
PHYSICAL REVIEW B 113, 155113 (2026)

Dynamical correlations and Mott localization in a paramagnetic VI3 bulk crystal
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We perform a comprehensive study on the correlated electronic structure reconstruction of paramagnetic
VI3 crystal in its rhombohedral and monoclinic structural phases. Using density-functional plus dynamical
mean-field theory (DFT + DMFT) calculations, we explicitly demonstrate the importance of local dynamical
correlations for a consistent understanding of the emergent Mott state, showing the interplay between orbital-
dependent one-electron line shape and multiorbital electronic interactions. Our results for the Mott gap are shown
to be consistent with extant theory and experimental studies on nonmagnetic VI3 bulk crystal. We also explore
the changes in the strongly correlated electronic state upon increasing the total V band filling of monoclinic VI3,
showing the robustness of Mott localization against electron doping. Our correlated many-body study is relevant
to understanding the electronic structure reconstruction of paramagnetic vanadium-contained trihalide crystals
and should be widely applicable to other van der Waals magnetic materials.
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I. INTRODUCTION

The search for two-dimensional (2D) magnetic materi-
als for spintronic applications has emerged as a hot topic
in solid-state and material physics [1]. In this context the
present-day discovery of atomically thin magnetic materials
with long-range order [2] has established the layered van
der Waals (vdW) approach as a model system for studying
magnetism in a layer-by-layer fashion. These layered mag-
netic crystals present a wide variety of magnetic phases, such
as ferromagnets, antiferromagnets, spin liquids, multiferroics,
and magnetic topological insulators [3]. However, in spite of
their relevance for fundamental low-dimensional research, the
role of multiorbital (MO) electronic correlations in many of
these layered materials has not been examined from the bulk
down to the monolayer limit. How magnetism associated with
electronic correlations and structural properties are linked to
one another remains an intriguing question in this emerging
field. Importantly, within the vdW context, vanadium triiodide
(VI3) [4–7] is considered to be a new model system to explore
2D magnetism. This material shares intrinsic features of lay-
ered 3d transition-metal trihalides (MX3; M = Cr, V; X = I,
Br, Cl) crystals [8]: the magnetic moments are carried by the
M cations coordinated by nonmagnetic halogen X ions [9].
However, VI3 appears to differ from other layered magnets
due to its combination of strong magnetic anisotropy and
spin-lattice coupling effects [10].

The layer unit structure of VI3 is described by a V cation
occupying the center of three honeycomb lattice planes and
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surrounded by six I anions arranged with octahedral coor-
dination and located within the two external planes [11]. In
analogy to CrI3, VI3 is considered to be a member of the Ising
ferromagnet family, showing long-range ferromagnetic order
below 50 K with out-of-plane directed magnetic moments
carried by the M atoms [6,7,12]. Upon cooling, VI3 undergoes
structural phase transitions at different temperatures [11–13].
Near room temperatures it has a hexagonal- or rhombohedral-
like structure (space group R3̄) that is reduced to a monoclinic
structural (C2m) phase [7,13]. This phase transition is de-
scribed as a change in the stacking order of the layer planes
within the unit cell, which does not affect the metal-iodine
bonds and the local octahedral symmetry of the I6 cluster
unit [11,14]. In VI3, V is in a V 3+(d2) valence state, yielding
S = 1 [5,13,15], with an activation energy of 0.16 eV [5] and
an optical band gap of ≈0.6 eV at room temperature [6].

It is worth noting that the magnetically ordered states of
VI3 have been investigated in Refs. [14–20], showing the in-
terplay of spin magnetism, orbital magnetism, and atomic and
electronic structure from bulk down to its monolayer limit.
Importantly, to address the role played by electron-electron
interaction, ab initio density-functional theories (DFT) plus
Hubbard U (DFT + U) [7,15–18,21,22] and DFT plus dy-
namical mean-field theory (DFT + DMFT) [19,20] calcula-
tions have been performed in recent years. The DFT and
DFT + U calculations correctly describe the insulating elec-
tronic state of the ferromagnetically ordered phase [15,16,19],
showing spin-polarized V-3d electron bands. A perusal of
extant DFT + U studies, which explicitly take into account
the effect of electron-electron interactions in the V 3d shell,
reveals that the on-site Coulomb interaction U for the V3

vdW layered family could reach values up to 4.3 eV [15].
Moreover, an on-site Coulomb interaction of U = 6.0 eV
was also considered in a DFT + DMFT study [19] for the
R3̄ [13] structural phase. However, in spite of two earlier
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FIG. 1. Schematic representation of the rhombohedral (left
panel) and monoclinic (right panel) crystal structural phases of VI3

bulk crystal. Black lines represent the unit cells.

