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We demonstrate gate-tunable giant field-dependent nonreciprocal transport (magnetochiral anisotropy) in a
noncentrosymmetric superconductor 73-MoTe; in the thin limit. Giant magnetochiral anisotropy (MCA) with
a rectification coefficient (or a figure of merit) y = 3.1 x 10® T~ A~' is observed at 230 mK, below the
superconducting transition temperature (7;.). This is one of the largest values reported so far and may be attributed
to the reduced symmetry of the crystal structure. The temperature dependence of y indicates that ratchetlike
motion of magnetic vortices is the origin of the MCA, as supported by our theoretical model. For bilayer (2 L)

T4-MoTe,, we can successfully modulate y by gating. Our experimental results provide a new route to realizing
electrically controllable superconducting rectification devices in a single material.

DOI: 10.1103/PhysRevResearch.6.013132

I. INTRODUCTION

Recent intensive studies on nonreciprocal transport have
revealed the potential of using noncentrosymmetric materials
or inversion-symmetry-breaking multilayer structures to de-
velop novel rectification devices based on superconducting or
Josephson diode effect [1-3]. In systems with broken inver-
sion and time-reversal symmetries, Onsager’s reciprocal theo-
rem allows the electrical resistance to be different for opposite
current directions. This is called magnetochiral anisotropy
(MCA), which leads to the rectification effect [4-6].

Broken inversion symmetry is more beneficial in super-
conductors. Rectification via ratchetlike motion of magnetic
vortices was reported more than a decade ago for supercon-
ductors with asymmetric artificial magnetic nanostructures
or with asymmetric antidots as an asymmetric pinning po-
tential [7-12]. These previous works revealed that as the
asymmetry of the pinning potential for magnetic vortices
becomes stronger, rectification becomes more efficient. Re-
cent studies have pointed out that the ratchetlike motion
of magnetic vortices is also possible in unpatterned non-
centrosymmetric superconductors and provides large MCA
[13—16]. In such systems, the asymmetry of the crystal struc-
ture intrinsically induces asymmetric pinning potential. In
contrast to superconducting films with artificial structures,
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noncentrosymmetric superconductors do not require com-
plex fabrication processes, offering more facile accessibility
to nonreciprocal transports. However, previous reports on
MCA in noncentrosymmetric superconductors has mostly
concentrated on those with trigonal symmetry [14,15,17-19],
and other crystal symmetries have been poorly investigated.
Toward more efficient rectification via MCA, it is essential to
explore noncentrosymmetric superconductors with different
symmetries, especially with lower crystal symmetry than trig-
onal symmetry. Furthermore, regarding future technological
applications, facile electrical control of nonreciprocal signals
is required, but no previous reports have addressed gate mod-
ulation of superconducting MCA.

In this study, we demonstrate gate-tunable giant MCA in
a noncentrosymmetric superconductor 7g-MoTe, in the thin
limit. 73-MoTe; lacks inversion symmetry and, for thin layers,
has only one mirror plane normal to the b axis as shown
in Fig. 1(a). This reduced symmetry of the crystal struc-
ture may make the pinning potential for magnetic vortices
highly asymmetric, which can contribute to generating large
MCA. From the MCA measurements under a perpendicu-
lar magnetic field in few-layer 73-MoTe, samples below T,
we obtain the rectification coefficient, i.e., a figure of merit
y = 3.1 x 10 T"'A~! at 230 mK, one of the largest values
among those reported so far. The monotonic increase in y
with decreasing temperature indicates that the giant MCA
is due to the ratchetlike motion of magnetic vortices in the
mixed state of the type-II superconductor [13]. Interestingly,
despite that 7y-MoTe, is a semimetal, in the 2 L sample we can
successfully modulate the MCA via an external gate voltage
and demonstrate the modulation of y. This ability to produce
a large variation in the nonreciprocal resistance by changing
the gate voltage may provide key insights into the mechanisms

Published by the American Physical Society
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FIG. 1. (a) Top view of the crystal structure, in which broken
inversion symmetry is evident. For thin layers, only one mirror
plane is present. (b) Optical microscope image of a 4 L device. A
thin 73-MoTe, flake is deposited on metallic contacts prepared in
advance. (c¢) Temperature dependence of the resistance of 4 and 2 L
samples. (d) Comparison of R,, when current is parallel to the a
axis (red) and b axis (blue) taken of the 4 L sample. For the setup
with I || a, we drive the current between @ and @ and measure the
voltage between @ and @. For the [ || b configuration, the current is

driven between @ and @, and the voltage is measured between @
and ® (see also Figs. 11).

behind the giant MCA by associating it with modulation of the
superconducting properties.

II. METHODS

The few-layer Ty-MoTe, flakes are mechanically exfoli-
ated from high-quality 73-MoTe, crystals with a residual-
resistivity ratio (RRR) ~1000 grown via the flux growth
method. The mechanical exfoliation is carried out inside
an Ar-filled glovebox containing concentrations of O, and
H,O below 0.5 ppm. Independently from the flakes, we pre-
pare metallic electrodes by using typical electron-beam (EB)
lithography and EB evaporation on a SiO,/Si substrate (for
the 4 L sample) or hexagonal boron-nitride (h-BN) exfoliated
on a Si0, /Si substrate (for the 2 L sample). We use Au (for the
4 L sample) or Pt (for the 2 L sample) with Ti as a buffer layer
for the electrodes, and the total thickness of the electrodes
is set to less than 10 nm to avoid exerting extra strain on
the flake. The exfoliated T3-MoTe, is transferred with h-BN
picked up by using polydimethylpolysiloxane (PDMS) cov-
ered with polycarbonate (PC) film [20]. The h-BN flake on
T3-MoTe, also acts as a protective layer because Ty-MoTe,
easily deteriorates when it is exposed to air. The transfer
process is also performed inside the glovebox. After taking
the sample out of the glovebox, it is immediately mounted
on the sample holder of the *He insert and encapsulated by

the internal vacuum can then cooled down. Raman scattering
and atomic-force microscope (AFM) measurements are car-
ried out at room temperature and in the atmosphere after the
transport measurements.

