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Recent experiments [Persky et al., Nature (London) 607, 692 (2022)] demonstrate a magnetic memory effect
in 4Hb-TaS, above its superconducting transition temperature, where Abriokosov vortices are spontaneously
generated by lowering the temperature at zero magnetic field after field training the normal state. Motivated by
the experiment, we propose the chiral quantum spin liquid (QSL) stabilized in the constituent layers of 4H b-Ta$S,
as a mechanism. We model 4H b-TaS, as coupled layers of the chiral QSL and the superconductor. Through the
Kondo coupling between the localized moments and conduction electrons, there is mutual transmutation between
spinons and vortices during the thermal-cycling process, which yields the magnetic memory effect observed
in experiments. We also propose a mechanism to stabilize chiral and nematic superconductivity in 4Hb-TaS,
through the Kondo coupling of conduction electrons to the chiral QSL. Our picture suggests 4Hb-TaS, as an
exciting platform to explore the interplay between QSL and superconductivity through the Kondo effect.
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L. INTRODUCTION

Quantum spin liquid (QSL) is an exotic state of matter,
where electron spin fractionalizes into more elementary de-
grees of freedom that interact through a dynamical gauge
field [1-4]. The existence of QSL has been well established
by the exactly solvable models. Nevertheless, unambiguous
experimental identification of the QSL remains a huge chal-
lenge, despite the fact that many encouraging signs have been
detected. The QSL can serve as a mother state to induce other
novel quantum states. For instance, one can obtain unconven-
tional superconductivity by doping QSL [5] or by coupling
QSL to metals through the Kondo coupling [6].

Recent observations of magnetic memory and spontaneous
vortices in a van der Waals superconductor 4H b-TaS, suggest
the possible existence of QSL in this compound [7]. 4H b-TaS;
consists of two alternatingly stacked layers of octahedral
TaS, (1T7-TaS;) and trigonal prismatic TaS, (1H-TaS,). Both
1T-TaS, and 1H-TaS,; can exist in a bulk form. The 17-TaS,
bulk was argued to host QSL [8]. The 17-TaS, undergoes
an incommensurate charge density wave (CDW) transition
around 350 K, followed by another transition to a commen-
surate CDW around 200 K, forming a \/ﬁ x\/1_3 structure
[9]. The unit cell is enlarged to have 13 Ta ions, where each
Ta ion contributes one 5d electron. The unit cell forms a
triangular lattice. The observed insulating behavior implies a
Mott-insulating state in 17°-TaS, below 200 K. Indeed, the
lower and upper Hubbard bands have been observed by a
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scanning tunneling microscope [10,11]. However, no mag-
netic order and even the formation of the localized moment
have been observed down to the lowest temperature, which
is much lower than the estimated exchange coupling between
localized spins [12—-15]. These experiments support the ex-
istence of a QSL, either a fully gapped Z, QSL or a Dirac
QSL, in 17-TaS, proposed by Law and Lee [8]. Later, more
refined modeling calculations based on a spin Hamiltonian
that is appropriate for 17-TaS, conclude a QSL with spinon
Fermi surface [16]. The QSL picture is also supported by other
measurements [11,17,18].

