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The emergence of topological magnetism in two-dimensional (2D) van der Waals (vdW) magnetic
materials and their heterostructures is an essential ingredient for next-generation information
technology devices. Here, we demonstrate the all-electric switching of the topological nature of
individual magnetic objects emerging in 2D vdW heterobilayers. We show from the first principles that
an external electric field modifies the vdW gap between CrTe, and (Rh, Ti)Te, layers and alters the
underlying magnetic interactions. This enables switching between ferromagnetic skyrmions and
meron pairs in the CrTeo/RhTe, heterobilayer while it enhances the stability of frustrated
antiferromagnetic merons in the CrTe,/TiTe, heterobilayer. We envision that the electrical engineering
of distinct topological magnetic solitons in a single device could pave the way for novel energy-
efficient mechanisms to store and transmit information with applications in spintronics.

Two-dimensional van der Waals materials display a range of remarkable
physical properties that can be altered either by incorporating them into
heterostructures or through the application of external forces. The recent
uncovering of extended ferromagnetic ordering"” at the atomic layer level
introduces a new avenue for designing 2D materials and their combined
structures, enhancing their potential for spintronics, valleytronics, and
magnetic tunnel junction switches™ . Often, these 2D materials display
straightforward magnetic orders like ferromagnetic (FM) or anti-
ferromagnetic (AFM). Yet, they can also showcase intricate noncollinear
magnetic patterns and support topological magnetic conditions, such as
ferromagnetic skyrmions'' ™. FM skyrmions are topologically protected
magnetic textures characterized by a unique swirling configuration of
magnetic moments or spins. Their small size, stability against perturbations,
and the ability to be moved with minimal current make them promising
candidates for future data storage and spintronic devices. These chiral
magnetic states typically arise due to the interplay between the Heisenberg
exchange and the relativistic Dzyaloshinskii-Moriya interaction (DMI)'*"®
in noncentrosymmetric materials with significant spin-orbit coupling. In
2D materials, skyrmions form when the overall magnetization is perpen-
dicular to the plane of the magnetic layer. Conversely, merons are created
when the magnetization lies within the plane. Skyrmions possess an integer
topological charge, whereas merons have a half-integer charge. Thus, these
are two types of chiral spin-textures with marked differences in their
properties'*™"*.

In the context of 2D heterostructures, Néel-type FM skyrmions have
been experimentally observed in Fe;GeTe,'"", and their theoretical exis-
tence has been proposed in many systems like MnXTe (X = S and Se)™,
CrInX3 (X = Te, Se)”, bilayer Bi,Se;-EuS™, and CrTe,/(Ni, Zr, Rh)Te,
heterobilayers”. However, FM merons remain undetected in 2D van der
Waals (vdW) heterostructures, with their identification limited to more
conventional thin films and disks™™*'". Notably, merons have been theore-
tically predicted in free-standing monolayers of CrCl;”. Additionally, our
recent theoretical work suggests the potential presence of Néel-type fru-
strated AFM merons in both isolated CrTe, monolayers and CrTe,/(Ti, Nb,
Ta)Te, heterobilayers”. This topological state can be understood by con-
sidering each AFM sublattice separately, and results from diverse pairwise
combinations of ferromagnetic meronic textures (meron-meron, meron-
antimeron, or antimeron-antimeron)”. Consequently, various values for
the overall topological charge Q are possible, determined by the topological
charges (q) in the three distinct AFM sublattices.

While the possibility of manipulating such topological states through
electric fields is recognized, the few experimental studies exploring electric-
field-induced switching of skyrmions and skyrmion bubbles considered
transition-metal multilayers™** and multiferroic heterostructures”. On the
theoretical side, research has focused on the alterations to either the mag-
netic anisotropy (MA) or the DMI'®”, whether influenced directly by the
electric field or indirectly due to the strain that it effects. More recently,
simulations indicated the possibility of stabilizing individual magnetic
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skyrmions in an ultrathin transition-metal film via external electric fields
through the combined effect of the exchange interaction, the DMI, and the
MA that dictates the characteristics of magnetic skyrmions®. A none-
quilibrium approach was also demonstrated, with the DMI being generated
by a femtosecond electric field pulse in an ultrathin metal film*'. However,
no predictions have so far been made on whether skyrmions can be
transformed into other topological magnetic states.

