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Three-dimensional van der Waals ferromagnet Fe3GeTe2 (FGT) is regarded as a candidate for the magnetic
topological nodal line semimetal. We investigate lateral electron transport between two 3 μm spaced super-
conducting In leads beneath a thick three-dimensional FGT exfoliated f lake. At a low temperature of 30 mK,
we observe Josephson supercurrent that exhibits unusual critical current Ic suppression by the magnetic
field B. The overall Ic(B) pattern is asymmetric in respect of the sign of the magnetic field B. We demonstrate,
that the asymmetry is defined by the magnetic field sweep direction, so the Ic(B) pattern is strictly reversed
(as magnetic field reversal) for the opposite sweeps. We also observe an interplay between maximum and min-
imum in Ic(B) in normal magnetic fields, while there are fast aperiodic Ic(B) f luctuations for the in-plane
ones. These effects cannot be expected for homogeneous superconductor-ferromagnet-superconductor
junctions, while they are known for Josephson spin valves. The mostly possible scenario for Josephson spin
valve realization in FGT is the misalignment of spin polarizations of the Fermi arc surface states and ferro-
magnetic FGT bulk, but we also discuss possible influence of spin-dependent transport between magnetic
domains.
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1. INTRODUCTION
Recently, Fe3GeTe2 (FGT) has attracted signifi-

cant attention as a promising platform for novel phys-
ical phenomena, which are connected with magnetic
and electronic non-trivial topology. FGT is an itiner-
ant van der Waals ferromagnet characterized by an
out-of-plane magnetocrystalline anisotropy both for
three-dimensional single crystals and down to two-
dimensional limit, which was confirmed by theoretical
and experimental investigations [1–6]. Experimen-
tally, FGT shows large anomalous Hall [7, 8] and
Nernst [9] effects, topological Hall effect [10] and
Kondo lattice physics [11]. From the view of the elec-
tronic band structure, three-dimensional FGT is a
unique candidate for the ferromagnetic nodal line
semimetal [8], hosting spin-polarized Fermi arc sur-
face states [12].

Different realizations of spin valves are known for
magnetic materials. Usually, spin valves are realized as
ferromagnetic multilayers [13, 14] with different layer
thicknesses. The multilayer resistance depends on the
mutual orientation of their magnetizations due to the
spin-dependent scattering, so the resistance can be
affected by external magnetic field or high current
density. Due to the different spin polarization of the
Fermi arc surface states and ferromagnetic bulk, mag-
netic topological materials should also demonstrate

spin-valve transport properties [15–18]; i.e., they can
be regarded as natural realization of spin-valves. In
this case, spin-polarized Fermi arcs and ferromagnetic
bulk represent thin (free) and thick (reference) layers,
respectively.

In proximity with a superconductor, topological
surface (or edge) states are able to carry supercurrents
over extremely large distances [19–23]. For the mag-
netic topological materials it naturally implies spin
triplet superconductivity, which is the mutual effect of
superconductivity, exchange interaction and spin–
orbit coupling [24–29]. Triplet supercurrent can be
expected, e.g., for a Josephson spin valve [30–34]
(JSV), where ferromagnetic multilayer is sandwiched
between two superconducting electrodes. In the
majority of devices the Josephson current is directed
perpendicular to the layers, but the spin-valve effects
can also occur in systems, where the supercurrent
flows along the planes [35].

In JSVs, supercurrent is defined mainly by the rel-
ative orientation of the layers’ magnetizations, while in
conventional Josephson junctions it is modulated by
magnetic f lux. For the supercurrent f lowing perpen-
dicular to the layers, such a dependence on relative
orientations of the layers’ magnetizations was studied
in detail [30]. Due to the natural spin-valve realiza-
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tion, magnetic topological semimetals like FGT may
be regarded as a platform for planar JSV investigations.

