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Hubbard-corrected density-functional theory has proven to be successful in addressing self-
interaction errors in 3D magnetic materials. However, the effectiveness of this approach for 2D
magnetic materials has not been extensively explored. Here, we use PBEsol+U and its extensions
PBEsol+U+V to investigate the electronic, structural, and vibrational properties of 2D antiferro-
magnetic FePS3 and ferromagnetic CrI3, and compare the monolayers with their bulk counterparts.
Hubbard parameters (on-site U and inter-site V ) are computed self-consistently using density-
functional perturbation theory, thus avoiding any empirical assumptions. We show that for FePS3

the Hubbard corrections are crucial in obtaining the experimentally observed insulating state with
the correct crystal symmetry, providing also vibrational frequencies in good agreement with Raman
experiments. For ferromagnetic CrI3, we discuss how a straightforward application of Hubbard
corrections worsens the results and introduces a spurious separation between spin-majority and
minority conduction bands. Promoting the Hubbard U to be a spin-resolved parameter — that
is, applying different (first-principles) values to the spin-up and spin-down manifolds — recovers a
more physical picture of the electronic bands and delivers the best comparison with experiments.

I. INTRODUCTION

Spintronic devices that exploit magnetic multi-layers
are the backbone of modern technologies for magnetic
sensing, data processing, and storage. The pursuit of
novel magnetic materials with improved interfacial prop-
erties and decreasing thickness is still one of the main
goals for spintronics studies, with van der Waals (vdW)
materials holding great promise as they offer a versa-
tile platform for exploring novel phenomena and provide
high-quality interfaces at the atomic scale [1, 2]. How-
ever, magnetic applications for memories and processing
were considered out of reach in vdW heterostructures,
since magnetism had long been believed to hardly sur-
vive in two-dimensional (2D) systems because of the en-
hanced thermal fluctuations, as stated by the Mermin-
Wagner theorem [3]. The recent discovery of 2D mag-
netic crystals [4, 5] brought experimental evidence that
magnetic anisotropy can stabilize long-range magnetic
order [6]. Such breakthrough opened the door to incor-
porating 2D magnetic materials in vdW heterostructures
and spintronics devices [7–12]. For example, giant tun-
neling magnetoresistance has been observed in 2D mag-
nets [13–16], which is promising for data-storage devices.
The quest for high-density and low-energy-consumption
devices (such as racetrack memories [17, 18]) motivated
the discovery of chiral spin textures, such as topolog-
ically protected skyrmions at room temperature in 2D
magnets [19–21]. There is also an increasing interest in
gate-tunable room-temperature magnetism [22] and in

controlling magnetism by electric fields [23, 24] and cur-
rents [25]. Furthermore, magnons in 2D magnets [26, 27]
could serve as a platform for wave-based computing tech-
nologies arising from magnon spintronics [28]. All of
these potential applications in magnonics and spintron-
ics may inherit the many advantages of 2D materials
such as gate tunability, flexibility, low-cost, and large-
scale growth [7–12]. In this context, understanding the
physics governing in vdW magnets can be fruitful both
for applications and further theoretical research.

Density-functional theory (DFT) is a powerful tool
to study the ground-state properties of materials [29–
31] and there has been increasing interest to discover
new 2D magnetic materials using DFT [32–35]. How-
ever, for magnetic materials with d- and/or f -shell elec-
trons, self-interaction errors (SIE) can be crucial [36, 37].
To address this problem, Hubbard corrections are often
added to the DFT energy functional [38–40], including
an on-site Hubbard parameter U [38] or even inter-site
interactions V [41]. However, determining the appro-
priate Hubbard parameters to be adopted in calcula-
tions is key. One approach is to use a semi-empirical
on-site Hubbard U chosen to reproduce some experi-
mental data (e.g. band gaps, magnetic moments, oxi-
dation enthalpies, etc.). However, this strategy is nei-
ther fully first-principles nor it can be applied to novel
materials where experimental data are not available. A
more systematic, parameter-free approach is to calculate
Hubbard parameters self consistently, e.g. using linear-
response theory [42]. In this scheme, the on-site Hub-
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bard U is chosen to restore a piece-wise linear behav-
ior of the total energy with respect to the number of
electrons in the Hubbard manifold [42]. This method
has been recently streamlined through an efficient refor-
mulation within density-functional perturbation theory
(DFPT) [43, 44], which is particularly useful for materials
with localized partially-filled d- and/or f -shell electrons
such as transition-metal and rare-earth compounds; how-
ever the current formulation is not applicable to electrons
in closed d- and/or f -shells [45].

