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Strongly anisotropic electronic and magnetic structures in oxide dichlorides RuOCl2 and OsOCl2
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The van der Waals oxide dichlorides MOX2 (M = V, Ta, Nb, Ru, and Os; X = halogen element), with different
electronic densities, are attracting considerable attention. Ferroelectricity, spin-singlet formation, and orbital-
selective Peierls phases were reported in this family with d1 or d2 electronic configurations, all believed to be
caused by the strongly anisotropic electronic orbital degree of freedom. Here, using density functional theory
and density matrix renormalization group methods, we investigate the electronic and magnetic properties of
RuOCl2 and OsOCl2 with d4 electronic configurations. Different from a previous study using VOI2 with d1

configuration, these systems with 4d4 or 5d4 do not exhibit a ferroelectric instability along the a axis. Due to the
fully occupied dxy orbital in RuOCl2 and OsOCl2, the Peierls instability distortion disappears along the b axis,
leading to an undistorted Immm phase (No. 71). Furthermore, we observe strongly anisotropic electronic and
magnetic structures along the a axis. For this reason, the materials of our focus can be regarded as “effective one-
dimensional” systems even when they apparently have a dominant two-dimensional lattice geometry. The large
crystal-field splitting energy (between dxz/yz and dxy orbitals) and large hopping between nearest-neighbor Ru and
Os atoms suppresses the J = 0 singlet state in MOCl2 (M = Ru or Os) with electronic density n = 4, resulting
in a spin-1 system. Moreover, we find staggered antiferromagnetic order with π wave vector along the M-O
chain direction (a axis) while the magnetic coupling along the b axis is weak. Based on Wannier functions from
first-principles calculations, we calculated the relevant hopping amplitudes and crystal-field splitting energies
of the t2g orbitals for the Os atoms to construct a multiorbital Hubbard model for the M-O chains. Staggered
AFM with ↑ - ↓ - ↑ - ↓ spin structure dominates in our density matrix renormalization group calculations, in
agreement with density functional theory calculations. Our results for RuOCl2 and OsOCl2 provide guidance to
experimentalists and theorists working on this interesting family of oxide dichlorides.

DOI: 10.1103/PhysRevB.105.174410

I. INTRODUCTION

One-dimensional (1D) material systems continue to attract
considerable attention due to their rich physical properties
induced by their 1D geometry and reduced dimensional phase
space [1–9]. In these systems, many interesting phenomena
have been found that are driven by intertwined charge, spin,
orbital, and lattice degrees of freedom. For example, driven
by electronic correlation effects (i.e., Hubbard repulsion U
and Hund coupling JH ), high critical temperature supercon-
ductivity was reported in 1D copper or iron chains and ladders
[10–17]. By considering the phonon instability caused by the
coupling between empty d and fully occupied O 2p states,
ferroelectricity was found in the chain compound WOX4 (X =
halogen element) [18]. Furthermore, by mixing spin-phonon
and charge-phonon instabilities, multiferroelectric states were
predicted in some 1D systems [19–22]. Due to the partial or
complete condensation of excitations, a charge density wave
or a spin density wave were also reported in some 1D systems
[2,23–25].

A wide variety of real materials also have dominant
1D-like physical properties, even without restrictive 1D
geometries in their crystal structure, due to the strongly
anisotropic electronic orbital degree of freedom. Recently,

several different interesting 1D physical properties were re-
ported in oxide dichlorides MOX2 (M = V, Ta, Nb, Ru and
Os; X = halogen element) with various electronic densities n
for the M atoms [26–32]. The parent phase of MOX2 (M =
V, Ta, Nb, Os; X = halogen element) is a typical member of
the layered van der Waals (vdW) family [26–28], where the
MO2X4 octahedra are corner sharing along the a axis, while
edge sharing along the b axis (see Fig. 1). The remarkable
effective 1D-like behavior of this family can be understood
from the strong anisotropic behavior of different orbitals.

In MOX2, the MO2Cl4 octahedra are edge-sharing con-
nected, opening the possibility of strong overlap of dxy orbitals
along the xy plane. Due to the 1D M-X chain geometric
structures along the b axis [see Figs. 1(b) and 1(c)], the
band structure resulting from the xy orbital displays strong
anisotropy. Furthermore, the dxz and dyz orbitals also display
anisotropy along the a axis due to the M-O geometric chain,
while it forms the vdW layer along the c axis. For the n = 1
case with d1 electronic configuration (V or Nb), a ferroelectric
(FE) distortion [29–31,33] was theoretically predicted along
the M-O direction (a axis), where the “pseudo-Jahn-Teller”
effect caused by the coupling between empty d (dxz/yz and
d3z2−r2 ) and O 2p orbitals plays an important role to stabilize
the FE distortion [34]. In addition, Peierls distortions were
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FIG. 1. (a)–(c) Schematic crystal structure of the undistorted
parent phase of MOX2 (M = V, Ta, Nb, Ru and Os; X = halogen
element): blue = M (M = V, Ta, Nb, Ru and Os); red = O; green =
X (X = halogen element). (a) Conventional cell of the bulk structure.
(b) Sketch of the ab plane. (c) MX2 chain along the b axis. Note that
the local z axis is the a axis, while the local x or y axis is along the
M-X bond directions, leading to dxy orbitals lying on the bc plane.

found along the b axis [31,34], resulting in a spin-singlet
configuration for the dxy orbitals [34], due to the formation
of molecular states in the dxy bands. Very recently, the FE and
Peierls distortions were confirmed experimentally for NbOI2

with 4d1 electronic configuration [35]. With additional spin-
orbit coupling (SOC), a spin texture was also found at the Y
point along the M-X chain direction [36].

For the case of a d2 electronic configurations, MoOCl2 was
experimentally reported to be a strongly correlated dimerized
metal based on temperature-dependent transport measure-
ments along the M-X chain direction [32]. The metallic
conductivity arises from the strongly anisotropic Mo-dxz/yz

bands [37,38]. Furthermore, an interesting orbital-selective
Peierls phase was also found to be stable in MoOCl2 [38]
because the intrahopping amplitude t is larger than the typ-
ical Hund couplings. This phase resembles the previously
discussed orbital-selective Mott phase [39–43] but with the lo-
calized band induced by Peierls distortions instead of Hubbard
interactions [38,44]. Moreover, highly anisotropic plasmons
were also discussed in the monolayer MoOCl2 [45].

Yet almost no research has been done for other electronic
densities n of M atoms in this family. RuOCl2 and OsOCl2

with d4 electronic configuration were synthesized [26], and it
was reported that orthorhombic structures are formed with the
space group Immm (No. 71) (see Fig. 1). Due to a reduced
JH , often 4d/5d atoms favor the total S = 1 configuration in
compounds with more than half-filled t2g states, leading to
four electrons occupying three t2g orbitals in both RuOCl2

and OsOCl2. Considering the development of different 1D
behaviors caused by different t2g orbitals, a simple question
naturally arises: Can RuOCl2 and OsOCl2 also display similar
physical properties? In addition, with additional SOC, d4 ma-
terials are expected to be nonmagnetic insulators formed by
local two-hole J = 0 singlets [46,47]. Is it possible to obtain
J = 0 singlets in RuOCl2 and OsOCl2 as well?

