Critical-Current Memory of In-Plane Superconducting Domains in Kagome RbV;Sbs
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The kagome superconductors AV3Sbs (A = K, Rb, Cs) host charge order, nematicity, and super-
conductivity, but the specific superconducting pairing mechanism remains unclear. Here we report
critical-current memory in exfoliated RbV3Sbs under in-plane magnetic fields. Magnetoresistance
exhibits an unconventional hysteresis, while the critical-current maximum shifts away from zero field
with a sign selected by the sweep direction, appearing near —0.2 T and +0.2 T for opposite sweeps.
On a single sweep branch, I.(+B) # I.(—B), indicating the time reversal symmetry is broken.
The zero-field-cooling state carries the largest current, ICZFC(O) ~ 35 pA, exceeding all field-trained
values. The effect is absent in CsV3Sbs and NbSes controls. These results point to time-reversal
symmetry breaking and trainable in-plane superconducting moments of the superconducting states

in Rng Sb5 .
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Introduction.—Kagome metals have emerged as an
promising platform for studying correlated quantum
matter because their lattice geometry can combine van
Hove singularities, Dirac dispersions, flat-band tenden-
cies, and strong geometric frustration. The supercon-
ducting family AV3Sbs (A = K, Rb, Cs) is especially im-
portant: superconductivity develops from a normal state
already shaped by charge-density-wave order, rotational-
symmetry breaking, possible loop-current order, and
pair-density-wave modulations [1-9]. This coexistence
raises a central question: is the superconducting con-
densate a conventional descendant of the same electronic
structure in all three compounds, or does each member
of the family realize a distinct pairing state?

Existing experiments suggest the second possibility.
Several measurements on CsV3Sbs are consistent with
nodeless or sign-preserving superconductivity [10-13],
whereas pSR and other probes on Rb/K compounds
point to a more fragile and likely nodal superconducting
state [14, 15]. At the same time, time-reversal symme-
try can already be broken in the charge-ordered normal
state such as loop-current physics [16-20]. Therefore an
experimental signature of superconducting time-reversal-
symmetry breaking must be separated from normal-state
magnetism and from conventional flux trapping in meso-
scopic devices.

Recent magnetotransport work on thin-flake RbV3Sbs
reported an in-plane-field hysteresis and a field-driven
re-entrant superconducting regime [21]. A theoretical
analysis proposed that these effects can arise from spin-
polarized, nonunitary superconducting domains [22].
The present Letter focuses on another important strin-
gent nonlinear observable: the critical current. Unlike

a low-bias resistance, I. measures the largest percolating
supercurrent supported by the complete superconducting
network. It is therefore sensitive not only to the local su-
perconducting amplitude, but also to domain walls, weak
links, and metastable textures.

In this work, we report history-dependent critical-
current and magnetoresistance responses in exfoli-
ated RbV3Sbs under in-plane magnetic fields. By
combining zero-field-cooling measurements, controlled
field-training protocols, current-biased V-I curves,
differential-resistance mapping, and comparative devices
based on CsV3Sbs and NbSes, we show that the super-
conducting state of RbV3Sbs retains a memory of the
field-sweep direction that is absent in the control mate-
rials. The field-trained critical-current maximum is dis-
placed from zero field and reverses sign with sweep direc-
tion, whereas the zero-field-cooling state carries a larger
global supercurrent than any field-trained state. This
combination indicates a trainable internal in-plane su-
perconducting degree of freedom: the magnetic field can
bias the domain configuration, but finite-field depairing
and domain-wall weak links reduce the percolating crit-
ical current. Our work further reveals the time-reversal
symmetry breaking stemming from the superconducting
state itself in RbV3Sbs and also the special supercon-
ducting properties of RbV3Sbs compared to the CsV3Shs
belonging to the same family.

Experimental methods.—Thin flakes of RbV3Sbs,
CsV3Sbs, and NbSes were mechanically exfoliated from
bulk crystals using polydimethylsiloxane stamps and
transferred onto Si/SiOy substrates with pre-patterned
electrodes. Electrical contacts were defined by electron-
beam lithography followed by electron-beam evapora-
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FIG. 1. Device and crystallographic characterization of RbV3Sbs. (a) Layered crystal structure of RbV3Sbs, with
V-Sb kagome slabs separated by Rb layers. (b) Four-terminal resistance versus temperature of the thin-flake device. The
superconducting transition occurs near T, ~ 0.85 K using the 50% normal-resistance criterion. The inset shows an optical
micrograph of the contacted flake; the scale bar is 3 um. (c) High-resolution transmission-electron-microscopy image showing a
lattice spacing d ~ 0.468 nm. (d) Selected-area electron-diffraction pattern confirming crystalline quality and crystal direction.

tion of Ti/Au electrodes with nominal thicknesses of
10/50 nm. After contacting, the devices were capped
with hexagonal boron nitride to suppress degradation
during air exposure. Fabrication and transfer steps were
performed in an inert glovebox with oxygen and water
levels below 0.01 ppm whenever possible.