In this study, we use atomistic spin models in combination with first-
principles calculations to uncover the non-trivial impact of the electric field
on noncollinear magnetic structures in CrTe,/(Rh, Ti) Te, heterobilayers.
TiTe, and RhTe, were chosen for their small lattice mismatches with CrTe,
and the unique topological magnetic states they introduce”. From the
experimental point of view, the building-blocks of the heterobilayers, TiTe,,
RhTe, and CrTe, have been experimentally investigated*". For the CrTe,/
RhTe, bilayer sketched in Fig. la, we discover all-electrical switching
between two topologically different magnetic structures, FM skyrmions and
FM meron pairs (Fig. 1b). The perpendicular electric field has a strong
influence on the interlayer spacing between the 2D materials, which
modifies several key magnetic interactions: the Heisenberg exchange
interaction, the DMI and the MA. These electric-field-induced alterations
enable the transition of skyrmions into meron structures and vice-versa. A
very different scenario arises when interfacing CrTe, with TiTe,, sketched in
Fig. 1c, which leads to the emergence of frustrated AFM merons (Fig. 1d)
whose stability and size can be tuned by the applied electric field. Our
findings provide a foundation for further exploration in electrically tunable
magnetic systems, offering innovative avenues for the design and control of
novel spintronic functionalities.

Results

Electric field modulation of the electronic properties in
heterobilayers

We first performed calculations utilizing Quantum Espresso to obtain the
structural and electronic properties and how they respond to an applied
electric field. Figure 2a illustrates the setup used to investigate the effects of
perpendicular electric fields of both polarities on CrTe,/(Rh, Ti)Te,

CrTe,

TiTe,

Fig. 1 | Overview of the magnetic topological states with and without an electric
field in heterobilayers. a CrTe,/RhTe, heterobilayer, with b showing FM skyrmions
and merons and their net topological charges (Q) which arise in this bilayer. ¢ CrTe,/
TiTe, heterobilayer, with d showing Néel AFM merons which are composed from

heterobilayers. As illustrated in Supplementary Fig. 1 there are several ways
of stacking the 2D layers. Here, we focus on the ground state consisting of
the configuration where Cr atoms are vertically aligned with Rh or Ti while
the sequence of Te atoms is identical in both bilayers.The application of an
electric field impacts the energy differences between the different config-
urations without rearranging their stability (see Supplementary Table 1).
However, in both cases, we found that the effect of the applied electric field is
to decrease the interlayer distance, as shown in as shown in Fig. 2b, c. For
instance, when applying a field of +1.0 V/A, the interlayer distance
decreases from 5.72 A to 5.18 A in the CrTe,/RhTe, heterobilayer, and
from 6.41 A to 5.32 A in the CrTe,/TiTe, heterobilayer. The most striking
aspect is the asymmetrical behavior of the interlayer distance when sub-
jected to positive versus negative electric fields. In the given example of
E=+10V/A, this asymmetry manifests as a difference between the
respective interlayer distances of A; =0.04 A in the CrTe,/RhTe, hetero-
bilayer and A, = 0.07 A in the CrTey/TiTe, heterobilayer. We note that such
an asymmetry with respect to the polarity of the applied electric field was
also found for the dielectric properties of a graphene/MoS2 van der Waals
heterostructure®. This suggests that the electric field polarity plays a sig-
nificant role in determining the behavior of these heterobilayers and war-
rants further investigation.