To answer these questions, we employ both density func-
tional theory (DFT) and density matrix renormalization group

(DMRG) methods to numerically investigate RuOCl2 and
OsOCl2 in detail. Based on DFT calculations, we have found
that there are no FE distortions and Peierls instabilities oc-
curring along the a or b axis in the undistorted phase of this
system. Furthermore, we also observed a strongly anisotropic
electronic structure along the a axis. Because of the large
crystal-field splitting energy (between dxz/yz and dxy orbitals)
and the large nearest-neighbor (NN) hopping, the J = 0 sin-
glet ground state is suppressed in this system with the d4

electronic configuration, leading to a spin-1 system. In ad-
dition, based on DFT calculations, we also found a strongly
anisotropic electronic structure, with strong couplings along
the a axis and much weaker coupling along the b axis for
both RuOCl2 and OsOCl2. For this reason, surprisingly, these
systems can be regarded as “effective 1D” materials, although
naively they should be planar two-dimensional (2D) systems.
Using Wannier functions from first-principles calculations,
we obtained the relevant hopping amplitudes and crystal-field
splitting energies for the t2g orbitals of the Ru/Os atoms. We
found that staggered spin order is the most likely magnetic
ground state, with a π wave vector order along the chain direc-
tion. Finally, we constructed a multiorbital Hubbard model for
the M-O chains and analyzed this model using DMRG. Our
results show that staggered AFM order with ↑ - ↓ - ↑ - ↓ spin
structure is dominant, consistent with the DFT calculations.

II. METHOD AND DFT CALCULATIONS

In this study, first-principles DFT calculations were per-
formed using the Vienna ab initio simulation package (VASP)
code [48–50] with the projector augmented wave (PAW)
method. Electronic correlations were considered by using the
generalized gradient approximation (GGA) with the Perdew-
Burke-Ernzerhof (PBE) potential [51]. The k-point mesh
adopted was 16 × 16 × 5 for the conventional cell of the bulk
system, while the plane-wave cutoff energy was 600 eV. We
have tested explicitly that this k-point mesh already leads to
converged energies. Furthermore, both the lattice constants
and atomic positions were fully relaxed until the Hellman-
Feynman force on each atom was smaller than 0.01 eV/Å.
The van der Waals (vdW) interactions Becke-Jonson damping
vdW-D3 [52] were considered to deal with interactions be-
tween different layers. The phonon spectra were calculated
using the density functional perturbation theory approach
[53,54] and analyzed by the PHONONPY software [55,56]. In
addition to the standard DFT calculation discussed thus far,
the maximally localized Wannier functions (MLWFs) method
was employed to fit the Ru 4d’s or Os 5d’s three t2g bands near
the Fermi level using the WANNIER90packages [57]. All the
crystal structures were visualized with the VESTA code [58].

To better understand the magnetic properties, we also
relaxed the crystal structures for selected different spin con-
figurations based on the 2 × 2 × 1 supercell. Furthermore,
the onsite Coulomb interactions were considered by using
the local spin density approximation (LSDA) plus U with the
Liechtenstein formulation for the double-counting term [59].
Based on previous experimental and theoretical studies for 4d
and 5d compounds [60–62], the onsite Coulomb interaction U
and onsite exchange interaction J were chosen as U = 3 eV
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FIG. 2. Phonon spectrum of the bulk system for (a) RuOCl2 and
(b) OsOCl2. A 4 × 4 × 1 supercell was used in our calculations and
the nonmagnetic state. The coordinates of the high-symmetry points
in the bulk Brillouin zone (BZ) are � = (0, 0, 0), X = (0.5, 0, 0), S
= (0.5, 0.5, 0), Y = (0, 0.5, 0), Z = (0, 0, 0.5), U = (0.5, 0, 0.5), R
= (0.5, 0.5, 0.5), and T = (0, 0.5, 0.5) in units of 2π .

and J = 0.6 eV for RuOCl2, and U = 2 eV and J = 0.4 eV
for OsOCl2, respectively.

III. DFT RESULTS

A. Structural properties

Based on our structural optimization calculation of the bulk
nonmagnetic (NM) state, the optimized crystal lattices are
a = 3.666, b = 3.554, and c = 11.266 Å for RuOCl2, close to
experimental values (a = 3.673, b = 3.520, and c = 11.258
Å) [26]. We also obtained the lattice constants of OsOCl2

(a = 3.718, b = 3.615, and c = 11.079 Å), also in agreement
with experiments (a = 3.701, b = 3.575, and c = 11.083 Å)
[26].

Before turning to the physical properties of MOCl2 (M =
Ru or Os), we discuss their structural properties. We carried
out phononic dispersion calculations using a 4 × 4 × 1 super-
cell to understand the structural stability of the undistorted
Immm phase (No. 71). Figure 2 indicates that there is no
imaginary frequency mode obtained in the phononic disper-
sion spectrum for the Immm phase of RuOCl2 and OsOCl2.
Therefore, the undistorted Immm phase of bulk MOCl2 (M
= Ru or Os) is dynamically stable, in agreement with experi-
ments [26].

In previous studies for this vdW family of layered oxide
dichlorides MOX2 (M = V, Ta, Nb, Os; X = halogen element),
the FE distortion along the a axis and the M − M dimerization
along the b axis induced structural instabilities, leading to
lower symmetry structures [34], such as in the case of the FE
distortion in VOI2 (3d1) [29,33] or NbOI2 (4d1) [31,35] and
the Peierls distortion in MoOCl2 (4d2) [32] or TaOI2 (5d1)
[28].

How do we understand why the FE and Peierls distortions
disappeared in RuOCl2 and OsOCl2? This can be easily un-
derstood in the following way: In the octahedral crystal field,
the five d orbitals split into two higher-energy eg (dx2−y2 and

FIG. 3. (a) Energy splitting of the total S = 1 d4 electronic con-
figuration. (b), (c) Projected band structures of the undistorted Immm
nonmagnetic phase for (b) RuOCl2 and (c) OsOCl2, respectively.
Note that the local {x, y, z} axes of projected orbitals are marked
in Fig. 1, where the z axis is the a axis and x or y axes are along the
M-Cl directions. The weight of each Ru or Os orbital is represented
by the size of the (barely visible) circles.

d3z2−r2 ) and three lower-energy t2g (dxy, dyz, and dxz) orbitals,
as in Fig. 3(a). Due to their reduced coupling JH , the 4d4 and
5d4 atoms always favor the total S = 1 electronic configu-
ration when the t2g orbitals are more than half-filled. Then,
replacing the Cl atoms of the octahedral apex by O atoms,
it would induce two shortened M-O bonds (M = Ru or Os)
along the a axis (z axis) and four enlongated M-Cl bonds
(M = Ru or Os along the bc (xy) plane in the MO2Cl4

(M = Ru or Os) octahedral configuration, leading to the split-
ting between the t2g orbitals [see Fig. 3(a)]. In this case, the
four electrons form a total S = 1 electronic configuration with
one fully occupied lower dxy orbital and two half-filled higher-
energy dxz/yz bands.