On the other hand, 2H-TaS, (two layers of 1H-TaS,) is
a superconductor with 7, = 0.7 K [19]. Therefore 4H b-TaS,
offers an exciting platform for studying the interplay between
superconductivity and QSL. One expects a Kondo coupling
between the metallic layer 1H-TaS, and the Mott insulator
1T-TaS,, which has been confirmed through the observa-
tion of the Kondo resonance peak by scanning tunneling
microscopy [11,18,20]. Several unusual superconducting be-
haviors in 4Hb-TaS,, which may have the origin from this
interplay, are observed in experiments. The T, in 4Hb-TaS,
increases to 2.7 K. The two-dimensional nature of the su-
perconducting state is confirmed by the extracted coherence
lengths from the upper critical fields. Time-reversal symmetry
(TRS) is found to be broken in the superconducting state
from muon spin relaxation measurement and is interpreted
as a signature for chiral superconductivity. Both the d + id
and p 4 ip pairing symmetries that are constrained by the
D3, crystal structure are proposed [21]. The two-component
superconducting order parameter is further supported by the
Little-Parks oscillation and scanning tunneling microscopy
and angle-resolved transport experiments [22]. Furthermore,
a crossover from the chiral to the nematic state is also
detected [23].
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Recent experiments report an unusual magnetic memory
effect in 4Hb-TaS, single crystals between 7, = 2.7 K and
Ty = 3.6 K [7]. Initially, the crystal is cooled below T =
1.7 K below T, in a small field H = 1.3 Oe to create a
bunch of randomly distributed vortices due to the pinning
potential. Then the crystal is warmed to Ty > 7. under the
same field, after which the crystal is zero-field cooled to a
target temperature 7 < T,. Surprisingly, there are randomly
distributed vortices despite zero-field cooling. In experiments,
this protocol is repeated, but at different 7. The density of
the remnant vortices decreases with 7y and disappears when
Ty > Ty . The remnant vortice density increases linearly with
the training magnetic field, and there exists a weak hysteresis
near the zero field. The authors of Ref. [7] also performed
annealing from T' > Ty to Ty with T, < Ty < Tj in the train-
ing field. Then the crystal was cooled to T < T, without a
magnetic field. In this process, no field is applied inside the
superconducting phase. However, remnant vortices are ob-
served, which is in sharp contrast to the case with zero-field
cooling directly from T > Tj,. The experiments point to an
anormalous mangetic memory in 7, < T < Ty. In this tem-
perature window, a small magnetization corresponding to one
spin in an area of 40 nm x40 nm assuming a uniform distri-
bution is observed. This small magnetization is not enough
to induce the observed vortex density either due to Zeeman
or orbital coupling to the conduction electrons. The authors
of Ref. [7] speculate on the possibility of QSL with breaking
TRS residing in the constituting 17°-TaS; layers as the origin
of the memory effect, without knowing the underlying mech-
anism. Recently, a Z, QSL with TRS was proposed to explain
the magnetic memory effect, where Z, vortices or visons are
transformed into superconducting vortices at 7 < T, upon
cooling [24]. A different mechanism based on magnetization
amplification due to the interlayer pairing was discussed in
Ref. [25]. A scenario based on the possibility of vortices in
the Kondo coherence order parameter was also proposed [26].

II. MODEL

Our starting point is based on the experimental ob-
servation of the Kondo resonance peak in the bilayer of
1T-TaS,/1H-TaS, [11,18]. The presence of a Kondo peak
suggests negligible charge transfer between 17-TaS, and
1H-TaS,, and a well-developed localized magnetic moment in
1T-TaS; and the existence of itinerant electrons in 1H-TaS,.
Our physical picture is based on the understanding that,
in the conventional heavy fermion liquid, the Kondo effect
converts neutral spinons into charged fermions and, there-
fore, forms a heavy fermion liquid with an enlarged Fermi
volume [27]. (The charge here is defined under the gauge
fields of the electromagnetic fields.) We model 4Hb-TaS,
as a superconductor-Mott insulator layered structure with
an interlayer Kondo coupling (see Fig. 1). The Hamiltonian
of 4Hb-TaS, can be schematically written as H = Hr +
Hi + Hu(c, i), where Hr [Hu(c], ¢;)] describes 1T-TaS,
(1H-TaS;), and Hy is the Kondo interaction. They have the
following forms (we set i = e = ¢ = 1 below):

Hr = Zjijsi =S+ Z JijkiSi - SHSk-SH+---, (D
(ij) (ijkl)
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FIG. 1. 4Hb-TaS, is modeled as a multilayer structure with
alternating chiral QSL and superconductor layers. Through the in-
terlayer Kondo interaction, a superconducting vortex is dressed by a
spinon. Transmutation between spinons and vortices occurs during
the thermal-cycling process, which results in a magnetic memory
effect in the temperature window T, < T < Tp.

