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Topological magnetic textures (TMTs) such as skyrmions, merons and vortices are promising for nextgeneration
spintronic technology. Here, we explore the prospect of TMTs in cooling technology, and specifically elaborate
the influence of TMTs on magnetocaloric effect (MCE) in typical Janus monolayers (symmetrybroken VSi2N4

derivatives) that exhibit prominent DzyaloshinskiiMoriya interaction (DMI). It is found that the Janus monolayers
VSi2N2P2, VSi2N2As2 and VSi2NAs3 allow for versatile TMTs including bimerons, meron pairs and skyrmions.
Skyrmions and bimerons are demonstrated to remain stable up to 100K. Under external magnetic fields, TMTs
either experience shrinkage or exhibit a significant magnetization reversal. This results in TMTsmediated MCE
driven by topological magnetictoferromagnetic phase transition, which intrinsically differs from the conventional
MCE driven by paramagnetictoferromagnetic phase transition. The TMTsmediated MCE is revealed to benefit
from a combination of pseudofirstorder and secondorder phase transition and thus exhibit a broader operating
temperature range. Our findings offer a compelling perspective on the role of TMTs in MCE and highlight the
potential of Janus monolayers for micro/nanoscale magnetic cooling technologies.

1 Introduction

Topologicalmagnetic textures (TMTs), including skyrmions [1–3], merons [4–6] and vortices [7–9], have attracted
considerable attention since their discovery. These spin configurations typically manifest as isolated particles or
periodic lattices and are safeguarded by topological order, enabling their persistent even under tiny thermal fluctu
ations and slight magnetic field perturbations [10]. TMTs hold significant promise for nextgeneration spintronic
applications due to their unique properties. Unlike conventional magnetic domain walls, skyrmions can be driven
by electric currents at much lower current densities [3], making them highly energyefficient for magnetic storage.
Additionally, TMTs contribute to distinct Hall effects, with bimerons enabling the detection of a pure topological
Hall effect, free from interference with anomalous or ordinary Hall effects [11]. These characteristics make TMTs
not only advantageous for advanced spintronic technologies, but also crucial for the development of lowpower
racetrack memory and logic circuits [12].

In recent years, magnetic anomalies observed in noncentrosymmetric B20type chiral magnets, such as
MnSi [13–16] and FeGe [17,18], have unveiled new horizons for advancing magnetic cooling technologies. Mea
surements of magnetization, specific heat, and magnetic susceptibility suggest that abundant spin fluctuations
provide freedom degrees in phase space. Due to their manipulability by temperature and magnetic fields, these
materials display an extensive variety of spin states, which include helical, conical, skyrmion lattice, fluctuation
disordered, paramagnetic, and fieldpolarized phases [15]. The entropic signatures accompanying topological
magnetic transitions between these phases indicate a significant potential for cooling applications. Theoreti
cal work have further proposed a refrigeration cycle that includes both the skyrmion and ferromagnetic phases,
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assessing MCE through fractional entropy change [19]. Comparative evaluations of MCE from skyrmionto
ferromagnetic transitions versus conventional paramagnetictoferromagnetic transitions reveal that the inclusion
of skyrmion phases could boost cooling efficiency.

Janus monolayers, which break the spatial centrosymmetry in 2D materials, can effectively induce the
Dzyaloshinskii–Moriya interaction (DMI), thereby stabilizing nontrivial TMTs [20,21]. The unique dimensional
ity and high integration advantages of 2Dmaterials make them an ideal platform for highdensity magnetic storage
and magnetic cooling applications. However, experimental detection of MCE typically requires measuring mag
netization curves or specific heat to infer entropy changes, and the small size of detection probes poses challenges,
particularly in 2D material evaluations [22]. As a result, theoretical studies provide an important approach to in
vestigating MCE in 2D topological magnets [23–25]. While some theoretical work has predicted the existence of
TMTs in 2D Janus structures [26–30], the influence of these textures on MCE remains unexplored.

In this paper, we investigate the TMTs in 2D VSi2N4 derivatives and explore their influence on MCE using
multiscale simulations. The potential for synthesizing VSi2N4 derivatives through elemental substitution is con
firmed, and the fundamental properties of these Janus magnets are thoroughly examined using abinitio calcula
tions. The key magnetic parameters, such as magnetocrystalline anisotropic energy, magnetic exchange constants,
and DMI constants, which are crucial for the formation and stability of TMTs, are determined. Fieldcooling sim
ulations reveal that three of VSi2N4 derivatives can stably host intrinsic TMTs. The stability of these TMTs under
various temperature and magnetic fields is further analyzed. Furthermore, we propose a TMTsmediated MCE,
providing a compelling perspective on the application of TMTs and advancing the potential development of mag
netic refrigeration.

