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Two-dimensional 5d multiferroic W3Cl8: Breathing kagome lattice and tunable magneto-optical
Kerr effect
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Owing to the strong spin-orbit coupling and the related fascinating physical properties, heavy 5d transition
metals exhibit desirable application prospects. However, up to now, the 5d magnetic materials are still very
limited, especially very rare for tungsten. In this work, we theoretically predict a two-dimensional multiferroic
W3Cl8 monolayer. Intrinsic 5d magnetism of tungsten is activated by the W ions’ fractional valence in a
breathing kagome lattice of reduced effective dimension. A coplanar Y-type antiferromagnetism composed by
ferromagnetic W3 trimers is confirmed as the magnetic ground state. The spontaneous ferroelectric polarization
mainly originates from the ion displacement induced by the breathing distortion of kagome lattice. An intrinsic
magneto-optical Kerr effect with sizable Kerr angle can be observed to detect this trimeric Y-type antiferro-
magnetism, and it depends strongly on the detailed magnetic order. Thereby, we propose a general scheme for
realizing more 5d magnetism in two-dimensional multiferroic systems.
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I. INTRODUCTION

Compared to the well-known 3d magnetism and substan-
tial 3d magnetic materials, the intrinsic magnetism from 5d
electrons was relatively much less reported. The ferromag-
netic order can be stabilized in 3d metal bulks, but it hardly
exists in 5d metals at room temperature due to the wider bands
and weaker on-site Coulomb interaction [1]. In 1992, ferro-
magnetism of 5d transition metal monolayer was predicted
[2]. In the following decades, it was much highlighted that the
unconventional bond-dependent Kitaev magnetic interaction
was believed to be substantial in the hexagonal iridates [3,4].
In addition, 5d magnetism of Os and Re had been widely
investigated in double perovskites [5,6]. However, up to now,
the 5d magnetic materials are still very limited; especially
for tungsten only very few were reported [7,8]. Owing to
the strong spin-orbit coupling, heavy 5d transition metals ex-
hibit fascinating physical properties and desirable application
prospects, such as Kitaev magnetism, topologically nontrivial
states, spintronic technology, and quantum computing, espe-
cially when combined with magnetism [9–11].

Generally, the reduction of dimension can suppress band-
width and thus help to electron localization. However, it
is not easy to achieve 5d magnetism of tungsten even for
low-dimensional structures, because the 5d orbitals are more
delocalized than those of 3d elements. As a pioneering work,
Xu et al. predicted a multiferroic ReWCl6 monolayer with
magnetic moment of 1μB coming from W5+−d1 electrons,
and investigated the electrical control of magnetic phase
transition [12]. Note that the crystal field originating from
halide ions is weaker than that of chalcogen, and a breathing
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kagome lattice with fewer bonds between sites may present
a lower effective dimension, approaching an isolate system.
Two-dimensional (2D) kagome halides might provide a bet-
ter way to trigger the 5d magnetism of tungsten. Since the
1960s, layered Nb3X8 (X = Cl, Br, I) bulks with a breathing
kagome lattice had been synthesized and investigated [13–15].
In 2019 and 2022, the Nb3I8 and Nb3Cl8 monolayers were
exploited from their bulks experimentally [16,17]. The breath-
ing kagome lattice remains down to the monolayer limitation.
Recently, this family of 2D kagome halides is attracting grow-
ing interest due to the diverse intriguing phenomena, such as
topological flat bands [17,18], intrinsic ferrovalley [19], and
multiferroicity [20,21].

In this work, based on first-principles calculations and
atomistic simulation, we predict a 2D multiferroic W3Cl8

monolayer. The intrinsic 5d magnetism is triggered on W
due to its fractional valence in a breathing kagome lattice
of reduced effective dimension. A coplanar trimeric Y-type
antiferromagnetism is confirmed as magnetic ground state.
Meanwhile, the out-of-plane ferroelectric polarization mainly
originates from the ion displacement induced by the breath-
ing distortion. Moreover, an intrinsic magneto-optical Kerr
effect (MOKE) with sizable Kerr angle is revealed in this
antiferromagnetic (AFM) monolayer, which shows different
dependencies on detailed magnetic order for different chiral-
ities. Thus, we propose a general scheme for realizing 5d
magnetism of tungsten in 2D multiferroic systems, providing
an excellent platform for exploring magneto-optical phenom-
ena and new technological applications.

