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Nonreciprocal transport of superconductivity in a Bi/Ni bilayer
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Nonreciprocal transport, an exciting quantum physical phenomenon arising from symmetry breaking, can be
significantly magnified in the superconducting state. Recent progresses have demonstrated it as a unique probe of
the pairing mechanisms in symmetry-breaking superconductors (SCs). Here, we report the nonreciprocal charge
transport of the superconductivity in the Bi/Ni bilayer, a p-wave SC candidate. The nonreciprocal transport
signal is dramatically enhanced under in-plane magnetic field, but vanishes under perpendicular magnetic
field. Interestingly, the nonreciprocal transport is magnified in the temperature regime that can be associated
with notable vortex motion. Our results provide compelling evidence for the Rashba superconductivity in the
Bi/Ni bilayer with in-plane spin splitting, a precursor for the p-wave SC, which might hold promise for future
topological quantum computing applications.
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I. INTRODUCTION

The p-wave superconductor (SC), a long-sought novel
quantum state [1–3], has attracted a lot of attention due to
its interesting physical properties and potential technologi-
cal impact for fault-tolerant topological quantum computing
[4,5]. The superconducting Bi/Ni bilayer has been shown to
be a promising chiral p-wave SC candidate [6], arising from
the time and spatial reversal symmetry breaking. The p-wave
pairing has been evidenced in recent experiments, including
point contact Andreev reflection [7], phase sensitive quantum
interference [8], and time-domain terahertz spectroscopy [9],
etc., while other types of pairing symmetry have also been
suggested, such as dxy ± idx2+y2 based on Kerr rotation using
a Sagnac interferometer [10], and conventional s-wave pairing
of Bi-Ni alloys formed at the Bi/Ni interface [11,12]. These
important progresses show that the pairing symmetry of the
superconductivity in the Bi/Ni bilayer is an important question
that needs further investigation.

Nonreciprocal transport is a unique physical phenomenon
arising from intrinsic symmetry breaking in quantum ma-
terials [13–16]. It can be significantly magnified in non-
centrosymmetric SCs [17,18] and their heterostructures,
including transition metal disulfide [19,20], oxide interfa-
cial two-dimensional electron gases (2DEGs) [21], kagome
SC CsV3Sb5 [22,23], and SC proximitized heterostructures
[24–26]. A special nonreciprocity is the superconducting
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diode effect, which has been observed in superconducting
superlattice [27,28] and Josephson junctions [29,30]. The su-
perconducting diode effect holds the promising potential for
low-power superconducting circuits applications [31]. Most
importantly, since the nonreciprocal transport is associated
with symmetry-breaking induced spin-splitting Fermi sur-
faces [17], it provides a unique means to explore the pairing
symmetry in noncentrosymmetric SCs [19,21,24].

Here, we report the nonreciprocal transport of the super-
conductivity in the Bi/Ni bilayer with spin-splitting Fermi
surface [17,18]. These results further suggest that supercon-
ductivity at the Bi/Ni bilayer is a promising p-wave SC
candidate.

II. EXPERIMENT

The Bi (20 nm)/Ni (3 nm) bilayers were grown on the
single-crystalline (001)-oriented MgO substrates in an ul-
trahigh vacuum molecular beam epitaxy system with base
pressure of 6 × 10−8 Pa [7,10]. Prior to the growth, the MgO
substrates were cleaned by annealing at 700 ◦C in vacuum for
75 min. Then the Ni layer and Bi layer were sequentially
deposited onto MgO at 300 and 110 ◦C, respectively. The
Hall bar devices of the Bi/Ni bilayers were patterned using
standard electron-beam lithography, followed by argon ion-
beam etching. The optical image of a typical Bi/Ni Hall bar
device is shown in Fig. 1(b). The electrical transport measure-
ments were carried out in a physical properties measurement
system (PPMS; Quantum Design) using the AC lock-in tech-
nique. During the measurement, an AC current (frequency:
f = 7 Hz) is applied between the source and drain
(Isd = 100 μA) using a Keithley 6221, as illustrated in
Fig. 1(b). The first and second harmonic voltages (V 1ω and
V 2ω) were simultaneously measured by two lock-in amplifiers