H[( =.]1( Zczaoaﬁciﬁ S, (2)
Hy = Ztij,aﬁczaaaﬁcjﬁ + Z Akc,tTciki + H.c. 3)
i,j k

We have included four spin interactions in Hr and - - - repre-
sent higher-order interactions. The spin anisotropy in 17 -TaS,
is small [16] and is neglected here. We use a general Hamil-
tonian H7 with a superconducting order parameter A(k) to
describe the electrons in 1H-TaS;. The microscopic origin of
the superconductivity and the pairing symmetry do not matter
for the following discussion. Motivated by the experimental
observation [7] of TRS breaking between 7. and 7,,, and
also the identification of chiral QSL [28] in the triangular
lattice Hubbard model in the density matrix renormalization
group study [29,30], here we assume that 17-TaS, is in a
chiral QSL below Ty. The spin chirality S; - (S; x S;) with
ijk labeling the sites in the smallest triangle has a nonzero
expectation value consistent with TRS breaking [31]. Denote
X = {Si - (S; x Sg)), the mean-field Hamiltonian for Hr in
terms of S; becomes

Hr=J) Si-S;+J ) S-S xS0, &

(i) (ijk)
where J, o x, and J is the renormalized exchange coupling
after the mean-field decoupling.
The chiral QSL and Kondo coupling can be treated us-
ing the parton construction, v¥; = (fi, f;i)T with S; =

> up fnOapfip/2 and £ fir + £ fi, = 1. In the mean-field
parton description,

Hr ~ Y vlu . )
ij

In this construction, H7 has an SU(2) gauge redundancy [32]
and u; ;’s related by SU(2) gauge rotation are equivalent, i.e.,
Yi — Wiy and u;; — W,'u,-jW;, where W; is a local SU(2)
transformation [33]. We discuss two ansatzes. In the first case,
the occupied f;, forms a Chern band with Chern number C =
1, which can be obtained by introducing flux for f;, hopping
in the triangular lattice (see Fig. 2). The other ansatz corre-

sponds to the state where f;, is in the d 4 id superconducting
state [34].
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FIG. 2. Sketch of flux of the emergent gauge field a in a triangu-
lar lattice. The spinons f, hop in the background of a flux and form
Chern bands. All triangles have ® flux.

The Kondo coherence can also be described in terms of the
parton theory [27], where the Kondo term can be written as

Hi = —Jk ) (fuci)(clpfi) + -, ©6)

where we have neglected a shift in the local chemical po-
tential for c;, fermions. The Kondo coherence emerges when
the composite bosons f; c;, condense, (f; ciy) # 0. Then the
mean-field Hamiltonian for Hx becomes

He=—0) (chfip)+-, (7)

where Q = Jk ﬁLCiw. In the mean-field description, the total
Hamiltonian is quadratic in f and can be solved. In the follow-
ing, we assume a chiral QSL state, where the hopping phase in
u; ; gives rise to a flux acting on the f fermions [34-36]. The
strength of the flux should be determined self-consistently.

III. FIELD THEORY DESCRIPTION

In the presence of Kondo coherence, the SU(2) gauge
redundancy in ; is Higgsed entirely. However, there exists
remanent gauge redundancy associated with a simultaneous
U(1) rotation of f and c¢ fermions. The f, fermion carries a
charge associated with an emergent gauge field a, which is a
subgroup of W;. The ¢, fermion carries a physical charge asso-
ciated with the physical gauge field A (actual electromagnetic
fields). The condensation of Q locks A to a as a result of the
Higgs mechanism. In the conventional heavy fermion liquid,
the f,, fermions become part of the Fermi liquid of ¢,, which
enlarges the Fermi volume. We ascribe the observed memory
effect in 4Hb-TaS, to a consequence of the coupling between
A and a as detailed below.