DFT+U (+V ) calculations using Hubbard interactions
parameters from DFPT have proven to be very effective
in describing bulk 3D systems [46–55]. However, the im-
portance of this method for 2D magnets is still an open
question. Here we aim to explore this approach for 2D
magnets, investigating not only their electronic structure
but also their vibrational properties, as these provide a
reliable reference to compare first-principles results with
Raman experiments. We focus on two particularly rele-
vant and representative magnetic monolayers for which
Raman experimental data are available: antiferromag-
netic FePS3 [56–62] and ferromagnetic CrI3 [57, 63–66].

FePS3 belongs to the family of transition-metal phos-
phorus trisulfides (MPS3, M = Mn, Fe, Ni, ...). Other
members of this family display clear signatures of mag-
netic ordering only down to bilayer systems, such as
NiPS3 and MnPS3, with easy-plane and weak easy-
axis magnetic anisotropy respectively [67, 68]. How-
ever, magnetism in the monolayers is still controver-
sial [69]. On the contrary, FePS3 has a strong out-
of-plane anisotropy that suppresses thermal fluctuations
and stabilizes magnetic ordering down to the monolayer
limit [56, 70]. Many first-principles studies have been
performed on the electronic, magnetic, and vibrational
properties of FePS3 [56, 71–76] with empirical values of
Hubbard U in the range between 2−7 eV. Recent exper-
iments show strong magnon-phonon coupling in FePS3
at high magnetic field, making this system promising for
antiferromagnetic magnonics [61, 77–79].

In addition to FePS3, we also study a ferromagnetic
candidate: CrI3, which is a member of the family of
chromium trihalides (CrX3, X = Cl, Br, I, ...), which
was the first 2D magnetic monolayer to be discovered ex-
perimentally [5]. The other members of this family (such
as CrCl3 and CrBr3) have shown in-plane and out-of-
plane anisotropy axis with magnetism surviving down to
the monolayer limit [80, 81]. The properties of CrI3 have
been extensively studied using DFT [82–87], with par-
ticular emphasis on the calculation of the exchange cou-
pling constants [88–94] as input for classical Monte Carlo
simulations or analytical formulas [95] aimed at extract-
ing the Curie temperature. The vibrational properties of
CrI3 have also been studied via first principles [96–100].
In most cases, Hubbard corrections have either been ne-
glected or introduced semi-empirically.

In this work, we study the structural, electronic, and

vibrational properties of FePS3 and CrI3 fully from first
principles using Hubbard functional and its extensions on
top of PBEsol (i.e. PBEsol+U and PBEsol+U+V ). The
on-site (U ) and inter-site (V ) interactions are computed
self-consistently using DFPT as outlined in [43, 44] in a
basis of Löwdin-orthogonalized atomic orbitals [101], and
later used to calculate phonon frequencies. Our findings
show that Hubbard corrections are essential to capture
various properties of FePS3 and CrI3 in accordance with
experiments. In the case of FePS3, they play a crucial
role in achieving the insulating ground state with the cor-
rect experimental symmetry, as well as in attaining good
agreement with experimental phonon frequencies; the ef-
fects of Hubbard V are relatively minor. In the case of
CrI3, while PBEsol already provides good structural and
vibrational properties, the orbital character of the top of
the valence bands is not correctly described. The Hub-
bard U restores a correct picture for the valence bands
but at the same time gives rise to a spurious shift in the
spin-minority conduction bands. While the introduction
of Hubbard V provides a slight improvement in the quan-
titative values of structural and vibrational properties,
the incorrect positioning of the spin-minority conduction
bands persists. This issue is effectively resolved through
the implementation of spin-resolved U–different for spin-
up and spin-down electrons, resulting in the overall best
agreement with experimental data among the simulation
strategies.

The paper is organized as follows. In Section II we
summarize the computational methods used in this work.
In Section III we show the results of ground-state prop-
erties for FePS3 (Subsection IIIA) and CrI3 (Subsec-
tion III B) from PBEsol, PBEsol+U, and PBEsol+U+V.
The results for the bulk structures are also provided for
comparison. Finally, we provide our conclusions in Sec-
tion IV. The phonon displacements and their correspond-
ing frequencies, the description of the method to calcu-
late the spin-resolved U, and the analysis of the effects of
Hund’s exchange J and of vdW interactions are provided
in the Supplemental Material.

