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Recent theories predicted that 1T′-MoTe2 is a higher-order topological insulator (HOTI) exhibiting one-
dimensional (1D) conducting edge states, and that Td -MoTe2 becomes a HOTI with broken inversion symmetry
under strain or lattice distortion. Here, we report the transport evidence for 1D helical edge states in MoTe2

thin flakes. Under an in-plane magnetic field perpendicular to the current, Altshuler-Aronov-Spivak interference
of edge states is observed, in which the oscillating period corresponding to magnetic flux h/2e agrees with the
lateral cross-sectional area. The absence of Aharonov-Bohm interference stems from the helical nature of the
edge states. Temperature evolution of the fast Fourier transform amplitude is further obtained, indicating the
quasiballistic transport mode. Our work deepens the understanding of higher-order topological properties of
MoTe2, paving the way for further topological electronics.
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I. INTRODUCTION

Transition metal dichalcogenides (TMDCs) have broadly
studied in recent years as a playground for emerging quantum
effects benefiting from their exotic electronic structures [1–4].
As one of them, molybdenum ditelluride (MoTe2) has been
predicted as a two-dimensional (2D) topological insulator (TI)
in its monolayer 1T′ phase with inverted chalcogen p and
transition metal d bands [5], and as a type-II Weyl semimetal
in its Td phase [6–8]. Recently, the concept of topology in
condensed matter has been broadened above the Z2 parity
paradigm [9,10]. By analyzing the parity of the “elementary”
band representations of insulators [11,12], a Z4 index should
be adopted in the higher-order topological insulator (HOTI)
phase scenario [13–15]. Based on this Z4 index and Wilson
loop methods, the topology of XTe2 (X = W, Mo) electronic
structure has been restudied and identified within the higher-
order regime, i.e., the HOTI phase, in MoTe2 with both 1T′
and Td phases [16–18]. Signatures of the fast oscillation mode
of the critical current of edge supercurrent in MoTe2 bulk
materials have been reported [19].

Apart from resolving edge supercurrents, Aharonov-Bohm
(AB) and Altshuler-Aronov-Spivak (AAS) interference in
normal states are effective and convincing methods to man-
ifest the surface or edge transport in carbon nanotubes [20],
topological insulators [21–24], and Dirac/Weyl semimetals
[25,26]. Previous works have focused on nanowire systems,
taking advantage of their large surface to volume ratio to
enhance surface conduction contribution [27]. When applying
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a magnetic field B along the nanowire axis, circling carriers
around the perimeter accumulate a 2π�/�0 phase, where
� = BS is the magnetic flux threading through the cross-
sectional area S, and �0 = h/e is the magnetic flux quantum,
causing AB oscillation with a h/e period in magnetoconduc-
tance (MC) [28]. In the presence of pairs of time-reversal
paths, the magnetic flux is doubled, thus causing the AAS
oscillations with the h/2e period. The possibility of the AB
or AAS effect in three dimensions (3D) based on higher-order
topological edge states is predicted as a natural continuation
[29]. Under a perpendicular magnetic field, loops formed by
propagating one-dimensional (1D) edge states acquire a quan-
tum phase due to AB or AAS interference and exhibit periodic
oscillation in MC.

In this work, we report the AAS interference of 1D helical
edge states in MoTe2 thin flakes. Weak antilocalization (WAL)
is observed under an out of plane magnetic field, exhibiting
the transport features of 2D surface states in MoTe2. Nega-
tive magnetoresistance (NMR) is obtained under an in-plane
magnetic field with a parallel component along the current
direction, which is attributed to the Adler-Bell-Jackiw chiral
anomaly mechanism [30]. When applying an in-plane perpen-
dicular magnetic field, oscillations in MC are observed, of
which the fast Fourier transform (FFT) corroborates its AAS
interference frequency, in agreement with the lateral cross-
sectional area. Moreover, the temperature dependence of the
FFT amplitude offers evidence of a quasiballistic transport
channel.

II. EXPERIMENTAL METHOD

The MoTe2 thin flakes were first mechanically exfoliated
and then transferred onto a silicon substrate with a 285 nm
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FIG. 1. Characterization of the MoTe2 device. (a) An optical
image of the device. The MoTe2 thin flake is denoted by the yellow
dashed lines. Junction 1 is denoted by J1. Four-probe measurement
configuration is illustrated. (b) The TEM image of the cross section
of the device. (c) Enlarged TEM image of the region denoted by the
red dashed box in (b). The MoTe2 thin flake is about 7 nm thick.

