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Magnetic skyrmions in two-dimensional van der Waals materials provide an ideal platform to push 

skyrmion technology to the ultimate atomically thin limit. In this work, we theoretically 

demonstrate the Dzyaloshinskii–Moriya interaction and the formation of a Néel-type skyrmion 

lattice at the CrTe2/WTe2 bilayer van der Waals heterostructure. Our calculations suggest a field-

controlled Néel-type skyrmion lattice – ferromagnet transition cycle. In addition, a spin-torque 

induced by spin-polarized current injection was simulated in order to study the motion of a 

skyrmion on a racetrack, where an increase of the skyrmion Hall angle is observed at high 

temperatures. Consequently, this study suggests that generation and annihilation of skyrmions can 

be achieved with temperature or field control and also manipulate the velocity and the direction of 
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the Néel-type skyrmions, through ultra-low current densities and temperature, thus, shedding light 

to the general picture of magnetic skyrmion control and design on two-dimensional van der Waals 

heterostructures. 

Magnetic skyrmions are swirling spin textures in magnetic materials [Fig. 1(a)].1 In most 

systems, the creation and stabilization of skyrmions is determined by the Dzyaloshinskii-Moriya 

interaction (DMI).2 There are five different types of magnetic skyrmions arise in these systems 

which correspond to their symmetries.3-5 Magnetic field-driven evolution of isolated magnetic 

skyrmions and their lattices has been investigated theoretically.3-5 These findings describe that at 

high fields, the magnetic skyrmion lattices correspond to the global minimum of the system and 

their formation is typically observed through a first-order magnetic field-induced phase transition 

from the helical phase. In addition, skyrmion lattice transforms into an ensemble of isolated 

skyrmions which exist in the saturated state via a second-order phase transition, and offer two 

cases of evolution with decreasing the applied magnetic field. Either they condense into skyrmion 

lattices below a critical applied field, or they remain as localized states in the metastable saturated 

phase and convert into helical states. Magnetic skyrmions might offer a unique opportunity to 

bring topology into electronic devices for information storage and communications technology. 

The most promising applications are: (i) Skyrmion racetrack memory,6-8 where the solitonic 

character of skyrmions is exploited and the information can be coded by a sequence of individual 

skyrmions in a magnetic track. (ii) Skyrmionic logic devices,9,10 which rely on the fact that a 

skyrmion can be regarded as an independent particle, has given rise to the proposal of several 

skyrmion-based logic devices. (iii) Skyrmion radio-frequency devices,11-14 where it has been 

proposed that the skyrmion breathing mode induced by spin-torques can be used to generate a 

radio-frequency signal. 
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Magnetic skyrmions were initially identified in single crystals magnetic compounds with a no 

inversion symmetry15,16 and justified the existence of DMI induced by spin–orbit coupling (SOC). 

Skyrmions were then observed in inversion-symmetric ultrathin magnetic films epitaxially grown 

on heavy metals (HMs), formed due to large DMIs induced by the breaking of inversion symmetry 

at the interface and to the strong SOC of the neighboring HM.17-19 

Since the occurrence of skyrmions depends on the strength of the DMI, a practical way to 

generate DMI is to construct heterostructures with spin ordering and strong SOC. Inversion 

symmetry is always broken at the interface of two dissimilar materials in a heterostructure, which 

is essential for generating DMI.20-22 Two-dimensional (2D) van der Waals (vdW) magnets are a 

new and largely unexplored class of magnets that hold many advantages compared to common 

magnetic materials, since the study of magnetic skyrmions is pushed towards the 2D limit and due 

to their ease of creating heterostructures.22-30 Néel-type skyrmions have been observed in 

mechanically exfoliated heterostructures of Fe3GeTe2 with WTe2 topological material.20 In 

addition, CrxTey 2D vdW ferromagnetic related compounds have intensively been studied by 

creating heterostructures with topological insulators.31-33 Topological Hall effect, have been 

observed in Cr2Te3/Bi-bilayer, Cr2Te3/Bi2Te3 and CrTe2/Bi2Te3 vdW heterostructures,31-33 which 

is considered as evidence for magnetic skyrmions at the interfaces, yet there is no direct 

observation of them up to date. These findings were assisted by atomic-scale spin simulations, 

which however lack support from first-principles calculations. 