2 Results and discussion

2.1 Stability and magnetic properties

Monolayer VSi2N4 is primarily constructed from 2HMoS2type VSi2 and αInSetype Si2N2, with its unit cell
comprising seven atomic layers arranged in the sequence N–Si–N–V–N–Si–N [31–35]. Within this framework,
four nitrogen atoms are substituted by varying numbers of group VA elements, resulting in the formation of two
symmetric structures and six asymmetric Janus structures [36], as illustrated in Fig. 1(a). Monolayer VSi2N4

belongs to space group 187 (P6m2) and point group D3h, while the inversion symmetry is broken in the Janus
monolayers, thus presenting space group 156 (P3m1) and point group C3v. To assess the feasibility of material
preparation, energy, phonon and dynamic analyses are conducted before exploring the fundamental properties of
Janus monolayers [37, 38]. A thorough stability analysis is provided in Supporting Information. Figures S1S3
show that only four of the twelve VSi2N4 derivatives are anticipated to be stable. For brevity, the mid suffix of
VSi2N3Pmid, VSi2N2P2mid, VSi2N2As2mid and VSi2NAs3mid is omitted in the following.

The calculated structural parameters of VSi2N4−xZx monolayers are summarized in Table 1. Janus monolayers
VSi2N3P, VSi2N2P2, VSi2N2As2 and VSi2NAs3 have optimized lattice constants a of 2.96, 3.13, 3.21 and 3.5Å,

Table 1: Structural parameters of asymmetric Janus VSi2N4−xZx monolayers, i.e., lattice constant a, magnetic moment per V atommV,
and band gap Eg.

Materials a (Å) mV (µB) Eg (eV)

VSi2N3Pmid 2.96 0.94 –
VSi2N2P2mid 3.13 0.87 –
VSi2N2As2mid 3.21 1.21 –
VSi2NAs3mid 3.50 1.58 –
VSi2N4 [39] 2.88 1.03 0.56
VSi2P4 [39] 3.48 1.04 0.11
VSi2As4 [39] 3.64 1.16 –
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2.2 TMTs and their dynamics
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Figure 1: Crystal structures and magnetic properties of asymmetric Janus VSi2N4−xZx (x = 1, 2, 3) monolayers. (a) Side views of asym
metric VSi2N4−xZx. Red, blue, silver, and green balls represent V, Si, N, and Z (Z=P/As) atoms, respectively. (b)Magnetocrystalline
anisotropy energy Ku, (c) exchange interaction constant J , and (d)DMI component d∥ of Janus monolayers and VSi2Z4 (Z=N/P/As).
For brevity, the ”mid” suffix is omitted from the four stable Janus structures in (bd): VSi2N3P, VSi2N2P2, VSi2N2As2 and VSi2NAs3.

and magnetic moment per V atom mV of 0.94, 0.87, 1.21 and 1.58µB, respectively. The band structure of Janus
monolayers in Fig. S4 is metallic, whereas VSi2N4 and VSi2P4 are calculated to be semiconductor [39]. Magnetic
parameters such as magnetocrystalline anistropy energyKu and isotropic exchange parameter J are investigated in
VSi2N4−xZx monolayers. Detailed approaches are illustrated in Supporting Information. By breaking symmetric
with element replacement, VSi2N3P and VSi2N2P2 exhibit a weak Ku and a tendency for inplane magnetization
alignment, whereas VSi2N2As2 shows a stronger Ku of –0.245meV, as observed in Fig. 1(b). Distinct from the
aforementioned VSi2N4 derivatives, VSi2NAs3 displays a Ku of 0.173meV, which may drive the magnetization
towards an outofplane orientation. As seen in Fig. 1(c), all of VSi2N4 derivatives exhibit weaker exchange
interactions between V atoms than VSi2N4. This reduced interaction strength may result in a lower transition
temperature (Tt) from ferromagnetic to paramagnetic phase.

To investigate DMI induced by broken central inversion symmetry in VSi2N4 derivatives, we perform spin spi
ral calculations using the qSO method, as described in the Supporting Information. Previous studies have demon
strated that the spin spiral dispersions are degenerate without spinorbit coupling (SOC), but become asymmetric
when SOC is included [30, 40]. The DMI energy calculated as ∆EDM[q] = (E[q] − E[−q])/2 is subsequently
derived. Figure 1(d) displays the inplane component d∥ of monolayers, which is derived from Eq. S7. One can
see that in VSi2Z4 (Z=N/P/As) that preserve their symmetry, d∥ almost vanishes. On the other hand, there is a
corresponding increase in d∥ values with an elevated substitution by heavier nitrogen group elements. Notably,
VSi2NAs3 stands out with the largest d∥ = 0.99meV among the VSi2N4 derivatives.

