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Magneto-optical Kerr effect and magnetoelasticity in a weakly ferromagnetic RuF4 monolayer

Na Wang,1 Jun Chen,1 Ning Ding,1 Huimin Zhang,2,3 Shuai Dong ,1,* and Shan-Shan Wang 1,†

1School of Physics, Southeast University, Nanjing 21189, China
2Key Laboratory of Computational Physical Sciences (Ministry of Education), Institute of Computational Physical Sciences,

and Department of Physics, Fudan University, Shanghai 200433, China
3Shanghai Qi Zhi Institute, Shanghai 200030, China

(Received 22 March 2022; revised 19 June 2022; accepted 27 July 2022; published 29 August 2022)

Considerable research interest has been attracted to noncollinear magnetic structures for their intriguing
physics and promising applications. In this work, based on relativistic density functional theory, we reveal the
interesting magnetic order and relevant properties in monolayer RuF4, which can be exfoliated from its bulk
phase. Although the spins on Ru ions are almost antiferromagnetically aligned between nearest neighbors, weak
ferromagnetism is generated because of the antisymmetric Dzyaloshinskii-Moriya interaction as well as the
single-ion anisotropy. A prominent magneto-optical Kerr effect can be observed for this antiferromagnet, similar
to those of regular strong ferromagnets. In addition, a uniaxial strain can induce a ferroelastic switching together
with the in-plane rotation of spin direction, giving rise to a strong intrinsic magnetoelasticity. Our work not
only suggests an alternative direction for two-dimensional magnetic materials, but also provides hints to future
devices based on antiferromagnetic magnetoelastic or magneto-optical materials.
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I. INTRODUCTION

Two-dimensional (2D) magnetic materials have attracted
much research attention, which has promising prospects in
the miniaturization of spintronic devices. Recently, a few 2D
magnets have been realized in experiments, involving CrI3,
VSe2, and so on [1–4]. So far, most of these pioneering works
on 2D magnets are focused on 3d transition-metal compounds
with ferromagnetism [5], leaving the 2D 4d/5d antiferro-
magnets rarely touched. Those 4d/5d metal compounds with
partially filled shells usually demonstrate the combination of
strong spin-orbit coupling (SOC) effects and non-negligible
correlation effects, making them a wonderful platform to ex-
plore a wide variety of spin textures and relevant nontrivial
physical properties.

Current mainstream spintronic devices are based on fer-
romagnetic (FM) materials. Until recently, the concept of
antiferromagnetic (AFM) devices has reshaped the future of
spintronics [6–10]. There are at least two important advan-
tages for AFM spintronics. First, they have better scalability
without the influence from stray field and are more robust
against magnetic field perturbations [7]. Second, the reso-
nance frequencies in antiferromagnets are typically improved
to THz range, which can lead to much higher operation speeds
compared to those ferromagnetic counterparts [11].

However, there remain many challenges in those devices
based on pure antiferromagnets. Unlike ferromagnets with
net magnetic moments that can be manipulated by external
magnetic field, the absence of net magnetization in anti-
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ferromagnets makes them much less sensitive to external
magnetic field and thus hard to be manipulated. Hence, an
ideal system with mainly antiferromagnetic textures and net
ferromagnetic moments may take full advantage of both sides.
Such appealing systems have been proposed and detected
in three-dimensional materials, such as antiferromagnetic
FeBO3, RFeO3 (R: rare earth), Sr2IrO4, BiFeO3, and other
bulks [12–16]. The weak ferromagnetism in these materi-
als is caused by antisymmetric interaction or the single-ion
anisotropy (SIA). Furthermore, anomalous Hall effect and
Kerr effect have been studied in Mn3X (X = Sn, Ir, Pt) and
RuO2 with weak ferromagnetism [17–20]. However, such
weak ferromagnetism has not been widely concerned in 2D
magnetic materials.

In addition, many 2D materials have been proposed to
possess ferroelasticity. The 1T′-transition-metal dichalco-
genides and doped GdI3 monolayers have three equivalent
orientation variants, which are switchable under mechanical
strain [21,22]. α-ZrPI was predicted to be ferroelastic with
anisotropic carrier mobility [23]. In 1T′-MoTe2 and β ′-In2Se3

ferroelasticity has been observed in experiments [24,25]. Par-
ticularly, ferroelasticity coupling with magnetism, denoted as
magnetoelasticity, can expand the potential applications in
spintronic devices. Only a few studies have reported intrinsic
magnetoelasticity in 2D materials. For example, monolayer
FeOOH, VF4, and VNI were predicted to display magne-
toelasticity [26–28]. Hence, exploring more candidates with
intrinsic strong magnetoelasticity coupling is crucial in 2D
materials.