The total Lagrangian of the system can be written as

L=Lr(f, ) — %[ve —(a—-A)P

~ DV —28) 4 ®)

where we have neglected other terms for simplicity (i.e.,
quadratic and quartic terms in Q and Aj). We also neglected
the fluctuations in the amplitude of Q and Ay, which are
gapped in the ordered state. The kinetic terms describe the
coupling between the phase fluctuation of Q = |Q|exp(if)
and A = |A|exp(i¢) to the gauge fields, with pp and pa
being the phase stiffness. The superconducting order param-
eter A describes superconductivity in 1H-TaS,, which can
be intrinsic or induced by proximity to the chiral QSL. A
Higgses A, and the resulting theory has Z,-gauge symmetry. It
is shown that doping chiral QSL can stabilize the chiral d + id
superconductivity [37,38]. One may also argue that similar
superconductivity can emerge through the Kondo coupling.
In our picture, only the Higgs mechanics, which is universal
regardless of the pairing mechanism and symmetry, is impor-
tant for the current discussion. £ describes the quantum state
of 17-TaS,. In the chiral QSL, f, forms a Chern insulator
with the occupied up- and down-spin bands having a Chern
number C = 1. We can integrate out the f,, which results in
the Chern-Simon Lagrangian

2C
Lr(fo.a)= EE’“”)%avaﬂ —Js-a, €))

where we have included the probe charge J ;. The ground state
described by L7 is doubly degenerate and supports excitation
spinons as semions. Each spinon f;, carries the 7 /C flux of a,
which can be seen by varying L1 with respect to ag. This flux
attachment is also responsible for the semion statistics of f,.

With Kondo coherence, the emergent flux in a becomes the
physical magnetic flux in A due to the Higgs mechanism. To
describe 4Hb-TaS,, we assume that the field strength of a is
weak, such that in the Meissner phase it is fully expelled from
the sample where the superconducting and Kondo coherence
coexist.

The physics depends on three temperatures, T, Tp, and the
Kondo coherence temperature Tx. In the experimentally rele-
vant case Tp > T, the magnetic memory exists (disappears)
when Ty > T, (Tx < T.). Experimentally Tx ~ 18 K in the
bilayer of 17-TaS,; and 1H-TaS, [11] and we focus on the
case with Tx > T, and Tx > T} in the following discussion.
The transmutation between spinons and vortices depends on
the phase stiffness pp and pa. We assume that pp >> pa, such
that a is always locked to A. In the opposite limit, spinons
induce vortices in Q instead [26].

Now we are in a position to interpret the magnetic memory
effect during the thermal cycling of 4Hb-TaS; in the exper-
iment. When the system is cooled below 7. under a weak
magnetic field, a certain magnetic flux is trapped inside the
system in the form of Abrikosov vortices and is pinned by de-
fects. Each vortex carries 7 flux of A. The Q condensate locks
A to a and induces 7 flux in a, which attaches one spinon
to the vortex. Warming the system in the same field above
T. but below Tp destroys vortices. Some of the spinons relax
and become part of the Chern bands, while the other can be
pinned by defects. When the system is zero-field cooled below
T, from this state, these trapped spinons induce vortices due
to the Kondo effect. As the temperature for field training 7
increases toward Tp, the pinning energy of spinons decreases.
As a result, the residual field due to the vortices at the end
of thermal cycling decreases with T. It is also clear that the
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remnant field increases linearly with the density of the initial
vortices, hence the training field as observed in experiment.
Hysteresis naturally occurs due to the pinning of spinons and
vortices. The diminishing of the hysteresis at a larger training
field in the experiments may be due to the interaction between
vortices.

The charge of spinon under a carried by the 7 flux of a
depends on the sign of C and hence the sign of (S; - (S; x
Si)). The m flux of a corresponds to the positive-charged
(negative-charged) spinon under a for C =1 (C = —1). The
positive-charged (negative-charged) spinon corresponds to an
excess (vacant) spinon in a magnetic unit cell of a. In the
mean-field description, the vacant spinons can be a localized
spin, which does not fractionalize into spinons. An excess
spinon corresponds to the case where the magnetic unit cell
of a is enlarged to contain three spin sites. In real systems,
it is likely that there exist multiple domains of chiral QSL
with different C similar to the Chern insulators [39,40]. In
each domain, the charge of the induced spinons depends on
C. Nevertheless, during the thermal-cycling process, the po-
larization of the vortices is the same as that of the original
vortices regardless of the sign of C.

