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Abstract
Magnetic skyrmions – localized chiral spin struc-
tures – show great promise for spintronic appli-
cations. The recent discovery of two-dimensional
(2D) magnets opened new opportunities for topo-
logical spin structures in atomically thin van der
Waals (vdW) materials. Despite recent progress
in stabilizing metastable skyrmions in 2D mag-
nets, their lifetime, essential for applications,
has not been explored yet. Here, using first-
principles calculations and atomistic spin simu-
lations, we predict that compressive strain leads
to stabilizing zero-field skyrmions with diam-
eters close to 10 nm in a Fe3GeTe2/germanene
vdW heterostructure. The origin of these unique
skyrmions is attributed to the high tunability of
Dzyaloshinskii-Moriya interaction and magne-
tocrystalline anisotropy energy by strain, which
generally holds for Fe3GeTe2 heterostructures
with buckled substrates. Furthermore, we cal-
culate the energy barriers protecting skyrmions
against annihilation and their lifetimes using
transition-state theory. We show that nanoscale
skyrmions in strained Fe3GeTe2/germanene can
be stable for hours at temperatures up to 20 K.
Keywords: Spintronics, Magnetic Skyrmions,
Strain, Dzyaloshinskii-Moriya interaction, van der
Waals Heterostructures

Magnetic skyrmions1,2 have attracted tremen-

dous attention due to their intriguing topo-
logical properties and promising applications
for next-generation spintronics devices.3–8 The
Dzyaloshinskii-Moriya interaction (DMI), which
prefers a canting of the spins of adjacent mag-
netic atoms, is often recognized as the key in-
gredient in forming such localized noncollinear
magnetic structures. The DMI originates from
spin-orbit coupling (SOC) and relies on broken
inversion symmetry. During the last decade, in or-
der to obtain large interfacial DMI, first observed
in ultrathin transition-metal films,9–11 a compre-
hensive effort has been devoted to develop ferro-
magnetic/heavy metal (FM/HM) multilayers with
strong SOC.12–15

In 2017, the discovery of truly two-dimensional
(2D) magnetic materials16–18 opened up new op-
portunities for exploring novel magnetic phenom-
ena in reduced dimensions. In particular, two in-
dependent experimental groups reported the first
observation of skyrmions in the van der Waals
(vdW) magnets Cr2Ge2Te6 19 and Fe3GeTe2.20 Af-
ter that, several experimental groups observed sta-
ble skyrmion lattices in 2D magnets vdW het-
erostructures such as FGT/WTe2,21 FGT/Co/Pd
multilayer,22 and FGT/Cr2Ge2Te6.23 These ex-
citing measurements have broadened magnetic
skyrmion interface platforms from conventional
transition-metal films and multilayers to vdW ma-
terials consisting of weakly bonded 2D layers.
Stabilizing skyrmions in 2D magnets has several
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potential advantages. These include avoiding pin-
ning by defects due to high-quality vdW inter-
faces, the possibility of forming skyrmions with
a minimum thickness (i.e., a single layer limit),
and easy control of magnetism via external stim-
uli such as strain, electric field, light, or magnetic
field. Up to now, the reported skyrmion size in
2D vdW heterostructures is above 100 nm19–21 at
least one order of magnitude larger than the de-
sired diameter (<10 nm) required for memory ap-
plications.3

From the theoretical point of view, during
the last three years, atomistic spin models
parametrized from first-principles calculations
based on density functional theory (DFT) have
been extensively used to explore the DMI in 2D
magnets. Several strategies have been proposed
to achieve DMI in these materials by breaking
inversion symmetry. Particularly, the family of
Janus vdW magnets, which lacks inversion asym-
metry with different atoms occupying top and bot-
tom layers, has been predicted to possess large
enough DMI to generate skyrmions.24–31 Addi-
tionally, it has been shown that when an electric
field is applied perpendicular to the CrI3 mono-
layer, the DMI emerges due to the breaking of
inversion symmetry.32 Another focus was design-
ing full vdW heterostructures consisting of mag-
netic and non-magnetic vdW layers, tuning the
DMI through the proximity effect.33,34 Moreover,
metal FM/2D materials interfaces are predicted to
possess significant DMI with strong magnetocrys-
talline anisotropy energy (MAE).35,36 The Néel-
type magnetic skyrmions observed in Fe3GeTe2
crystals were attributed to the DMI due to the ox-
idized interfaces.37 Ferroelectrically controllable
skyrmions38,39 have also been recently proposed.
However, previous studies were only focused on
the formation of isolated skyrmions and a quantifi-
cation of individual skyrmion stability and lifetime
in 2D magnets, crucial for all device applications,
is so far missing in the literature.