Symmetry analysis and first principles calculations
have shown, that the inversion symmetry breaking can
occur at the FGT interface [36]. Noncentrosymmetric
interfacial effects are known to be able to substantially
influence the charge transport in magnetic systems, in
particular via the spin–orbit torque, and to result in
unidirectional transport properties [37–41]. In prox-
imity with superconductivity, broken inversion and
time reversal symmetry can generally lead to asymme-
tries of the Josephson current with respect of the mag-
netic field reversal, e.g., due to chiral properties of the
topologically protected states [42, 43]. In supercon-
ducting heterostructures with non-coplanar magneti-
zation textures, breaking the magnetization reversal
symmetry can result in the direct coupling between the
magnetic moment and the supercurrent, and in the
anomalous Josephson effect [44–48].

Here, we investigate lateral electron transport
between two 3 μm spaced superconducting In leads
beneath a thick three-dimensional FGT exfoliated
flake. At low 30 mK temperature, we observe Jose-
phson supercurrent that exhibits unusual critical cur-
rent Ic suppression by the magnetic field B. The overall
Ic(B) pattern is asymmetric in respect to the  sign.
We demonstrate, that the asymmetry is defined by the
magnetic field sweep direction, so the Ic(B) pattern is
strictly reversed (as B to –B inversion) for the opposite
sweeps. We also observe an interplay between maxi-
mum and minimum in Ic(B) in normal magnetic
fields, while there are fast aperiodic Ic(B) f luctuations
for the in-plane ones. These effects cannot be
expected for homogeneous superconductor-ferro-
magnet-superconductor junctions, while they are
known for Josephson spin valves.

2. SAMPLES AND TECHNIQUE
Fe3GeTe2 was synthesized from elements in evacu-

ated silica ampule in a two-step process. At the first
step, the load was heated up to 470°C at 10°C/h rate
and the ampule was held at this temperature for 50 h.
At the second step, the temperature was increased up
to 970°C with the same rate. After 140 h exposure, the
ampule was cooled down to the room temperature at a
rate of 5°C/h. X-ray diffraction data indicates, that the
iron tellurides FeTe and FeTe2 were also found in the
obtained material, in addition to the expected
Fe3GeTe2 compound.

To obtain Fe3GeTe2 single crystals, the synthesized
mixture was sealed in evacuated silica ampule with
some admixture of iodine. The transport reaction was
carried out for 240 h with temperatures 530 and 410°C
in hot and cold zones, respectively. Afterward, the
ampule was quenched in a liquid nitrogen. Water-
solvable iron and tellurium iodides were removed in
hot distilled water from the obtained Fe3GeTe2 single

B

crystals, so the powder X-ray diffraction analysis con-
firms single-phase Fe3GeTe2 with P63/mmc (194)
space group (  Å, Å)
(see Fig. 1a). The known structure model [49]
Fe3GeTe2 is also refined with single crystal X-ray dif-
fraction measurements (Oxford diffraction Gemini-A,
Mo Kα). The Fe3GeTe2 composition is verified by
energy-dispersive X-ray spectroscopy.

Non-trivial surface properties are only known for
three-dimensional topological semimetal single crys-
tals [50]. Thus, we use thick (1 μm) FGT flakes, which
are obtained by a mechanical cleavage from the initial
single crystal.

Figure 1b shows a top-view image of a FGT flake
with underlying indium leads. The leads pattern is
formed by lift-off technique after thermal evaporation
of 100 nm In on the insulating SiO2 substrate. The
10 μm wide leads are separated by 3 μm intervals. One
FGT flake is transferred to the substrate with the
defined In leads pattern and pressed to the leads
slightly. No stress is needed for a f lake to hold on the
In leads afterward. This procedure allows to create
transparent FGT-In interfaces [51–53] without
mechanical polishing or chemical treatment, and to
protect the relevant (bottom) FGT surface from any
oxidation or contamination.

