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The Josephson diode effect, where the switching current magnitude depends on its direction, arises when both

time-reversal and inversion symmetries are broken, often achieved by a combination of spin-orbit interaction
and applied magnetic fields. Taking advantage of the strong spin-orbit coupling inherent in three-dimensional
topological insulators, we study this phenomenon in Nb/Bij gSb; ,Te; /Nb Josephson weak-link junctions. Under
an in-plane magnetic field perpendicular to the current direction, we observe a pronounced Josephson diode effect

with efficiencies up to 7%. A crucial component of this behavior is the nonsinusoidal current-phase relationship
and an anomalous phase shift, which we attribute to the presence of a ballistic supercurrent component due to
the surface states. These findings open up new avenues for harnessing and controlling the Josephson diode effect

in topological material systems.

DOLI: 10.1103/gc7k-rn8q

I. INTRODUCTION

The superconducting diode effect, analogous to its classical
semiconductor counterpart, refers to the nonreciprocal flow
of dissipationless supercurrent in superconducting circuits
[1,2]. Unlike conventional diodes, the superconducting diode
effect can arise without requiring electron-hole asymmetry,
for example, in Josephson junctions, thus being referred to
as the Josephson diode effect (JDE). This effect is closely
associated with a variety of exotic phenomena in unconven-
tional superconducting systems and holds significant promise
for transforming superconducting electronics by serving as a
nondissipative circuit element. Just as semiconductor diodes
are fundamental to a wide range of optical and electronic tech-
nologies, the superconducting diode opens similar avenues
in superconducting electronics [3,4], superconducting spin-
tronics [5,6], and quantum information and communication
technologies [7,8]. Since the first reports on the superconduct-
ing diode effect, nonreciprocity in superconducting systems
has gained a lot of attention from the experimental and theo-
retical sides in a multitude of systems ranging from a variety
of materials with distinct underlying symmetries, diverse de-
vice geometries, and mechanisms that are believed to give rise
to the nonreciprocity.

Most theoretical descriptions of the JDE predict that
the simultaneous breaking of inversion and time-reversal
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symmetries results in a nonreciprocal Josephson cur-
rent [9-17]. A lot of work has been published on the
semiconductor-superconductor material platform [18-23],
where this can be accomplished by the presence of spin-orbit
coupling and the Rashba effect in conjunction with an ex-
ternal Zeeman-field for the time-reversal symmetry breaking
[24-29]. The combination of both effects leads to the Cooper
pairs acquiring a finite momentum, similar to Fulde-Ferrell-
Larkin-Ovchinnikov states, which results in nonreciprocal
critical current of the Josephson junction [14]. Alternatively,
the inversion symmetry can be broken by the device layout it-
self. This can be achieved, for example, by a superconducting
quantum interference device (SQUID), where each of the two
junctions of the interferometer has a different current-phase
relation [30-32]. More recently, the asymmetry in a multi-
terminal Josephson junction has led to a diode effect, either
by keeping one of the superconducting electrodes floating
[33,34] or by phase biasing using superconducting loops that
connect pairs of electrodes in the junction [35]. Topological
insulators, in this regard, bear an inherent advantage with
respect to the presence of the diode effect. Even without the
broken inversion symmetry of the bulk crystal, the topological
surface states resemble Rashba-like states in a sense, in that
they are spin-split and spin-momentum locked. As a result,
applying an in-plane magnetic field to the surface of the
topological insulator (TI) causes a unidirectional shift of the
Dirac cone’s Fermi surface, potentially leading to the forma-
tion of a Fulde-Ferrell-Larkin-Ovchinnikov-like states, in a
sense, in that the Cooper pairs acquire a finite momentum gq
[23,36-38]. A direct consequence of this is an intrinsic diode
effect. Asymmetrical switching currents in Josephson junc-
tions made from topological insolators and Dirac semimetals
have been shown to result from such Cooper pair momentum
[22,38].
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FIG. 1. Sample layout and measurement of the Josephson diode effect of junction JJ;. (a) Scanning electron micrograph of the device,
including an inset with a zoom-in on the junction area, rendered in false color for enhanced visualization. The Cartesian axes are labeled,
highlighting each essential component necessary for observing the superconducting diode effect. (b) Cross section corresponding to a line
cut through the junction along the transport direction. The inversion symmetry is broken in the z direction. (c) /V characteristic at an applied
magnetic field By of 750 mT in the y direction perpendicular to transport. Here, I, exceeds |I_|. (d) Corresponding plot at By = —750 mT,
now with |I_| exceeding /. (e) Oscillating current of £600 nA at By = 750 mT and corresponding voltage drop response. The junction
is in the superconducting state and the resistive state for positive and negative currents, respectively. (f) Oscillating current of £600 nA at
B, = —750 mT and corresponding voltage drop. The behavior opposite to that in panel (e) is recorded.

