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Abstra:
As ap didate for the much-desired low power consumption spintronic devices, two-

dimension! magnetic van der Waals material also provides a versatile platform for the design and
control of ogical spin textures. In this work on WTe,/CrCl; bilayer van der Waals
heterostru demonstrate a complete Néel-type skyrmion — bimeron — ferromagnet phase

transition, !ccompanied by the evolution of the topological number. This cyclic transition, mediated

¢ skyrmions, van der Waals heterostructures, two-dimensional, magnetism,

by a perp*diculg magnetic field, is largely driven by the competition between the out-of-plane
magnetocr! anisotropy and magnetic dipole-dipole interaction. In the presence of a driving

current, t -type skyrmion gains a higher velocity yet larger skyrmion Hall angle, in a

comparj he bimeron. By incorporating a ferroelectric CulnP,S¢ monolayer as substrate, we

may regulate writing and erasing of skyrmions using a ferroelectric polarization. Our work sheds light

This is the author manuscript accepted for publication and has undergone full peer review but has not
been through the copyediting, typesetting, pagination and proofreading process, which may lead to
differences between this version and the Version of Record. Please cite this article as doi:
10.1002/adfm.202104452.

This article is protected by copyright. All rights reserved.


https://doi.org/10.1002/adfm.202104452
https://doi.org/10.1002/adfm.202104452
https://doi.org/10.1002/adfm.202104452
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadfm.202104452&domain=pdf&date_stamp=2021-08-16

WILEY-VCH

on a novel approach to the design and control of magnetic skyrmions on two-dimensional van der

Waals materials.

R

1. Introdu
H I
Magn mion is a whirling spin texture. ™% Its transport and topologically protected
magnetic gkoperti@s ®*? make it an ideal information carrier in the next-generation information
storage andPp, sing device, such as the racetrack memory.™ Magnetic skyrmion debuts in

several spin configurations, namely, Néel, Bloch and more recently discovered bimeron. They have

been foun us materials, including two-dimensional (2D) van der Waals (vdW) magnet which

is at the efront of materials research. Two-dimensional vdW magnet is a monolayer that

[14-18]

integrates surface_and miniaturised magnetism, which has pushed the study in magnetic

skyrmions momically thin limit. ®%! Outstanding vdW magnets include Crl3,** Cr,Ge,Teg,™

jiEMoriya interaction (DMI) is central to the creation, stabilization, and

manipulatiin of skyrmions. DMI emerges, and can even be tuned, in 2D magnets with broken

[20,21,30,31]

inversion symm try.[zs'zg] This includes Janus monolayer structure and magnetic monolayer

under perg @ electric fields.®? The ease of interfacial engineering that is intrinsic to vdwW

heterostru Ss) makes it flexible to induce DMI via Rashba spin-orbit coupling at the interface

(19]

between *gnetiﬁmonolayer and heavy-metal (or ferroelectric) layer, such as WTe,/Fe;GeTe,,

LaCI/InZSeﬁCrZGeZTeS/InZSe3 HSs.** Furthermore, electron reconstruction (HL: Citation on

electron r tion?) that occurs at the heterointerface provides an additional mechanism to
mediat gnetic interactions at atomic level. By manipulating the competition among DMI and

various kinds oOff magnetic interactions in 2D materials, such as exchange interaction,

This article is protected by copyright. All rights reserved.

2

25UBD1] SUOWILIOD BANERID) B[R0 ddke BU) Aq paLLio a1 B P1Le WO ‘88N JO'SAIN. 10} AJRIGIIT BUIIUO AB]IM U0 (SUONIPUOD-PU.-SWWLIBYALID A3 | 1WA LR1q][BU 1 UO//'Schy) SUORIPLOD PUR SUL | a4} 885 *[£202/80/0E] UO AIRIGIT 2UIIUO AB]IM UONBULIOJU | [EOIIL3S L PUY 1UBIDS JO 010 Ad ZS7YOTZ02 WPe/Z00T OT/I0p/L00™ /3| 1M ALeiqjou |Uo//SaY LIS pepeojumod 2t ‘TZ0Z ‘8Z069T9T



WILEY-VCH

magnetocrystalline anisotropy (MCA), magnetic dipole-dipole interaction (DDI), a variety of magnetic

textures can be created.