II. METHODS

The spin-polarized calculation is implemented in the
framework of density functional theory (DFT) [22], as per-
formed using the Vienna ab initio Simulation Package (VASP).
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The exchange-correlation potential is characterized by the
Perdew-Burke-Ernzerhof (PBE) of the generalized gradient
approximation (GGA) [23]. The cutoff energy is set to 500
eV. The convergent criterion of energy is set as 10−5 eV, and
that of the Hellman-Feynman forces is 0.01 eV/Å for all the
calculations. A �-centered k grid of 5 × 5 × 1 is used to
sample the Brillouin zone. A vacuum region of 30 Å is set to
avoid interaction among the adjacent layers along the c axis.

Since the Hubbard U for 5d element is relatively small and
it is sometimes ignored in previous works [24–26], we have
tested the DFT + U method with effective U (Ueff ) for the
5d orbitals of W. The breathing kagome lattice and magnetic
ground state are robust for different Ueff , and the main results
of ferroelectricity and MOKE are not significantly influenced
(see Note 1 in the Supplemental Material [27] for details).
Therefore, subsequent calculations are performed without U.

Based on the density functional perturbation theory
(DFPT) [28], the phonon spectrum is calculated on a 2 ×
2 × 1 supercell by using the PHONOPY code [29], where
a rotational sum rule is enforced on the force constants as
implemented in the HIPHIVE package [30]. The ferroelectric
polarization is evaluated by the standard Berry phase method
[31,32].

To investigate the magnetic ground state of W3Cl8 mono-
layer, an atomistic simulation has been performed with the
Landau-Lifshitz-Gilbert (LLG) equation as executed using the
SPIRIT package [33]. A supercell of 70 × 70 × 1 sites with
periodic boundary conditions and 2 × 105 iterations are used
to achieve a stable state at zero temperature.

For 2D finite thick materials with threefold rotational sym-
metry, the complex Kerr angle can be evaluated as [34]

θK + iηK = 2ξxy

1 − (ξxx + ns)2 − ξ 2
xy

, (1)

where θK specifies the Kerr rotation angle and ηK specifies
the ellipticity. ξxy = σxyZ0 and ξxx = σxxZ0, where Z0 is the
vacuum impedance and ns is the vacuum refractive index. σxy

and σxx are elements of the optical conductivity tensor (OCT)
which can be obtained via the first principles calculations
[34]. The magnetic point group (MPG) is analyzed using
FINDSYM [35]. During the calculation of MOKE and magnetic
anisotropy energy (MAE), the spin-orbit coupling (SOC) is
enabled.

III. RESULTS AND DISCUSSION

A. Structure: Trimerization

Our structural optimization finds that W3Cl8 monolayer
has a polar space group P3m1 (no. 156), and the optimized
lattice constant is 6.670 Å. W ions are sandwiched between
the upper and lower Cl layers, as shown in Figs. 1(a) and
1(b). The distorted WCl6 cages are connected in the manner
of edge-sharing mode, forming a breathing kagome lattice. As
a result, half W triangles shrink into trimeric clusters (i.e.,
W3 trimers). There are two distinct W-W distances: the in-
tratrimer d1 = 2.754 Å and the intertrimer d2 = 3.916 Å. The
W3 trimers form a triangular lattice.

According to the phonon spectrum plotted in Fig. 1(c),
W3Cl8 monolayer with breathing kagome lattice is dynam-
ically stable, since there is no imaginary frequency within

FIG. 1. (a) Crystal structure of W3Cl8 monolayer. W3 trimers are
denoted by the dark gray triangles. d1 and d2 represent the intratrimer
and intertrimer W-W distance. J1 and J2 denote the exchange
couplings between the nearest-neighboring and second-neighboring
trimers. (b) Side view. (c) Phonon spectrum. (d) Atom-projected
density of states (DOS) with SOC considered.

the numerical precision. In addition, the thermodynamical
stability is also evaluated by estimating the average cohesive
energy (Ecoh):

Ecoh = (3EW + 8ECl − Etotal )/11, (2)

where Etotal is the energy of monolayer W3Cl8. EW and ECl

are the energies of single W and Cl atoms, respectively. The
calculated Ecoh is 3.96 eV/atom, which is comparable to those
of other common monolayers like Be2C (4.86 eV/atom) [36]
and Cu2Si (3.46 eV/atom) [37]. These calculations confirm
the stability of W3Cl8 monolayer.