We present low-temperature measurements of the Joseph-
son diode effect in junctions based on superconducting
Nb electrodes bridged by the three-dimensional topologi-
cal insulator BipgSb;,Te;. The junctions are fabricated by
a combination of selective-area growth and shadow mask
evaporation [39,40]. This approach allows for the in situ
fabrication of Josephson junctions with very high interface
transparency, important for the study of the superconducting
proximity effect. We analyze the behavior of the junction as
a function of the magnetic field, the temperature, and the mi-
crowave radiation and perform a detailed analysis of the diode
effect. Two probed junctions show a pronounced diode effect.
The effect is stable over multiple switching cycles and can be
reversed by inverting the polarity of an in-plane magnetic field
perpendicular to the current direction. Our analysis of the tem-
perature dependence of the switching current reveals that the
supercurrent is carried to a large extent by topological surface
states [39,41]. In addition, the presence of half-integer Shapiro
steps indicates a nonsinusoidal current-phase relationship in
the junction. Based on these observations, we propose that the
origin of the diode effect lies in the proximized topological
surface states.

II. EXPERIMENT

The samples are fabricated by selective-area growth com-
bined with shadow mask evaporation [39,40]. This approach
allows the fabrication of samples with arbitrary geometries

and excellent interface transparency between the topological
insulator and the parent superconductor. First, a 10-nm-thick
layer of SiO,, followed by a 25-nm-thick layer of Si3zNy, is
deposited on a Si(111) substrate by thermal oxidation and
plasma-enhanced chemical vapor deposition (PECVD), re-
spectively, to form the selective-area growth mask. Trench
widths of 400 nm are prepared using electron beam lithog-
raphy and reactive ion etching (RIE). A second stack of
300-nm-thick SiO, and 100-nm-thick Si3Ny is then deposited
by PECVD to form the bridge for shadow evaporation. The
SizNy layer is patterned into the bridge shape by electron
beam lithography and RIE. The sample is then etched with
hydrofluoric acid to form a suspended bridge that acts as a
shadow mask over the trench. The 18-nm-thick BiggSb; ,Tes
topological insulator film is grown by rotating the sample
around its normal axis to ensure uniform deposition un-
der the shadow mask. Next, 50-nm-thick Nb electrodes are
deposited in situ at an angle without rotating the sample.
The shadow mask provides a gap between the two Nb elec-
trodes, effectively patterning the Josephson junction. The
junction is capped with a 5-nm-thick layer of Al,O3; under
rotation to prevent oxidation. Finally, the electrode shape
is defined ex siru using an SFg RIE process, leaving the
junction area and nanoribbon unaffected. A scanning elec-
tron microscope (SEM) image is shown in Fig. 1(a), with
junction details highlighted in the inset. For all measured
junctions the width and the length of the weak link are
1 um and 100 nm, respectively. The corresponding layer stack
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along the x axis of the junction is shown in Fig. 1(b). The
critical temperature 7. of the Nb film is determined to be
approximately 8.5 K, resulting in a superconducting gap A
of 1.3 meV [42].

