
from 0.25 T up to 0.35 T. After that, the magnetization al-
most saturates in the forced-ferromagnetic state. The observed
step structure in the magnetization suggests the collective
reorientation of the in-plane ferromagnetic moments, and the
~1/3Mjy at the first jump might be induced by the flip of
magnetic moments per three layers, such as up-up-down mag-
netic stacking along the ¢ axis at 0.2 T [35]. Corresponding
to the variation in the magnetization, the electrical resistivity
of sample B (CeTe; 93Sbgo7) drastically changes during the
first jump at 0.2 T [p(0.2 T)/p(0 T) = 1/7.5] and then further
decreases at the second jump [0(0.35 T)/p(0.2 T) = 1/54].
In the forced-ferromagnetic state above 0.35 T, the electrical
resistivity is essentially constant up to 7 T. Therefore the
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FIG. 3. (a) Magnetization and (b) electrical resistivity of sample
B (CeTe.93Sbg¢7) at 2 K in the low-magnetic-field range along [001].
The color (black, blue, and red) indicates the procedure of applying
the magnetic field.

negative magnetoresistance p(0.35 T)/p(0 T) reaches 1/405
in sample B through the transition from the antiferromagnetic
state to the forced-ferromagnetic state. Interestingly, the mo-
bility of charge carriers in the quasi-two-dimensional system
is significantly dependent on the long-range interlayer antifer-
romagnetic order.

A strong relationship between the magnetization and elec-
trical resistivity of sample B (CeTe; 93Sbgo7) is seen even
above the antiferromagnetic transition temperature (Ty =
4.0 K). Figures 4(a) and 4(b) show the magnetization and
the electrical resistivity measured at various temperatures in
H || [001], respectively. Below 10 K, the electrical resistivity
substantially decreases with increasing magnetization. Fig-
ure 4(c) shows the electrical resistivity as a function of the
magnetization in H || [001], obtained by the data in Figs. 4(a)
and 4(b). The electrical resistivities at various temperatures
nicely approach a constant value when the magnetization gets
close to saturation. This is clear evidence of the existence of
magnetic polarons in this compound.

Figures 5(a) and 5(b) show the magnetization and the
electrical resistivity in H || [100] along the magnetic hard
direction. In contrast to the case in H | [001], the magneti-
zation gradually increases and does not reach the saturation
value even at 7 T at 2 K. Correspondingly, the decrease in
the electrical resistivity is moderate, and the value at 7 T at
2 K is &~ 10 times higher than that in H || [001]. The large
anisotropy in the magnetization has been discussed on the
basis of the anisotropic interlayer p-f mixing model [34].
Here the ground state of the Ce 4f orbit in the magnetic
layers is determined by the symmetry of the unoccupied Te Sp
orbits (j, = j:%) in the conduction layers. Figure 5(c) shows
the electrical resistivity as a function of magnetization in
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FIG. 4. (a) Magnetization and (b) electrical resistivity of sample
B (CeTe,.93Sbyg 7) at various temperatures in H || [001]. (c) Electrical
resistivity as a function of the magnetization, in which the data in
(a) and (b) are used. The inset shows the magnified view to clarify
the saturation in the forced-ferromagnetic state.

H | [100]. Although the approach of the electrical resistivity
is rather insufficient due to the unsaturated magnetization, the
relationship is essentially the same as the case of H || [001].
These results demonstrate that the doped charge carrier by
chemical substitution, at least up to 2 x 10'8 cm™3, strongly
interacts with the local magnetic moment and produces a
magnetic polaron in CeTe,_,Sb,. The layered structure with
large hybridization between the Ce 4f orbit in the magnetic
layer and the Te 5p orbit in the conduction layer is considered
the key for the tunable magnetic polaron density and resultant
giant negative magnetoresistance.

IV. CONCLUSIONS

In conclusion, we have observed a strong relationship be-
tween magnetization and electrical resistivity in the layered
semiconductors CeTe,_,Sb, with a low carrier density <
2 x 10" cm~3 and discovered that the electrical resistivities
at various temperatures approach asymptotically to a con-
stant value in the forced-ferromagnetic state. Furthermore, we
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FIG. 5. (a) Magnetization and (b) electrical resistivity of sample
B (CeTe.93Sbg ¢7) at various temperatures in H || [100]. (c) Electrical
resistivity as a function of the magnetization, in which the data in
(a) and (b) are used.

demonstrated that the charge carrier density is controllable
by chemical substitution in CeTe,_,Sb,. As a consequence,
a significant decrease in the electrical resistivity exceeding
two digits was observed over a wide range of electrical re-
sistivities of around six digits in the sample with the lower
carrier density, while the negative magnetoresistance almost
disappears in the sample with higher carrier density of 2.4 x
10%° cm~3. These results indicate that the magnetoresistance
in CeTe,_,Sb, is caused by the mobility change of a magnetic
polaron and the huge amplitude of magnetoresistance is pre-
served as long as the magnetic polaron density is low enough
that the magnetic polarons rarely overlap each other.
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