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Supercurrent rectification, nonreciprocal response of superconducting properties sensitive to the
polarity of bias and magnetic field, has attracted growing interest as an ideal diode. While the
superconducting rectification effect is a consequence of the asymmetric vortex pinning, the
mechanisms to develop its asymmetric potentials have been a subject of ongoing debate, mainly
focusing on microscopic breaking of spatial inversion symmetry and macroscopic imbalance of the
sample structure. Here, we report on comparative study of the superconducting diode effect and
nonreciprocal resistance in a superconducting Fe(Se, Te)/FeTe heterostructure. In normal state, we
observe finite nonreciprocal resistance as a hallmark of the spin-orbit interaction with structural
inversion asymmetry. In the superconducting state, we find that the strongly enhanced nonreciprocal
coefficient in transition regime is directly coupled to the superconducting diode efficiency through a
universal scaling law, indicating the role of spin-momentum-locked state on the asymmetric pinning
potential. Our findings, providing a unified picture of the superconducting rectification, pave the way

for functionalizing superconducting diode devices.

A superconducting thin-film heterostructure with structural inversion
asymmetry is a promising platform for observing intriguing physical
properties and spintronic functionalities'™. One of the archetypal con-
sequences of the broken inversion symmetry is the nonreciprocal response
under the magnetic field*"", where the resistivity in one direction is larger
than that in the opposite direction. The concept of such a rectification effect
induced by broken inversion symmetry was originally examined in twisted
and polar non-superconducting conductors known as magnetochiral
anisotropy'**’. When the inversion symmetry is broken along the z-direc-
tion, the phenomenological expression of the sheet resistance R, at low
excitation current density J under magnetic field B is given by

Ry(B,]) = Ry [1 + y(zxB)-]J] 1)

where Rgx is the Ohmic (linear) resistance, and the second term in the
bracket corresponds to the nonreciprocal (nonlinear) contribution. A
nonreciprocal coefficient y represents a strength of polarization, which has
been used for qualitative analysis of the nonreciprocal resistance”.
Especially, in the case of superconductors with the broken inversion
symmetry, it has been reported that the value of y is drastically enhanced
around the superconducting transition temperature (T) as exemplified in

two-dimensional (2D) superconductors confined in gated surface',
heterointerfaces'*", exfoliated flakes of non-centrosymmetric layered 2D
materials”. These nonreciprocal phenomena are further extended to
superconducting critical parameters'*"”*"*, in that the critical current in one
direction I} is larger (or smaller) than that in the opposite direction I_
depending on the polarity of B. By analogy with the semiconductor p-#
junction, the nonreciprocity in critical current is referred as the super-
conducting diode effect, where the diode efficiency # is defined
asn = (If —I7)/(If +I7).

One of the proposed mechanisms for the supercurrent rectification
effect is the rachet motion of vortices caused by asymmetric pinning
potential. According to the Josephson’s relation, the motion of vortices
(hopping between pinning potentials) with a velocity v along the Lorentz
force J x B generates the electric field E = B x v, which is perpendicular to
both vand B (thus, parallel to J) as schematically shown in Fig. 1a. In the case
that the pinning potential is spatially asymmetric, the generated E leads to
rectification effect around 7. In earlier works* ™, the vortex rachet motion
was confirmed in trivial superconductors with artificially-introduced
macroscopic pinning potentials. Recently, a variety of other origins of the
rachet mechanism, such as microscopically asymmetric band structure
caused by Rashba-type or Ising-type spin-orbit interaction typically in 2D
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Fig. 1 | Superconducting properties of a Fe(Se,Te)/FeTe heterostructure.

