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Is spontaneous vortex generation in
superconducting 4Hb-TaS2 from vison-vortex
nucleation with Z2 topological order?
Rui Leonard Luo2 and Gang V. Chen1,3*

Abstract
We propose the superconducting van der Waals material 4Hb-TaS2 to realize the Z2 topological order and interpret
the recent discovery of the spontaneous vortex generation in 4Hb-TaS2 as the vison-vortex nucleation. For the
alternating stacking of metallic/superconducting and Mott insulating layers in 4Hb-TaS2, we expect the local
moments in the Mott insulating 1T-TaS2 layer to form the Z2 topological order. The spontaneous vortex generation
in 4Hb-TaS2 is interpreted from the transition or nucleation between the superconducting vortex and the Z2 vison in
different phase regimes. Differing from the single vison-vortex nucleation in the original Senthil–Fisher’s cuprate
proposal, we consider such nucleation process between the superconducting vortex lattice and the vison crystal. We
further propose experiments to distinguish this proposal with the Z2 topological order from the chiral spin liquid
scenarios.
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1 Introduction
Detecting the intrinsic topological orders and the emer-
gent electron fractionalization is an interesting and chal-
lenging task. There have been a tremendous effort to iden-
tify topological orders and the associated electron frac-
tionalization [1]. Among these efforts, symmetry has been
quite useful in both classifying distinct topological or-
ders and the identifications of measurable physical quan-
tities [2–5]. One important consequence of the symme-
tries in topological orders is the quantum number frac-
tionalization, and one such application is the charge frac-
tionalization in the fractional quantum Hall liquid [6, 7].
The crystallographic symmetry has also proved to be quite
useful in identifying the crucial features in the spectrum
of the anyonic quasiparticles [2, 4], and this is related to
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the crystal symmetry fractionalization in the topologically
ordered phases. Another interesting effort is to trace the
genesis of various exotic quasiparticles in the proximate
phases [8–12]. This is of the fundamental importance to
clarify the relationship between the topological phases and
the proximate conventional states and to understand the
nature of the phase transitions [12–14]. More specifically,
in the context of the cuprates where the topological order
was suggested and remains elusive, Senthil and Fisher pro-
posed a creative scheme to trace the nucleation between
the vison in Z2 topological order and the superconduct-
ing vortex [9]. Although this vortex-memory effect was
found to be absent in cuprates [15], this idea remains to
be an ingenious attempt to detect the topological order
beyond fractional quantum Hall liquids. In this work, we
propose the superconducting van der Waals material 4Hb-
TaS2 [16, 17] to be a physical platform for the Z2 topolog-
ical order, and interpret the recently-discovered magnetic
memory effect and the spontaneous vortex generation [16]
as the vison-vortex nucleation due to theZ2 topological or-
der. Our proposal for 4Hb-TaS2 is a vortex lattice version
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Figure 1 The super-triangular lattice formed by the star-of-David
clusters on the 1T-TaS2 in the commensurate CDW phase. Each
star-of-David cluster traps one unpaired spin-1/2 local moment

of the Senthil–Fisher single-vortex proposal for cuprates,
and bridges the puzzling experiments in 4Hb-TaS2 with
the forefront of topological orders and their detection.

2 Magnetic memory effect of superconducting
4Hb-TaS2

Due to various tunability and controllability of their physi-
cal properties, the TaS2-based van der Waals materials [18]
have attracted a great interest. Among these TaS2-based
systems, the superconducting 4Hb-TaS2 recently received
some experimental attention [16, 17, 19]. Differing from
other TaS2-based materials, the 4Hb-TaS2 consists of an
alternating stacking of 1T-TaS2 and 1H-TaS2 layers. More-
over, the octahedral 1T-TaS2 and the trigonal prismatic
1H-TaS2 layers have rather different physical properties.
The multi-layered 1T-TaS2 experiences a charge-density-
wave (CDW) transition around 350 K. At even lower tem-
peratures below 200 K, the system develops a commen-
surate CDW structure with a