{

Magn tropy plays, alongside DMI, a vital role in stabilizing skyrmions. In a 2D magnet
with a per isotropy, skyrmion favours the Néel-type for a clear energy incentive to align
H I

the magnéfisation with the anisotropy axis.?>*" The easy-plane anisotropy, on the other hand,

tends to c@nfine Spins in the plane and allows magnetic bimeron — a topological counterpart of a

SC

skyrmion consisting two merons — to thrive.?®* Recently, both Néel-type skyrmion and bimeron

have been stigated in different 2D systems in the presence of magnetic anisotropy.#23314%41 |

these reports*>*"Yan in-plane magnetic field supresses the perpendicular magnetization and breaks

U

the rotatio etry, giving rise to a deformed skyrmion, a half-skyrmion, or a meron due to the

I

expansion pitch.*? A perpendicular magnetic field, however, leads to a Néel-type skyrmion

with rotati@na metry.”" Unlike switching of the magnetic easy axis, changing the direction of a

d

m in-plane to out-of-plane may induce transitions between different spin

configuration The exact type of the spin configuration depends on the material and

characteristics of the magnetization. The transition leads to different topological properties as well
as differenSransport behaviours which may benefit the design of skyrmion-based device. Therefore,
a panoram@mic transition between different topological spin textures in 2D system is highly

desirable.

In £e show that in a WTe,/CrCl; bilayer vdW HS, the perpendicular MCA due to spin-

orbit couplng is beneficial to the stability of the Néel-type skyrmion; so does the in-plane shape

anisotropy ;due t;DDI) to the bimeron. Most importantly, our numerical results show that, in the
presence o endicular magnetic field, a skyrmion — bimeron — ferromagnetic phase transition
cycle can be ized, depicted in Figure 1a. Accompanying this cyclic transition is an inversion of the
topological number. Our results also show that, in comparison to the bimeron, the Néel-type
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skyrmion acquires a higher velocity and a larger skyrmion Hall angle. Furthermore, we show that by
depositing the HS on CulnP,Sg — a 2D ferroelectric substrate -- we may electrically control the writing

and deleti kyrmions via the interfacial magnetoelectric coupling.

o

Cll

2. Result

2.1. Lattice re and spin model

S

A sch idWiew of the WTe,/CrCl; bilayer is shown in Figure 1b, and details of its stacking

configuration are Bhown in the section S1 of Supplementary Materials. The bilayer consists of a

U

semicondu e, monolayer and a ferromagnetic CrCl; monolayer stacked along the z-direction.

n

Figure 1b e top view of CrCl;monolayer. As a typical 2D vdW magnet, CrCl; monolayer has

a P-31m spac p and consists of two Cl sublayers and one Cr sublayer on which the magnetic

d

cr’tio neycomb lattice; the magnetic moment is ~ 3.0 pg/Cr.*>*? On a free-standing

CrCl; monolaye™ “"*8 the magnetic dipole-dipole interaction outweighs the perpendicular

\"

anisotropy induced by spin-orbit coupling, resulting in an easy-plane anisotropy and merons (with a

topologicaRumber Q = 1/2). The DMI is absent from these free-standing films, due to the inversion

1

symmetry. is in contact with an adjacent layer such as tungsten ditelluride (WTe,), however,
the inversio mmetry is broken and a finite DMI arises. [26-29) Tungsten ditelluride (WTe,)
monolaxergossesses one of the largest spin-orbit coupling among the transition metal
dichalcoH), which inevitably gives rise to a large DMI in WTe,/Fe;GeTe, (19). The nearly
perfect Iatticeﬁhing (lattice mismatching rate < 3%) between WTe, and CrCl; makes the bilayer
heterostructur ideal host for different types of magnetic interactions. To account for the

magneti tions of Cr** ions, we consider the following atomically resolved Hamiltonian:
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H=—ZuiB~ni—KZ(ni'i)2—]zni'nj—zDij‘(nixnj)

(i) (ij)

{

1 po 3(m; - ) (m; - ) — (n; - my)
—EEZM i 3 €Y)

i,j
i#j

P

H I
where at each lattice site j the spin direction is denoted by n; hence the magnetic moment m; = un,.