In this work, we demonstrate that monolayer RuF4 can
be exfoliated from its bulk phase with little energy cost.
The partially filled Ru’s 4d shells provide magnetic mo-
ments. It is an intrinsic antiferromagnetic semiconductor
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with weak ferromagnetism from the spin canting, driven
by the Dzyaloshinskii-Moriya (DM) interaction and SIA.
The Monte Carlo (MC) simulation confirms its noncollinear
antiferromagnetism and weak ferromagnetism below TN =
45.5 K. Remarkably, a longitudinal magneto-optical Kerr
effect (MOKE) is expected due to the spatial inversion com-
bined with time-reversal (PT ) symmetry breaking. Another
interesting property is the intrinsic coupling of antiferromag-
netism and ferroelasticity. Its spin axis can be manipulated
by the reversible uniaxial strain, leading to a strong intrinsic
magnetoelasticity.

II. METHODS

Our first-principles calculations were based on the density
functional theory (DFT), as performed using the Vienna ab-
initio Simulation Package (VASP) [29,30]. The interactions of
ions and electrons were treated by the projector augmented
wave method [31]. The generalized gradient approxima-
tion (GGA) parameterized by Perdew, Burke, and Ernzerhof
(PBE) was adopted to describe the exchange-correlation func-
tional [32].

For the bulk calculation, the van der Waals (vdW) D3 cor-
rection is adopted [33]. For monolayer calculation, a vacuum
space of 20 Å thickness was introduced to avoid layer inter-
actions. The �-centred k mesh with 11×11×1 was adopted
for the Brillouin zone sampling [34]. The energy convergence
criterion was set to be 10−6 eV. The lattice parameters and
ionic positions were fully optimized until the residual force on
each atom was less than 0.001 eV/Å. The phonon spectrum
was calculated with DFPT method using PHONOPY package
[35].

To calculate the MOKE signal, the EXCITING code was used
[36], with the (linearized) augmented plane waves plus a local
orbital basis [37]. The muffin-tin radii for Ru and F atoms
are 2.0 and 1.45 Bohr, respectively. SOC is included using
the second-variation method. The k-point grids of 5×5×1
were sampled in the first Brillouin zone. The EXCITING code
uses the time-dependent density-functional theory (TDDFT)
to calculate the Kerr angle (θK ) and ellipticity (ηK ) [38–40].

In addition, the magnetic transition was simulated using the
Markov-chain MC method with Metropolis algorithm [41].
Metropolis algorithm combined with parallel tempering pro-
cess was adopted to obtain the thermal equilibrium efficiently
[42]. A 48×48 lattice with periodic boundary conditions was
used in the MC simulations to avoid nonuniversal effects of
boundary conditions. We took an exchange sampling after
every ten standard MC steps. The initial 4×105 MC steps were
discarded for thermal equilibrium and another 4×105 MC
steps were retained for statistical average in the simulation.
The specific heat C was also calculated to determine TN. The
results were further checked by the simulations on lattices
with other sizes to ensure that the finite-size effect would not
affect our conclusion.

III. RESULTS AND DISCUSSION

A. Structure and stability

Bulk phase ruthenium tetrafluoride was experimentally
synthesized in 1992 [43]. It has a layered monoclinic struc-

FIG. 1. Crystal structure of RuF4. (a) Bulk phase of RuF4. The
vdW layers stack along the [101] direction. (b) Schematic of ex-
foliation process. (c) Top and side views of monolayer RuF4. The
dashed rectangle indicates the primitive unit cell with ten atoms.
(d) Phonon spectrum of monolayer RuF4. A 4×4 supercell is used
in the calculation.

ture consisting of ten atoms per unit cell with space group
P21/c (No. 14). Each ruthenium ion is surrounded by six
fluorine ions, forming an octahedron and neighboring RuF6

octahedra are connected via the corner-sharing manner. The
experimental lattice constants are a = 5.607 Å, b = 4.946 Å,
and c = 5.413 Å with RuF4 layers stacking along the [101]
direction, as shown in Fig. 1(a). The interlayer coupling is
vdW interaction, implying that single-layer RuF4 could be
exfoliated from its bulk phase easily. Our calculated lattice
constants (a = 5.610 Å, b = 5.054 Å, and c = 5.532 Å) are
consistent with the experimental results, providing a solid
starting point for the following calculations.