√
13 × √

13 structure. The
1T-TaS2 layer can then be viewed as a triangular lattice
of clusters of stars of David (see Fig. 1). In each cluster
of star of David, there are 13 electrons and hence one un-
paired electron. Due to the correlation, this unpaired elec-
tron forms an effective spin-1/2 local moment [20–22],
and the system becomes a correlation-driven cluster Mott
insulator [23–25]. The emergence of the local spin-1/2 mo-
ment was supported by the Kondo resonance in the Pb-
doped 1T-TaS2 [26]. It was further shown that, this cluster
Mott insulator is a spinon Fermi surface U(1) spin liquid
in the weak Mott regime [22], and is quite analogous to
the triangular lattice spin liquid in the organic compounds
κ-(ET)2Cu2(CN)3 and EtMe3Sb[Pd(dmit)2]2 [27, 28]. The
muon-spin-relaxation (μSR) experiments indicated a gap-
less spin liquid dynamics and no long-range order down
to 70 mK in the 1T-TaS2 [29]. The scanning tunneling mi-
croscopy on the isostructural monolayer 1T-TaSe2 iden-
tified interesting evidences of the spinon Fermi surface
in the cluster Mott insulating regime [30, 31]. In con-
trast to the correlated insulating behavior in the 1T-TaS2,

the 1H-TaS2 layer develops the 3 × 3 CDW and is a good
metal at low temperatures [17]. The bulk form of 1H-TaS2,
2H-TaS2, superconducts at 0.7 K. Once 1T-TaS2 and 1H-
TaS2 layers are stacked together to form the bulk 4Hb-
TaS2 structure, the superconducting transition tempera-
ture Tc is greatly enhanced, reaching 2.7 K. This anoma-
lous enhancement might arise from the charge transfer be-
tween the 1T and the 1H layers [16, 17, 19]. On the other
hand, the insulating 1T-TaS2 itself under the substitution
of S with Se can superconduct with a maximal Tc about
3.5 K [32, 33]. Thus, it seems a bit unclear where the su-
perconductivity originates from. The more surprising and
important result, however, is the magnetic memory effect
and the spontaneous vortex generation, and this is what we
focus on below.

We sketch the magnetic memory effect and the sponta-
neous vortex generation in 4Hb-TaS2. It was found that,
the system generates a vortex lattice under the field cool-
ing from above Tc to below Tc. After increasing the tem-
perature above Tc and turning off the magnetic field, one
finds that a subsequent zero-field coupling to the tem-
peratures below Tc results in the superconducting vor-
tices whose density is about one order of magnitude di-
lute than the field-cooling case. These vortices appeared
spontaneously, suggesting an intrinsic magnetic memory
of the system. This effect disappears when the thermal cy-
cle reaches 3.6 K that is 0.9 K above Tc. The magnetic signal
was found to be absent both below Tc (without the vor-
tices) and above Tc [16], which may be a bit incompatible
with the chiral spin liquid (CSL) scenario as the scalar spin
chirality would induce a weak magnetization.

To understand the magnetic memory effect and the
spontaneous vortex generation in 4Hb-TaS2, we propose
this physics is related to the Z2 topological order, and we
expect the Z2 topological order to be relevant to the su-
perconducting 4Hb-TaS2. Here it does not really mean
the Z2 topological order is the driving force for supercon-
ductivity, but simply suggests the potential relevance in
this context. We start from the 1T-TaS2 where the spinon
Fermi surface U(1) spin liquid is suggested to be rele-
vant [21, 22, 30]. The observation is that, once the electron
pairing is introduced into the 1T-TaS2 system, the system
becomes a Z2 spin liquid with a Z2 topological order. This
is simply understood from a single-band Hubbard model
on a triangular lattice for the star of David clusters below,

H =
∑

〈ij〉

(
–tc†

iσ cjσ + �c†
i↑c†

j↓ + h.c.
)

+
∑

i

Uni↑ni↓, (1)

where a uniform electron pairing is explicitly introduced.
Here c†

iσ (ciσ ) is the creation (annihilation) operator for the
electron in the star-of-David cluster at the lattice site i, and
niα ≡ c†

iσ ciσ . Although the effective model for 1T-TaS2 in
the cluster Mott insulating regime was suggested to be a
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XXZ spin model with a XXZ-ring exchange term [22, 34],
the single-band Hubbard model is sufficient to capture the
strong charge fluctuations for the emergence of the spin
liquid and may be more convenient for the discussion of
the pairing. The 1T-TaS2 is located near the Mott transi-
tion [22] and in the weak Mott insulating regime. Crudely
speaking, this regime behaves like a metal at short dis-
tances, and is insulating at long distances.