a Schematics of Fe(Se,Te)/FeTe heterostructure and superconducting diode effect in
the presence of quantum vortices. b Temperature dependence of the sheet resistance
(Ryx-T) characteristic of the Fe(Se,Te)/FeTe heterostructure (red solid line) and the
reference 57.1-nm-thick FeTe single layer (green solid line). (Inset) Ry,-T curve
around superconducting transition. ¢ Superconducting critical parameters of the
Fe(Se,Te)/FeTe heterostructure (red solid circles) and those of bulk FeSe single
crystal””* (black open circles). The basal plane shows a contour plot of normalized
resistance, Ry/Ry, Where Ry is the normal-state resistance at 20 K in the B-T plane,
and the vortex phase diagram.

superconductors'>'>'”**** and asymmetric edge barrier in a super-

conducting microbridge'®'*”', have been suggested, depending on the
electronic and geometric conditions of the samples of interest. In most cases,
the nonreciprocity or the diode effect has been discussed by measuring
either y in the transition regime or # in the zero-resistance superconducting
regime, respectively, in spite that both should be related parameters. For
comprehensive understanding of the superconducting rectification effect in
the broad sense, it is highly desired to clarify the correlation between y and 7
with systematic measurements of resistive transition and the critical current
in magnetic fields. However, such experiments have been limited, probably
because the broadness of the resistive transition width generally impedes the
magnitude of critical current density under magnetic fields.

Here, we studied the nonreciprocal superconducting transport prop-
erties in a Fe(Se,Te)/FeTe heterostructure device (Fig. la), where the
inversion symmetry is broken along the out-of-plane direction (see Materials
and Methods section, and Supplementary Sections 1 and 2 for structural
characterization and sample preparation, and Supplementary Fig. S3 for
device structure). Distinct features of Fe(Se,Te) are the increase of super-
conducting critical parameters™ ™, such as T, the upper critical magnetic
field (B.,), and the critical current density (J.), by Te substitution to Se sites,
as well as the enhanced spin-orbit interaction*'. These characteristics make
Fe(Se,Te) thin-film and its heterostructure be good candidates to examine
the supercurrent rectification with the microscopic origin. Indeed, our

16,

Fe(Se,Te)/FeTe heterostructure shows the nonreciprocal resistance with the
finite y value in the normal state, as a hallmark of the strong Rashba
spin-orbit interaction, which is largely enhanced by a factor of 10° in the
superconducting state around T.. Simultaneously, we observed the relatively
large diode efficiency # up to 15% at temperature much below T, when the
in-plane magnetic field of as large as several Tesla (B//y) is applied per-
pendicular to the current (J//x) (Fig. 1a). Furthermore, by comparing tem-
perature- and magnetic-field dependences of # and y, we found a universal
scaling between them, which can be understood comprehensively using the
asymmetric pinning potential for vortices. Judging from the observation of
nonreciprocal transport at the normal state, the Rashba spin-orbit interac-
tion is suggested as an origin of the asymmetric vortex dynamics. Our
demonstration of the unified picture for superconducting rectification effect
sheds light on perspectives for material selection and structural design
toward highly efficient supercurrent rectification devices.

Results and discussion

Superconducting critical parameters and vortex phase diagram
Figure 1b shows the temperature dependence of Ry, for the Fe(Se,Te)/FeTe
heterostructure together with that for the 57.1-nm-thick FeTe single-layer
film. A clear superconducting transition with onset T. (T¢") and zero-
resistance T (T%) is exhibited in the Fe(Se,Te)/FeTe heterostructure at
14.0and 11.6 K, respectively. Figure 1c shows the J-B-T phase diagram in the
superconducting Fe(Se,Te)/FeTe heterostructure. We achieved a larger
critical current density J. and upper critical field B, than the values reported
in FeSe bulk single crystal”* (black open circles) owing to Te doping (see
Supplementary Figs. S4, S5 for raw data, and Table S1 for the comparison of
critical parameters). The critical current density J. was estimated to be
3.9 x 10° Acm* at 4.2 K, which corresponds to 2.9% of the depairing
current density of Jg=1.3 x 10’ Acm™* (Supplementary Section 3). We
defined the B(T) line from the temperatures when Ry, (T) intersects the
half-value of the normal-state resistance under the magnetic field. A contour
plot of normalized Ry(T,B) is shown on the basal plane of Fig. 1c to con-
struct a vortex phase diagram. The broadening of Ry, below T?" by appli-
cation of B can be well reproduced by the thermally activated flux flow
(TAFF) model’** as discussed in Supplementary Section 4. The robustness
of the superconductivity with large critical parameters, together with the
wide TAFF region in the Fe(Se,Te)/FeTe heterostructure allows the com-
prehensive study of superconducting diode effect and nonreciprocal resis-
tance under a wide range of the current and magnetic field.