DFT+DMFT studies [19,20], the dynamical quantum nature
of the paramagnetic electronic state of monoclinic VI3 bulk
crystal has not been explored yet. Motivated thereby, in this
work we extend our earlier studies on Cr3 vdW crystals [23]
to perform a detailed analysis for the electronic structure re-
construction of rhombohedral and monoclinic VI3 bulk crystal
within the DFT + DMFT approximation [24], showing the
emergent correlated electronic state with distinct orbital-
selective many-particle fingerprints. As in Refs. [19,20,23],
our study highlights the importance of incorporating dynam-
ical MO correlation effects within the five V-3d orbitals to
determine the Mott localized electronic state [19,20] induced
by MO electronic correlations and the role played by electron
doping on the electronic structure reconstruction of VI3 vdW
bulk crystal. Finally, we notice here that attempts to explain
the insulating electronic state of VI3 have been reported in
recent years. Reference [18] has proposed that electronic lo-
calization arises from orbital-ordered phases accompanying
the lattice distortion. This scenario has been ruled out in the
work by Sant et al. [14], pointing out that the energy splitting
associated to distortion underestimates the experimental band
gap and suggesting that the insulating ground state is stabi-
lized by Mott correlation effects rather than the Jahn–Teller
mechanism. Reference [24], on the other hand, has ascribed
the gap opening in VI3 to combined effects of spin-orbit cou-
pling (SOC) and on-site Hubbard U correlations. However,
similar to earlier DFT + DMFT studies on the rhombohe-
dral structural phase of Cr3 crystals [23], the dynamical
Mott-Hubbard mechanism has been confirmed for rhombohe-
dral VI3 in Refs. [19,20]. Motivated by these DFT + DMFT
studies, here we focused on the emergence of Mott localiza-
tion in the electronic structure reconstruction paramagnetic
VI3 bulk crystal [6], showing the robustness of the U =
5.0 eV Mott gap upon electron doping the monoclinic parent
compound [13,25].

II. RESULTS AND DISCUSSION

The DFT calculations were performed for the param-
agnetic electronic state of rhombohedral and monoclinic
structural phases of VI3 parent compound (see Fig. 1) using
the siesta ab initio simulation package [26]. Generalized gra-
dient approximation (GGA) in the Perdew-Burke-Ernzerhof

(PBE) implementation [27] was applied as the exchange
correlation functional. Norm-conserving pseudopotentials of
Troullier-Martins [28] in Kleinman-Bylander nonlocal form
were used to represent the ionic core potential. The Kohn-
Sham orbitals [29] are expanded in a linear combination of
atomic orbitals of finite range, which is determined by a
common confinement energy shift of 0.01 Ry [30]. The pre-
cision of the real-space grid integration is determined by an
energy cutoff of 200 Ry [31]. The respective Brillouin zone
is sampled by a 10 × 10 × 10 Monkhorst-Pack grid [32] for a
primitive cell of bulk VI3. Finally, as in Ref. [23], the atomic
positions were fully optimized until all the force components
became smaller than 0.03 eV/Å.

While DFT and DFT + U calculations have provided reli-
able information regarding structural and magnetic ground-
state properties for VI3 [15,17,21] and analogs [33], they
are known to generically fail to capture dynamical electron-
electron correlation effects [19,20], and so they cannot
access the formation of coherent Kondo quasiparticles
and incoherent Hubbard satellites (local moments) at low
and high energies [34], respectively. Combining DFT with
DMFT is a many-particle prescription for overcoming this
problem [35]. Thus, as common to correlated materials
within GGA, the one-electron part of the MO Hamil-
tonian for VI3 reads H0 = ∑

k,a,σ εa(k)c†
k,a,σ ck,a,σ , where

a = (xy, xz, yz, x2 − y2, 3z2 − r2) denotes its diagonalized 3d
orbitals and εa(k) is the corresponding band dispersion,
which encodes details of the one-electron band structure.
These five V-3d orbitals are the relevant one-particle in-
puts for MO-DMFT, which generates a strongly correlated
paramagnetic electronic state as shown below. Similar to
Ref. [23], the full many-body Hamiltonian for VI3 bulk
crystal reads Hint = U

