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Due to the lack of inversion, mirror or other roto-inversion symmetries, chiral crystals possess a well-defined hand-
edness which, when combined with time-reversal symmetry breaking from the application of magnetic fields, can give rise
to directional dichroism of the electrical transport phenomena via the magnetochiral anisotropy. In this study, we inves-
tigate the nonreciprocal magneto-transport in microdevices of NbGe;, a superconductor with structural chirality. A giant
nonreciprocal signal from vortex motions is observed during the superconducting transition, with the ratio of nonrecipro-
cal resistance to the normal resistance y reaching 6x10° T~ 1-A~!. Interestingly, the intensity can be adjusted and even
sign-reversed by varying the current, the temperature, and the crystalline orientation. Our findings illustrate intricate vortex
dynamics and offer ways of manipulation on the rectification effect in superconductors with structural chirality.

Keywords: chiral crystals, magnetochiral anisotropy, superconducting vortex, nonreciprocal transport

PACS: 74.25.F-, 74.25.Wx, 73.23.-b

1. Introduction

The concept of chirality, which refers to situations where
all mirror symmetries are broken in an object, plays a vi-
tal role in the symmetry properties of nature at all length
scales from elementary particles to biological systems.!!! In
condensed matter physics, the structural chirality can serve
as a guiding principle to find topological materials, guaran-
teeing the Kramers—Weyl fermions as a universal topologi-
cal electronic property in all nonmagnetic chiral crystals.!>3]
Moreover, as electrons, spins and phonons distribute them-
selves along the chiral framework of atomic configurations,
their rotational and translational motions couple to give spe-
cific physical processes.*8] These phenomena include the
magnetochiral dichroism exhibited in chiral optical crystals, ]
(101 nonlo-

cal and nonreciprocal electric transports in chiral metals or
[11,12

magnetic skyrmions supported by chiral magnets,

I'and possible unconventional supercon-
[13]

semiconductors,
ductivity in superconductors.

The electrical magnetochiral effect, firstly suggested by
Rikken er al.,['!] is one such nonreciprocal transport effect. It
is characterized by the directional /-V characteristics

V(B.I) = IRy (1+7BI), (1)

where the coefficient y describes the ratio of nonreciprocal re-
sistance to the normal resistance, being nonzero only for the
chiral or polar lattice symmetry.!*! This phenomenon has been
demonstrated in some noncentrosymmetric semimetals and
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semiconductors like the polar semiconductor BiTeBr, topo-

[14-18] In superconduc-

logical insulators MnBi; Te4 and ZrTes.
tors, the nonreciprocal response can be significantly elevated
by orders of magnitude compared to non-superconducting
systems, owing to the substantial energy scale disparity be-
tween the Fermi energy and the superconducting energy
gap.!819201 In the noncentrosymmetric superconductors, two
types of nonreciprocal charge transport mechanisms have been
proposed: [ below the mean-field transition temperature 7,
the nonreciprocal resistivity is determined from the dynamics
of vortices; above T, the fluctuation of the superconducting
order parameter causes the excess paraconductivity, the ex-
tension of which gives the nonlinear response. However, the
nonreciprocal superconducting transport has been discovered
so far only in a few two-dimensional systems including MoS,,
StTiO3, NbSe,, etc.,!?!=>#! and the quasi-two-dimensional sys-
tem PbTaSe,.[>] Relevant experiments on three-dimensional
superconductor with a chiral structure have been lacking, and
the identification and classification of the detailed mechanism
are still ongoing. [8-23:26]

In this work, we investigate NbGe,, a superconductor
possessing a chiral structure. This material has been predicted
to be a Kramers—Weyl semimetal, and there have been intense
studies on the superconductivity and the fermiology.!?’-3%]
We study in detail the nonreciprocal magneto-transport in mi-
crodevices of NbGe,, and report two important results. Firstly,
a giant nonreciprocal signal from vortex motions is observed
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in the superconducting transition region, with the nonrecip-
rocal ratio ¥ reaching 6x10° T~'-A~!, which is among the
largest values ever reported. Secondly, ¥ can be easily tuned
and even sign-reversed by changing parameters including the
current, the temperature and the crystalline orientation. These
findings demonstrate intricate vortex dynamics in NbGe; and
pave paths of controlling the rectification effect in possible su-
perconducting devices.