Superconducting diode effect
To evaluate the superconducting diode effect, the current-voltage (I-V)
characteristics were measured under a magnetic field. As shown in Fig. 2a
(B= = 5T, T=42K), the nonreciprocal I-V characteristics apparently
emerge. For the positive B (45 T, black curve in Fig. 2a), the critical current
in positive bias (I) is larger than that in negative bias (I7). Such a rela-
tionship is reversed for the negative B (—5 T, red curve in Fig. 2a). This
rectification effect against the in-plane B indicates the broken inversion
symmetry along the direction perpendicular to the plane. Note that this
rectification effect was not observed in out-of-plane B (see Supplementary
Fig. S7), excluding the effect of different barriers against vortex motion at left
and right edges of superconducting channel'*"' or inhomogeneous pinning
potential”, as pointed in previous low-field experiments. Figure 2b shows the
IT and I values at 4.2 K as well as their averaged value I = (I7 +17) /2
(black solid line) as a function of B up to 15 T. Here, I is the critical current
definedat V=1 mV. The It (B)andI_ (B) curvesindicate that the sign of the
nonreciprocal contribution to I.(B) is reversed by the polarity change in B.
To clarify the nonreciprocal component of I, the I(B) is analyzed in
the form of I7/~ = I° + AI_ /2, where the second term is the nonreciprocal
component definedas AI. = I — I . Figure 2c shows the B dependence of
AI_ in the temperature range from T=4.2 to 11K. Below T=9K, the
antisymmetric behavior of AI_-B curve is apparently observed, in that |AI . |
first linearly increases from zero with increasing (decreasing) B up to 4 T
(down to —4 T) and then suppressed by further increase (decrease) of B. The
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values of diode efficiency n = (I —I7)/(IF +I7) = AI_/2I? at those
temperatures are summarized in Fig. 2d. The antisymmetric AI (B) and
n(B) with peak and valley structures are common features of the super-
conducting diode effect observed in a wide range of polar
superconductors'”'**", Although the theoretical analysis is indispensable
for the interpretation of the suppression of #(B) at high magnetic field above
5T, it is natural that AI_ approaches zero at the normal state, passing
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Fig. 2 | Superconducting diode effect. a Current-voltage (I-V) characteristics when
the in-plane magnetic field of + 5 T perpendicular to the current is applied at

T =4.2 K. Red and black solid lines indicate the positive and negative polarity of
the magnetic field. b The magnetic field dependence of critical current for positive
(I}, red) and negative (I_, blue) direction. Black solid line indicates the averaged
value defined as I = (IF + I7)/2. ¢, d The magnetic-field dependence of

c Al = I7 — I7 and d rectification efficiency = AI./2I° for T=4.2 (red), 7.0
(orange), 9.0 (green), and 11.0 K (blue). For clarity, the data are offset in c.

through the maximum, due to the shrinkage of the order parameter with
increasing B.

Magnetic-field dependence of second harmonic resistance
Next, to quantitatively evaluate the coefficient y in Eq. (1), the first and
second harmonic voltages were measured using the lock-in technique with a
low excitation current. When ac current I,. = ﬁI o Sinwt = ﬁ J oA sin wt is
applied to the channel (A: cross-sectional area of the channel, J;: applied
current density), Eq. (1) yields the output voltage as follows:

V2V, =R _I._= /2R J, Asin wt + yR®.BJ2A sin 2a)t+z + constant (2
XX XX"ac xx/ 0 VYRxx 0 2

Since the measured first and second harmonic resistances correspond
to R =R®_and R% = yR? J,B/+/2, respectively, y can be experimentally
obtained as y = +/2R*/R®J B (see Supplementary Section 6 for
extraction).