2.2 TMTs and their dynamics

Based on atomic spin model and spin dynamics, we perform zerofield cooling simulations to explore the possible
TMTs in Janus VSi2N4 derivatives. The relaxed states of 100 nm×100 nm monolayers under zero magnetic field
are shown in Fig. 2(a). The magnetization components along specific paths are presented in the bottomrow sub
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2.2 TMTs and their dynamics
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Figure 2: (a) Snapshots of spin dynamics in a periodical nanodisk (100 nm×100 nm) for monolayer VSi2N2P2, VSi2N2As2 and
VSi2NAs3, captured after zerofield cooling to 0K. The red and blue areas correspond to outofplane magnetization components
Mz = ±1. The right panels show the magnified magnetic textures framed by a black box to the left. Temperaturedependent
(b)magnetization componentsMi (i = x, y, z) and (c) topological charge Q in VSi2N4 derivatives.

figure of Fig. S9. Monolayer VSi2N2P2 and VSi2N2As2 exhibit bimerons and meron pairs, as shown in Fig. 2(a),
with both structures demonstrating inplane Ku. Figures S9(b) and S9(c) reveal that the outofplane magnetiza
tion componentMz reaches its maximum only at the meron core (in both positive and negative directions), while
elsewhere magnetization predominantly aligns with inplane direction (either x or y). With a larger DMI/exchange
ratio (|d∥|/J =0.158), VSi2N2As2 exhibits smallersized and higherdensity topological structures than VSi2N2P2,
which has a DMI/exchange ratio of 0.044. Néeltype skyrmions are observed in VSi2NAs3, with cores oriented
along the +z direction. A moderate DMI/exchange ratio ( |d∥|/J =0.072) along with outofplane Ku assures
the stable existence of skyrmions. It can be seen that the balance between DMI andKu is critical for maintaining
the integrity of TMTs within the VSi2N4 derivatives. As depicted in Fig. S9(d), the magnetization components at
the skyrmion’s periphery show its diameter D as 20 nm. Unlike VSi2N4 derivatives that exhibit TMTs, VSi2N3P
displays a uniform arrangement of inplane components, as illustrated in Fig. S9(a). This uniformity is primarily
attributed to the very weak DMI/exchange ratio (|d∥|/J < 0.01), which is insufficient to induce the emergency of
TMTs.

To investigate the thermal stability of TMTs, temperaturedependent magnetization componentsMi and topo
logical chargeQ are examined, as shown in Figs. 2(b) and 2(c). The methodology for calculatingQ is comprehen
sively explained in Supporting Information. Our findings reveal a critical transition temperature Tt that delineates
the boundary between topological magnetic (TM) and paramagnetic (PM) states within TMTs. At temperatures
surpassing Tt, thermal fluctuations dominate, causing the averagemagnetization components in all directions to ap
proach zero. Conversely, TMTs are largely preserved below Tt, with the topological charge remaining unchanged.
Based on these, Tt value for VSi2N2P2, VSi2N2As2, and VSi2NAs3 are found to be approximately 130, 30 and
150K, respectively. The temperaturedependent magnetic configurations for TMTs in VSi2N2P2 and VSi2NAs3
are graphically depicted in Figs. 3(a) and 3(b). These configurations provide a more intuitive representation of the
thermal robustness of TMTs. Notably, while TMTs become gradually fuzzy at elevated temperatures, they exhibit
remarkable stability up to approximately 100K in the absence of an external magnetic field.

Furthermore, the effect of external magnetic field on TMTs is explored. As portrayed in Figs 3(a) and 3(b),
it is evident that the evolution of TMTs is significantly influenced by the polarity of the applied magnetic field
along the same axis. For instance, an increasing magnetic field applied along the −x axis prompts a progressive
contraction of bimerons in VSi2N2P2 in Fig. 3(a). On the other hand, themagnetization componentMx of bimerons
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2.3 TMTsmediated MCE
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Figure 3: (a, b) Phase of TMTs and (c, d) isothermal magnetization curves for VSi2N2P2 and VSi2NAs3 across various temperatures
and magnetic fields. The red and blue areas correspond to outofplane magnetization components Mz = ±1. VSi2N2P2 in (a, c) is
investigated under magnetic fields oriented along the±xaxis, while VSi2NAs3 in (b, d) is studied with fields applied along the±zaxis.