The sample characteristics were measured in a dilution
refrigerator with a base temperature of 7 =~ 10 mK. The
differential resistance dV/dI is measured using a lock-in
amplifier by adding a 10-nA AC current to the applied DC cur-
rent. A vector magnet (6-1-1 T) is used to apply the magnetic
field in all three Cartesian directions. The radio frequency
is supplied by a standard radio-frequency source using an
antenna in close vicinity to the sample.

In total, five devices, i.e., JJ; to JJs, on three separate
silicon chips were studied. All junctions were equally fab-
ricated and from the same growth run. Two out of the five
junctions, i.e., JJ; and JJ, showed the Josephson diode effect.
The other three samples did not show a significant diode
effect, presumably because of their smaller switching current
and hence an insufficient number of transport channels [24].
We attribute this to the selective-area growth approach, i.e.,
the different defect densities in the individually etched topo-
logical insulator trenches (see Supplemental Material [43]).
The parameters of all junctions are given in the Supplemental
Material [43]. In the following we discuss the Josephson diode
effect of junction JJ,, while the data of JJ, are given in the
Supplemental Material [43].

III. RESULTS

The current-voltage (IV) characteristic of junction JJ;
shows a hysteretic behavior. The switching current /. and the
return current /, are measured at zero magnetic field at 10 mK
and resulted in values of 0.880 and 0.360 pA, respectively
(see Supplemental Material for details [43]). The normal state
resistance Ry of 111 Q is evaluated by a linear regression of
the junction’s Ohmic behavior at voltage biases larger than
the superconducting gap 2A. Here, 2A is extracted from the
critical temperature of the Nb film, 7, =~ 8.5 K, using A =
1.764 kg and T, ~ 1.3 meV. The excess current I.,. of 0.945
uA is gained from the intercept of the linear regression at zero
voltage. The transparency t, as a figure of merit to evaluate the
interface quality between the superconductor and the weak-
link material in a Josephson junction, is obtained by fitting
the analytical calculation according to the work of Niebler
et al. [44], which is based on the Octavio-Tinkham-Blonder-
Klapwijk model [45,46]. Junction JJ; exhibits a transparency
of T = 68.61%, which is comparable to previous similarly
fabricated samples [34,41,47,48].

First, we show that junction JJ; indeed behaves as a
Josephson diode. The performance of the Josephson diode is
quantified by its rectification factor defined as n = §1./(I+ +
|I_|), where 81, = (I — |I_]). The switching currents |/_]|
and I, for negative and positive biases are measured indi-
vidually by ramping the current starting at zero current. To
observe the Josephson diode effect, a magnetic field B, is
applied along the y axis, i.e., perpendicular to the current
direction [cf. Fig. 1(a)]. Figure 1(c) shows the current-voltage
characteristics of the sample for an applied magnetic field of
750 mT. The field is directed in-plane perpendicular to the
current direction. For positive field, I, = 660 nA exceeds