Transport measurements were carried out in an Ox-
ford Triton XL1000 dilution refrigerator and in a Phys-
ical Property Measurement System. Current-biased
V-I curves were measured using a Yokogawa GS200
source meter and a Keithley 2182A nanovoltmeter. The
magneto-resistance used a standard low-frequency lock-
in technique with a Stanford SR830 and low-temperature
filtering to reduce electrical noise and unintentional heat-
ing. For in-plane-field measurements, the vector magnets

were calibrated to minimize the out-of-plane component,
because even a small perpendicular component produces
vortices and can obscure the intrinsic in-plane response
of a quasi-two-dimensional superconductor.

Sample characterization.—The structure and basic su-
perconducting transition of the representative RbV3Shs
device are summarized in Fig. 1. Fig. 1a shows the lay-
ered crystal structure, in which V-Sb kagome slabs are
separated by Rb layers. Fig. 1b shows that the resis-
tance drops below 0.9 K, giving T, ~ 0.85 K by the 50%
normal-resistance criterion. The optical image in the in-
set shows a multi-terminal thin-flake geometry suitable
for current-biased switching measurements. The high-
resolution tunneling electron microscopy (HRTEM) im-
age in Fig. 1c and the selected-area electron-diffraction
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FIG. 2. History-dependent magnetoresistance and critical current in RbV3Sbs. (a) In-plane magnetoresistance

measured for opposite field-sweep directions.

On the positive-field side, the forward critical field Hy is smaller than the

backward critical field Hp. (b) Offset V-I curves acquired during a forward in-plane-field sweep from —0.5 T to +0.3 T. The
largest field-trained switching current occurs near —0.2 T. (c) Offset V-I curves acquired during a backward sweep from +0.5 T
to —0.3 T. The maximum shifts to approximately +0.2 T, mirroring the forward sweep. (d) Zero-field-cooled V-I curve at
B = 0, showing I?"C(0) ~ 35 uA, larger than the maximal field-trained value of about 25 pA in panels (b) and (c). All

measurements were performed at 150 mK.

(SAED) pattern in Fig. 1d confirm that the exfoliated de-
vice preserves high crystalline quality. These characteri-
zation data are important because the hysteretic critical
current discussed below cannot be attributed to a visibly
granular or poorly crystalline sample.

Magnetoresistance and critical-current memory.—
Fig. 2a displays the in-plane magnetoresistance hysteresis
of RbV3Sbs. Starting from negative field and sweeping to
positive field, the superconducting state survives only up
to a smaller positive critical field than it does when the
field is swept backward from positive to negative field.
In the notation of the figure, Hy < Hp. This sign is
opposite to the standard hysteresis of a conventional su-
perconducting film, where superheating and supercool-
ing typically give the reverse inequality [23-25]. It also
differs from ordinary granular flux-trapping magnetore-
sistance, where trapped vortices or weak links produce
a different return-field structure [26-29]. The same un-
conventional sign and metastability were reported in the
previous RbV3Sbs magnetotransport study [21].

The central result of this work is that the nonlinear
critical current has the same memory. Fig. 2b shows
V-I curves taken while sweeping the in-plane field from
—0.5 T toward +0.3 T. The curves have been vertically
offset for clarity. The switching current is not largest at

zero field; instead, the largest field-trained value occurs
near —0.2 T. Fig. 2c repeats the measurement for the
opposite sweep direction, from 40.5 T toward —0.3 T.
The maximum now appears near +0.2 T. Thus the pre-
ferred field is not a fixed laboratory offset, but a history-
dependent quantity selected by the prior field sweep.

Fig. 2d highlights a second important observation. Af-
ter zero-field cooling, the switching current at B = 0 is
approximately 35 pA. This is substantially larger than
the maximum value reached in the field-trained data,
about 25 pA. At first sight this may appear puzzling:
if a finite field stabilizes a trained superconducting do-
main, why does it not produce a larger critical current?
The resolution is that the field couples to the internal
superconducting moment and shifts the most favorable
switching condition, but it also suppresses the supercur-
rent through finite-field depairing and through weak links
created by metastable domain walls. This distinction be-
tween local domain energetics and global current perco-
lation is developed qualitatively below.