To confirm FGT quality, magnetoresistance mea-
surements are performed also in standard Hall bar
geometry for reference samples with normal (Au)
leads. In Fig. 1c longitudinal magnetoresistance  is
monotonic and negative in normal magnetic fields
(red curve, right axis), while it shows a kink at 3.5 T for
the in-plane configuration (blue curve, left axis). This
behavior coincides well with the previously reported
results [10]. Another specific feature of time reversal
symmetry breaking in topological semimetals is a large
anomalous Hall effect, which manifests itself as non-
zero Hall conductance in zero magnetic field. The
anomalous Hall effect can be regarded as the indica-
tion to a magnetic topological phase, as supported by
the topological-insulator-multilayer model, where the
two-dimensional Chern edge states form the three-
dimensional surface states [50]. The anomalous Hall
effect is shown in Fig. 1d for normal field orientation,
while hysteresis in  is also known for the in-plane
field as a novel planar Hall effect (see Fig. 1e). The lat-
ter has been also recognized as topological Hall effect
related to the complicated spin structures in FGT [10].

We study electron transport between two neighbor
In leads in a standard four-point technique (see
Fig. 1b). All the wire resistances are excluded, which is
necessary for low-impedance samples. To obtain

 characteristics, dc current is additionally
modulated by a low 2 μA (below the dc current step) ac
component at a 1107 Hz frequency. We measure the ac
component of the potential drop ( ) by lock-
in. The signal is confirmed to be independent of the
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Fig. 1. (Color online) (a) X-ray diffraction pattern (CuK 1 radiation,  Å), which confirms single-phase Fe3GeTe2
with P63/mmc (194) space group (  Å,  Å). (b) A top-view image of the sample with electrical con-
nections. A thick (1 μm) single-crystal FGT flake is placed by the f lat bottom surface on the pre-defined superconducting In
leads. The right inset shows the initial leads pattern, which consists of 10 μm wide indium stripes separated by 3 μm intervals.
Electron transport is investigated between two neighbor In leads in a standard four-point technique, all the wire resistances are
excluded. Arrows indicate the in-plane  and normal  magnetic field orientations for Figs. 3 and 4. (c–e) Magnetoresistance
measurements, to confirm FGT quality, for a reference sample with Au leads in standard Hall bar geometry. (c) Longitudinal
magnetoresistance  for the in-plane (left axis, blue curve) and for the normal (right axis, red curve) fields. (d, e) Hall 
hysteresis loops in normal and in-plane fields, respectively, which is usually ascribed to anomalous and topological Hall effects
in FGT [10]. The arrows denote magnetic field sweep directions.

α λ = 1.540598
= = 3.991(1)a b = 16.33(3)c

||B ⊥B

xxR ( )xyR B
modulation frequency within 100 Hz–10 kHz range,
which is defined by the applied filters. The measure-
ments are performed within the temperature range of
30 mK–1.2 K.

3. EXPERIMENTAL RESULTS
Figure 2 clearly demonstrates Josephson effect for

two different samples, which are referred as S1 and S2.
Qualitative behavior is similar, despite strongly differ-
ent critical current  and normal resistance values.cI
JETP LETTERS  Vol. 115  No. 5  2022
As expected, the zero-resistance state appears
below some critical temperature, which is about 0.88
and 0.34 K for the devices in Figs. 2a and 2b. These In-
FGT-In junctions are characterized by different max-
imum supercurrent values  mA (S1) and
0.018 mA (S2).

