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Abstract
We report transport evidence of nonreciprocal response in a topological-insulator /normal-metal
Bip.91Sbg.g9/Pt hybrid structure. In the presence of an in-plane magnetic field, we observe a
direction-dependent critical current asymmetry, which points to the occurrence of a supercurrent
rectifying effect. We demonstrate that the observed magneto-transport anomaly can only arise
from the topological surface states that induce a strong correlation between the spin polarization

of carriers and the direction of supercurrent.

PACS numbers: 74.78.w, 73.23.-b, 74.45.4c



A two-dimensional (2D) superconductor induced at a topological insulator-normal metal
interface offers a viable platform to search for interesting phenomena with Cooper pairs
transported by spin-polarized surface states. It is predicted that a Zeeman field can generate
a critical current asymmetry between the opposite current directions in a 2D superconductor
with strong spin-orbit coupling (SOC), leading to the supercurrent rectifying effect [1-3].
The similar effect can also occur in a Josephson junction (JJ) when the normal region
between two superconductors is made from materials with strong SOC [4-9]. In an external
in-plane magnetic field, the Zeeman field couples to the electron momentum through SOC,
which modifies the current-phase relationship by introducing a ¢y phase-shift proportional
to the Zeeman energy. If there is more than one pair of transmitting channels, the external
field can induce a critical current asymmetry between the opposite current directions [4, 6, 7.
A superconducting rectifier may have applications ranging from SQUID magnetometers to
quantum computing devices [10].

To generate a supercurrent nonreciprocal response, a variety of quantum materials have
been investigated [11], such as non-centrosymmetric superconductors [12], topological in-
sulators (TIs) [13-19], quantum dots [20, 21}, nanowires [22-24], magnetic-impurity doped
superconductors [25], and a two-dimensional electron gas with strong SOC in combination
with a quantum point contact [6, 7, 26, 27]. Recent experiments on electric field-induced 2D
superconductor MoS, have demonstrated nonreciprocal charge transport in the supercon-
ducting state, due to the absence of the in-plane inversion symmetry [12, 28]. For topological
materials, the supercurrent rectifying effect has been identified in a 2D TT HgTe quantum-
well when the Josephson current is carried only by the edge states in the quantum spin
Hall regime [19]. However, observation of a nonreciprocal supercurrent in a 3D TI with
Rashba-type spin-orbit interactions has not been reported, even after an extensive study
[29-32].

In this Letter we report the observation of the supercurrent rectifying effect in a 3D-TI
Bi;_,Sb, /Pt hybrid structure. We induce 2D superconductivity only on the top surface of a
Bi;_,Sb, single crystal using the focused ion beam (FIB) technique [36]. Pronounced critical
current asymmetries are observed in the differential resistance dV//d[ in the presence of a
weak in-plane magnetic field, implying that a net supercurrent is induced by the Zeeman
field. The magnitude of the asymmetric critical current is significantly enhanced compared

to the theoretical prediction for a 2D superconductor with strong SOC. We interpret this



large supercurrent nonreciprocal response as a result of the Josephon coupling between
neighboring superconducting islands.

We fabricated the heterostructure by depositing a narrow 200-nm-thick Pt thin film
on the surface of a Bigg1Sbg o9 flake using FIB. The inset of Fig. 1 shows the scanning
electron microscopy image of a typical device (Sample 1). Previous work shows that 2D
superconductivity can be induced at the interface of Pt and Bi;_,Sb, via FIB deposition
[36]. The width of the Pt layer W’ = 2 pm is much smaller than the width W = 100 pum of
the Big.g1Sbgg9 substrate. In this configuration, sharp multiple peaks are often observed in
the differential resistance curve dV/dI. These sharp dV/dI peaks are believed to originate
from the multiple Pt/Big¢1Sbgg9 superconducting islands generated from the spreading of
Pt layer deposited beyond the intended position [36].