III. GIANT SUPERCONDUCTING NONRECIPROCAL
TRANSPORT DRIVEN BY RATCHETLIKE
VORTEX MOTION

In materials under broken inversion and time-reversal
symmetries, Onsager’s reciprocal theorem allows the linear
longitudinal resistance to be different for opposite current
directions [4]. Rikken et al. heuristically found a general
formula for the nonreciprocal transport, also called the MCA,
expressed as [21]

R = Ro(1 + yBI), ey

where y is the rectification coefficient, which quantifies the
efficiency of generating the nonreciprocal resistance. Ry, B
and [ are the linear resistance, magnetic field, and excitation
current, respectively. Substituting Eq. (1) into Ohm’s law V =
RI leads to

V = Rol + yBRyI. )

The first term is the typical linear voltage response to the
current and the second term is related to the nonreciprocal
transport. Thus, the nonreciprocal response is obtained as a
second harmonic signal for the ac excitation current I,
sin(wt).

First, we show the temperature dependence of the resis-
tance for the four layer [4 L, see Fig. 1(b)] and bilayer (2 L)
samples in Fig. 1(c). While T_ is low (~100 mK) for bulk
T4-MoTe, [22], that for the 4 L and 2 L samples is 750 mK
and 2.2 K, respectively. This large enhancement in 7, for thin
layers is consistent with previous studies [23,24]. Note that
here 7. is defined as the temperature where the resistance
becomes half of that in the normal state.

Now let us focus on measuring the nonreciprocal transport
in the superconducting state. Figure 1(d) shows the second-
harmonic longitudinal resistance Ry, for I, || b and for I, || a
at 230 mK. a and b are the crystal axes as defined in Fig. 1(a),
and the b axis is orthogonal to the mirror plane. A clear peak
and dip are observed in Ry, for I, || b. The field-asymmetric
Ry, signals are in agreement with the MCA in Eq. (1) and are
consistent with previous experimental results [14,17,18,25].
The suppression of R;,, at higher fields is due to the suppres-
sion of superconductivity by a magnetic field. Note that the
nonlinearity of the resistance due to the transition between
the normal and superconducting state is symmetric in B, so
it is excluded as the origin of R,,. In contrast to the case for
I, || b, Ry, for I, || a is dramatically suppressed. This is also
consistent with the geometry of MCA, where the symmetry
plane, the directions of the magnetic field, and generated
second-harmonic voltage are all perpendicular to each other
[4]. Note that the finite signal for I, || a is due to misalignment
of the electrodes to the crystal axis [see Fig. 1(b) and also
Appendices B, F, and G]. Below we focus on the geometry
where 1, || b.

The top part of Fig. 2(a) displays R,, as a func-
tion of perpendicular magnetic field measured at different
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FIG. 2. (a) Experimental data from the 4 L sample. Top: Nonreciprocal resistance (R, = V2,/1,, I, = 100 nA) measured at different
temperatures. Middle: R, signals measured simultaneously with R,,. Bottom: y as a function of B at different temperatures. The B values
where R;,, shows a peak (Bi.a) are marked with open triangles. Inset in the middle figure: I, — V,, curve at B =0T and T = 230 mK. Zero
resistance is observed around 7, = 0, but the shape of the curve is somewhat rounded, partly because of the 2D nature of superconductivity.
(b) Temperature dependence of y taken from the 4 L sample. The orange curve shows the fit based on equation (3). Inset: Experimental data
of y as a function of temperature obtained from the 2 L sample with the fit. Yellow shaded regions in the main figure and the inset represent
the quantum metal (QM) phase (see also Appendix E). (c) Top: Schematic illustration of the motion of magnetic vortices with the velocity v
driven by an external current J, which generates an electric field E = B x v. Bottom: Image of a sawtooth potential assumed as the ratchet

pinning potential in Eq. (3).

temperatures. The amplitude of the signals monotonically
decreases with increasing temperature. Above T, Ry, is com-
pletely suppressed, indicating that the effect is related to
superconductivity. The middle part of Fig. 2(a) shows the R,,
signals measured simultaneously with the R, signals. The
inset is I, — V,, curve measured at B=0 T and T = 230 mK,
showing the exactly zero resistance state at low [,,. At [, =
100 nA, R, starts to deviate from zero immediately after a
magnetic field is turned on.

Now that we have obtained R, and R,, we can estimate
the value of the rectification coefficient y = 2Ry, /(R,BI,)
[4,13,17]. As shown in the bottom of Fig. 2(a), y depends on
B and increases rapidly as B — 0, particularly at the lowest
temperature. This is due to the decrease in R, and B in the
denominator. In the following, we use y at B (= Bpeax), at
which Ry, is at a peak [triangles in the bottom of Fig. 2(a)]
as a representative value. This definition of representative y
is often used in previous studies and useful for quantitative
discussion [14,15,17,18,26]. Figure 2(b) shows that y con-
tinues to increase with decreasing temperature and reaches
y =3.1 x 10° T-! A—! at 230 mK, the lowest measurement
temperature. This value is two to three orders of magnitude
larger than that of other two-dimensional superconductors,

such as MoS, and NbSe, as we will discuss later. In the inset
of Fig. 2(b), we also plot the temperature dependence of y for
the 2 L sample, which shows the similar trend with slightly
smaller amplitudes. The smaller y in the 2 L sample is due
to larger Bpeax caused by more robust superconductivity (see
Appendix D).