2469-9950/2023/108(6)/064501(8) 064501-1 ©2023 American Physical Society

https://orcid.org/0000-0002-1757-4479
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.108.064501&domain=pdf&date_stamp=2023-08-04
https://doi.org/10.1103/PhysRevB.108.064501


CAI, YUE, QIAO, GUO, CHEN, XIE, JIN, AND HAN PHYSICAL REVIEW B 108, 064501 (2023)

2 3 4 5
0.0

0.5

1.0

T (K)

0 T
0.2 T
0.5 T
0.8 T
1 T

R
/R
N

-4 -2 0 2 4

0.0

0.5

1.0

  

B (T)

R
/R
N

OP
IP

T = 2 K

(c)

(a) (b)

(d)

100 μm

~ Isd

V1 + V2

Ni (3 nm)

Bi (20 nm)

TC

MgO

Bi/Ni

FIG. 1. Basic characterization of the superconductivity in a Bi/Ni bilayer. (a) Schematic of superconductivity in Bi (20 nm)/Ni (3 nm)
bilayer. (b) Optical picture of the Hall bar device fabricated on the Bi/Ni bilayer. (c) Temperature dependence of the channel resistance
R1ω of the Hall bar device under various out-of-plane magnetic fields from 0 to 1 T. The R1ω is normalized by the values at T = 5 K. The
superconducting transition temperature (Tc) is obtained to be ∼3.8 K, from the zero-resistance state at B = 0 T. (d) Out-of-plane (OP, red line)
and in-plane (IP, blue line) magnetic field dependencies of normalized channel resistance at T = 2 K. The R1ω is normalized by the normal
state resistance at B = 5 T.

(SR830) with the probed phases set at 0 and 90 °, respec-
tively. During the measurements of the phase diagram as a
function of magnetic field and field direction, the Bi/Ni Hall
bar devices were rotated between 0 and 360 ° via a rota-
tion sample holder under a constant magnetic field in the
PPMS.

III. RESULTS AND DISCUSSION

The Bi/Ni bilayer consists of a 20-nm-thick Bi layer and a
3-nm-thick Ni layer, which are epitaxially grown on the MgO
substrates [7,10]. As shown in Fig. 1(a), the Cooper pairs exist
at the Bi top interface away from the Ni layer [7]. Transport
measurements are carried out on the Hall bar devices of Bi/Ni
bilayers using standard low-frequency lock-in technique, as
illustrated in Fig. 1(b). Figure 1(c) shows the normalized
resistance (R1ω/RN , where RN is the measured resistance at
normal state at T = 5 K) as a function of the temperature (T )
under various out-of-plane magnetic fields (BOP) measured on
device A. The superconducting transition temperature (Tc) is
determined to be ∼3.8 K from the zero-resistance state. As the
magnetic field increases, a superconductor-to-metal transition

is observed. Figure 1(d) shows the magnetic field dependence
of the channel resistance at T = 2 K under BOP and in-plane
magnetic field (BIP), respectively. The out-of-plane and in-
plane critical magnetic fields are determined to be ∼0.32 and
∼1.15 T, respectively, and the in-plane critical magnetic field
at T = 0 K is estimated to be ∼1.27 T, as shown in Fig. S1 of
the Supplemental Material [32].