As shown in Fig. 1(d), the W3Cl8 monolayer is a semi-
conductor with a small band gap ∼0.3 eV (also see Fig. S2
in the Supplemental Material [27]). Such a gap is opened by
the breathing mode of kagome lattice, as a characteristic of
Peierls phase transition, since the system is metallic without
the breathing mode (see Fig. S3 in the Supplemental Material
[27]). Such a semiconducting behavior is general for this
material family with fractional valence and breathing kagome
lattice [18–20,38].

B. Magnetism: Noncollinear Y -AFM order

Under the octahedral crystal field, the d orbitals are always
split into two groups: the low-lying t2g triplets and higher
energy eg doublets. The trimerization of W ions leads to the
reconstruction of molecular orbitals and further splitting of
these t2g orbitals into 1e, 1a1, 2e, 2a1, 3e, and 1a2 [19,39]. The
three W ions in each trimer share ten electrons, considering
the +8 valence of W3 trimer. For 5d orbitals with weak Hund
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FIG. 2. (a) Sketch of the d orbitals splitting for W3 trimer and
corresponding electron filling. (b) Angular dependence of calculated
MAE on spin orientation. The z axis is along the [001] crystallo-
graphic orientation. (c) Three possible magnetic textures within one
W3 trimer, where the arrow shows the magnetic moment orientation
of each W ion. Among them, the FM one has the lowest energy.
(d) The trimeric Y-AFM order of W3-spin lattice, where the arrow
shows the magnetic moment orientation of each FM W3 trimer. The
chiralities (κ = +1 and κ = −1) are distinguished. κ is calculated
for the downward triangle in the counterclockwise sequence. The
azimuthal angle ϕ is defined to measure the clockwise synchronous
rotation of all spins, and the dotted lines mark the location of ϕ = 0.

coupling, a low spin state is expected. Even though, as shown
in Fig. 2(a), a local magnetic moment of 2.00 µB per trimer
remains expected thanks to the double-degenerate 2e level. In-
deed, our DFT calculation confirms this 2.00 µB local moment
per trimer, despite the value of Ueff used in the calculation.
As a cluster magnet, this magnetic moment is delocalized
on the trimer, which cannot be assigned to each individual
W ion. Such a robust cluster magnetism is conventional for
the materials with a breathing kagome lattice, such as Nb3X8,
Ti3X8 (X = Cl, Br, or I) [19,20] and AMo3O8 (A represents the
interstitial cations) [40,41].

Then the MAE of this moment is calculated by setting a
ferromagnetic (FM) order. As shown in Fig. 2(b), the energy
for spin pointing along the z axis is 22.3 meV per trimer higher
than that of spin in the xy plane, implying a strong magnetic
anisotropy of easy-plane type. Thus, in the following, we only
consider those textures with spins lying in the xy plane.

Before the determination of the magnetic ground state, we
first check the magnetic texture within W3 trimer, since the in-
tratrimer magnetic coupling should be much stronger than the
intertrimer ones. The three most possible candidates for the
W triangle are the FM, ferrimagnetic (FiM), and noncollinear
Y-type antiferromagnetic (Y-AFM) states, as illustrated in
Fig. 2(c). Our DFT calculation confirms that the FM order
possesses the lowest energy for each W3 trimer, as shown in
Table S3 in the Supplemental Material [27].

By treating the magnetic moment of each FM W3 trimer
as a unit (W3 spin), the magnetic order of W3-spin lattice
is calculated by comparing the energies of several possible
states, as shown in Fig. 2(d) and Fig. S4 in the Supplemental
Material [27]. It is found that the trimeric Y-AFM order with
120◦ angles between W3 spins owns the lowest energy (Table
S4 in the Supplemental Material [27]). Then the magnetic
coefficients J1 and J2 between the nearest-neighboring and
second-neighboring W3 spins [as depicted in Fig. 1(a)] can be
obtained by comparing the DFT energies of different orders
(see Note 3 in the Supplemental Material [27] for details).
With normalized W3 spin, the obtained J1 is ∼2.2 meV and
J2 is ∼0.3 meV. Such a small J2 is reasonable considering
the long distance between the second-neighboring W3 spins.
Based on these couplings, the atomistic simulation is per-
formed. The result indicates that the noncollinear Y-AFM
state composed by FM W3 trimers is indeed the ground state
for the W3-spin lattice.