This electron pairing may have several origins. It can
arise from the electron-phonon coupling from either 1T-
TaS2 itself or the 1H layers. It can arise from the super-
conducting proximity effect from the 1H layers. It can
also arise from the correlation effect in 1T-TaS2 whose
microscopic mechanism is less clear. In Ref. [35], gapless
d-wave pairing states both with and without time rever-
sal symmetry have actually been proposed. To capture the
spin-charge separation in the weak Mott regime, we use
the slave-rotor representation [36, 37] to express the elec-
tron operator as ciσ ≡ e–iθi fiσ where e–iθi annihilates the bo-
son charge at i and fiσ is the annihilation operator for the
fermionic spinon, and the Hamiltonian without the pairing
becomes

H�=0 =
∑

〈ij〉

[
–tf †

iσ fjσ eiθi–iθj + h.c.
]

+
∑

i

Uni↑ni↓. (2)

The slave-rotor representation enlarges the physical
Hilbert space, and a Hilbert space constraint Li =

∑
σ f †

iσ fiσ
should be imposed where Li is a conjugate angular mo-
mentum operator for the rotor. With a standard slave-rotor
mean-field decoupling [37], one finds the system enters
the Mott side when U > 2.73t. In the weak Mott regime,
the system in the absence of pairing is in a spinon Fermi
surface U(1) spin liquid with the mean-field spinon Hamil-
tonian,

HU(1) =
∑

〈ij〉

[
–tsf †

iσ fjσ + h.c.
]
. (3)

This mean-field result was equivalently established by
working on the relevant exchange spin model for 1T-TaS2
in the weak Mott regime [22] and can be regarded as the
parent state for the 1T-TaS2 structure. The electron pair-
ing term, in the Mott regime, becomes the spinon pairing
in the mean-field description,

c†
i↑c†

j↓ → f †
i↑f †

j↓
〈
eiθi+iθj

〉
, (4)

and the U(1) gauge theory is immediately higgsed down to
Z2. The resulting Z2 spin liquid is simply described by

HZ2 =
∑

〈ij〉

[
–tsf †

iαfjα + �sf †
i↑f †

j↓ + h.c.
]
, (5)

Figure 2 The thermal cycle for the vison-vortex nucleation. The arrow
indicates the time direction. The blue (orange) color represents the
presence (absence) of the magnetic field. The state at a© is the
field-driven vortex lattice. The state at b© is the vison crystal. The state
at c© is the spontaneously generated vortex lattice via the
vison-vortex nucleation. The dotted line is used for linkage and does
not mean the system is fixed at this point. Tc is the superconducting
transition temperature

where ts (�s) is the spinon hopping (pairing). We thus pro-
pose that the correlated 1T-TaS2 layers in the supercon-
ducting environment are pertinent to the Z2 topological
order. This is so as long as there exist electron pairings in
the 1T-TaS2 layers, and we think this is the root to under-
stand the exotic physics in the 4Hb-TaS2. Depending on
the strength of the interlayer coupling, this system can ei-
ther be a multi-layered two-dimensionalZ2 topological or-
der or be a three-dimensional Z2 topological order.

The magnetic memory effect and the spontaneous vor-
tex generation in the 4Hb-TaS2 can be understood from
the proximity to the Z2 topological order. It is more con-
venient to discuss along the line of a three-dimensional Z2
topological order, and the two-dimensional Z2 topologi-
cal order requires a bit more explanation as it cannot exist
at any finite temperature. We follow the thermal cycle in
Fig. 2 (that is also the experimental cycle in Ref. [16]) to
describe the understanding from the Z2 topological order.
The field cooling to the temperature below Tc generates a
large number of vortices in the form of vortex lattice (that
corresponds to the state a© in Fig. 2). After raising the tem-
perature above Tc, the magnetic field enters the system and
the superconducting vortices just disappear. But the visons
that are connected to the superconducting vortices could
remain in the system with the three-dimensional Z2 topo-
logical order as long as the temperature is below the vison-
unbinding transition at T∗. The superconducting vortex
only has one sign once the field direction is fixed. But the
vison has a Z2 structure, and thus, a pair of visons can an-
nihilate each other. In the three-dimensional Z2 topolog-
ical order, the visons appear as the vison loops or vison
lines. This corresponds to the state b©. Before the vison
lines come together and annihilate each other in the vi-
son crystal, one cools the system back to the supercon-
ducting regime in the absence of the magnetic field. The
vison crystal will nucleate back into the superconducting
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vortices (i.e. state c© in Fig. 2). This is a layered material,
the nucleated vortices have a natural orientation. The sign
of the flux for the vortices is selected by the residual mag-
netic field from the environment. This spontaneous vortex
generation will disappear if the temperature is raised above
T∗ or the time internal for the system above Tc is too long
such that the visons have already annihilated completely. If
one performs the experiment with a single or odd number
of vortices, the consequence of this annihilation will always
end up with one residual vison, and thus, one would always
obtain a single nucleated vortice. In the discussion part,
we mention the modification with the multi-layered two-
dimensional Z2 topological order where the vison-vortex
nucleation idea stays invariant.