2. Method

Single crystals of NbGe; were synthesized by a chemical
vapor transport method using iodine as the transport agent. 3!
Prior to the growth, Nb and Ge pieces were firstly arc-melted
using an arc furnace under the argon atmosphere to yield the
polycrystalline samples of NbGe,. The polycrystals were then
crushed and grounded into powers, and further sealed in a
quartz tube with 100 mg iodine as the transport agent. The
sealed quartz ampoule was placed in a furnace with a temper-
ature gradient of 1000 °C/850 °C and maintained for 7 days.
Typical size of the as-grown crystals is around 1 mm in length.
Thin plates of the crystal within the crystalline ab plane or
along the ¢ direction were cut out from single crystals us-
ing the FEI Helios NanoLab FIB. The lamellas were subse-
quently transferred to a silicon substrate with pre-deposited
gold electrodes and patterned into standard Hall bars. Elec-
trical contacts were made by FIB assisted platinum deposi-
tion. A scanning electron microscope image of a NbGe; mi-
crodevice is shown in Fig. 1(b) inset, with typical sample size
around 8x0.8x0.8 um?. Electrical transport properties were
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Fig. 1. (a) The chiral crystal structure of NbGe;. (b) Temperature
dependence of the resistance (Rf.;)of micro-patterned NbGe, samples
measured with 7 || ab plane (black) and I || ¢ axis (red), both showing
a superconducting transition at 7, around 2.25 K. Typical sample size
is around 8x0.8x0.8 um>. Inset shows schematic illustration of the
transport measurement configuration. The scale bar is 2 um. (c) Tem-
perature dependence of RY, at selected magnetic fields for I || ab plane.

measured in the 12 T C-mag Teslatron PT system. The com-
plex resistance was measured with the SynkTek multichannel
lock-in at a driving frequency of 137 Hz. For an ac current
I = Iy sin wt, equation (1) gives

1
V = IRosiner+ S i3 RoB [1+sin (2(»#%)} e

The in-phase component of the ac voltage at the frequency
o comes from the normal resistance, while the out-of-phase
component at the frequency 2 is read as the second harmonic

voltage and!!1-31-32]

1
R & 5 ToRoB. 3)

Symmetrization and anti-symmetrization with respect to mag-
netic field have been performed to separate the field odd and
even components.

3. Results and discussion

NbGe, belongs to the C40-type transition metal ditetre-
lides family TX, (T =V, Cr, Nb, Ta; and X = Si, Ge). As
shown in Fig. 1(a), it possesses a hexagonal structure of the
space group P6,22 (No. 180).1?% Each unit cell consists of
three layers of NbGe,, with the middle and the bottom slices
shift along the b and a axes for half a period, respectively.
Such an alternative displacement gives rise to a typical chiral
structure which cannot overlap itself under the mirror reflec-
tion. We have performed basic electrical transport measure-
ments on our microdevices for both the I || ab plane and I || ¢
axis configurations. The overall anisotropy is relatively weak.
At room temperature, the resistivity p,,(300 K) is 66 nQ-cm
for I || ab plane, and 54 puQ-cm for I || ¢ configuration. The
temperature dependence of the resistance shows typical metal-
lic behaviors (Fig. 1(b)), and the superconducting transition
occurs at T, = 2.25 K, slightly higher than previous reports
in millimeter-sized samples, 3! which may be due to the Ga-
inclusion during the FIB milling. With the application of an
out-of-plane magnetic field, the superconducting transition is
broadened as shown in Fig. 1(c). The critical magnetic field
at 7 = 1.6 K is approximately 0.5 T as obtained from the half
value of the resistance in the normal state, which is also larger
than previous results. %8

We now focus on the magnetic field dependence of the
first (R?.) and the second (R2?) harmonic resistances, as de-
picted in Fig. 2. Two experimental configurations are con-
cerned. For the first device, 7 LA electric current is flowing
along the crystalline a axis and the magnetic field is along the
crystalline c axis, while for the second, the current is along the
¢ axis and the field along the a axis. As shown in Figs. 2(a)
and 2(d), the first harmonic resistance R, is zero at low field,
and gradually approaches the normal state resistance under
the application of the magnetic field. The overall profile is
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symmetric with respect to the field, which is common in ordi-
nary superconductors. The second harmonic resistance R2%,
on the contrary, exhibits a prominent antisymmetric behav-
ior. For the I || a device at 1.6 K, R2? is zero at zero field.
When the RY, gets a finite value in the vortex state above a
positive external field of 0.05 T, Ri,‘;’ suddenly increases and
reaches the maximum negative value of —10 mQ at around
0.13 T. As an increasing external magnetic field leads to a de-
creasing T, this behavior reflects the vortex ratchet motion

by the asymmetric pinning potential, and is in accord with

the previous cases of low-dimensional noncentrosymmetric
superconductors. (8231 R)ZC;" is suppressed when further increas-
ing the magnetic field, and it undergoes a crossover from neg-
ative to positive. The broad but small positive region of RZ®
also agrees with the paraconductivity effect observed in other
noncentrosymmetric superconductors.?1:22241 At even larger
magnetic field, R®. goes back to the normal state resistance
and R2? is again zero. With increasing temperature, the peak
of R2® gradually shifts towards zero field, and becomes indis-
cernible above T.
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Fig. 2. (a) The first-harmonic resistance R%, and (b) the second-harmonic resistance R2® signals of the microdevice at various temperatures
under an excitation current of 7 A along the ab plane. (c) Corresponding color mapping of Rffc" as a function of magnetic field and temperature.