In this work, by using first-principles calculations and atomic-scale spin simulations, we show 

that, that primarily CrTe2/WTe2 and to a lesser extend CrTe2/MoTe2 bilayer vdW heterostructure, 

create an interfacial DMI strong enough to stabilize magnetic skyrmion lattice. Our simulations 

also suggest a magnetic field-controlled Néel-type skyrmion lattice – ferromagnet transition cycle. 
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In addition, our results indicate that the skyrmion lattice is robust against thermal fluctuations at 

temperatures close to the Curie temperature. Moreover, a spin-torque induced by ultra-low spin-

polarized current densities was simulated in order to study the motion of a skyrmion on a racetrack, 

where larger skyrmion Hall angle is observed at 80 K compared to 0 K, an effect which can be 

experimentally observed at liquid nitrogen temperatures. Therefore, our study shows that we can 

generate and annihilate skyrmions in a controlled way via temperature or magnetic field and 

control the velocity and the direction of the Néel-type skyrmions, through ultra-low spin-current 

densities and temperature. 

Side and top views of the CrTe2/WTe2 2D van der Waals heterostructure is shown in Figs. 1(b)-

(d), obtained from first-principles calculations. CrTe2 ferromagnet belongs to the 2D layered 1T 

octahedral family of transition metal dichalcogenides (TMDs) with space group P3̅m1 (No. 164) 

where one Cr sublayer is sandwiched between two Te sublayers. The magnetic moment m is 3.0 

μB/Cr.31-33 On the other hand, bulk WTe2 adopts an orthorhombic Pmn21 Td structure. In the limit 

of a single layer has been predicted and experimentally verified to be 2D topological insulator (or 

quantum spin Hall insulator) and possesses one of the largest SOC amongst other TMDs,34,35 while 

the bulk WTe2 material becomes a topological type-II Weyl semimetal as first predicted36 and later 

verified.37 The lattice mismatch value (<1%) between CrTe2 and WTe2 is actually rather small 

compared to other heterostructures which report values around 3-4%,29,30 thus we can safely 

neglect the influence of interfacial strain. Therefore, we placed WTe2 directly on-top of CrTe2 in 

a supercell with lattice constants a = 3.797 Å and b = 6.576 Å as indicated in Fig. 1(b). 
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FIG. 1. (a) Schematic illustration of a skyrmion. (b)-(d) Side and top views of CrTe2/WTe2 vdW 

heterostructure.  

Fe3GeTe2/WTe2 heterostructures have shown skyrmion formation due to large DMI.22 In addition, 

WTe2 has theoretically predicted and experimentally demonstrated to possess large charge to spin 

conversion efficiency with spin Ηall angle θSH = 0.17 – 1.0,38-41 making it a promising candidate 

for current-driven skyrmion manipulation with low-energy consumption.1 On the other hand, few 

studies on the metastable topological Td phase of the related compound MoTe2,
42 report values of 

spin Ηall angle smaller compared to WTe2,
38,43 making it less studied and tested for spintronic 

applications.22,30,39-41 

 In a free standing CrTe2 the DMI is absent due to the presence of inversion symmetry, however, 

at the interface of an heterostructure the inversion symmetry is broken (see Fig. S1 of 

supplementary material) and an interfacial DMI arises, making the formation of skyrmions 

possible. More details regarding the stacking of the heterostructure and broken inversion symmetry 

at the CrTe2/WTe2 heterostructure can be found in supplementary material.  
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In order to verify whether the skyrmion formation is possible in the CrTe2/WTe2 heterostructure, 

atomistic spin simulations have been performed using the Spirit package.44 To account for the 

magnetic interactions of Cr atoms, the following atomically resolved Hamiltonian is considered: 

𝐻 = −∑𝑚𝑖𝐵 ∙ 𝑛𝑖
𝑖

−∑∑𝐾𝑖(�̂�𝑗 ∙ 𝑛𝑖)
2

𝑗𝑖

−∑𝐽𝑖𝑗𝑛𝑖 ∙ 𝑛𝑗
〈𝑖𝑗〉

−∑𝐷𝑖𝑗 ∙ (𝑛𝑖 × 𝑛𝑗)
〈𝑖𝑗〉

 (1) 

here at each lattice site i the spin direction is denoted by 𝑛𝑖, such that the magnetic moment is 