Compared to previous hybrid systems, our device has several important features. First,
the effective mass and Fermi velocity of Pt/Bi;_,Sb, superconducting regime could be close
to those of normal Bi;_,Sb,, leading to a minimized scattering at the superconductor-
normal (S-N) interface; Second, the typical thickness for our devices is ~ 5 pm that is much
larger than the superconducting coherence length of the Bi;_,Sb, bulk state 8% (~ 190
nm [36]). As a result, only the top surface and a portion of bulk should experience the
proximity effect. In such a device configuration, an unpolarized bias current can produce a
net spin polarization in the Bi;_,Sb, surface states due to strong SOC [Fig. 1(a), top inset].
By contrast, proximity-induced superconductivity occurs on both top and bottom surfaces
of a TT in most previously reported hybrid devices. The total current is not spin-polarized
because top and bottom surfaces carry opposite spin.

The differential resistance dV'/dI together with the current-voltage characteristic of sam-
ple 1 measured across the electrodes L and J are shown in Fig. 1, where AV is obtained after
subtracting a linear V-1 background from V' [Fig. S1, Supplementary Information (SI)]. We
observe a pair of sharp peaks in the dV'/dI, accompanied with an abrupt jump in the V-I
trace. In Fig. 2(a), we plot dV /dI versus T in sample 1 measured between 0.35 and 3.00
K, where the critical current I. is defined as the current above which a sharp peak appears.

We find that I. decreases with a convex-shaped T' dependence that follows the T-dependent



critical current for a short ballistic junction [37-42]:

eNA(T) 7sing A(T) e
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where A(T) is the T-dependent superconducting energy gap, N the number of propagation
modes, h the Planck’s constant, e the electron charge, ¢ the phase difference between the
two superconductors, 7 the angle-averaged transmission probability across the interface,
and kp the Boltzmann’s constant. [.(7T") is obtained by maximizing I.(T, ¢) over ¢. With
superconductor transition temperature 7, = 2.65 K, the Josephson coupling character (red
line) is in a good agreement with the experimental data (black squares), implying that the
sharp peaks arise from the Josephson coupling [Fig. 2(b)]. In addition, multiple peaks
sustaining above T = 2.65 K gradually decrease and eventually disappear around 5 K (Fig.
S2, SI), which can come from superconducting islands or the complex structure of islands
with a higher transition temperature 7. ~ 5 K (Section 2, SI).

Next we focus on the magnetic response of the device in an in-plane magnetic field Bl
applied along the y direction. Figure 3(a) shows the differential resistance dV'/dI for sample
1 as a function of the bias current I and B!l at 0.35 K. The critical current I, is highlighted
as the yellow/green colour, displaying pronounced asymmetries between the two current
flow directions [Fig. 3(c)]. As shown in Fig. 3(b), dV/dI (I) exhibits a particular relation
i—‘[/+(+B) = 97 (—B), where + and — represent the current direction and +B and —B
indicate parallel magnetic field directions. Because % probes the local density of states
[43], our observation suggests that the field effect on the superconducting condensate should
be linked to the direction of current. The nonreciprocal response has been observed in
various samples fabricated and measured under the similar conditions (Section 3, SI).

In addition to the asymmetric critical current pattern, field-induced I. enhancement is
also observed. Figures 3(d) and (e) show the magnetic response of sample 2, with a thickness
of 23 um. Besides the particular symmetry relation I} (+B) = I (—B), the magnitude of
I. in sample 2 first decreases with increasing B!l, reaching a minimum, and then increases
gradually when B!l is larger than ~ 50 mT. It is worth noting that the enhancement of I,
with B have been reported in several topological material systems, including Al-InAs-Al
JJs [44], Al-BiyTez-Al JJs [17], and Al-CdzAsy-Al JJs [45]. Such an enhancement is either

associated with a field-induced topological phase transition or is attributed to the general



strong SOC. For our case, a more controllable sample geometry is required to further explore
and clarify the underlying mechanism.

