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Introduction of spin—orbit coupling (SOC) in a Josephson junction (JJ) gives rise to unusual Josephson effects. We
investigate JJs based on a newly discovered heterodimensional superlattice V5Sg with a special form of SOC. The unique
homointerface of our JJs enables elimination of extrinsic effects due to interfaces and disorder. We observe asymmetric
Fraunhofer patterns with respect to both the perpendicular magnetic field and the current. The asymmetry is influenced by
an in-plane magnetic field. Analysis of the pattern points to a nontrivial spatial distribution of the Josephson current that is

intrinsic to the SOC in V5Sg.
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In the past decade, the interplay between spin—orbit
coupling (SOC) and superconductivity through the proxim-
ity effect has received significant attention.!'! In materials
with strong SOC, a variety of interesting effects may occur
when combining them with superconductors, depending on
the form of the SOC, structural symmetry, etc.[l*6-191 For
instance, transition metal dichalcogenides with an Ising SOC
can turn a conventional s-wave superconductor into an Ising
superconductor through the proximity effect.l’) Another ex-
ample, which has attracted enormous interest, is the con-
struction of the Majorana zero mode in spin—orbit coupled
nanowires or topological insulators in close proximity to s-
wave superconductors.!>!'=151 In Josephson junctions (JJs),
the combination of a Zeeman field and a Rashba spin—orbit
interaction can give rise to a supercurrent, even if the phase
difference between the two superconductors is zero, realizing
a @y junction. 124

A major playground for such studies is superconductor—
normal metal-superconductor (SNS) JJs, in which the normal
metal provides SOC. It is well-known that the critical current
of a conventional JJ as a function of magnetic field exhibits a

Fraunhofer interference pattern, described by!!°]

sin(nB,S/Py)
7B.S/ Py
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where [ is the critical current, B, the magnetic field perpendic-
ular to the junction plane, S the effective area of the junction,
and @y = h/2e is the flux quantum. I, is apparently indepen-
dent of the polarity of B,, I (B,) = I (—B,), where + indi-
cates the current polarity. Its amplitude usually remains un-
changed upon reversing the current I, too, I (B,) = —I; (B;).
That is, the Fraunhofer pattern is symmetric in B, and /. How-
ever, recent studies have shown that these symmetries can
be broken, especially in the presence of SOC. Broken cur-
rent symmetry may be induced by structural asymmetry of the
junction, =11 or a multi-band effect.>7->°1 Broken field sym-

(21 or nonuniform

metry was attributed to disorder potentials,
SOC.122-241 Most of these cases require extrinsic mechanisms,
which often exist in a practical junction. A general relation
between the pattern asymmetry and the combination of a spin—
orbit coupling, in-plane magnetic field and disorder has been

theoretically studied.[®10]

Here we study JJs fabricated with a novel material, V5Sg
of a heterodimensional superlattice, whose special form of
SOC gives rise to a rare in-plane Hall effect.[*>! The homoint-
erface of the junction enables investigation of intrinsic effects.
It is found that both the magnetic field and current symmetries
of the Fraunhofer pattern are broken. Moreover, the pattern
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can be tuned by an in-plane field. Consistent patterns and field
dependence are observed in all devices. The phenomenon sug-
gests a nontrivial spatial distribution of the Josephson current
that is intrinsic to V5Sg and stems from its SOC.

Micro strips of V5Sg films were grown by chemical va-
por deposition on SiO, substrates.[?! Strips with about 10 nm
thickness were selected for this study. As for superconduc-
tors, 31 nm aluminum, following a 2 nm titanium adhesion
layer, were e-beam deposited. Some measurements were per-
formed in an Oxford 3He cryostat with a base temperature of
250 mK. Experiments at a lower temperature were carried out
in an Oxford dilution refrigerator with a base temperature of
10 mK. The magnetic field was provided by a three-axis vec-
tor superconducting magnet. To avoid the effect of hysteresis
due to heating during a bias current sweep, the sweep always

started from zero.

VsSg film used in this study has a unique superlat-
tice structure, in sharp contrast with the conventional VsSg
compounds.[zs] It can be seen as VS, layers intercalated
with V;,S; atomic chains. It exhibits an extraordinary in-
plane Hall effect, suggesting a peculiar form of spin—orbit-
coupling. Because Al(31 nm)/V5Sg(10 nm) bilayers are non-
superconducting due to a strong inverse proximity effect, alu-
minum JJs can be made using the Al(31 nm)/VsSg(10 nm)
bilayer as the normal metal weak link.!?®! The JJ is a cross-
bar structure made from a V5Sg strip and an aluminum strip.
The resultant homointerface between the superconductor and

normal metal is highly transparent and uniform, providing an

ideal JJ platform for investigation of the intrinsic effect of
SOC.