II. COMPUTATIONAL DETAILS

All calculations are performed using the Quan-
tum ESPRESSO (QE) distribution [102–104]. We
use the exchange-correlation functional constructed us-
ing spin-polarized generalized-gradient approximation
(GGA) with the PBEsol prescription [105]. The values of
90 Ry (45 Ry) and 1080 Ry (360 Ry) have been set as the
kinetic-energy cutoff for wavefunctions and spin-charge
density, respectively, for FePS3 (CrI3) as suggested by
the SSSP PBEsol library version 1.1.2 [106–110]. Un-
shifted K points meshes of size 6× 4× 1 (9× 9× 1) for
the monolayer and 4 × 4 × 6 (8 × 8 × 8) for the bulk
are used to sample the first Brillouin zone of of FePS3
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(CrI3). In the monolayers, a vacuum of 17 Å is set in
the direction perpendicular to the monolayer in order to
ensure that the periodic images do not interact with each
other. The results in the main text do not include vdW
corrections as we are mainly interested in monolayers and
their inclusion in bulk does not improve the agreement
with experiments for the structural parameters (this is
discussed further in Supplemental Material). Spin-orbit
coupling is neglected in all calculations. The projected
densities of states (PDOS) are plotted with a Gaussian
broadening of 0.008 Ry.

Hubbard corrections are included in the calculations
within the rotationally-invariant formalism of Dudarev
et al. [40]; in Hubbard-corrected DFT, the total energy
reads [41]:

EDFT+U+V = EDFT + EU+V , (1)

where

EU+V =
1

2

∑
I

∑
σm1m2

U I(δm1m2
− nIσm1m2

)nIσm2m1

−1

2

∑
I

∗∑
J(J ̸=I)

∑
σm1m2

V IJnIJσm1m2
nIJσm2m1

, (2)

where I and J are atomic site indices, m1 and m2

are the magnetic quantum numbers associated with a
specific angular momentum, U I and V IJ are the on-site
and inter-site Hubbard parameters respectively, and the
star in the sum denotes that for each atom I, the in-
dex J covers all its neighbors up to a given distance
(or up to a given shell). The generalized atomic oc-
cupation matrices, nIJσm1m2

, are computed by projecting
the Kohn-Sham (KS) wavefunctions ψvkσ(r) on Löwdin-
orthogonalized atomic orbitals φI

m1
(r) as: nIJσm1m2

=∑
vk fvkσ⟨ψvkσ|φJ

m2
⟩⟨φI

m1
|ψvkσ⟩, where fvkσ are the oc-

cupations of KS states. Here, v and σ are the electronic
band and spin indices, respectively, and nIσm1m2

≡ nIIσm1m2
.

The magnetization of the Ith ion is calculated as mI =∑
m

(
nI↑mm − nI↓mm

)
. The equations above are for simplic-

ity written in the framework of norm-conserving pseu-
dopotentials and collinear polarization; the general for-
mulation is discussed in Refs. [43, 44]. We note that
Eq. (2) includes a double-counting term that corresponds
to the “fully localized limit (FLL)” [41].

The Hubbard parameters, U I and V IJ , are com-
puted self-consistently using DFPT [43, 44] as imple-
mented in the HP code [111], which is part of QE. Im-
portantly, computationally expensive summations over
empty states in perturbation theory are avoided thanks
to the use of projectors on empty states manifolds (see
e.g. Refs. [112, 113]). The Hubbard parameters are de-
fined as the diagonal and off-diagonal elements of the

response matrices [41, 42]:

U I = (χ−1
0 − χ−1)II , (3)

V IJ = (χ−1
0 − χ−1)IJ , (4)

