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Emergence of skyrmionium in a two-dimensional CrGe(Se,Te)3 Janus monolayer
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Utilization of van der Waals magnetic materials as the host of topologically protected skyrmionic and other
complex spin textures has been drawing increasing attention. Here, using first-principles-based calculations, we
predict a new stable magnetic CrGe(Se,Te)3 Janus monolayer with a strong Dzyaloshinskii-Moriya interaction
(DMI), due to the breaking of inversion symmetry. Consequently, nanometric skyrmions (that carry a topological
charge of ±1) and skyrmionium states (with a zero topological charge) can spontaneously form in the absence
of magnetic field. We further unveil a subtle competition between DMI and frustration as key for stabilizing
skyrmioniums.
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Since it was first observed a decade ago [1], magnetic
skyrmions, showing whirl-like spin texture with nontriv-
ial topology, have attracted increasing interest due to their
potential in future magnetic data storage and spintronics ap-
plications [2–5]. Their topological nature of structure provides
a great stability even for small sizes. Such skyrmions also,
however, experience the skyrmion Hall effect (SHE), in which
current-driven skyrmions feel a transverse deflection towards
the edge of the racetrack, therefore leading to the annihilation
of the skyrmion [6–8]. Interestingly, the deflection direction
of magnetic topological defects depends on the sign of the
topological charge (Q = ±1 for the skyrmion). Consequently,
spin states that are the combinations of two skyrmions with
opposite topological charges results in a total Q = 0 and are
thus totally free of the SHE. The antiferromagnetic skyrmion
[9,10] and the skyrmionium [11–14] are two examples of
such spin states. Very recently, the synthetic antiferromagnetic
skyrmions have been experimentally reported in magnetic thin
films [10]. Similarly, skyrmionium, which is also named “tar-
get skyrmion,” has been experimentally observed in nanodisks
of the chiral magnet FeGe [12] and in thin NiFe ferromagnetic
films grown on top of a topological insulator [13]. However,
its size is over 100 nm in both cases, which is not tech-
nologically desired. Consequently, finding new skyrmionium
with smaller size in other materials will be an important
breakthrough. Understanding what governs the formation and
stability of such hypothetical new skyrmionium should also
advance fundamental knowledge.

In particular, one may wonder if a particular class of
materials can host skyrmionium. This class is made of two-
dimensional (2D) van der Waals (vdW) materials, such as
CrI3 [15], CrGeTe3 [16], and Fe3 GeTe2 [17] Recently,
the discovery of magnetism in these systems provided an
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alternative avenue for exploring new exotic spin phenom-
ena with potential applications in the development of novel
spintronics devices. Importantly, several theoretical and ex-
perimental studies indeed demonstrated the emergence of
magnetic skyrmions in 2D vdW materials and their het-
erostructures, which should stimulate more research efforts
on potential novel skyrmion-hosting materials in the emerging
arena of vdW 2D magnets [18–25].

Particularly, 2D Janus materials with intrinsic breaking
of inversion symmetry have been predicted to be promising
candidates for exhibiting magnetic skyrmionic state [18–20].
Such Janus monolayers should be experimentally feasible,
since the transition-metal dichalcogenides MoSSe have been
already grown using different methods [26,27]. Following this
line of thought, we propose here a new kind of 2D Janus
CrGe(Se, Te)3 monolayer [as shown in Fig. 1(a)]. As we
will show, exhibiting a strong Dzyaloshinskii–Moriya inter-
action (DMI) and magnetocrystalline anisotropy (MCA), the
CrGe(Se, Te)3 monolayer can host several exotic magnetic
configurations, especially the magnetic skyrmionium, which
is the first report of intrinsic skyrmionium appearance in 2D
magnetic materials. Particularly, we demonstrate that it is the
competition between DMI and exchange frustration that leads
to the stabilization of the skyrmionium.