In this Letter, using first-principles calculations
and atomistic spin simulations, we demonstrate
that a mechanical strain can significantly enhance
skyrmion stability and lifetime in 2D vdW het-
erostructures, leading to zero-field near-10 nm
skyrmions. We focus on Fe3GeTe2 (FGT) vdW
heterostructures of current experimental interest

with a high Curie temperature of about 230 K,
which can be increased up to room temperature
by patterning40 and electron doping.18 The ori-
gin of these nanoscale skyrmions at zero magnetic
fields is attributed to the highly tunable DMI and
MAE by strain. We show that the DMI is signifi-
cantly enhanced by more than 400% when apply-
ing a small compressive strain while the MAE is
dramatically reduced to 25% of its original value.
The strained FGT heterostructure also displays a
considerable exchange frustration which can in-
crease skyrmion stability.41 We show that the ef-
ficient strain-driven DMI and MAE control is gen-
eral for FGT heterostructures with buckled sub-
strates. Finally, we calculate energy barriers be-
tween the metastable skyrmion and the ferromag-
netic ground state and quantify the stability of
skyrmions by calculating their lifetimes as a func-
tion of magnetic field and temperature. Our work
demonstrates the possibility to stabilize skyrmions
with diameters on the order of 10 nm down to zero
magnetic fields in 2D vdW heterostructures.

We performed density functional theory (DFT)
calculations using two codes: The FLEUR code42

based on the full-potential linearized augmented
plane wave (FLAPW) formalism and the QUAN-
TUMATK package43 which uses a linear com-
bination of atomic orbitals (LCAO). The former
ranks among the most accurate implementations
of DFT, while the latter is computationally much
less demanding. For the DMI calculation we used
the generalized Bloch theorem (gBT)44–46 and the
supercell approach,47 which are denoted in the
following as FLAPW-gBT and LCAO-supercell.
Computational details are given in Supporting In-
formation (SI) Section I.

The total energies for different collinear and
non-collinear spin structures obtained via DFT
are used to parameterize the extended Heisenberg
model which is given by:

H = −
∑
ij

Jij(mi ·mj)−
∑
ij

Dij · (mi×mj)

−
∑
i

Ki(m
z
i )

2 −
∑
i

M(mi ·Bext)

(1)

where mi and mj are normalized magnetic mo-
ments at position Ri and Ri respectively. M de-
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Figure 1: (a) Top view of the atomic lattice of the
Fe3GeTe2 monolayer. The dashed lines denote the
2D unit cell. (b) Side view of the Fe3GeTe2 mono-
layer on germanene. (x, y, z) and (b1, b2) are the
Cartesian coordinates and crystallographic direc-
tions, respectively. Dependence of (c) structural
deformation ∆z1, ∆z2 and (d) vdW gap, ∆zgap,
on biaxial strain for the FGT/Ge heterostructure.

notes the size of the magnetic moment at every
site. The four magnetic interaction terms corre-
spond to the Heisenberg isotropic exchange, the
DMI, the magnetic anisotropy energy (MAE), and
the external magnetic field, and they are character-
ized by the interaction constants Jij , Dij , and Ki,
and Bext, respectively. Note that our spin model is
adapted to a collective 2D model by treating three
Fe layers of the FGT as a whole system, similar
to a monolayer system. All magnetic interaction
parameters are measured in meV/unit cell (uc).

We consider a vdW heterostructure where
an FGT monolayer is deposited on germanene
(FGT/Ge). Fig. 1 shows the lowest-energy stack-
ing configuration where the Te atom is right above
the center of the hexagonal ring of germanene
with an optimized vdW gap (∆zgap) of about
2.86 Å (see Fig. 1b), which agrees well with pre-
vious results.48 (See SI for details on the structural
relaxation.)