where χ and χ0 are the interacting and non-interacting
response functions, respectively. The on-site Hubbard
interactions (U I) improve atomic-like localization on the
Fe(3d) (Cr(3d)) states, while the inter-site Hubbard in-
teractions (V IJ) improve delocalizing covalent bonding
between those states and the S(5p) (I(3p)) states. We use
the self-consistent protocol for computing U I and V IJ as
described in detail in Ref. [44]. The self-consistent pro-
cedure is initialized using the experimental crystal struc-
ture and zero Hubbard parameters. First, the Hubbard
parameters are calculated using DFPT for the experi-
mental structure; then, the Hubbard parameters are up-
dated and the structure is optimized; in the next step,
new Hubbard parameters are calculated for the relaxed
structure and compared with the previous Hubbard pa-
rameters. This self-consistent process continues until the
difference between the new and old Hubbard parame-
ters becomes less than the convergence threshold (here,
0.01 eV). For the calculation of Hubbard parameters,
due to the relatively large unit cell for FePS3, q-points
grids are set to 1 × 1 × 1 for monolayer and bulk sys-
tems. We checked that by increasing the q-points grids
to 1×1×2 in the bulk, the U parameter changes by 0.06
eV, which is sufficiently small to have a negligible effect
on the electronic structure. For CrI3, q-points grids of
size 5 × 5 × 1 and 3 × 3 × 3 are used for monolayer and
bulk, respectively. The self-consistent Hubbard parame-
ters for CrI3 and FePS3 are given in Table I. We note that
the U value essentially does not change when we go from
bulk to monolayer. This is an interesting observation,
although within the current formulation based on linear
response theory, it is not surprising as U is calculated in
order to impose piecewise linearity to the energy func-
tional as electrons are added or subtracted to the very
localized (“Hubbard”) manifold of d electrons, and to re-
move self-interaction errors. As such, it is very weakly
dependent on the d electrons being in a monolayer or in
the bulk of a vdW material, since the chemistry of the
interaction between the transition-metal ion and the lig-
ands is very much unaffected by the stacking. This is
very different from what happens within an alternative
first-principles method for estimating the Hubbard pa-
rameter: the so-called cRPA approach [114]. Although
the two approaches unfortunately share the same name of
“Hubbard U”, the UcRPA that is computed within cRPA
is driven by a completely different hypothesis, that is
to calculate the average (on the d orbitals of interest)
partially-screened interaction towards a better descrip-
tion of the spectral properties of a (correlated) material.
This is very much affected by the 2D or 3D environment,
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TABLE I: The values of self-consistent Hubbard parame-
ters U (eV) describing the strength of on-site interactions
for Fe(3d) and Cr(3d) states, and V (eV) describing the
strength of inter-site interactions for Fe(3d)–S(3p) and
Cr(3d)–I(5p) couples, for bulk and monolayer FePS3 and
CrI3.

FePS3 CrI3

bulk monolayer bulk monolayer

PBEsol+U U 4.94 4.93 6.61 6.54

PBEsol+U+V
U 4.92 4.94 6.53 6.41

V 0.21 0.22 0.26 0.28

typically leading to an increase of UcRPA from bulk to
monolayer as a consequence of the suppression of screen-
ing from the adjacent layers [115].

The phonon frequencies have been computed using the
frozen-phonon method as implemented in the Phonopy
package [116]. The phonon frequencies were calculated
on a 2 × 2 × 2 supercell for the bulk systems and on a
2× 2× 1 supercell for monolayer systems (we tested for
CrI3 that no significant difference could be observed by
increasing it to 3× 3× 3. For FePS3 due to the compu-
tational costs we were unable to test larger supercell.).
For the monolayers, the corrections of translational, rota-
tional invariance, and equilibrium conditions are applied
on interatomic force constants (IFCs) to recover the cor-
rect quadratic behavior close to the Brillouin zone cen-
ter of the ZA phonon band (i.e. out-of-plane transverse
acoustic mode) [117]. Since we compare against available
Raman experiments and in two dimensions the longitu-
dinal optical and transverse optical (LO–TO) splitting
breaks down at the Γ point [118], the non-analytical term
of the dynamical matrix for monolayer systems is ne-
glected. For bulk systems, the non-analytical corrections
are included up to dipolar order through Born effective
charges (BECs) and the dielectric tensor. To calculate
BECs and the dielectric tensor, two approaches can be
used: finite differences [119, 120] and DFPT [112, 121–
123]. The current implementation of the DFPT method
can only be applied for DFT+U with non-orthogonalized
atomic projections [46]. In the Supplemental Material,
we show for bulk FePS3 that BECs using the first method
with Löwdin-orthogonalized Hubbard projections and
the second method with non-orthogonalized atomic Hub-
bard projections give very similar results when the struc-
ture is the same. Therefore, we use DFPT with non-
orthogonalized atomic Hubbard projectors to calculate
BECs and the dielectric tensor due to the cheaper com-
putational cost and convergence issues encountered when
using the finite differences for bulk CrI3.

The data used to produce the results of this paper are

available in the Materials Cloud Archive.

III. RESULTS AND DISCUSSION

A. FePS3

The first system that we study is the 2D antiferro-
magnetic Ising-type FePS3. Figures 1(a) and (b) show
the top and side view of the FePS3 monolayer. The Fe
atoms form a planar honeycomb lattice and are enclosed
in octahedra of six S atoms. These S atoms are also con-
nected to two P atoms in the center of the Fe hexagons.
The primitive unit cell of both monolayer and bulk sys-
tems contains 4 Fe, 4 P, and 12 S atoms. Bulk FePS3
forms a monoclinic structure with the space group C2/m
(No. 12) and point group C2h[124]. In the ground state,
FePS3 is an antiferromagnet where, within each layer, Fe
atoms are ferromagnetically ordered along zigzag chains,
but then each chain is antiferromagnetically aligned with
respect to its neighbors [97] (Fig. 1(a)), possibly leading
to a nematic state [125]. In the bulk system, a further
antiferromagnetic ordering involves zigzag chains in ad-
jacent layers (Fig. 1(c)). Because of this magnetic con-
figuration, the unit cell of the antiferromagnetic state in
a monolayer is twice that of the ferromagnetic or non-
magnetic state. The doubled in-plane unit cell results in
a halved first Brillouin zone [56].
First, we show the electronic bands from PBEsol and

