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Giant nonreciprocal magnetotransport in bulk trigonal superconductor PbTaSe2
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We report giant bulk rectification in the bulk trigonal superconductor PbTaSe2. Nonreciprocal magnetotrans-
port originating from a vortex ratchet motion was successfully observed, showing a significant enhancement
during the superconducting transition, which is considered a model behavior for three-dimensional non-
centrosymmetric superconductors with strong vortex pinning. Moreover, an unprecedented sign change of
nonreciprocal transport was observed with increasing current, which indicates that the rectification effect can be
tuned by the current value as well as the magnetic field. The present results represent the rich vortex dynamics
and offer a principle for current control of rectification in noncentrosymmetric bulk superconductors.
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I. INTRODUCTION

The noncentrosymmetric superconductor [1,2] is an attrac-
tive material platform owing to a variety of exotic quantum
phenomena originating from the lattice symmetry breaking,
such as the parity mixing of Cooper pairs [3], helical states
[4], and Ising superconductivity [5,6]. Among them, non-
reciprocal magnetotransport, which indicates the directional
dichroism of the magnetoresistance or rectification effect
under a magnetic field originating from broken inversion
symmetry, has become recognized as an important probe
for charge dynamics and also an emergent functionality in
noncentrosymmetric conductors [7]. In noncentrosymmetric
systems, the electrical resistance generally depends on the
current direction under a magnetic field [8]. Such nonrecip-
rocal magnetotransport has been studied in artificial helical
structures or interfaces [9–13] and has recently been observed
in bulk crystals [14–16]. In a polar semiconductor [14,15]
and a chiral molecular conductor [16], a nonreciprocal signal
originating from their crystal structures has been confirmed.
It has been further clarified that intrinsic rectification effects
can also be realized in noncentrosymmetric superconduc-
tors [17–24]. Thus far, only a limited number of examples
including chiral WS2 nanotubes [17], two-dimensional su-
perconductors such as MoS2 [18,22], MoGe/yttrium iron
garnet (YIG) [19], FeTe/Bi2Te3 [20], SrTiO3 [21], and
NbSe2 [23] are known to show a rectification effect. In all
cases, nonreciprocal magnetotransport is enhanced within the
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superconducting region, and possible origins such as the
paraconductivity effect or vortex ratchet effect have been pro-
posed. In addition, their relations with the pairing symmetry
or quantum vortex dynamics are further discussed. However,
the identification and classification of the detailed mechanism
are still ongoing [24,25]. Moreover, because nonreciprocal
superconducting transport has been discovered only in low-
dimensional nanosystems with large fluctuations and weak
vortex pinning and three-dimensional bulk crystals showing
the nonreciprocal transport is missing, the observation of a
superconducting rectification effect in noncentrosymmetric
crystals in bulk forms is a promising way to further under-
stand this phenomenon and electronic states/vortex dynamics
in three-dimensional (3D) noncentrosymmetric superconduc-
tors.

In this Rapid Communication, we considered nonre-
ciprocal magnetotransport in a noncentrosymmetric layer-
structured superconductor PbTaSe2, which has trigonal
symmetry similar to that of two-dimensional (2D) su-
perconducting transition-metal dichalcogenides. The crystal
structure, band structure, and electronic properties of PbTaSe2

have been well studied previously [26–33]. Owing to its
unique noncentrosymmetric crystal symmetry [34] and large
spin-orbit interaction, PbTaSe2 has attracted broad interest as
a candidate of topological materials [26–33]. PbTaSe2 is also
known to be a noncentrosymmetric superconductor with Tc =
3.7 K. Anisotropic bulk superconducting behaviors with the
anisotropy parameter of Hab

c2 (0)/Hc
c2(0) = 5 were observed

[33], where Hab
c2 (0) and Hc

c2(0) are the critical magnetic fields
along the in-plane direction and out-of-plane direction, re-
spectively. Figures 1(a) and 1(b) show the top [Fig. 1(a)] and
side views [Fig. 1(b)] of the crystal structure of PbTaSe2.
It can be seen as an alternating stacking of Pb and TaSe2

layers along the c axis. One TaSe2 layer has trigonal sym-
metry similar to that of 2D MoS2 or NbSe2, thus breaking the
inversion symmetry along the in-plane direction [Fig. 1(a)].
Because the neighboring TaSe2 layers stack in the same
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FIG. 1. Crystal structure and superconductivity of PbTaSe2.
(a), (b) Crystal structure of PbTaSe2. (a) Top and (b) side views of
PbTaSe2 crystal. (c) Image of PbTaSe2 device (device 1). Current
flows along the longest axis of the exfoliated flake. Scale bar: 20 μm.
The inset shows the bulk crystal of PbTaSe2. Scale bar: 1 mm. (d)
Temperature dependence of the first-harmonic resistance. Under a
zero magnetic field, Rω becomes zero at approximately 3.7 K.