3 Distinction from chiral spin liquid scenario
We suggest further experiments to distinguish the pro-
posal with the Z2 topological order from the proposal with
the chiral spin liquid (CSL). The CSL was proposed nu-
merically for the triangular lattice Hubbard model in the
weak Mott regime and was theoretically analyzed [38, 39].
The time reversal symmetry breaking with the scalar spin
chirality was shown to arise from the ring exchange inter-
action that can be thought as the products of the scalar
spin chiralities [39]. Due to the connection between the
1T-TaS2 and the triangular lattice Hubbard model and/or
the ring exchange model, such a CSL may have a rele-
vance with the superconducting 4Hb-TaS2. As the CSL
breaks time reversal symmetry and time reversal symme-
try is an Ising symmetry, there should be a finite tempera-
ture transition. In addition, there exists a uniform distri-
bution of the scalar spin chirality throughout the trian-
gular lattice that corresponds to the emergent U(1) gauge
flux distribution with a π/2 flux on each triangle and π

flux on each unit cell. In the CSL, the spinon is already
fully gapped. Moreover, due to the presence of the back-
ground π flux, the translation symmetry is realized pro-
jectively for the spinons, and the spinon continuum that is
detectable by the inelastic neutron scattering experiments
would have an enhanced spectral periodicity in the Bril-
louin zone [4, 40–42]. To reveal this, we combine a generic
argument [42] with the calculation by fixing the gauge ac-
cording to Fig. 3.

3.1 Spectral periodicity of spinon continuum in chiral spin
liquid

One first defines the two lattice translation operations T1
and T2, where the T1 (T2) operation translates the system
by the triangular lattice vector a1 (a2). According to Fig. 3
in the main text. we have

a1 = (1, 0), (6)

a2 =
(

–
1
2

,
√

3
2

)
. (7)

For the chiral spin liquid, the spinons are defined and
fractionalized excitations, in addition to the fractional
statistics. The symmetry is again fractionalized, and more
precisely, the symmetry operation acts locally the spinons.
For the translation symmetry, if we translate the spinon
around the parallelogram formed by a1 and a2, the spinon
will experience the background π flux [2, 40, 42], i.e.

(
Ts

2
)–1(Ts

1
)–1Ts

2Ts
1 = –1, (8)

where the superscript ‘s’ merely refers to the spinon sym-
metry operation. Thus, for the spinon, these two transla-
tion operations anticommute with each other with,

Ts
1Ts

2 = –Ts
2Ts

1. (9)

The translation symmetry fractionalization and the anti-
commutation relation between the two translation opera-
tions immediately lead to an enhanced spectral periodicity
of the spinon continuum in the chiral spin liquid. To show
that, we extend the Z2 topological order of the square lat-
tice example in Ref. [42] to the triangular lattice and con-
sider a generic two-spinon scattering state,

|a〉 ≡ |qa, ma〉, (10)

where qa refers to the crystal momentum of this state |a〉,
and ma labels the rest quantum number to characterize
this state. Because the Bravais lattice vectors of the trian-
gular lattice are not orthogonal, we expand the crystal mo-
mentum qa in the nonorthogonal basis in the reciprocal
space with

qa = qa1e1 + qa2e2, (11)

where the basis vectors are given as

e1 =
(

0,
2√
3

)
, (12)

e2 =
(

1,
1√
3

)
. (13)