SiO2 layer. The Ti/Pd electrodes were defined by electron
beam lithography and grown by electron beam evaporation
processes. Figure 1(a) shows the optical image of the MoTe2

device. The MoTe2 thin flake is denoted by the yellow dashed
lines. Junction 1 is denoted by J1. The four-probe method
is utilized to perform transport measurements, as shown
schematically in Fig. 1(a). A standard low-frequency lock-in
technique is used to measure the conductance in a commercial
dilution refrigerator with a base temperature of 10 mK. The
channel length L of junction 1 is about 1.3 µm. Figure 1(b)
shows the transmission electron microscope (TEM) image
of the cross section of the MoTe2 device fabricated by the
focused ion beam technique. The enlarged region denoted by
the red dashed box in Fig. 1(b) is shown in Fig. 1(c). The
layered structure of MoTe2 and electrodes Ti, Pd is clearly
observed. The thickness t of the MoTe2 thin flake is about
7 nm.

III. RESULTS AND DISCUSSION

An out of plane magnetic field Bz is applied to study
the MC of J1, and the results at different temperatures are
presented in Fig. 2(a), where �G(Bz ) = G(Bz )–G(0). Sharp
conductance peaks near zero magnetic field at different tem-
peratures are clearly seen. Similar effects were reported in
surface states of TIs [21,31–33] and TMDCs [34,35]. Con-
sidering the strong spin-orbit coupling in MoTe2 [36], WAL
causes a negative MC. The WAL behavior in MoTe2 is further
quantified by the Hikami-Larkin-Nagaoka (HLN) model [37],

�G(B) = −α
e2

πh

[
ln

(
h̄

4eBL2
φ

)
− ψ

(
h̄

4eBL2
φ

+1

2

)]
, (1)

where ψ (x) is the digamma function and Lφ is the phase
coherence length. Conductance correction �G(Bz ) is fitted
under a low magnetic field by the HLN formula (1), as
depicted by the dashed curves in Fig. 2(a). Temperature evo-
lution of the fitting parameters Lφ and α up to 1.46 K is
shown in Fig. 2(b). The coherence length Lφ is extracted to
be smaller than 300 nm at low temperatures, indicating the
diffusive transport of the surface states in MoTe2 (channel
length L ∼ 1.3 µm). The temperature dependence of Lφ obeys
an appropriate T −0.51 power law [denoted by the black curve
in Fig. 2(b)], which is consistent with theories of 2D electron
systems with nonexisting inelastic phonon scattering, where
T −1/2 dependence was commonly observed in TI nanoribbons
[32,38] in previous reports in the literature. The prefactor α is
fitted to be around −0.5 over the temperature range, consistent
with the theoretical value for a system with strong spin-orbit
interaction without magnetic scattering [37].

Magnetoresistance (MR) is further studied by applying
an in-plane magnetic field. A schematic of magnetic field
B direction is presented in Fig. 3(a), where ϕ is defined as
the angle between B and the current direction. ϕ-dependent
MR is shown in Fig. 3(b). For ϕ = 90◦, the resistance in-
creases with a superimposed oscillation from B = 0.3 to 1.0
T. As B gradually rotates towards the longitudinal direction

FIG. 2. Weak antilocalization (WAL) under out of plane magnetic field Bz in junction 1. (a) Conductance �G as a function of Bz at different
temperatures. �G = G(Bz )–G(0). The conductance correction due to WAL is fitted with the HLN model, as shown by the corresponding
dashed curves. (b) Temperature dependence of the phase coherence length Lφ (left axis, black symbols) and prefactor α (right axis, red
symbols) extracted from the fittings in (a). The fitted power law is denoted by the black curve.
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FIG. 3. Negative magnetoresistance (NMR) under an in-plane magnetic field with a parallel component along the current direction in
junction 1. (a) Schematic of the orientation of the in-plane magnetic field B. The angle between B and the x direction is defined as ϕ. (b)
Resistance as a function of B at several angles ϕ at T = 10 mK. Traces are shifted vertically for clarity with the offset of 35 	. (c) Angle
dependence of MR, where MR = [R(B = 1 T)–R(B = 0.3 T)]/R(B = 0.3 T).