|I_| = 589 nA, yielding a diode rectification factor of about
n & 5.5 %. When switching the magnetic field direction the
diode effect inverts. This can be seen in Fig. 1(d), which
depicts the IV characteristics under application of By, =
—750 mT. Now, |I_| exceeds I, yielding n =~ —5.6%. In
order to demonstrate the switching between superconduc-
tive and resistive state, the bias current is varied between
£600 nA, i.e., a current magnitude between the two switching
currents, while the voltage drop is recorded. This is shown in
Figs. 1(e) and 1(f) for both field set points, respectively. For
By =750 mT, the junction is in the superconducting state for
a positive bias current but in the resistive state for a nega-
tive bias current. At the opposite field B, = —750 mT, this
behavior switches, and the junction is in the superconducting
state for a negative bias current but in the resistive state for
a positive bias current. Next, we analyze the evolution of the
Josephson diode effect over the whole range of magnetic fields
in the B,-By plane. The diode effect occurs when the axes
of current flow, inversion symmetry, and time-reversal sym-
metry are perpendicular to each other. [18]. As the inversion
symmetry is broken by the device layout in the z direction,
and current flow takes place in the x direction, we expect
diode behavior only for fields applied in the B, direction.
Figure 2(a) shows the evolution of /- and I, of junction
JJ1 as a function of the applied magnetic field B, in the y
direction. The magnetic field is swept over a range of =1 T
with the absolute values of the switching current decreasing
only by a factor of about 2. This is consistent for all measured
junctions and is attributed to the direction of the magnetic field
with respect to the junction, i.e., the small cross section given
by the thickness of the topological insulator nanoribbon and
the junction length, penetrated by the magnetic field [49,50].
One finds that a finite diode effect develops already for fields
larger than 100 mT. The sign of the diode effect switches with
inverting the magnetic field direction. As a statistical spread
of the switching current was noticed at zero field, a statistical
analysis of the effect is carried out. For each point in the plot,
the corresponding /V characteristics are measured five times
each, averaged, and plotted with the corresponding error bars.
A full analysis of the statistical spread of the switching current
at selected magnetic fields along the x and y axes is given in
the Supplemental Material [43]. One finds that the size of the
effect is larger than the spread of the error on the switching
current. In Fig. 2(b), the diode rectification factor 5 is plotted
as a function of the magnetic field By. The maximum diode
rectification factor is determined to be np.x = 7%.
Theoretical work has been conducted on the Josephson
diode effect in topological insulators, as well as in Rashba
superconductors. These studies predict rectification factors of
20% and 40% and indicate that rectification in these sys-
tems depends significantly on factors such as magnetic field,
gate voltage, and junction length [15,23]. In other materi-
als with strong spin-orbit coupling, rectification factors have
been experimentally determined to range from 2% to as high
as 60% in exfoliated NbTe, crystals and InSb-, InAs-, and
NbSe,-based Josephson junctions [18,19,22,51]. As outlined
in detail below, we attribute the deviation of the rectification
factor of our junction from the theoretically predicted values
to the presence of parallel ballistic and diffusive channels,
where only the ballistic channels meet the criteria necessary
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FIG. 2. Full analysis of the Josephson diode effect in JJ; under application of magnetic fields in the x-y plane. (a) Switching currents |/_|
and I, as a function of applied fields in the y direction, i.e., perpendicular to transport. (b) Diode rectification factor n as a function of a
magnetic field applied in the y direction. The errors for n are determined using standard error propagation rules. (c) Switching currents |/_|
and /, as a function of applied fields in the x direction, parallel to transport. The switching current diminishes to zero for fields larger than
250 mT. No Josephson diode effect is present. (d) Diode rectification factor 1 as a function of a magnetic field applied in the x direction. (e)

Map of the diode rectification factor 1 as a function of B, and B,.

for generating a nonreciprocal supercurrent. The existence
of parallel channels can be deduced from the temperature-
dependent critical current, which is analyzed in the following
sections. Especially for higher fields, the statistical spread
shrinks and a stable diode effect is recorded. Figure 2(c) shows
the switching currents |/_| and /. of JJ; as a function of
the magnetic field applied in the x direction. The switching
currents decrease to zero over a span of 250 mT. As can
be seen from the value of the rectification factor, shown in
Fig. 2(d), there is no significant diode effect when the mag-
netic field is aligned with the current direction. A map of the
rectification factor, shown in Fig. 2(e), provides a complete
picture of how it varies with B, and B,. Clearly, the diode
effect occurs primarily when magnetic fields are applied along
the y direction. Magnetic fields in the x direction have only
a minor effect on the rectification factor. An additional in-
plane component may affect the superconducting diode effect
due to asymmetric spin-orbit coupling, as observed in related
magnetochiral anisotropy effects measured in 7;-MoTe, [52]
Previous studies have reported on magnetochiral anisotropy
in topological insulators and Rashba materials [53-55] and
have theoretically explored the superconducting diode effect
in these material systems [56,57]. Since the axis of symmetry
breaking is typically perpendicular to the layer, one would
expect the diode effect to occur with in-plane magnetic fields
perpendicular to the current. However, deviations are possible
due to inhomogeneities in the layers, such as variations in
layer thickness or defects.