PBEsol+U (+V ) calculations in Fig. 2. During the self-
consistent process of the calculation of Hubbard param-
eters, the crystal space group symmetry is constrained
to the experimental symmetry, C2/m (No. 12). For
the experimental symmetry, PBEsol predicts metallic
behavior both for the monolayer and bulk (Figs. 2(a)
and 2(b)). However, these systems are unstable and ac-
quire soft phonons, which can be removed by lifting the
constraint to the experimental symmetry and optimiz-
ing the structure again. The optimized structure with
Ci (No. 2) symmetry has lower energy than the sym-
metric structure and does not show imaginary phonon
frequencies. Figures 2(c) and 2(d) show that the dis-
torted systems are no longer metallic, although the band
gap is still significantly smaller than in experiments (0.45
versus 2.18 eV [126] for quantum sheets and 0.35 ver-
sus 0.5 − 1.6 eV [59, 127–129] for the bulk). On the
other hand, the PBEsol+U (+V ) calculations (Figs. 2(e)
and 2(h)) predict an insulating and stable ground state
with C2/m space group, thus preserving experimentally
determined symmetry. For the bulk the band gap is over-
estimated; for the monolayer, the band gap is in very
good agreement with experiments. The on-site Hubbard
U correction is thus crucial to recover the correct elec-
tronic structure and crystal symmetry of FePS3. Includ-
ing inter-site Hubbard interactions (+V ) has a negligible
effect, as shown in Figs. 2(g) and 2(h).

https://archive.materialscloud.org/record/2024.18
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TABLE II: Lattice parameters a, b, and c (in Å) and absolute magnetization mFe of Fe atoms (in µB ; calculated
from mI =

∑
m

(
nI↑mm − nI↓mm

)
as described in section II) computed using different approaches for monolayer and

bulk FePS3. For PBEsol, results are reported for the stable structure with reduced symmetry (Figs. 2(c) and 2(d)).
Experimental data for the bulk are from Refs. [97, 131, 132].

a b b/
√
3a c |mFe|

bulk

Expt. 5.947 10.300 1.000 6.722 4.9, 4.52± 0.05, 5.1± 0.6

PBEsol 5.742 10.188 1.024 6.479 3.20

PBEsol+U 5.955 10.253 0.994 6.699 3.63

PBEsol+U+V 5.952 10.245 0.994 6.696 3.62

monolayer

PBEsol 5.745 10.184 1.023 — 3.25

PBEsol+U 5.954 10.251 0.994 — 3.63

PBEsol+U+V 5.950 10.243 0.994 — 3.62

FIG. 1: (a) Top view and (b) side view of monolayer
FePS3. The unit cell is shown in black lines. The red,
blue, yellow, and green balls correspond to spin-up Fe,
spin-down Fe, S, and P atoms, respectively. The mag-
netic configuration in the bulk system is shown in (c),
where only magnetic (Fe) atoms are shown. The illustra-
tions are obtained using VESTA [130].

We also note that the computed band gap barely
changes when going from bulk to monolayer. This is
the case also when considering vdW-compliant function-
als on top of the same crystal structure (see Supplemen-
tal Material). This observation might appear in con-
trast with what typically happens in layered materials,
where quantum confinement effects tend to significantly
increase the band gap as thickness is reduced. We at-
tribute the negligible band gap variation to a reduced
interlayer hopping, resulting from 1) the fact that elec-
tronic states around the band gap (especially the con-

