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As an elemental semiconductor, tellurium has recently attracted intense interest due to its non-trivial band topology,
and the resulted intriguing topological transport phenomena. In this study we report systematic electronic transport stud-
ies on tellurium flakes grown via a simple vapor deposition process. The sample is self-hole-doped, and exhibits typical
weak localization behavior at low temperatures. Substantial negative longitudinal magnetoresistance under parallel mag-
netic field is observed over a wide temperature region, which is considered to share the same origin with that in tellurium
bulk crystals, i.e., the Weyl points near the top of valence band. However, with lowering temperature the longitudinal
magnetoconductivity experiences a transition from parabolic to linear field dependency, differing distinctly from the bulk
counterparts. Further analysis reveals that such a modulation of Weyl behaviors in this low-dimensional tellurium structure
can be attributed to the enhanced inter-valley scattering at low temperatures. Our results further extend Weyl physics into
a low-dimensional semiconductor system, which may find its potential application in designing topological semiconductor

devices.
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Tellurium (Te) is a narrow gap (~ 0.32 eV)[!?! semicon-
ductor with a noncentrosymmetric crystal structure formed by
one-dimensional (1D) van der Waals bonded chiral chains. As
a versatile material, Te has been widely studied for its in-
triguing electronic, optical, and piezoelectric properties.>=!
Recently, there is increasing attention to the exploration of
possible non-trivial topological properties of such an ele-
mental semiconductor.!'*'? This is due to the fact that
the strong spin—orbit coupling and broken inversion symme-
try make Te an ideal platform to realize bulk Weyl bands
and related Weyl physics.!!"”8] Actually, the existence of
Weyl points deep in the valence band has been experimen-
tally verified via angle-resolved photoemission spectroscopy
(ARPES) characterizations.[”) Theoretical studies further re-
vealed that a Weyl semimetal phase emerges in Te by clos-
ing its bulk bandgap under external perturbations like high

pressure, [1:7:8]

as evidenced by the observation of an anomaly
in Shubnikov—de Haas oscillations near the critical pressure
of topological phase transition.!!!) Furthermore, our previous

experiments!!3l demonstrated typical transport signatures of

DOI: 10.1088/1674-1056/ac0aSe

Weyl physics in self-hole-doped semiconducting Te crystals,
such as the negative longitudinal magnetoresistance (NLMR)
in the presence of parallel electric and magnetic fields. The
Weyl point located at ~ 0.2 eV below the valence band maxi-
mum is considered to be responsible for these observations. 3!
As a “Weyl semiconductor” combining the advantages of the
topological band structure and semiconducting character, Te
is a promising platform for both the fundamental research of
Weyl physics and the development of topological semiconduc-
tor devices.

Compared with bulk crystals, the fabrication of low-
dimensional structures facilitates the integration of Weyl
physics with modern semiconductor industry, as well as im-
proves the tunability of device performance via various mea-
sures, such as electrostatic gating, optical illumination, uniax-
ial strain, efc. The single elemental composition of Te is also
beneficial for the growth of low-dimensional structures with
high quality. On the other hand, the quantum confinement ef-
fect and the modified scattering processes in low-dimensional
Te may lead to Weyl transport features differing from the bulk
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counterpart. Related explorations will pave the way to deeper
understanding of Weyl physics. However, previous works on
low-dimensional Te mainly focused on basic electronic and
optical properties in 1D nanostructures,* and field-effect and
quantum transport performance in thin Te flakes grown by lig-
uid phase method.[!>14-19]

In this work, via a simple low-temperature physical va-
por deposition (PVD) method, high-quality single-crystalline
Te flakes are successfully fabricated. Systematic electronic
transport measurements are conducted on samples with typical
thickness of 30 nm—50 nm. In these self-hole-doped Te flakes,
negative magnetoresistance (MR) is observed under perpen-
dicular field in the low-field range, which can be explained
by the two-dimensional (2D) weak-localization effect. More-
over, large non-saturated negative MR under parallel field, i.e.
the NLMR effect, is observed over a wide temperature range.
This observation is ascribed to the chiral anomaly induced by
the Weyl band topology of Te, consistent well with the case of
bulk crystals.['3] Further analysis reveals that in such a low-
dimensional structure, details of the as-observed NLMR be-
havior are remarkably modulated, manifesting as the transition
from parabolic to linear field dependency of the longitudinal
magnetoconductivity (MC) with lowering temperature.