∑
i,a ni,a,↑ni,a,↓ + U ′ ∑

i,a �=b ni,ani,b −
JH

∑
i,a �=b Si,a · Si,b. Here U ′ = U − 2JH is the interorbital

Coulomb interaction term and JH is the Hund’s coupling.
We evaluate the many-particle Green’s functions [Gk,a,σ (ω)]
of the correlated many-particle Hamiltonian of VI3 bulk
crystal within DFT + DMFT [35], using MO iterated per-
turbation theory (MO-IPT) as impurity solver [36]. The
DMFT solution involves replacing the lattice model by a self-
consistently embedded MO-Anderson impurity model and
the self-consistency condition requiring the local impurity
Green’s function to be equal to the local Green’s function for
the lattice. The full set of equations for the MO case can be
found in Ref. [36], so we do not repeat the equations here.
Our real frequency MO-IPT scheme has a proven record of
good semiquantitative agreements with experiment for a range
of correlated materials, and it gives results for the orbital-
selective spectral functions of VI3 in qualitative accord with
quantum Monte Carlo (QMC) calculations [20], as shown
below.

A. Role of MO correlations in rhombohedral VI3

To begin with, in Fig. 2 we show the orbital-resolved
DFT density of states (DOS) of the rhombohedral (R3̄)
structural phase of paramagnetic VI3 bulk crystal. Owing to
the octahedral environment of the V sites, the 3d states split
into low-lying t2g and high-lying eg groups. These two groups
are composed by twofold degenerated t2g2 (≡xz, yz) and
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FIG. 2. DFT and DFT + DMFT orbital-resolved density of
states (DOS) of rhombohedral VI3 parent compound, which are com-
posed by two t2g2 and eg2 dublet and a t2g1 singlet orbitals. Important
features to be seen are the narrow bare bandwidths and the fact
that all bands in DFT span near the Fermi level, EF = ω = 0. Also
noteworthy is the evolution of orbital-resolved DOS with increasing
the on-site Coulomb interaction U .

eg2 (≡x2 − y2, 3z2 − r2) orbitals and a nondegenerated
t2g1 (≡xy) orbital, similar to Cr3 vdW compounds [23]. As
seen in Fig. 2, all V-3d orbitals are partially occupied for
the V3+ electronic configuration with two total valence
electrons (n = 2.0), in turn resulting in an S = 1 spin
state within the ferromagnetically ordered phase [22].
Consistent with DFT studies for the nonmagnetically
ordered phase of rhombohedral VI3 bulk crystal [19,20],
our GGA results in Fig. 2 show that the active electronic
states in this rhombohedral vdW system involve the V 3d
carriers, where all d bands have appreciable weight near the
Fermi level (EF = ω = 0.0 eV), implying metallicity at the
one-particle DFT level. However, as shown in Fig. 2, MO
electron-electron interactions scatter electrons at each orbital
and among different orbital channels via intra- and interorbital
Coulomb interactions and the Hund’s exchange parameter
JH [19,20], strongly renormalizing the GGA one-particle
spectral functions. As shown in Fig. 2, at U = 2.5 eV and
JH = 0.7 eV, rhombohedral VI3 can be characterized as an
orbital-selective metal with coexisting insulating (t2g1 , eg2 )
and pseudogaped (t2g2 ) states.

Let us now turn our attention to our DFT + DMFT(MO-
IPT) results obtained upon increasing the on-site U within the
formal V3+ oxidation state of the VI3 rhombohedral parent
compound. As shown in Fig. 3, the orbital-selective electronic
state shown in Fig. 2 smoothly evolves into a paramagnetic
Mott insulating state, which sets in close to U = 4.0 eV. As
seen in this figure, at this U value, all orbital sectors dis-
play a Mott-Hubbard gap at EF . In spite of orbital-selective
transfer of spectral weight, lower (LHB) and upper (UHB)
Hubbard bands at high energies are visible in a more or
less pronounced way, depending on the orbital character, in
all orbital-resolved spectral functions. This behavior high-
lights the intrinsic tendency toward large transfer of spectral