In Fig. 3, the switching currents |/_| and I, are given
as a function of temperature at an applied in-plane field
of By =750mT. It can be seen that the diode effect
is present up to temperatures of about 400 mK. This is

consistent with observations that higher harmonic terms
in the current-phase relationship disappear with increasing
temperature [19].

Indeed, in order to exhibit a diode effect, the samples
have to have a large number of transport channels [24]. We
therefore attribute the fact that only junctions JJ; and JJ,
show the diode effect to the presence of a sufficiently large
number of transport channels. According to the theoretical
models, a nonsinusoidal current-phase relationship is required
for a weak-link junction to exhibit an Josephson diode effect
[14,24-29]. Indeed, using an asymmetric superconducting
quantum interference device, a highly skewed current-phase
relationship was measured for a topological insulator weak
link, which was attributed to quasiballistic transport in the
topological surface states [58]. In order to identify the con-

0 250 500 750

T (mK)

FIG. 3. (a) Switching currents |/_| and I, at By =750 mT as a
function of temperature. (b) Corresponding diode rectification factor
n as a function of temperature.
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FIG. 4. (a) Temperature dependence of the switching current of junction JJ;. The dashed black line shows the calculated switching current.
It consists of ballistic (blue) and diffusive (green) contributions. (b) Differential resistance dV/dI as a function of the applied microwave
power Prr and the DC voltage normalized by the characteristic voltage Vkr = hfrp/2e. Vertical lines in the color map correspond to dips in
the differential voltage of the sample associated with plateaus in the IV characteristics of the junctions. Dips are observed at integer positions
of Vgg. In addition, slightly less pronounced dips can be seen at half integer values of Vgg. (c) Line cut of panel (b) at Prg = —37 dBm. Arrows
in the plot indicate the position of the fractional Shapiro steps at n = £0.5 and +1.5.

tributing transport channels for our samples, we measured the
temperature dependence of the switching current for JJ; [see
Fig. 4(a)]. We used the clean-limit Eilenberger equations to
model the ballistic component of the surface states [59,60],
while the Usadel equations were employed for the diffusive
component [61]. Following the reasoning given by Schiiffel-
gen et al. [39] and Schmitt et al. [41], the switching current
is given by a diffusive and ballistic contribution, with the
diffusive contribution diminishing at around 0.7 K. Beyond
that value, the supercurrent is only carried by the ballistic
channel. The existence of a ballistic surface channel was also
deduced from temperature-dependent Aharonov-Bohm effect
measurements on topological insulator ring structures [62].
At low temperatures, weak-link junctions containing a
ballistic contribution should exhibit a nonsinusoidal current-
phase relationship [63]. In order to check for this, we
have recorded the IV characteristics of our junctions un-
der microwave radiation to detect Shapiro steps. For these
measurements, the presence of half-integer Shapiro steps in
addition to integer steps is considered as a signature of a
nonsinusoidal current-phase relationship [64—67]. Figure 4(b)
shows the differential resistance dV/dI of junction JJ; as a
function of the applied microwave power Prr and the nor-
malized measured voltage drop V/Vrg, where Vg = hfrg/2e
with frp being the radio-frequency (RF) frequency, i the
Planck constant, and e the electron charge. Shapiro steps in
the IV characteristics are expected to appear at voltages V =
nVgrr, with n being an integer number. These steps correspond
to dips at integer values of V/Vgr in the differential resistance,
which are indeed found in Fig. 4(b) at n =0, 1, and 2.
In addition, less pronounced dips can be seen in between at
n==0.5 and *1.5, corresponding to half-integer Shapiro
steps. To emphasize their visibility, a line cut at —37 dBm is
plotted in Fig. 4(c) showing dV/dI as a function of V/Vgp.
The dips at n = £0.5 and £1.5 are marked with vertical
arrows. Together with the temperature-dependent measure-
ments, showing a ballistic switching current contribution, we

can conclude that the current-phase relation is nonsinusoidal,
which is an essential prerequisite for the occurrence of the
Josephson diode effect.