Figure 3a shows RY (B) and R2®(B) with I, = 0.2 mA from the normal
stateat T'= 20 K (above T") down to the superconducting stateat T=4.2 K.
Below T¢", R, (B) shows a positive magnetoresistance (MR) corresponding
to the suppression of superconductivity by B. Along with the emergence of
positive MR in R® (B), the antisymmetric R?’(B) develops with peak and
valley structures at high-field region, which resembles those reported in
polar or chiral superconductors such as WS, nanotube (ref. 9), gated MoS,
(refs. 10,11), and SrTiO; (ref. 12) as well as superconducting
heterostructures™'>*'. With further decreasing T, such antisymmetric
R2°(B) is suppressed in the full superconducting state. Figure 3b presents
temperature profile of y(T') together with R (T) around thermal creep
regime with Ip=02mA at B=1 to 15T. The y(T) curve exhibits two
distinct features: (I) y is greatly enhanced and exhibits the peak, which shifts
toward lower temperature when B increases in accordance with the decrease
of T«B). The peak value of y reaching 3.1 x 107" m’A™'T" at B=5T
corresponds to 10° times enhancement from the normal state (a black open
circle) as discussed later. (II) The value of y rapidly decreases with further
decreasing T toward zero resistance. The concomitant occurrence of the
enhancement of y and the Ry (T) drop described by the TAFF model for (I)
implicates that the activation energy (pinning potential) is effectively
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Fig. 3 | Enhancement of the nonreciprocal coefficient in the thermal creep regime
and universal behavior. a Magnetic-field dependence of (top) first and (bottom)

second harmonic resistances (R%, and R2®, respectively) at T=4.2, 7,9, 10, 12, and
20 K for the ac current I = 0.2 mA. For clarity, R2® is magnified by 10 at = 4.2 and
7K, and by 10 at T=20 K. b The R, (T) and nonreciprocal coefficient y curves by

10 10° 10" 10° 107
ni(BT) (T"K™')

sweeping the temperature measured at I, = 0.2 mA for B from 1 (red) to 15T
(purple) with an interval of 2 T. A black circle indicates the y value at normal state
(T=20K). ¢ The relationship between y and #/BT obtained for magnetic field B=1
to 15 T. A dashed line represents a linear relation. (Inset) Schematic of asymmetric
pinning potential around the vortex core.
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Fig. 4 | The origin of the asymmetric pinning potential of vortices. a, b Magnetic-
field dependence of R% for a thermal creep regime at T'= 10 K and b normal state at
T =20 K with different . ¢ I, dependence of the slope of R2*(B) for thermal creep
regime (red) and normal state (blue). For thermal creep, the slope of R2°(B) was

obtained around the linear region (black dashed line in a). d Schematics of helical
spin structure under in-plane magnetic field B, rotational current J, around a vortex,
and asymmetric condensation energy density Eq(2).

asymmetric against the polarity of current and magnetic field, which is the
origin of the nonreciprocal resistance. On the other hand, the sudden
decrease in y for (II) suggests the disappearance of the activated motion of
the vortices itself, which causes zero resistance in the low current limit. This
corresponds to the freezing of vortices from a liquid (TAFF) state to a
solid state.

Universality of supercurrent rectification within the vortex
ratchet motion model

To link the driving mechanisms of two nonreciprocal phenomena at high
and low excitation currents, we compare the values of 7 and y as functions of
Band T. As seen in Fig. 2d, the value of () monotonically increases toward
low temperature. In contrast, the value of y(T) is more dramatically
enhanced than #(T) with decreasing T in the thermal creep region. Con-
sidering the different T dependence between them, we empirically found a
universal scaling law between y and #7/(BT) within the thermal creep regime
as shown in the yellow shaded region of Fig. 3c. This almost linear scaling
relation indicates that the rapid increase in y(T,B) is described as the
increase in 77 multiplied by 1/(BT). By using the rather high voltage criteria
of 1 mV, it is possible to compare y and # in the common region in the B-T
plane, obtained by the independent experiments with low and high exci-
tation current, respectively.