Figure 1(a) depicts the 2D Janus CrGe(Se, Te)3 mono-
layers we investigate here. The top atomic layer is formed
by the heavier elements Te, while the lighter ions Se are
on the bottom layers. Note that, as shown in Fig. 1(b), the
density-functional theory (DFT) calculations [see the Sup-
plemental Materials (SM) [28] for details] we performed
demonstrate that such system is dynamically stable, since
all its phonons have real frequencies. Moreover, additional
DFT calculations reveal that the formation energy E f of
CrGe(Se, Te)3, which is calculated as the energy difference
between the total energy of the Janus structure and the sum
of the energies per corresponding elementary bulk phases, is
found to be −0.86 eV and thus about half that of the pristine
CrGeTe3 (−1.61 eV) compound. These results suggest that
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FIG. 1. (a) The top and side views of CrGe(Se, Te)3 monolayer.
(b) The calculated phonon dispersion of such Janus monolayer.

the presently proposed Janus structure is chemically stable as
well.

It is also important to realize that the asymmetry between
the top and bottom layers in CrGe(Se, Te)3 breaks the inver-
sion symmetry, thus allowing for the DMI interaction between
the Cr ions. In fact, understanding the salient features of mag-
netism in CrGe(Se, Te)3 requires a deep knowledge of various
magnetic interactions between the Cr ions. For that, we have
parametrized the spin-dependent part of the ground-state elec-
tronic energy using the following magnetic Hamiltonian:

H = HEX + HDMI + HMCA, (1)

with

HEX = 1

2

∑

〈i, j〉
Ji jSi·S j,

HDMI = 1

2

∑

〈i, j〉
Di j ·(Si×S j ),

HMCA =
∑

i

Ku(Si·ẑ)2,

(2)

where the first term characterizes exchange coupling and the
second term is the DMI interaction, both of them running over
all first and second nearest-neighbor (NN) Cr pairs. Accord-
ing to Moriya’s rule [29], the D1 vector of CrGe(Se, Te)3 is
perpendicular to the Cr2SeTe plane, which is exactly what we
numerically found and which thus testifies to the accuracy of
our calculations. Moreover, the D2 vector is basically pointing
from the bridging Se to the Te ions. The third term represents
the uniaxial magnetocrystalline anisotropy (MCA) that runs
over all Cr sites. These coefficients are listed in Table I and
are extracted from DFT calculations and the four-state energy

TABLE I. Magnetic parameters of CrGeTe3 and CrGe(Se, Te)3

monolayers. Note that S = 3/2 is used when extracting the magnetic
parameters. The units of energy unit are meV.

Mag. para. CrGeTe3 CrGe(Se, Te)3

J1 −6.141 −3.267
D1 0 0.710
D1/J1 0 0.217
J2 0.077 0.476
D2 0.308 0.249
D2/J2 4.000 0.523
Ku −0.085 −0.420

mapping method (see SM [28] for details). For comparison,
we also calculated the magnetic parameters for the prototype
CrGeTe3, which has no finite D1 but shows non-negligible D2

values (where subscripts “1” and “2” refer to first NN and
second NN, respectively)—as is consistent with the Moriya’s
rule [29]. Despite its considerable |D2/J2| ratio of 4, we find
that the ground state of CrGeTe3 is (homogeneously) ferro-
magnetic (FM) due to the large J1. We also found that, due
to the smaller atomic radius of Se ion with respect to that of
Te, the lattice constant of CrGe(Se, Te)3 (6.48 Å) decreases
as compared with that of the pristine CrGeTe3 phase (6.73 Å).
Consequently, such lattice shrinking reduces the magnitude
of the first NN exchange coefficient J1, which, by itself, will
favor a FM ground state—similar to the Janus monolayers
of Cr(I,X )3 (X = Br, Cl) and manganese dichalcogenides
[18–20]. However, the now-symmetry-allowed D1 has a rather
large value of 0.71 meV. The resulting large |D1/J1| ra-
tio of 0.217 should thus be highly beneficial for generating
skyrmionic phases [30,31]. Note, however, that the second NN
exchange coefficient J2 of CrGe(Se, Te)3 favors antiferromag-
netic (AFM) ordering, which competes with J1 and therefore
results in some frustration. Actually, a number of studies have
suggested that skyrmions can be further stabilized in magnetic
systems with frustrated exchange interactions [32–34]. We
further found that the Janus monolayer CrGe(Se, Te)3 favors a
strong out-of-plane anisotropy of −0.42 meV/Cr, as a conse-
quence of an interplay between the single ion anisotropy and
Kitaev interactions [35,36], which is another important factor
that can affect the formation of magnetic topological states.
Due to all these subtle interactions, CrGe(Se, Te)3 appears to
be promising to host exotic magnetic topological states, as we
are going to prove.