So far, several mechanisms have been proposed to explain
the MCA in the superconducting state [13,16]. The tempera-
ture dependence of the signals and the direction of the applied
magnetic field are clues for identifying the mechanism. For
example, paraconductivity is a mechanism proposed as an
origin of MCA under an in-plane magnetic field [13,25]. Since
it is relevant to thermal fluctuations of the superconducting
order parameter, the nonreciprocal signal is slightly enhanced
above T and suppressed much below T.. However, ratchet-
like motion of magnetic vortices enhances the MCA below
T. under a perpendicular magnetic field [13]. In the mixed
state of type-II superconductors, magnetic fluxes penetrate the
superconductor, and they are usually trapped by pinning po-
tentials induced by disorder such as underlying discrete lattice
structure, defects, and impurities. External current can drive
the magnetic fluxes through the Lorenz force as schematically
shown in the top image of Fig. 2(c), if it is large enough
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TABLE I. Summary of y, yW, yWt, and y Byea for different 2D superconductors.

Material Symmetry  Bpew [T]  Roo[Q] W [um] ¥ [AT'T'] yWI[AT'T'm] yWt[AT'T'm?]  yBpew [A7'] Ref.
MoTe, 2 L C, 0.35 1.8 3 6.7 x10° 2.0 2.8 x107° 2.34 x10° This study
MoTe, 4 L C, 0.050 1.3 6 3.1 x10° 19 1.1 x1077 1.54 x10° This study
MoS,? Cs, 0.50 0.65 3 4.6 x 103 1.4 x 1072 - 2.32 x 10° [16]
NbSe, 5L Ds,° 3.0 0.062 5 2.8 x 10? 1.4 x 1073 4.7 x 10711 8.49 x 10? [18]
SrTiO5? - 0.050 0.29 80 3.2 x10° 2.6 x 10% - 1.60 x 10° [14]

#Because superconductivity is induced by the ionic liquid gating close to the surface, the exact value of ¢ is difficult to define.
The point group of bulk NbSe, is Dg;,. However, D3, is the point group for thin NbSe, with the odd number of layers.

to overcome the pinning potential [27,28]. In superconduc-
tors with broken inversion symmetry, the asymmetry of the
crystal structure locally affects the shape of the pinning po-
tentials, making them asymmetric [21,29]. In this case, the
magnetic vortices can exhibit ratchetlike motion, where the
leftward and rightward motion of the vortex is not equiva-
lent [7-11,13-15,18]. This asymmetry provides a source for
nonreciprocal transport. The ratchetlike motion of magnetic
vortices provides increasing y with decreasing temperature
because thermal fluctuations of the magnetic vortices inside
the pinning potential, which disturb the ratchetlike motion,
are suppressed with decreasing temperature, and also the
coherence length, which determines the diameter of the vor-
tex, becomes smaller, making the vortex more sensitive to the
pinning potentials.

We next discuss the temperature dependence of y in more
detail by comparing the experimental data with a theoretical
model based on the ratchetlike motion of magnetic vortices.
Solid lines in Fig. 2(b) represent the theoretical curve follow-
ing the expression (see Appendix H for details) [13,19]:

_ $iBL g2(BU) )

WB gi(BU)’
where W is the width of the sample, ¢; = h/2|e| is the flux
quantum and B = 1/kgT is the inverse temperature. £ and
U are the mean periodicity and the height of the pinning
potential for a vortex, respectively. Here, to account for vortex
dynamics qualitatively, we phenomenologically introduce the
pinning potential and employ the Langevin dynamics. We
take the simple potential shape shown in the bottom figure of
Fig. 2(c), where the dimensionless parameter f controls the
asymmetry of the potential. g, and g, are dimensionless
functions determined from the linear- and second-order re-
sponses. The ratio is given by % ~ % for a moving
vortex regime with a small ratchet potential. The curves fol-
low the experimental data qualitatively in the intermediate
temperature region as shown in Fig. 2(b), which supports
the ratchetlike motion of magnetic vortices as the dominant
mechanism for the giant MCA in this system. In the theoret-
ical curves, there are two fitting parameters « and f, and the
former defines the exponent in the temperature dependence
of the ratchet potential U ~ Uy[(T, — T)/T.]* with U, as
U (T = 0). Fitting the experimental results in the intermediate
temperature region provides « and f. By using these values
and U estimated from the critical current density j. at a small
magnetic field, we obtain Uy = 0.10 (0.17) meV for the 4 L
(2 L) sample. Note that these Uy values are consistent with

Uy = 0.10 (0.56) meV, alternatively obtained from the tem-
perature dependence of the resistance under different mag-
netic fields (see Appendix E).

In contrast to the intermediate temperature region, the fits
substantially overestimate y at lower temperatures. This can
be explained by appearance of the quantum metal phase,
in which quantum tunneling of vortices through the pinning
potential suppresses the ratchetlike motion and thus MCA
[14,30]. Indeed, the temperature range where the experimental
data deviate from the theoretical curve corresponds to the
region for the quantum metal phase [yellow shaded region on
Fig. 2(b)] in the vortex phase diagram (see Appendix E). Note
that the current density in the present measurements is small
enough to preserve the quantum metal phase [14]. At higher
temperatures, however, rectification mechanism is replaced by
superconducting fluctuation and normal contributions [13,25].