To interpret the scaling law found in this work, we now consider a
simple model assuming the asymmetric pinning potential U,(z), as sche-
matically shown in the inset of Fig. 3¢, which leads to the asymmetric creep
or depinning of vortices. The model based on the depinning process is
feasible from the fact that the measured critical current density J. is much
smaller than the depairing critical current J4 (refs. 44,45). As mentioned
above, in the TAFF scenario, the nonreciprocal contribution to R, below
T2" originates from the activated motion of vortices in asymmetric pinning
potential, which is referred to as the vortex ratchet effect'’. In such a con-
dition, the depinning critical current densities JT and J are calculated by
balancing the Lorentz forces, /' BV and J. BV, working in the upward-

and the downward-directions along the z axis, and the pinning forces, Uy/
dyp and Uy/dgown in the opposite directions to the Lorentz forces, respec-
tively. Here, dy, and dgown represent the sizes of the pinning potential from
its minimum point with dy, 4 daown = 2d, (see the inset of Fig. 3c) and V.. is
the effective volume of the vortex bundle. Then, we obtain,

dup = (1 - W)do (3)

ddown = (1 + ’1)‘10 (4)

from 5 = AI_/2I° (see Supplementary Section 7). By applying Egs. (3) and
(4) in the TAFF model, the emergent y as a function of 77 in the low excitation
current is derived as,

_Vchr]
Ve Tk T

(©)

where kg is the Boltzmann constant (see Supplementary Section 7 for extrac-
tion). In the case that the vortices move individually like in the TAFF regime,

V. can be described as Aa> = A(%) with A, a ~ \/§ and @, being the

penetration depth, the average distance between vortices, and the flux quantum
h/2e with h the Planck constant, respectively. The substitution of Aa? to V. in

q)‘;c—id" > which explains the empirical scaling law found in

Eq.(5)leadstoy =
Fig. 3c. The relation of y-n/BT yields a size of the pinning potential
d, ~2.3 nm by assuming the penetration depth of our sample A ~580 nm as a
temperature-independent parameter (Supplementary Section 3). The compar-
able value of d, to the superconducting coherence lengths (£, =2.2 nm and
&, =12 nm, Supplementary Section 3) ensures the validity of our model. The
universal scaling in the y-#/BT relation breaks down in high and low-
temperature regimes. In these regimes, Ry, (T) is not governed by thermal creep
of vortices; instead, the transport properties are dominated by superconducting
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fluctuation of order parameter amplitude at high temperatures (Supplemen-
tary Section 4) and the freezing vortex motion at low temperatures, respectively.

Origin of the asymmetric pinning potential

Finally, we discuss the possible origins of the asymmetric pinning potential
in the Fe(Se,Te)/FeTe heterostructure. Figure 4a, b show RZ,Q‘;’(B) with dif-
ferent I in the thermal creep regime at T'= 10 K and in the normal state at
T=20K, respectively. In addition to the enhanced R2“(B) with antisym-
metric peak and valley structures in the thermal creep regime (Fig. 4a), we
observed a linear H-dependence of the R2“(B) in the normal state (Fig. 4b).
This non-zero nonreciprocal response in the normal state is suggestive of the
strong effect of the spin-orbit interaction®” as previously exemplified in the
polar conductors®” and the topological insulator heterostructures'".
Indeed, as shown in Fig. 4c, the slope of Rfu‘f (B), Rfo‘f /B, in the normal state
(blue circles), is linearly dependent on I, (dashed line in Fig. 4c), being
consistent with Eq. (1). From the linear relation, we extract the normal-state
nonreciprocal coefficient of y=1.1 X 107'*m*A™"T"". It is noted that the
strong enhancement of R% /B (black dashed line in Fig. 4a) in the thermal
creep regime by a factor of almost 10* as shown in Fig. 4c originates from the
enhanced y value by ~10° times due to the TAFF (Fig. 3b).