We then discuss the nucleation of Abrikosov vortices for
the protocol when the training magnetic field is applied only
between 7. and Tp. Without the training field, it is natu-
ral to form chiral QSL mosaics with opposite C numbers.
Within each domain, there exist regions with excess or vacant
spinons. These chiral QSL mosaics with excess or vacant
spinons tend to induce vortices and antivortices through the
Kondo coupling. Well-separated vortices can form only when
the separation of spinons and the size of the chiral QSL
domain far exceed the size of vortices, which is of the or-
der of the London penetration depth. The size of a vortex
in 4Hb-TaS, is around 5 wm according to the experimental
image of the vortex using the scanning superconducting quan-
tum interference device [7]. It is likely that the vortex size is
comparable to or even larger than the size of the chiral QSL
domains. As an example, the size of Chern domains in the
Chern insulator is smaller than 1 um [40]. In this case, no
vortices are generated during the cooling process without a
training field. In the presence of a training field, one type of
chiral domain is favored through the weak orbital coupling
between the spin chirality S; - (S; x S) and the magnetic field
[41-43]. As a result, the favored chiral domains grow in size,
and the spinons can generate vortices when the domain sizes
are larger than the vortex size. The training field also couples
to the spinons through a direct Zeeman coupling, but this
coupling does not select the polarization of the vortex. The
position where the spinons or vortices get trapped depends on
the pinning potential landscape of the system and also on the
history of thermal cycling.

The physical picture presented here suggests the existence
of localized spinons. The spinons in the normal state below Ty
generate a weak magnetization that is much smaller than the
magnetization associated with vortices. A weak magnetization
corresponding to one spin-1/2 moment in an area of 40 nm x
40 nm on average is indeed observed in the experiment [7],
which supports the current physical picture.

We proceed to discuss the other chiral QSL ansatz with
fo in the d + ind pairing state and its connection to the

unconventional superconducting properties of 4Hb-TaS, ob-
served in experiment. The ansatz for this state can be written
as

Ur rtr, = AT, + y[cos(n2m /3)T, — n1,sin(n2w /3)], (10)

where 7, are Pauli matrices acting in the spinor space of ;,
and n =0, 1, ...,5 counterclockwise enumerates the bonds
that connect to the site r (see Fig. 2). We introduce the
parameter n to characterize the ratio between the two d-
wave components. For n # 1, the QSL ansatz breaks the
C; rotation symmetry of 4Hb-TaS; even in the absence of
Kondo coherence when there exists SU(2) gauge redundancy,
hence describing a nematic state. This can be seen by writing
Urryr, = d, - 7. |dy| is different for different bonds. SU(2)
gauge transformation preserves |d,| and therefore cannot re-
store the C; rotation symmetry. The chiral QSL with the
d + ind ansatz has Z,-gauge symmetry and supports e, m,
and € anyons [44]. The m anyon is a vortex of the d + ind
pairing state and carries the 7 flux of a. The discussion of the
transmutation between spinons and Abrikosov vortices for the
Chern band ansatz can be extended straightforwardly to the
chiral QSL with the d 4 ind ansatz, but with the replacement
of spinons by m anyons. The d + ind ansatz is relevant here
because it automatically engenders chiral superconductivity
with d 4 ind pairing symmetry when Kondo coherence sets
in. This provides a mechanism for the observed chiral and
nematic superconductivity in 4H b-TaS, with elevated T, com-
pared to the 2H-TaS, compound [21,23].

