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Magnetoresistance and Shubnikov—de Haas oscillations in layered Nb;SiTe, thin flakes
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We present the magnetoresistance (MR) and Hall resistivity of layered ternary Nbs;SiTeg thin flakes with
magnetic field up to 33 T. The flakes show strong angle-dependent MR properties and unsaturated quasilinear
dependence accompanied with Shubnikov—de Haas (SdH) oscillations. Hall resistivity study demonstrates that
the hole carriers dominate the transport properties in the whole temperature range. The angle-dependent SdH
oscillations reveal a two-dimensional Fermi surface of Nb;SiTes. Furthermore, by analysis of SdH oscillations,
we observed a nontrivial 7-Berry phase in the SdH oscillations which suggests the nontrivial topological nature

of NngiTeﬁ .
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Research on two-dimensional (2D) atomic crystals is one of
the leading topics in condensed-matter physics and materials
science [1,2]. The excellent properties in 2D materials, such as
the high carrier mobility in graphene [3,4] and the large direct
band gaps in transition-metal dichalcogenides MoS, monolay-
ers [5,6], have attracted significant interest for their fascinating
electrical, optical, and mechanical properties. Recently, ternary
telluride compound Nb3SiTes has attracted attention. This
material has similar layered crystal structure with MoS, and
can be thinned down to one-unit-cell-thick 2D sheets using
microexfoliation technique [7]. It was found that a few-layer
Nb3SiTeg crystal shows unusual quantum transport properties
compared with its bulk crystals. Especially, an unexpected
enhancement of weak antilocalization signature was observed
in magnetotransport when the thickness is reduced below a
few unit cells thickness, indicating the theoretically predicted
suppression of electron-phonon interaction caused by the
crossover of phonon spectrum from 3D to 2D. However,
the detailed electronic structures including the information of
Fermi surface in layered Nb3SiTeg is still lacking. Moreover,
a recent theory work [8] suggested that Nb3;SiTeg bulk crystal
possess accidental Dirac loops and essential fourfold nodal
lines [9,10] in the absence of spin-orbit coupling (SOC), and
an hourglass Dirac loop [11,12] in the presence of SOC.
There is also no evidence of topological properties provided
by the Shubnikov—de Haas (SdH) quantum oscillations from
the transport measurement.

Here we present systematically magnetotransport studies of
Nb3SiTeq thin flakes exfoliated from bulk crystals, including
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angle-dependent magnetoresistance (MR) and Hall resistivity
measurements. We found that the MR exhibits unsaturated
quasilinear behavior with magnetic fields up to 33 T, accompa-
nied by the SdH quantum oscillations. Hall resistance results
suggest that the hole-type carriers dominate the transport
properties in the whole temperature range. By analysis of the
SdH oscillations, we observed a nontrivial w-Berry phase in
the SdH oscillations. The angular dependence of the oscillation
reveals a 2D nature of the Fermi surface in Nb;SiTeq. All
these transport results provide important information on the
electronic structures and the nontrivial topological nature of
Nb3 SiTe6.

The crystal structure of Nb3SiTe¢ is formed from the stacks
of sandwich layers which is similar to that of MoS,, as shown in
the inset of Fig. 1(a). In MoS,, each S-Mo-S sandwich layer is
composed of edge-sharing trigonal MoSg prisms [13], whereas
the Te-(Nb,Si)-Te sandwich layer of Nb3SiTeg consists of face
and edge-sharing NbTeg prisms and Si ions insert into the
interstitial sites among these prisms. The micaceous nature of
Nb3SiTeg allows it to be thinned down to atomically thin 2D
crystals by microexfoliation [ 14]. The Nb3;SiTeg single crystals
used in this work were grown via chemical vapor transport [7].
Here, the Nb3SiTeg thin flakes with different thickness were
obtained by mechanically exfoliating the bulk crystal, followed
by directly transferring onto Si/SiO, substrate. Hall-bar de-
vices were fabricated by standard electron-beam lithography
followed by a Au (80 nm)/Ti (10 nm) evaporation and lift-off
process. An image of a Hall bar device is shown in the lower
inset of Fig. 1(b). Transport measurements were performed
with a physical properties measurement system and the 35-T
dc-resistive magnet at the High Magnetic Field Laboratory in
Hefei, China.
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FIG. 1. (a) Longitudinal resistivity of Nbs;SiTes single crystal
in zero magnetic field for sample S1 (26 nm) and sample S2 (12
nm) from 2 to 300 K. The upper inset shows the crystal structure of
Nb;SiTes. The lower inset shows the scanning electron microscope
image of a Hall bar device used in the measurement process. (b), (c)
The MR with magnetic field applied perpendicular to the thin flake
at various temperatures for sample S1 (+ =26 nm) and S2 (r = 12
nm), respectively. (d) Angle-dependent MR at 2 K for sample S1
(t = 26 nm).

