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Using first-principles calculations and atomistic spin simulations, we predict stable isolated skyrmions with a
diameter below 10 nm in a monolayer of the two-dimensional van der Waals ferromagnet Fe5GeTe2, a material
of significant experimental interest. A very large Dzyaloshinskii-Moriya interaction (DMI) is observed due to
the intrinsic broken inversion symmetry and strong spin-orbit coupling for monolayer Fe5GeTe2. We show that
the nearest-neighbor approximation, often used in literature, fails to describe the DMI. The strong DMI together
with moderate in-plane magnetocrystalline anisotropy energy allows to stabilize nanoscale skyrmions in out-of-
plane magnetic fields above ⇡ 2 T. The energy barriers of skyrmions in monolayer Fe5GeTe2 are comparable
to those of state-of-the-art transition-metal ultra-thin films. We further predict that these nanoscale skyrmions
can be stable for hours at temperatures up to 20 K.

Magnetic skyrmions – localized, stable spin textures
with intriguing topological and dynamical properties – have
emerged as a promising avenue to realize next-generation
spintronics devices [1–6]. During the last ten years, the
main focus of the community so far has been on skyrmions
in bulk systems [7–9] and interface-based systems of ul-
trathin films [10–14], and multilayers [15–17]. Recently,
magnetic skyrmions were discovered in atomically thin two-
dimensional (2D) van der Waals (vdW) materials, provid-
ing an ideal playground to push skyrmion technology to the
single-layer limit [18, 19]. Stabilizing skyrmions in 2D mag-
nets can avoid pinning by defects due to high-quality vdW
interfaces and the possibility of easy control of magnetism via
external stimuli.

The Dzyaloshinskii-Moriya interaction (DMI), which
prefers a canting of the spins of adjacent magnetic atoms,
is often recognized as the key ingredient in forming mag-
netic skyrmions. The DMI originates from spin-orbit coupling
(SOC) and relies on broken inversion symmetry. However,
most 2D magnets exhibit inversion symmetry, therefore, the
DMI is suppressed. Several strategies have been proposed
to achieve DMI by breaking inversion symmetry. These in-
clude the family of Janus vdW magnets [20–22], electric field
[23], and 2D vdW heterostructures [24–26]. In particular, the
FenGeTe2 family (n = 3, 4, 5) with high Curie temperature
(Tc) near room temperature has been proposed as a promis-
ing candidate for magnetic skyrmions. Néel-type magnetic
skyrmions are reported in Fe3GeTe2 heterostructures by ex-
periments [24–27] and explained by ab initio theory [28, 29]
in terms of the emergence of DMI at the interface. All-
electrical skyrmion detection has also recently been proposed
in tunnel junctions based on Fe3GeTe2 [30]. More recently,
several experimental groups reported the observation of topo-
logical spin structures (i.e., skyrmions or merons) and mag-
netic bubbles in 2D vdW Fe5GeTe2 [31–36]. Additionally,
Fe5GeTe2 exhibits high Tc above room temperature [37, 38],
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FIG. 1. (a) Top and (b) side views of the atomic structure of the
Fe5GeTe2 monolayer. The black dashed lines draw up the 2D primi-
tive cell.

which makes it promising for spintronics device applications.
However, the quantification of individual skyrmions’ stability
and lifetime in Fe5GeTe2, crucial for device applications, has
been reported neither in experiments nor in theory.

In this Letter, we predict the formation of nanoscale
skyrmions in the atom-thick vdW Fe5GeTe2 monolayer based
on first-principles calculations and atomistic spin simulations.
The diameters of these skyrmions are below 10 nm, which
is technologically desirable for improving the controllability
and integrability of skyrmion-based functional devices. How-
ever, such small skyrmions have not yet been observed in
2D vdW magnets. The origin of these nanoscale skyrmions
is attributed to strong DMI together with moderate in-plane
magnetocrystalline anisotropy energy (MAE) and weak ex-
change frustration. Furthermore, the calculated energy bar-
riers of skyrmion collapse for Fe5GeTe2 monolayer are ⇠80
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FIG. 2. (a) Energy dispersion of flat spin spirals (ESS) for Fe5GeTe2
along the high symmetry path M-�-K-M without SOC. The sym-
bols represent the DFT calculations in scalar-relativistic approxi-
mation, while the dashed and solid lines are the fits to the Heisen-
berg exchange interaction up to the first nearest neighbor (NN) and
up to the seventh NN, respectively. (b) Energy contribution of
cycloidal spin spirals due to SOC (�ESOC), also known as DMI
contribution. All energies are measured with respect to the FM
state (EFM) at the � point. Note that positive and negative ener-
gies represent a preference for clockwise (CW) and counterclock-
wise (CCW) spin configurations. (c) Zoom around the FM state (�
point), including the Heisenberg exchange, the DMI, and the MAE,
i.e. E(q) = ESS(q)+�ESOC(q)+K/2. The DMI leads to a CCW
rotational sense, and the MAE is responsible for the constant energy
shift (K/2) of the spin spirals with respect to the FM state.