To explore spin structures in the Janus CrGe(Se, Te)3

monolayer, we first conduct parallel tempering Monte Carlo
(PTMC) simulations (as detailed in the SM [28]) based on
the first-principles parametrized Hamiltonian of Eq. (1) and
in the absence of an external field. Figure 2 shows represen-
tative images of the spin structure at different temperatures.
Note that the simulation starts from a random configuration
to explore the configurational space of low-energy states.
Three magnetic topological defects coexist and can be seen
at 0.1 K, as shown in Fig. 2(a): skyrmion, skyrmionium, and
fragmented labyrinth domains with very weak orientational
order. The labyrinth pattern consists of convoluted stripes
and meandering domains. Due to the large DMI, all these
topological defects are found to exhibit Néel-type charac-
teristics with a unique rotational sense. More strikingly, the
size of skyrmion and skyrmionium under no magnetic field is
≈4.2 nm and ≈7.8 nm, respectively, which is less than 10 nm
and thus technologically promising [37,38]. The width of the
domain wall of the labyrinthine stripes is also nanometric
in size, namely ≈3.5 nm. All these nanometer-sized spin
textures can be attributed to the large |D1/J1| ratio and uni-
axial anisotropy [4,31,39,40]. As the temperature increases,
thermal activation effects come into play and the labyrinth
states become more dominant, as shown in Fig. 2(b). Fur-
ther increasing temperature tends to break the labyrinthine
domain, as demonstrated in Fig. 2(c). When the temperature is
higher than Tc � 20 K, the system fully disorders to form the
paramagnetic state [see Fig. 2(d) and specific heat in Fig. S1
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FIG. 2. The evolution of the spin texture of the CrGe(Se, Te)3

monolayer with increasing temperature: (a) 0.1 K, (b) 6.1 K,
(c) 10.2 K, and (d) 20.3 K. The skyrmion and skyrmionium is
highlighted with cyan and green circle, respectively. The red color
denotes magnetic moments pointing up, while the blue color repre-
sents spins pointing into the opposite direction.

of the SM [28] for the determination of the transition towards
paramagnetism].

To gain further insight into the mechanism that stabi-
lizes these distinct topological defects at zero field, we first
need to identify the true ground-state spin configuration
of CrGe(Se, Te)3 (as detailed in the SM [28]). When first

FIG. 3. (a) Frustration strength J2/J1 dependence of relaxed
skyrmioniums with DMI, with c corresponding to the original ratio.
(b) Total energy difference with respect to FM state for ideal parallel
stripes, skyrmion, and skyrmionium, as a function of the frustration
strength J2/J1.

FIG. 4. Magnetic field versus temperature phase diagram of the
studied CrGe(Se, Te)3 Janus monolayer. The phase boundaries are
determined by heat capacity, magnetic susceptibility, local spin chi-
rality, as well as snapshots. The eight phases depicted are as follows:
fragmented labyrinth domain, skyrmion and skyrmionium mixed
phase (I), labyrinth domain (II), fragmented labyrinth domain and
skyrmion mixed phase (III), isolated skyrmion and skyrmionium
mixed phase (IV), isolated skyrmion (V), hybrid skyrmion phase
(VI, for which some skyrmions merge together but others remain
isolated), saturated ferromagnetic state (VII), and paramagnetic state
(VIII). Representative spin textures are shown for phase III (B =
0.8 T, T = 7.69 K), phase IV (B = 1.8 T, T = 4.14 K), phase V
(B = 2.4 T, T = 4.14 K), and phase VI (B = 2.4 T, T = 13.3 K).

constructing by hand skyrmions, skyrmioniums, and parallel
stripes and then relaxing them, the ground state is found to
consist of parallel stripes with an energy of −0.253 meV/Cr
atom with respect to the homogeneous FM that we chose as
the reference state. The isolated skyrmion (−0.173 meV/Cr
atom with respect to FM) with an optimized diameter ≈4.2
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nm is found to be slightly higher in energy. Interestingly, the
isolated skyrmionium with an exceptionally small diameter of
≈7.3 nm is even closer to the ground state in energy (−0.207
meV/Cr atom with respect to FM).