The broad effect of the applied electric field on the heterobilayer can be
explained as follows. The electric field polarizes each layer separately, and as
the induced electric dipoles on each layer are parallel to each other this leads
to an attraction between the two layers and to a reduction of the van der
Waals gap between them. This picture is validated by analysing and
decomposing the charge density obtained from our DFT calculations, which
results shown in Supplementary Fig. 2 for field values of +0.5V/A
and 1.0 V/A. Firstly, we found that the electric field does not transfer
charge between the layers. Secondly, the charge transfer within a layer
follows the direction of the applied electric field, as expected. The charge
accumulating on one of the Te atoms comes both from the other Te atom
and the transition metal atom, which shows that the induced electric
polarization is not symmetric around the center of the layer (defined by the
transition metal atom). We also determined that the charge is transferred to/
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three FM merons and/or antimerons living in different sublattices (a, 8, and y), with
distinct sublattice topological charges (g). For the shown example, the Néel AFM
meron pair has Q = 0, while the sublattice topological charges are all different (g, = 0,
a=14qy=—1).
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Fig. 2 | Impact of the perpendicular electric field on the interlayer distances.

a CrTe,/(Rh, Ti)Te, heterobilayers in a capacitive environment. E} (E; ) are the
screened electric fields due to the positive (negative) applied fields. The interlayer
distances d as a function of the magnitude of the applied electric field for b CrTe,/
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RhTe; and ¢ CrTe,/TiTe, heterobilayers, respectively. A; and A, indicate the dif-
ference in the interlayer distance for applied fields of equal magnitude in opposite
directions for the respective bilayers.
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Fig. 3 | Magnetic interactions as a function of the distance for the heterobilayers.
a-c CrTe,/RhTe,. d—f CrTe,/TiTe,. The symbols denote the Heisenberg exchange
(J), and the in-plane (D,, = /D3 + D;) and out-of-plane (|D,|) components of the

Dzyaloshinskii-Moriya interaction. The distance between Cr atoms for a given pair
is labeled R.

from the p, orbitals of the Te atoms and the d,. orbital of the transition
metals as shown from the local density of state in Supplementary Fig. 3.
Thirdly, we also found that the applied electric field is strongly screened
within the van der Waals gap, which we indicate by E; in Fig. 2. The
associated relative permittivity (e, = E/E,) is in the 6-8 range for CrTe,/
RhTe, and in the 4-5 range for CrTe,/TiTe,, respectively. Lastly, the
magnitudes of the induced polarization of each layer and of the screened
electric field are found to be asymmetric with respect to a change in polarity
of the applied electric field. This arises naturally from the heterogeneous
nature of the bilayer, with each bilayer having a different electric polariz-
ability, so that the voltage does not drop in the same way across each layer
and hence the order in which the layers are arranged with respect to the
polarity of the applied electric field matters. The ensuing differences in the
induced dipoles on each layer lead to a different attraction between the layers
when the polarity is reversed, which explains the previously-found variation

in the interlayer distance. The change in the interlayer distance driven by the
applied electric field shows a strong electroelastic coupling, which also has
strong consequences for the magnetic properties.

Electric field control of magnetism in CrTe,/XTe, heterobilayers
To investigate the impact of the electric field on the magnetic properties, we
performed calculations using JuKKR for the optimized structures obtained
from Quantum Espresso. We computed the magnetic anisotropy energy
and extracted the tensor of magnetic interactions as a function of intera-
tomic distances utilizing the infinitesimal rotation method® (see Methods
section). We found strong changes in the magnetic interactions of the
heterobilayers, evidencing a strong magneto-electric coupling.

We first recap the magnetic interactions without an applied electric
field (data shown with black dots in Fig. 3). The Heisenberg exchange
interactions J for the CrTe,/RhTe, heterobilayer are predominantly FM,
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Fig. 4 | Topological magnetic textures in heterobilayers. a Energy path for the
collapse of isolated FM skyrmions (E = 0) or meron pairs (|E| = 0.5). b Isolated
skyrmion selected to calculate energy barriers and explore its stability. ¢ Isolated
meron pair selected to calculate energy barriers and explore its stability. d Energy

path for the collapse of isolated Néel AFM meron pairs. e, f Isolated Néel AFM
meron selected to calculate energy barriers and explore its stability with and without
electric field. a-c show results for CrTe,/RhTe, and d-f for CrTe,/TiTe,,
respectively.