For 2D materials, the lattice, electronic and mag-
netic properties can be easily modified through
interfacing with various substrates or fabricat-
ing stretchable heterostructures.49,50 This indicates
the possibility of tuning magnetic interactions
and even inducing distinct spin textures in FGT
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Figure 2: Strain-dependent energy dispersion of
spin spirals for FGT/Ge obtained by FLAPW-gBT.
(a) Energy dispersion ESS(q) with respect to the
FM state, EFM, of planar homogeneous spin spi-
rals for FGT/Ge along the high symmetry path M-
Γ-K-M without SOC. The symbols (black circles
for γ = 0%, red circles for γ = −3%) represent
the DFT calculations in scalar-relativistic approx-
imation, while the solid lines are the fits to the
Heisenberg exchange interaction. (b) The same
as (a) but for the energy contribution EDMI(q)
of cycloidal spin spirals due to SOC. Note that
positive and negative energies represent a prefer-
ence of counterclockwise (CCW) and clockwise
(CW) spin configurations. (c) Zoom around the
FM state (Γ point), including the Heisenberg ex-
change, the DMI, and the MAE, i.e. E(q) =
ESS(q) + EDMI(q) + K/2. The DMI leads to the
local energy minima for CW rotating spin spirals,
and the MAE is responsible for the constant en-
ergy shift (K/2) of the spin spirals with respect to
the FM state.
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Table 1: Shell-resolved Heisenberg exchange constants (Jn), Dzyaloshinskii-Moriya interaction constants
(Dn), and magnetocrystalline anisotropy energy (K) obtained via DFT for a collective 2D spin model
(i.e., three Fe atoms are treated as a whole) of FGT/Ge at γ = 0% and γ = −3%. A positive (negative)
sign of Dn denotes a preference of CW (CCW) rotating cycloidal spin spirals. A positive (negative) sign
of K indicates an easy in-plane (out-of-plane) magnetization direction.

J1 J2 J3 J4 J5 J6 J7 J8 D1 D2 D3 D4 D5 D6 D7 K
γ = 0% 22.87 −0.21 −1.78 0.43 1.25 −0.31 0.00 −0.15 0.23 0.09 0.00 0.00 0.00 0.00 0.00 −3.90
γ = −3% 21.51 −2.89 0.82 0.40 −1.41 −0.88 0.89 −0.44 0.97 0.00 −0.02 −0.06 0.04 0.02 0.02 −0.86

heterostructures through strain engineering. We
model the strain by applying the in-plane biaxial
strain along the lattice vectors, and we fully re-
lax structures for each strained lattice. The biaxial
strain is defined as γ = (a − a0)/a0, where a and
a0 are the strained and unstrained lattice constants
of FGT heterostructures, respectively. Both com-
pressive and tensile strains are considered ranging
from −3% to 6.25%. It has been demonstrated by
ab initio phonon spectrum calculations that FGT is
stable under such strains.51 We emphasize that the
value of a0 = 4.0 Å used in this work was evalu-
ated in GGA, slightly higher than the lattice con-
stant calculated in LDA, a0 = 3.91 Å. If we use
the latter as a reference, the largest compressive
strain used in this work becomes less than −1%.

A remarkable structural modification is observed
in Fig. 1c which shows the strain dependence of
vertical, i.e., z component, distances between Fe
atoms of the different layers: Fe1-Fe2, ∆z1, and
Fe2-Fe3, ∆z2 (see sketches in Figs. 1b,c). Here,
The top, center, and bottom (interface) atoms are
denoted as Fe3, Fe2, and Fe1, respectively. As a
negative strain is applied, ∆z1 increases rapidly,
while ∆z2, in contrast, decreases. Such a large ge-
ometrical change is due to the buckled structure
of germanene, which introduces sizable atomic
forces under negative strains. We find the acting
force on the Ge atom (middle layer of FGT) is neg-
ative (i.e., towards to germanene layer) while the
one on Fe2 is positive. This leads to an increase
in structural asymmetry, which might be impor-
tant for DMI modifications. In addition, the vdW
gap in FGT/Ge decreases for both compressive and
tensile strains (Fig. 1d), leading to an increase in
hybridization strength at the interface.

Now we turn to the influence of strain on the
ground state and magnetic interactions in FGT/Ge.
Fig. 2 shows the calculated energy dispersion

E(q) of flat homogeneous spin spirals per unit cell
using FLAPW-gBT. We first focus on the results
in the scalar-relativistic approximation, i.e. with-
out SOC (see Fig. 2a). The energy dispersions
are calculated along the high symmetry directions
ΓM and ΓKM of the 2D hexagonal Brillouin zone
(BZ). The Γ point corresponds to the FM state,
the M point to the row-wise AFM state, and the
K point to the Néel state with angles of 120◦ be-
tween adjacent spins.