(d)—(f) The same as (a)—(c) except that the current is along the ¢ axis.

In addition to the field and temperature, we find that the
device orientation also matters in the nonreciprocal charge
transport phenomenon. Despite of the nearly identical R,
curves for the I || ¢, H || a device, the sign of R2? is reversed at
1.6 K, and the peaks are broader as shown in Fig. 2(e). There
is another sign reversal of the overall profile above 2 K. We
plot color maps showing the systematic evolution of R/%x‘" am-
plitude as a function of both magnetic field and temperature in
Figs. 2(c) and 2(f).

We also measure the R2® of the microdevices at ac cur-
rents of different amplitudes. Figures 3(a) and 3(d) depict the
first harmonic resistance R%, of the device with two directions
measured at 7 = 1.6 K with current increasing from 2 pA to
300 pA. The overall effect of a larger current is similar to
the rising of temperature, due to the current induced surface
magnetization and the Joule heating on the electrodes. The
larger the current is, the easier the magnetic field will bring
the system into resistive states. Correspondingly, the second
harmonic resistance R2? firstly increases and then decreases
as the current increases, as shown in Figs. 3(b) and 3(e). How-
ever, a change in sign occurs in nonreciprocal charge trans-

port at high current densities (above 4.7 x 10’ A/m?), de-
spite the relatively small signal. This indicates that nonre-
ciprocal charge transport here may have two distinct contri-
butions which dominate in different current or magnetic field
regimes. [1921]

Figures 4(a) and 4(b) show the maximum second har-
monic resistance R2® at the positive field as a function of
temperature and electric current, respectively, which is fur-
ther converted to the coefficient ¥ using Eq. (3) as shown in
Figs. 4(c) and 4(d). The absolute |y| increases with decreasing
temperature, and saturates at about 6 x 10° T-1A~! below
2 K as shown in Fig. 4(c), which is attributed to the vortex
dynamics nature of nonreciprocal charge transport.>! This
value is much larger compared with known rectification effects
in the low-dimensional noncentrosymmetric superconductors
like NbSe;**! and the topological kagome superconductor
CsV3Sbs, 11 and competes with the largest one in Ty-MoTe,
thin film.3*33) It should be noted that for a better comparison
among different systems, the normalized coefficient Y = A y
instead of y is more appropriate.l'>!71 Here A | is the sample’s
cross-section area along the current direction, and ¥’ does not
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depend on the detailed sample geometry. We find that the ¥’
for our NbGe, devices reaches 4 x 10~ "m2-T~1-A~!, a value
larger than that of most low-dimensional noncentrosymmetric
superconductors, suggesting the potential of NbGe, to realize

rectification devices with high efficiency and low energy cost.
The detailed mechanism of such a large ¥ deserves further
studies. The current dependence of ¥ in Fig. 4(d) is similar to
that in Fig. 4(c), except a sign reversal around 30 HA.
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Fig. 3. (a) The first-harmonic resistance R®, and (b) the second-harmonic resistance Rﬁ,‘c" of the microdevice at various currents along ab plane
at 1.6 K. (c) Corresponding color mapping of the R2? as a function of magnetic field and current. (d)—(f) The same as (a)—(c) except that the

current is along the ¢ axis.
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Fig. 4. (a) Amplitude of second-harmonic resistance at the peak position (RfofJ ) as a function of the temperature in the positive field region.

(b) Amplitude of Rif’ at the peak position as a function of the applied current. The absolute value of the nonreciprocal coefficient y =

2R2®

XX
REBI

(left axis) and ¥/ = A | ¥ (right axis) as a function of (c) the temperature and (d) the current.

4. Conclusions

In summary, we have investigated the nonreciprocal
charge transport in microdevices of the superconductor NbGe,
with structural chirality. Giant superconducting rectification

effect from vortex dynamics has been demonstrated during

the superconducting transition, with rectification coefficient
y=6x10° T~!. A~! being one of the largest values recorded
so far. We also report the tunability of the rectification effect
through the temperature, the current and the device orienta-

tion. Our results help understanding the nonreciprocal trans-
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port in superconductor with structural chirality, and offer ways

of manipulation on the superconducting rectification devices.
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