Figure 1(a) shows the chiral structure of trigonal Te, in
which the helical chains spiral around axes parallel to the ¢
axis and are arranged in a hexagonal array in the a—b plane.
The space group is P3,21-D} or P3,21-D§ depending on the
rotation direction of the helical chain. Te flakes are grown
on Si/SiO; substrates using the PVD technique (see Note 1
in the supplementary material for materials and methods), as
schematically shown in the inset of Fig. S1(a) in the supple-
mentary material. The typical morphologies of the as-grown
Te microstructures are shown in the scanning electron micro-
scope (SEM) image in Fig. 1(b) (see also Fig. S1(a) in the
supplementary material for the larger-scale image). It is clear
that two different types of Te microstructures are obtained,
i.e., the high-density microrods on the bottom and sparsely
distributed flakes on the top. The overall x-ray diffraction
(XRD) spectrum matches well with the standard powder XRD
pattern of trigonal Te (JCPDF card No. 36-1452), demon-
strating the crystalline quality of the samples. Normally, Te
prefers to grow along the ¢ direction to form 1D structures like
nanorods and nanotubes, due to its highly anisotropic crystal
structure. Te flakes are generally realized via high-temperature
vapor phase process[?"! or liquid phase method.['*'>! Here the
obtaining of thin flakes using such a low-temperature PVD
method may rely on the bottom microrods serving as special
nucleation sites. The in-plane size of the flakes can reach to
tenths of micrometers, and the thickness is normally around
tenths of nanometers, as typically shown in the atomic force
microscopy (AFM) image (Fig. 1(d)). Specially, clear atomic

step morphology can be probed in a portion of Te flakes
(Fig. S1(d) in the supplementary material), implying the 2D
growth mode. The high single-crystalline quality of these
flakes can be verified from the high-resolution scanning trans-
mission electron microscopy (STEM) image shown in the in-
set of Fig. 1(d), via which the surface of the Te flake is deter-
mined to be the a—c plane. The lattice parameters are deter-

minedtobea=5b=4.64 A, c=6.18 A.
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Fig. 1. (a) Crystal structure of trigonal Te. (b) SEM image of Te microstruc-
tures grown on a Si/SiO; substrate. The scale bar is 5 um. (c) Overall XRD
pattern of the as-grown Te microstructures. (d) AFM image of ~ 32-nm thick
Te flake (sample #1). The scale bar is 5 um. Inset: typical STEM pattern of
the Te flake. The scale bar is 2 nm.

To study the transport properties of the as-grown Te
flakes, a standard Hall bar device is then fabricated via the
standard electron beam lithography, and the optical image of
the device is shown in the inset of Fig. 2(a). During the
measurements the current is applied along the long axis of
the Te flakes. Below we will present the explicit results for
one particular flake (sample #1) with thickness of ~ 32 nm,
and the main features discussed below are also observed in
other samples (Fig. S2 in the supplementary material). Fig-
ure 2(a) shows the temperature (7')-dependent resistance (R).
With decreasing 7' from 300 K to 2 K, R decreases first and
then increases continuously, with the minimum occurring at
T ~ 140 K. Similar R-T behavior has also been seen in Te bulk
crystals,!'3] but the minimum of the R-T curve occurred at a
temperature nearly 100 K lower than that of the Te flakes here.
Hall data shown in Figs. 2(c) and 2(d) demonstrate that the Te
flake is hole-doped. Besides, the nonlinearity of Hall curves
becomes obvious at temperatures above 100 K (Fig. 2(d)),
which is most likely due to the two-carrier effect. For sim-
plicity, the carrier density is estimated via the linear fitting
of the Hall curve ranging from 12 T to 14 T, as detailed in
Note 2 in the supplementary material. Both the carrier den-
sity and mobility decrease with lowering temperature below