meV at a moderate magnetic field of about 2 T. This substan-
tial energy barrier is comparable to that of ultrathin films [39–
41], which serve as prototype systems for hosting nanoscale
skyrmions. Finally, we also calculate explicitly skyrmion life-
time as a function of magnetic field and temperature. Our
results demonstrate that Fe5GeTe2 monolayer is an excellent
candidate to experimentally observe nanoscale skyrmions in a
2D vdW magnet.

Our first-principles calculations were performed using the

FLEUR code [42] based on the full-potential linearized aug-
mented plane wave method (see Supplemental Material for
computational details [43]). We have calculated the en-
ergy dispersions E(q) of flat spin spiral states [44, 45]
for the Fe5GeTe2 monolayer. A magnetic moment mi at
atom position Ri for a flat spin spiral is given by mi =
M [cos(q ·Ri), sin(q ·Ri), 0], with M denoting the size of
the magnetic moment.

To determine the interactions of magnetic moments for
the Fe5GeTe2 monolayer, we adopt the following atomistic
spin Hamiltonian, which is fitted from spin spiral calculations
without and with SOC

H = �
X

ij

Jij(mi ·mj)�
X

ij

Dij · (mi⇥mj)

+
X

i

K(mz
i )

2 �
X

i

M(mi ·B)
(1)

where mi and mj are normalized magnetic moments at po-
sition Ri and Rj respectively. The four magnetic interaction
terms correspond to the Heisenberg isotropic exchange, the
DMI, the MAE, and the external magnetic field, and they are
characterized by the interaction constants Jij , Dij , and K,
and B, respectively. Note that our spin model is adapted to a
collective 2D model by treating five Fe layers of Fe5GeTe2 as
a whole system, similar to a monolayer system. All magnetic
interaction parameters are measured in meV/unit cell (uc).

We consider a Fe5GeTe2 monolayer where one Fe1 is situ-
ated above Ge as shown in Fig. 1(a), the so-called UUU con-
figuration. The calculated lattice constant is about 3.96 Å,
which agrees well with previous results [46]. We are aware
that there are two possible configurations for monolayer
Fe5GeTe2, namely UUU and UDU configurations [47, 48].
In this work, we focus on the UUU configuration since
skyrmionic spin structures are experimentally observed in this
configuration [31, 32]. For both spin channels, Fe5GeTe2 ex-
hibits a metallic property (See Fig. S1 in Supplemental Mate-
rial [43]). The calculated spin moments are �0.21µB, 2.21µB,
1.70µB, 1.28µB, and 2.41µB for the Fe1, Fe2, Fe3, Fe4, and
Fe5 atoms, respectively. Note that the calculated spin mo-
ments are, in general, in good agreement with previous ab
initio results, as summarized in detail in Table S2 in Supple-
mental Material [43]. It is important to note that the spin mo-
ment on Fe1 is significantly quenched, which is also in good
agreement with dynamical mean-field (DMFT) results [48].

We focus first on spin spiral calculations without SOC
along the M-�-K-M high-symmetry direction (Fig. 2(a)).
From the fitted parameters shown in Table I, we find the
Heisenberg exchange to be largely dominated by the nearest
neighbor contribution. This is also clearly seen from the fitted
curve using only the nearest neighbor (NN) term (see dotted
line in Fig. 2(a)). On the other hand, exchange constants up to
seventh neighbors (Table I) are necessary to fit the DFT results
accurately (solid line in Fig. 2(a)). Without SOC, the energy
dispersion shows a minimum at the � point, which represents
the ferromagnetic (FM) state. The energy difference between
the � and the M point (row-wise antiferromagnetic (AFM)
state) is found to be about 137 meV for five Fe atoms. This
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J1/Jeff J2 J3 J4 J5 J6 J7 D1/Deff D2 D3 D4 D5 D6 D7 K ms

