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ABSTRACT

Magnetoresistance measurements have been performed in CeTes thin film devices in a temperature range from 2.1 to 20K up to 8 T. A clear
Shubnikov-de-Haas oscillation was observed in the whole temperature range. The temperature dependence of the oscillation amplitude was
found to deviate from the Lifshitz-Kosevich formula below the magnetic transition temperature at Txi ~ 3 K. This indicates a significant
interplay between the magnetic ordering and the conduction electrons, which could lead to a modification of the effective cyclotron mass.
By analyzing the temperature dependence of the oscillation amplitude, we have estimated the effective mass, quantum lifetime and quantum
mobility of the material both in the paramagnetic and antiferromagnetic states.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/9.0000074

In recent years, van-der-Waals (vdW) materials have been
attracting much attraction in the field of magnetism. This is due to
the recent discovery of vdW ferromagnets, which have been found
to retain its magnetic order even when the dimensionality is low-
ered, even down to the atomic monolayer limit.'!** These materials
allow application of electronic gating. For example, the magnetic
transition temperatures can be tuned by gating even above room
temperature.”~” Furthermore, advanced stacking techniques allow
fabrication of multilayer spintronic devices with unique proximity
and interface effects.'"""”

In the emergence of these vdW ferromagnets, extending our
understanding to vdW antiferromagnets (AFM) is an important
task. Fundamentally, many interesting phenomena are theorized to
arise from low-dimensional AFMs, such as spin liquid states and
Kosterlitz-Thouless transition.!*"!° However, experimental stud-
ies had mostly been limited to bulk materials with pseudo-2D

conduction, with the exception of liquid helium. Exploration of vdW
AFMs would allow experimental research of various AFM spin sys-
tems down to its monolayer limit. Furthermore, the thin film fab-
rication allows implementation of antiferromagnets to spintronic
devices,'”?! which is a promising candidate for fast and robust
devices compared to the ferromagnetic counterpart.

We focus on a vdW antiferromanget CeTes, which is a mate-
rial in the family of rare earth tritellurides RTe; (R = Lanthanoid).
This family of materials have been studied extensively in bulk for
its charge density wave formation.””** In spite of the existence of
partial gaps in the momentum space, these materials possess highly
metallic conduction due to the Te bilayers, allowing electrical trans-
port measurements to be performed.”® Within this family of mate-
rials, CeTes also has two magnetic transitions at Tni » 3.0 K and
Tn2 ~ 1.2 K. The first transition at T\ is from a paramagnetic state
to a possibly short-range AFM state with an in-plane easy axis. The
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second transition at T'xz is from the short-range AFM state to a long-
range AFM order with an in-plane easy axis which is nonparallel
to the first AFM transition.”” CeTes possesses interesting magnetic
properties owing to the magnetic moment at the Ce site, as shown
in Fig. 1(a). Specifically, it has recently been reported that quantum
fluctuation can be induced systematically CeTe; by doping Se, lead-
ing to a different magnetic order with an out-of-plane easy axis.”®
Studies of CeTes thin films and Se-doped counterpart may eluci-
date roles of quantum fluctuation in atomically thin AFMs, and the
enhanced quantum fluctuation in thin films could lead to observa-
tion of quantum critical behaviour. However, the above results are
from the bulk structure, and thin film transport measurements had
not been performed so far. In our previous paper,”’ we reported suc-
cessful electrical transport measurements of CeTe; thin film devices.
Clear Shubnikov-de-Haas (SdH) oscillations were observed in a
temperature range between 0.4 and 4 K, and the analysis of the oscil-
lation indicated possible deformation of the Fermi surface below
T2 ~ 1.2 K. A weak magnetic hysteresis was also observed below
T, indicating a possible canting of the magnetic moments due to
the thin film fabrication. On the other hand, we were not able to
report detailed measurements above T in the previous paper due
to the measurement setup.”” The temperature T dependence of SdH
oscillation above T is highly desired, as this would allow determi-
nation of the conduction electron properties, such as the effective
cyclotron mass, quantum lifetime and mobility.

In this paper, we report magnetotransport measurements of
40 — 100 nm thick CeTes; devices in a temperature range from 2.1
to 20 K. Specifically, we have observed a low frequency SdH oscilla-
tion with a frequency of 34 T, which occupies roughly 0.15% of the
entire Brillouin zone. Such a small Fermi pocket likely exists due to
the Fermi surface reconstruction along with the charge density wave
formation. We then performed fast Fourier transformation (FFT)
for the observed oscillation, in order to analyze the temperature
dependence of the oscillation amplitude. A rapid enhancement of
the oscillation amplitude was observed below the first magnetic tran-
sition temperature Txi. In other words, the oscillation amplitude
deviates from the Lifshitz—-Kosevich (LK) formula below Tni. The
result indicates that the effective cyclotron mass could be enhanced
due to the interaction between the conduction electrons and the
magnetic order.