Figure 1(a) shows the temperature dependence of the
longitudinal resistivity py, at zero magnetic field for two
samples S1 and S2 with thickness of # = 26 nm and t = 12
nm, respectively. The temperature dependence of the resistivity
shows a metallic behavior, which is similar to the bulk crystals
[7]. Figures 1(b) and 1(c) show magnetoresistance of sample
S1 (¢t =26 nm) and S2 (r = 12 nm) with magnetic field
applied perpendicular to the flake at different temperatures,
respectively. The MR shows a semiclassical quadratic field
dependence in low-field range, while it becomes quasilinear
in high-field range for both samples. It can be noted that the
MR in sample S2 (~24% at 16 T and 2 K) is larger than
that in thicker sample S1 (~11% at 16 T and 2 K). The
unusual larger MR in thinner sample might be attributed to
the reduction of electron-phone interaction [7]. Furthermore,
no weak antilocalization effect was observed in our transport
measurements. This might be due to the fact that these samples
are not thin enough. Figure 1(d) shows the angle-dependent
MR by tilting the magnetic field from b-axis direction (6 =
0°) to parallel to the applied current (6 = 90°) in the (a, b)
plane. The MR decreases dramatically from 8.5% at 6 = 0° to
0.55% at 6 =90° under B = 16 T, indicating a significant
anisotropic MR with amplitude ratio up to 15. Such large
angle-dependent MR behavior suggests potential applications
in electric devices.

To further investigate the transport properties of Nb3;SiTeg,
we systemically measured the Hall resistivity at different
temperatures. The Hall resistance R, as a function of magnetic
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FIG. 2. (a), (c) Respectively, the Hall resistance R,, of sample
S1 (# =26 nm) and S2 (f = 12 nm) as a function of magnetic
field at various temperatures. (b), (d) Respectively, the temperature
dependence of the mobility and the carrier density. The insets show
the temperature dependence of the Hall coefficient Ry

fields for various temperatures of sample S1 (26 nm) and S2
(12 nm) is presented in Figs. 2(a) and 2(c), respectively. For
two samples, the Hall resistance R,, shows linear dependence
with the applied magnetic fields and the Hall coefficient Ry
extracted from Ry o R,, /B, as shownin the inset of Figs. 2(b)
and 2(d), remains positive in the whole measured temperature
range, indicating that the hole carriers are dominated in
the transport properties. Since the Hall resistance exhibits a
linear behavior, we can evaluate the carrier density by the
formula n = 1/Rye and the mobility u by the relationship
W= Ry/pyx, where e, o, and n are the electron charge,
zero field conductivity, and carrier density, respectively. The
obtained results are shown in Figs. 2(b) and 2(d) for samples
S1 and S2, respectively. With temperature decreasing, the hole
density n;, of both flakes S1 and S2 decreases monotonically
from 8.4 x10?' cm™3 and 4.3 x10*' cm~® at 300 K to
22 x10% ecm™ and 2.3 x10* cm™3 at 2 K, while the
corresponding mobility wu; increases gradually from 16.9
em? V71s™! and 103 em? V7ls™! at 300 K to 699.9
cm? V-'s7! and 304 cm? V~!s7! at 2 K, respectively. Thus
it can be found that during the reduction of sample thickness
from 26 to 12 nm, the carrier mobility decreases while the
density stays unchanged.

As shown in Fig. 1, the MR shows no saturation with
magnetic field up to 16 T. To verify such an unsaturated MR
being validated at even higher fields, we have performed MR
measurements using a dc-resistive magnet. Figure 3(a) presents
the angle-dependent MR for sample S2 (+ = 12 nm), in which
the R,, shows no saturation with fields up to 33 T. Above
20 T, resistance oscillations superimposed on the MR curves
can be resolved. After subtracting a three-order polynomial
background, the relative oscillatory component AR, versus
1/Bcosf was displayed in Fig. 3(b) at different angles. As
expected from the successive emptying of the Landau levels
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FIG. 3. (a) The longitudinal resistance R,, of sample S2 (t =
12 nm) as a function of magnetic field under different field orientation
angles 6. (b) The oscillatory component AR,,, extracted from R,,
by subtracting a smooth background, as a function of 1/B cos(#) at
various angles.

when the magnetic field is increased, AR, is periodic with
1/Bcosf. Above 6 = 20°, the oscillation is too weak to be
identified clearly. Below 6 = 20°, all the maximum (or min-
imum) of these oscillations appear at the same B, = B cos6
for all angles, providing evidence of a quasi-2D character of
the electronic state [15-18].