2.0

dv/dI ()

=
dv/dI ()

Fig. 1. Fraunhofer interference patterns of a JJ. (a) An optical micrograph of the device with an illustration of the measurement configuration. The
junction length is L = 0.92 pum, the junction width is W = 1.75 pm. The scale bar is 1 um. (b) The interference pattern at 250 mK. The dashed
white lines indicate the position of the nodal points and I = 0. (c) The zoom-up pattern taken at 32 mK. (d) The further zoom-up scan on the
first-order nodes in (c). A break in the x axis is introduced for better comparison.

The measured JJ device is illustrated in Fig. 1(a). Since
our superlattice VsSg is a polar crystal, a coordinate system
can be uniquely defined, which is necessary for the latter dis-
cussion. Note that the growth of V5Sg strips starts from a
nucleation center and propagates along the y axis. It is thus
reasonable to assume that the growth is consistently towards
the same crystalline direction. This direction is defined as
the —y direction. A positive current flows in the —+x direc-
tion of the crystal structure, while a positive magnetic field
is in the +z direction, which is pointing out of the plane of
the substrate. The differential resistance dV /dI displays a
Fraunhofer-like pattern in the perpendicular magnetic field B,
versus bias current / mapping at 250 mK (Fig. 1(b)). The pe-

riod of the pattern BY is 0.99 mT, yielding an effective junction
area S = @ /BE =2.09 pm?2, which is close to the nominal
area of the JJ S, = 1.61 um?. The discrepancy comes from
the London penetration depth and flux focusing. The diffusion
constant of the junction, D, is 6.9x 107> m?-s~!, calculated by
D= %(@)2%.[27] Here, 6 = 3.9 x 107 S-m~! is the electri-
cal conductivity of the weak link, ¥ = 1.4 x 10> J-m~3.K—2
is the electronic specific heat coefficient of Al [*8] Since the
electrical conductivity of Al film is much larger than that of
V;5Sg, the electronic specific heat coefficient of the weak link
can be approximate to that of Al. Then the mean free path [ is
10.2 nm through D = vgl, /3, where vg = 2.02 x 108 cm-s ™! is

28

the Fermi velocity of Al[?8] Because /. is much shorter than
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the junction length L = 0.92 um, the junction is in the diffu-
sive limit, in which case the Thouless energy ETy, is given by
hrD/ 121291 and becomes 5.4 peV, much smaller than the super-
conducting gap, indicating that the JJ is in the long junction
limit.

The critical current at the low-order nodal points does
not vanish as anticipated by a standard Fraunhofer pattern,
which will be discussed later. The most unusual feature is
that the pattern is lack of the mirror symmetries with re-
spect to both the current and the field, I (B;) # —I; (B;)
and IF(B;) # IF (—B,). The nodal points in the upper half-
plane (I™) are not aligned with those in the lower half-plane
(I7). The misalignment can be seen more clearly in a zoom
up mapping taken at low temperatures, where the supercon-
ducting transition is sharp. As depicted in Fig. 1(c), the nodal
points in the upper half-plane shift to the right with respect to
those in the lower half-plane. A further zoom up scan on the
first-order nodes shows that aside from the horizontal shift, the
nodal points also shift vertically (Fig. 1(d)). These in the sec-
ond and forth quadrants, assigned numbers of n = 2 and 4,
respectively, are closer to the I = 0 axis than those in the first
and third quadrants, assigned numbers of n = 1 and 3. In all of
7 devices we have measured, the nodal points shift towards the
same direction, suggesting that the effect is intrinsic to VsSg,
rather than due to the sample geometry, differences at the in-
terface or disorder. On the other hand, the inversion symmetry
—1}(B;) =I; (—B;) is retained.