The cleavage energy is evaluated by calculating the en-
ergy variation of a single layer exfoliated from its bulk
phase, as shown in Fig. 1(b), which is 14 meV/Å2, smaller
than those of many familiar 2D materials such as graphene
(∼21 meV/Å2), MoS2 (∼18 meV/Å2), and black phospho-
rene (∼23 meV/Å2) [44]. Therefore, it is hopeful to obtain
monolayer RuF4 from its bulk phase using mechanical ap-
proaches in experiments.

The top and side views of monolayer RuF4 are depicted
in Fig. 1(c). The monolayer displays a tetragonal lattice with
the same space group P21/c containing four symmetry el-
ements. The fully optimized lattice constants of monolayer
RuF4 are a = 5.436 Å and b = 5.125 Å. The phonon spec-
trum is evaluated to verify its dynamical stability. As shown
in Fig. 1(d), there is no imaginary phonon branch through the
whole Brillouin zone, demonstrating the monolayer structure
is dynamically stable.

B. Weak ferromagnetism

The unpaired electrons in 4d orbitals usually induce
magnetic moments in transition-metal compounds, which is
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FIG. 2. Electronic structure of monolayer RuF4. (a) Néel AFM
configuration, which is the most energetically favored magnetic or-
der. (b) Electron configuration of Ru’s 4d orbitals, as a result of
octahedral crystal field and Jahn-Teller distortion. The x and y axes
are along the in-plane bond directions respectively, while the z axis is
along the out-of-plane bond direction. (c) Band structure of the unit
cell and orbital-projected DOS of one Ru atom.

exactly the case for monolayer RuF4. The ground state of
monolayer RuF4 is determined by comparing the energy
among four magnetic configurations using a 2×2 supercell:
FM, double stripe-antiferromagnetic (AFM-I), Néel antiferro-
magnetic (AFM-II), and stripe antiferromagnetic (AFM-III),
as shown in Fig. S1 of the Supplemental Material (SM) [45].
It is found that the Néel-antiferromagnetic state is the most
energetically favorable one, as depicted in Fig. 2(a). The en-
ergies of FM, AFM-I, and AFM-III states are 14.25, 5.85, and
5.80 meV/Ru higher than the ground state. In the AFM-II
state, the magnetic moments are mainly distributed on Ru sites
with ∼1.45 μB/Ru.

Due to the octahedral crystal field, the d orbitals will be
split into two groups: the low-lying t2g triplets and higher-
energy eg doublets. The compressed Jahn-Teller distortion
(Q3 mode) of RuF6 octahedron (i.e., two out-of-plane Ru-F
bonds 1.85 Å are shorter than the four in-plane ones 2.01 Å)
further splits the t2g orbitals. The on-site energy of dxy orbitals
is lower than that of degenerate dyz and dxz orbitals. In the
case of Ru4+ with four 4d electrons, three spin-up electrons
occupy the three t2g orbitals and one more electron is placed
in the low-lying spin-down dxy orbital, as shown in Fig. 2(b).
This orbital configuration leads to a local magnetic moment
up to 2 μB, close to the DFT one. Such an orbital configura-
tion also quenches most orbital moments [46], as confirmed
in our DFT calculation (0.001 μB/Ru from the orbital
contribution).

The electronic structure of AFM-II is plotted in Fig. 2(c).
The band structure exhibits a semiconducting behavior with

an indirect band gap around 0.84 eV. In the orbital-projected
density of states (DOS), the dxy/dxz/dyz spin-up orbitals and
dxy spin-down orbital locate below the Fermi level, while
the dxz/dyz spin-down orbitals are higher than Fermi level.
This result is consistent with the above analysis of electron
configuration.