Taking into account the results of the temperature-
dependent measurements and the measurements under mi-
crowave irradiation, we come to the following conclusions for
the presence of the diode effect in our Josephson junctions.
The temperature dependence of the switching current indi-
cates the presence of a ballistic contribution to the switching
current. We attribute this contribution to the existence of prox-
imitized surface states in our junction [39,41]. As mentioned
above, the presence of ballistic modes due to the topologi-
cal surface states is also confirmed by measurements of the
Aharonov-Bohm effect on ring structures [62]. It is therefore
plausible to assume that our junctions reside in the short
ballistic junction limit since the junction length L ~ 100 nm
is much shorter than the coherence length of charger carriers
in the material system at the present temperatures [62]. This
results in a nonsinusoidal, i.e., a skewed, current-phase rela-
tion [63,68,69]. Indeed, from the appearance of half-integer
Shapiro steps we can conclude that our junctions have a
nonsinusoidal current-phase relation [64—67]. For topological
insulator based junctions, a skewed current-phase relation has
also been confirmed by an alternative measurement scheme
using an asymmetric SQUID structure [58,70]. The accidental
formation of a SQUID in our junction, which could potentially
lead to a nonsinusoidal current-phase relationship, can be
excluded based on the Fraunhofer pattern presented in the
Supplemental Material [43]. A nonsinusoidal current-phase
relationship is a necessary component for the presence of
the superconducting diode effect [18]; however, it is not suf-
ficient on its own to achieve a Josephson diode effect. In
addition, an anomalous phase shift is required. This phase
shift results from the finite-momentum Cooper pairing in-
duced by the shift of the Fermi contours, as a result of the
applied in-plane field [14,23,36-38], and has been observed
in Bi;Ses-based Josephson junctions when an in-plane mag-
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netic field is applied [38,71]. For junctions in the ballistic
regime, this leads to an anomalous current-phase relation
whose Fourier expansion includes both cosine and sinusoidal
terms. As aresult, not only a simple phase shift is observed but
also a difference in the positive and negative current branches
of the current-phase relation, i.e., a Josephson diode effect.

IV. CONCLUSION

In conclusion, we have demonstrated that Nb/BiygSb;
Tes;/Nb Josephson junctions made of selectively grown topo-
logical insulator weak links can exhibit nonreciprocal charge
transport in the superconducting regime under the application
of an in-plane magnetic field perpendicular to the transport.
The superconducting diode effect has been studied in the
whole range of in-plane magnetic fields, and these mea-
surements confirm that the diode effect is present when the
magnetic field is oriented perpendicular to the current direc-
tion. Based on temperature-dependent measurements of the
switching current, we conclude that the origin of the effect
is the proximization of spin-orbit-coupled ballistic surface
states, which experience a Zeeman shift due to the applied
magnetic field. With the presence of fractional Shapiro steps,
the junctions also provide evidence for the existence of a
nonsinusoidal current-phase relationship, necessary for the
Josephson diode effect. So far, the superconducting diode
effect in topological insulators has been studied only to a
limited extent. However, since it seems to be the result of
proximized topological surface states, it expands the tool-
box of experiments that can be used in the ongoing research
on topological Josephson junctions. As a future perspective,
theoretical studies suggest that the 4sm-periodic contribu-

tion of Majorana fermions to the current-phase relation in a
Josephson junction could lead to a significant enhancement of
the diode effect [72,73]. Further studies may leverage this phe-
nomenon to detect topological phase transitions in topological
insulator based Josephson junctions under applied magnetic
fields.
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