direction [Fig. 1(b)], the inversion symmetry is maintained
to be broken even in multilayer bulk PbTaSe2, which is in
significant contrast to 2H-MoS2 with a centrosymmetric struc-
ture in multiple layers. A comparison of the electronic states
of PbTaSe2 and metallic transition-metal dichalcogenides is
also discussed. Transition-metal dichalcogenides such as 2H-
NbSe2, TaS2, and TaSe2 are known to reveal charge density
wave (CDW) transitions, which can be tuned by various pa-
rameters [35–37]. In PbTaSe2, however, CDW instability is
eliminated by the intercalation of the Pb layer [32].

Owing to its layered crystal structure, we can obtain mon-
odomain PbTaSe2 flakes using an exfoliation method, and a
large current density is realized in them. This is highly ad-
vantageous for the observation of nonreciprocal transport. In
addition, the crystal structure of three-dimensional PbTaSe2,
which is similar to that of two-dimensional MoS2 or NbSe2

[18,22,23], offers an opportunity to compare the nonrecip-
rocal magnetotransport of these trigonal crystals and study
the effect of the dimensionality on the superconducting rec-
tification effect. Thus, PbTaSe2 is considered to be an ideal
candidate for studying bulk nonreciprocal magnetoresistance.

II. RESULTS

A. Transport properties of PbTaSe2 devices

We fabricated devices of exfoliated PbTaSe2 flakes with
two different geometries (devices 1 and 2). The thickness of
device 1 (device 2) is 80 nm (50 nm), which is still regarded
as bulk. The crystal orientations of the PbTaSe2 flakes were
determined from the shape of the sample edge. According to
a previous study [38], the straight line of exfoliated flakes of

transition-metal dichalcogenides such as MoS2 corresponds
to a zigzag edge. We expect that this conclusion can also
be applicable to similar layered trigonal crystals of PbTaSe2.
This claim for the crystal orientation was later confirmed in
another experiment by scanning transmission electron micro-
scope measurements [34]. Thus, the current is parallel to the
zigzag direction in device 1 [Fig. 1(c)], whereas the current
flows along the armchair direction in device 2.

We first checked the basic electric properties of these de-
vices through the first-harmonic components of the lock-in
signals. Figure 1(d) shows the temperature dependence of the
first-harmonic resistance (Rω ≡ V ω

I0
, where V ω and I0 are the

first-harmonic components of voltage in the lock-in measure-
ment and current magnitude, respectively) of device 1. Under
a zero magnetic field, it shows a superconducting transition at
approximately Tc = 3.7 K, which is consistent with previous
reports for large bulk samples [33]. The sharp transition at
approximately Tc under a zero magnetic field represents a
typical superconducting transition in bulk crystals, indicating
that the exfoliated flakes with several tens of nanometers can
still be regarded as bulk crystals. By applying a magnetic field,
the zero resistance is suppressed and the critical magnetic field
at T = 2 K is approximately B = 0.06 T as obtained from the
half value of the resistance in the normal state. It should be
noted that the superconducting transition is broadened as the
magnetic field increases. A similar broadening is frequently
seen in layered superconductors, most dramatically in high Tc

cuprates. This broadening is attributed to the vortex effect due
to its anisotropic layered structure. We believe that this vortex
effect is responsible for the nonreciprocal charge transport
observed in this study.

B. Nonreciprocal magnetotransport in PbTaSe2

To study the nonreciprocal magnetotransport in this com-
pound, we focused on the second-harmonic resistance (R2ω ≡
V 2ω

I0
, where V 2ω is the second-harmonic component of the

voltage in the lock-in measurement). The second-harmonic
ac measurement is generally used to probe the differ-
ence in the resistance depending on the current direction,
thus representing nonreciprocal electric transport [10–23]. In
Figs. 2(a)–2(c), we show schematic illustrations of the current
direction [Fig. 2(a)], and the magnetic field dependence of
Rω [Fig. 2(b)] and R2ω [Fig. 2(c)], of device 1 at T = 2 K.
The current is set to 60 μA. With an increasing external
magnetic field, the first-harmonic resistance changes from
zero to a finite value of approximately B = 0.06 T, which is
consistent with the temperature dependence of the resistance
under a magnetic field [Fig. 1(d)]. Accordingly, the longitudi-
nal second-harmonic resistance R2ω