(x axis), resistance decreases at a higher magnetic field. The
transition is plotted more apparently in Fig. 3(c), in which
MR is defined as [R(B = 1 T)–R(B = 0.3 T)]/R(B = 0.3 T).
NMR is obtained at all directions except the perpendicular
field (ϕ = 90◦). Considering the first-order structural phase
transition from the 1T′ to the Td phase in MoTe2 at T ≈ 260
K [39], the type-II Weyl semimetal property may contribute
to NMR behavior [6–8]. Under electric and magnetic fields,
the continuity equation of right- and left-handed Weyl nodes
takes the form of ∇ · jR,L+∂tρ

R,L= ± e3

4π2 h̄2c
E · B [40], re-

sulting in a nonconserving chiral charge if E · B �= 0. Chiral
anomaly thus induces the charge pumping between nodes of
opposite chirality at a rate proportional to E · B, giving rise
to a conductivity σ chiral = e2

4π2 h̄c
v
c

[eBcos(ϕ)v]2

E2
F

τ , resulting in the
NMR, where v is the Fermi velocity near the Weyl nodes,
EF is the chemical potential, and τ is the internode scattering
time [41]. With increasing parallel component Bcos(ϕ) , the
amplitude of NMR increases monotonically as B tilts towards
E [Fig. 3(c)], which is consistent with the chiral current
mechanism.

Under an in-plane perpendicular field By [ϕ = 90◦ as de-
fined in Fig. 3(a)], the AAS interference is observed and
presented in Fig. 4. After subtracting a smooth background,
clear oscillations of δG(By) at different temperatures are ob-
tained [Fig. 4(a)]. To extract the oscillation frequency, we take
advantage of the FFT. Figure 4(b) manifests the FFT spec-
trum at T = 50 mK, indicating a major frequency of 4.76 T−1

(period: 0.21 T). For the AAS interference with h/2e fre-
quency, this period corresponds to an area of 9.8 × 10−15 m2.
Considering that the thickness t of the MoTe2 flake is ∼
7 nm [Fig. 1(c)], the obtained lateral cross-sectional area is
consistent with the channel length L(∼ 1.3 µm), which indi-
cates that there are conductive 1D channels along the hinge,
as illustrated schematically in Fig. 4(c). The observed AAS
interference is reproducible in junction 2 (see Fig. 5 and
Appendix A). When applying an out of plane magnetic field
Bz, however, clear periodic oscillations are absent (see Fig. 6
and Appendix B). For edge states to form interference loops
under Bz, electrons must cross the width direction of the
junction, resulting in much longer paths that probably exceed
the coherence length of the edge states. Also, the magne-
toresistance of the conducting top and bottom surface states
contributes a notable background, which may dissimulate the
interference signals.

As for the in-plane perpendicular By field, the bulk and side
surface states are gapped out to a large extent due to the quan-
tum confinement effect, considering the thin flake’s thickness
(∼7 nm) compared to the mean-free path of Td−MoTe2

(∼100 nm) [42]. Thus, coherent quantum interference of 1D
edge states is highlighted. As for the absence of AB interfer-
ence, it indicates the helical nature of the edge states. For edge
states located at the same sidewall, the two right-propagating
paths on the top and bottom edges could not form AB interfer-
ence since they carry opposite spin [shown by red and black
arrows in Fig. 4(c)].
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FIG. 4. Altshuler–Aronov–Spivak (AAS) interference of 1D helical edge states in junction 1. (a) Conductance as a function of magnetic
flux � (converted from in-plane perpendicular magnetic field By) at various temperatures. δG is obtained by subtracting a smooth background.
Traces are shifted for clarity. (b) Fast Fourier transform (FFT) of δG (By) at T = 50 mK. The major peak located at 4.76 T−1 corresponds to
h/2e periodic oscillation. (c) Schematic of the helical edge states. Helical edge states with opposite spin propagating in opposite directions are
illustrated by red and black arrows, respectively. (d) Temperature evolution of FFT peak amplitude as a semilog plot. The fitted exponential
law is shown as the red line. Inset: FFT of δG(By ) for each temperature [colors correspond to (a)], showing the robust h/2e period. (e) δG as
a function of the perpendicular component of magnetic flux �y (associated with Bsinϕ) at different ϕ at T = 10 mK. Curves are shifted for
visibility.