The high temperature curves are typical for
Andreev reflection in Fig. 2. The superconducting gap
positions are defined by symmetric resistive 
features at low currents, they are denoted by dashed

c = 0.17I
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Fig. 2. (Color online) Josephson effect for two different
samples with In-FGT-In junctions (S1 and S2 in (a) and
(b), respectively). Qualitative behavior is similar, despite
strongly different critical current (  mA in (a) and
0.018 mA in (b)) and normal resistance values. The zero-
resistance state appears below 0.88 K for S1 and 0.34 K for
S2. The high-temperature curves are typical for Andreev
reflection. The superconducting gap positions are denoted
by the dashed lines (see the main text), it should not be
confused with asymmetric jumps in  at much higher
currents. The data are presented for zero magnetic field.

c = 0.17I

/dV dI

Fig. 3. (Color online) Influence of the external in-plane
(a) and normal (b) magnetic fields on Josephson effect at

 mK for S1 and S2, respectively.  curves
are not symmetric in respect to zero field, the observed
asymmetry depends on the magnetic field sweep direction:
red and blue curves are for two opposite sweeps, the sweep
direction is denoted by arrows of the corresponding color.
All the  features are mirrored for these curves, so

 curves are strictly reversed for two sweep direc-
tions. This curve reversal is demonstrated by nearly perfect
coincidence of the blue and green curves, which are
obtained as the B to –B inversion of the red ones. The
reversal cannot be expected for a superconductor-ferro-
magnet-superconductor junction with the homogeneous
magnetization of the ferromagnetic layer, but it is a finger-
print of the complicated spin structures. The data are
obtained at 30 mK.

= 30T / ( )dV dI B

/dV dI
/ ( )dV dI B
lines in Fig. 2. For S1,  meV is obtained
from ±0.22 mA  feature positions and 1.9 Ω
resistance level in Fig. 2a.  can also be estimated as
0.28 meV in Fig. 2b. These gap values are reasonable
for In-FGT-In junctions, since the bulk 0.5 meV In
gap should be partially suppressed by the intrinsic
FGT magnetization.

Since FGT is an uniaxial ferromagnet, which is
confirmed by the Hall curves in Figs. 1d and 1e, it
seems to be reasonable to investigate Josephson effect
in differently oriented magnetic fields. On the other
hand, In-FGT junctions are known to be badly repro-
duced in different cooling regimes, which restricts the
possibilities to remount a sample in the dilution ref-
rigerator. For these reasons, qualitatively similar sam-
ples S1 and S2 are initially mounted in the in-plane
and normal field orientations, respectively, to avoid
unwanted influence of the cooling procedure on the
experimental data.

Figure 3 demonstrates the influence of external in-
plane (a) and normal (b) magnetic fields on sample
resistance at  mK for S1 and S2, respectively.
The result is qualitatively similar for both field orien-
tations: the zero-resistance state is suppressed by the
external field,  curves are not symmetric
with respect to the zero field value.

As a most important, the observed 
asymmetry depends on the magnetic field sweep
direction. Moreover, all the  features are mir-
rored for the opposite (blue and rad colors) field
sweeps, so  curves are strictly reversed for
the two sweep directions in Figs. 3a and 3b. This curve
reversal is demonstrated by nearly perfect coincidence
of the blue and green curves in Fig. 3, which are

Δ 1 = 0.42S
/dV dI
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/ ( )dV dI B

/dV dI

/ ( )dV dI B
obtained as the B to –B inversion of the red ones. The
reversal cannot be expected for a superconductor-fer-
romagnet-superconductor (SFS) junction with the
homogeneous magnetization of the central ferromag-
netic layer. In contrast, it is known to be a fingerprint
of the complicated spin structures, like ferromagnetic
domains or multilayer in Josephson spin valves [30–
34]. Figure 3 also excludes any possibility for the
unwanted shortings of the In leads, since a simple In-
In junction cannot demonstrate the observed

 reversal.
 reversal can also be demonstrated by

colormaps in Figs. 4a, 4b and 4d, 4e for samples S1
and S2, respectively. The colormaps are obtained from

 curves at fixed magnetic field values, which
are changed point-by-point in up or down directions.
To establish definite sample magnetization state, every
magnetic field sweep cycle begins from high field value

 mT. Due to the procedure, 
reversal is not connected with any time-dependent
relaxation. The panels (a) and (b) differ by the mag-
netic field sweep directions in Fig. 4, which is from
negative to positive values in (a) and is just opposite in
(b). The previously described  reversal can
be clearly seen, e.g., by the asymmetric black feature at
±9 mT in Figs. 4a, 4b. The reversal effect is even more
pronounced in (d) and (e) for normal magnetic fields.