FIG. 3. Evolution of the orbital-resolved DFT + DMFT DOS for
the V 3d orbitals of rhombohedral VI3. Noteworthy is the strong
electronic reconstruction and the formation of narrow upper Hubbard
bands and the emergent Mott-localized state on all orbitals at low
and high energies, respectively, due to strong dynamical transfer of
spectral weight within DMFT.

weight in transition-metal compounds, where the U/W ratio is
sizable. Also interesting is the full orbital polarization ob-
tained for the high-energy eg2 orbitals at U = 5.0 eV, similar
to that reported in Ref. [20]. To understand the seeds behind
this electronic structure reconstruction, in Fig. 4 we show the
corresponding orbital-resolved self-energy imaginary parts
associated with the active 3d orbitals of rhombohedral VI3

vdW crystal. Comparing our results to that reported, for ex-
ample, for the body-centered tetragonal phase of NbO2 [37]
or to that reported for LaCoO3 [38], we notice similar features
in these different transition-metal systems, i.e., the absence of

FIG. 4. Orbital-resolved self-energy imaginary parts of rhombo-
hedral VI3 bulk crystal, showing their evolution with increasing U .
A particular feature to be seen is the clearly visible particle-hole
asymmetry and the strong frequency dependence at the self-energy
pole structures.
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FIG. 5. Comparison between our orbital-resolved
DFT + DMFT(MO-IPT) DOS obtained for U = 5.0 eV (solid
lines) and extant DFT + DMFT [20] results (dotted lines) obtained
for the paramagnetic state of rhombohedral VI3 vdW bulk crystal,
showing good qualitative agreement in spite of the different DFT
schemes, impurity solvers, and model parameters used in the DMFT
calculations. A particular feature to be seen is the full orbital
polarization of the high-in-energy e2

g channel.

poles at EF and the strong particle-hole asymmetry in �a(ω).
This particle-hole asymmetry is manifested by the appearance
of peaks below and/or above EF in Im�a(ω). Taken together,
our results and those obtained using DFT plus cluster-DMFT
calculations [37], for example, a remarkable aspect stands out:
Im�a(ω) in Fig. 4 vanishes for U = 4.0 eV in the region of
the Mott gap, instead of having a pole as would occur in a
conventional Mott insulator. Interesting as well are our results
obtained for U = 5.0 eV, where as a result of full orbital
polarization, only a sharp pole at 7.0 eV above EF is resolved
for �eg2 (ω). This pole structure obtained in a strongly polar-
ized orbital results from U ′-induced MO hole-hole scattering
processes in the correlated many-particle problem.

To see whether our strongly correlated electronic recon-
struction is consistent with extant DFT + DMFT calculations,
in Fig. 5 we present a direct comparison between our zero-
temperature (T ) MO-IPT results obtained for U = 5.0 eV and
the finite-T DFT + DMFT results reported in Ref. [20]. As
seen, good qualitative agreement is obtained in spite of the dif-
ferent DFT + DMFT implementations. To be more specific,
apart from the full e2

g orbital polarization, the Mott gap in
these DFT + DMFT calculations is very close and consistent
with the experimental value of 0.6 eV reported in Ref. [6].
These combined results provide a fundamental microscopic
support to the fact that experimentally, VI3 is insulating even
at room temperature in the paramagnetic state [5,6], meaning
that magnetic order cannot be responsible for the gap at room
temperature. This in turn confirms that VI3 is a Mott insulator
with similarities akin to CrI3 [39] and analogs [23].

B. Role of MO correlations in monoclinic VI3

Let us now consider the electronic structure of monoclinic
VI3 bulk crystal. Similar to Fig. 2 of the previous section,
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FIG. 6. DFT and DFT + DMFT orbital-resolved DOS of mon-
oclinic VI3 parent compound. Important features to be seen is the
orbital selectivity with narrow band states and the fact that all orbitals
in DFT span near the Fermi level. This latter confirms that the
electronic states relevant to vanadium trihalides are the V-3d states.
Also noteworthy is the electronic reconstruction with clearly visible
dynamical transfer of spectral weight with increasing U .