rapidly flips from −Mx to +Mx when the magnetic field is applied along the +x direction, accompanied by
a directional movement towards the applied field. Figure 3(b) demonstrates a similar anisotropic responese of
TMTs within VSi2NAs3. Upon the application of a magnetic field along the −z direction, skyrmions gradually
shrink until they eventually disappear. In contrast, the application of a magnetic field along the +z direction
initially induces skyrmions to rapidly expand and deform. With sustained magnetic influence, the domain walls
squeezed by deformed skyrmions break into smaller isolated skyrmions that eventually annihilate. The anisotropic
behavior of TMTs under magnetic fields of different orientations is further elucidated in Figs. 3(c) and 3(d). At
low temperatures, magnetization M undergoes a transition from a negative to positive state when the magnetic
field is applied along the positive orientation. As the temperature rises, the influence of thermal fluctuations
accelerates the transition fromTM to PM.AboveTt,M curves dominated by thermal fluctuations show a consistent
trend across different magnetic field directions. To summarize, when the magnetic field is applied in a positive
direction, VSi2N2P2 and VSi2NAs3 exhibit more apparent flipping behavior, as seen by M reversal process in
Fig. 3. Consequently, subsequent studies primarily focus on situations when the magnetic field is applied in a
positive direction.

2.3 TMTsmediated MCE

We further explore the impact of TMTs on MCE, as shown in Fig. 4. Using M curves, two figures of merit for
evaluating MCE, namely the isothermal magnetic entropy change (∆SM) and the adiabatic temperature change
(∆Tad), are calculated based on Eqs. 3 and 4. Typically, magnetic cooling is achieved through the MCE driven
by the paramagnetic–ferromagnetic (PM–FM) phase transition, as depicted in Fig. 4(a). This conventional MCE
does not account for the influence of DMI. When the magnetic field aligns the magnetic spins, a single peak in
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2.3 TMTsmediated MCE

Figure 4: Comparison of conventionalMCE driven by the paramagnetictoferromagnetic (PM–FM) phase transition and TMTsmediated
MCE driven by the topological magnetictoferromagnetic (TM–FM) phase transition. (a, b) Schematic of MCEbased magnetic refrig
eration cycle. (c, d)Maps of |∆SM| and |∆Tad| for VSi2N2P2 and VSi2NAs3 at different temperatures and magnetic fields.
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Figure 5: Temperature variation of magnetic entropy change −∆SM for (a) VSi2N2P2 with magnetic fields applied along +x direction
and (b)VSi2NAs3 with fields applied along +z direction. Insets highlight a detail view around the peak of−∆SM curves, corresponding
to the phase transition.

|∆SM| and |∆Tad| is observed near Tt, as shown in Fig. 4(c). Additionally, the temperature range corresponding
to the peak is relatively narrow. These characteristics are consistent with previous studies on conventional MCE
in twodimensional materials [41–44].

For intrinsic TMTs induced by broken inversion symmetry within Janus monolayers, we present a schematic
diagram of the magnetic refrigeration cycle based on TMTsmediated MCE in Fig. 4(b). In this system, the mag
netic field drives a topological magnetictoferromagnetic (TM–FM) phase transition by overcoming spin and
thermal fluctuations. As shown in Fig. 4(d), the maximum values of |∆SM| and |∆Tad| are lower than those in
Fig. 4(c). This difference is primarily attributed to the disorder degree within the material. Generally, the entropy
of the periodically ordered TM state, which includes skyrmions or merons, is higher than that of the fully polar
ized FM state but lower than that of the completely disordered PM state. The relationship can be expressed as
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SPM > STM > SFM. Compared to conventional MCE, the TMTsmediated MCE based on TM–FM phase transi
tion exhibits a smaller entropy reduction under the same magnetic field, leading to a decreased peak in |∆SM| and
|∆Tad|. Additionally, working temperature window for TMTsmediated MCE is significantly broader than that of
conventional MCE, as shown in Fig. 4(c). Beyond the peak near Tt, nonnegligible values of |∆SM| and |∆Tad|
are also observed in the low magnetic field region below Tt.

To clarify the phenomena in this region, we plot−∆SM curves under 0–2 T magnetic fields in Fig. 5. The inset
of Fig. 5 provides a detailed view of the localized−∆SM curves under 0–1 T magnetic fields. In the conventional
secondorder phase transition (SOPT), −∆SM curves are continuous and smooth, displaying a single peak near
Tt from PM to FM [45]. At sufficiently low temperature, magnetic entropy becomes negligible. In contrast,
the TMTsmediated MCE exhibits a multipeak trend. As shown in Fig. 5, the peak of −∆SM near Tt reflects the
conventional (negative) magnetocaloric behavior of Janusmagnets. However, at lower fields and temperatures, the
positive entropy change is clearly observed, corresponding to the reversal ofM within this region. The fluctuations
in −∆SM curves are associated with the formation and annihilation of TM phase, which intuitively manifest as
abrupt jumps inM , as shown in Fig. S10. These discontinuous changes at lower fields and temperatures suggest
a pseudofirstorder phase transition (FOPT) [19], distinguishing it from the typical secondorder phase transition
(SOPT) characterized by continuous changes.