Because two electrons occupy two dxz/yz orbitals in MOCl2

(M = Ru or Os), the FE distortion along the a axis is en-
ergetically unfavorable, as discussed in VOI2 with the d1

configuration [34]. Furthermore, the spin-singlet formation
using dxy orbitals would also be suppressed along the b
axis since dxy is a double-occupied state in MOCl2 (M =
Ru or Os). Hence, both FE and dimerized instabilities are
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suppressed for RuOCl2 and OsOCl2, resulting in a stable
undistorted Immm phase (No. 71).

B. Electronic properties of the NM state

Next, we focus on the electronic structures of bulk MOCl2

(M = Ru or Os) for the NM state without SOC. Figures 3(b)
and 3(c) show that the eg (dx2−y2 and d3z2−r2 ) bands of Ru’s 4d
and Os’s 5d orbitals are located at high energy, and therefore
are unoccupied. The local z axis is the a axis, while the local x
or y axis is along the M-Cl directions [see Fig. 1(c)], leading
to a dxy orbital lying on the bc plane. In addition, we estimated
that the energy splitting �2 between dx2−y2 and d3z2−r2 orbitals
is about 1.7 and 1.6 eV for RuOCl2 and OsOCl2, respectively,
by the weight-center positions of the energy bands. Further-
more, two 4d/5d electrons occupy the dxy bands that show
only weak dispersion and are far away from the Fermi level.
The other two 4d/5d electrons of Ru or Os occupy the dxz

and dyz orbitals, contributing to the Fermi surface. We also
estimated that the energy splitting �1 (between dx2−y2 and
dxz/yz) and �0 (between dxy and dxz/yz) are �1 = 1.2/1.3 eV
and �0 = 1.2/1.4 eV for RuOCl2 and OsOCl2, respectively.
Considering the large crystal-field splitting �0, the J = 0
singlet ground state induced by SOC may be suppressed in
MOCl2 (M = Ru or Os), as discussed for the OsCl4 case with
the d4 electronic configurations [63].

Due to the fully occupied dxy state and large energy split-
ting �, the magnetic properties of MOCl2 (M = Ru or Os) are
dictated by the dxz and dyz orbitals to be discussed in the fol-
lowing sections. Moreover, near the Fermi level, MOCl2 (M
= Ru or Os) displays strongly quasi-1D electronic behavior
with contributions from the dxz and dyz orbitals, and the band
structures are much more dispersive along the a axis (i.e., �-X
path) than along other directions (i.e., X -S and �-Z paths). For
this reason, these materials can be regarded as “effective 1D”
systems, as mentioned before.

After considering SOC in the NM state of MOCl2 (M =
Ru or Os), the bands begin to split as displayed in Fig. 4,
opening an energy gap (∼0.12 eV for RuOCl2 and ∼0.41 eV
for OsOCl2) along the T -Z high-symmetry path at ∼−1 eV
below the Fermi level. However, introducing SOC, the band
structures near the Fermi level do not change much. Fur-
thermore, the large bandwidth of the dxz/yz states of MOCl2

(M = Ru or Os) suggests a large value for the NN hopping
of Os or Ru atoms along the a axis. Considering the typical
SOC value of Ru and Os atoms [64,65], the Jeff physics
would be suppressed by the large crystal-field splitting and
large hopping t . In this case, this system should be a spin-1
system, instead of a J = 0 singlet ground state, leading to the
quenched orbital magnetic moment in those d4 systems, as
discussed in the following section. By considering the typi-
cally reduced Hubbard U repulsion in 4d and 5d atoms, as
compared to 3d atoms, and the large bandwidth of these sys-
tems (with the hopping t providing the scale), this system is an
“intermediate” electronic correlation system. Furthermore, we
also considered the electronic correlations on Ru (U = 3 eV
and J = 0.6 eV) or Os (U = 2 eV and J = 0.4 eV) sites,
by using the LSDA+U method with Liechtenstein format
within the double-counting term [59]. Figure 4 also indicates

FIG. 4. (a) Band structure of RuOCl2 in the NM state with SOC
and with SOC+U + J (U = 3 eV, J = 0.6 eV). (b) Band structure
of OsOCl2 in the NM state with SOC and with SOC+U + J (U =
2 eV, J = 0.4 eV). The Fermi level is the horizontal dashed line. The
energy gaps at about −1 eV below the Fermi level are indicated with
circles.

that the lower-energy dxy states of MOCl2 (M = Ru or Os)
begin to shift away from the Fermi level with fully occupied
characteristics when electronic correlations on the Ru or Os
sites are considered.

For the benefit of the readers, we construct a qualitative
physical picture for the breakdown of the J = 0 singlet ground
state in this system, as shown in Fig. 5. First, let us discuss the
three nearly degenerate t2g orbitals in a low-spin d4 system
without electronic correlations. Because λ (SOC strength)
� W (bandwidth, corresponding to the hopping t), the system
is in a J = 0 insulator with fully occupied Jeff = 3

2 states [see
Fig. 5(a)]. In this case, the gap is opened by the splitting
between Jeff = 3

2 and 1
2 states caused by SOC, as displayed

in Fig. 5(a). If, however, λ � W , then, the system will keep
a S = 1 state due to the Pauli rule, as shown in Fig. 5(b). In
this state, four electrons occupy three degenerate t2g orbitals,
leading to a metallic phase. In our case (RuOCl2 and OsOCl2),
it is also a S = 1 state with one fully occupied (dxy) and two
half-occupied (dxz and dyz) orbitals, as presented in Fig. 5(c).
Then, the J = 0 singlet ground state is suppressed in our case
by the large crystal-field splitting (�0) and large bandwidth
(W ). Finally, as we will discuss in the following section, the
system will be a Mott insulator when electron correlations are
considered.

C. DFT magnetic properties

To better understand the in-plane magnetic properties of
MOCl2 (M = Ru or Os), we also studied several magnetic
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FIG. 5. The qualitative evolution of the d4 electronic states of
Ru4+ or Os4+. Here, we consider the SOC strength λ, the bandwidth
W (corresponding to t), and crystal-field splitting � between dxy and
dxz/yz orbitals (corresponding to the Jahn-Teller distortion Q3 < 0 in
an octahedra). (a) λ � W and � � λ, where a J = 0 singlet state
is realized. (b) λ � W and � � λ, where a S = 1 state with four
electrons in three degenerate t2g orbitals is obtained. (c) λ � W and
� > λ, where a S = 1 state with one fully occupied (dxy) and two
half-occupied dxz/yz orbitals is realized.

configurations in a 2 × 2 × 1 monolayer structure by consid-
ering different NN couplings along the a and b axes, as shown
in Fig. 6. In addition, we also relaxed the crystal structures for
different spin configurations based on the LSDA+U method
with Liechtenstein format [59]. Here, we used U = 3 eV and
J = 0.6 eV for RuOCl2, and U = 2 eV and J = 0.4 eV for
OsOCl2, respectively, based on previous theoretical studies
[61,66].