The differential-resistance maps in Fig. 3 provide an
independent visualization of the switching process. In
the forward sweep, Fig. 3a shows that the switching fea-
tures move to larger current near —0.2 T. In the backward
sweep, Fig. 3b shows that the same pattern is reflected
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FIG. 3. Differential-resistance representation of the switching-current memory. (a) Differential resistance dV/dI
extracted from the forward field-sweep data. The switching features evolve asymmetrically with field and reach the largest
current near —0.2 T. (b) Differential resistance for the backward sweep. The pattern mirrors panel (a), with the largest
switching current near +0.2 T. Arrows mark representative switching features. All data were obtained at 150 mK.

to the opposite field polarity. The agreement between
the V-I curves and the dV/dI maps rules out an anal-
ysis artifact associated with the voltage threshold used
to define I.. Furthermore, we successfully reproduced
this magnetoresistance and critical-current memory in
another RbV3Sbs device, confirming its intrinsic nature
(Fig. S1 in Supplementary Information).

Control devices.—The control experiments in Fig. 4
are essential for excluding trivial origins. In CsV3Sbs,
which belongs to the same AV3Sbs structural family,
the V-I curves after zero-field cooling and after field-
training sweeps from £9 T to zero are nearly identical,
as shown in Fig. 4a. Thus the critical-current memory is
not a generic consequence of exfoliation, hBN encapsu-
lation, contact geometry, or kagome-band normal-state
physics. In thin-flake NbSes, a well-studied layered su-
perconductor, zero-field-cooled and field-trained curves
also overlap, as shown in Fig. 4b. If trapped flux in the
measurement, circuit or contact heating were the domi-
nant cause, comparable memory would be expected in at
least one of these control devices. The selective appear-
ance in RbV3Sby instead points to an intrinsic supercon-
ducting property. Additionally, control measurements on
CsV3Sbs and NbSes at 1.8 K also show no critical-current
memory (Fig. S2 in Supplementary Information).

Symmetry constraint.—The central experimental ob-
servation is the combination of in-plane-field magne-
totransport, sweep-direction-dependent critical current,
and material selectivity. Microscopic reversibility im-
plies the following nonlinear transport constraint when
all time-reversal-odd internal variables are reversed to-

gether with current and magnetic field [30-32]:
V:fZ(IaB) :th](_la _B)7 I+n(B) :I__(_B)' (1)

Here n labels the internal superconducting configura-
tion, 7 is its time-reversed partner, and I and I, de-
note the positive and negative switching-current magni-
tudes. If no trainable time-odd superconducting variable
is present, n = 7j and Eq. (1) reduces to the usual even-
field constraint on the critical-current envelope, after the
current polarity is also reversed. The important point is
not merely that the forward and backward sweeps differ.
In a single uninterrupted backward sweep from +0.5 T
to —0.3 T, the critical current measured at +B is not the
same as that measured at —B on the same branch: the
maximum occurs near +0.2 T, whereas the corresponding
negative-field side is lower. Equivalently, for the branch
selected by the backward sweep one observes [21, 22, 30—
32]

e (+[B]) # e, (—|BJ), (2)

and the forward sweep gives the mirror-related inequal-
ity with the opposite preferred sign. This single-branch
asymmetry explicitly violates the time-reversal expecta-
tion for a superconducting state with no internal mo-
ment. It therefore requires a superconducting vari-
able that is odd under time reversal and that remains
metastably trained while the external field is swept.

A natural minimal candidate is an in-plane spin po-
larization of Cooper pairs. In the standard theory of
spin-triplet superconductivity, the gauge-invariant spin
polarization of a nonunitary condensate is proportional
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FIG. 4. Control experiments. (a) Field-training test on CsV3Sbs at 150 mK. The blue curve is the zero-field-cooled trace;
the black and red traces are obtained after in-plane training sweeps from +9 T and —9 T back to zero, respectively. No
appreciable critical-current hysteresis is observed. (b) Corresponding test on thin-flake NbSe2 at 150 mK. Because NbSe; is an
Ising superconductor, the training field is applied out of plane. The zero-field-cooled and field-trained curves overlap. Insets

show optical images of the devices; scale bars are 3 pum.

to [22, 33, 34]
Spaie () = 3 (k) x d* (k). 3)

We use Eq. (3) only as a symmetry diagnostic: it shows
how a superconducting condensate can carry a trainable
moment without specifying a unique microscopic d(k).
This restraint is important. The present transport data
support an in-plane superconducting moment, but they
do not alone determine a particular Dy, irreducible rep-
resentation, nodal topology, or edge-state spectrum.
The field dependence of such a moment can be cap-
tured by a domain free energy. For domains labeled by
o = =+1, corresponding to opposite in-plane supercon-
ducting moments, the leading terms are [21, 22, 33, 34]

FU(B, 8) = Fy+ EDwan(S) —oMyB,
F, —F_ = -2MyB. (4)

Here M is the magnitude of the in-plane superconduct-
ing moment, npw is the density of domain walls relevant
to the current path, epyw is the domain-wall energy scale,
and s labels the field history. Equation (4) explains the
sign reversal of the I, maximum: a negative field favors
one domain orientation, a positive field favors the oppo-
site orientation, and after field reversal the system can
remain in a metastable mixed-domain texture.