duction states) show a large contribution from d orbitals,
which are typically very localized, limiting tunneling be-
tween the layers and 2) the antiferromagnetic ordering
between the layers. As a consequence, electronic states
tend to be confined within a single layer even in the bulk
and the change in band gap due to quantum confine-
ment is reduced with respect to other layered materials.
Still, in experiments [126] the band gap difference be-
tween bulk and so-called quantum sheets is about 0.6
eV (2.18 eV for the quantum sheets and 1.6 eV for the
bulk). The discrepancy with our calculations might arise
either from an uncertainty in the measurements, where
the band gap is extracted from a linear extrapolation
of the smeared spectrum of optical absorption at room
temperature, or from aspects that are not captured in
our calculations, such as a slight variation in the crys-
tal structure or a more consistent description of screen-
ing and many-body effects. For instance, in Ref. [133],
the authors use first-principles calculations to obtain a
band gap difference of 0.4 eV between monolayer and
bulk, closer to the experiments, which is associated with a
non-negligible variation in the in-plane lattice parameter.
Moreover, it is also important to remember that DFT is
not expected to provide accurate predictions for band
gaps (including their variation from bulk to monolayer).
Hubbard corrections with the U parameter computed
from a piecewise-linearity condition (e.g. from linear re-
sponse [42–44]) often improve band gaps significantly, at
least when band edges are dominated by states that are
mostly those of the Hubbard manifold [48]. More system-
atic improvements may require advanced many-body ap-
proaches such as GW calculations [134–138] (due to their
improved description of long-range Coulomb interactions
and electronic screening), hybrid functionals [139–144],
or Koopmans functionals that correct the band gap by
design [145–147]. Therefore, more investigations of the
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FIG. 2: The electronic band structure and spin-resolved projected density of states (PDOS) of monolayer FePS3
(first column) and bulk (second column) from (a) and (b) PBEsol (metallic, and unstable with C2/m space group
symmetry), (c) and (d) PBEsol (stable with Ci space group symmetry), (e) and (f) PBEsol+U (C2/m), and (g) and
(h) PBEsol+U+V (C2/m). Orange arrows indicate the indirect band gaps, and their values are also reported. Fe1
and Fe2 are iron atoms with up and down magnetization, respectively. The color guide is given in (h); the dashed
line is the Fermi energy for (a) and (b), and the top of the valence bands in all other cases

band gap differences between bulk and monolayer FePS3 are needed both on the experimental as well as on the
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theoretical side.

Regarding the instabilities seen in PBEsol, we note
that a similar effect was also observed in Ref. [148], from
PBE calculations. By choosing an empirical value of
U (3.5 eV) that yields the same energy difference be-
tween the FM and AFM configurations as obtained from
hybrid HSE calculations, the authors showed that the
Hubbard U correction could almost completely remove
the instability [148]. Other studies [56, 149] reported
that the instability survives even in DFT+U calcula-
tions (with empirical values for U of 4.2 eV in Ref. [56]
and 3.5 eV in Ref. [149], using projector-augmented wave
(PAW) Hubbard projectors). Such instabilities seen in
DFT+U calculations could also be a result of the pres-
ence of multiple local minima in the total energy when
considering Hubbard-corrected energy functionals, and
the ensuing difficulty of finding the correct global energy
minimum [150]. One way to find the global minimum
would be to start the calculations from different occupa-
tion matrices, as done in Ref. [74].

Figure 2 also shows the spin-resolved projected den-
sity of states (PDOS) of FePS3. We note that the Fe(3d)
states span a wide energy range when using plain PBEsol,
but become more localized in Hubbard-corrected PBEsol.
While in PBEsol there is a strong contribution at the top
of the valence bands of the Fe(3d) states with a strong hy-
bridization with S(3p) states (Figs. 2(c) and 2(d)), the in-
clusion of Hubbard corrections pushes Fe(3d) states down
in energy and leaves the top of the valence bands dom-
inated by S(3p) states. The bottom of the conduction
bands remains dominated by Fe(3d) states for both ap-
proaches.

We now focus in detail on the structural properties
and magnetization for FePS3, as summarized in Table II.
PBEsol+U (+V ) shows better agreement with experi-
ments than PBEsol, corroborating the results of Ref. [72]
where the U parameter was shown to be important to ob-
tain the correct magnetic properties of MPS3 (M = Fe,
Ni, Mn) materials. We can see in Table II that, as ex-
pected, the magnetization increases after the inclusion of
Hubbard corrections. Remarkably, the lattice parameters
and magnetic moments do not vary much from monolayer
to bulk, suggesting that these quantities are not depen-
dent on the number of layers. From Table II it is also
clear that a stronger monoclinic distortion (b ̸=

√
3a)

is predicted by the calculations than that observed in
experiments. This distortion is accompanied by a differ-
ent distance between Fe ions with the same spin orien-
tation (up-up or down-down, given by a/

√
3) and with

opposite spin orientation (up-down or down-up, given by
b/3), with a value larger by about 0.02 Å for parallel
spins when Hubbard corrections are included, while the
opposite distortion by 0.08 Å is present at the PBEsol
level. Last, Table II shows that the inclusion of Hubbard
V corrections change the lattice constants and magne-
tization negligibly, suggesting the inter-site interactions

between Fe(3d) and S(3p) states do not have considerable
effects on structural properties and magnetization.