First, let us discuss the results without SOC, summarized
in Table I. For RuOCl2, the stripe-b state has the lowest energy
among all tested candidates, while for OsOCl2 the G-type
AFM order is the lowest energy. Furthermore, the energy
differences between stripe-b and G-AFM configurations are
quite small (∼1–2 meV per Ru or Os), suggesting a weak
magnetic exchange coupling along the MCl2 (M = Ru or Os)
chain direction, as in our intuitive analysis from the Wannier
function results (see Appendix). In addition, the optimized
crystal structures of different spin configurations are very

FIG. 6. Sketch of four possible magnetic patterns in the plane
studied here. Spin up and down are indicated by red and blue,
respectively.

TABLE I. The optimized lattice constants (Å), local magnetic
moments (in μB/Ru or μB/Os) within the default PAW sphere, and
band gaps (eV) for the various magnetic configurations. Also in-
cluded are the energy differences (meV/Ru or meV/Os) with respect
to the stripe-b AFM configuration, taken as the reference of energy.
All the magnetic states discussed here were fully optimized.

Magnetism a/b M Gap Energy

RuOCl2 FM 3.676/3.564 0.002 0.19 190.3
G 3.709/3.558 1.051 1.46 1.82

Stripe-a 3.676/3.562 0.177 0.28 186.5
Stripe-b 3.710/3.560 1.047 1.39 0

OsOCl2 FM 3.727/3.620 0.001 0.03 80.7
G 3.744/3.617 0.850 1.02 −0.8

Stripe-a 3.727/3.617 0.163 0.19 75.5
Stripe-b 3.745/3.621 0.845 0.89 0

similar to each other, indicating the spin-lattice coupling is
not strong in this system. The calculated local spin magnetic
moments are about 1.46 μB/Ru and 1.02 μB/Os for RuOCl2

and OsOCl2, respectively, corresponding to the S = 1 config-
uration in Ru4+ or Os4+.

Next, we compared the energies of different spin configu-
rations with SOC. The stripe-b and G-AFM states still have
the lowest energies among all tested candidates for RuOsCl2

and OsOCl2, respectively. Turning on the SOC, the spin quan-
tization axis points to the [010] direction but with only a
small difference in energy with respect to the [001] direction,
indicating that the spin favors lying in the bc crystal plane,
corresponding to the xy plane. Based on the energy differ-
ence between [010] and [001], we obtained that the magnetic
anisotropy energies (MAE) are about 1.85 and 18.26 meV
for RuOCl2 and OsOCl2, respectively. Furthermore, the cal-
culated orbital magnetic moment is quenched closed to zero.
In this case, the magnetism of this system is almost unaffected
by the SOC.

In Fig. 7, we show the band structures of the stripe-b
AFM phase of RuOCl2 calculated with or without SOC. Fig-
ure 7(a) indicates that the half-occupied dxz/yz orbitals display
Mott-insulating behavior with a gap ∼1.4 eV, while the dxy

orbital is fully occupied. In this case, this system is in a
total S = 1 state, where the magnetism is contributed by the
dxz/yz states. Turning on the SOC, the bands begin to split at
some high-symmetry points. In addition, we also calculated
the band structure of the G-AFM state of OsOCl2 without
or with SOC, as displayed in Fig. 8. Similar to RuOCl2, the
dxz/yz orbitals show strong Mott-insulating behavior with a
smaller gap ∼1 eV, while the fully occupied dxy orbital does
not contribute to the magnetism. However, the band splitting
under SOC is stronger in OsOCl2 than in RuOCl2, as shown
in Fig. 8(b), considering the Os atom column in the periodic
table. Furthermore, the band structure of the magnetic systems
is strongly anisotropic along the a axis due to the strongly
anisotropic dxz/yz orbitals, leading to an“effective 1D” mag-
netic system.

In addition, we also studied the effect of different values of
U (from 2 to 4 eV) without SOC, where J is chosen as 0.6 or
0.4 eV for RuOCl2 and OsOCl2, respectively. The optimized
crystal lattices are almost unchanged: for example, a = 3.772
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FIG. 7. Projected band structures and density of states for the
stripe-b state of RuOCl2 (a) without SOC and (b) with SOC, respec-
tively. The Fermi level is shown with dashed horizontal lines. The
coordinates of the high-symmetry points in the BZ are � = (0, 0, 0),
X = (0.5, 0, 0), S = (0.5, 0.5, 0), and Y = (0, 0.5, 0).

FIG. 8. Projected band structures and density of states for the G
state of OsOCl2 (a) without SOC and (b) with SOC, respectively. The
Fermi level is shown with dashed horizontal lines. The coordinates
of the high-symmetry points in the BZ are � = (0, 0, 0), X = (0.5, 0,
0), S = (0.5, 0.5, 0), and Y = (0, 0.5, 0).

TABLE II. The calculated total energy (in meV) per Ru or Os
with different spin orientations (along [100], [010], and [001] crystal
axes) and magnetic moments (in μB/Ru or μB/Os = units) for the
ground state of RuOCl2 and OsOCl2. The total energy with [100]
spin orientation (a crystal axis) is set to zero. MAE (in mev) per Ru
or Os is obtained by comparing the energy difference between [010]
and [001]. Here, we used different U (from 2 to 4 eV) at J = 0.6 and
0.4 eV for RuOCl2 and OsOCl2, respectively.

E (100) E (010) E (001) m (spin) m (orbital) MAE

RuOCl2

U = 2 eV 0 −1.96 −1.96 0.878 0.003 1.96
U = 3 eV 0 −1.85 −1.85 1.052 0.002 1.85
U = 4 eV 0 −1.71 −1.70 1.178 0.002 1.71

OsOCl2

U = 2 eV 0 −18.26 −17.89 0.842 0.004 18.26
U = 3 eV 0 −17.41 −16.95 1.081 0.004 16.95
U = 4 eV 0 −15.81 −15.74 1.262 0.008 15.74

and b = 3.556 Å for RuOCl2 at U = 4 eV. By considering
different effective U ’s, the stripe-b and G-AFM states still
have the lowest energies among all the tested candidates,
with only a tiny difference in energy between RuOCl2 and
OsOCl2. For RuOCl2, the stripe-b AFM state has the lowest
energy from U = 2 to 4 eV and the energy difference between
stripe-b and G-AFM increases from 1.13 meV at U = 2 eV to
2.29 meV at U = 4 eV. For RuOCl2, the G-type AFM has
the lowest energy at U = 2 and 3 eV, while the stripe-b AFM
order has the lowest energy at U = 4 eV.

Turning on the SOC for other values of U , the spin quan-
tization axis still points along the [010] direction but with
only a small difference in energy with respect to the [001]
direction. The spin favors lying in the bc crystal plane, cor-
responding to the xy plane, independently of the choice of U
in the range studied. As summarized in Table II, the MAE
does not change much for RuOCl2 and OsOCl2 at different
U ’s slightly decreasing as U increases. Furthermore, all the
calculated orbital magnetic moments are quenched closed to
zero. In addition, we also studied the electronic structures of
different U ’s for RuOCl2 and OsOCl2 with SOC. As shown
in Fig. 9, the Mott gap contributed by half-filling the dxz/yz

orbitals begins to increases as U increases for both RuOCl2

and OsOCl2, as expected.
Finally, as a side remark, note that critical temperatures

cannot be evaluated with DFT. Moreover, even with the
DMRG to be used in the next section, due to the 1D nature of
the chains studied, a finite critical temperature can only be ob-
tained after including a weak coupling along the perpendicular
directions, a formidable task for DMRG. Thus, estimations of
those critical temperatures are postponed for future work.