𝑚𝑖 = 𝜇𝑖𝑛𝑖, B is the applied magnetic field, K the perpendicular anisotropy constant, J the exchange 

coupling constant and D the DMI. The spin dynamics are described by the LLG equation:45,46 

𝜕𝑛𝑖
𝜕𝑡

= −
𝛾

(1 + 𝑎2)𝜇𝑖
𝑛𝑖 × 𝐵𝑖

𝑒𝑓𝑓
−

𝛾𝑎

(1 + 𝑎2)𝜇𝑖
𝑛𝑖 × (𝑛𝑖 × 𝐵𝑖

𝑒𝑓𝑓
)

−
𝛾𝑎

(1 + 𝑎2)𝜇𝛣
𝑢𝑛𝑖 × (𝑗�̂� ∙ 𝛻𝑟)𝑛𝑖 +

𝛾

(1 + 𝑎2)𝜇𝛣
𝑢𝑛𝑖 × [𝑛𝑖 × (𝑗�̂� ∙ 𝛻𝑟)𝑛𝑖] 

(2) 

where γ is the electron gyrometric ratio, α = 0.05 is the damping parameter, the effective field 

𝐵𝑖
𝑒𝑓𝑓

= −𝜕𝐻 𝜕𝑛𝑖⁄  and u is spin-torque defined as: 

𝑢 = 𝑗𝑒𝑃ħ𝜇𝛣/(2𝑒𝑀𝑠) (3) 

with je the spin-polarized current density, P is the current polarization, ħ is Planck’s reduced 

constant, e the electron charge and Ms the magnetization saturation. The effective field containing 

a stochastic thermal field 𝐵𝑖
𝑒𝑓𝑓

→ 𝐵𝑖
𝑒𝑓𝑓

+ 𝐵𝑖
𝑡ℎ is given by: 

𝐵𝑖
𝑡ℎ(𝑡) = √2𝐷𝑖𝜂𝑖(𝑡) = √2𝑎𝑘𝐵𝑇

𝜇𝑖
𝛾
𝜂𝑖(𝑡) (4) 

where ηi is white noise.44 

The Hamiltonian parameters K, J and D are obtained from density functional theory (DFT) 

calculations. The first-principles calculations were performed using the Vienna Ab Initio 

Simulation Package (VASP).47,48 The generalized-gradient approximation with Perdew-Burke-
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Ernzerhof parametrization was used as the exchange correlation functional.49 The kinetic energy 

cutoff was set at 500 eV, employing a Gamma-centered 18 × 10 × 1 k-point mesh. A Hubbard 

parameter Ueff = 3 eV has been applied on Cr d orbitals, using the Dudarev approach50 in order to 

obtain a magnetic moment of 3.0 μB/Cr.31-33 The atomic positions and lattice parameters were fully 

optimized by conjugate gradient, until the energy and force converge to 10−8 eV and 10−3 eV Å−1, 

respectively. The vdW corrections were included by applying DFT-D3 Grimme’s method51 and a 

vacuum of 20 Å was used, in order to avoid interaction between the periodically repeated slabs. 

Spin-orbit coupling was used in all calculations. 

The magnetic anisotropy K is defined as K = E100 – E001, where E100 and E001 are the total energies 

with magnetization directions parallel and perpendicular to the plane of CrTe2 film, respectively. 

The magnetic exchange J is proportional to the energy difference between antiferromagnetic 

(AFM) and ferromagnetic (FM) spin configurations i.e., J = (EAFM – EFM)/12.28,30,52 The DMI 

strength D is determined by mapping the total energies of artificially imposed spin configurations 

to the Hamiltonian 𝐻 = ∑ 𝐷𝑖𝑗 ∙ (𝑛𝑖 × 𝑛𝑗)〈𝑖𝑗〉 .28,30,53,54  The in-plane component 𝐷12
𝑥  between the 

spin site 1 and spin site 2 (n1 and n2), perpendicular to Cr-Cr bonds, can be calculated by setting 

the following four spin configurations: (i) n1 = (0,n,0), n2 = (0,0,n), (ii) n1 = (0,n,0), n2 = (0,0,−n), 

(iii) n1 = (0,−n,0), n2 = (0,0,n), (iv) n1 = (0,−n, 0), n2 = (0,0,−n). The energies of the four spin 

configurations are denoted as E1, E2, E3, and E4, where the 𝐷12
𝑥  can be calculated by 𝐷12