We now apply an in-plane field and investigate the change
in the nodal point. Figure 2 shows 12 fine mappings around the
nodal points in Fig. 1(d) in the presence of the in-plane field of
B =0.12 T along different directions. Let 6 denote the angle
between B and the x axis. One may immediately notice that

0° 30°

7 7

the inversion symmetry of the pattern is now broken. The crit-
ical currents at four nodal points, I (n=1,2,3,4), are plotted
as a function of the field angle 8, shown in Fig. 3(a). I”'s oscil-
late with a 27 period. |I!(0)| and |I2(8)] are exactly out-of-
phase, so are |[I2(0)| and |I#(8)|. Only at two critical angles,
6 = 158° and 338°, |I! | is equal to |I3| and |I2| is equal to |I#],
indicating restoration of the inversion symmetry. To quantify
the degree of inversion symmetry breaking, let us employ the

difference of I, between a pair of nodes that are inversion sym-
metric in the absence of an in-plane field. As illustrated in
Fig. 3(b), the asymmetry is at its maximum at 6 = 68° and
248°. Similarly, we can assess the asymmetry from the field
of nodal points. Let B! (n=1,2,3,4) denote the perpendicu-
lar field at the nodal point. To eliminate the estimation error
of the zero field due to unavoidable sample misalignment, we
calculate AB2* = B2 — B and AB!* = B! — B?, plotted as a
function of 0 in Fig. 3(c). The more AB?3 deviates from AB;“,
the more asymmetric the pattern is. The evolution of the asym-
metry is consistent with that inferred from I.. Comprehensive
measurements of the angular dependence of the pattern on an-
other sample, shown in the supplementary material, yield an
almost identical behavior and a similar critical angle at which
12| (|12]) intercepts |I3] (|Z7]).

Since |I!(8)| and |I3(8)] oscillate with the same ampli-
tude and opposite phase, i.e., |I(8)| = |I2(8 + )|, we have
I}(B)) = —I3(—By), which, combined with the similar behav-
ior of AB2® and AB!#, suggests

I (B;,B)) = —I; (—B.,—B). 2

In another word, the diffraction pattern is inversion symmet-
ric if the total magnetic field is considered. This can also be
directly seen in Fig. 2, where the pattern at 6 is inversion sym-
metric to that at 8 + 180°.

1

7/
150°4-180°
i/

-

1

1/

Fig. 2. Fine mapping of the first-order nodes in the interference pattern in the presence of B = 0.12 T oriented at different angles with respect to the
x axis. Two dashed yellow lines at / = £3.158 p1A are used as a baseline to highlight the shift of the critical current at the nodal points.

First, let us discuss the reason for the symmetry breaking
at zero in-plane field seen in Fig. 1. One possible cause is the
self-field effect.?Y For JJs with certain geometries, a nonuni-

form current distribution in the superconductor electrodes can

produce an additional field through the junction area, which
shifts the pattern horizontally. As the self-field depends on
the polarity of the current, the patterns in the upper and lower

half-plane shift towards opposite directions. The geometry of
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our JJs has a mirror symmetry about the center line along the
current direction, precluding the self-field effect. Even if the
device slightly deviates from the mirror symmetry due to im-
perfections introduced by fabrication, the skewness of the pat-
tern should vary from device to device. The consistent shift in
all devices indicates that the symmetry breaking is associated
with the crystal structure of V5Sg.

6.0 (a)

5.5
5.0

4.5

[ (nA)

4.0

3.5

AL (pA)

0.12

0.08

AB, (mT)

0.06

0.04 | 1 S | ] |

Fig. 3. Angular dependence of the position of the nodal points. (a) Abso-
lute value of the critical current. (b) The difference of the critical currents,
|IL| —|12] and |I2| — |I#|. The dashed curves represent fits to a sine function.
(c) The difference of the field at the nodal points, B? — B3 and Bg - B‘Z‘.

Abrikosov vortices in superconducting electrodes near
the JJ can lead to an asymmetric Fraunhofer pattern, too. How-
ever, the effect breaks the field symmetry, I (B,) = I (—B,),
leaving the current symmetry, I (B,) = —I; (B,), intact,3!-3%!
which is at odds with our results. Moreover, we intentionally
made the superconductor leads narrow enough so that vortices
can not enter.?3 For comparison, when the leads are wider
than 0.65 pm, jittering of the pattern due to vortex jump started
to appear in the Fraunhofer pattern.