087304-2
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~ 30 K (Fig. 2(b)). This behavior can be ascribed to the car-
rier freeze-out effect, which is a common feature for semi-
conductors at low temperatures. [>!l Here the carrier freeze-out
effect means the carriers become localized around impurities
or defects at low temperatures, rendering the deionization of
the donors or acceptors. In other words, the thermal excita-
tion of carriers gets significantly suppressed, leading to the
reduction of both the carrier density and the mobility. There
are two possible origins accounting for the p-type nature of Te
flakes, i.e. surface accumulation layers>>?3 or bulk vacan-
cies serving as acceptors.!!3?*! However, the surface carriers
can hardly freeze out and the conductance should be nearly
constant at low temperatures,!?>%3 incompatible with our ob-
servations. In addition, the carrier density of this sample is
about two orders of magnitude higher than that of Te bulks
grown by a similar PVD method, which is most likely due to

the existence of larger amounts of Te vacancies.[!3?%
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Fig. 2. (a) Temperature-dependent resistance of the Te flake. Inset: opti-
cal image of the device. The scale bar is 5 um. (b) Temperature-dependent
carrier density and mobility. The carrier density is extracted from the linear
fitting of the Hall curve ranging from 12 T to 14 T. (c) and (d) Hall resistance
measured at different temperatures (vertically shifted for clarity).

Figure 3(a) shows the transverse MR (defined as (R (B) —
R(0))/R(0) x 100%) under perpendicular magnetic fields
across a temperature range of 2 K-200 K. Overall, typically
positive MR effect is demonstrated, with no signatures of satu-
ration at magnetic fields up to 14 T. The positive MR achieves
its maximum at ~ 140 K, and the value at 14 T is ~ 37%.
Notably, negative transverse MR emerges in the small field
regime (typically below ~ 2 T) at temperatures below ~ 30 K.
The magnitude of negative MR increases with decreasing tem-
perature, which is reminiscent of the weak localization effect.
Generally, for Weyl systems possessing non-trivial band topol-
ogy, weak antilocalization is more likely to happen.'?®! How-
ever, it has been theoretically predicted that increasing the
weight of inter-valley scattering will strengthen the localiza-
tion tendency, leading to the emergence of weak localization
effect.?®! Note that the occurrence of inter-valley scattering
requires a large momentum transfer that is usually induced by

atomically sharp defects like vacancies. For our Te flakes, the
Te vacancies could promote the inter-valley scattering, and
thus lead to the observation of the weak localization effect
at low temperatures. For further exploration, the transverse
MC (A (B) = o(B) — 6(B = 0)) is calculated and then fitted
using the following Hikami—Larkin—Nagaoka (HLN) formula

that describes the quantum corrections to the MC:[?]

e? <B )
AG(B)=o——F (=),
(B) 2n2h \ By
1 1
P =y (541 )+, M

where the factor & is normally equal to 1 (—0.5) for the case
of weak localization (antilocalization),?”! vy is the digamma
function, By = h/ (4eL%0) is the characteristic field related to
the phase coherence, and Ly is the phase coherence length.
As demonstrated in Fig. 3(b), low-field transverse MC at 2 K
can be well fitted via formula (1). In addition, the obtained
a (1.027) nearly equals 1, verifying the weak localization ori-
gin of the small field transverse MR. It is noted such weak
localization effect is only observed in the Te flakes rather than
the bulk crystals, which is probably related to the quantum
confinement.!”8! The extracted Ly at 2 K (~ 44 nm) is larger
than the sample thickness (~ 32 nm), further supporting the
2D character of the present Te flake.
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Fig. 3. (a) MR measured at temperatures ranging from 2 K to 200 K for B

perpendicular to /. (b) Low-field MC at 2 K and the corresponding HLN
fitting curve (dark blue line) using formula (1).

When the magnetic field is parallel to the current (B||I),
negative MR behavior is clearly demonstrated over the whole
measured field range (Fig. 4(a)). The NLMR effect degrades
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with increasing temperature due to the thermal effect, but re-
mains observable up to 200 K (Fig. 4(b)). At T =2 K and
B = 14 T, the highest negative MR of ~ 11.3% is obtained.
As is known, NLMR is rarely observed in a non-magnetic
material and can serve as one of the transport signatures of

29=411 In our previous work, 3! vari-

Dirac/Weyl materials.|
ous topological transport phenomena, including the NLMR,
the planar Hall effect, as well as the intriguing log-periodic
magneto-oscillations, were obtained in Te bulk crystals, and
can be well attributed to the nontrivial band topology. Due
to the broken inversion symmetry and strong spin—orbit cou-
pling, the crossings of spin-splitting bands lead to the forma-
tion of multiple Weyl points in the bulk bands of Te.!!:”:8]
Utilizing band structure calculations assisted by ARPES char-
acterizations, the Weyl point located at ~ 0.2 eV below the
valence band maximum can contribute a non-zero Berry cur-
vature around the Fermi level, and thus exerts significant im-
pact on the versatile topological transport behaviors.['3 For
the present Te flakes possessing higher hole density, the dis-
tance between the Fermi level and the Weyl point becomes
smaller, therefore the observed NLMR could be reasonably
attributed to the special Weyl bands. Moreover, the negative
MR at 0 = 0° (i.e., B||I, 6 is the angle between B and I) is
largely suppressed at & = 30° (Fig. S3 in the supplementary
material), further supporting its chiral anomaly origin.