We then compare the amplitude of y with those in different
materials. The summary of y in different noncentrosymmetric
superconductors is shown in Table I. 73-MoTe; exhibits larger
y by several orders of magnitude than those for trigonal
superconductors such as MoS; and NbSe,. The only value
comparable to ours reported in the previous studies is that
from a SrTiO3 Rashba superconductor under an in-plane mag-
netic field [25]. Therefore, the value obtained in our study is
one of the largest reported so far [14,15,17-19].

In Table I, we also show other quantities taking into ac-
count the difference in the sample geometry and also Bpea.
Because y depends on the sample width and thickness, we
compare yW and yWt, where W and ¢ are the width and
the thickness of the sample, respectively. It is evident that the
values for Ty-MoTe, surpasses substantially those for other
noncentrosymmetric superconductors, except for SrTiO3 due
to the much larger sample width. The values of yBpea
are also compared, which consider the difference in Bpeak.
T43-MoTe, shows much larger values than those for MoS, and
NbSe,, and is comparable or slightly larger than the value for
SrTiO3. These comparisons corroborate the enhanced MCA
in T3-MoTe,; among van der Waals superconductors. Note that
while our lowest measurement temperature (= Tie,s) 1S lower
than that in previous studies for MoS, or NbSe, [14,17,18],
T. of Ty-MoTe, is lower, and the energy scale (kgTineas) rela-
tive to the superconducting gap is comparable. Thus we can
rule out lower measurement temperature as an origin for the
substantial nonreciprocal signals.

Difference in the crystal symmetry is likely to be the origin
of the large variation in y. In comparison with other two-
dimensional trigonal superconductors, T3-MoTe, has reduced
symmetry with only one mirror plane for thin layers. This
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FIG. 3. (a) Gate voltage (V,) dependence of T for the 2 L sample taken at 230 mK. The inset shows the R-T curves for the different V.
(b) Ry, as a function of B at different V, at 230 mK. (c) y as a function of V,. Inset: Gate voltage dependence of R;,.

reduced symmetry affects the asymmetry of the pinning po-
tential. Since the symmetry of the pinning potential is crucial
for the vortex dynamics, as reported previously [11,12,31,32],
the lower symmetry in the pinning potentials may generate
larger nonreciprocal signals. Further theoretical study is re-
quired to scrutinize the effect of the symmetry reduction on
the amplitude of nonreciprocal signals.

IV. GATE MODULATION OF GIANT SUPERCONDUCTING
NONRECIPROCAL TRANSPORT

Finally, we demonstrate the gate modulation of the MCA
for the 2 L T3-MoTe,. While gate control of the MCA in the
normal state has been studied in a BST topological nanowire
[6] and at the LaAlO3/SrTiOj3 interface [33], it has not been
reported yet in superconductors. The primary reason is that
the concentration of charge carriers in a superconductor is
typically high, making it challenging to employ a conventional
solid gate to regulate superconducting characteristics due to
the electric field screening on the nanometer scale within the
material. We can overcome this problem by thinning down
T4-MoTe; to a thickness comparable to the screening length
[34,35]. Note that the screening length is estimated to be ~
0.4 nm, the same order of the length as the one layer thickness
of T3-MoTe,. Figure 3(a) displays the gate dependence of
T. obtained from the 2 L sample. Here the gate voltage (V,)
is applied through a h-BN (34 nm in thickness) as a gate
insulator. T, is successfully modulated by V,, and at V, =8 V
it is larger by around 20 % compared with at V, = —8 V.
In addition to the variation of 7, the MCA signals are also
modulated by V, [Fig. 3(b)]. We find that not only the height of
the peak but Bpeqx is also modulated by V,, suggesting that the
gating largely affects the vortex dynamics. Figure 3(c) plots y
as a function of V,, showing the large variation of y.

The gate voltage can modulate some parameters relevant
to superconductivity, such as T, B.», the magnetic penetration
length A and the coherence length £. X is a characteristic scale

for vortex-vortex interaction, whose crucial role was previ-
ously pointed out in the ratchetlike motion [31,36], whereas
nonreciprocal signals in the superconducting state are largely
affected by the variation of 7, [13,16,19]. As the gating mod-
ulates these parameters in a complex manner, at present we
cannot identify the dominant contribution to the large varia-
tion of y. We hope that our results stimulate further theoretical
as well as experimental investigations to reveal the role of the
crystal symmetry for MCA and vortex dynamics in noncen-
trosymmetric superconductors.