[

The first tegm isliie Zeeman energy due to an external magnetic field B. The second term denotes

G

the single i pendicular anisotropy with a constant K. Ferromagnetic exchange interaction is
described e third term with a coupling constant J. DMI is described by the fourth term with a

vector D;; = X 2), where D the DMI strength and fj; the vector connecting spins i and j.

us

Symbol <ij> denotes that sites i and j are nearest neighbours. The last term is the magnetic dipole-

1

dipole inte implemented via the fast Fourier transform and convolution theorem in the Spirit

package. > lations of spin dynamics are performed by solving the Landau-Lifshitz-Gilbert

d

(LLG) equation. "**! Magnetic parameters were obtained using the first-principles density functional

theory (DFT) caltllation and the values of J, K and D are summarized in Table 1.%*** (Details can be

found i of Supplementary Materials).

L

2.2. Influegnetic field on spin textures

Micro‘agnetic simulations were performed on a 60 x 60 supercell with periodic boundary

conditioMl spin texture is obtained from a full relaxation of the paramagnetic (random)
state. The spin eV@lution is dependent on the orientation and magnitude of the external magnetic

field, which is a rgsult of the out-of-plane polarization of the magnetic vortex core in initial state.

Therefo pcus on two field-scan schemes as shown in Figure 1c, namely, perpendicular (along
the +z or —z axis) and in-plane (along the +x axis unless otherwise specified). As we increase the

magnetic field along the +z direction, see Figure 1c top panel, a bimeron state appears at 60 mT and
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it further transforms into a ferromagnetic state with a saturated magnetisation at 120 mT. Field scan
along the reversed direction (i.e., along the —z direction) gives rise to a Néel-type skyrmion at —120
mT; andmnsitions into the ferromagnetic state at =300 mT. As we scan the magnetic field
along the the in-plane symmetry was reduced, resulting in the presence of bimeron.
Magnetl-c frscan along the -x direction also generates bimerons, but with different orientation, as

gnetic texture, namely, skyrmion or bimeron, whereas the in-plane field only

Figure S2 shgwsaWe conclude from these simulations that the perpendicular field determines the
topology o

tweaks thefbimerop orientation.

We show in Figure 2a the spatial profile of the m, component of an isolated Néel-type skyrmion

and bimerg light their topological difference. In the absence of geometric confinement, the

current sy uires a perpendicular MCA and additional magnetic field to provide the proper

symmetry mgy gain to sustain an out-of-plane spin alignment and facilitate the formation of

Néel-ty ions.*37° vet the formation of bimeron, favouring in-plane spin alignment and
mainly media the competition between the long-ranged dipole-dipole interaction and single
ion magnetic anisotropy,**

is free from such symmetry requirement and is thus capable of
surviving bSh perpendicular and in-plane fields. Figure 2b shows the total energy (E.) as a function
of the ma Id. The magnetic field alters the energy landscape of the system and allows the
Néel-type s or bimeron formation to be energetically favourable. Our results show that the
Néel-type Syrmion can only be stabilised by a perpendicular magnetic field, while bimeron can be
stable iMendicular and in-plane magnetic fields. In addition, by comparing the bimeron
energy un@agnetic fields in two directions, we found that the in-plane magnetic field brings
more energy inceative. Hence, by tuning the direction or magnitude of the magnetic field, the spin
texture{odified, as a result of the coupling between the magnetic field and intrinsic
magnetic properties.
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Figure 2c,d show different energy components as the magnetic field varies. When the magnetic
field increases along the —z direction, the out-of-plane anisotropy energy (Emca) - beneficial to the
stabilityMe skyrmion - decreases. As the magnetic field switches to the +z direction, the
DDI energ eases, which is accompanied by the presence of bimeron. This trend is
particula-rlirrorgunder an in-plane magnetic field, as Figure 2d shows. We therefore confirm that
DDI is key tg thg stabilization of bimeron. (In section S4 of Supplementary Materials, we further
demonstra le of DDI in the stabilization of bimeron by enhancing the Epp). We may draw two
important Wns from the simulation. First, by introducing a DDI, bimeron can be stabilized

even in thne of an out-of-plane anisotropy. Second, by tuning the orientation or magnitude

of the mag d, we are able to create the desired spin textures.