To better understand the microscopic origin of the afore-
mentioned spin textures, the DMI vectors are decomposed
into their {r pz} components by using the same procedure as
in our previous work [20] (as indicated in Fig. S3, the r̂ axis
is along the Cr-Cr bond direction and thus in-plane; the p̂ axis
is perpendicular to r̂ and also in-plane, and the ẑ axis is in the
out-of-plane direction). As shown in Table SI of the SM [28],
this decomposition gives D1 = (0, 0.689, −0.171) and D2 =
(−0.142, 0.054, 0.197) meV. Then, we perform additional
calculations by switching on one magnetic parameter compo-
nent and off the others to determine the relative importance of
different contributions to the stability of spin texture, as listed
in Table SII. It is found that Dp

1 and Dp
2 both contribute to

energy gains for all three Néel-type states, which is consistent
with previous reports [41]. Interestingly, second NN interac-
tions also cause considerable energy gains for all three states.
This finding is in line with the fact that skyrmions can be
further stabilized by exchange frustration [33]. Furthermore,
the skyrmionium is found to be (meta)stable even in frustrated
magnets without DMI, as also reported in Ref. [42]. How-
ever, the precise competitive mechanism between DMI and
frustration to stabilize the skyrmionium has never been eluci-
dated. To this end, we study the dependence of the frustration
strength (as characterized by the J2/J1 ratio with J1 being
unchanged) on the stability of the skyrmionium, with DMIs
taken into account, as shown in Fig. 3(a). The skyrmionium
cannot be stabilized and spontaneously relaxes to skyrmion
for positive J2/J1 (not shown here), which is when frustration
is not present. When J2/J1 = −0.03, the skyrmionium starts
to appear with a tiny inner skyrmion core. As frustration
increases via J2/J1 becoming more negative and enhancing
its magnitude, the size of the inner skyrmion gradually grows.
Interestingly, the skyrmionium becomes distorted at J2/J1 =
−0.20 and collapses to convoluted domains when further
increasing the frustration. Therefore, a moderate frustrated
interaction plays an important role in stabilizing skyrmionium
in chiral magnets. Moreover, when we removed both NN
and second-NN DMI, although skyrmionium-like patterns can
exist in a small frustration range −0.25 < J2/J1 < −0.20, the
FM state is more stable than skyrmionic states (as shown in
Fig. S4). We also compared the total energies of the FM,
skyrmion, skyrmionium, and ideal parallel stripes in the J2/J1

range of skyrmionium existence. As shown in Fig. 3(b), we
find that skyrmionium is the most favorable stable state within
a small frustration window of −0.125 < J2/J1 < −0.075.

Finally, we establish a magnetic field vs temperature phase
diagram by applying an external field magnetic field B point-
ing upwards along the out-of-plane direction. We obtain a rich
phase diagram of exotic magnetic configurations, as shown
in Fig. 4. In total, we identify eight different phases. At low
temperature, there is a mixed domain structure consisting of
fragmented labyrinth domains with very weak orientational
order, as well as skyrmions and skyrmioniums [phase I in
Fig. 4 and pattern in Fig. 2(a)]. The labyrinth phase (phase II)
becomes dominating as the temperature increases for small
fields. The magnetic field first tends to break the labyrinth
domain into fragments (phase III). Further increments of mag-
netic field totally wipe out the labyrinth states (phases IV
and V). Note that skyrmion and skyrmionium coexist in a
small region marked as the cyan area (phase IV). For higher
temperatures and sizable magnetic fields, the skyrmioniums
vanish and skyrmions tend to merge with each other (VI).
For B > 2.3 T (phase V), the skyrmions become more packed
towards forming a skyrmion lattice. When B > 5.3 T, the
system is completely magnetized into FM state (phase VII).
Moreover, when T is larger than about 20 K, the system
disorders to form a paramagnetic state, for any magnetic field
(VIII).

In summary, using first-principles calculations, we propose
a new Janus monolayer CrGe(Se, Te)3. Owing to its inherent
inversion asymmetry, significant DMI is induced. The MC
simulations show that spontaneous skyrmionium appear with-
out applied magnetic field. The competition between DMI
and frustration is found critical to stabilize skyrmionium.
Our study thus sheds new light on exploitation of 2D vdW
skyrmionic devices and provides a new platform for under-
standing the skyrmionium properties.
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