while they have mixed AFM/FM character for CrTe,/TiTe,. The energetics
of spiraling magnetic states can be readily obtained from their lattice Fourier
transform, and are shown in Supplementary Fig. 4. For CrTe,/RhTe, the
energy minimum is found at T, indicating the expected FM ground state,
while for CrTe,/TiTe, the energy minimum is shifted away from the K
point, signifying a spiraling ground state that locally resembles the triangular
Néel AFM state. The non-magnetic layer breaks the inversion symmetry of
CrTe, and enables the DMI, which is found to be stronger in proximity to
RhTe, than to TiTe,. The final ingredient is the in-plane MAE, K =1.70
meV for CrTey/RhTe, and K=0.95 meV for CrTe,/TiTe,. Performing
atomistic spin dynamics using all the obtained magnetic interactions in zero
magnetic field with the Spirit code, we find the appearance of Néel-type
skyrmionic domains for CrTe,/RhTe, and AFM meron pairs in a spiraling
Néel AFM background for CrTe,/TiTe,. These results were presented in our
prior work”. We now turn to the effect of the applied electric field on the
magnetic interactions, discussing results for |E| = 0.5 V/A for definiteness.
For CrTe,/RhTe,, we see from Fig. 3a that the electric field doubles the
magnitude of the first-neighbor J while it strongly suppresses the third-
neighbor J for negative polarity while having little impact for positive
polarity. The electric-field-induced modifications to the DMI are more
long-ranged, as seen in Fig. 3b, c. The first-neighbor DMI vector is rotated
from in-plane to out-of-plane, the magnitude of the second-neighbor DMI
is suppressed by about 40% without rotation, and the magnitude of some
further-neighbor DMIs is enhanced by the electric field. Lastly, the MAE is
decreased to 1.08 meV for positive polarity and increased to 1.82 meV for
negative polarity, which correspond to changes of — 26% and by + 7% with
respect to zero applied field, respectively. Due to the combination of wea-
kened in-plane components of the DMI together with strengthened FM
Heisenberg exchange, the ground state becomes a more conventional in-
plane FM which supports meron pairs. For CrTe,/TiTe,, Fig. 3d shows that
the electric field strongly weakens both first- (AFM) and second-neighbor
(FM) Heisenberg exchange and suppresses longer-ranged AFM

interactions, while it enhances and tilts out of the Cr plane the first- and
second-neighbor DMI and suppresses the third-neighbor DM], Fig. 3e, f.
Similar to what was found for the RhTe, case, the MAE is reduced to
0.78 meV for positive polarity and enhanced to 1.22 meV for negative
polarity, which are variations by —18% and by +-28% of the zero field values,
respectively. In both cases, we find that the MAE variation the most pro-
nounced asymmetry with respect to changing the polarity of the elec-
tric field.

As a final aspect, we explore whether the applied electric field can be
considered for manipulation of isolated skyrmions and meron pairs in their
respective magnetic backgrounds. To do so, we perform additional spin
dynamics simulations for a series of geodesic nudged elastic band (GNEB)
simulations™, which give access to the characteristic size of these magnetic
textures as well as the energy barrier that prevents their straightforward
unwinding into the respective magnetic background. We first address
CrTe,/RhTe,, with the computed energy barriers reported in Fig. 4a and the
respective magnetic objects are illustrated in Fig. 4 (b-c). Although the
electric field drastically modifies the ground state from a skyrmionic domain
structure to a simpler in-plane FM, hence changing the nature of the
topological defects from skyrmions to meron pairs (or in-plane skyrmions),
the energy needed to create these objects from the ground state (origin of the
reaction coordinate) and the respective energy barriers are quite similar. The
energy barriers show a substantial dependence on the electric field polarity
(+), varying around 8.6 + 0.6 meV, which is a combined effect of the changes
to the MAE and to the other magnetic interactions. The radius of the meron
pairs varies around 2.4 + 0.1 nm with the polarity, and they are smaller than
the zero-field skyrmion which has a radius of about 3.7 nm. We next turn to
CrTe,/TiTe,, which retains its spiraling triangular Néel AFM ground state
when the electric field is applied. Here the topological defects are Néel AFM
meron pairs, with the obtained energy barriers shown in Fig. 4d and the
respective magnetic structures depicted in Fig. 4e, f. The barrier heights are
9.3+ 0.5 meV, which are significantly higher than the zero field value of
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Fig. 5 | Technological devices concepts combining 2D CrTe, with RhTe,. a A representation of a 2D memory device with generation of various bit sequences by an electric
pulse (V). b, ¢ Racetrack memory device that enables the movement of a magnetic bit (eg. meron) along the track.