IV. DISCUSSION AND SUMMARY

The related idea of the transmutation between visons in
Z, QSL and Abrikosov vortices was discussed in the context
of cuprate superconductors [45]. There the pseudogap phase
is identified as a Z, QSL, which can be accessed by rais-
ing the temperature from the d-wave superconducting state.
In cylindrical geometry, a trapped magnetic flux in the su-
perconducting state is transmutated to a Z, vison or vice
versa during the thermal-cycling process. This was proposed
as smoking-gun evidence for the existence of topological
order in the pseudogap phase. This idea was adopted and
extended by Chen [24] to explain the magnetic memory effect
in 4HD-TaS,. The proposed Z, QSL preserves TRS, which
contradicts the experimentally observed TRS breaking state
above T.. In experiments, when the system is cooled from
the field-trained state above T, only vortices with polariza-
tion aligned with the training field are generated. Here, we
assume a chiral QSL, and polarization of the magnetic field
is memorized by the system through the Chern number of the
spinon bands or sign of (S; - (S; x Sy)). The polarization of
the generated vortices is therefore determined by the training
field, which is consistent with the experiments. Furthermore,
the chiral QSL can also provide a mechanism for stabilizing
chiral superconductivity in 4H b-TaS,.

We remark that the U(1) QSL, where spinons form a
neutral Fermi surface and are coupled to an emergent U(1)
gauge field, was proposed for 17-TaS; [16,18]. The QSL can
persist up to 200 K. It is possible that the coupling between
1T-TaS, and 1H-TaS, in 4Hb-TaS,; modifies the magnetic
interactions and stabilizes the chiral QSL below Tj. There can
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be a transition between the U(1) QSL and the chiral QSL. A
finite-temperature transition of chiral QSL is allowed even in
the two-dimensional limit because the QSL breaks the dis-
crete Z, symmetry associated with S; - (S; x Sg). The chiral
QSL in the Mott insulator generates quantized thermal Hall
conductance. In the metallic 4H b-TaS,, there can exist a chi-
ral metallic state in the temperature region 7, < T < Tp, Tk,
which can be verified by thermal or electrical Hall conduc-
tance measurement. This chiral metallic state may also be
absent when superconductivity is induced by the Kondo cou-
pling to the chiral QSL with the d + ind ansatz, such that
T. = Tx. Whether the superconductivity is induced by the chi-
ral QSL or other bosonic fluctuations can be distinguished by
measuring the split of the transition temperature under strain.
When the D3, crystal symmetry is reduced by strain, the tran-
sition temperature for the two-component order parameters
splits for the bosonic-fluctuation-mediated superconductivity.
In contrast, for chiral QSL-induced chiral superconductivity,
there is no split of the transition temperature.

The composite spinon-vortex object can be detected by
scanning tunneling microscopy (STM) measurement. Below
T, one can visualize the superconducting vortex by measuring
the local tunneling conductivity by STM. At T, < T < Tp,
the vortex disappears, while the spinon component remains.
Because of a finite charge gap, which is of the order of the
Coulomb interaction, the charge degree of freedom is not
frozen completely. It is demonstrated theoretically that the
spinon carries a physical electric charge due to fluctuations
of the remnant charge [36], which can be measured by STM.

It is known that the Kondo effect connects the QSLs to their
charged partners through the Higgs mechanism associated

with the Kondo coherence [27,46]. As a concrete example,
here we demonstrate the transmutation of neutral excitations
to charged excitations under physical electromagnetic fields
in the chiral QSL and superconductor heterostructures. This
points to a promising route for experimental detection of neu-
tral excitations in strongly correlated systems, which is at the
heart of the controversy in modern condensed-matter physics.
Therefore, the 17-TaS, and 1H-TaS, heterostructures are a
promising platform for demonstrating this physics by varying
1;, Tk, and Ty in a controlled way.

In summary, we propose that the Kondo coupling between
a chiral quantum spin liquid and a superconductor allows for
transmutation between spinons and superconducting vortices.
This results in a magnetic memory effect, which explains
the same effect observed in 4Hb-TaS,. Our results further
support the existence of the chiral quantum spin liquid in
4H b-TaS,. We also suggest that the chiral quantum spin liquid
may be responsible for the unconventional superconductivity
in 4H b-TaS,.
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