For Josephson effect, an important information
can be obtained from the maximum supercurrent Ic
suppression. In principle, zero-resistance black region

/ ( )dV dI B
/ ( )dV dI B

/ ( )dV dI I

±= 100B / ( )dV dI B

/ ( )dV dI B
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Fig. 4. (Color online) Colormaps of  for samples S1 and S2 in (a, b) and (d, e), respectively. The panels (a, d) and
(b, e) differ by the magnetic field sweep direction, which is from negative to positive values in (a) and is just opposite in (b). All
the data are obtained at 30 mK. To establish definite sample magnetization, every magnetic field sweep begins from high field
value  mT (the sign depends on the sweep direction). The colormaps are obtained from  curves at fixed mag-
netic field values, which are changed point-by-point in up or down directions. To establish definite sample magnetization state,
every magnetic field sweep cycle begins from high field value B = ±100 mT. The  reversal from Fig. 3 can be clearly
seen, e.g., by the asymmetric black feature at ±9 mT in (a, b). The reversal effect is even more pronounced in (d, e) for normal
magnetic fields. (c, f) Ic(B) dependencies for the in-plane and normal magnetic field orientations, respectively. The general Ic(B)
shapes are asymmetric in both cases, the asymmetry is reversed for the up (blue) and down (red) field sweeps. For the in-plane
magnetic fields, Ic(B) shows well-reproducible aperiodic f luctuations in (c). On the contrary, no noticeable f luctuations can be
observed in (f). In normal magnetic fields, there is an interplay between maximum and minimum in Ic(B) at 12 mT, which is
well known for the Josephson spin valves [30–34]. The data are obtained at 30 mK.

c
c
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±= 100B / ( )dV dI I
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±

in the colormaps reflects the critical current Ic(B) sup-
pression pattern, as it is emphasized by the white enve-
lope curves in Figs. 4a, 4b and 4d, 4e. To obtain Ic with
high accuracy at fixed B, we sweep the current ten
times from the zero value (i.e., from the supercon-
ducting  state) to some value well above the
Ic (the resistive  state) and then determine
Ic as an average value of  breakdown positions.
The result is presented in Figs. 4c and 4f for two mag-
netic field orientations, respectively. The general Ic(B)
shape is asymmetric in both cases, the asymmetry is
reversed for the up (blue) and down (red) field sweeps.
The critical current Ic(B) also does not exhibit a con-
ventional Fraunhofer pattern [54, 55].

There are also some features in Fig. 4, which are
different in two magnetic field orientations.

For the in-plane magnetic fields, Ic(B) shows fast
aperiodic f luctuations in Figs. 4a–4c. No distinct
period could be detected at least for the field step as
small as  mT. We check, that our procedure
gives Ic values, which are perfectly stable at fixed mag-
netic field, as demonstrated in Fig. 5a. The maximum

/ = 0dV dI
/ > 0dV dI

/dV dI

Δ = 0.01B
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Ic deviation over 1000 curves is about 0.005 mA at
 mT, which is negligible comparing to the

observed fluctuations’ amplitude 0.05 mA in Fig. 4c.
Thus, the f luctuations are controlled by the external
magnetic field, although they are found to be ape-
riodic.

On the contrary, no noticeable f luctuations can be
observed for normal magnetic field orientation (see
Figs. 4d–4f). The curves for the up (blue) and down
(red) sweeps are reversed, but in addition there is an
interplay between maximum and minimum in Ic(B) at
±12 mT, which is well known for the Josephson spin
valves [30–34].