We further show that besides the sharp dV'/d[I peaks, the broad dV'/d[ peaks also exhibit
a weak nonreciprocal response. The broad dV'/dI peaks are expected to originate from the
entire superconducting layer with a width of W', e.g., W/ = 2 pum for sample 1, because
the I.(T") dependence corresponding to the broad dV'/dI peaks follows the BCS-like fit [36].
As shown in Fig. 4(a) and Fig. S9, a small but discernable asymmetric feature displays at
the dV/dI (B!} curve measured across the electrodes J and H in sample 1. We take the
current at the maxima of the broad dV'/dI peaks to be the critical current I.. Figure 4(b)
plots the asymmetric supercurrent magnitude (I + I;)/2 for the sharp and broad dV'/dI
peaks as a function of B!l in sample 1 at T = 0.35 K. (I + I7)/2 for samples 2 and 3 is
shown in Fig. S10 of SI. We find that the magnitude of (I + I7)/2 for the sharp dV /dI
peaks (blue dots) is more than four times higher than that of the broad dV /dI peak (red
dots). Moreover, (I + I.)/2 for the broad dV /dI peaks in sample 1 grows linearly with
Bl whereas (I +17)/2 for the sharp dV//dI peaks in samples 2 and 3 displays a dispersive
shape as a function of B!l (Fig. S10).

We may estimate the upper bound of the asymmetric supercurrent (I + I;)/2 induced

in a 2D superconductor with strong SOC by the relation [3]:

= 1g-e PV B (2)
hii

where « is the Rashba coefficient, i1 the chemical potential, pr the Fermi momentum, vy the
Fermi velocity, and n the electron density. Importantly, a nonreciprocal supercurrent can
only arise from surface states not bulk, because bulk states are spin-degenerate in Big g1 Sbg g9.
As shown in the inset of Fig. 4(a), the Zeeman field shifts the Fermi surfaces of the Dirac
band enclosing the I' point and the hole pockets in between I' and M (inset of Fig. 1) along
k. in opposite directions. This induces a nonzero center-of-mass momentum in Cooper pairs,

which then generates a supercurrent flow along z via the inverse Edelstein effect [1, 3, 4].
Using Eq. (2), we can fit (I +1.)/2 of the broad dV'/dI peaks with app/hii = 0.2 [black
line, Fig. 4(b)]. From angle resolved photoemission spectroscopy (ARPES) measurements
[46], we estimate o = 0.56 eV A for the surface states and vy = 4.3 x 10° m/s for the Dirac
surface band [47-49]. If we attribute the asymmetric supercurrent at the sharp dV'/dI peaks

to the same origin, the large value of (I + I )/2, however, implies an enhanced a assuming
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that i does not vary significantly across the sample. This would lead to a = 2.54 €V A,
four times larger than the estimated value. Even though o could be enhanced at the local
structure of the Pt/Big g1 Sbg.09 interface (Section 1, SI), the large value for o could not lead
to the I.(T) dependence specific to the sharp dV /dI peaks. Hence, there should exist an
additional mechanism responsible for the enhanced supercurrent asymmetry occurring at
the sharp dV'/dI peaks.

Due to the complexity of the system, we briefly discuss one possible scenario based on
Josephson coupling to explain the observed large supercurrent asymmetry, although alterna-
tive explanations are also possible. As illustrated in the I.(7") dependence (Fig. 2), the sharp
dV'/dI features can be associated with the inter-island Josephson coupling. When the prox-
imity effect-enlarged superconducting islands approach each other closely enough to permit
Josephson currents to flow between them, a sharp peak appears in the differential resistance
as a result of the transition from isolated superconducting islands to phase-coherent islands
[33-36] (Section 1, SI). Moreover, the field-induced I. asymmetries have been predicted to
occur in a Josephson junction with strong SOC that transmits multiple spin-filtered chan-
nels [6, 7]. Theoretical calculation reveals that the largest asymmetries in the current-phase
relation are obtained when a single resonant Andreev state coexists with a few off-resonance
Andreev states [7]. That is exactly the case occurring in Bi;_,Sb,, in which the Dirac sur-
face band can host a zero-energy Andreev bound state and the surface hole bands can give
rise to off-resonance Andreev states (Section 6, SI). It might be the reason why pronounced
I, asymmetries have shown up in the sharp dV /dI peaks, whereas weak I. asymmetries
display in the broad dV'/d[ peaks.