In AFM RuF4, the RuF6 octahedra are complemented by
the nonmagnetic F atoms. The octahedra are distorted with
collective rotation and tilting, which results in the staggered
displacements of in-plane F ions, as indicated in Fig. 2(a).
The combination of these distorted octahedra (or in other
words the staggered F ions) and the AFM-II ordering breaks
the PT and t1/2T symmetries (where t1/2T is a half unit cell
translation), which then allows weak ferromagnetism [47]. To
account for this, the preferred spin orientation is determined
by calculating the global magnetocrystalline anisotropy en-
ergy (MAE). First, the out-of-plane direction is found to be
a hard axis with a strong MAE (7.23 meV/Ru higher), as
a result of aforementioned orbital configuration. Second, the
in-plane MAE shows that the favorable magnetic orientation
of monolayer RuF4 is along the a axis, as shown in Fig. 3(a).
Then its magnetic point group becomes 2/m, containing a mir-
ror plane and twofold axis. With this low symmetric magnetic
point group, a spin canting to the b axis is allowed. To confirm
the spin canting and estimate its magnitude, the magnetic
structure is relaxed with SOC, starting from initial collinear
AFM spins along the a axis. The SOC effects indeed lead to
a noncollinear spin texture. Specifically, the spins of Ru ions
tilt from the a axis to b axis by ±3.4◦, as shown in Fig. 3(b).
Such spin tilting angles result in a weak but measurable FM
moment ∼0.11 μB/Ru along the b axis.

Although the above symmetry analysis and DFT calcula-
tion confirm the weak ferromagnetism due to spin canting, it
is essential to clarify its microscopic origin. In general, a small
spin canting angle can be driven by antisymmetric DM inter-
action [48,49], or site-dependent SIA, both of which are SOC
effects. The strong SOC of 4d orbitals and the staggeringly
bending Ru-F-Ru bonds can lead to staggered DM vectors
[47], as shown in Fig. 3(b). Also, the collective rotation of
RuF6 octahedra can give rise to site-dependent SIA, which
is beyond the above scenario of global magnetocrystalline
anisotropy. Then a XY -spin model can be constructed to de-
scribe its magnetism, while the high-energy out-of-plane spin
component is neglected. The model Hamiltonian reads as:

H =
∑
〈i, j〉

[J (Si · S j ) + Di j · (Si × S j )] +
∑

i

Kab(Si · ui )
2, (1)

where the first and second terms are the normal superexchange
and the DM interaction between nearest-neighboring (NN)
sites i and j; and the third term is the in-plane SIA. S rep-
resents the normalized spin and ui is the normalized vector
along the in-plane easy axis at site i. The DFT extracted
magnetic coefficients are listed in Table I. The obtained ui’s
are close to the global easy axis but with ±17◦ canting, as
shown in Fig. 3(c).

With this spin model, we can clarify the origin of spin cant-
ing. The energy contributions from each term as a function of
canting angle are plotted in Fig. 3(d). Although the coefficient
Kab is larger than Dz, the DM interaction contributes more
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TABLE I. Magnetic coefficients (in unit of meV) for the spin
model, extracted from DFT calculations. For comparison, the out-of-
plane MAE coefficient Kc is also shown, which is positive and large
enough to make all spins lie in plane. Thus, only the z component of
D (Dz) is valuable. The SIA axis for two Ru sites are also shown.

J Dz Kab Kc u1 u2

4.07 −0.36 −1.07 7.23 (0.956, 0.293) (0.956, −0.293)

to the energy change than the SIA one. If only J and SIA
are considered, the total energy reaches its minimum with a
canting angle of 1◦. If only J and DM interaction are consid-
ered, the canting angle reaches 2.5◦, closer to the final value
(3.4◦). Hence, the DM interaction plays the dominant role in
the formation of weak FM, although the SIA also helps.

Having all these coefficients, the magnetic phase transition
of monolayer RuF4 is simulated using the MC method, as
shown in Fig. 3(e). The Néel temperature TN is estimated as
45.5 K, indicated by the peak of heat capacity. The MC snap-
shot far below TN also confirms its canting antiferromagnetism
and weak ferromagnetism, as shown in Fig. 3(f).

C. Magneto-optical Kerr effect

To characterize the ferromagnetism in 2D materials,
MOKE is the most frequently used method. The presence
of MOKE depends on the breaking of PT symmetry. Micro-
scopically, a nonzero MOKE signal requires the SOC effects
and net magnetization [50]. According to the directional re-
lationship between the magnetization, the reflecting surface,
and the plane of incidence, there are three kinds of MOKE.
The polar MOKE (P-MOKE) is the most common case, with

the magnetization perpendicular to the reflection surface and
parallel to the plane of incidence. For the longitudinal MOKE
(L-MOKE), the magnetization is parallel to both the reflec-
tion surface and the plane of incidence, while in the case of
transversal MOKE (T-MOKE) the magnetization is perpen-
dicular to the plane of incidence and parallel to the surface.