Temperature dependence of the critical current
Ic(T) is shown in Fig. 5b. It closely reminds the tem-
perature dependencies observed in a half-metallic
CrO2 based long Josephson junctions [24].

4. DISCUSSION
As a result, we observe Ic(B) pattern asymmetry

and its’ reversal in dependence on the magnetic field
sweep direction. This effect can be observed for both

−= 1.4B
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Fig. 5. (Color online) (a) Stability of Ic, as it is demonstrated for 1000 sequentially recorded curves at a fixed in-plane field value
 mT. The maximum Ic deviation is about 0.005 mA at  mT, which is negligible comparing to the f luctuations’

amplitude 0.05 mA in Fig. 4c. (b) Temperature dependence of Ic for S2 in zero field, which closely reminds the temperature
dependencies observed in a half-metallic CrO2 based long Josephson junctions [24]. (c) Typical spin-valve hysteresis [13, 14] in
magnetoresistance of a single Au-FGT junction for the reference FGT flake. Blue and red curves correspond to the up and down
magnetic field sweeps, respectively. In FGT, spin-polarized surface state acts as a source of spin, while spin-dependent scattering
within the ferromagnet results in the resistance dependence on the magnetization direction. (d) Magnetic-field suppression of
Andreev reflection for a single weakly-transparent In-FGT junction (the subgap resistance exceeds the normal value) in normal
magnetic field at  mK.  curves are reversed for two sweep directions, similarly to the transparent In-FGT-In
junctions.

c c
c0

−= 1.4B −= 1.4B

= 30T / ( )dV dI B
magnetic field orientations, while in normal magnetic
fields there is also a prominent change of the Ic(B)
shape during remagnetization.

This behavior cannot be expected for usual SFS
junctions with the homogeneous magnetization of the
central ferromagnetic layer, where remagnetization
can only shift the Ic(B) pattern position in magnetic
field [24, 31]. On the other hand, the observed behav-
ior is a known fingerprint of Josephson spin valves
[30–34]. While in conventional Josephson junctions
supercurrent is modulated by magnetic f lux, in JSVs it
is mainly defined by the relative orientation of mag-
netic layers, giving rise to the Ic(B) asymmetry and
reversal.

A conventional spin valve, in its simplest form, is a
layered structure consisting of a thick (fixed) and a
thin (free) ferromagnetic layers [13, 14]. Spin valve
resistance is defined by the relative angle between
magnetizations of the layers due to the spin-depen-
dent scattering, which can be tuned by field or f lowing
current. Spin valve can be naturally realized in differ-
ent types of topological materials and their hetero-
structures with ferromagnets [15–18]. In this case,
spin-polarized topological surface state acts as one
layer of a spin valve, while the role of the other is
JETP LETTERS  Vol. 115  No. 5  2022
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Fig. 6. (Color online) Sketch of the Josephson spin valve,
which is realized in In-FGT-In junctions due to the spin-
polarized surface state in the magnetic nodal-line topolog-
ical semimetal FGT. Supercurrent (partially) f lows
through the spin polarized surface state (grey region) with
complicated spin polarization, while spin-dependent scat-
tering with the magnetized FGT bulk is responsible for the
spin valve behavior.
played by the ferromagnetic lead or by the ferromag-
netic sample’s bulk [15, 17]. The spin-polarized sur-
face state acts as a source of spin, while spin-depen-
dent scattering within the ferromagnet results in a dif-
ferent resistance depending on the magnetization
direction [15–18].

In the case of FGT, the presence of spin-polarized
topological Fermi arcs has been demonstrated by
ARPES [8], while spin momentum locking [56] was
inferred to be responsible for anti-symmetric magne-
toresistance in FGT/graphite/FGT heterostructures
[12]. Thus, a FGT flake may be regarded as a spin
valve, this scenario is independently verified by mag-
netoresistance of a single Au-FGT junction for the
reference Hall bar sample in Fig. 5c, where typical
spin-valve hysteresis is observed [13, 14]. Moreover,
Fig. 4 shows asymmetric resistive features even at high
currents, i.e., for the suppressed superconductivity
(for 2–10 Ω junction resistance). These features are
also reversed for two magnetic field directions, which
confirms spin-valve behavior in FGT.