𝑥 = (𝐸1 +

𝐸4 − 𝐸2 − 𝐸3)/4. Therefore, the values of the Hamiltonian parameters obtained from first-

principles calculations are summarized as K = 19 μeV, J = 11.53 meV and D = 0.64 meV. The 

positive values of K, J and D indicate out-of-plane magnetic anisotropy, ferromagnetic coupling 

and anticlockwise magnetization rotation from site 1 to site 2, respectively. The DMI value that is 
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obtained from the first-principles calculations is comparable to the values reported in the literature 

for other 2D vdW materials which range from 0.2 up to 2 meV.23-30 

External stimuli play critical role to the spin texture and properties of a magnet. Few interesting 

transitions, including skyrmion-(bi)meron or skyrmion-antiskyrmion controlled by temperature or 

applied magnetic field, have extensively been studied.28,30,55,56 A systematic investigation of the 

effect of applied magnetic field and temperature on the spin texture of Cr atoms of CrTe2/WTe2 

2D vdW heterostructure is performed, where we propose a field-controlled skyrmion lattice – 

ferromagnet transition cycle [Fig. 2]. 

 

FIG. 2. A complete transition cycle of spin texture from -0.8 T to 0.8 T. 

A complete cycle with an external applied field along z axis from -0.8 to 0.8 T on a 300×300 

supercell is imaged in Fig. 2. Under a perpendicular applied field of -0.8 T, a Néel-type skyrmion 

lattice state becomes the ground state of the system. While the applied magnetic field approaches 

to positive values, the skyrmion diameter increases, until the field reaches 0.6 T, were the nearest 

neighboring skyrmions merge and the configuration converts to a ferromagnetic state. By setting 

and keeping the field at 0.8 T, we raised the temperature up to 300 K and then cool it down in 

order to excite skyrmions from the ferromagnetic state, where again a reversed, with respect to the 
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initial, Néel-type skyrmion lattice is formed which further turns to a ferromagnetic state at -0.6 T. 

Heating succeeded by rapid cooling is a process, that has extensively been used experimentally, 

but also theoretically, in order to obtain skyrmions.30,57-59 

Isolated skyrmions can exist at zero applied magnetic field1,3 if the DMI becomes smaller than 

a critical value 𝐷𝑐 = 2√2𝐽𝐾/𝜋,3,60,61 while for DMI higher than Dc, isolated skyrmions should 

arise at applied magnetic fields higher than the transition field between skyrmion lattice and 

ferromagnetic phase.4 However, in our case, where the interfacial DMI (0.64 meV) of the 

CrTe2/WTe2 vdW bilayer is larger than the critical value Dc = 0.42 meV, no isolated skyrmions 

were observed within the saturated phase as expected.  

 

FIG. 3. Skyrmion phase diagram as a function of temperature and magnetic field. 

In Fig. 3 is summarized a phase diagram of spin texture as a function of out-of-plane applied 

magnetic field B and temperature. The well-rounded skyrmions at 0 K become significantly 

deformed as the temperature is increased, due to thermal noise. While the applied magnetic field 

approaches to positive values, skyrmions show robustness against the thermal fluctuations due to 

the increase of the skyrmion diameter. The skyrmion lattice configuration dissolves and CrTe2 



 10 

becomes paramagnetic for the whole magnetic field range when it approaches the Curie 

temperature Tc = 163 K. Therefore, from Figs. 2 and 3 it is concluded that both applied field and 

temperature can act as a write and delete mechanisms of skyrmions on the CrTe2/WTe2 2D vdW 

heterostructure.  

Although the work has focused on the better performing CrTe2/WTe2 bilayer, the above DFT 

calculations and atomic scale spin simulations were also performed for the CrTe2/MoTe2 2D vdW 

heterostructure. A smaller DMI value of 0.48 meV was obtained, leading to a Néel-type skyrmion 

lattice, which is less robust to both applied magnetic field and temperature. The results are 

summarized in Figs. S2 and S3 of supplementary material.  