The phonon dispersions of FePS3 are presented in
Fig. 3, highlighting the Raman active frequencies at
the Γ point (red dots) to be compared with experimen-
tal values extracted from Raman spectra (black dots).
The numerical values of selected modes at the Γ point
are listed in Table III, and the phonon displacement
patterns of all the modes are given in the Supplemen-
tal Material. We can see from this table that the
Raman peaks do not change significantly between the
monolayer and bulk systems [133]. The calculations
provide the full set of phonon frequencies, but exper-
iments only report a few, making the direct compar-
ison in Fig. 3 difficult. There are two sets of vibra-
tions in FePS3: low-frequency phonons (below 200 cm-1)
that correspond to vibrations of the heavier Fe ions, and
high-frequency phonons associated with the vibrations of
P2S6 units [59, 73, 77, 126, 133, 151–153]. For the low-
frequency modes, we cannot compare against experiment
(88 and 95 cm−1), because we observe several modes be-
low 100 cm-1 and we have no information about the ex-
perimental mode displacements. For the high-frequency
modes, we can infer the mode symmetries by comparison
with the well-characterized Raman spectra of lone P2S6
[154] (following the examples of Ref. [155] for the bulk
and Ref. [126] for the quantum sheets).

These peaks include three A1g modes, with out-of-
plane vibrations of the P2S6 units, and three Eg modes,
involving in-plane vibrations and tangential movement
of the P–P bond. Such mode displacements are
shown in Fig. 4; the corresponding frequencies from
PBEsol+U (+V ) are reported in Table III, in quite good
agreement with experiments. We note that due to the
crystal environment, the actual mode displacements in
FePS3 will differ from those of the molecule shown in
Refs. [126, 155]. We did not observe an A3

1g mode for
bulk FePS3, as described in Ref. [155], which identified a
low-intensity peak in the experiments around 480 cm-1.

We also note that we could not perform the same com-
parison for the PBEsol calculations, because in that case
the symmetry of the system was reduced. The one ex-
ception to this is the A2

1g peak, to which PBEsol assigns
a frequency of 358 cm-1 – in worse agreement with ex-
periments (380 cm-1) than PBEsol+U (+V ) calculations
(around 370 cm−1).

Finally, the bulk phonon frequencies are calculated
including the non-analytic terms using Born effective
charges (BECs) and the dielectric tensor, ϵ∞, which are
reported in Table IV and to our knowledge have not been
reported yet for FePS3. Since the effects of Hubbard V
parameters on vibrational properties are small, we use
the BECs and ϵ∞ from PBEsol+U for PBEsol+U+V
phonons. The different symmetries of the PBEsol and
PBEsol+U ground-state structures are reflected in the
different form of the tensors, with the appearance of ad-
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FIG. 3: Phonon dispersion for the monolayer (first row) and bulk (second row) of FePS3 as obtained from PBEsol
for the distorted structure in ci symmetry ((a) and (d)), PBEsol+U ((b) and (e)) and PBEsol+U+V ((c) and (f)).
The frequencies at the Γ point of the Raman active modes are shown by red dots, compared to Raman experiments
(black dots).

TABLE III: The Raman active modes for FePS3 from calculations and experiments for bulk and monolayer. The
experimental data is for 4 K in the bulk and 273 K for the monolayer. In Ref. [155] it is shown that the Raman data
for the bulk does not significantly differ between room temperature and liquid Helium temperature; we assume here
that the same behavior holds for the 2D system, and compare the room temperature Raman data from Ref. [126] with
our first-principles results. Note that the modes are labeled according to D3d symmetry of P2S6 molecule following
Refs. 126 and 155. In FePS3 crystals the Eg modes are split into Ag and Bg modes and what we show here is the
frequency of the Ag mode.