xx , which is first negligibly
small in a zero-resistance state, shows a steep peak structure
during this transition, and is suppressed again in a normal state
in the high magnetic field region. This indicates that nonrecip-
rocal transport is largely enhanced during the superconducting
transition, similar to the previous cases of low-dimensional
noncentrosymmetric superconductors [17–23]. However, the
zero-resistance state under a magnetic field is extremely
fragile in previous cases owing to the weak pinning of the
vortices or quantum fluctuations, which are characteristics in
low-dimensional systems. Thus, the peak structure of R2ω is
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FIG. 2. Directional dependence of the second-harmonic magnetoresistance under two distinct device configurations. (a) Schematic
illustration of device 1. Current flows along the zigzag direction. (b) First-harmonic resistance Rω of device 1. (c) Second-harmonic resistance
R2ω of device 1. R2ω

xx and R2ω
yx represent longitudinal and transverse signals, respectively. Peak structures around the superconducting transition

appear in R2ω
xx . (d) Schematic illustration of device 2. Current flows along the armchair direction. (e) Rω of device 2. (f) R2ω

xx and R2ω
yx signals of

device 2. Peak structures can be observed in R2ω
yx .

broad, reflecting the gradual transition from a state of zero
resistance to a normal state in previous reports [17–23]. By
contrast, in the present case of PbTaSe2, the superconducting
transition is sharp and a steep peak structure appears near the
critical magnetic field, manifesting the model behavior of the
nonreciprocal magnetotransport in noncentrosymmetric bulk
crystals. The transverse second-harmonic signal R2ω

yx is close
to zero in this configuration [Fig. 2(c)], which agrees with the
trigonal symmetry and expected current direction.

Because a vortex flow is the main origin of the emergence
of finite resistance under the present condition, we can at-
tribute the observed nonreciprocal electric transport to the
vortex ratchet motion by the asymmetric pinning potential
[22,25]. Note that the magnitude of the rectification effect
is significant in this compound. The second-harmonic resis-
tance normalized by the first-harmonic resistance and the
current density i, that is, the value of R2ω

Rω i , is approximately
5.0 × 10−10 m2 A−1, which is far larger than that of 2D trigo-
nal superconductor MoS2 ( R2ω

Rω i ∼ 6.0 × 10−12 m2 A−1) with a
similar crystal symmetry [22].

Nonreciprocal superconducting transport was first discov-
ered in gate-induced 2D superconductivity in MoS2 [18],
which has a trigonal structure, the same as PbTaSe2. It is
well known that, in such highly crystalline 2D supercon-
ductors, the superconductivity occurs in a monolayer limit,
and the vortex pinning effect is rather weak. Therefore, in
conjunction with the large 2D fluctuation effect, the vortex
liquid state can be a ground state [39,40], where the vortex
motion is attributed to quantum mechanical tunneling creep

motion. Thus this state is called a quantum metal or failed
superconductor [41]. Recently, it was found that the nonre-
ciprocal response in this quantum metallic state, where vortex
flow occurs via a quantum mechanical tunneling, is dimin-
ishingly small, while it is enhanced in the classical vortex
flow region [22]. Since the vortex motion in 3D PbTaSe2

is also in the classical regime, the present result indicates
that an enhanced nonreciprocal response is highly likely at-
tributed to the larger pinning effect of the 3D superconductor
PbTaSe2 than that in the 2D superconductor, gated MoS2. It
should also be noted that noncentrosymmetric superconduc-
tors can have complex pinning states owing to the formation
of a fractional vortex or time-reversal symmetry breaking,
which might affect the above ratchet motion of vortices
[42–44].

To further confirm the intrinsic nature of the observed
nonreciprocal magnetotransport, we also investigated the non-
reciprocal transport of device 2 [Figs. 2(d)–2(f)] at T = 2 K,
in which the current flows along the armchair direction. The
current is set to 100 μA. Although Rω shows a similar mag-
netic field dependence as device 1 [Fig. 2(e)], the behaviors
of R2ω

xx and R2ω
yx are opposite between devices 1 and 2; a

large enhancement of the signal around the transition from
the superconducting phase to the normal phase was observed
as R2ω

yx instead of R2ω
xx , and the signals in R2ω

xx were absent.
This characteristic presence or absence of R2ω

xx and R2ω
yx signals

has also been observed in a 2D trigonal superconductor MoS2

[22], indicating that signals unambiguously originate from a
trigonal lattice symmetry.
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FIG. 3. Temperature dependence of the nonreciprocal magnetoresistance. (a) Rω
xx and (b) R2ω
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Next, we focus on the temperature dependence of the
rectification effect. The magnetic field dependences of Rω