This Y-AFM order of W3 spins on triangular lattice has
diverse morphologies. For example, the vector chirality (κ)
can be defined as [42]

κ = 2

3
√

3

∑
〈 ji〉

[Si × S j]z, (3)

where 〈i j〉 refers to the nearest-neighboring W3 spins. As
indicated in Fig. 2(d), κ can be calculated for the downward
triangle in a counterclockwise sequence. For the in-plane Y-
AFM state, κ = +1 and −1 just represent the two opposite
chiralities. In addition, the trimeric Y-AFM state may have
different angles with respect to the crystal lattice. Here, the az-
imuthal angle ϕ is used to measure the clockwise synchronous
rotation of all spins, as illustrated in Fig. 2(d).

C. Ferroelectricity

As mentioned above, the semiconducting properties of
W3Cl8 monolayer is stabilized by the breathing distortion of
kagome lattice, which can also generate a vertical ferroelectric
polarization. As illustrated in Fig. 3(a), the in-plane shrinking
of each W3 trimer squeezes the middle Cl ions along the c
axis, which induces a polarization. +P and −P states corre-
spond to different phases of W3 trimerization. The standard
Berry phase calculation indicates that the total polarization of
W3Cl8 monolayer reaches 0.394 µC/cm2 (with κ = +1 in the
+P phase), if the height of W3Cl8 (3.467 Å) is taken as the
thickness.

In fact, the ferroelectric polarization also contains a part
of contribution from the noncollinear W3-spin texture via the
SOC. Such a magnetism-induced ferroelectric polarization
(Pm) is determined by its vector chirality [43,44], and its
direction should be normal to the crystal plane. By comparing
the net polarizations of κ = +1 and κ = −1 configurations,
Pm is estimated as 0.005 μC/cm2, only 1.27% of the total
polarization. Thus, the magnetic contribution to polarization
is negligible, and W3Cl8 monolayer can be considered as a
typical type-I multiferroicity [45].

Such a ferroelectric polarization can be flipped between
the +P and −P states by a breathing process of the kagome
network. The intermediate state without W3 trimerization
can be considered as the parent paraelectric (PE) phase, as
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FIG. 3. Side and top views of the W3Cl8 monolayer for (a) fer-
roelectric +P phase, (b) paraelectric (PE) phase, and (c) ferroelectric
−P phase. Red and blue dashed circles indicate the positions of Cl
and W ions in the PE phase, respectively. (d) The CI-NEB result of
the transition path from the +P state to −P state via the intermediate
PE phase.

illustrated in Fig. 3(b). Then the ferroelectric switching shown
in Figs. 3(a)–3(c) can be simulated by the climbing image
nudged elastic band (CI-NEB) method [46], which leads to
an energy barrier shown in Fig. 3(d). Note that here the
energy barrier can only be considered as a theoretical upper
limit, while the real barrier may be lower via more complex
switching paths. Anyway, due to the ultrathin thickness and

the vertical polarization of W3Cl8 monolayer, a sufficiently
strong electric field can be applied perpendicularly to achieve
ferroelectric switching [20,47].

According to the DFT calculations, all the trimeric Y-AFM
states with different ϕ and the same κ are nearly degenerate in
energy, and the energy of κ = +1 is about 1 meV per unit cell
lower than that of κ = −1 in the same +P phase, due to the
different directions of Pm.