The inversion-symmetry breaking of the Bi/Ni bilayer in-
duces the spin-orbit coupling (SOC) at the interface which
will break the spin degeneracy of the energy band with spin
splitting, as illustrated in Fig. 2(a) for an in-plane spin split-
ting Fermi surface of Bi(110) [33,34] accompanied by strong
spin-momentum lock-in property. The applied BIP first causes
the accumulation of spin angular momentum, which is then
converted into charge momentum under the action of spin-
momentum lock-in to contribute the additional charge current
[light green arrow in Fig. 2(a)] named renormalized current
Ir . Depending on the magnetic field direction, the Ir can be
parallel or antiparallel with the applied charge current Isd. As
a result, the charge transport will depend on the current and
magnetic field directions; namely the nonreciprocal transport
effect [13]. Quantitatively, the nonreciprocal transport effect
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FIG. 2. Nonreciprocal transport of the superconductivity in a Bi/Ni bilayer. (a) Schematic of in-plane magnetic field (BIP) induced Fermi
surface shift for an in-plane spin splitting system. (b) Schematic of Fermi surface under an out-of-plane magnetic field (BOP). (c), (d) Schematics
of the measurement geometry under BIP and BOP, respectively. (e) The channel resistance (R1ω) and nonreciprocal resistance (R2ω) as a function
of BIP at T = 2 K. The nonreciprocal transport is highlighted by red shadow region. Insets: Illustration of the physical pictures accounting for
nonreciprocal signal R2ω. (f) The channel resistance (R1ω) and nonreciprocal resistance (R2ω) as a function of BOP at T = 2 K.

appears in the nonlinear response of IV characteristic as ex-
pressed in the following equation:

V = R0Isd + γ R0BI2
sd, (1)

where B is the magnetic field perpendicular to Isd, R0 is the
ordinary Ohm resistance, and γ is the nonreciprocal transport
coefficient. Since the nonlinear term is much smaller than the
linear term, making it challenging to detect the nonreciprocal
part using DC measurement (Fig. S2 [32]), the AC lock-in
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technique is used to measure the nonreciprocal effect. Under
the AC current of Isdsinωt , Eq. (1) can be further expressed by
the equation below [21]:

V =V 1ω + V 2ω + . . . = R0Isdsinωt

+ 1

2
γ R0BI2

sd

{
1 + sin

(
2ωt − π

2

)}
, (2)

where the second term can be easily detected by lock-in am-
plifier using the second harmonic (V 2ω) setting. In these two
equations, the first part is the ordinary ohmic law and the sec-
ond part represents the nonreciprocal transport, indicating that
it is proportional to the magnetic field (B) and Isd. The polarity
of the second term is determined by the magnetic field direc-
tion indicating that the B induced renormalization current (Ir)
dominates the nonreciprocal transport via the spin-splitting
energy band which is generated by Rashba spin-orbit coupling
(SOC) at the Bi/Ni bilayer. To measure the nonreciprocal
transport of the superconductivity at the Bi/Ni bilayer, the
first (V 1ω) and second (V 2ω) harmonic voltages are measured
with Isd along the x-axis direction and B in the yz plane that
is always perpendicular to the Isd direction, as illustrated in
Figs. 2(c) and 2(d). The first and second harmonic resistances
are obtained as R1ω = V 1ω/Isd and R2ω = V 2ω/Isd, and the
nonreciprocal transport coefficient can be expressed as

γ = 2R2ω

R1ωBIsd
. (3)

Figure 2(e) shows the first and second harmonic resistances
as a function of BIP at T = 2 K (device A). When the Bi/Ni
bilayer undergoes the transition between the normal and su-
perconducting states, R1ω/RN suddenly decreases and R2ω is
dramatically enhanced [red shadow region in Fig. 2(e)]. R2ω

reaches the maximum at BIP ∼ 1.2 T, and decreases when the
magnetic field further decreases, which is due to the grad-
ually vanishing of channel resistance for the Bi/Ni bilayer
approaching the superconductivity state [19]. The nonrecip-
rocal signal changes its sign as the magnetic field changes its
direction. This observation is expected for 2D noncentrosym-
metric SCs with in-plane spin-splitting Fermi surfaces [17].
As illustrated in the insets of Fig. 2(e), positive (or negative)
BIP induces a Fermi surface shift and generates a renormalized
current (Ir) contribution (light green arrows), leading to the
positive (or negative) R2ω. On the other hand, the in-plane
spin-splitting bands will not be affected by the out-of-plane
magnetic field (BOP) as illustrated in Fig. 2(b) which results
in the absence of a nonreciprocal transport signal under BOP

[Fig. 2(f)]. These results strongly confirm that Bi/Ni supercon-
ductivity pairing agrees well with the theoretical prediction of
Rashba SC with in-plane spin splitting, which could lead to a
spin-triplet p-wave component by reselecting a spin quantum
axis [35–38].