2.3. Cyclic skyr — bimeron — ferromagnet transition

Change texture in response to external stimulation discloses a magnet’s functional
proper between skyrmion (or bimeron) and meron has recently been realized by
controlIing!emperature or magnetic field. “****” Yet the ideal transition should occur between
skyrmion an tiskyrmion, or between skyrmion and bimeron, as meron has a non-integer
topologica and is thus not topologically protected. The former (the transformation between

the skyrmi! anE antiskyrmion) has been shown in Mny 4Pt;oPdo.Sn magnets to be controllable by

in-plane magneticdield.” For the latter, inspired by the magnetic field-dependent magnetic phases

in our 2D e propose a field-controlled skyrmion — bimeron — ferromagnet transition cycle
sketched i . Under a perpendicular field of =120 mT, the system is initialised to a Néel-type
skyrmi As the field rises from —120 mT to 60 mT (Figure 3a-d), the Néel-type skyrmion

transforms to bimeron, maintaining the topological number Q = +1. This transformation is reversible,

as our result shows. When the magnetic field rises above 120 mT, the bimeron dissolves into a
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ferromagnetic state. Annealing process — heating and subsequent rapid cooling — is an effective

means to create and stabilise the skyrmion, as numerous experiments have shown (58601 Here,
similar stet re simulated to excite skyrmion from ferromagnetic state: Keeping the field at 120

P

mT, we rai rature by 40 K and cool it down after a period of time, as shown in Figure 3d-

g. As a s , the system is excited from the ferromagnetic state to a Néel-type skyrmion with Q = -

[

1. This concludes,the first half of the cycle and flips the skyrmion’s topological number from Q = +1

C

(Figure 3a) 1 (Figure 3g). Back scanning the field from 120 mT to the initial magnitude —120

mT again d@nv@rtsithe skyrmion (with Q = —1) into a bimeron (with Q =—1 in Figure 3j) which further

$

disappears rromagnetic state (Figure 3k); and eventually to the Néel-type skyrmion with Q =

U

+1 (Figure osed transition cycle is forged. The DMI coupling is instrumental to the transition

cycle. We simmarize in Figure 4 the phase diagram of the spin texture as a function of D and B,. As

f

the magni increases, the bimeron phase moves towards a higher field; and when it varies

d

between 0. .28 meV, a complete transition cycle can be achieved by scanning the field from

-120 mT to T

\Y

I

2.4. Curre i dynamics of skyrmion and bimeron

O

Skyrm bimeron exhibit different current-driven dynamics. Prior to the injection of

current al the +x direction, we placed a single Néel-type skyrmion or bimeron (Q = +1) onto a 200

£

x 100 supegcell ang let it fully relax in a magnetic field of 90 mT. A spin transfer torque of magnitude

{

u= jPhuB: = 0.5 peV was employed to simulate the in-plane current injection. This torque

is proporti the current density j and polarization P. The current-driven motion of a rigid

ribed phenomenologically by a modified Thiele’s equation: %

GXv—aD-v+4nB-j=0 2)
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where G = (0,0, —4mQ) is the gyromagnetic coupling vector, v = (vx, vy) is the skyrmion drift

velocity due to Magnus force. a is the magnetic damping parameter and D is the dissipative force

{

tensor. B is ensor related to the driving force. Equation (2) yields for the spin texture the

velocity ¢ = [-aD / (Q* + a*D?)]Bj and v, = [Q / (Q* + a®*D?)]Bj. For a given

|
current depsity j, topological number Q and material dependent a are constants, and only the spin-

configuratiom dapendent parameters D and B affect the dynamics. In other words, between the

G

Néel-type s and bimeron the difference in their transport properties mainly arises from their

geometrical diStingtion.

S

Figure 5a demonstrates snapshots of the current-driven motion of Néel-type skyrmion and

G

bimeron u same current density. The velocities are (v, = 9.2 m/s, v, = 1.1 m/s) for skyrmion

n

and (v, = S, = 0.4 m/s) for bimeron. In addition, we show in Figure 5b-c the speed as a

function off c density. Specifically, as the current density increases, the v, of Néel-type

a

skyrmi about twice as fast as that of bimeron, while the difference between the two

becomes lar rms of v,, about three times. This means that, at the same speed, the Hall angle

\1

of bimeron is smaller than that of Néel-type skyrmion. Therefore, our results show that, by switching

between I-type skyrmion and bimeron via the application of magnetic field, we can control the

9

motion sp irection of the topological spin texture.

no

2.5. Nonvolgtile feBroelectric polarization controlled magnetic skyrmion

{

Utilising an olit-of-plane electric polarization of a 2D ferroelectrics (FE), instead of a tunnelling