D. Magneto-optical Kerr effect

In recent years, the detection and manipulation of antiferro-
magnetism is vital for spintronics, but technically challenging.
The MOKE provides a powerful tool for detecting the elec-
tronic and magnetic properties of materials, which was earlier
used to detect nonzero net magnetization in ferromagnets and
ferrimagnets [48]. In antiferromagnets, though the time rever-
sal (T) symmetry is broken, the combined operations of T and
crystal symmetry usually can preserve the Kramers theorem,
resulting in the absence of MOKE. Otherwise, MOKE will
emerge. In 2015, it was predicted that a large MOKE could
emerge in noncollinear antiferromagnets Mn3X (X = Rh, Ir,
Pt) even though the net magnetization is zero [49]. Later,
Zhou et al. theoretically studied the MOKE in noncollinear
antiferromagnets Mn3XN (X = Ga, Zn, Ag, and Ni) [50]. In
2016, Sivadas et al. predicted that the perpendicular electric
field breaks the combined TI symmetry (I is the spatial inver-
sion), and thus induces MOKE in the bilayer MnPSe3 with
collinear antiferromagnetism [51]. In addition, MOKE was
also predicted in the AFM heterostructures [34,52]. Experi-
mentally, zero-field MOKE in a noncollinear antiferromagnet
was reported in Mn3Sn bulk at room temperature [53], and
then in Mn3Ge bulk [54]. These theoretical predictions and
experimental observations confirm that MOKE can occur in
antiferromagnets without net magnetization.

FIG. 4. Kerr spectra of W3Cl8 monolayer under (a) spatial inversion (I) operation and (b) time reversal (T) operation. (c) The Kerr spectra
in +P phase for different κ . (d) The symmetry relations under different operations, namely I, T, and the pure chirality switch (C) between κ =
1 and κ = −1. Here, θK and θ ′

K represent different Kerr spectra.
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The noncollinear W3-spin texture in W3Cl8 monolayer
provides an opportunity to utilize the 5d antiferromagnetism.
It is fortunate that the trimeric Y-AFM order in the W3Cl8

monolayer can be detected by MOKE. It is noteworthy that
this trimeric Y-AFM state is a noncollinear configuration com-
posed by FM W3 trimers, and thus this is actually a Y-AFM
texture on the triangular lattice. It is different from previously
reported MOKE-active noncollinear AFM states in those bulk
materials, where the Y-AFM texture is on the kagome lat-
tice plane. Therefore, different symmetries appear in these
two cases, and thereby different MOKEs can be observed
[49,50,54].

Here the time reversal symmetry is broken, and its com-
bination with other crystal symmetry operation is also not
a “good” symmetry. Thus the Kramers degeneracy is lifted,
accompanied by a strong SOC from W’s 5d orbitals, which
leads to a significant MOKE signal [49,55]. For example, in
the +P phase with κ = +1 and ϕ = 0◦, the MPG is 3m’
and the optical conductivity tensor (OCT) can be generally
expressed as [56]

OCT
(
3m′) =

⎛
⎝

σxx σxy 0
−σxy σxx 0

0 0 σzz

⎞
⎠. (4)

For those systems with threefold rotational symmetry, i.e.,
W3Cl8 monolayer, σxy �= 0 means that the MOKE is activated.
Our first-principles calculation indeed finds the maximum
Kerr angle (θKmax) to be −0.357◦ under 1.5 eV incident light,
as shown in Fig. 4(a), which is comparable to that of Mn3X
(X = Rh, Ir, Pt) (0.2◦–0.6◦) [49], and even larger than that of
the monolayer ferromagnet CrI3 (0.286◦) [57]. The essential
role of SOC in the occurrence of MOKE is also confirmed,
namely the MOKE signal would vanish if the SOC is switched
off. When the spatial inversion operation I is performed on
this system, the +P phase with κ = +1 transforms into the −P
phase with κ = −1, but the Kerr spectrum remains unchanged,
as displayed in Fig. 4(a). In contrast, when the time reversal
operation T is performed, the Kerr spectrum is completely
opposite, as shown in Fig. 4(b).

The change of magnetic chirality can also tune the MOKE
signal. For a given +P state and ϕ = 0◦, both κ = 1 and κ

= −1 lead to the MPG 3m’, but their MOKE signals are not
identical, as shown in Fig. 4(c). The absolute value of θKmax

is 0.357◦ (at 1.5 eV) for κ = +1, which is larger than 0.312◦
(at 1.2 eV) for κ = −1. This tendency is reasonable since a
slightly larger P exists in the κ = +1 case (due to the Pm).