To further demonstrate the periodicity, we convert mag-
netic field By into magnetic flux � in Fig. 4(a). At 10–100 mK,
peaks are located at the integer multiples of h/2e. Intriguingly,
conductance dips at the integer multiples of h/2e happen at
T = 150 mK, indicating a π phase shift. At T = 120 mK,
the phase shift is approximate π /2, which is considered an
intermediate state during the transition. Two subsequent tran-
sitions occur at 170 and 200 mK, respectively. Previously the
π phase transition in quantum interference was usually ob-
tained by tuning the Fermi level of TI [43] or Dirac semimetal
[26] nanowire systems. The sensitivity of the quantum phase
(0 or π ) to temperature here in MoTe2 may be attributed to de-
phasing by disorder or influence on Fermi energy by thermal
fluctuation [22,23], which was also observed in TI nanorib-
bons [33]. The FFT spectrum of δG(By) at each temperature is
plotted in the inset of Fig. 4(d), indicating the robust dominant
h/2e frequency. The temperature evolution of the FFT peak
amplitude at h/2e frequency is presented in Fig. 4(d). The
linear fit in a semilog plot gives an exponentially decaying
behavior, i.e., FFT amplitude ∼ e−bT , which indicates the
1D quasiballistic edge channel, as reported in TI [33,44] and
Dirac semimetals [26]. The deviation at T < 50 mK is prob-
ably due to negligible influence of thermal broadening on the
electron wave packets [45]. Another possible reason is that the
carrier temperature may differ from the lattice temperature,
resulting in an error at 10 mK. To further verify the edge
interference picture, δG as a function of magnetic flux at

several magnetic field directions ϕ is measured [ϕ defined in
Figs. 3(a) and 4(c)]. As shown in Fig. 4(e), the horizontal axis
is scaled into the perpendicular component �y and Bsinϕ. It
is observed that the oscillation peaks and dips are approxi-
mately aligned for ϕ = 80◦ and 90◦, indicating the dominance
of magnetic flux threading through the lateral side of the
MoTe2 flake, which provides additional evidence of the edge
interference. For ϕ = 70◦, misalignment and peak splitting
occurs, which is attributed to possible time-reversal symmetry
breaking effect induced by the longitudinal field component
Bcosϕ, thus suppressing the edge interference [46].

IV. CONCLUSIONS

In summary, we have demonstrated the transport properties
of the 1D higher-order helical edge states in MoTe2 by uncov-
ering the AAS interference. Under an in-plane magnetic field
perpendicular to the current, conductance oscillations with a
h/2e flux period are observed at low temperatures. Moreover,
it is found that the AB effect is absent, which is attributed to
the decoherence of electrons moving along the same direction
on two different edges, resulting from the helical edge states
carrying opposite spin. Further, the temperature dependence
of AAS interference suggests the 1D quasiballistic edge states.
Our work manifests the quantum interference properties of
higher-order topological states in MoTe2, paving the way for
further topological and spintronic devices.
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FIG. 5. AAS interference in junction 2. (a) MC at 10 mK in junction 2. A smooth background has been subtracted to obtain δG. (b)
FFT of δG(By ) in (a). The major peak at 4.91 T−1 reveals the AAS oscillation with the h/2e period. Inset: optical image and measurement
configuration of junction 2.
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APPENDIX A: AAS INTERFERENCE IN JUNCTION 2

Junction 2 with similar geometric dimensions (t ∼
7 nm, L ∼ 1.3 µm) has been studied. A pseudo-four-probe
measurement method is employed to perform the transport
measurements [inset of Fig. 5(b)]. Under an in-plane perpen-
dicular magnetic field By, the AAS interference of MoTe2 is
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FIG. 6. Magnetoconductance under an out of plane magnetic field in junction 1. (a) δG versus Bz. A smooth background is subtracted. (b)
FFT of (a). The major peak locates at 0.38 T−1. (c) δG versus 1/Bz. (d) FFT of (c).
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FIG. 7. Zero-field conductance and full range MR of junction 1. (a) Conductance G(B = 0) (left axis) and corresponding conductivity
σ (B = 0) (right axis) at temperatures below 1.5 K. (b) Resistance (left axis) and dR/dB (right axis) versus in-plane magnetic field from 0 to
1 T with different orientations. Resistance traces are shifted for visibility and the specific values are shown in (c). The derivative drops to 0
at approximately 0.3 T. (c) Resistance (left axis) and corresponding resistivity (right axis) under 0.3 T in-plane magnetic field with different
orientations.