xx
and R2ω

xx of device 1 at various temperatures are displayed in
Figs. 3(a) and 3(b), respectively. As the temperature increases,
the zero-resistance state shrinks, which causes a decrease in
the critical magnetic field. Correspondingly, the peak position
in R2ω

xx , which mostly coincides with the critical magnetic

field in Rω
xx, shifts to a lower magnetic field. In Fig. 3(c), we

plot the peak positions and peak values of R2ω
xx as a function

of temperature. Here, R2ω
xx is developed at below Tc, clearly

demonstrating the enhancement of nonreciprocal magneto-
transport in the superconducting state. In addition, we can
recognize the close correspondence between the peak value
of R2ω

xx and the peak magnetic field. This indicates that the
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(d), (e) Magnetic field dependence of (d) Rω
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signals are multiplied by 2 to make them clearly distinguishable. Error bars are estimated by the fluctuation values of the peaks and background
signals. In the low-current region, negative signals are dominant, whereas positive nonreciprocal signals develop by increasing the current.
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magnitude of nonreciprocal transport at each peak position
is proportional to the magnetic field, that is, the number of
vortices, which is consistent with the above scenario of the
vortex ratchet effect.

Finally, we investigated the detailed current dependence of
R2ω

xx and found an unprecedented sign change of nonreciprocal
transport with increasing current. In Figs. 4(a)–4(c), we show
the magnetic field dependences of Rω

xx (red) and R2ω
xx (blue)

under a current of 30, 300, and 1100 μA, respectively, as rep-
resentative examples. In the low-current region [ I = 30 μA;
Fig. 4(a)], both Rω

xx and R2ω
xx show similar behavior to that in

Fig. 2(c). If we increase the current, the zero-resistance state
in Rω

xx becomes narrower and the peak of R2ω
xx (peak 1) shifts

to a lower magnetic field with its magnitude being suppressed
similarly to the temperature dependence of Figs. 3(a) and 3(b).
At the same time, we observed another peak structure of R2ω

xx
(peak 2) with the opposite sign in a higher magnetic field re-
gion under a large current [Figs. 4(b) and 4(c)]. The magnitude
of the newly emerged positive signals becomes comparable
to that of the original negative signals under I = 300 μA
[Fig. 4(b)], and finally dominates R2ω

xx under I = 1100 μA
[Fig. 4(c)]. In Figs. 4(d) and 4(e), we summarize Rω

xx and R2ω
xx

of device 1 at T = 2 K under various current densities. Figure
4(f) shows the peak values of each signal as a function of the
current. This clearly indicates that there are two distinct con-
tributions to nonreciprocal magnetotransport, which become
dominant in different current or magnetic field regions.

III. DISCUSSION

In previous studies on superconducting films with arti-
ficially made asymmetric potentials, the sign-reversible su-
perconducting rectification effect has been observed [45–48].
The observed change in sign of the rectification effect was
attributed to the many-body effect of the vortices [45–48].
In the present study, a similar effect of interacting vortices
might contribute to the current-induced change in sign of R2ω

xx .
In the low-current region, only weakly pinned vortices flow
to avoid strongly pinned vortices, causing large nonreciprocal
magnetotransport. However, under a large current, all vortices,
including those originally pinned in the low-current region,

are driven by the Lorentz force, where the vortex motion is
affected by the vortex-vortex interaction and possibly leads
to a sign reversal of the rectification effect. By contrast, we
note that the value of Rω

xx, in the region where a positive
nonreciprocal magnetotransport signal appears, is larger than
half the values of the normal state. The effect of the amplitude
fluctuation of the superconducting order parameter, which is
discussed in the paraconductivity region [18], may not be
neglected in such a high resistance region under a normal
state.

IV. CONCLUSION

In summary, we observed nonreciprocal magnetotransport
in the noncentrosymmetric bulk superconductor PbTaSe2.
The second-harmonic magnetoresistance corresponding to
the intrinsic rectification effect is largely enhanced during
the superconducting transition and suppressed under zero-
resistance and normal states, which can be regarded as
textbook behavior in noncentrosymmetric bulk superconduc-
tors. A vortex ratchet motion with a large pinning potential
is a plausible origin. By increasing the current, a change
in sign of the rectification effect was observed, potentially
reflecting the crossover of the nonreciprocal magnetotransport
of different origins. The present results offer an effective
method of probing the vortex dynamics and current control in
noncentrosymmetric bulk superconductors. The study of non-
reciprocal magnetotransport in other noncentrosymmetric 3D
superconductors and the search for different mechanisms of
nonreciprocal magnetotransport are important future topics.
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