8.1 meV. This is accompanied by a field-induced miniaturization of the
constituent merons, with their sizes shrinking to 1.9 + 0.1 nm in comparison
to the zero-field value of 2.7 nm. We attribute this shrinking to the com-
bination of weakened Heisenberg exchange and enhanced DMI by the
electric field, which enables larger angles between neighboring spin
moments and so a full rotation over a smaller distance.

Discussion

Our computational study on the electric field control of electronic and
magnetic properties in CrTe,/RhTe, and CrTe,/TiTe, heterobilayers pro-
vides several insights into the intertwined nature of electronic, structural, and
magnetic responses. These heterostructures are bonded by weak van der
Waals interactions, against which the electric field can compete, leading to a
strong dependence of the interlayer distances on the magnitude and polarity
of the field. This modulation of the interlayer distance impacts the electronic
properties, specifically the charge distribution, leading to pronounced var-
iations in local densities of states and the emergence of a screened electric
field in the van der Waals gap. It then follows that the magnetic properties are
also strongly modified, evidencing a robust magneto-electric coupling. The
Heisenberg exchange interactions, DMI values, and the magnetic ground
states respond to the electric field in very distinct ways for the two hetero-
bilayer systems, highlighting the uniqueness of each system’s response. The
most striking findings are the electric-field-driven transformation of the FM
skyrmion into a FM meronic state for the CrTe,/RhTe, heterobilayer, while
CrTey/TiTe, retains its spiraling Néel AFM state but with the respective
AFM merons being significantly miniaturized by the electric field.

We note that the identification of the unveiled FM and AFM topolo-
gical spin-textures can be achieved by transport measurements, for example,
via all-electrical means using spin-mixing magnetoresistance’ ™, with its
different possible modes™ or via various Hall effects™ . Other experimental
schemes can be utilized such as those based on scattering approaches with
electrons®*', X-rays* and all-optical relaxometry magnetic miscroscopy®’.

Figure 5 shows some potential applications and implications of our
findings. Firstly and as illustrated in Fig. 5a, we anticipate a 2D memory
device using the CrTe,/RhTe, heterobilayer, where merons and skyrmions
in CrTe, define respectively the two magnetic bits ‘1’ and ‘0’. The bits are
written owing to an underlying grid of gates which set the voltage pattern
and induce locally a voltage that nucleates the skyrmions or merons. We
note that the size of the device is not limited to 5 x 4 bits, as shown in Fig. 5a,
but can be larger. In Fig. 5b, ¢ we introduce a compact racetrack memory
device. In contrast to the conventional one based solely on skyrmions, bits
are represented by having skyrmions (‘1’) and no-skyrmions (‘0°). In such a
case, it is non-trivial to control the size of the no-skyrmion region, which
affects the whole concept of encoding information in a binary fashion. In our
proposal, space is filled up with skyrmions and merons. Thus, the scheme

does not hinge on controlling the size of the “empty” regions. Both topo-
logical objects (bits) can be moved along the track without relying on an in-
plane current but by switching the voltage pattern appropriately as done in
Fig. 5¢, which enables for example to switch the positions of a meron and a
skyrmion.