in Fig. 6 we present the orbital-resolved DFT DOS within
the C2/m structural phase of paramagnetic VI3 bulk crys-
tal. Interestingly, different to the rhombohedral phase, the
3d states split into low-lying eg and high-lying t2g groups
in the monoclinic lattice structure. Thus, differently to what
is commonly found in transition-metal compounds, the eg

states of the C2/m phase of VI3 are lower in energy (see
our discussion below) and therefore not strongly polarized
within GGA. However, as shown Figs. 6 and 7, strong MO
electron-electron interactions will strongly renormalize the
orbital-resolved spectral functions via intrinsic intra- and in-
terorbital Coulomb interactions and the Hund’s exchange
parameter JH [19,20]. Particularly relevant in this context is
the correlation-induced orbital polarization within the xy, yz
orbitals, which are dynamically transferred to energies above
EF , as shown in Fig. 6. Also interesting in this figure is the
orbital-selective localization with coexisting Mott-localized eg

orbitals and itinerant xz states.
To gain additional insights on the electronic structure re-

construction of monoclinic VI3, in Fig. 7 we display the
effect of MO dynamical correlations on the orbital-resolved
spectral functions upon further increasing the on-site U , for
fixed JH = 0.7 eV, as in Fig. 6. Importantly, our result for
U = 5.5 eV confirms that monoclinic VI3 is a paramagnetic
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FIG. 7. Effect of multiorbital dynamical correlations in the
orbital-resolved DFT + DMFT DOS of monoclinic VI3 bulk crystal
upon increasing the on-site U . Noteworthy is the electronic recon-
struction and the emergence of full Mott localization at low energies,
due to strong dynamical transfer of spectral weight within DMFT.

Mott insulator, where all orbitals display a Mott-Hubbard
gap at EF . Moreover, as seen in Fig. 7, up to U = 5.0 eV
monoclinic VI3 crystal is predicted to host x2 − y2, xz-Kondo-
like quasiparticles [34] at low energies. While the eg orbitals
display clear incoherent Hubbard bands relevant for the local
moment formation in VI3, the LHB within the t2g orbital
sector are nearly depleted due to dynamical electron transfer
from the valence to the conduction bands. Additionally, in
Fig. 8 we show the energy dependence of the self-energy
imaginary parts associated with the active 3d orbitals of mon-
oclinic VI3 vdW crystal. As seen and similar to our results
for rhombohedral VI3, our results reveal the absence of poles
at EF accompanied by clearly visible particle-hole asymmetry
in �a(ω). This might be a hidden intrinsic feature of para-
magnetic VI3 vdW crystal that could be probed in future
angle-resolved photoemission (ARPES) studies.

For the sake of completeness, in Fig. 9 we display the
U dependence of the on-site orbital occupations na,σ (main
panel) and orbital energies (inset), computed using the orbital-
resolved spectral functions of monoclinic VI3. Similar to
Ref. [40], we observe clear changes in orbital polarization
with increasing U . These responses are characteristic of
strongly correlated electron systems, where the changes in
the orbital occupation are linked to dynamical fluctuations in
the reconstructed electronic state. Notably, orbital polarization
increases with increasing U , driving changes in the correlated
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FIG. 8. Orbital-resolved self-energy imaginary parts of mono-
clinic VI3 bulk crystal, showing their evolution with increasing U .
A particular feature to be seen is the clearly visible particle-hole
asymmetry.

spectral functions as shown in Figs. 6 and 7. Our results
in Fig. 9 imply a continuous enhancement of ferro-orbital
order due to a U ′-induced strong interorbital proximity effect,
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U (eV)
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FIG. 9. Orbital occupancies na,σ as a function of the on-site U .
Notice the changes of the orbital polarization upon increasing U and
its increase within the 3z2 − y2 orbital sector starting at U = 2.0 eV.
Inset shows the evolution of the on-site orbital energies �a as a
function of U . An important feature to be seen is the reduction of
�3z2−r2 at finite U .
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with the spectral weight being continuously removed from
the xy, xy, yz, x2 − y2 and transferred to the 3z2 − r2 orbital
sector in spite of the S = 1 spin state, an effect which could
be the primary origin of enhanced orbital magnetization [19]
with large orbital magnetic moment [15] reported for VI3.
Also interesting are our results in the inset of Fig. 9 show-
ing the evolution of the on-site orbital energies �a, or the
center of gravity of the correlated spectral functions, as a
function of U . As seen, with increasing U DFT + DMFT
severely renormalizes the center of gravity of each orbital,
promoting changes in the correlated spectral functions as dis-
played in Figs. 6 and 7. This fact, generic to MO systems,
is an interesting manifestation of correlation-induced orbital
rearrangement and controls the changes of the correlated
electronic spectra across the Mott transition. Due to particle-
hole asymmetry and anisotropic DFT one-particle energies
and hoppings, MO correlations reconstruct the 3d orbitals
of monoclinic VI3 vdW crystal in different ways, leading to
intrinsic orbital selectivity. Within DFT + DMFT, this orbital-
selective mechanism involves two steps: first, static (MO
Hartree) renormalization shifts the 3d bands relative to each
other by amounts depending upon their bare on-site orbital
energies and occupations. Second, dynamical MO effects of
U , U ′, and JH induce large dynamical spectral weight transfer
over wide energy scales. This result implies that in correlated
electron systems small variations of U drive appreciable spec-
tral weight transfer, producing orbital-selective changes of the
one-site energies. As seen in Fig. 9, the 3z2 − r2 orbital is
the most severely affected, implying that this is the strongest
correlated channel of monoclinic VI3 due to its proximity
to a half-filling electronic configuration. Future experimental
studies are called for to corroborate this prediction.