In order to obtain more information about the electronic
structure, we have investigated the temperature-dependent MR
under high magnetic fields, as shown in Fig. 4(a). Figure 4(b)
shows the relative oscillatory component AR, versus 1/B at
different temperatures for sample S2 (+ = 12 nm). As shown in
the inset of Fig. 4(a), a single oscillation frequency F = 263 T
is identified from fast Fourier transform (FFT) analysis of these
data. Thus we get the cross-sectional area of the Fermi surface
Ap is 0.025 Ad by using Onsager relation: F = (h/2me)Ar
[19], where A is the cross-sectional area of the Fermi surface.
The corresponding wave vector kr is 0.0895 A. To estimate
the cyclotron mass, we have fitted the temperature-dependent
FFT amplitude by the Lifshitz-Kosevich (LK) formula [20].

2n2kpTm*/eB

sinh (—Z”Zif’”*) '

ARxx(TvB)/ARxx(B = 0) 08 (1)

where kp is Boltzmann constant and m* is cyclotron mass.
By taking the oscillation amplitude of the peak B = 31 T,
the effective mass of the carriers m* is extracted to be 1.2
mg by performing a theoretical fit with the above equation
[Fig. 4(c)]. Thus the Fermi velocity v is 9.3 x 10* m/s calcu-
lated by vp = likp/m*, and the Fermi energy Er = m*v =
54.89 meV. The Dingle temperature Tp = i /2mkgty, which
is related to the quantum-scattering lifetime 7y is obtained
to be about 6.4 K based on Eq. (1) from the field-dependent
amplitudes of the quantum oscillations at fixed temperatures
as shown in the inset of Fig. 4(c). Hence, the corresponding
quantum-scattering lifetime is calculated to be 79 = 1.9 x
10~1s and the quantum mobility estimated by g = eﬂ;f
is 279.9 cm?V~!s~!, which is consistent with the mobility
estimated from the Hall data.

Recent theory work [8] suggests that Nb3SiTegs host acci-
dental Dirac loops and essential fourfold nodal lines in the
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FIG. 4. (a) Longitudinal magnetoresistance of sample S2 (¢t =
12 nm) at different temperatures with a maximum field of 33 T. The
curves are shifted for clarity. (b) The oscillatory component AR, as a
function of 1/B at various temperatures. (c) Temperature dependence
of the scaled oscillation amplitude at B = 31 T. The solid curves
are the fits to the Lifshitz-Kosevich formula from 1.8 to 7 K. The
inset shows the Dingle plot of the SdH oscillations at 7 =3 K.
(d) Landau-level index n extracted from SdH oscillations plotted as
function of the 1/B.

absence of spin-orbit coupling, and an hourglass Dirac loop
emerges in the presence of SOC. To seek the possible evidence
for relativistic fermions in Nb3SiTeq, we examined the Berry
phase accumulated along cyclotron orbits. For a Dirac material,
pseudospin rotation under a magnetic field should result in
a nontrivial Berry phase, which can be accessed from the
Landau-level (LL) index fan diagram or the direct fit of the
SdH oscillation pattern to the LK formula. For a 2D or quasi-2D
system with relativistic fermions, the intercept on the ny axis
of the LL fan diagram is expected to be 1/2, for which the
corresponding Berry phase is 2wng = cr [21]. In Fig. 4(d),
we have plotted the Landau index n as function of the 1/B.
Here the AR, peak positions in 1/B were assigned to be
integer indices and the AR, valley positions were assigned to
half-integer indices [22]. All the points almost fall on a straight
line, and the linear fitting gives an intercept —0.57(6), close to
the expected value of 0.5 for a 2D or quasi-2D system with
relativistic fermions [23].

In summary, we have performed magnetotransport study
on NbsSiTeg thin flakes under high magnetic fields up to
33 T. The MR shows unsaturated quasilinear behavior ac-
companied with SdH oscillations. The Hall resistance suggests
that hole-type carriers dominate the transport properties. The
angle-dependent SdH oscillations reveal a 2D character of the
Fermi surface of Nb3;SiTeq. We extracted a nontrivial -Berry
phase in the SdH oscillations which is consistent with the
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recent theory and suggest the nontrivial topological nature of
Nb3SiTC6.
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