In summary, we studied transport properties of a Bigg1Sbgg9/Pt heterostructure gen-
erated from the FIB Pt deposition. Our sample configuration allows supercurrent to flow
on the top surface rather than on both top and bottom surfaces, different from previously
investigated 3D TI superconductor hybrid structures. We observe that the Zeeman field can
induce a notable critical current asymmetry. We believe this supercurrent rectifying effect
originates from the topological surface states, which behave as an effective spin polarizer
to generate a supercurrent flow. Moreover, we find the magnetic field can produce a su-
percurrent enhancement, consistent with recent measurements of other strong SOC systems
(17, 44, 45]. Our work in turn provides compelling evidence of unconventional superconduct-

ing pairing in topological surface states, establishing Pt/Bi;_,Sb, as a promising platform



for exploring topological superconductivity and Majorana physics [50-52].
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FIG. 1: Voltage and differential resistance as a function of the applied current I for sample 1 at 0.35
K, where current is injected through electrodes L and H and voltage is measured across electrodes
L and J (inset). AV is obtained by subtracting a linear background from V. A nonhysteretic I-V/
characteristic is observed when sweeping the bias current up and down. Top inset: Sketch of the
(111) surface Brillouin zone in Big 91Sbg g9 with the spin texture shown as arrows pointing to the
spin direction. Right inset: Scanning electron micrograph of sample 1 with a thickness of 4.7 pum.

The Pt thin film is highlighted in dark blue.
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FIG. 2: (a) Temperature dependence of dV/dI for sample 1. The arrow indicates the critical
current I, above which the dV/dI curve exhibits a sharp peak. (b) The normalized critical
current I./1.(0.35K) as a function of the temperature with 7, = 2.65 K. The solid red line is a fit
to the theoretical T dependence of the critical current in a short ballistic Josephson junction with

the angle-averaged transmission probability 7 = 0.15.
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FIG. 3: (a) Differential resistance dV /dI versus in-plane magnetic field B!l along y direction in
sample 1 (inset of Fig. 1). (b) dV/dI as a function of current I in sample 1 at two different magnetic
fields 70 and -70 mT. The critical current shows an asymmetric pattern, which we identify as a
signature of the critical current rectifying effect. (c) I. versus B I for sample 1 at 0.35 K. IF dge
(IPeak%) is defined as the current above (at) which the dV /d[I displays maxima. The characteristics
of the I1%°* and ITeak* are consistent with each other. (d) dV /dI versus I in sample 2 at Bll =

40 and -40 mT. (e) I. versus Bl for sample 2 at 0.35 K. I. enhancement is observed for Bll > 50

mT.
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FIG. 4: (a) dV /dI versus I measured across the center region of sample 1 for B/l = 65 and -65 mT
at T'= 0.35 K. The measurement is carried out by injecting current through the electrodes K and
L and measuring the voltage through the electrodes H and J (inset of Fig. 1). The arrows indicate
the slightly asymmetric dV /dI profiles with the applied field. Inset: A Zeeman field along y shifts
the Fermi surfaces of the 2D surface states in opposite directions along x. The arrows represent
the spin orientation. (b) (I + I.)/2 as a function of Bl identified for the sharp dV /dI peaks
(blue dots) and the broad dV'/dI peaks (red dots) in sample 1. The black line is the fit of the

experimental data using Eq. (2) with apr/hi = 0.2.
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