Full model 14.803 0.898 0.466 0.916 0.231 �0.443 �0.599 �0.659 �0.523 �0.083 0.020 �0.008 �0.021 �0.008 0.380 7.306
Effective model 16.457 – – – – – – �0.880 – – – – – – 0.380 7.306

TABLE I. Full model: Shell-resolved Heisenberg exchange constants (Ji) and DMI constants (Di) obtained by fitting the energy contribution
to spin spirals without and with SOC, and spin moments (ms) from DFT calculations as presented in Fig. 2 for the Fe5GeTe2 monolayer.
Effective model: Parameters of the effective NN exchange and DMI model obtained by fitting the DFT results. A positive (negative) sign
represents FM (AFM) coupling. A positive (negative) sign of Di denotes a preference for CW (CCW) rotating cycloidal spin spirals. The
Fe5GeTe2 monolayer favors in-plane MAE (i.e., K > 0). Note that all parameters are treated as a collective 2D spin model in a hexagonal
symmetry (i.e., five Fe atoms in the supercell are treated as a whole). The magnetic moments are given in µB/unit cell (uc), and other parameters
in meV/uc.

energy difference is much smaller than that in the Fe3GTe2
or Fe4GeTe2 monolayers (see Fig. S2 in Supplemental Mate-
rial [43]), leading to much smaller J1 values (see Table I in
Supplemental Material [43]). We also note that the spin mo-
ment variation is mainly from Fe1 and Fe4 atoms (Fig. S3a
in Supplemental Material [43]). Additionally, we have also
carefully checked the effect of variation of spin moments for
our spin model by calculating conical spin spirals (see Section
II, Fig. S3b, and Fig. S4 in Supplemental Material [43].)

When SOC is taken into account, the DMI arises due to
broken inversion symmetry. The Fe5GeTe2 monolayer favors
cycloidal spin spirals with a counter-clockwise (CCW) rota-
tional sense, as seen from the calculated energy contribution
to the dispersion due to SOC, �ESOC(q) (Fig. 2(b)). If we
apply the NN approximation, we obtain the effective DMI
constant Deff = �0.88 meV, and the corresponding micro-
magnetic DMI is given by D = 3

p
2Deff

NFa2 (a and NF are the lat-
tice constant and the number of ferromagnetic layers). For the
Fe5GeTe2 monolayer, the value is approximately 0.76 mJ/m2,
which is in reasonable agreement with the one calculated by
the supercell approach (⇠0.48�0.67 mJ/m2) [31] based on
the NN approximation. However, as clearly seen in Fig. 2(b),
the dashed lines with an effective NN DMI fail to capture our
DFT results beyond the regime of small |q|. The inclusion of
interactions up to the seventh NN is needed to reproduce the
DFT data accurately, and this is also reflected in the fitted pa-
rameters presented in Table I. The second NN interaction is
on the same order of magnitude compared to the first NN one.

Additionally, SOC also introduces MAE. We find the easy
magnetization axis of the Fe5GeTe2 monolayer to be in-plane
with a MAE of 0.38 meV/uc. As observed in Fig. 2(c), a spin
spiral energy minimum of �0.1 meV/uc compared to the FM
state occurs in the �K direction, which corresponds to a spin
spiral period of � = 2⇡/|q| = 19.9 nm.

Including all interactions, i.e. Heisenberg exchange, DMI,
and MAE, results in the spin spiral energy dispersion shown
in Fig. 2(c). The energy contribution from the MAE leads to
an energy offset of K/2 for spin spirals with a long period,
i.e. small value of |q|, with respect to the FM state, as can be
seen in a zoom of E(q) around �. Interestingly, the ground
state within the NN approximation is the FM state, while it
is the spin spiral state when we include interactions up to the
seventh NN. It is worth emphasizing that the spin spiral curve
becomes extremely flat near the � point. It has been demon-
strated that a flat energy dispersion around � is beneficial for
stabilizing nanoscale skyrmions in ultrathin films [14]. To

check the validity of our 2D collective spin model, we per-
formed Monte-Carlo simulations (see section III in Supple-
mental Material [43]) with magnetic interaction parameters
from the full model presented in Table I. We obtain the Curie
temperature (Tc) of about 451 K (see Fig. S5 in Supplemen-
tal Material [43]), which is in reasonable agreement with the
value of Tc = 390K obtained in Ref. [47].