G

current, to wgi d erase skyrmion may reduce energy dissipation in skyrmion-based devices. ****

To realise erroelectric control, we attach a CulnP,S¢ monolayer to the WTe,/CrCl; HS. The

A

ferroelectric polarization of CulnP,Sg can be switched by the application of an electric field, as shown

in Figure 6a. The variation of CrCl; magnetic parameters in two different polarization states (P+ and
This article is protected by copyright. All rights reserved.
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P-) are summarised in Table 1. We optimized the structure from a paramagnetic state. After a full
relaxation in the absence of a magnetic field, skyrmionic bubbles appear in the P+ state, whereas the
P-is a s#ate. Figure 6b shows that they may evolve, respectively, into a Néel-type skyrmion
and ferro te in a perpendicular magnetic field. At a field of 120 mT, creation and
annihilaﬂo!“syrmion can be achieved by switching the polarization. Such peculiarity can be
explained by the polarization-induced electronic reconstruction across the interface between
WTe,/CrCl; nP,Se, which is captured by the differential charge density distribution and the
integral of fthefdenBities in xy-plane in Figure 6¢c. Compared with the P- state (right panel of Figure
6c), the Cl are in contact with the ferroelectric layer have much higher electron density in
the P+ sta\;

g to a higher inversion asymmetry and hence a larger DMI. Such a polarisation-

induced sx!tch in spin texture offers a rare opportunity to write and erase skyrmions electrically

rather thamng a magnetic field.
3. Conc:'

In surgary, we have combined first-principles calculation and micromagnetic simulation to

study the rﬁconﬁguration in a 2D WTe,/CrCl; HS, taking into account external magnetic field,

MCA, exch raction, DMI, and DDI. We found that MCA stabilises the Néel-type skyrmion,

whereas Dg Is Eeneficial to the formation of bimeron. By mediating the competition between two

interactiong, we have successfully engineered a closed skyrmion — bimeron — ferromagnet phase

transition er the same spin-polarised current, the Néel-type skyrmion and bimeron exhibit
different | al velocity and Hall angle. More interestingly, by interfacing the WTe,/CrCl; HS
with a monolayer, ferroelectricity-regulated writing and deletion of skyrmion can be

realised via the interfacial magnetoelectric coupling. Our work opens a novel venue to the design
and control of vdW-based skyrmionic devices.
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4. Method

4.1. The DF @ d and parameters

Magngiic parameters and electronic structure were calculated by performing first-principles

{

simulationsaithigithe DFT,****! using the projected augmented wave pseudopotentials method as

G

implement e Vienna Ab-initio Simulation Package (VASP).®**" The exchange correlation

energy is fcal€ulaged within the generalized gradient approximation (GGA) of Perdew-Burke-

S

Ernzerhof e adopted the Dudarev approach to test the results solidity and an effective 3

U

eV Hubbard U parameter is applied on Cr's d orbitals.”®® The plane wave cutoff energy was set to

500 eV an e van der Waals interaction is included by the semiempirical DFT-D3 method.” we

q

utilized a 5 x 9 x 1 Monkhorst-Pack k-point mesh for calculating properties of HSs, and a

d

denser 10 x 18 mesh for calculating the MCA and DMI. Utilizing the conjugate gradient method,
the plane la onstant and atomic coordinates are fully relaxed until the energy and force

conver,

W

V and 107 eV/A, respectively. In order to eliminate the effect of periodic

boundary, a 15 A thin vacuum layer is introduced along the z direction. Spin-orbit coupling is used to

[

calculate MC DMI.

O

4.2. Mi simulations parameters

th

[51]

Using kage to simulate the spin dynamics of CrCl; monolayer,”™ the time evolution of

68,697 it reads:

U

the magnetisation js described by LLG equation. ®*** In the presence of a spin torque,

A
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% = _(1+062)Iiini X Bieff(t) - (1+y—gz)mni X [nl- X B?ff(t)] + ﬁuni X j
H _éuni
1+ a®)ug
X (n; X7J) (3)
H

where y is ffhe electron gyromagnetic ratio, a = 0.1 is the damping parameter, the strength of spin

transfer togglie JjPhug/(2eMy) with j the current density, P is the polarization of the current, e

G

is the electr arge, M; is the saturation magnetization. j is the electron current normal vector.
The effecti e ith time-dependent stochastic thermal field is Bfff(t) = —0H/0n; + B}h(t),

given by

nus

M.
BI"(®) = V2Dmi(®) = |2aksT—ni(0) 4)
where themde is given by the fluctuation-dissipation theorem and n; is white noise, such
that the le average and variance of the thermal field fulfil (Bfg(t)) =0 and

|

(Bi& (1) D;6;j6qp(t) respectively.