Based on the symmetry fractionalization and the symme-
try localization, we apply the lattice translation on the two-
spinon scattering state and obtain,

Tμ|a〉 = Ts
μ(s1)Ts

μ(s2)|a〉. (14)

Here ‘s1’ and ‘s2’ refer to two spinons, and the translation
operation Tμ is fractionalized to two spinon operations
Ts

μ. We then apply the spinon translation operation on the
spinon s1 of the two-spinon scattering state |a〉 to generate
other two equal energy spinon scattering states, i.e.,

|b〉 = Ts
1(s1)|a〉, (15)
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Figure 3 (a) The gauge flux pattern in the CSL and its gauge fixing (that is repeated along a1 direction). The length of the lattice vectors is set to
unity. The upper and lower excitation edges of the spinon continuum for the CSL in (b) and for the Z2 topological order of Eq. (5) in (c). The energy
unit is set to ts , and �s = 0.2ts . For our convenient, we have defined q̃x ≡ q · a1 and q̃y ≡ q · a2

|c〉 = Ts
2(s1)|a〉. (16)

To show that these spinon scattering states have distinct
crystal momenta, we apply the lattice translation operation
on these states and compare the eigenvalues,

T1|b〉 = Ts
1(s1)Ts

1(s2)Ts
1(s1)|a〉 = +Ts

1(s1)
[
T1|a〉], (17)

T2|b〉 = Ts
2(s1)Ts

2(s2)Ts
1(s1)|a〉 = –Ts

1(s1)
[
T2|a〉]. (18)

In Eq. (18), the anticommutation relation in Eq. (9) has
been used. The above relations indicates that,

qb1 = qa1, qb2 = qa2 + π . (19)

With a similar construction, we find that,

T1|c〉 = –Ts
2(s1)

[
T1|a〉], (20)

T2|c〉 = +Ts
2(s1)

[
T2|a〉]. (21)

Thus, we have

qc1 = qa1 + π , qc2 = qa2. (22)

These two-spinon scattering states have the same energy,
and the relation between their crystal momenta indicates
that there is an enhanced spectral periodicity in the spinon
continuum. Both the lower and upper excitation edges of

the spinon continuum have this spectral periodicity en-
hancement with

L[q] = L[q + πe1] = L[q + πe2], (23)

U [q] = U [q + πe1] = U [q + πe2]. (24)

An explicit calculation of the spinon continuum for the
chiral spin liquid is given in the following.

3.2 Distinction in spinon continuum
As we have discussed in details above, both the lower ex-
citation edge, L[q], and the upper excitation edge, U [q], of
the spinon continuum develop an enhanced spectral pe-
riodicity. These two edges are the energy bounds for the
spinon continuum, and we have

L[q] = L
[

q + π

(
0,

2√
3

)]
= L

[
q + π

(
1,

1√
3

)]
, (25)

U [q] = U
[

q + π

(
0,

2√
3

)]
= U

[
q + π

(
1,

1√
3

)]
. (26)

For the explicit calculation, we consider the following
mean-field spinon Hamiltonian for the two-dimensional
CSL,

HCSL =
∑

〈ij〉

[
–tseiφij f †

iαfjα + h.c.
]
, (27)
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where the phase eiφij is chosen according to Fig. 3. The
spinons have two bands and the dispersions are given as

ω±(q) = ± ts
[
2
(
3 + cos(2q · a1) + cos(2q · a2)

+ cos(2q · a1 + 2q · a2)
)]1/2. (28)

The lowest spinon band carries a Chern number C = 1, and
is fully filled. The gapped spinon continuum 
(q) is ob-
tained from q = q1 – q2 and 
(q) = ω+(q1) – ω–(q2), and is
plotted in Fig. 3.

As a comparison, we compute the spinon continuum
for the Z2 topological order on the triangular lattice from
Eq. (5). As this state is derived from the spinon Fermi sur-
face state with the uniform hopping by introducing the
pairing, we do not expect the spectral periodicity enhance-
ment (see Fig. 3). Nevertheless, due to the weak uniform
pairing, the spectral weight of the weakly gapped spinon
continuum may still carry the “2kF ” features of the spinon
Fermi surface [22].