Both the FGT/Ge interfaces at zero strain (γ =
0%) and at a compressive strain (γ = −3%) pos-
sess a minimum of E(q) at the Γ point, i.e., the
FM state, and they exhibit a large FM nearest-
neighbor exchange constant, as clearly seen from
the large energy difference between the Γ and
M point (AFM state). We note that the strained
FGT/Ge heterostructure (γ = −3%) displays a
stronger exchange frustration which can be seen in
Table 1 from the increased antiferromagnetic ex-
change constants of beyond nearest neighbor (NN)
shells. Therefore, the NN approximation fails at
large q for strained FGT/Ge, as demonstrated in
Fig. S1 in SI.

Upon including SOC, the DMI arises in sys-
tems with broken inversion symmetry. For free-
standing FGT, the DMI involving either Fe1 or
Fe3 have opposite signs (i.e., chirality) because of
the (001) mirror plane.52 Upon incorporating ger-
manene in FGT, the inversion symmetry breaking
at the FGT/Ge interface gives rise to an emergent
DMI. The DMI favors cycloidal spiraling mag-
netic structures with a unique rotational sense. For
FGT/Ge a clockwise rotational sense is favored as
seen from the calculated negative energy contri-
bution due to SOC, EDMI(q), to the dispersion of
cycloidal spin spirals (Fig. 2b). In the vicinity of
the Γ point an isotropic DMI, expected for a sys-
tem with C3v symmetry, is apparent from the same
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slope in ΓM and ΓK directions.
The DMI constants obtained from a fit of the

spin model, Eq. (1), to the DFT energies (Table 1)
are dominated by the NN term, D1, and the values
rapidly decrease with distance. This indicates that
the NN approximation fits very well in FGT het-
erostructures. According to Moriya’s rule,53 the
Dij can be expressed as Dij = d// (ûij×ẑ) + d⊥ẑ,
where ûij being the unit vector between sites i and
j and ẑ indicating normal to the plane. It has
been shown that the out-of-plane component of
Dij plays a negligible role in forming skyrmions
in 2D magnets.24,31 Therefore, we focus on its in-
plane component DMI, d//. The d// (also known
as microscopic DMI coefficient) can be approxi-
mated by D1 fitted to an effective NN DMI model
presented in Fig. S1 in SI. The micromagnetic
DMI coefficient D can be calculated using

D =
3
√
2d//

NFa2
(2)

where a and NF are the lattice constant and the
number of ferromagnetic layers, respectively.

In the equilibrium case (γ = 0%), we find a
preference for clockwise rotating spin spirals with
d//= 0.25 meV. The corresponding micromagnetic
DMI coefficient, is about |D| = 0.36 mJ/m2. This
value is comparable to the other two FGT het-
erostructures reported recently as promising inter-
faces to host stable skyrmion states: FGT/In2Se3 54

(∼0.28 mJ/m2) and FGT/Cr2Ge2Te6 23 (∼0.31
mJ/m2). In the strained heterostructure (γ =
−3%) the DMI increases by a factor of about 4 to a
value of d// = 1 meV. Such a large DMI is compa-
rable to state-of-the-art FM/HM interfaces such as
Co/Pt (1.47 meV),46 Pd/Fe/Ir(111) (1.0 meV),55

and Fe/Ir(111) (1.7 meV).11 Its corresponding D
is 1.52 mJ/m2, which is more than one order of
magnitude higher than the critical DMI value of
0.1 mJ/m2 21 necessary for stabilizing skyrmions in
FGT heterostructures. This indicates a possibility
of strain control of magnetic skyrmions in these
systems. In contrast, a tensile strain (γ > 0) has
almost no effect on the DMI.

The inclusion of SOC also induces MAE. The
easy magnetization axis of FGT/Ge is out-of-plane
and the values of the MAE are K = −3.90 and
−0.86 meV/unit cell at γ = 0% and γ = −3%, re-

spectively, i.e. the compressive strain decreases the
MAE to about 25% of its equilibrium value. The
energy contribution from MAE leads to an energy
offset of K/2 for spin spirals with respect to the
FM state as can be seen in a zoom of E(q) around
Γ for cycloidal spin spirals (Fig. 2c).