Considering Figs. 4 and 5, MCE in Janus magnets with broken symmetry significantly differs from that in 2D
magnets with preserved symmetry. Janusmagnets featuring TMTs undergo a pseudoFOPT in the lowtemperature
and lowfield region, while still maintaining the characteristic peak of a SOPT near Tt. The wider operating
temperature enhances the potential applications of Janus magnets in magnetic refrigeration, although with a slight
reduction in overall magnetocaloric performance.

3 Conclusions

In summary, we have demonstrated TMTsmediated MCE in typical Janus monolayers (VSi2N4 derivatives) that
possess notable DMI via multiscale theoretical simulations. In detail, firstprinciples calculations show that sta
ble Janus structures including VSi2N2P2, VSi2N2As2 and VSi2NAs3 exhibit nonnegligible DMI. Atomic spin
simulations reveal that these Janus monolayers exhibit intrinsic TMTs without a magnetic field. Specifically,
VSi2N2P2 hosts bimerons, VSi2N2As2 features meron pairs and VSi2NAs3 stabilizes skyrmions. By examining
the dynamic stability, we find the magnetic fieldinduced TMTs’ evolution is highly polaritydependent. Based on
these findings, we propose a TMTsmediated refrigeration cycle that is distinct from conventional MCE. Due to
the presence of TMTs, the TMTsmediatedMCE shows a pseudoFOPT at low temperatures and fields. Compared
to conventional MCE, the TMTsmediated MCE offers a wider operating temperature and a unique coexistence of
pseudoFOPT and SOPT. Our work predicts nontrivial TMTs in Janus VSi2N4 derived monolayers and elaborates
their impact on MCE. These insights enhance the understanding of TMTs in Janus monolayer magnets and pave
the way for inspiring innovative magnetic cooling technology by harnessing TMTs.

4 Experimental Section

Abinitio calculations: The abinitio calculations are conducted using the projectoraugmented wave (PAW)
method within the Vienna abinitio simulation package (VASP) [46–49]. The exchangecorrelation interactions
are represented using the generalized gradient approximation (GGA) with the Perdew–Burke–Ernzerhof (PBE)
functional [50]. To prevent artificial interactions, a vacuum layer of 30Å is introduced along the zaxis. The
planewave cutoff energy is set at 500 eV, with convergence criteria of 10−6 eV for energy and 0.001 eV/Å for
force. A Monkhorst–Pack kgrid of 15× 15× 1 is used to sample the Brillouin zone during ionic relaxation,
electronic optimization, and magnetocrystalline anisotropy energy calculations. To accurately account for the
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strong correlations of V3d electrons, the GGA+U method was employed with an effective Hubbard parameter
of U = 2 eV, as previously discussed in the literature [39]. Further details regarding stability assessments and
calculation methods of the magnetic parameters can be found in the Supporting Information.

Atomistic spin simulations: An abinitio informed spin Hamiltonian model is utilized to investigate the dy
namics of magnetic spins in Janus monolayers. The Hamiltonian is expressed as

H = −1

2

∑
<i,j>

J(si · sj)−
1

2

∑
<i,j>

dij · (si × sj)−Ku

∑
i

(si · ei)2 −
∑
i

µssi · (Happ +Hdp), (1)

where si and sj are the spin unit vectors of each atoms at sites i and j, respectively. J and dij represent the Heisen
berg exchange interaction and DMI interaction vector, characterizing the symmetric and asymmetric interactions
between two nearest localized spins. Ku, ei, and µs represent the magnetocrystalline anisotropy energy, the easy
axis vector, and the magnetic moment at atom i, respectively. Happ and Hdp are the external and demagnetization
fields, respectively. The magnetic parameters of J , dij , andKu are derived from abinitio calculations. To address
the spatial and temporal evolution of atomic spins under external fields and thermal fluctuations, spin dynamics
simulations are utilized to model the behavior of localized magnetic moments. The timedependent spin direction
is governed by the atomistic Landau–Lifshitz–Gilbert (LLG) equation as

∂si
∂t

= − γ

(1 + λ2)
[si ×Hi

eff + λsi × (si ×Hi
eff)], (2)

where the effective field on each spin denoted as Hi
eff is derived from the spin Hamiltonian as Hi

eff = −∂H/∂si +
Hi

th. The fluctuating thermal field Hi
th is introduced via a Langevin dynamic approach, simulating the interaction

of the system with a heat bath. Simulations are conducted on a 100 × 100 × 1 supercell with inplane periodic
boundary conditions. VAMPIRE is used for Monte Carlo and spin dynamics simulations with 100,000 equili
bration and 100,000 averaging steps [51, 52]. Additionally, the selfinduced demagnetization field due to atomic
spins is taken into account, enabling the accurate simulation of temperaturedependent magnetization behavior.