The thin film device was fabricated through the procedures
outlined in our previous report.” First, CeTe; thin flakes were
mechanically exfoliated onto SiO»/Si substrates using scotch tape.
Polymethyl-methacrylate (PMMA) resist was then spincoated onto
the substrates, and electrodes were patterned by using electron beam
lithography. After the development, Au electrodes were obtained
onto the CeTe; flakes through resistive heating vapor deposition and
subsequent lift-off process in acetone. It should be noted that the
device is sensitive to ambient air, and the quality deteriorates within
a few days. Therefore, all the fabrication processes have been per-
formed in a glovebox filled with 99.9999% Ar. The device was also
capped with PMMA after the liftoff process, in order to avoid any
further oxidization. The device was cooled using a commercial *He
cryostat system with a superconducting magnet. Electrical trans-
port measurements were performed through the standard 4-probe
method using a Lock-in amplifier.

In Fig. 1(b), we show the temperature dependence of the resis-
tivity p(T') of the device from 2.1 K up to 300 K, from which we can
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FIG. 1. (a) Crystal structure of CeTes;. Green and brown spheres represent
Ce and Te atoms, respectively. (b) Temperature dependence of the resistivity
p(T). The sharp drop in p(T) indicates the magnetic transition temperature at
Tyt ~ 3 K. The inset in (b) shows the temperature dependence of p(T) from
room temperature.

estimate the magnetic transition temperature as well as the device
quality. As already demonstrated in our previous measurements,”
the p(T') curve resembles that of bulk CeTes, with a sharp drop at the
antiferromagnetic transition temperature Tni » 3 K. The residual
resistivity ratio (RRR) at T » 2.1 K resulted in a value of 29.

Next, we measured magnetoresistance (MR) p(B) up to a mag-
netic field B of 8T in a temperature range from 2.1 to 20K. The
magnetic field was applied along the b-axis of the crystal, i.e., per-
pendicular to the plane [see Fig. 1(a)]. Figure 2 shows the MR with
p(B = 0) subtracted, i.e., Ap = p(B) — p(B =0). A clear SdH oscil-
lation was observed in the whole temperature range. The ampli-
tude of the oscillation decreases with increasing temperature. We
note that the absolute amplitude of the SdH oscillation was smaller
than our previous measurements.”” This is likely due to the device
quality, as the RRR of the present device is roughly half, compared

Ap [uQcm]

BT

FIG. 2. MR measurements of the 100 nm thick CeTe; thin film from 2.1K up to
20 K. The magnetic field was applied parallel to the b-axis of the crystal.
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FIG. 3. FFT of the SdH oscillation of the 100 nm thick CeTe; device at different
temperatures. The color labels are the same as in Fig. 2. The inset shows Ap’
versus the inverse of the applied field. The oscillatory part Ap” of the MR has
been extracted through subtraction of polynomial background for Ap in Fig. 2.

to the previous devices. However, a clear quantum oscillation per-
sists over a relatively wide range of temperatures, enabling detailed
analysis.

SdH oscillations are periodic to the inverse of the applied field,
and the temperature dependence of the oscillation amplitudes pro-
vides insight into the characteristics of the conduction electrons
present in the material. Therefore, we have plotted the observed SdH
oscillation as a function of the inverse of B and performed FFT,
as shown in Fig. 3. A single frequency peak has been obtained at
34 T. The FFT amplitude decreases as the temperature is increased.
This result is consistent with our previous work:* the low frequency
quantum oscillation occupies only 0.15% of the entire Brillouin
zone, which likely originates from Fermi surface deformation due to
the incommensurate charge density wave periodicity. The existence

(a)

scitation.org/journal/adv

of a small Fermi pocket has been observed in a number of rare-earth
tritellurides with charge density wave formation, including GdTes”°
and LaTes,” and it seems to be a relatively common feature that
exists in the conduction at the Telluride bilayers. In general, SdAH
oscillations are described using the LK equation,
’ AB)T “A(B)Tp F 1
8P Gah(A(B)T) C°s{2”(3 2 +ﬁ+5)}’ M

where Ap’ is the oscillatory part of MR, Tp is the Dingle tem-
perature, F is the frequency, 278 is the Berry phase, and 6 is a
phase shift which is 0 and i% for 2D and 3D systems, respectively.

A(B) = (2°kgm*)/(heB), where kg is the Boltzmann constant, m*
is the effective cyclotron mass, % is the reduced Plank’s constant,
and e is the elementary charge. At a constant applied field By, the
amplitude of the SAH oscillation attenuates as a function of T with a
factor of A(By) T/sinh(A(By)T), and a fit of this function to the FFT
amplitude allows for the estimation of the effective cyclotron mass
of the electron. The mean value of the analyzed magnetic field range
By »~ 5.5 T was used for the FFT fit.