TABLE I. The magnetic point group (MPG) and σxy for W3Cl8

monolayer in the same +P phase for different magnetic states with
κ = ±1 and ϕ: 0◦–180◦.

Azimuthal angle ϕ (deg)

κ 0/180 15/165 30/150 45/135 60/120 75/105 90

+1 3m’ 3 3 3 3 3 3m
MPG −1 3m’ 3 3m 3 3m’ 3 3m

Nonzero +1 yes yes yes yes yes yes no
σxy −1 yes yes no yes yes yes no

The effects of aforementioned operations, including I, T, and
C (the pure chirality switch between κ = 1 and κ = −1), are
summarized in Fig. 4(d).

In addition, the MOKE signal of W3Cl8 monolayer
is greatly influenced by the details of magnetic texture.
Table I lists the ϕ-dependent MPG in the +P state for both
κ = 1 and −1. During the rotation of ϕ, new MPGs emerge,
i.e., 3 and 3m. Their OCTs are [56]

OCT (3) =
⎛
⎝

σxx σxy 0
−σxy σxx 0

0 0 σzz

⎞
⎠, (5)

OCT (3m) =
⎛
⎝

σxx 0 0
0 σxx 0
0 0 σzz

⎞
⎠. (6)

FIG. 5. (a) The magnetic configurations in the +P phase without
MOKE. Here, M (1), M (2), M (3) represent the three mirror planes, and
the red arrows represent the W3 spins. (b) The maximum Kerr angle
θKmax as a function of ϕ for κ = ±1 in the same +P phase. The
data of κ = −1 are obtained under 1.2 eV incident light. The data
of κ = +1 marked by the hollow squares, solid squares, and hollow
squares with cross center are obtained under 0.8, 1.5, and 0.5 eV
incident light respectively. (c) The Kerr spectra with ϕ1 + ϕ2 = 180◦

at κ = +1.
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According to Eq. (1), in the 3m case, σxy = 0 and thus no
MOKE exists, while for the MPG 3, nonzero σxy means an
observable MOKE, as listed in Table I. When ϕ = 90◦ for
κ = +1 or ϕ = 30◦, 90◦, 150◦ for κ = −1, there is at least
one of the three W3 spins perpendicular to the corresponding
mirror planes (M (1), M (2), M (3)) of the structure, as illustrated
in Fig. 5(a). The Kramers theorem is recovered by the com-
bined TM (M: the mirror operation) symmetry, and therefore
the MOKE signal vanishes. Otherwise, TM symmetry does
not exist and the MOKE signal can be detected.

The nonzero Kerr spectrum exhibits a sensitive dependence
on the detailed magnetic order. The ϕ dependence of θKmax

for κ = ±1 is summarized in Fig. 5(b). The absolute value
of θKmax reaches the maximum at ϕ = 0◦, 60◦, 120◦, 180◦.
Corresponding to the variation of the magnetic group, dif-
ferent periodic behaviors are revealed for different chiralities,
namely θKmax as a function of ϕ displays a period of 360◦ for
κ = +1, but a period of 120◦ for κ = −1. In addition, for
two trimeric Y-AFM states with different ϕ (e.g., ϕ1 and ϕ2),
if ϕ1 + ϕ2 = 180◦, opposite Kerr spectra appear as plotted in
Fig. 5(c). The ϕ modulation of the Kerr spectrum provides an
efficient approach, in addition to the time reversal operation,
to realize the flipping of the Kerr spectrum. Conversely, the
magnetic-order dependent MOKE also provides an effective
method to detect complex noncollinear AFM orders.

IV. SUMMARY

In conclusion, by using first-principles calculations, we
predicted a stable multiferroic W3Cl8 monolayer with a
breathing kagome lattice. The reduced dimension and the frac-
tional valence activate the 5d magnetism of tungsten, forming
the molecular-orbital magnetic moment of W3 trimers. The