Since the net magnetization of RuF4 monolayer lies in
plane, its MOKE effect belongs to L-MOKE. Required by
the symmetric operations of magnetic point group 2/m, the
general form of monolayer RuF4’s dielectric tensor can be
expressed as [51]:

ε =
⎡
⎣εxx 0 εxz

0 εyy 0
εzx 0 εzz

⎤
⎦, (2)

which has five independent coefficients. Since the dielectric
tensor is associated with optical conductivity via εi j (ω) =
δi j + i 4π

ω
σi j (ω) [52,53], the optical conductivity of monolayer

RuF4 can be expressed as:

σ =
⎡
⎣σxx 0 σxz

0 σyy 0
σzx 0 σzz

⎤
⎦. (3)

For L-MOKE, the complex Kerr angle should be calculated
using the equation:

φK = θK + iηK = −(σxz − σzx )

2σxx

√
1 + i4π

ω
σxx

, (4)

where the real part θK corresponds to the Kerr rotation angle,
and the imaginary part ηK refers to the Kerr ellipticity. The
calculated L-MOKE signal is shown as Fig. 4, which is odd to
magnetization as expected.

FIG. 3. Magnetism of monolayer RuF4. (a) MAE as a function of global spin orientation. It is clear that the easy axis is along the a axis.
(b) Spin canting of AFM. α represents the octahedral rotation angle and β denotes the spin canting angle. The z components of D vectors for
Ru-F-Ru bonds are indicated by arrows (

⊙
and

⊗
). (c) The SIA energy profile for two Ru sites. (d) The energy contributions from each term

as a function of canting angle β. (e) The MC simulated heat capacity C and two components of magnetization as a function of temperature. (f)
The MC snapshot of a canting spin pattern at low 0.2 K. A small biased magnetic field (0.05 meV) is applied along the b axis during the MC
simulation to polarize the net magnetization.
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FIG. 4. Calculated L-MOKE signals of monolayer RuF4. For
comparison, the P-MOKE Kerr rotation angle of pure FM monolayer
CrI3. Insert: schematic of MOKE measurement. For L-MOKE (P-
MOKE), the incident light should be nearly grazing on (normal to)
the 2D plane with photon energy h̄ω. The polarization state changes
for reflected light, leading to rotation ellipticity.

Here the value of Kerr angle is slightly smaller than that
of monolayer CrI3 (which is the P-MOKE) in most energy
window [54]. Even though, it remains significant, especially
considering its very small magnetization (only 3% of CrI3),
which is due to the stronger SOC of 4d orbitals than 3d ones.

D. Strong magnetoelasticity

In addition to the nontrivial magnetic-optical property, the
monolayer RuF4 also exhibits strong ferroelasticity. Ferroe-
lastic materials have two or more equally stable states that
can be interchanged from one to another variant, driven by
external strains [22,55,56]. Here the two ferroelastic states
are shown in Fig. 5(a): the S state indicates lattice constant
a larger than b, while S′ state can be understood as the 90◦-
rotated variant of S state. The ferroelastic switching from S
state to S′ state can be realized by applying a uniaxial strain,
as shown in Fig. 5(a). The paraelastic state P can be defined as
the intermediate one between the two ferroelastic states, with
a = b = 5.372 Å.

The ferroelastic switching process is simulated using
the climbing image-nudged elastic band (CI-NEB) method
[57]. The calculated transition barrier is 53.6 meV/u.c.
(5.36 meV/atom) [Fig. 5(a)], which is much smaller than
that of phosphorene (∼200 meV/atom) [58], and borophene
(∼100 meV/atom) [59].

Another key factor of ferroelasticity is the ferroelastic
strain, which can be described by a 2×2 transformation strain
matrix (η) from the Green-Lagrange strain tensors [21]. The
η for monolayer RuF4 is:

η =
[

0.013 0
0 −0.045

]
, (5)

which implies that there is 1.3% tensile strain along the a axis
and 4.5% compressive strain along the b axis when comparing
with the paraelastic state P, and the ferroelastic strain can
be determined as (|a|/|b| − 1)×100%, which is 6.07% for
monolayer RuF4. Compared with typical ferroelastic phos-

FIG. 5. (a) The energy barrier of the ferroelastic switching cal-
culated by CI-NEB method. (b) The magnitude and direction of net
magnetization during the ferroelastic switching.

phorene analogs such as SnS (4.9%) and SnSe (2.1%) [58],
RuF4 could exhibit a more prominent ferroelastic switching
signal in applications. Also, its large ferroelastic anisotropy
can help the monolayer to be more flexible and suffer more
elastic deformation [22,60].