To further explore the symmetry of the nonreciprocal trans-
port signal, we perform the R2ω vs B measurements on another
Bi/Ni Hall bar device (device B) with rotating the magnetic
field direction in the yz plane and Isd along the x axis, as illus-
trated in Fig. 3(a). The phase diagram of R2ω [Fig. 3(b)] shows
the 2π symmetry as a function of θ , which is further consistent
with the theoretical prediction of the 2D Rashba SC with
in-plane spin splitting [17]. As the B slightly deviates from
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FIG. 3. Magnetic field dependence of the nonreciprocal transport
of superconductivity in Bi/Ni bilayer. (a) Schematic of measurement
geometry with magnetic field (B) rotating in the yz plane. The current
(Isd) is along x axis. θ is magnetic field angle. (b) The phase diagram
of R2ω as a function of B and θ .

the y axis, R2ω vs B shows a double peak feature with sign
reversal suggesting that other possible competing mechanisms
of nonreciprocal transport might exist in the Bi/Ni bilayer,
such as the vortex Nernst effect [26] or the competition be-
tween different types of vortex [20,25]. Future studies are
needed to fully understand this sign reversal feature. Never-
theless, the rotating magnetic-field-induced sign reversal of
R2ω vs B has only recently been observed in our Bi/Ni bi-
layer, a p-wave SC candidate, and topological insulator/SC
heterostructures [25], which was attributed to the competition
between the spontaneous vortex in the BKT phase and the out-
of-plane B component induced vortex. More importantly, the
recently reported extrinsic nonreciprocal mechanisms [39,40],
exhibit strong dependence on the out-of-plane magnetic field.
However, in our experiment, R2ω vanishes θ = 0 degree, when
the field is in the out-of-plane direction. This feature indicates
that the nonreciprocal signal in the Bi/Ni bilayer is most likely
to be intrinsic, arising from the in-plane spin-splitting pairing.

To further explore the nonreciprocal mechanisms in the
Bi/Ni bilayer, we perform the measurements at various tem-
peratures and BIP, and the results (device A) are summarized
in Fig. 4(a). Clearly, the enhanced peak behaviors of R2ω

are observed around the superconductor-to-metal transition
regime, consistent with the phase diagram of R1ω (Fig. S3
[32]). Specifically, the magnetic field dependence of R2ω at
T = 2.5, 3, 3.5, and 4 K are extracted as shown in Fig. 4(b).
As temperature increases, the amplitude of R2ω monotoni-
cally decreases then eventually disappear at T = 4 K. More
interestingly, the double-peak feature can be observed at
T = 3.5 K, which is consistent with the sign reversal patterns
in Fig. 4(a) around 3.5 K. This temperature variation in-
duced sign reversal behavior is also similar to previous results
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FIG. 4. Temperature dependence of the nonreciprocal transport of superconductivity in Bi/Ni bilayer. (a) Phase diagram of R2ω as a
function of temperature (T ) and in-plane magnetic field (BIP). (b) Magnetic field dependence of R2ω measured at T = 2.5, 3, 3.5, and 4 K,
respectively. (c) Temperature-dependent nonreciprocal coefficient (γ = 2R2ω

R1ω BIsd
). The red line represents the best fitting curve for the vortex

motion regime based on the equation of γ = c(T − TBKT)−1.5. Inset: The mean field fitting (blue dash line) and the BKT fitting (red dash line)
of temperature dependence of R1ω at B = 1.2 T. (d,e) Schematics of higher/lower vortex densities under positive/negative in-plane magnetic
fields, respectively.

observed in Bi2Te3/PdTe2 heterostructure [25]. At relatively
higher temperature, when the B is not completely parallel to
the in-plane field, a small BOP component is more likely to
induce a vortex which competes with the spontaneous vortex
in the BKT phase. Moreover, as shown in Fig. 4(a), a consid-
erable nonreciprocal transport phenomenon (R2ω) can also be
observed under zero magnetic field, which may be related to
the spontaneous time reversal symmetry broken ferromagnetic
layer Ni. To qualitatively study the nonreciprocal transport

in Bi/Ni, we calculate the temperature-dependent coefficient
γ based on Eq. (3) (see Fig. S4 for details [32]). The tem-
perature dependent γ is summarized in Fig. 4(c) from 2 to
4 K. A kink structure appearing at T ∼ 3 K indicates that
there are two different mechanisms for nonreciprocal trans-
port around the Bi/Ni superconducting transition region which
could be separated by mean field temperature (Tc0) and BKT
temperature (TBKT) at the superconductivity transition region.
To extract Tc0 and TBKT, the temperature-dependent R1ω at