V. CONCLUSION

In conclusion, we showed giant superconducting nonrecip-
rocal transport (MCA) in thin samples of the noncentrosym-
metric superconductor T3-MoTe,, which has only one mirror
plane. We obtained 3.1 x 10° T-! A~ at 230 mK, one
of the largest values of y recorded so far. The temperature
dependence of y supports the ratchetlike motion of magnetic
vortices as the origin of the nonreciprocal transport. The re-
duced symmetry of the crystal structure of 73-MoTe, may
contribute to the large nonreciprocal signals. We also demon-
strated gate modulation of the MCA in the superconducting
state. In the 2 L T3-MoTe,, we obtain a substantial modulation
of y using a typical solid gate. Simultaneous demonstration

FIG. 4. Optical microscope images of thin 73-MoTe, flakes ob-
tained via mechanical exfoliation. (a) 4 L, (b) 2 L.
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FIG. 5. Height profiles obtained from AFM scan of the 4 L
(a) and 2 L (b) samples.

of the gigantic MCA and its gate modulation in the supercon-
ducting state reveals that Ty-MoTe; is a potential candidate for
realizing electrically tunable efficient superconducting rectifi-
cation devices.
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APPENDIX A: THICKNESS IDENTIFICATION VIA
ATOMIC FORCE MICROSCOPE (AFM)

Here we show the AFM data on the thickness of the thin
Ty-MoTe, flakes. Figures 4 show some examples of exfoliated
flakes a few layers in thickness on a SiO,(285 nm)/Si sub-
strate. As shown in Figs. 5(a) and 5(b), the two samples
employed in this study are 4 and 2 L. Note that AFM measure-
ments are performed after the transport measurements, thus
T4-MoTe, flakes are encapsulated by hBN.

APPENDIX B: DETERMINATION OF THE CRYSTAL AXES
BY RAMAN SCATTERING

Since T3-MoTe, is a highly anisotropic material, it is
important to determine the crystal axes of the sample and
associate them with its transport properties. The polarization-
angle dependence of the Raman intensity is a powerful tool

for identifying the crystal axes [37,38]. We perform Raman
scattering measurements using HeNe laser light at 633 nm
and measure the polarization-angle dependence of the Raman
intensity at 163 cm ™' Raman shift. Previous studies on angle-
resolved Raman scattering measurements reported that the
Raman intensity at 163 cm~! exhibits a maximum when the
polarization is parallel to the Mo-zigzag chain (b axis), and a
minimum when it is perpendicular to it (a axis). Figure 6(a)
displays the angle dependence of the Raman intensity at 163
cm~! for the 4 L sample. Due to the reduced thickness of
the sample in comparison with bulk, the otherwise typical
two-lobe structure is deformed, but the in-plane anisotropy
and the orientation of the axes are clearly discernible. The cor-
responding orientation of the 4 L sample is shown in Fig. 6(b).
We can see that the electrodes are slightly misaligned from the
direction of the principal crystal axes, which is the reason for
a finite Ry, for I || a [= Ry, (I || a)] shown in the main text.
The misalignment angle is estimated to be around 15°, leading
to sin(—15°) ~ —0.26. This value is in close agreement with
the ratio Ry,,(I || a)/Rax,(I || b) = —0.23, taking into account
that the peak (dip) is observed in the positive magnetic field
for Ry, (I || a) [Ran(I || b)]. Figures 6(c) and 6(d) display the
angular dependence of the Raman intensity and the sample
picture for the 2 L sample. Misalignment between the elec-
trodes and the crystal axes is larger, probably leading to a
slight suppression of the nonreciprocal signals compared with
those for the 4 L sample.

APPENDIX C: CURRENT AND FREQUENCY
DEPENDENCE OF THE NONRECIPROCAL RESISTANCE

The main text shows R, as a function of B with [, at
18 Hz. One may assume that the second harmonic signals
are due to some spurious effect such as a capacitive coupling
of the sample to the surrounding conductive environment. To
rule out this possibility, we carry out R,, measurements by
driving I, at different frequencies. Figure 7(a) displays the
results, demonstrating that R, signals are independent of
the frequency of I,. This is corroboration that R,, signals
we measure derive from the intrinsic transport properties of
T4-MoTe,, namely, magnetochiral anisotropy (MCA).

As mentioned in the main text, the efficiency of gen-
erating the nonreciprocal resistance is evaluated as y =
2R».,/(R,BI,). Because of the definition of y, one might
naively think that y is divergent in the limit of 1, — O.

315
270

FIG. 6. (a) Angular dependence of the Raman intensity at the 163 cm™' Raman shift for the 4 L sample. (b) Optical image of the 4 L
sample. The orientation of the sample corresponds to the orientation of the angle in panel (a). The scale bar is 5 um. (c) Angular dependence
for the 2 L sample. (d) Sample picture of the 2 L sample, with 5 um scale bar.
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FIG. 7. (a) Ry, at different frequencies. No frequency dependencies are observed. (b) Driving current (/,) dependence of Ry,. I, = 100 nA
provides the largest R,,. The data in panels (a) and (b) are both from the 4 L sample.

However, this would be incorrect considering that the origin
of the nonreciprocal transport is the ratchetlike motion of the
magnetic vortices, because the vortices are not driven when
the Lorenz force exerted by /,, does not overcome the pinning
force. However, superconductivity is suppressed if 7, is too
large. Therefore, it is expected that there is an intermediate
value of I, which provides the largest signal of R;,. Indeed,
as shown in Fig. 7(b), Ry, is suppressed as I, — 0, and there
is an optimal value to obtain the largest R;,,, which is 100 nA
for the 4 L sample. Ry, diminishes when I, is larger than this
value. Therefore, 1,, = 100 nA was used for the nonreciprocal
transport measurements shown in the main text. Note that the
optimum value of I, for the 2 L sample is 200 nA reflecting
higher T..

APPENDIX D: MCA FOR THE 2 L MoTe, SAMPLE
AND COMPARISON OF y AS A FUNCTION OF B

Whereas in the main text we principally shows the data
from the 4 L sample, similar nonreciprocal transport results
are also obtained for the 2 L sample. Figure 8(a) shows R,
curves taken at different temperatures from the 2 L sample.
Increasing R,,, with decreasing temperature is visible explic-

BIT]

itly, while the value of By is different from that of the 4 L
sample because of the higher T...