Figure 4(a) shows the temperature dependence of the FFT
amplitude for different devices. First, we discuss the behavior
observed for the 100 nm thick device. At temperatures above Txi,
the FFT amplitude follows the attenuation behavior described in the
LK formula. Meanwhile, the behavior deviates below the magnetic
transition temperature T, with FFT amplitudes rapidly increas-
ing roughly by a factor of 3 in a temperature range between 2.1
and 4K. The deviation from the LK formula below Ty; has also
been observed previously in related materials such as GdTes, how-
ever its behavior is notably different. In GdTes,”® the FFT ampli-
tude was observed to reach a plateau under its magnetic transition
temperature. On the other hand, a rapid enhancement of the FFT
amplitude was observed below Tx; in CeTes. In the temperature
dependent attenuation function of the LK formula [i.e., the pref-
actor of Eq. (1)], the only free parameter is the effective cyclotron

(b)
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FIG. 4. (a) Temperature dependence of the FFT amplitude. The green and blue lines show the best fits to the temperature dependent part of the LK formula below and
above the magnetic transition temperature for the 100 nm thick CeTe; device. Different markers show the FFT amplitudes for devices of two different thicknesses (40 and
55nm). The amplitudes were normalized by the amplitude of the LK fit for the 100 nm device at 4 K. (b) Refitting of the LK formula to the data at T = 2.1 (triangle) and
3.1K (circle), respectively. The vertical axis is shifted for clarity.
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mass. Therefore, the natural conclusion would be that the effective
cyclotron mass of the conduction electrons are somehow modified
due to the interaction between the magnetic ordering of CeTe; and
the conduction electron. Therefore, a separate fit of the attenua-
tion function has been made for temperatures below T'ni. The green
and blue curves shown in Fig. 4(a) are the fits to the attenuation
function below and above Txi ~ 3 K for the 100 nm thick device. It
should be noted that this enhancement of the amplitude below T
is reproducible with multiple devices of different thicknesses (40 and
55 nm). For both devices, the FFT amplitude is enhanced below Txi
roughly by a factor of 2, clearly deviating from the paramagnetic

fit.

Using least squares fitting to the attenuation function, the effec-
tive cyclotron mass m* can be obtained: above T\, m* ~ 0.061m,
and below Txi, m”* ~ 0.43m, where m, is the electron rest mass.
Interestingly, m”* is enhanced by a factor of 7 below Tx1. One possi-
bility for the origin of the enhancement could be attributed to the
strong RKKY interaction in CeTes.”"*” The conduction electrons
could be bound near the Ce sites due to the strong RKKY interac-
tion, resulting in an enhanced effective mass, although further study
is required to fully explain this phenomenon. With an estimate of the
effective mass, the oscillatory part of the MR can be refitted by the
LK formula, as shown in Fig. 4(b). From this fitting, we can estimate
the Dingle temperature Tp and the phase shift $+ 6. f+ pro-
vides information about the topology of the band structures, while
Tp enables us to calculate quantum lifetime and mobility, i.e., how
much the conduction electrons are scattered and how well defined
the Landau levels are. We obtain Tp =32 K and f+ 6 =1.1 for
3.1K,and Tp =2.2Kand 8+ § = —0.13 for 2.1 K. The value of f + §
is close to 1 or 0 in both paramagnetic and antiferromagnetic states,
which indicates a Berry phase of 27 and a topologically trivial band
structure. The estimations of quantum lifetime and mobility given as
7q = h/(2nksTp) and p, = ety /m* respectively are 3.8 x 10* s and

1100 cm*V~'s™" for the paramagnetic state and 5.5 x 107" s and
2300 cm®*V~'s™! for the antiferromagnetic state. These values are
quantitatively consistent with those of bulk GdTe3;** with the mobil-
ity of 1200 — 2000 cm*V~*s™!, Although the effective cyclotron mass
increased under the antiferromagnetic state, Tp decreased under the
magnetic order, resulting in a larger quantum lifetime and mobility
in the antiferromagnetic state compared to the paramagnetic state.
The increase in the mobility of the electrons possibly originates from
the loss of paramagnetic scattering, also observed as a large drop in
p(T) below T [see Fig. 1(b)].*

In conclusion, we have performed MR measurements on 40 —
100 nm thick CeTes devices in a temperature range from 2.1 to 20
K. A clear SdH oscillation was observed in the whole temperature
range. From the FFT analysis, we found a single frequency peak at
B =34 T. The temperature dependence of the FFT amplitude was
found to deviate below the magnetic transition temperature T,
indicating modification of the conduction electron effective mass
below Tni. Therefore, the effective mass was estimated indepen-
dently at the paramagnetic state and antiferromagnetic state. Based
on this assumption, we obtain m”* = 0.061m, in the paramagnetic
state and m* = 0.43m, in the antiferromagnetic state. This could be
attributed to the strong RKKY interaction present in CeTes;. Mean-
while, the quantum mobility was estimated to be 1100 cm*V™'s™
for the paramagnetic state and 2300 cm®V~'s™! for the antiferro-
magnetic state. The increase in mobility below Txi could be linked

ARTICLE scitation.org/journall/adv

to the large loss of paramagnetic scattering in the antiferromagnetic
state.

The cell structure of CeTe; was visualized using VESTA.*
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