064501-5



CAI, YUE, QIAO, GUO, CHEN, XIE, JIN, AND HAN PHYSICAL REVIEW B 108, 064501 (2023)

BIP = 1.2 T is fitted based on the Aslamazov-Larkin (AL)
[41] and Halperin–Nelson (HN) [42] equations as follows,
respectively:

R1ω ∝
(

1

RN
+ α

Tc0

T − Tc0
+ βlnT

)−1

, (4)

R1ω ∝ RN exp

⎛
⎝−2b

√
Tc0 − T

T − TBKT

⎞
⎠, (5)

where α, β, and b are the fitting coefficients. In the AL
equation, the first term represents the normal resistance contri-
bution, the second term represents the Cooper pairs fluctuation
contribution from thermal excitation when temperature is
above Tc0, and the third term represents the low tempera-
ture lnT behavior arising from weak (anti)localization and/or
electron interaction [43]. In the HN equation, the exponen-
tial term describes the spontaneous vortex formation-induced
resistance variation due to phase fluctuation as temperature
changes from Tc0 to TBKT. The Tc0 and TBKT are determined
to be 2.89 and 1.72 K, respectively, as shown by the blue
and red dashed lines in the inset of Fig. 4(c). Therefore,
when T > 2.89 K, the nonreciprocal signal can be attributed
to the amplitude fluctuation of the superconducting order pa-
rameter that gives rise to an additional conductivity [17,21].
For 1.72 K < T < 2.89 K, the resistivity state is dominant
by the formation of vortex and antivortex at BKT transition
due to order parameter phase fluctuation [42]. At the BKT
phase transition region, the charge transport is dominated
by the spontaneous vortex density and motion which can be
modulated by the renormalized current Ir [17,24]. As the BIP

direction changes, the renormalized supercurrent Ir is par-
allel or antiparallel to the applied current Isd which results
in the enhancement of channel current to Isd + Ir [Fig. 4(d)]
with lower TBKT or suppression of channel current to Isd − Ir

[Fig. 4(e)] with higher TBKT, respectively. At the same tem-
perature and amplitude of BIP, the larger channel current of
Isd + Ir is more likely to promote vortex formation with higher

resistance [Fig. 4(d)] than in the Isd − Ir case [Fig. 4(e)].
Besides, the ability to drive vortex motion varies with dif-
ferent charge current density. Therefore, the magnetic field
or Isd direction dependent asymmetric vortex formation and
motion result in the nonreciprocal transport behavior at BKT
transition region where γ vs T are fitted very well [red line in
Fig. 4(c)] based on γ (T ) ∝ (T − TBKT)−1.5 as the theoretical
expectation of 2D noncentrosymmetric SC [17,21]. As the
temperature further decreases to T = 2 K, the strong decrease
of γ is observed which can be attributed to the freezing vor-
tices at low temperatures.

IV. CONCLUSION

In summary, we report on the nonreciprocal transport in
Bi/Ni bilayer, an unconventional p-wave SC candidate. The
temperature and magnetic field dependence of the nonrecip-
rocal transport agree well with the theoretical expectation
for an in-plane spin-splitting SC. Based on the quantitative
analysis of the nonreciprocal transport coefficient, the greatly
enhanced nonreciprocal transport in Bi/Ni bilayer can be at-
tributed to the asymmetric vortex motion. Our results, together
with previous studies, provide compelling evidence of the
Rashba SC in the Bi/Ni bilayer with in-plane spin splitting, a
precursor for p-wave SC [6–9], which might hold the promise
for future superconducting spintronics and topological quan-
tum computing applications [44].
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