IV. MULTIORBITAL HUBBARD MODEL
AND DMRG RESULTS

For low-dimensional systems, interesting phenomena
caused by strongly anisotropic electronic structures have been
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FIG. 9. Band structures for (a) the stripe-b AFM state of RuOCl2

and (b) the G-AFM state of OsOCl2, both with SOC and U . The
Fermi level is shown with dashed horizontal lines.

qualitatively unveiled in theory by using simple 1D mod-
els, including 1D spin order [67], orbital ordering [68,69],
nodes in the spin density [70], as well as dimerization
[34,38].

In these 1D effective systems, the quantum fluctuations
may be important to clarify the true magnetic ground-state
properties. Because DFT neglects fluctuations, we constructed
an effective multiorbital Hubbard model and then used
DMRG, which includes quantum fluctuations [71–73], to bet-
ter understand the quasi-1D magnetic behavior of MOCl2

(M = Ru or Os) along the dominant a axis in the d4

electronic configuration. The model studied here includes ki-
netic energy and interaction energy terms H = Hk + Hint . The
tight-binding kinetic portion is described as

Hk =
∑

iσγ γ ′
tγ γ ′ (c†

iσγ ci+1σγ ′ + H.c.) +
∑
iγ σ

�γ niγ σ , (1)

where the first part represents the hopping of an electron from
orbital γ at site i to orbital γ ′ at the NN site i + 1 on a chain of
length L. γ and γ ′ represent the three different orbitals {dxz,
dyz, dxy} indexed as γ = {0, 1, 2}.

The standard interaction part of the Hamiltonian is given
by

Hint = U
∑

iγ

ni↑γ ni↓γ +
(
U ′ − JH

2

) ∑
i

γ<γ ′

niγ niγ ′

− 2JH

∑
i

γ<γ ′

Siγ · Siγ ′ + JH

∑
i

γ<γ ′

(P†
iγ Piγ ′ + H.c.). (2)

The first term describes the intraorbital Hubbard repulsion and
the second term the interorbital repulsion, where the standard

FIG. 10. Three-orbital tight-binding model with nearest-
neighbor hoppings of OsOCl2 along the a axis. In the text in this
section we explain that using three bands is a simplification from
the six bands found in Fig. 6 near the Fermi level because in the
tight-binding calculation only one Os atom is used, while in the
band structure calculation we employ unit cells with two Os atoms.

relation U ′ = U − 2JH is assumed due to rotational invari-
ance. The third term represents the Hund’s coupling between
electrons occupying the d orbitals, and the fourth term is the
pair hopping between different orbitals at the same site i,
where Piγ = ci↓γ ci↑γ .

As explained above, to solve this multiorbital Hubbard
model and obtain magnetic properties along the a axis we
used DMRG, as implemented in the DMRG++ software [74].
Specifically, we employed a 24-site chain with open-boundary
conditions (OBC). Furthermore, at least 1400 states were kept
and up to 21 sweeps were performed during our DMRG cal-
culations. The electronic filling n = 4 in the three orbitals was
considered. This electronic density (four electrons in three
orbitals) corresponds to the total S = 1 configurations of the
d4 configuration of Ru4+ or Os4+.

In the tight-binding term, we only considered the NN
hopping matrix of OsOCl2 along the a axis (M-O direction).
The crystal-field splitting �’s of orbitals γ are also obtained
from the Wannier results of OsOCl2. More details about the
Wannier functions and hoppings can be found in Appendix B.
The total kinetic energy bandwidth W is 3 eV. To reproduce
the data shown in this publication, we prepared notes and
input files in [75] and in the Supplemental Material [76].

This system can be regarded as an “effective” low-energy
model with four electrons in three orbitals, corresponding to
an electronic density per orbital 4

3 . In addition, the SOC is not
important for the magnetism, hence, we do not introduce SOC
in our model. The NN hopping matrix used here is

tγ γ ′ =

⎡
⎢⎣

−0.713 0.013 0.000

0.013 −0.717 0.000

0.000 0.000 −0.011

⎤
⎥⎦. (3)

This reduction in complexity allows us to perform unbiased
DMRG calculations for this system. As displayed in Fig. 10,
the three-orbital tight-binding band structure agrees qualita-
tively with the DFT band structure along the a axis. Note that
a perfect agreement between Wannier and the tight-binding
bands for DMRG would require more long-range hoppings.
In our band structure calculation for the nonmagnetic state
(see Fig. 6) we include two layers in a unit cell with two Os
atoms. Specifically, in Fig. 6 in the range from −2.5 to 0 eV
there are six bands because of the two Os atoms used, each
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FIG. 11. Spin-spin correlations S(r) = 〈Si · S j〉 (with r = |i − j|
in real space) for JH/U = 0.15 (a) and JH/U = 0.2 (c). The spin
structure factor S(q) for different values of U/W and JH/U = 0.15
(b) and JH/U = 0.2 (d). Here we have used a chain of length
L = 24.

contributing three t2g orbitals. Meanwhile, in the tight-binding
calculation Fig. 10 there are only three bands because only
one Os is used. Nevertheless, qualitative features related to
dominant magnetic states are expected to be captured by this
simplification.

Next, we measured several observables by using the three-
orbital Hubbard model and the DMRG algorithm. The real-
space spin-spin correlations are defined as

S(r) = 〈Si · S j〉. (4)

Here r = |i − j|, and the spin at site i is

Si = 1

2

∑
γ

∑
αβ

c†
iγασαβciγ β, (5)

where σαβ are the matrix elements of the Pauli matrices. The
spin structure factor is defined as

S(q) = 1

L

∑
r

e−iqrS(r). (6)

The site-average occupancy of orbitals is

nγ = 1

L

∑
i,σ

〈niγ σ 〉. (7)

The squared local spin, averaged over all the sites, is

〈S2〉 = 1

L

∑
i

〈Si · Si〉. (8)

Figure 11 illustrates our calculation of the dominant
magnetic coupling along the a axis based on the DMRG mea-
surements of spin-spin correlations and spin structure factors.

Figure 11(a) shows the spin-spin correlation S(r) = 〈Si · S j〉
vs distance r, for different values of U/W , at JH/U = 0.15.
Here, the distance is defined as r = |i − j|, with site indices
i and j. For weak electronic correlations, the system displays
paramagnetic (PM) behavior since the spin correlation S(r)
decays rapidly with distance r [see the result at U/W = 0.2 in
Fig. 11(a)]. At U/W = 0.6, the spin correlation S(r) indicates
weak staggered AFM coupling along the M-O chain direction
with a small peak of the spin structure factor S(q) at q = π , as
shown in Fig. 11(b). Then, by increasing U/W , the spin corre-
lation S(r) shows that the system transfers into the canonical
staggered AFM phase with the ↑ - ↓ - ↑ - ↓ configuration in
the whole region of our study (U/W � 8) [see the results at
U/W = 1.2 and 4 in Fig. 11(a)]. As shown in Fig. 11(b), the
spin structure factor S(q) displays a sharp peak at q = π at
U/W = 1.2 and 4, corresponding to the canonical staggered
AFM phase. In addition, we also calculated the spin-spin
correlation S(r) and spin structure factor S(q) at JH/U = 0.2,
which are similar to the results using JH/U = 0.15, as shown
in Figs. 11(c) and 11(d). Note that in one dimension, quantum
fluctuations prevent full long-range order. But the staggered
order tendency is clear at both JH/U = 0.15 and 0.2.