To make contact with experiments reporting chemical in-
sertion of Li in VI3 [13,25], in Fig. 10 we show the effect
of electron doping (n = 2.0 + δ) on the DFT + DMFT elec-
tronic structure obtained for U = 5.0 eV (main panels) and
U = 4.5 eV (insets) for monoclinic VI3 in Fig. 8. While
for the rhombohedral structural phase (not shown) the elec-
tronic structure reconstruction upon electron doping is of
orbital-selective Mott type, for the monoclinic phase our re-
sults for U = 5.0 eV reveal a persistent MO Mott state [41]
with strongly anisotropic and orbital-dependent Mott-gap-like
features at low energies. Particularly interesting here is the
robustness of the valence-band dispersion 3z2 − r2 orbital,
showing almost no changes to electron doping for the two
U values considered in Fig. 10 due to its strongly correlated
electronic nature, which is predicted to forbid electron transfer
upon lithiation [13,25]. As seen in the main panels of Fig. 10,
electron doping mostly enhances the x2 − y2, xy orbital filling,
suggesting that the electron correlations are weak in these
channels of monoclinic VI3. Taken together, our results in
Fig. 10 show that strongly and weakly hot and cold spots in
the Fermi surface [42] can be tuned in monoclinic VI3 crystal
via electron doping the parent compound. They also seem to
suggest that the shape of the Mott gap and Hubbard bands in
this electron-doped structural phase would be anisotropic and
orbital dependent. Importantly, these results can be taken as
an evidence that MO Coulomb perturbations might pave the
way to approach a persistent Mott state in strongly correlated
electron systems [41]. If our proposal is to hold, the insulating

FIG. 10. Orbital-resolved DFT + DMFT (with U = 5.0 eV and
JH = 0.7 eV) DOS for the V-3d orbitals of electron-doped (n =
2.0 + δ) VI3. Notice the robustness of the Mott localized state to
electron doping the parent compound. Insets show the changes in
the U = 4.5 eV DFT + DMFT DOS as a function of the total band
filling n.

state in monoclinic LixVI3(0 � x � 0.6) is predicted to be
composed of Fermi surfaces with distinct orbital textures [43],
and future spectroscopic experiments could verify this aspect.

III. CONCLUSION

In summary, in this work we have performed a GGA and
GGA + DMFT study of electronic structure in a V-contained
van der Waals bulk crystal. Using realistic local interaction
parameters for the five-orbital Hubbard model, we provide
a microscopic description of the excitation spectrum which
emerges within the nonmagnetically ordered state of VI3.
Together with theory [19,20] and experimental [5,6] stud-
ies, we reveal the true nature of the Mott insulating state
of VI3. An important message of our approach is to show
that a strong coupling picture leads to a persistent Mott
state [41] upon electron doping the monoclinic parent com-
pound, which might be relevant for future studies on Li-doped
VI3 [13,25]. Our theoretical analysis provides support for the
dynamical electronic structure reconstruction in transition-
metal trihalides in their different structural phases, and it is
expected to be generally applicable to understanding orbital
selectivity in strongly interacting electron systems and the
underlying electronic state which may emerge in the param-
agnetic state of van der Waals magnetic materials [1,44].
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