To check the possibility of stabilizing nanoscale magnetic
skyrmions in Fe5GeTe2, we performed atomistic spin simula-
tions using the spin model described by Eq. (1) with the full
set of DFT parameters. We apply atomistic spin-dynamics
via the Landau–Lifshitz equation to obtain isolated mag-
netic skyrmions. Minimum energy paths between the ini-
tial skyrmion and final FM state were calculated using the
geodesic nudged elastic band (GNEB) method [49]. The en-
ergy barriers stabilizing skyrmions against collapse were ob-
tained from the saddle point along this path. Finally, we used
harmonic transition-state theory to quantify skyrmion stabil-
ity by calculating their lifetime [40, 50–52] (see Supplemental
Material for computational details [43]).

We create isolated skyrmions in the field-polarized back-
ground with an out-of-plane magnetization direction due to
an applied magnetic field and fully relax these spin struc-
tures by solving the damped Landau–Lifshitz equation self-
consistently. The in-plane FM state (denoted as FMk) ex-
hibits slightly lower energy compared to the out-of-plane FM
state, owing to the in-plane MAE of Fe5GeTe2 (see Fig. S6 in
Supplemental Material [43]). At zero magnetic field, we do
not observe the emergence of skyrmions. Instead, we observe
labyrinth domains with chiral Néel domain walls, which hold
the lowest energy state. As we gradually increase the mag-
netic field B perpendicular to the monolayer, the labyrinthine
domain shrinks and eventually vanishes, giving rise to isolated
magnetic skyrmions at a critical field of Bc = 2.2 T. Note, that
for fields above B = 2K/M ⇡ 1.8 T applied perpendicular
to the film the Zeeman energy exceeds the MAE [53].

Our atomistic spin simulations predict Néel-type magnetic
skyrmions stabilized in the FM background (see inset of
Fig. 3(a) for skyrmion profile and spin texture at B = 2.2 T).
As expected, the skyrmion size decreases in Fe5GeTe2 with
increasing magnetic field (Fig. 3(a)). Interestingly, nanoscale
skyrmions occur with a radius below 6.4 nm at B > 2.2 T, and
isolated skyrmions can be obtained. Note that the skyrmion
radius is estimated using the Bocdanov-⇥ profile [54] within
a wide range of B = 2.2 ⇠ 7.6 T. At B > 7.6 T, skyrmions
collapse into the FM state.
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FIG. 3. Skyrmion radius and energy barrier for skyrmion collapse in the Fe5GeTe2 monolayer evaluated using magnetic interaction parameters
from DFT. (a) Skyrmion radius as a function of B � Bc where Bc is the critical field for stabilizing metastable magnetic skyrmions. The
calculated value is Bc = 2.2 T for Fe5GeTe2. The skyrmion profile and spin texture at B = 2.2 T are shown as insets. (b) Total energy
barriers and their decomposition (see legend) of isolated skyrmions versus B � Bc. (c) Energy contributions from the different interactions
(the same legend as in panel (b), left axis) are shown versus the reaction coordinate along the minimum energy path from the initial (skyrmion)
state to the final (FM) state through the saddle point (SP). The energies are summed over all atoms of the simulation box and are given relative
to the energies of the initial isolated skyrmion state. The topological charge (open circles, right axis) is plotted versus the reaction coordinate.
(c) Corresponding spin structures before (SP-1), after (SP+1), and at the saddle point (SP) are shown. Note that the skyrmion collapse occurs
via radially symmetrical shrinking. (d) Calculated attempt frequencies f0 on a logarithmic scale with respect to B�Bc (top panel). Skyrmion
lifetimes of Fe5GeTe2 obtained in harmonic transition state theory based on the spin model with DFT parameters as a function of magnetic
field and temperature (bottom panel).

To provide insight into skyrmion stability in monolayer
Fe5GeTe2, we show in Fig. 3(b) the calculated energy bar-
riers protecting skyrmions from collapsing into the FM state
with respect to B � Bc. Remarkably, we obtain an energy
barrier of more than 80 meV at the critical field Bc = 2.2 T.
This value is comparable to state-of-the-art ultra-thin films
that serve as prototype systems to host nanoscale skyrmions
[39–41]. Note, that previous work on skyrmion stability in 2D
magnets [28] reported smaller values than those found here for
the Fe5GeTe2 monolayer.