In the range of U/W studied, a dominant AFM state
was found (↑ - ↓ - ↑ - ↓) in our DMRG calculations. This
is physically reasonable, considering known facts about the
Hubbard model. Based on the hopping matrix from MLWFs
calculations, the γ = 0 and 1 orbitals clearly have much larger
hopping amplitudes than the γ = 2 orbital, leading to the for-
mation of the AFM order. Furthermore, the diagonal hopping
amplitudes are dominant and give rise to the direct exchange
mechanism in this system. In this case, the standard superex-
change Hubbard spin-spin interaction dominates, causing the
spins to order antiferromagnetically along the chain, in agree-
ment with our DFT calculations.

In addition, we also calculated the site-average occupancy
of different orbitals nγ vs U/W , for JH/U = 0.15 and 0.2,
respectively. As shown in Fig. 12, the population of orbital
γ = 2 is 2 for the whole region of U/W , and this orbital
decouples from the system. Furthermore, the other two or-
bitals γ = 0 and 1 remain half-filled for all values of U/W .
At the intermediate electronic correlation region, we observed
a stable AFM Mott-insulating behavior, different from our
previous studies on the same multiorbital model (four elec-
trons in three orbitals) when using different hopping matrix
elements corresponding to other materials, such as when we
reported an orbital-selective Mott phase [42], FM insulating
state [9], block AFM phase [41], and a noncollinear spiral
phase [7]. In this case, the system is in a spin S = 1 per site
Mott-insulator staggered AFM state. Thus, increasing U/W
opens a gap. Furthermore, the average value of the squared
local spin averaged over all the sites 〈S2〉 is also displayed
in Fig. 12, as a function of U/W . With increasing U/W , as
the system becomes Mott insulating and antiferromagnetically
ordered, 〈S2〉 saturates to a value of 2, as expected. Note that
while the limit of large U may be considered naively as always
leading to an AFM state, our study shows that staggered order
develops at intermediate coupling already, which requires a
special calculation as shown here. Moreover, AFM order may
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FIG. 12. Orbital-resolved occupation number nγ , averaged total
spin squared 〈S2〉 vs U/W , at (a) JH/U = 0.15 and (b) JH/U = 0.2,
respectively. We used a 24-site chain with NN hoppings for four
electrons in three orbitals.

be obvious at a density of one electron per orbital, but in
our case we have four electrons in three orbitals. The many
publications cited before show that when these two numbers
are not equal, the magnetic order can be of a different class.
Thus, by no means it is obvious a priori that AFM would
develop in our system.

V. CONCLUSIONS

In this paper, we have systematically studied the com-
pounds MOCl2 (M = Ru or Os) by using first-principles DFT
and also DMRG calculations. In this system with d4 elec-
tronic configurations, the ferroelectric distortion and Peierls
instabilities disappear, leading to an undistorted Immm phase.
Furthermore, with ab initio DFT calculations, we observed
a strongly anisotropic electronic structure along the a axis.
Based on the Wannier functions from first-principles calcu-
lations, we calculated the relevant hopping amplitudes and
crystal-field splitting energies of the t2g orbitals for the Os
atoms. In this case, this system is in a S = 1 state, instead
of a J = 0 singlet ground state, due to the large crystal-field
splitting energy (between dxz/yz and dxy orbitals) and large
nearest-neighbor hopping. In addition, based on DFT calcula-
tions, we also found strongly anisotropic magnetic structures
with strong coupling along the a axis and weak coupling
along the b axis for both RuOCl2 and OsOCl2. In this case,
the coupling along the M-O chain leads to staggered mag-
netic order with π wave vector, and the coupling along the
M-Cl chain direction is weak. Hence, as expressed before,
remarkably these systems can be regarded as “effective 1D”
systems.

In addition, we constructed a multiorbital Hubbard model
for the M-O chains. The staggered AFM with ↑ - ↓ - ↑ - ↓
order was found to be dominant in our DMRG calculations,
in agreement with DFT calculations. Different from the previ-
ously well-studied oxide dichlorides MOX2 (M = V, Ta, Nb,
Ru and Os; X = halogen element) with d1 and d2 configura-
tions, note that thus far almost no research has been reported
for other electronic densities n of the M atoms in this family.
Thus, we believe our results for MOCl2 (M = Ru or Os) will
provide guidance to experimentalists and theorists working
in the oxide dichlorides family at the interesting density n
studied here.
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APPENDIX

1. Wannier functions

According to the crystal-splitting analysis and electronic
structures in the previous section, the eg orbitals of Ru or Os
(dx2−y2 and d3z2−r2 ) are located at high energy on the conduc-
tion band, far away from the Fermi level with a large energy
splitting between eg and t2g orbitals. In this case, those systems
can be regarded as four electrons on a three t2g orbitals low-
energy model. To better understand those low-energy orbitals,
we constructed three disentangled Wannier functions based on
the MLWFs method [57], involving the t2g orbital bases dxy,
dyz, and dxz for each Ru or Os atom in the NM phase without
SOC.

Figures 13(a) and 13(c) indicate that DFT bands are fitted
very well with the Wannier bands obtained from MLWFs.
In fact, the blue DFT bands near the Fermi level are totally
hidden by the green Wannier bands, because of the qual-
ity of the fit. As displayed in Figs. 13(b) and 13(d), those
orbitals obtained from MLWFs clearly display dxz, dyz, and
dxy characteristics. Based on the Wannier function basis {dxz,
dyz, dxy}, here referred to as γ = {0, 1, 2}, we deduced the
onsite energies of the three t2g orbitals, as well as the hopping
parameters, for RuOCl2 and OsOCl2, respectively.

First, we obtained the onsite matrices for the Ru or Os
atoms, using the basis {dxz, dyz, dxy}:

tRu
onsite =

⎡
⎢⎢⎣

dxz dyz dxy

3.901 0.000 0.000
0.000 3.903 0.000
0.000 0.000 2.680

⎤
⎥⎥⎦, (A1)

tOs
onsite =

⎡
⎣

3.721 0.000 0.000
0.000 3.727 0.000
0.000 0.000 2.255

⎤
⎦. (A2)
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FIG. 13. (a), (c) DFT and Wannier bands of the conventional cell
of RuOCl2 and OsOCl2, respectively. The Fermi level is shown with
dashed horizontal lines. Note that near the Fermi level the blue DFT
bands are totally hidden by the green Wannier bands, indicating the
high quality of the fit. (b), (d) Wannier functions of the three Ru or Os
t2g orbitals, with lobes of opposite signs colored as blue and yellow.
M (M = Ru or Os), O, and Cl atoms are in blue, red, and green,
respectively. The local bases are marked in the inset of (b) and (d),
with the x or y axis along the M-Cl directions, while the z axis is
along the a axis.