strong easy-plane magnetic anisotropy and the dominant AFM
couplings lead to the noncollinear Y-AFM state composed by
FM W3 trimers as the magnetic ground state. It is revealed
that an intrinsic MOKE with sizable Kerr angle appears in
this AFM monolayer. Since the Y-AFM order of W3 spins
on triangular lattice may have different chiralities and di-
verse morphologies, corresponding to different symmetries,
rich MOKEs are observed strongly dependent on the detailed
magnetic order. Moreover, the evolutions of Kerr spectra with
spin orientation are distinguishable for different chiralities,
suggesting that MOKE can be used to detect the details of
AFM orders. Meanwhile, the W3 trimerization and the breath-
ing distortion of kagome lattice induce ion displacements, and
thus result in a spontaneous ferroelectric polarization. This
ferroelectric polarization can be reversed by the breathing
process of the kagome network, together with the displace-
ment of magnetic trimers. Our study opens a route to
realize more 5d magnetism/ferroelectricity/multiferroicity of
tungsten-based compounds, especially in the low-dimensional
forms, which may provide an excellent platform for in-
vestigating magneto-optical phenomena and exploring new
technological applications.
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tion metal trichloride OsCl3: A playground for two-dimensional
magnetism, room-temperature quantum anomalous Hall effect,
and topological phase transitions, Phys. Rev. B 95, 201402(R)
(2017).

[11] H. Zhang, C. Lazo, S. Blugel, S. Heinze, and Y. Mokrousov,
Electrically tunable quantum anomalous Hall effect in graphene
decorated by 5d transition-metal adatoms, Phys. Rev. Lett. 108,
056802 (2012).

[12] M. Xu, C. Huang, Y. Li, S. Liu, X. Zhong, P. Jena, E. Kan,
and Y. Wang, Electrical control of magnetic phase transition in

014433-6

https://doi.org/10.1039/C6CP04677K
https://doi.org/10.1103/PhysRevLett.68.851
https://doi.org/10.1103/PhysRevLett.102.017205
https://doi.org/10.1038/nphys3322
https://doi.org/10.1021/ic051045+
https://doi.org/10.1063/1.2131178
https://doi.org/10.1039/D2RA01841A
https://doi.org/10.1006/jssc.1995.1113
https://doi.org/10.1103/PhysRevLett.114.077202
https://doi.org/10.1103/PhysRevB.95.201402
https://doi.org/10.1103/PhysRevLett.108.056802


TWO-DIMENSIONAL 5d MULTIFERROIC … PHYSICAL REVIEW B 109, 014433 (2024)

a type-I multiferroic double-metal trihalide monolayer, Phys.
Rev. Lett. 124, 067602 (2020).

[13] S. N. Magonov, P. Zoiuichen, H. Rotter, H.-J. Cantow, G.
Thiele, J. Ren, and M.-H. Whangbo, Scanning tunneling and
atomic force microscopy study of layered transition metal
halides Nb3X8 (X = Cl, Br, I), J. Am. Chem. Soc. 115, 2495
(1993).

[14] Y. Haraguchi, C. Michioka, M. Ishikawa, Y. Nakano, H.
Yamochi, H. Ueda, and K. Yoshimura, Magnetic-nonmagnetic
phase transition with interlayer charge disproportionation of
Nb3 trimers in the cluster compound Nb3Cl8, Inorg. Chem. 56,
3483 (2017).

[15] H. Schäfer and H. G. Schnering, Metall-metall-bindungen bei
niederen halogeniden, oxyden und oxydhalogeniden schwerer
ubergangsmetalle thermochemische und strukturelle prinzipien,
Angew. Chem. 76, 833 (1964).

[16] B. J. Kim, B. J. Jeong, S. Oh, S. Chae, K. H. Choi, S. S. Nanda,
T. Nasir, S. H. Lee, K. W. Kim, H. K. Lim, L. Chi, I. J. Choi, M.
K. Hong, D. K. Yi, H. K. Yu, J. H. Lee, and J. Y. Choi, Structural
and electrical properties of Nb3I8 layered crystal, Phys. Status
Solidi RRL 13, 1800448 (2018).

[17] Z. Sun, H. Zhou, C. Wang, S. Kumar, D. Geng, S. Yue, X. Han,
Y. Haraguchi, K. Shimada, P. Cheng, L. Chen, Y. Shi, K. Wu,
S. Meng, and B. Feng, Observation of topological flat bands
in the kagome semiconductor Nb3Cl8, Nano Lett. 22, 4596
(2022).