Magnetocaloric thermodynamics: The figures of merit for evaluating MCE, such as the isothermal magnetic
entropy change (∆SM) and the adiabatic temperature change (∆Tad), can be derived from the first law of thermo
dynamics and Maxwell’s thermodynamic relations [53]. ∆SM is expressed as

∆SM =

∫ H

0

(
∂S

∂H

)
T

dH = µ0

∫ H

0

(
∂M

∂T

)
H

dH, (3)

and ∆Tad is given by

∆Tad = −
∫ H

0

T

ρcp

(
∂S

∂H

)
T

dH = −µ0

∫ H

0

T

ρcp

(
∂M

∂T

)
H

dH, (4)

where S is entropy, M is magnetization, µ0 is vacuum permeability, H is magnetic field, ρ is the density, and cp
is the specific heat capacity.
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Supporting Information is available from the Wiley Online Library or from the author.
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Stability of Janus monolayers
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Figure S1: Formation energy Ef of VSi2Z4 (Z=N/P/As) and VSi2N4 derivatives. Ef of VSi2Z4 is from Ref.4

The formation energy Ef of Janus monolayers is calculated as Ef = (EVSi2N4−xZx −EV−2ESi− (4−x)EN

−xEZ)/7, where EVSi2N4−xZx represents the total energy of VSi2N4−xZx, and EV, ESi, EN, and EZ denote the
ground state energies of single atoms in their respective elemental crystals. As demonstrated in Fig. S1, the
Ef values for monolayer VSi2Z4 (Z=N/P/As) closely align with those reported in previous work.4 All twelve
Janus monolayers with negative Ef are energetically stable. Moreover, the phonon and dynamic stabilities
of Janus monolayers are examined through phonon spectra calculations and ab-initio molecular dynamics
(AIMD) simulations. The results of phonon spectra and AIMD simulations are provided in Figs. S2 and
S3. Among them, phonon frequencies of VSi2N3P-mid, VSi2N2P2-mid, VSi2N2As2-mid, and VSi2NAs3-mid
are almost positive, indicating phonon stability. The evolution of total energy and structure snapshots,
captured at the end of 10 ps AIMD simulations, confirming their thermal stability up to room temperature
(300 K).
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Figure S2: Phonon dispersion spectra of monolayer VSi2N4 derivatives.
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Figure S4: The spin-polarized band structures of monolayer VSi2N4 derivatives. The red (blue) lines
represent spin-up (spin-down) bands.
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Calculation methods of Ku, J and d∥

The ab-initio calculations are conducted using the projector-augmented wave (PAW) method within the
Vienna ab-initio simulation package (VASP).5–8 The exchange-correlation interactions are represented using
the generalized gradient approximation (GGA) with the Perdew–Burke–Ernzerhof (PBE) functional.9 To
prevent artificial interactions, a vacuum layer of 30 Å is introduced along the z-axis. The plane-wave
cutoff energy is set at 500 eV, with convergence criteria of 10−6 eV for energy and 0.001 eV/Å for force. A
Monkhorst–Pack k-grid of 15× 15× 1 is used to sample the Brillouin zone during ionic relaxation, electronic
optimization, and magnetocrystalline anisotropy energy calculations. To accurately account for the strong
correlations of V-3d electrons, the GGA+U method was employed with an effective Hubbard parameter of
U = 2 eV, as previously discussed in the literature.10

To obtain the magnetic exchange constant J , we calculate the collinear spin configurations as shown in
Fig. S5 with a 1 ×

√
3 × 1 supercell and a 16 × 9 × 1 k-point mesh. The total energies for ferromagnetic

and antiferromagnetic spin configurations are given as follow:

EFM = E0 − 6J, (S1)
EAFM = E0 + 2J, (S2)

in which E0 is the energy independent of spin. Then the J can be solved as J = (EAFM − EFM)/8.

Figure S5: Schematic diagram of (a) ferromagnetic and (b) antiferromagnetic spin configurations within
monolayer VSi2N4 derivatives.