The FM state at zero energy is the magnetic
ground state for unstrained as well as for strained
FGT/Ge (Fig. 2c). However, the effect of all inter-
actions, i.e., the Heisenberg exchange, the DMI,
and MAE, upon applying a compressive strain is
significant. The large reduction of the MAE shifts
the energy dispersion close to the FM state. In the
regime of small |q|, the dispersion for γ = 0%
shows an energy rise with q2 while E(q) be-
comes extremely flat at γ = −3%. This indi-
cates considerable exchange frustration in strained
FGT/Ge which opens the possibility of metastable
nanoscale skyrmions at zero magnetic field as re-
ported in transition-metal ultra-thin films.56

To demonstrate that the proposed strain tuning
of DMI and MAE is quite general, we performed
systematic studies for two other FGT heterostruc-
tures with buckled substrate: Fe3GeTe2/silicene
(FGT/Si) and Fe3GeTe2/antimonene (FGT/Sb).
These calculations have been done using the
LCAO-supercell approach since it is computa-
tionally less demanding than FLAPW-gBT. The
LCAO-supercell is in excellent agreement with
FLAPW-gBT for the DMI in FGT/Ge (see Fig. S2
in SI). Fig. 3a shows the variation of DMI under
applied strain for three FGT interfaces. Clearly the
significant enhancement of DMI for a small com-
pressive strain is a robust effect which appears for
all three interfaces with buckled vdW substrates.
Moreover, the amplitude of DMI for FGT/Sb is
much stronger than for the other two interfaces
and exhibits a value of about 0.65 meV, even in
the unstrained condition. We attribute this large
increase to the much larger SOC constant of Sb
which scales approximately as Z2, where Z de-
notes the nuclear charge.

When the FGT monolayer is deposited on a sub-
strate, two sources modify its magnetic proper-
ties: (i) the structural deformation of the FGT
and (ii) the coupling of FGT states to those of
the substrate. To remove artificially the latter, we
have calculated the DMI for free-standing FGT
but distorted as after deposition on germanene
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and calculated in-plane component of DMI as functions of biaxial strain γ. (b) The same as in (a) but
for the free-standing FGT with structural deformations as in FGT/Ge. (c) The same as in (a) but for
FGT/graphene heterostructure.

(Fig. 3b). We recover a similar curve as in the case
of FGT/Ge (Fig. 3a), confirming that the enhance-
ment of DMI is mainly attributed to the struc-
tural deformation and not to interface hybridiza-
tion. In contrast, when a flat vdW material such as
graphene is used as the substrate, the DMI in FGT
is almost constant with respect to strain (Fig. 3c).
Note that due to the weak SOC effect in graphene,
we find a tiny DMI of about −0.04 meV.

Since the flat spin spiral energy dispersion with
SOC in FGT/Ge under strain (Fig. 2c) indi-
cates the possibility of stabilizing small magnetic
skyrmions down to zero magnetic field we per-
formed atomistic spin simulations using the spin
model described by Eq. 1 with the full set of DFT
parameters. Isolated skyrmions were obtained us-
ing spin dynamics. Minimum energy paths for
the skyrmion collapse processes into the ferro-
magnetic ground state were identified using the
geodesic nudged elastic band (GNEB) method57

and the collapse barriers for skyrmions were ob-
tained from the saddle point along the path. Fi-
nally, we used harmonic transition state theory
(HTST) to quantify skyrmion stability by calcu-
lating their lifetime58–61 (for computational details
see SI).

In our simulations, we create isolated skyrmions
in the FM background based on the theoretical
profile given in Ref.2 and fully relax these spin

structures by solving the damped Landau-Lifschitz
equation self-consistently. We find no magnetic
skyrmion emerging in FGT/Ge without applying
strain (γ = 0%). This is due to a very large out-
of-plane MAE (K) with a moderate DMI ampli-
tude. Interestingly, when a small strain is applied
(γ = −3%), our spin dynamics simulations pre-
dict Néel-type skyrmions with a diameter (= 2 ×
radius) of about 4 nm stabilized in the FM back-
ground at zero magnetic field (Fig. 4a). Since the
MAE of FGT can be greatly suppressed by dop-
ing or temperature,62–64 we present in Fig. 4a the
skyrmion radius with respect to the applied mag-
netic field under different values of the MAE. For
skyrmion profiles at different MAE values, please
refer to Fig. S3.