Furthermore, we also obtained the NN hopping matrices along
the a axis.

For RuOCl2,

t a
γ γ ′ =

⎡
⎣

−0.632 0.009 0.000
0.009 −0.633 0.000
0.000 0.000 −0.012

⎤
⎦. (A3)

For OsOCl2,

t a
γ γ ′ =

⎡
⎣

−0.713 0.013 0.000
0.013 −0.717 0.000
0.000 0.000 −0.011

⎤
⎦. (A4)

In addition, we also obtained the nearest-neighbor hopping
matrices along the b axis.

For RuOCl2,

t b
γ γ ′ =

⎡
⎣

0.003 −0.081 0.000
−0.081 0.020 0.000
0.000 0.000 −0.070

⎤
⎦. (A5)

For OsOCl2,

t b
γ γ ′ =

⎡
⎣

0.004 −0.103 0.000
−0.103 0.033 0.000
0.000 0.000 −0.103

⎤
⎦. (A6)

All the onsite and hopping matrix elements are in eV units.
Note that the angle formed by M-Cl-M (M = Ru or Os) is
not 90◦, causing a slight deviation of the local y axis from
the direction of the M-Cl bond, as shown in Fig. 1. Hence,
there are tiny differences in the values of the onsite energies
and hopping amplitudes between the otherwise degenerate
dxz and dyz orbitals. Furthermore, the NN hoppings between
each Ru or Os layer along the c axis are quite small and can
be neglected compared with the others. In addition, the NN
hoppings along the dxz/yz a axis are much larger than the NN
hoppings along the b axis for both RuOCl2 and OsOCl2. Then,
the magnetic properties of MOCl2 (M = Ru or Os) are mainly
determined by the hopping along the a axis between NN Ru-
Ru or Os-Os atoms, leading to strong anisotropic magnetism.

FIG. 14. Projected band structures of the undistorted Immm NM
state. (a) U = 3 eV and J = 0.6 eV for RuOCl2. (b) U = 2 eV and
J = 0.4 eV for OsOCl2, respectively. Note that the local {x, y, z}
axes of projected orbitals are marked in Fig. 1, where the z axis is the
a axis and x or y axes are along the M-Cl directions. The weight of
each Ru or Os orbital is represented by the size of the (barely visible)
circles.

174410-10



STRONGLY ANISOTROPIC ELECTRONIC AND MAGNETIC … PHYSICAL REVIEW B 105, 174410 (2022)

Based on the NN hopping matrices along the a axis of RuOCl2

and OsOCl2, the hoppings of the diagonal elements of dxz/yz

orbitals are dominant, leading to a strong AFM coupling.

2. Band structures of NM states with U

Next, let us discuss the effect of different values of U
on the nonmagnetic state of RuOCl2 and OsOCl2. As shown
in Fig. 14, the band structures of the NM states are almost
unchanged. Hence, the crystal-field splitting, and nearest-
neighboring hopping, do not change much.

3. Band structures of our LSDA calculations

Using pure LSDA calculations, we also obtained the stripe-
b and G-type AFM insulating ground states for RuOCl2 and
OsOCl2, respectively. For the benefit of the readers, the band
structures arising from LSDA calculations of the ground state
of RuOCl2 and OsOCl2 are displayed in Fig. 15.

FIG. 15. Band structures of LSDA calculations for (a) the stripe-
b AFM state of RuOCl2 and (b) the G-AFM state of OsOCl2 without
SOC, respectively. The Fermi level is shown with dashed horizontal
lines.

[1] E. Dagotto, Rev. Mod. Phys. 66, 763 (1994).
[2] M. Grioni, S. Pons, and E. Frantzeskakis, J. Phys.: Condens.

Matter 21, 023201 (2009).
[3] P. Monceau, Adv. Phys. 61, 325 (2012).
[4] E. Dagotto, Rev. Mod. Phys. 85, 849 (2013).
[5] B. Bertini, F. Heidrich-Meisner, C. Karrasch, T. Prosen, R.

Steinigeweg, and M. Žnidarič, Rev. Mod. Phys. 93, 025003
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[8] J. Herbrych, M. Środa, G. Alvarez, M. Mierzejewski, and E.
Dagotto, Nat. Commun. 12, 2955 (2021).

[9] L. F. Lin, Y. Zhang, G. Alvarez, A. Moreo, and E. Dagotto,
Phys. Rev. Lett. 127, 077204 (2021).

[10] E. Dagotto and T. M. Rice, Science 271, 618 (1996).
[11] E. Dagotto, Rep. Prog. Phys. 62, 1525 (1999).
[12] M. Uehara, T. Nagata, J. Akimitsu, H. Takahashi, N. Mori, and

K. Kinoshita, J. Phys. Soc. Jpn. 65, 2764 (1996).
[13] H. Takahashi, A. Sugimoto, Y. Nambu, T. Yamauchi, Y.

Hirata, T. Kawakami, M. Avdeev, K. Matsubayashi, F. Du, C.
Kawashima, H. Soeda, S. Nakano, Y. Uwatoko, Y. Ueda, T. J.
Sato, and K. Ohgushi, Nat. Mater. 14, 1008 (2015).

[14] J.-J. Ying, H. C. Lei, C. Petrovic, Y.-M. Xiao, and V.-V.
Struzhkin, Phys. Rev. B 95, 241109(R) (2017).

[15] Y. Zhang, L. F. Lin, J. J. Zhang, E. Dagotto, and S. Dong,
Phys. Rev. B 95, 115154 (2017).

[16] Y. Zhang, L. F. Lin, J. J. Zhang, E. Dagotto, and S. Dong,
Phys. Rev. B 97, 045119 (2018).

[17] Y. Zhang, L. F. Lin, A. Moreo, S. Dong, and E. Dagotto,
Phys. Rev. B 100, 184419 (2019).

[18] L. F. Lin, Y. Zhang, A. Moreo, E. Dagotto, and S. Dong,
Phys. Rev. Materials 3, 111401(R) (2019).

[19] J. van den Brink and D. I. Khomskii, J. Phys.: Condens. Matter
20, 434217 (2008).

[20] L.-F. Lin, Q.-R. Xu, Y. Zhang, J.-J. Zhang, Y.-P. Liang, and S.
Dong, Phys. Rev. Materials 1, 071401(R) (2017).

[21] S. Dong, H.-J. Xiang, and E. Dagotto, Nat. Sci. Rev. 6, 629
(2019).

[22] Y. Zhang, L. F. Lin, A. Moreo, S. Dong, and E. Dagotto, Phys.
Rev. B 101, 144417 (2020).

[23] Z. Wang and S.-C. Zhang, Phys. Rev. B 87, 161107(R) (2013).
[24] J. Gooth, B. Bradlyn, S. Honnali, C. Schindler, N. Kumar, J.

Noky, Y. Qi, C. Shekhar, Y. Sun, Z. Wang, B. A. Bernevig and
C. Felser, Nature (London) 575, 315 (2019).

[25] Y. Zhang, L. F. Lin, A. Moreo, S. Dong, and E. Dagotto, Phys.
Rev. B 101, 174106 (2020).