Overall, combining the functionalities of both FM skyrmions and AFM
merons in one device could pave the way for multifunctional spintronic
devices based on van der Waals heterobilayers, where data storage, trans-
mission, logic operations, and signal processing could be integrated in a
compact and efficient manner.

Methods

First-principles calculations

Atomic position relaxations with an electric field of CrTe,/(Rh, Ti)Te,
heterobilayer were assessed using density functional theory (DFT) as
implemented in the Quantum Espresso (QE) computational package®* with
projector augmented plane wave (PAW) pseudopotentials”. In our calcu-
lations, the generalized gradient approximation (GGA) of Perdew-Burke-
Ernzerhof (PBE)® was used as the exchange and correlation functional. The
plane-wave energy cut-off is 80 Ry, and the convergence criterion for the
total energy is set to 0.01 uRy. The self-consistent calculations were per-
formed with a k-mesh of 24 x 24 x 1 points and the Brillouin zone sum-
mations used a Gaussian smearing of 0.01 Ry. We included a vacuum region
of 30 A in the direction normal to the plane of the heterobilayer to minimize
the interaction between the periodic images. The atomic positions were
optimized by ensuring that the residual forces on the relaxed atomic posi-
tions were <1 mRy a,~!. To study the influence of an electric field on the
CrTe, / (Rh,Ti)Te, heterobilayer, a homogeneous external electric field with
values changing from 0.1 V/A to 1.0 V/A was applied perpendicular to the
plane of the heterobilayer.

Once the geometries of the various collinear magnetic states were
established, we explored in detail magnetic properties and interactions with
the all-electron full-potential relativistic Korringa-Kohn-Rostoker Green
function (KKR-GF) method as implemented in the JuKKR computational
package”**. The angular momentum expansion of the Green function was
truncated at £, = 3 with a k-mesh of 48 x48 x 1 points. The energy
integrations were performed including a Fermi-Dirac smearing of 502.78 K,
and the local spin-density approximation was employed®.

Magnetic interactions and atomistic spin dynamics

The magnetic interactions obtained from the first-principles calculations on
the basis of the inifinitesimal rotation method” are used to parameterize the
following classical extended Heisenberg Hamiltonian with unit spins,
[S] = 1, which includes the Heisenberg exchange coupling (J), the DMI (D),
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the magnetic anisotropy energy (K), and the Zeeman term (B), with a finer
k-mesh of 200 x 200 x 1:

E:—ZB-S,--I—ZKI-(S;Z)Z—ZIﬁSi~Sj—ZD,-j-(S,-XSj).
i i ) L

¢y
Here i and j label different magnetic sites within a unit cell. The Fourier
transform of the magnetic interactions was also evaluated:

J(q) = Zjloje_iq‘R"f, where Ry; is a vector connecting atoms 0 and j.

Furthermore, atomistic spin dynamic simulations using the Landau-
Lifshitz-Gilbert (LLG) equation as implemented in the Spirit code’ are
performed in order to explore potential complex magnetic states while the
geodesic nudged elastic band (GNEB) is utilized for investigating if these
magnetic states are metastable’®’"””. We used the simulated annealing
method: we started from a random spin state at 1000 K which we let
equilibrate, then cool the system in steps by reducing the temperature to half
of its previous value and equilibrating again, until we reach below 10 K. The
value of the Gilbert damping rate in our simulation was set to 0.1. We
considered the 2D hexagonal lattice defined by the Cr atoms, with a cell size
of 100 x 100 with periodic boundary conditions.

Data availability

The data that support the findings of this study are available from the
corresponding author upon reasonable request. The codes employed for the
simulations described within this work are open-source and can be obtained
from the respective websites and/or repositories. Quantum Espresso can be
found at (https://www.quantum-espresso.org), and the Jiilich-developed
codes JuKKR and Spirit can be found at (https://github.com/JuDFTteam/
JuKKR) and (https://spirit-code.github.io), respectively.
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