Furthermore, it is worth noting that the in-plane spin orien-
tation can be tuned accompanying the ferroelastic switching,
leading to strong magnetoelasticity. As mentioned before, in
the state S, the spin direction is mainly along the a axis with
a net magnetization along the b axis. While in the equivalent
state S′, the spin direction is mainly along the b axis and the
net magnetization points along the a axis. Such a magnetic
rotation process is illustrated in Fig. 5(b). In the intermediate
region (a ≈ b), the spin orientation (and magnetization) starts
to change from the original ones (a or b) to the diagonal one,
as demonstrated in Fig. S2 [45].

IV. CONCLUSION

In summary, our first-principles study has revealed the non-
trivial physical properties of AFM monolayer RuF4, which
can be exfoliated from its bulk phase with small energy
consumption and keeps dynamically stable. Its weak ferro-
magnetism, which originates from canting of AFM texture,
is mainly dominated by the DM interaction, which can persist
up to a moderate TN = 45.5 K.

Its interesting physical properties include MOKE and mag-
netoelasticity. Remarkably, considerable L-MOKE occurs in
this mainly AFM monolayer due to the PT symmetry break-
ing, similar to those of regular ferromagnets. In addition,
strong magnetoelasticity is found, with direct coupling among
the spin orientation, magnetization, and ferroelastic distortion.

Our work opens a window to pursue more kinds of 2D
magnets and multiferroics, beyond the plain ferromagnets
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based on those 3d transition-metal compounds. Our theo-
retical work will stimulate more experimental studies on
monolayer RuF4 and related systems, towards both fundamen-
tal discoveries and potential spintronic applications.
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[9] P. Němec, M. Fiebig, T. Kampfrath, and A. V. Kimel,

Nat. Phys. 14, 229 (2018).
[10] J. Železný, P. Wadley, K. Olejnik, A. Hoffmann, and H. Ohno,

Nat. Phys. 14, 220 (2018).
[11] T. Jungwirth, J. Sinova, X. Marti, J. Wunderlich, and C. Felser,

Nat. Phys. 14, 200 (2018).
[12] V. E. Dmitrienko, E. Ovchinnikova, S. P. Collins,

G. Nisbet, G. Beutier, Y. O. Kvashnin, V.
Mazurenko, A. I. Lichtenstein, and M. I. Katsnelson,
Nat. Phys. 10, 202 (2014).

[13] J.-S. Zhou, L. G. Marshall, Z.-Y. Li, X. Li, and J.-M. He,
Phys. Rev. B 102, 104420 (2020).

[14] C. Ederer and N. A. Spaldin, Phys. Rev. B 71, 060401(R)
(2005).

[15] C. L. Lu, B. Gao, H. Wang, W. Wang, S. Yuan, S. Dong, and
J.-M. Liu, Adv. Funct. Mater. 28, 1706589 (2018).

[16] H. Wang, C. Lu, J. Chen, Y. Liu, S. Yuan, S.-W. Cheong, S.
Dong, and J.-M. Liu, Nat. Commun. 10, 2280 (2019).

[17] S. Nakatsuji, N. Kiyohara, and T. Higo, Nature (London) 527,
212 (2015).

[18] W. Feng, G.-Y. Guo, J. Zhou, Y. Yao, and Q. Niu, Phys. Rev. B
92, 144426 (2015).

[19] X. Zhou, W. Feng, X. Yang, G.-Y. Guo, and Y. Yao, Phys. Rev.
B 104, 024401 (2021).

[20] T. Higo, H. Man, D. B. Gopman, L. Wu, T. Koretsune, O. M.
van’t Erve, Y. P. Kabanov, D. Rees, Y. Li, M.-T. Suzuki et al.,
Nat. Photon. 12, 73 (2018).

[21] W. Li and L. Li, Nat. Commun. 7, 10843 (2016).
[22] H. You, Y. Zhang, J. Chen, N. Ding, M. An, L. Miao, and S.

Dong, Phys. Rev. B 103, L161408 (2021).
[23] T. Zhang, Y. Ma, L. Yu, B. Huang, and Y. Dai, Mater. Horiz. 6,

1930 (2019).
[24] S. Yuan, X. Luo, H. L. Chan, C. Xiao, Y. Dai, M. Xie, and J.