[26] H. Hillebrecht, P. J. Schmidt, H. W. Rotter, G. Thiele, P.
Zönnchen, H. Bengel, H.-J. Cantow, S.-N. Magonov, and M.-H.
Whangbo, J. Alloys Compd. 246, 70 (1997).

[27] H. G. Schnering and H. Wöhrle, Angew. Chem. 75, 684 (1963).
[28] M. Ruck, Acta Crystallogr. C 51, 1960 (1995).
[29] H. Tan, M. Li, H. Liu, Z. Liu, Y. Li, and W. Duan, Phys. Rev. B

99, 195434 (2019).
[30] C. Xu, P. Chen, H. Tan, Y. Yang, H. Xiang, and L. Bellaiche,

Phys. Rev. Lett. 125, 037203 (2020).
[31] Y. Jia, M. Zhao, G. Gou, X. C. Zeng, and J. Li, Nanoscale Horiz.

4, 1113 (2019).
[32] Z. Wang, M. Huang, J. Zhao, C. Chen, H. Huang, X. Wang,

P. Liu, J. Wang, J. Xiang, C. Feng, Z. Zhang, X. Cui, Y. Lu,
S. A. Yang, and B. Xiang, Phys. Rev. Materials 4, 041001(R)
(2020).

[33] N. Ding, J. Chen, S. Dong, and A. Stroppa, Phys. Rev. B 102,
165129 (2020).

174410-11

https://doi.org/10.1103/RevModPhys.66.763
https://doi.org/10.1088/0953-8984/21/2/023201
https://doi.org/10.1080/00018732.2012.719674
https://doi.org/10.1103/RevModPhys.85.849
https://doi.org/10.1103/RevModPhys.93.025003
https://doi.org/10.1103/PhysRevLett.107.036801
https://doi.org/10.1073/pnas.2001141117
https://doi.org/10.1038/s41467-021-23261-2
https://doi.org/10.1103/PhysRevLett.127.077204
https://doi.org/10.1126/science.271.5249.618
https://doi.org/10.1088/0034-4885/62/11/202
https://doi.org/10.1143/JPSJ.65.2764
https://doi.org/10.1038/nmat4351
https://doi.org/10.1103/PhysRevB.95.241109
https://doi.org/10.1103/PhysRevB.95.115154
https://doi.org/10.1103/PhysRevB.97.045119
https://doi.org/10.1103/PhysRevB.100.184419
https://doi.org/10.1103/PhysRevMaterials.3.111401
https://doi.org/10.1088/0953-8984/20/43/434217
https://doi.org/10.1103/PhysRevMaterials.1.071401
https://doi.org/10.1093/nsr/nwz023
https://doi.org/10.1103/PhysRevB.101.144417
https://doi.org/10.1103/PhysRevB.87.161107
https://doi.org/10.1038/s41586-019-1630-4
https://doi.org/10.1103/PhysRevB.101.174106
https://doi.org/10.1016/S0925-8388(96)02465-6
https://doi.org/10.1002/ange.19630751453
https://doi.org/10.1107/S0108270195003799
https://doi.org/10.1103/PhysRevB.99.195434
https://doi.org/10.1103/PhysRevLett.125.037203
https://doi.org/10.1039/C9NH00208A
https://doi.org/10.1103/PhysRevMaterials.4.041001
https://doi.org/10.1103/PhysRevB.102.165129


YANG ZHANG et al. PHYSICAL REVIEW B 105, 174410 (2022)

[34] Y. Zhang, L. F. Lin, A. Moreo, G. Alvarez, and E. Dagotto,
Phys. Rev. B 103, L121114 (2021).

[35] Y. Fang, F. Wang, R. Wang, T. Zhai, and F. Huang, Adv. Mater.
33, 2101505 (2021).

[36] Q. Ye, Y.-H. Shen, and C.-G. Duan, Chin. Phys. Lett. 38,
087702 (2021).

[37] J. Zhao, W. Wu, J. Zhu, Y. Lu, B. Xiang, and S. A. Yang, Phys.
Rev. B 102, 245419 (2020).

[38] Y. Zhang, L. F. Lin, A. Moreo, and E. Dagotto, Phys. Rev. B
104, L060102 (2021).

[39] L. de’Medici, S. R. Hassan, M. Capone, and X. Dai, Phys. Rev.
Lett. 102, 126401 (2009).

[40] N. D. Patel, A. Nocera, G. Alvarez, A. Moreo, S. Johnston, and
E. Dagotto, Commun. Phys. 2, 64 (2019).

[41] J. Herbrych, J. Heverhagen, N. D. Patel, G. Alvarez, M.
Daghofer, A. Moreo, and E. Dagotto, Phys. Rev. Lett. 123,
027203 (2019).

[42] Y. Zhang, L.-F. Lin, G. Alvarez, A. Moreo, and E. Dagotto,
Phys. Rev. B 104, 125122 (2021).

[43] L.-F. Lin, Y. Zhang, G. Alvarez, J. Herbrych, A. Moreo, and E.
Dagotto, Phys. Rev. B 105, 075119 (2022).

[44] S. V. Streltsov and D. I. Khomskii, Phys. Rev. B 89, 161112(R)
(2014).

[45] H. Gao, C. Ding, L. Sun, X. Ma, and M. Zhao, Phys. Rev. B
104, 205424 (2021).

[46] G. Khaliullin, Phys. Rev. Lett. 111, 197201 (2013).
[47] O. N. Meetei, W. S. Cole, M. Randeria, and N. Trivedi, Phys.

Rev. B 91, 054412 (2015).
[48] G. Kresse and J. Hafner, Phys. Rev. B 47, 558 (1993).
[49] G. Kresse and J. Furthmüller, Phys. Rev. B 54, 11169 (1996).
[50] P. E. Blöchl, Phys. Rev. B 50, 17953 (1994).
[51] J. P. Perdew, K. Burke, and M. Ernzerhof, Phys. Rev. Lett. 77,

3865 (1996).
[52] S. Grimme, S. Ehrlich, and L. Goerigk, J. Comput. Chem. 32,

1456 (2011).
[53] S. Baroni, P. Giannozzi, and A. Testa, Phys. Rev. Lett. 58, 1861

(1987).
[54] X. Gonze, Phys. Rev. A 52, 1086 (1995); 52, 1096 (1995).
[55] L. Chaput, A. Togo, I. Tanaka, and G. Hug, Phys. Rev. B 84,

094302 (2011).

[56] A. Togo and I. Tanaka, Scr. Mater. 108, 1 (2015).
[57] A. A. Mostofi, J. R. Yates, Y. S. Lee, I. Souza, D. Vanderbilt,

and N. Marzari, Comput. Phys. Commun. 178, 685 (2008).
[58] K. Momma and F. Izumi, J. Appl. Crystallogr. 44, 1272 (2011).
[59] A. I. Liechtenstein, V. I. Anisimov, and J. Zaanen, Phys. Rev. B

52, R5467 (1995).
[60] B. Yuan, J. P. Clancy, A. M. Cook, C. M. Thompson, J.

Greedan, G. Cao, B. C. Jeon, T. W. Noh, M. H. Upton, D. Casa,
T. Gog, A. Paramekanti, and Y.-J. Kim, Phys. Rev. B 95, 235114
(2017).
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