Why IZ¥€(0) is larger than any field-trained I..—The
inequality IZ7°(0) > IFE .. is not a contradiction of the
domain interpretation. It says that the field-trained state
is locally biased but globally less capable of carrying a
dissipationless current. A minimal expansion of the crit-
ical current around the zero-field-cooled state combines

three effects: quadratic finite-field pair breaking, a lin-
ear coupling to the trained moment, and suppression
by domain-wall weak links. To lowest order one may
write [21, 22, 35, 36]

1.(B, s)

m ~ 1 — O[pbB2 —+ ammsB — )\nDW(B, S), (5)

where mgs = %1 is the trained moment direction set by
the sweep history. The term apb32 represents the usual
even-in-field depairing of a superconducting condensate.
The term a,,msB is allowed because the trained state
itself breaks time reversal. The last term describes the
reduction of the percolating critical current by domain
walls or Josephson-like weak links.

The branch maximum follows from the full expression.
Differentiating Eq. (5) gives the peak condition [21, 22,
35, 306]

2apbBpk = amms — A Opnpw (Bpk, S), (6)

and the corresponding field-trained peak current is [21,
22, 35, 36]

FT
c,max

TZFC(0) ~ 1 — apb Bhy + @mms Bpk — Anpw (Bpi, 8). (7)

Equations (6) and (7) separate the two roles of the
field. If the domain-wall density changes slowly near
the peak, the derivative term in Eq. (6) only weakly
renormalizes the position, so Bpk &~ By = amms/(2apm).
The linear coupling then shifts the maximum to oppo-
site signs for opposite sweep directions, as observed in
Figs. 2 and 3. However, the ZFC state is measured



at B = 0, where finite-field depairing is absent, and
it is not forced through a high-field training cycle that
can trap metastable domain walls. Within the same
phenomenological depairing and weak-link description,
the slowly varying limit gives a field-trained maximum
smaller than the ZFC value whenever Anpw(Bp,s) >
a?, [(dapy) |21, 22, 35, 36].

This condition is physically reasonable for a current-
biased thin flake. The critical current is controlled by
the weakest link along the percolating superconducting
path, not by the average local condensation energy. Field
training can align the moment of some domains and lower
their local Zeeman energy, while the same process gen-
erates domain boundaries between regions with different
polarization histories. Those boundaries are natural sites
for phase slips, reduced order-parameter amplitude, or
Josephson-like current bottlenecks. Thus a finite field
can reveal and train the internal superconducting mo-
ment without increasing the global current above the
equilibrium zero-field-cooled value. The observed ratio
Iggax/IEFC (0) ~ 25/35 indicates that the weak-link and
finite-field penalties are substantial.

This interpretation also separates the present effect
from normal-state loop-current order. Loop-current pro-
posals for the charge-density-wave state generally pro-
duce orbital moments with a dominant out-of-plane char-
acter [16-19, 21]. The critical-current memory reported
here is driven by an in-plane magnetic field, occurs only
in the superconducting switching behavior, and is absent
in CsV3Sbs despite the closely related kagome structure.
The most economical explanation is therefore a supercon-
ducting, rather than purely normal-state, internal mo-
ment in RbV3Sbs.

Outlook and conclusion.—The present work establishes
a transport constraint that future microscopic theories
should satisfy. For example, future theories should ex-
plain why RbV3Sbs supports a trainable in-plane super-
conducting moment, why CsV3Sbs does not show com-
parable critical-current memory under the same type
of test. Phase-sensitive Josephson interferometry, scan-
ning probes of domain textures, Kerr or uSR measure-
ments under calibrated in-plane fields, and tunneling
spectroscopy on the same type of thin flakes would be
especially valuable.

In summary, thin-flake RbV3Sbs exhibits critical-
current hysteresis under in-plane magnetic fields. The
maximum switching current is displaced from zero field
in a sweep-direction-dependent manner, but the largest
current overall occurs after zero-field cooling. Control ex-
periments on CsV3Sbs and NbSe, do not show the effect.
A minimal model of spin-polarized superconducting do-
mains possibly explains all of these observations: the field
trains an in-plane superconducting moment, field rever-
sal creates metastable domain coexistence, and domain
walls suppress the percolating supercurrent. Our find-
ings therefore provide an experimental signature of un-

conventional superconductivity in kagome RbV3Sbs and
also make the kagome RbV3Sbs distinct from CsV3Sbs.
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