If a spin valve is sandwiched between two super-
conducting electrodes [30–34] (see Fig. 6), asym-
metric Ic(B) pattern should be reversed after remag-
netization. For the magnetic topological materials it
naturally implies spin triplet superconductivity. Effec-
tiveness of singlet–triplet conversion depends on mag-
netic orientation misalignment, so Ic(B) pattern
depends on the spin-valve configuration. Due to the
hysteresis in magnetization of a spin valve [13, 14],
Ic(B) demonstrates a mirror reversal in the opposite
field sweeps [30, 31].

The observed interplay between the Ic(B) maxi-
mum and minimum after remagnetization in
Figs. 4d–4f is very unusual. Generally, this behavior
requires breaking of certain symmetries. For FGT, the
inversion symmetry breaking is known at the interface
[36]. This is supported by a number of experimental
observations of the skyrmion-like spin textures, e.g.,
Bloch-type [57] and Nоl-type [36, 58, 59] skyrmions,
domain wall twists [60], and chiral spin textures [61,
62]. Inversion symmetry breaking in a system with a
large spin–orbit interactions gives rise to the spin–
orbit torque, comprising terms which are even and odd
in magnetization. The relative signs of the terms
changes under remagnetization, violating the reversal
of the Ic(B) pattern in Figs. 4d–4f. This interplay in
Ic(B) is not observed in Figs. 4a–4c, since the FGT
magnetization is not collinear to the out-of-plane cur-
rent-induced polarization in this case. We wish to
note, that one cannot ascribe the observed interplay to
the spin valve memory effect [30, 32], since every
remagnetization process starts from the same B =
±100 mT in our experiment.

Similar behavior can be reported for a single
weakly-transparent In-FGT Andreev junction (the
subgap resistance exceeds the normal one value) in
Fig. 5d.  curves are reversed for two sweep/ ( )dV dI B
JETP LETTERS  Vol. 115  No. 5  2022
directions, similarly to the highly-transparent In-
FGT-In junctions in Fig. 3, so the spin-valve effect
does not appear from disorder [63] in our samples.

Regarding the effects of the domain structure, one
should note that the presence of several ferromagnetic
domains between the superconducting leads could
generally give rise to essentially the same physics as in
a JSV [64, 65]. In particular, asymmetric non-Fraun-
hofer Ic(B) patterns in SFS junctions with a complex
multidomain structure have been reported before [54,
55]. However, the domain structure effects are hardly
responsible for the results obtained in this paper. Suf-
ficiently thick FGT samples within the low-tempera-
ture range  K contain several types of domains [66,
67], among which bubble-like domains with compar-
atively small sizes, about a few hundred nanometers,
are randomly distributed over the surface, introducing
a substantial stochastic component to the domain
structure [67]. We would like to emphasize here, that
the asymmetric  curves and 
colormaps in Figs. 3, 4 are highly reproducible, and
therefore should not be attributed to any stochastic
interfacial domain structures that would prevent to
reproduce the results with an observed accuracy.
Although, the non-coplanar spin textures [10] could
noticeably contribute to aperiodic variations presented
in Figs. 4a–4c for the in-plane field orientation, simi-
larly to stochastic variations of Ic(B) in [54, 55] for SFS
junctions with multi domain barriers.

Thus, our experimental results can be regarded as
demonstration of the JSV, which is realized in the
magnetic nodal-line topological semimetal FGT.
Moreover, surface transport was ubiquitously
attributed to carry Josephson current at long distances
in JJs based on topological materials [19–23], which
supports the overall interpretation.

5�
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