From the energy decomposition of the barrier, we con-
clude that the DMI and MAE are mainly responsible for the
skyrmion stability (Fig. 3(b)). We also note that the energy
barrier can be enhanced if we increase the in-plane MAE, a
quantity that can be easily tuned in experiments by doping or
temperature [55–57]. However, if the in-plane MAE is in-
creased larger magnetic fields are needed to obtain the field-
polarized phase in which skyrmions can be stabilized.

To obtain information about transition mechanisms from
the skyrmion state to the FM state via the saddle point (SP),
which determines the barrier, we show in Fig. 3(c) the de-
composition of the energy along the minimum energy path for
skyrmion collapse at B = 2.2 T. The topological charge, cal-
culated by Q =

R
m · (@m@x ⇥@m

@y )dxdy, changes from �1 to 0
at the SP. The skyrmion is annihilated via the radial symmetric
collapse mechanism in which the skyrmion shrinks symmetri-
cally to SP and then collapses into the FM state [52]. Again, it

is clear that the DMI and MAE prefer the skyrmion (Sk) state
and decrease the total barrier, while the Zeeman term strongly
favors the FM state. Due to frustration, the Heisenberg ex-
change energy gives a small positive annihilation barrier.

The stability of metastable magnetic skyrmions can be
quantified by their mean lifetime, ⌧ , which is given by the
Arrhenius law ⌧ = f

�1
0 exp

⇣
�E
kBT

⌘
, where �E, f0, and T

are energy barrier, attempt frequency, and temperature, re-
spectively. The calculated f0 within harmonic transition state
theory [50] is shown in Fig. 3(d). As expected, f0 depends
strongly on the magnetic field. This effect is similar to that ob-
served in ultrathin transition-metal films, which can be traced
back to a change of entropy with skyrmion radius and pro-
file [51, 58]. From the temperature and field dependence
of the skyrmion lifetime (Fig. 3(d)), we predict that isolated
skyrmions in the Fe5GeTe2 are stable up to hours at a temper-
ature at about 20 K and B = 2.2 T. Therefore, these nanoscale
skyrmions can be probed by experiments using current state-
of-the-art techniques e.g., spin-polarized scanning tunneling
microscopy or Lorentz transmission electron microscopy.

We plot in Fig. 4 the comparison of atomistic spin simula-
tion results from parameters with the full and effective mod-
els. The critical magnetic field is found to be about 1.4 T in the
case of the effective model, which is 0.8 T smaller than the one
for the full model. In both models, we have sub-10 nm radius
skyrmions (Fig. 4(a)) and energy barriers of a few 10 meV
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FIG. 4. Full model versus effective model comparison. (a) Skyrmion radius vs. magnetic field. (b) Skyrmion energy barriers with respect to
B. The estimated critical magnetic fields Bc are 2.2 T and 1.4 T for the full model and effective model, respectively. (c) Minimum energy paths
of skyrmion collapse: Energies of the spin configurations during a skyrmion collapse are shown over the reaction coordinate corresponding
to the progress of the collapse at B � Bc = 0.6 T. Our simulations were conducted using both the effective exchange model (in red) and
considering all magnetic interactions from the DFT calculation (in black).

(Fig. 4(b)). From the GNEB calculation at B � Bc = 0.6 T,
the energy barriers for the full and effective models are rather
different. We find more than 3 times larger energy barrier
with the full model, indicating the importance of including
full magnetic parameters for the Fe5GeTe2 monolayer.

In summary, we propose, based on first-principles cal-
culations and atomistic spin simulations, that monolayer
Fe5GeTe2 is a compelling 2D vdW magnet with skyrmionic
physics. Due to the large DMI together with moderate in-
plane MAE, Fe5GeTe2 monolayer can exhibit metastable
nanoscale (sub-10 nm) skyrmions in an out-of-plane mag-
netic field above 2.2 T. We also highlight the importance of
including beyond nearest neighbor DMI terms in the atom-
istic spin model. The energy barriers protecting skyrmions
against collapse are up to 80 meV, which are comparable to
those of state-of-the-art transition-metal ultrathin films. Us-
ing harmonic transition-state theory, we predict that nanoscale
skyrmions are stable in monolayer Fe5GeTe2 with lifetimes of
hours up to 20 K.
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[12] B. Dupé, M. Hoffmann, C. Paillard, and S. Heinze, Tailoring
magnetic skyrmions in ultra-thin transition metal films, Nat.
Commun. 5, 4030 (2014).

[13] O. Boulle, J. Vogel, H. Yang, S. Pizzini, D. de Souza Chaves,
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