3.3 Other distinctions
In addition to the distinction between the spectral period-
icity in the spinon continuum, the thermal Hall effect is an-
other clear experimental probe to distinguish the Z2 topo-
logical order from the CSL. Due to the finite Chern num-
ber of the filled spinon band in the CSL, there exists a chi-
ral (charge-neutral) edge state that does not really conduct
charge but conduct heat. One expects a quantized thermal
Hall effect with

κxy/T =
π

3
k2

B/�, (29)

even in the absence of magnetic field, and the gauge fluctu-
ations do not change the order of magnitude of κxy/T [43].
To avoid the complication from the superconducting vor-
tices, one may carry the measurement above Tc. This
quantized thermal Hall effect should be a large signal if
the CSL is relevant for the 4Hb-TaS2. Since there exists the
charge transfer between the layers in 4Hb-TaS2, one fur-
ther expects a topological Hall effect from the charge car-
riers, where the charge carriers experience the scalar spin
chirality from the CSL as the real-space Berry phase and
produce the Hall effect. In contrast, both anomalous Hall
effect and thermal Hall effect should be absent in our pro-
posal for the Z2 topological order, except if the supercon-
ducting phase has a weak time reversal symmetry break-
ing [35, 44], and the signals may be quite weak compared
to the quantized one in the CSL scenario.

4 Discussion
We compare the vison-vortex nucleation idea with the vor-
tex lattice here and the single vortex case in the Senthil–
Fisher cuprate proposal [9]. In the cuprate proposal,

Senthil and Fisher considered a single hc/2e vortex. The
system leaves the superconducting regime, the single vi-
son puts the system in a distinct superselection sector of
the Z2 topological order, and the single vison cannot anni-
hilate itself. Once the system reenters the superconducting
regime, the vison would nucleate into a superconducting
vortices. They further argued that, as long as the number
of vortices is odd, there will be one vison remaining and the
phenomenon will be there. For the case of the vortex lattice
that we discuss in this Letter, once the system leaves the su-
perconducting regime but remains in the Z2 topologically
ordered regime, the visons in the vison crystal would anni-
hilate with each other. But if this time for the vison crystal
to be fully annihilated is longer than the time interval for
the experiments to return to the superconducting regime,
the remaining visons will nucleate back to the supercon-
ducting vortices. This seems to be what has happened in
the superconducting 4Hb-TaS2 [16]. Thus the vortex lat-
tice with many vortices makes the experimental phenom-
ena much more visible than a single vortex.

The three-dimensional Z2 topological order has a fi-
nite temperature phase transition from the vison loop un-
binding. This transition is an Ising transition, and sets the
upper temperature for the magnetic memory effect. In-
deed, in the low-temperature thermodynamic measure-
ment in the 4Hb-TaS2, only the superconducting transi-
tion is clearly visible [44], and the upper temperature for
the magnetic memory effect is 3.6 K, a bit above Tc. Due
to the layered structure, it is also possible, the Z2 topologi-
cal order is two dimensional. In such a case, strictly speak-
ing, the topological order cannot exist at any finite tem-
perature. Similar to what has been argued by Senthil and
Fisher for the single vison, the vison crystal, however, can
be present for a finite time before escaping. In this case,
besides the vison annihilation effect, the vison gap sets a
crossover temperature scale for the upper temperature for
the magnetic memory effect.

For the chiral spin liquid scenario, one may invoke the
anyon superconductivity. As the anyon naturally carries
the intrinsic flux, one may establish the connection be-
tween the anyon excitations and the superconducting vor-
tices in a way analogous to the vison and the vortex. In
the state b© in Fig. 2, one would expect an anyon crystal
of some sort. We will come back to this theoretical possi-
bility in the future work.

Since we expect the Z2 topological order arises from
the correlation physics of the 1T-TaS2 layers, it is natu-
ral for us to vision that a similar magnetic memory effect
and the spontaneous vortex generation could occur in the
Se-doped 1T-TaS2 where the superconductivity is also ob-
tained [32, 33].

To summarize, we associate the puzzling magnetic mem-
ory effect and the spontaneous vortex generation in the
4Hb-TaS2 to the vison-vortex nucleation from theZ2 topo-
logical order, and suggest other experimental phenomena
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to distinguish this proposal from the chiral spin liquid sce-
nario.
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