By considering the observation of nonreciprocal resistance even in the
normal state, it is natural that the presence of the in-plane helical spin-
momentum-locked state due to the Rashba effect”™ should play a role in the
formation of asymmetric pinning potential. In such a state, the Cooper pairs in
the superconducting state acquire a non-zero center-of-mass momentum Aq
along x direction when B is applied along y direction as shown in Fig. 4d. This
finite Cooper pair's momentum Aq may cause asymmetricity of super-
conducting order parameters with respect to the polarity of Aq. According to
the theoretical prediction assuming the external current I applied along Aq,
the condensation energy becomes asymmetric against the polarity of I, leading
to the nonreciprocal J4(B) (ref. 28). The same argument can be applied to the
rotational supercurrent J, in the absence of external current. Since the J, has
the components both parallel and antiparallel to Aq, depending on the radial
position around the vortex core, the spatial distribution of the condensation
energy density Eq.(2) around the vortex core can be asymmetric with respect
to the direction perpendicular to Aq and parallel to the Lorentz force (z-
direction). Therefore, the asymmetric pinning potential, which is proportional
to Eg:(2), can be realized as a consequence of Rashba superconductors. The
important correlation between vortex dynamics and spin-orbit interaction is
found from the universal scaling law of the superconducting rectification
effect, which will stimulate further theoretical studies.

Conclusions

In summary, we demonstrated that the simple vortex ratchet model
incorporating the asymmetric vortex depinning phenomena can clearly
explain the relationship between the superconducting diode effect and
nonreciprocal resistance. Our findings will open the perspectives of struc-
tural design not only for further functionalization of superconducting diode
effect devices, but also for exploring exotic superconductors with sponta-
neously broken time-reversal symmetry.

Materials and methods

The Se-capped 23.3-nm-thick Fe(Se,Te)/20.0-nm-thick FeTe hetero-
structure and 57.1-nm-thick FeTe single layer were prepared on CaF,
substrates by pulsed-laser deposition at a growth temperature of 350 °C in
vacuum. The sharp interface without noticeable interdiffusion were con-
firmed by structural characterizations using x-ray diffraction and scanning
transmission electron microscopy (STEM) with composition mapping by
energy-dispersive x-ray spectroscopy images (Supplementary Section 1).
The thickness of each layer of the heterostructure was calibrated from
deposition rates of the individual Fe(Se,Te) and FeTe single-layer thin-film
samples and STEM images. The Fe(Se,Te)/FeTe heterostructure was pat-
terned into a rectangular-shaped device with a center-to-center distance of
voltage probes and channel width being L = 155 and W = 50 um for precise
measurement of current-voltage (I-V) characteristics by water lift-off

technique (see Supplementary Section 2). The optical micrograph of the
fabricated device and schematic setup for the lock-in measurements are
shown in Supplementary Figs. S3 and S8, respectively. The current-voltage
(I-V) characteristics were obtained by sweeping DC current, resulting in the
normal-state resistance evaluated as Ry, = V/I =272 ) at the current much
higher than I and T'= 4.2 K. This value is consistent with the four-terminal
resistance (L/W)RY. =273 Q at T=20 K measured with 10 yA, ensuring
that the effect of Joule heating is excluded and the Pt/Ti electrodes serve as
Ohmic contacts. This implies that our transport measurements reflect the
properties of the 23.3-nm-thick Fe(Se, Te) layer. The sheet resistance and its
nonreciprocal contribution were characterized by first and second harmo-
nic resistance measurements using a lock-in technique at a frequency of
13 Hz. All electrical measurements were performed in a variable tempera-
ture insert equipped with a 15 T superconducting magnet.

Data availability
All data in the main text or the supplementary information are available
upon reasonable request.
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