In the main text we discuss the value of y using the values
of Ry, and R,, at Bpeai. With this estimate, p for the 2 L sample
is slightly smaller than the 4 L sample. By contrast, we can
also plot y as a function of B as we show in the bottom panel
of Fig. 2(a). Figure 8(b) displays the evolution of y with B
from the 2 and 4 L samples. It is evident that at any B, y from
the 2 L sample is larger than that from the 4 L sample. This
indicates that the smaller y for the 2 L sample is mainly due
to the larger Bpeak.

APPENDIX E: VORTEX PHASE DIAGRAM
AND ESTIMATION OF U,

Since giant MCA observed in T3-MoTe; is likely attributed
to the ratchetlike motion of magnetic vortices, we show the
vortex phase diagram in Fig. 9(a) to identify the vortex state
at each temperature and magnetic field where we observe a
large nonreciprocal signal. At lower temperatures and lower
magnetic fields, vortices are in the “quantum metal” phase, in
which a finite resistance remains even much below 7. under
a magnetic field [39]. Vortices are in the thermal creep (or
thermally assisted flux flow) regime at higher temperatures

BIT]

FIG. 8. (a) MCA signals obtained from the 2 L sample at different temperatures. The characteristics are similar to those for the 4 L sample.
(b) Comparison of the relation between y and B at 230 mK between the 2 L (at V, = 0) and 4 L sample.
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FIG. 9. (a) Vortex phase diagram obtained from the 4 L sample. Thermal creep (thermally activated flux flow) phase transits into the
quantum metal phase at lower temperatures. Blue squares are determined from the upper critical field B.,, and red triangles are obtained from
the temperature dependence of the resistance under perpendicular magnetic field. Orange cross marks express the points at which R,,, takes
a peak. All the cross marks apart from two of them at lower temperatures are inside the thermal creep phase, supporting the vortex dynamics
plays a central role for giant nonreciprocal signals. (b) Arrhenius plot of the temperature dependence of the resistance. The boundary point
between the quantum metal and thermal creep phase is determined as a point (the yellow point) at which the Arrhenius plot deviates from the
exponential decay (black solid line). This yellow point corresponds to the yellow point in panel (a). (c) The slope shown by the solid line in
panel (b) provides the activation energy U (B) at different magnetic fields. From the slope of U (B)/kp as a function of B (orange solid line),

we can obtain U.

and higher magnetic fields up to 7. and the upper critical
magnetic field (B.), where vortices are mobile and can
plastically flow under an excitation current. Ratchetlike
motion of magnetic vortices is effective in the thermal
creep regime. The experimental data points which separates
the quantum metal phase and thermal creep phase are
obtained following [39]. Arrhenius plots of the temperature
dependence of the resistance are prepared under a magnetic
field, and the temperature at which the plot deviates from the
exponential decay is defined as the boundary temperature [see
Fig. 9(b)]. Repeating this procedure for different magnetic
fields provides sets of data (7', B) for the boundary between
the thermal creep and the quantum metal phase, as plotted
in Fig. 9(a). The cross marks in Fig. 9(a) compose sets of
temperature and magnetic field condition at which the peaks
in Ry, are observed. Most of the points are contained in
the thermal creep region, except for the two points at lower
temperature, giving another evidence that vortex dynamics
affected by the ratchetlike potential plays a principle role
for giant nonreciprocal signals. In the phase diagram it is
visible that the quantum metal phase extends to relatively
larger magnetic fields at lower temperatures. The remaining
two points overlap this region, indicating that quantum
effects may affect the nonreciprocal signals. This explains the
suppression of y obtained from experiments in comparison
to the theoretical fit based on the ratchetlike motion
of magnetic vortices as we discuss in the main
text.

Temperature (7') dependence of the resistance under a
magnetic field also enables to estimate the potential height
Up. In the thermal creep regime, the resistance R depends
on the activation energy U(B) as R = Ryexp[—U (B)/kpT]
with the normal state resistance Ry [39]. Thus the slope in

a logarithmic plot of R with 1/T provides U (B) [see also
Fig. 9(b)]. Measuring T-dependence of R under different B
provides the relation between U (B) and B, from which we can
obtain Uy = 0.10(0.56) meV by using the relation U(B) =
Uy In(By/B) for the 4 L (2 L) samples [Fig. 9(c)] [39].

APPENDIX F: AXES DEPENDENCE OF THE
NONRECIPROCAL SIGNAL

In the main text we show the experimental results of MCA
from the 2 and 4 L samples. While these samples provide
a sufficient amount of data sets, the crystal axes are not
perfectly aligned parallel to the current direction, making it
difficult to identify the axes dependence of the nonreciprocal
signals. Here, we provide additional data from other samples
whose crystal axes are almost parallel to the current direction.
Figures 10(a)-10(c) are from another 4 L sample (4 L#2)
and the current direction is parallel to the b axis (I || b). The
crystal axes are determined from the Raman intensity profile
shown in Fig. 10(b). As seen in Fig. 10(c), clear peak and
dip structures are observed. Figures 10(d)—10(f) display the
second harmonic signal from the 6 L sample where [ || a.
We can easily find in Fig. 10(f) that while slowly oscillating
background is visible, no peak and dip structures typical for
MCA are observed. This also corroborates that peak and dip
structures that we observe in the other samples arise from
MCA.