Hao, Nat. Commun. 10, 1775 (2019).
[25] C. Xu, J. Mao, and X. E. A. Guo, Nat. Commun. 12, 3665

(2021).
[26] X. Feng, X. Ma, L. Sun, J. Liu, and M. Zhao, J. Mater. Chem.

C 8, 13982 (2020).
[27] L. Zhang, C. Tang, and A. Du, J. Mater. Chem. C 9, 95 (2021).
[28] Y. Zhao, Q. Liu, X. Jiang, and J. Zhao, ACS Appl. Electron.

Mater. 4, 3177 (2022).
[29] G. Kresse and J. Hafner, Phys. Rev. B 47, 558 (1993).
[30] G. Kresse and J. Furthmüller, Phys. Rev. B 54, 11169 (1996).
[31] P. E. Blöchl, Phys. Rev. B 50, 17953 (1994).
[32] J. P. Perdew, K. Burke, and M. Ernzerhof, Phys. Rev. Lett. 77,

3865 (1996).
[33] S. Grimme, J. Comput. Chem. 27, 1787 (2006).
[34] H. J. Monkhorst and J. D. Pack, Phys. Rev. B 13, 5188 (1976).
[35] A. Togo and I. Tanaka, Scr. Mater. 108, 1 (2015).
[36] A. Gulans, S. Kontur, C. Meisenbichler, D. Nabok, P. Pavone,

S. Rigamonti, S. Sagmeister, U. Werner, and C. Draxl, J. Phys.:
Condens. Matter 26, 363202 (2014).

[37] D. J. Singh and L. Nordstrom, Planewaves, Pseudopotentials,
and the LAPW Method (Springer Science & Business Media,
Berlin, 2006).

[38] C. Vorwerk, B. Aurich, C. Cocchi, and C. Draxl, Electron.
Struct. 1, 037001 (2019).

[39] S. Sagmeister and C. Ambrosch-Draxl, Phys. Chem. Chem.
Phys. 11, 4451 (2009).

[40] A. Alkauskas, S. Schneider, D. Sagmeister, C. Ambrosch-
Draxl, and C. Hébert, Ultramicroscopy 110, 1081 (2010).

[41] D. Laudau and K. Binder, A Guide to Monte Carlo Simulations
in Statistical Physics (Cambrige University Press, Cambridge,
2021).

[42] K. Hukushima and K. Nemoto, J. Phys. Soc. Jpn. 65, 1604
(1996).

[43] W. J. Casteel Jr, A. P. Wilkinson, H. Borrmann, R. E. Serfass,
and N. Bartlett, Inorg. Chem. 31, 3124 (1992).

[44] J. H. Jung, C.-H. Park, and J. Ihm, Nano. Lett. 18, 2759
(2018).

[45] See Supplemental Material at http://link.aps.org/supplemental/
10.1103/PhysRevB.106.064435 for more details about DFT+U
method test, magnetic configurations and constrained calcula-
tion of spin canting angle, as well as Refs. [43,61,62].

064435-6

https://doi.org/10.1038/nature22391
https://doi.org/10.1038/s41565-018-0063-9
https://doi.org/10.1021/acs.nanolett.8b00683
https://doi.org/10.1038/s41586-018-0626-9
https://doi.org/10.1063/5.0031870
https://doi.org/10.1038/nnano.2016.18
https://doi.org/10.1103/RevModPhys.90.015005
https://doi.org/10.1038/s41567-018-0049-4
https://doi.org/10.1038/s41567-018-0051-x
https://doi.org/10.1038/s41567-018-0062-7
https://doi.org/10.1038/s41567-018-0063-6
https://doi.org/10.1038/nphys2859
https://doi.org/10.1103/PhysRevB.102.104420
https://doi.org/10.1103/PhysRevB.71.060401
https://doi.org/10.1002/adfm.201706589
https://doi.org/10.1038/s41467-019-10299-6
https://doi.org/10.1038/nature15723
https://doi.org/10.1103/PhysRevB.92.144426
https://doi.org/10.1103/PhysRevB.104.024401
https://doi.org/10.1038/s41566-017-0086-z
https://doi.org/10.1038/ncomms10843
https://doi.org/10.1103/PhysRevB.103.L161408
https://doi.org/10.1039/C9MH00633H
https://doi.org/10.1038/s41467-019-09669-x
https://doi.org/10.1038/s41467-021-23882-7
https://doi.org/10.1039/D0TC04400H
https://doi.org/10.1039/D0TC04846A
https://doi.org/10.1021/acsaelm.1c01324
https://doi.org/10.1103/PhysRevB.47.558
https://doi.org/10.1103/PhysRevB.54.11169
https://doi.org/10.1103/PhysRevB.50.17953
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1002/jcc.20495
https://doi.org/10.1103/PhysRevB.13.5188
https://doi.org/10.1016/j.scriptamat.2015.07.021
https://doi.org/10.1088/0953-8984/26/36/363202
https://doi.org/10.1088/2516-1075/ab3123
https://doi.org/10.1039/b903676h
https://doi.org/10.1016/j.ultramic.2009.12.004
https://doi.org/10.1143/JPSJ.65.1604
https://doi.org/10.1021/ic00040a024
https://doi.org/10.1021/acs.nanolett.7b04201
http://link.aps.org/supplemental/10.1103/PhysRevB.106.064435