10

Ao, (1S)
-
o
IS
5

B(T)

—5K —30K

100 K~ 140 K 200 K of — 10K —50 K

0 3 6 9 12 3 6 9 12
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Fig. 4. (a) MR measured at temperatures ranging from 2 K to 200 K for B||/.
(b) Temperature dependence of longitudinal MR at 14 T. (c) MC at 100 K-
200 K for BJ|I. Inset: parabolic fitting of MC at 100 K. (d) MC at 2 K-50 K
for B||I. Inset: linear fitting of MC at 2 K.

Figures 4(c) and 4(d) show the calculated longitudinal
MC (Ac(B) = 6(B) — o(B =0)) for B||I. Due to the absence
of the weak antilocalization effect and the negligible conven-
tional MR, the longitudinal MC is almost fully dominated by
the chiral anomaly. Moreover, the MC exhibits a unique field
dependence transition, i.e., B> dependency at high tempera-
tures (Fig. 4(c)), and linear field dependency at low tempera-
tures (Fig. 4(d)). Such transition has never been observed in
bulk crystals and is further supported by power law fitting of

the longitudinal MC at various temperatures (Fig. S4 in the
supplementary material).

In the theoretical work by Son and Spivak,[?! the chi-
ral anomaly induced longitudinal MC is proportional to B2 in
the semi-classical region, which has been widely observed in
topological semimetals,[2%-31-3436=391 while it turns into a lin-
ear field dependence in the quantum limit region. In Fig. 4(c),
Ao at high temperatures can be well fitted using a simplified
formulal®®! ¢ = 6y + a - B2, where o is the zero-field con-
ductivity, consistent well with the case in the semi-classical
region. However, the linear field dependence of Ac at low
temperatures (Fig. 4(d)) occurs over the full field range, which
thus cannot be interpreted by the quantum-limit origin. More-
over, the critical field for the quantum limit is estimated to be
~ 50 T at 2 K according to the extracted carrier density of the
sample, ! which further excludes the quantum-limit origin.

Note that in the theory developed by Son and Spivak, 40!
there is an important assumption that the intra-valley scat-
tering determines the transport performance while the inter-
valley scattering is negligible.[*”! Ji et al.1*3*4 further ex-
plored the effects of both intra-valley and inter-valley scatter-
ing induced by the screened Coulomb potential, and revealed
that the linear longitudinal MC is actually closely relevant to
the enhanced contribution of the inter-valley scattering. Con-
sidering the relatively high carrier density of Te flakes arising
from the large amounts of Te vacancies, the screened Coulomb
potential may effectively affect the magnetotransport behav-
iors by introducing both the intra-valley scattering and inter-
valley scattering.[*3l As the temperature decreases, the inter-
valley scattering takes a more important role in the transport
behavior, as evidenced by the emergence of weak localization
as well as the violation of Kohler’s rule (see Note 3 and Fig. S6
in the supplementary material), leading to a transition from
parabolic to linear field dependence of the longitudinal MC.
Even though detailed microscopic analyses are still needed,
the observation of linear longitudinal MC in low-dimensional
quantum-confined Te flakes is most likely due to the enhanced
contribution of the inter-valley scattering at low temperatures.

In summary, high-quality crystalline Te flakes are grown
through a simple low-temperature PVD method. Robust neg-
ative MR in parallel magnetic field is clearly demonstrated
and ascribed to the chiral anomaly induced by the Weyl band
structure of Te, consistent with the case for Te bulks. De-
tailed analyses reveal that the longitudinal MC experiences a
transition of the field dependence with varying temperatures,
which is suggested to originate from the modulation of Weyl
behaviors induced by the enhanced inter-valley scattering at
low temperatures. The realization of Weyl physics in such a
low-dimensional semiconductor system will definitely enrich
the study of topological materials, and also offer an ideal plat-
form for the development of high-tunable and easy-integrated
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topological electronic/optoelectronic devices in the future.
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