APPENDIX G: OTHER POSSIBLE EFFECTS
TO GENERATE NONRECIPROCAL SIGNALS

While we have shown a number of additional experi-
mental data which support MCA as the origin of the giant
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FIG. 10. (a) Optical microscope image of the 4 L#2 device. The directions of the crystal axes and excitation current are denoted. (b) Angular
dependence of the Raman scattering intensity. The sample is set as shown in panel (a), thus 0 degree corresponds to the b axis of the sample.
(c) Ry, signal as a function of perpendicular magnetic field B for / || b. Large peak and dip structures are clearly visible. Inset shows the liner
resistance R, simultaneously measured with R,,. (d) Optical microscope image of another sample with 6 L in thickness. Here the direction
of a current / is parallel to the a axis, determined from the angular dependence of the Raman scattering intensity shown in panel (e). (f) R,
for I || a. There is a slowly oscillating background, but no peak and dip are observed. R,, signal is displayed in the inset. Note that because
of the problems in the electrodes, we cannot perform similar measurements driving / parallel to the b axis in this sample. In panels (a) and
(d) Ty-MoTe; is highlighted by a yellow dotted line, and the scale bar corresponds to 5 um.

nonreciprocal signals, some may still wonder other effects can
be considered to explain those nonreciprocal resistances. Let
us rule out some other possibilities as an origin of the second
harmonic signals.

1. Thermal effects

If there existed a thermal gradient VT, the Nernst effect
would generate an electric field E o« B x VT under a mag-
netic field B. The thermal gradient may be due to the Joule
heating effect, therefore VT o j2, where j is current density,
and VT should be parallel to j. Indeed, such a superconduct-
ing Nernst effect which generates a second harmonic voltage
(Va) was observed in another van der Waals superconductor
NbSe,, using a thermal gradient driven by a heater mounted
close to the sample [40]. V5, exhibits similar magnetic field
dependence as those observed in our samples, derived from
the (vortex) Nernst effect [41]. We can rule out the Nernst
effect as a possible origin of MCA due to the following
reasons: (i) Temperature gradient assumed above should not
exist considering that our 73-MoTe, is highly crystalline so
that excitation currents pass almost homogeneously through
the sample. (ii) V,, from the Nernst effect is reduced to
zero at lower temperatures, opposite to our observations.
Furthermore, the Nernst signal persists even above T, in
contrast to the suppressed nonreciprocal signals above T..
(iii) V,, induced by the Joule heating should be orthogonal
to j, inconsistent with our observations of large longitudinal
nonreciprocal signals.

2. Geometrical effects

Vortex rectification effect induced by the asymmetric sam-
ple geometry (e.g., asymmetric edge shape of the sample)
was previously proposed [42] and experimentally confirmed
[43,44]. The main idea is that since magnetic vortices always
enter from the edge (or surface in the case of three dimen-
sional superconductors) of the sample and cannot nucleate
inside the superconductor, the edge asymmetry between the
opposite sides of the sample generates the asymmetric sur-
face potential barrier for vortices. Because the edge selected
for the vortex entry depends on the polarity of the current,
the inequivalency in the potential barrier between the edges
leads to the different current condition for the vortex entry
thus rectification. One may wonder that the nonreciprocal
signals observed in this study are attributed to the asymme-
try between the edges of the sample. It is true that slight
asymmetry between the edges is inevitable in our samples em-
ploying mechanically exfoliated 73-MoTe, flakes. If the edge
asymmetry is a dominant contribution in our samples, larger
nonreciprocal signals are expected for samples with more
asymmetric edges. We do not see the correlation between the
edge asymmetry and the amplitude of the nonreciprocal signal
for different samples with different edge shapes. As an exam-
ple, the edge asymmetry is more peculiar in the sample shown
in Fig. 10(d) than in Fig. 10(a), but the nonreciprocal signal
is much suppressed. Moreover, in our samples electrodes are
always aligned symmetrically, ruling out the possibility of the
asymmetry induced by electrodes. Therefore, we can draw
a conclusion that vortex rectification due to the geometrical
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asymmetry in the sample is not an origin for the giant nonre-
ciprocal signals.

3. Surface barrier effect

In relation to the geometrical effect, one may argue that the
asymmetry in the surface barrier for magnetic vortices is the
origin of MCA. As for the dynamics of magnetic vortices in
superconductors, we must consider two effects: Bulk pinning
and surface barrier. The important point is which effect is
dominant in a certain condition. We highlight that the surface
barrier effect plays a major role in the vortex dynamics only
when the temperature is close to T, at which the bulk pinning
becomes extremely weak. This important point has been al-
ready demonstrated by many previous studies [45—48]. This
behavior is inconsistent with our observation, indicating that
bulk pinning effect is dominant in our samples.

APPENDIX H: THEORETICAL DESCRIPTION USING
RATCHET MODEL

Here we describe the nonreciprocal transport signal orig-
inating from the vortex motion [13,19]. For simplicity, we
regard the vortex as a point particle. The relation between
velocity and force is written as

Uy = q1xxe + qhxyEvE)a (Hl)

Uy = CIlnyy + q2yxxe2 + q2yny;~27 (H2)

where the mirror symmetry along the y axis is assumed (for
a trigonal symmetry, there are the relations gi.x = g1y, and
Qoxxy = —2q2yxx = 2q2yyy). If we take the configuration with
F, =0, only the y direction is involved. Hence, we consider
the one-dimensional equation of motion for the estimation of

Q2yyy-

: U(y)
ny =F ———+&@), (H3)
dy
where n = % is a damping coefficient with the nor-

mal conductivity o, and in-plane coherence length & [49].
The random force & (¢) represents a thermal noise satisfying
(E()E@)) = 2nkgT 8(t — t") where the bracket indicates the
random average. The asymmetric potential /(y) for vortex
is responsible for the nonreciprocal transport signal. We take
the periodic potential of the height U and the periodicity ¢
given in Fig. 12(a). The response coefficients are given by
qiyy = %gl (BU) and qayyy = ’i—ggz (BU). The functional forms
of g are explicitly given by
2

X
g1x) = Jeoshr — 1)’ (H4)

2 .
0r(x) = fx(@4+x-—4coshx ~|—xsmhx). (HS5)

2(coshx — 1)?