For diSgrete lattice, the topological charge Q is calculated using the definition of Berg and

E

[70]

Luscher following expression:

¢

1
Q :EZAI )

with

1+n; -n;+n;-ng+ng-n;

(6)

) \[2(1 +mn;-n;)(1+n;-n,)(1+ng-n)

Auth

where [/ runs over all elementary triangles of any triangulated regular lattice and A, is the solid angle

formed by the three spin vectors n;, n; and n, of the [th triangle. The sign of A, is given by sign(4;) =
This article is protected by copyright. All rights reserved.
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sign[ni . (n]- X nk)]. Note that the triangles should cover all lattice area with no overlap and n;, n;

and n, should be in anticlockwise order.

Supportin
H I
Supportln formation is available from the Wiley Online Library or from the author.
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Figure 1. a) lllu ion of the Néel-type skyrmion — bimeron — ferromagnet cyclic phase transition. b)
Top an i of the WTe,/CrCl; HS. The black rectangle represents a supercell, and the red
hexagon represents the honeycomb structure composed of Cr ions. c) Spin textures under
perpendicular (B,) and in-plane (B,) magnetic fields, in 60 x 60 supercells.
skyrmion change magnetic field bimeron
Q=+ Q=+
.y |
ol 3
£
Q
&
w
S <
3
S
P] skyrmion
Q=-1

B, (mT)

This article is protected by copyright. All rights reserved.

13

2519017 SUOWILIOD BANEBID 31D 1 ddke L) Aq peuA0B 816 BRI YO ‘2SN JO'S3INI 10} AIRIGIT BUIIUO A3 1M U0 (SUONIPUOD-PUE-SWLB)ALID™/B | IW ARG [BUUO//'Scy) SUONIPUOD PUE SUWLB | 84} 39S *[E202/80/0E] U AIRIGIT aUIIUO AB]IM “UOIIEWLIOMU | EOIULIS L PUY S1JILBIS JO IO Ad ZSYOTZ02 WPe/Z00T OT/I0P/W00™ 5|1 ATeJq1[BU|UO//ScY WOIJ pOpeojumMOd 2 ‘TZ0Z ‘8Z089T9T



WILEY-VCH

Figure 3. (a-1) is a complete cycle from —120 mT to 120 mT in B,, where a-d) and g-j) are reversible,
f,I) are the spin textures when the temperature effect is considered at 40 K.
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Figure 2. (d) Profile of m, along the symmetry axis in different magnetic fields. For bimeron, we take
metry axis. (b) Total energy (E.:) and exchange energy (E.,) as a function of

hnd (d) Zeeman energy (Ezeem), MCA energy (Eyca), DMI energy (Eyca), and DDI
nction of B, and B,, respectively.
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Figure 5 Dynamlcsif Néel-type skyrmion and bimeron driven by spin currents. (a) Snapshots of the
Néel-type n and bimeron at 0 ns, 3 ns, 6 ns. (b-c) v, and v, as a function of spin transfer

torque par , respectively. This parameter u is proportional to injected current density.
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Figure 6. a e top and side views of the CulnP,Sg monolayer, the grey arrow represents the

polarizatioMydirection. b) Spin textures with different polarizations. c) Differential charge density
distributloi of Hind the integral of the densities in xy plane (black line).

Table 1. M arameters of HSs calculated by DFT. J, K, and D represent the constant of
exchange inte n, MCA and DM, respectively. They are calculated by DFT based on the spins of
unit len he distance between the nearest neighbor pair of spins. P+ and P-represent the
two polariz irections in ferroelectric CulnP,S¢ monolayer.

J (meV) K (neV) D (meV) r(A)
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WTe,/Cr

WTe,/CrCl; 5.29 38 0.26 3.57

WTe,/CrCly/P+ 4.49 60 0.32 3.56

t

6.30 46 0.28 3.56
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phase transition featured by the evolution of the topological number was
g to a perpendicular magnetic field combined with heating and cooling, and the
an be wilitten and erased by the ferroelectricity of CulnP,S¢ monolayer.
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