We perform the noncollinear non-self-consistent calculations with spin-orbit coupling to calculate the
total energy difference when the spin quantization axis are aligned along different crystallographic axes, the
magnetocrystalline anistropy energy Ku is obtained as follows:

Ku = E[100] − E[001], (S3)

where E[100]/E[001] represents the energy when the magnetization aligns in the in-plane/out-of-plane orien-
tation.

The total Dzyaloshinskii-Moriya interaction (DMI) energy in Janus VA2Z4 monolayers can be written
as

EDM = −
∑
⟨i,j⟩

dij · (Si × Sj), (S4)
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r03=a·[-1/2,√3/2,0]

r01=a·[1,0,0]

r02=a·[1/2,√3/2,0]

r04=a·[-1,0,0]

r05=a·[-1/2,-√3/2,0] r06=a·[1/2,-√3/2,0]

Figure S6: Schematic diagram of six pairs of the nearest neighbor DMI within VSi2N4 derivatives.

in which dij is the DMI vector quantifying the strength and chirality and expressed as dij = d∥ (rij × ez)+
dzez, Si(j) is the unit vector of spin moment at position ri(j). Previous studies have shown that the
non-SOC spin spiral dispersions are degenerate, while the spin spiral dispersions including SOC become
asymmetric.11,12 To obtain the DMI parameters between two adjacent V atoms, we implement the qSO
method based on generalized Bloch theorem and treat SOC within the first-order perturbation theory.11–19

The homogeneous spin spiral Si = [sin(q · ri), 0, cos(q · ri)] is adopted with q being a spin spiral vector in
the x-z plane. It has been proven that only the d

∥
ij components from each pair contribute to E

∥
DM, then the

system energy functional of q is expressed as

E
∥
DM(q) = d

∥
ij

∑
⟨i,j⟩

r1ijsin(q · rij), (S5)

where r1ij represents the 1 direction component of rij. For a hexagonal lattice with the q vector propagating
along the Γ−K direction of the reciprocal space (q = 2π

a
q
[
1
2
,
√
3
2
, 0
]
), the in-plane components of respective

DMI energy can be further expressed by

∆E
∥
DM(q) =

E(q)− E(−q)

2
= d

∥
ij

∑
⟨i,j⟩

r1ijsin(q · rij), (S6)

Accumulating the energy contributions from six exchange pairs of the nearest neighbors in Fig. S6 gives
the relation:

∆E
∥
DM(q) = d∥q · (r01 + r02 + r03 + r04 + r05 + r06) = d∥

3a

2

2π

a
q. (S7)

To investigate d∥ for Janus VA2Z4 monolayer, we calculate a SOC-induced spin spiral rotating in the
x-z plane as shown in the upper panels of Fig. S7.12,16,17 The respective DMI energy ∆EDM[q] for d∥ are
determined by ∆EDM[q] = (E[q]−E[−q])/2, which are shown in the lower panels of Fig S7. In the interval
between q = ±0.1(2π

a
), ∆EDM[q] shows a good linear relationship with q as

∆E
∥
DM(q) ∝ D

2π

a
q, (S8)

in which D is DMI parameter. By fitting D in the lower panels of Fig. S7 and combining Eqs. S7 and S8,
we can get the dy = 2D/3a for the Janus VA2Z4 monolayers.
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Figure S7: Calculated SOC-included spin-spiral energy ∆E(q) rotating in x-z plane (upper panels) and
the respective DMI energy ∆EDM(q) (lower panels) as functions of spiral vector length q along the Γ −
K direction, plotted for (a) VSi2N3P-mid, (b) VSi2N2P2-mid, (c) VSi2N2As2-mid, (d) VSi2NAs3-mid, (e-
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Calculation method of topological charge Q

Figure S8: Honeycomb lattice showing spins Si (i = 1, 2, 3, 4) following a counter-clockwise order on each
triangle grid.

In the continuum case, the non-trivial topological magnetic textures can be characterized by the topo-
logical charge defined as20–22

Q =
1

4π

∫
S ·

(
∂S

∂x
× ∂S

∂y

)
dxdy, (S9)

where S is a normalized magnetization vector. In this case, Q is only well-defined where all the spins are
approximately parallel to neighbors, and the ferromagnetic state can be distinguished from other non-trivial
states. For the convenience of calculations, a lattice model that partitions the spins into nearest neighbor
triangles is adopted, and the charge can be described as20,23–25

Q =
1

4π

∑
Ω

[Ω(S1,S2,S3) + (S1,S3,S4)] . (S10)

Here Ω(S1,S2,S3) denotes the signed area of the spherical triangle with corner S1, S2, S3. 4πQ is the
total signed area of a surface, which is obtained by gluing all elementary spherical triangles with corners
S1, S2, S3 (the blue triangle in Fig. S8) and S1, S3 (the red triangle in Fig. S8), S4, respectively. An
explicit formula to compute the signed area Ω with unit spin vector is

exp

(
i
Ω(S1,S2,S3)