[18] S. Regmi, T. Fernando, Y. Zhao, A. P. Sakhya, G. Dhakal, I. Bin
Elius, H. Vazquez, J. D. Denlinger, J. Yang, J.-H. Chu, X. Xu,
T. Cao, and M. Neupane, Spectroscopic evidence of flat bands
in breathing kagome semiconductor Nb3I8, Commun. Mater. 3,
100 (2022).

[19] R. Peng, Y. Ma, X. Xu, Z. He, B. Huang, and Y. Dai, Intrinsic
anomalous valley Hall effect in single-layer Nb3I8, Phys. Rev.
B 102, 035412 (2020).

[20] Y. Li, C. Liu, G.-D. Zhao, T. Hu, and W. Ren, Two-dimensional
multiferroics in a breathing kagome lattice, Phys. Rev. B 104,
L060405 (2021).

[21] Y. Feng and Q. Yang, Enabling triferroics coupling in breathing
kagome lattice Nb3X8 (X = Cl, Br, I) monolayers, J. Mater.
Chem. C 11, 5762 (2023).

[22] G. Kresse and J. Furthmüller, Efficient iterative schemes for
ab initio total-energy calculations using a plane-wave basis set,
Phys. Rev. B 54, 11169 (1996).

[23] J. P. Perdew, K. Burke, and M. Ernzerhof, Generalized gradient
approximation made simple, Phys. Rev. Lett. 77, 3865 (1996).

[24] W. Sun, W. Wang, J. Zang, H. Li, G. Zhang, J. Wang, and Z.
Cheng, Manipulation of magnetic skyrmion in a 2d van der
waals heterostructure via both electric and magnetic fields, Adv.
Funct. Mater. 31, 2104452 (2021).

[25] Y. Yin, M. S. Fuhrer, and N. V. Medhekar, Selective control of
surface spin current in topological pyrite-type OsX2 (X = Se,
Te) crystals, npj Quantum Mater. 4, 47 (2019).

[26] Z.-j. Wu, E.-j. Zhao, H.-p. Xiang, X.-f. Hao, X.-j. Liu, and J.
Meng, Crystal structures and elastic properties of superhard
IrN2 and IrN3 from first principles, Phys. Rev. B 76, 054115
(2007).

[27] See Supplemental Material at http://link.aps.org/supplemental/
10.1103/PhysRevB.109.014433 for Note 1: Calculations with
Hubbard U correction; Note 2: The electronic structures with
SOC considered; Note 3: The calculation of magnetic orders.

[28] X. Gonze and C. Lee, Dynamical matrices, born effective
charges, dielectric permittivity tensors, and interatomic force
constants from density-functional perturbation theory, Phys.
Rev. B 55, 10355 (1997).

[29] A. Togo and I. Tanaka, First principles phonon calculations in
materials science, Scr. Mater. 108, 1 (2015).

[30] F. Eriksson, E. Fransson, and P. Erhart, The hiphive package
for the extraction of high-order force constants by machine
learning, Adv. Theory Simul. 2, 1800184 (2019).

[31] R. Raffaele, Macroscopic polarization in crystalline dielectrics:
The geometric phase approach, Rev. Mod. Phys. 66, 899 (1994).

[32] R. D. King-Smith and D. Vanderbilt, Theory of polarization of
crystalline solids, Phys. Rev. B 47, 1651 (1993).

[33] G. P. Müller, M. Hoffmann, C. Dißelkamp, D. Schürhoff, S.
Mavros, M. Sallermann, N. S. Kiselev, H. Jónsson, and S.
Blügel, Spirit: Multifunctional framework for atomistic spin
simulations, Phys. Rev. B 99, 224414 (2019).

[34] N. Ding, K. Yananose, C. Rizza, F. R. Fan, S. Dong, and A.
Stroppa, Magneto-optical kerr effect in ferroelectric antiferro-
magnetic two-dimensional heterostructures, ACS Appl. Mater.
Interfaces 15, 22282 (2023).

[35] H. T. Stokes and D. M. Hatch, FINDSYM: Program for
identifying the space-group symmetry of a crystal, J. Appl.
Crystallogr. 38, 237 (2005).

[36] Y. Li, Y. Liao, and Z. Chen, Be2C monolayer with quasi-planar
hexacoordinate carbons: A global minimum structure, Angew.
Chem. Int. Ed. 53, 7248 (2014).
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