Magnetic skyrmions can be moved by low current densities.30,62-68 The flexible deformation of 

skyrmions’ shape due to the topological protection allows skyrmions during the current-driven 

motions to avoid impurities. We placed a Néel-type skyrmion under an out-of-plane applied 

magnetic field of 0.2 T on a CrTe2/WTe2 racetrack to study the spin-polarized current-induced 

motion of skyrmions. The spin-torque induced by spin current injection was simulated by using 

the Eq. (3). The skyrmion motion driven by the spin-torque can be described by a modified Thiele 

equation:1,30,62,65 

𝐺 × 𝑣 − 𝑎𝓓 ∙ 𝑣 + 4𝜋𝓑 ∙ 𝑗𝑒 = 0 (5) 

Here G = (0, 0, −4πQ) is the gyromagnetic coupling vector, with the topological charge 𝑄 =

1/4𝜋 ∫𝑚 ∙ (∂𝑥𝑛 × ∂𝑦𝑛)𝑑𝑥𝑑𝑦, 𝑣 = (𝑣𝑥, 𝑣𝑦) is the skyrmion drift velocity along the x and y axes, 

respectively, 𝓓 is the dissipative force tensor, which depends on the domain wall width of the 

skyrmion, and 𝓑 is the tensor related to the spin-torque driving force. The first term is a Magnus 

force equivalent to the Lorentz force for charge carriers, giving rise to a Hall-like behavior of 

skyrmions, namely the skyrmion Hall effect. The second term is the dissipative force that is 
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associated to the intrinsic magnetic damping of a moving skyrmion, and the third term is the 

driving force from the spin-torque.  

 

FIG. 4. (a) Screenshots of Néel-type skyrmion motion at 0 and 80 K, under the same spin-polarized 

current density je = 4×1010 A/m2. (b) and (c) vx and vy as a function of je, respectively. 

Figure 4(a) shows screenshots of the current-driven motion of a Néel-type skyrmion at 0 and 80 

K, under the same spin current density je = 4×1010 A/m2 polarized along x direction. The velocities 

are vx = 2.88 m/s, vy = 0.15 m/s at 0 K and vx = 2.22 m/s, vy = 0.42 m/s at 80 K. The skyrmion 

velocity as a function of spin current density je is illustrated at Figs. 4 (b) and (c). The vx is reduced 

at 80 K, however, the vy component of the Néel-type skyrmion velocity is increased, an effect 

which can be observed at liquid nitrogen temperature. This in agreement with a previous study, 
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stating that the skyrmion Hall angle increases with temperature, due to the side jump motion that 

the skyrmions experience by the Magnus force that pushes them away from equilibrium, while 

they continuously moving over thermal fluctuations, producing a finite value of skyrmion hall 

angle, with a magnitude that increases with larger driving forces and temperatures.68 We also found 

that the critical current density to move a skyrmion is  ~0.9 ×1010 A/m2. The applied spin-polarized 

current densities to generate skyrmion motion in the CrTe2/WTe2 2D vdW heterostructure are up 

to two orders of magnitude smaller from those required to drive skyrmionic bubbles in synthetic 

multilayer films,1 thus making it a promising system for current-driven skyrmion manipulation 

with low-energy consumption.  

In summary, by using DFT calculations in the CrTe2/WTe2 bilayer vdW heterostructure we 

obtained the perpendicular anisotropy constant, the exchange coupling constant and the DMI and 

introduce them to atomic-scale spin simulations. We found that, the interfacial DMI of the 

heterostructure is strong enough to stabilize magnetic skyrmions. In addition, we engineered a 

field-controlled Néel-type skyrmion lattice – ferromagnet transition cycle, where the skyrmion 

lattice is robust against thermal fluctuations close to Tc. We placed a Néel-type skyrmion on a 

racetrack to study the spin-polarized current-induced motion of skyrmions. The skyrmion velocity 

as a function of spin-polarized current density je indicates larger skyrmion Hall angle at 80 K 

compared to 0 K, an effect which can be observed at liquid nitrogen temperature. Our study shows 

that generation and annihilation of skyrmions in the CrTe2/WTe2 bilayer vdW heterostructure, can 

be achieved by controlling the applied field or the temperature and that the velocity and the 

direction of the skyrmions can be manipulated by ultra-low spin-polarized currents and 

temperature control. 

SUPPLEMENTARY MATERIAL  
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See Supplementary Material for more details on stacking of the CrTe2/WTe2 heterostructure and 

Cr-Te bonds, and on atomic scale spin simulations on CrTe2/MoTe2 heterostructure. 
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