The parameter f (g%) controls the asymmetry of the
potential.

The force acting on the vortex is given by F, = j¢; where

J is a current density along x direction and ¢j = ﬁ is the flux

quantum for superconductors. The number density of vortices
is givenby n = d%' The voltage along x direction is then given
0

(b) ()

® 8

FIG. 11. (a) The current and voltage probes configuration for
I || a in the 4 L sample. (b) The current and voltage probes configu-
ration for / || b in the 4 L sample. (c) The current and voltage probes
configuration in the 2 L sample.

by the Josephson relation V, = ¢jLnv, = R(I + R,I where
I = jW is a current with the sample width W and length L.
The linear and nonlinear transport coefficients are

PsLB ()’ ILBL
= U), Ry=-2——
W g§1(BU), Ry Dk TW?

Since both the signals are proportional to the vortex number
density, their ratio is written in a simple form

y/:&: $ot  £08U)
R  WksT g (BU)’

which is determined from the profile of the potential of vor-
tices. Note also the relations R,, = R and Ry, = R, /2.

Now we discuss characteristic parameters used in this
model. For the characteristic length £, we consider the value
of the magnetic field By, at which all the pinning centers
are occupied at low temperature. The length scale is then
given by £(T = 0) ~ ,/¢;/Bpin. The potential height U is
estimated by the critical current density j. at small magnetic
field by the relation U = jcqb{,"ﬁ(% + f). We also consider the
temperature dependence of these parameters since the size of
vortices changes as the coherence length varies with increas-
ing temperature. We assume the temperature dependence of

1

U(T) ~ Up(ZE) and 6(T) ~ €o(%E)"*, which resulis in
Jje X /T, — T (@ =1 is used in Ref. [30]). Since the micro-
scopic origin of the vortex potential is not clear at present, here
we take o as a parameter phenomenologically for a better fit
to the experimental data. The temperature dependence of U
is more strongly reflected in the signal compared to that of ¢,
because BU is the argument of the nonlinear function g».

Now we estimate the magnitude of the nonlinear transport
signal. Since the nonreciprocal signals in magnetic field de-
pendence is maximized in a moving vortex regime, we assume
the expression for a small pinning potential g;(8U) ~ 1 and

oBU)~ f %, with which the vortices are not fixed in the
pinning potential. We use the parameters for the 4 L (2 L)
sample suchas W =5 (2.5) um, T, = 0.75 (2.2) K, Bpin(T =
0) ~0.025 (0.2) T, and I.(T =0) = j.W ~ 200 (500) nA.
By, is estimated from the magnetic-field dependence of the
resistance, and I, from the current-voltage characteristics
under a magnetic field measured for each sample. To be
compatible with experiments, we choose the vortex potential
parameters as f = 0.15 and o« = 0.5, which are used for both

the 4 and 2 L samples. With these parameters, the pinning

R,

&(BU).  (H6)

(H7)
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FIG. 12. (a) Spatial dependence of the ratchet potential, where f (0 < f < 1/2) controls the asymmetry. (b) Temperature dependence
of (bl) y’ = yB and (b2) Ry, for the 4 L sample. Analogous plots for the 2 L sample are shown in panels (c1) and (c2).

potential height at zero temperature is estimated as Uy ~
0.1 (0.17) meV. Note that the estimated values of Uy are close
to those experimentally obtained from the temperature depen-
dence of the resistance under a perpendicular magnetic field
(see Appendix E). Since '’ is proportional to (7. — T)4°"% in
our model, the temperature dependence becomes more convex
downward if we take larger .

The temperature dependence of y’ = yB is shown in
Fig. 12(bl) for the 4 L sample and in Fig. 12(cl) for the
2 L sample. The vortex ratchet model with two adjustable
parameters « and f reproduces the magnitude of signals ob-
served in experiments. We note that the present model can be
justified in the middle temperature range. For high tempera-
ture range T 2 T, the vortex picture should be replaced by
superconducting fluctuation mechanism and/or normal con-

tribution. At low temperatures, however, a quantum effect on
ratchetlike motion [30] is needed for more accurate estimate,
as supported by the vortex phase diagram discussed above.

With the above setup, we also estimate the values of R,
by using the normal resistance R, = %011 ~ 330 (380) €2, the
coherence length &(T') ~ &,/T./(T. — T) with & ~ 45 (24)
nm, and the current / = 100 (200) nA. The results are shown
in Fig. 12(b2) for the 4 L sample and Fig. 12(c2) for the 2 L
sample. Since the experimental data plotted here are obtained
using different magnetic fields (0.04—-0.05 T for 4 L and 0.25-
0.42 T for 2 L), we show several lines for different magnetic
fields. We confirm that the present model can roughly repro-
duce the magnitude R,,, in a middle temperature range below
T.. Ry, is decreasing function of temperature, which is also
consistent with experiments.
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