Remarkably, nanoscale skyrmions with radii
ranging from 2 nm to 11 nm are observed at small
magnetic fields of less than 0.5 T and the radii
rapidly decrease with applied magnetic field as
expected. In particular, at K and K/2, small
skyrmions with radii of about 2 nm and 7 nm are
obtained at zero magnetic field (B = 0 T, see
inset of Fig. 4a for skyrmion profile at K/2 and
Fig. S3 for profile at K and K/10). When a small
magnetic field is applied (B < 0.5 T), we obtain
a small size skyrmion within sub-10 nm. Such
small skyrmions are technologically desired for
future skyrmionic devices. In strained FGT/Ge,
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Figure 4: Skyrmion radius and energy barrier for
skyrmion collapse in strained FGT/Ge (γ = −3%)
evaluated using magnetic interaction parameters
from DFT. (a) Skyrmion radius as a function of
the applied magnetic field. The skyrmion profile
and spin texture at B = 0 T and K/2 are shown as
insets. (b) Energy barriers of isolated skyrmions
versus magnetic field strength. Calculated at-
tempt frequencies f0 are shown on a logarithmic
scale in the inset. Both radii and energy barriers
are evaluated at different MAE values, namely K
(green), K/2 (yellow), K/5 (purple), K/10 (red),
and K/100 (blue), where K = −0.86 meV is the
MAE estimated by DFT.

they originate from the extremely flat spin spiral
curve close to the FM state (Fig. 2c). The inter-
play of exchange and DMI reduces the energy cost
of a fast spin rotation while large MAE enforces
the fast spin rotation. Note that all previously re-
ported magnetic skyrmions in 2D magnets were
stabilized under finite magnetic fields.

To get insight into the stability of nanoscale
skyrmions in FGT/Ge, we have calculated the min-
imum energy path for a transition between the
metastable skyrmion and the FM ground state us-
ing the GNEB method.57 Surprisingly, for a MAE
of K, although the 2 nm radius skyrmion can be
stabilized at zero-field in spin dynamics simula-
tions, its energy barrier is almost zero (Fig. 4b),
i.e. it is actually unstable. This highlights the im-
portance of going beyond conventional spin dy-
namics to establish stability of topological spin
structures.

For a MAE of K/2, we already obtain a signif-
icant energy barrier of around 40 meV protecting
skyrmions from collapse at B = 0 T (Fig. 4b).
Upon further decreasing the MAE the energy bar-
rier is further enhanced. The skyrmion is annihi-
lated via the radial symmetric mechanism in which
the skyrmion shrinks symmetrically to the saddle
point (SP) and then collapses into the FM state.61

As expected the DMI protects the skyrmion state
while the MAE prefers the FM state and decreases
the total barrier (Fig. S4 in SI). This immedi-
ately explains that the energy barrier increases
upon decreasing the MAE. A second effect is an
increase of the DMI contribution due to the in-
creased skyrmion radius at reduced MAE. The ex-
change frustration is not as large as in ultrathin
transition-metal film systems,41,56 but it provides
only a small negative contribution to the barrier
(see Fig. S4 in SI).

The stability of skyrmions can be quantified by
their lifetime, τ , which is given by the Arrhenius
law τ = f−1

0 exp
(

∆E
kBT

)
, where ∆E, f0, and T

are energy barrier, attempt frequency, and temper-
ature, respectively. f0, obtained within harmonic
transition state theory,58 depends strongly on mag-
netic field and on the value of the MAE (inset of
Fig. 4b). This effect is similar to that observed
in ultrathin transition-metal films which can be
traced back to a change of entropy with skyrmion
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Figure 5: The lifetime of skyrmions, τ , in strained FGT/Ge obtained in harmonic transition state theory
based on the spin model with DFT parameters at a MAE of (a) K/2, (b) K/5, (c) K/10, and (d) K/100
as a function of magnetic field and temperature.

radius and profile.60,65

From the temperature and field dependence of
the skyrmion lifetime (Fig. 5) we predict that iso-
lated skyrmions in strained FGT/Ge are stable up
to hours at a temperature ranging from 12 ∼ 28 K
down to zero field depending on the MAE. There-
fore, these skyrmions can be probed, e.g., by scan-
ning tunneling microscopy or Lorentz transmis-
sion electron microscopy experiments.

To summarize, we predict the formation of
nanoscale – close to 10 nm diameter – skyrmions
in 2D vdW heterostructures down to zero mag-
netic field induced by mechanical strain. In par-
ticular, our DFT calculations demonstrate that a
small compressive strain can enhance the DMI
up to 400% while decreasing the MAE dramati-
cally down to 25% of its value in Fe3GeTe2/Ge.
Notably, such highly tunable magnetic interac-
tions turn out to be general for FGT heterostruc-
tures with buckled substrates (e.g., silicene, an-
timonene). Using atomistic spin simulations, we
further explicitly calculate skyrmion energy barri-
ers as well as lifetimes. We demonstrate that near-
10 nm are stable down to zero magnetic field with
lifetimes of hours up to 20 K. Our findings thus
show a route to realize sub-10 nm skyrmions in
2D vdW heterostructures at zero magnetic field.
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