2

)
= ρ−1 [1 + S1 · S2 + S2 · S3 + S3 · S1 + iS1 · (S2 × S3)] , (S11)

where −2π < Ω < 2π and ρ = [2 (1 + S1 · S2) (1 + S2 · S3) (1 + S3 · S1)]
1/2. Converting the above complex

exponential form to its corresponding trigonometric function form, one can obtain

tan

(
Ω(S1,S2,S3)

2

)
=

S1 · (S2 × S3)

1 + S1 · S2 + S2 · S3 + S3 · S1

. (S12)

So that the previous equation can be written as

Q =
1

4π

∑
Ω

[
tan−1

(
S1 · (S2 × S3)

1 + S1 · S2 + S2 · S3 + S3 · S1

)
+ tan−1

(
S1 · (S3 × S4)

1 + S1 · S3 + S3 · S4 + S4 · S1

)]
(S13)

It takes the topological charge of Q = ±1 for skyrmions and antiskyrmions, signifying their whole-
wound nature. The topological charge of merons and antimerons, on the other hand, is Q = ±1/2 due to
their half-wound structures. However, the topological charge integral is Q = ±1 when the center radial
symmetric distribution of the bimeron is taken into account.
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Calculation method of TMTs-mediated MCE
An ab-initio informed spin Hamiltonian model is utilized to investigate the dynamics of magnetic spins in
Janus monolayers. The Hamiltonian is expressed as

H = −1

2

∑
<i,j>

J(si · sj)−
1

2

∑
<i,j>

dij · (si × sj)−Ku

∑
i

(si · ei)2 −
∑
i

µssi · (Happ +Hdp), (S14)

where si and sj are the spin unit vectors of each atoms at sites i and j, respectively. J and dij represent the
Heisenberg exchange interaction and DMI interaction vector, characterizing the symmetric and asymmetric
interactions between two nearest localized spins. Ku, ei, and µs represent the magnetocrystalline anisotropy
energy, the easy axis vector, and the magnetic moment at atom i, respectively. Happ and Hdp are the external
and demagnetization fields, respectively. The magnetic parameters of J , dij, and Ku are derived from ab-
initio calculations. To address the spatial and temporal evolution of atomic spins under external fields and
thermal fluctuations, spin dynamics simulations are utilized to model the behavior of localized magnetic
moments. The time-dependent spin direction is governed by the atomistic Landau–Lifshitz–Gilbert (LLG)
equation as

∂si
∂t

= − γ

(1 + λ2)
[si ×Hi

eff + λsi × (si ×Hi
eff)], (S15)

where the effective field on each spin denoted as Hi
eff is derived from the spin Hamiltonian as Hi

eff =
−∂H/∂si +Hi

th. The fluctuating thermal field Hi
th is introduced via a Langevin dynamic approach, sim-

ulating the interaction of the system with a heat bath. Simulations are conducted on a 100 × 100 ×
1 supercell with in-plane periodic boundary conditions. VAMPIRE is used for Monte Carlo and spin
dynamics simulations with 100,000 equilibration and 100,000 averaging steps.1,2 Additionally, the self-
induced demagnetization field due to atomic spins is taken into account, enabling the accurate simulation
of temperature-dependent magnetization behavior.

The figures of merit for evaluating MCE, such as the isothermal magnetic entropy change (∆SM) and the
adiabatic temperature change (∆Tad), can be derived from the first law of thermodynamics and Maxwell’s
thermodynamic relations.3 ∆SM is expressed as

∆SM =

∫ H

0

(
∂S

∂H

)
T

dH = µ0

∫ H

0

(
∂M

∂T

)
H

dH, (S16)

and ∆Tad is given by

∆Tad = −
∫ H

0

T

ρcp

(
∂S

∂H

)
T

dH = −µ0

∫ H

0

T

ρcp

(
∂M

∂T

)
H

dH, (S17)

where S is entropy, M is magnetization, µ0 is vacuum permeability, H is magnetic field, ρ is the density,
and cp is the specific heat capacity.
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Formation and annihilation of TMTs

(a) (b) (c)

Figure S9: Topological magnetic textures of (a) VSi2N2P2, (b) VSi2N2As2, and (c) VSi2NAs3 after reaching
0 K, and the path changes of the magnetization components along the top-row subfigures.
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Figure S10: Isothermal magnetization curves, with and without consideration of DMI for (a) VSi2N2P2 and
(b) VSi2NAs3, calculated at different temperatures with magnetic fields applied along the positive directions.
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