MAGNETO-OPTICAL KERR EFFECT AND … PHYSICAL REVIEW B 106, 064435 (2022)

[46] Y. Weng and S. Dong, Phys. Rev. B 104, 165150 (2021).
[47] S. Dong, K. Yamauchi, S. Yunoki, R. Yu, S. Liang, A. Moreo,

J.-M. Liu, S. Picozzi, and E. Dagotto, Phys. Rev. Lett. 103,
127201 (2009).

[48] I. Dzyaloshinsky, J. Phys. Chem. Solids 4, 241 (1958).
[49] T. Moriya, Phys. Rev. 120, 91 (1960).
[50] G. Y. Guo and H. Ebert, Phys. Rev. B 51, 12633 (1995).
[51] M. Born and E. Wolf, Principles of Optics: Electromagnetic

Theory of Propagation, Interference and Diffraction of Light
(Elsevier, Amsterdam, 2013).

[52] D. Sangalli, A. Marini, and A. Debernardi, Phys. Rev. B 86,
125139 (2012).

[53] K. Yang, W. Hu, H. Wu, M.-H. Whangbo, P. G. Radaelli, and
A. Stroppa, ACS Appl. Electron. Mater. 2, 1373 (2020).

[54] M. Wu, Z. Li, T. Cao, and S. G. Louie, Nat. Commun. 10, 2371
(2019).

[55] D. Khomskii, Physics 2, 20 (2009).
[56] E. K. Salje, Annu. Rev. Mater. Res. 42, 265 (2012).
[57] G. Mills, H. Jonsson, and G. K. Schenter, Surf. Sci. 324, 305

(1995).
[58] M. Wu and X. C. Zeng, Nano. Lett. 16, 3236 (2016).
[59] L. Kou, Y. Ma, C. Tang, Z. Sun, A. Du, and C. Chen,

Nano. Lett. 16, 7910 (2016).
[60] G. Dong, S. Li, M. Yao, Z. Zhou, Y.-Q. Zhang, X. Han, Z. Luo,

J. Yao, B. Peng, Z. Hu, H. Huang, T. Jia, J. Li, W. Ren, Z.-G.
Ye, X. Ding, J. Sun, C.-W. Nan, L.-Q. Chen, J. Li, and M. Liu,
Science 366, 475 (2019).

[61] S. L. Dudarev, G. A. Botton, S. Y. Savrasov, C. J. Humphreys,
and A. P. Sutton, Phys. Rev. B 57, 1505 (1998).

[62] P. Liu, S. Khmelevskyi, B. Kim, M. Marsman, D. Li, X.-Q.
Chen, D. D. Sarma, G. Kresse, and C. Franchini, Phys. Rev.
B 92, 054428 (2015).

064435-7

https://doi.org/10.1103/PhysRevB.104.165150
https://doi.org/10.1103/PhysRevLett.103.127201
https://doi.org/10.1016/0022-3697(58)90076-3
https://doi.org/10.1103/PhysRev.120.91
https://doi.org/10.1103/PhysRevB.51.12633
https://doi.org/10.1103/PhysRevB.86.125139
https://doi.org/10.1021/acsaelm.0c00154
https://doi.org/10.1038/s41467-019-10325-7
https://doi.org/10.1103/Physics.2.20
https://doi.org/10.1146/annurev-matsci-070511-155022
https://doi.org/10.1016/0039-6028(94)00731-4
https://doi.org/10.1021/acs.nanolett.6b00726
https://doi.org/10.1021/acs.nanolett.6b04180
https://doi.org/10.1126/science.aay7221
https://doi.org/10.1103/PhysRevB.57.1505
https://doi.org/10.1103/PhysRevB.92.054428