Rasmussen et al. have studied the interference pattern
of a SNS JJ theoretically and related its symmetry to certain
symmetries in the Hamiltonian.!'”) The symmetries that are

required to break in order to break the mirror symmetries,
IF(B,) = I (—B,) and I} (B,) = —I (B,), are listed in Ta-
ble 1. Here Gy, are the Pauli matrices, Py, is the x(y)-parity
operation, 7T is the time reversal operation. Disordered po-
tential Vy(,), which is asymmetric under Py, unlikely plays
an important role, otherwise the pattern in different devices
would shift in random directions,!?! not to mention the fact
that our JJs, made from a continuous aluminum film, are pre-
sumably quite uniform. In the absence of an in-plane field,
two forms of SOC, Rashba SOC ¢ and Dresselhaus SOC f3,
can break most of the symmetries. It is plausible that V5Sg
has both o and B or similar forms of SOC, as those SOCs
are the key ingredients in the theories on the in-plane Hall

t [34-37

effec I which has been observed in V5Sg. However,

there are still two more symmetry operators left, 6,P,P, and
0,P.P,T, which guarantee the mirror symmetries of the pat-
tern.

Table 1. Symmetry operations U protecting —I (B;) = I; (B;) and

I£(B;) = IF (—B;) respectively adapted with permission from Ref. [10].

Copyrighted by the American Physical Society.

*Ich(Bz) :IE(BZ) Icir(Bz) :Ici(*Bz)

U Broken by U Broken by
PP, o, B, Vi,V o.P, By, .V,
G:RP. Bo By VeV, o3P, B..B.Y,
o T By, o, 'V, P.PT By, By, &, B, Vy, Vy
o,AT By, B.V, o.P.AT Vi Vy

It has been proposed that the mirror symmetries of the in-
terference pattern, I (B,) = I (—B;) and I (B;) = —I; (B,),
are broken in SNS based on inversion symmetry breaking

[38] This is because the topological sur-

topological materials.
face states on two sides of the JJ have different Fermi veloc-
ities, resulting in different Josephson currents. The interfer-
ence pattern by the surface states is thus shifted and skewed,
depending on the polarity of the current. Taken into account
the dominant contribution from the bulk, the resultant inver-
sion symmetric pattern agrees with what we observed. Broken
mirror symmetries of the Fraunhofer pattern were observed
in topological materials.3>#? The difference of the Joseph-
son currents on two sides breaks the mirror symmetry of the
Josephson current spatial distribution about the center line of
JJ along the current. It is worth noting that this mirror sym-
metry is essential for the nodal point being on the I = 0 axis.
Therefore, the finite critical current of the nodal point in our
data provides additional evidence, independent of the model
on inversion symmetry breaking topological materials, that the
Josephson currents on the two sides are not equal.

The asymmetry of the pattern is tuned by the in-plane
field, seen in Fig. 2. It has been shown that an in-plane field
can suppress the Josephson current in the center of a JJ via a
peculiar flux focusing effect.’>!! Consequently, the zero field
critical current is reduced and the interference pattern becomes

057402-4
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more like that of a superconducting quantum interference de-
vice. It works when the field is parallel to the current and does
not depend on the field polarity. As the field is rotating in
the plane, a period of 7 is expected in the angular dependence
of the critical current, in contrast to a period of 27 shown in
Fig. 3. Furthermore, the effect does not depend on the polarity
of the current, so it will not break aforementioned two mir-
ror symmetries of the pattern. At last, the flux focusing effect
maximizes at 6 = 0° and 180°, whereas the critical currents
of the nodal points at these two angles are at neither the max-
imum nor the minimum, shown in Fig. 3. These distinctions
rule out the flux focusing effect of the in-plane field.

An in-plane field usually acts on electrons by the Zeeman
effect, thus its strong influence on the pattern suggests that the
asymmetry is related to the spin. In the case of inversion sym-
metry broken topological materials, the Zeeman effect will
break the time reversal symmetry of the surface states, which
alters the Josephson current on the two sides. The change in
the current distribution inevitably leads to a change of the pat-
tern. The critical angles of 8 = 158° and 338°, at which the
inversion symmetry of the pattern is restored, are probably re-
lated to the particular form of SOC in V5Sg.

The unusual symmetry in the Fraunhofer pattern of
Al—(Al/V5Sg)—Al Josephson junctions suggests an anomalous
Josephson coupling stemming from the SOC in heterodimen-
sional superlattice V5Sg. This newly discovered compound,
with its exotic SOC and the ability of forming a homointerface
Josephson junction, offers an intriguing platform for investiga-
tion of unconventional Josephson effects and superconductiv-

ity.

Supporting information

The measurements of the in-plane field dependence of
the Fraunhofer pattern on another Al-(Al/Vs5Sg)—Al Joseph-
son junction S2 are given in the supporting information.
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