repeatable in junction 2 (Fig. 5). As shown in Fig. 5(a), peri-
odic MC under By is observed at 10 mK. The amplitude is in
the same order of magnitude as junction 1. Taking advantage
of the FFT technique, a frequency of 4.91 T−1 is obtained
in Fig. 5(b), similar to junction 1 (4.76 T−1). The small fre-
quency difference comes from the slight distinction in the
channel length of the two junctions due to the limitation of
fabrication accuracy. Within experimental error, the observed
frequency is consistent with AAS oscillation, indicating 1D
helical edge states flowing along the hinges of MoTe2.

APPENDIX B: MC OSCILLATIONS UNDER Bz FIELD IN
JUNCTION 1

MC under out of plane magnetic field Bz is investigated in
Fig. 6. After subtracting a smooth background, MC up to 6
T is obtained in Fig. 6(a), which exhibits complex behaviors.
The amplitude of the oscillations is ∼ 0.1 e2/h, several times
larger than that under the in-plane field [Fig. 4(a)]. Here we
discuss the possible origins of the oscillations under the Bz

field. Applying FFT, the major peak locates at 0.38 T−1, cor-
responding to a period of 2.6 T [Fig. 6(b)]. If we translate this
value into area considering the AAS interference, the calcu-

lated area (∼ 10−3 µm2) is three orders of magnitude smaller
than the actual area (∼ 3 µm2), which rules out the origina-
tion from the edge interference. The aperiodic oscillations
and FFT spectrum are reminiscent of universal conductance
fluctuations (UCFs), which may originate from the transport
of the top and bottom surface states. We also consider the
possibility of Shubnikov–de Haas (SdH) oscillations. Conduc-
tance versus 1/Bz and its FFT spectrum is shown in Figs. 6(c)
and 6(d), respectively. From this data, we could not exclude
SdH oscillations as a possible origin, though the magnetic
field applied here is quite small to observe the SdH effect in
usual cases. The exact origin of the out of plane oscillations
needs further investigation.

APPENDIX C: ZERO-FIELD CONDUCTANCE AND
CRITERION FOR REFERENCE POINT IN NMR ANALYSIS

In Fig. 2, �G under the Bz field is studied after subtracting
the zero-field value G(B = 0), which is shown in Fig. 7(a).
Under 1.5 K, G(B = 0) is about 13.5 e2/h and decreases as
the temperature goes down. The corresponding conductivity
σ is calculated as GL/(Wt) and shown on the right axis, where
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L = 1.3 µm, W = 2.4 µm, and t = 7 nm are the correspond-
ing length, width, and thickness of the channel, respectively.

In Fig. 3, we study the MR with an in-plane magnetic
field with different orientation angles. A resistance dip near
zero magnetic field is found [Fig. 7(b)], which is attributed
primarily to the WAL effect. However, under a higher mag-
netic field, we find the signature of decreasing resistance for
all the in-plane fields except ϕ = 90◦, i.e., the perpendicular
one, which is consistent with the chiral anomaly mechanism in
Weyl semimetals. The competition between WAL and chiral

anomaly results in a nonmonotonic R-B behavior. To highlight
and focus on the field orientation dependent chiral anomaly
phenomena, in Fig. 3(b) we show the R-B curves outside the
WAL-dominating region, not starting from 0 T. The criterion
for choosing the reference of R(B = 0.3 T) is the boundary
of the resistance dip region with derivative dR/dB|0.3 T = 0,
as shown in Fig. 7(b). The resistance at 0.3 T is exhibited
in Fig. 7(c), which is around 2.11 k	 under 0.3 T in-plane
magnetic field. On the right axis, we present the resistivity
ρ = RW t/L.
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