E1
g A1

1g E2
g A2

1g E3
g

bulk

Expt. 223 245 272 382 580

PBEsol+U 224 240 269 370 547

PBEsol+U+V 224 240 269 369.5 546.5

monolayer

Expt. 214 240 274 372 586

PBEsol+U 222 237 269 371 548

PBEsol+U+V 222 237 269 371 548

ditional symmetry-enforced vanishing values in the more
symmetric case with Hubbard corrections, and the pres-
ence of more inequivalent atoms in the PBEsol case
with reduced symmetry. With both functionals, the
anisotropic character of the dielectric tensor — with dif-
ferent values along the x and y directions — is consis-

tent with the monoclinic distortion of the layers, which
is larger in PBEsol calculations and is associated with
the zigzag spin configuration. The large numerical val-
ues in the PBEsol dielectric tensor are attributed to the
fact that the system has a small band gap in this case
(see Fig. 2(d)).
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(a) E1
g (b) A1

1g (c) E2
g (d) A2

1g (e) E3
g

FIG. 4: Top view (upper row) and side view (bottom row) of the displacement patterns for the high-frequency modes
of P2S6 units in FePS3 that resemble the vibrations of isolated units, with frequencies listed in Table III. The analogue
mode A3

1g in Refs. [126, 155] could not be identified in the calculations.

Last, we stress that the small negative frequencies of the
long-wavelength acoustic branch along the Γ-A path for
bulk FePS3 are not a sign of physical instability, but most
likely result from an insufficient supercell size along the c
axis in the calculation of phonon frequencies by finite dif-
ferences. Indeed, the large number of atoms in the prim-
itive cell limits the extension of the current 2× 2× 2 su-
percell owing to the associated computational cost. Since
the Γ-A line corresponds to the vertical (i.e. orthogonal
to the layers) direction, increasing the supercell size along
the vertical c axis might solve this minor issue, especially
when combined with the correction schemes of Ref. 117
that also require a sufficiently large supercell, but lies
beyond the scopes of the present study.

B. CrI3

Bulk CrI3 is a vdW ferromagnet with monoclinic AlCl3
structure (space group C2/m) at high temperatures and
rhombohedral BiI3 structure (space group R3̄) at low
temperatures. In both phases, the Cr ions form a hon-
eycomb lattice sandwiched between two layers of iodine
(Fig. 5). The primitive unit cell contains 8 atoms in-
cluding two Cr and six I atoms. Each Cr3+ ion has an
electronic configuration of 3d34s0 and six nearest neigh-
bors I− forming edge-sharing octahedra.
The structural properties and magnetization of mono-

layer and bulk CrI3 are reported in Table V, with small
variations between the two systems. For the lattice con-
stant (a) and Cr-I distance (lCr−I), the results from
PBEsol exhibit closer agreement with experiments com-

pared to PBEsol+U(+V ). In the bulk, the maximum
discrepancy between the calculated values for the inter-
layer spacing between Cr atoms (d) and the experimental
data is less than 1%, with the PBEsol+U+V exhibit-
ing the least agreement. The last line in Table V shows
the results when a different value of U is computed sep-
arately for spin-up and spin-down channels to address
the challenge of the shift of the spin-minority conduc-
tion bands as a result of Hubbard corrections, which will
be extensively explained later. We only note here that
the structural properties and magnetization of monolayer
CrI3 from PBEsol and PBEsol+U↑+U↓ are very similar.
Turning to the magnetization (mCr), Cr

3+ ions with out-
of-plane magnetic anisotropy are expected to have a nom-
inal spin of S = 3/2 [156, 157]. The magnetic moment
from PBEsol is more consistent with this picture, while
that from PBEsol+U(+V ) is larger with respect to the
experiments and more consistent with the results from
high-accuracy quantum Monte Carlo calculations (about
3.62µB) [158]. PBEsol+U+V predicts a slightly smaller
magnetization than PBEsol+U because of the delocal-
ization effects induced by the Hubbard V.

The band structures and PDOS of CrI3 using PBEsol
and PBEsol+U (+V ) calculations are shown in Fig. 6.
The valence band maximum (VBM) is at the Γ point
in the PBEsol+U (+V ) cases, in agreement with angle-
resolved photoemission spectroscopy (ARPES) [161], and
as also captured by more expensive extended quasiparti-
cle self-consistent GW (QSGŴ ) calculations [162]. Bulk
CrI3 has an experimental optical band gap of 1.2 eV [160];
this serves as a lower bound to the quasiparticle gap that
GW calculations at different levels of self-consistency pre-
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TABLE IV: The dielectric tensor and BECs of
symmetrically-inequivalent atoms in bulk FePS3, as given
by PBEsol and PBEsol+U calculations in the Cartesian
framework. Note that the symmetry of the system is
lower in the case of PBEsol resulting in more inequiva-
lent atoms.

PBEsol PBEsol+U

ϵ∞


20.15 0.34 −2.08

0.34 16.68 −0.51

−2.08 −0.51 7.01




7.67 0.0 −0.54

0.0 7.89 0.0

−0.54 0.0 4.40


ZFe


1.28 0.51 −0.12

0.20 1.50 −0.40

−0.29 −0.49 0.80




1.92 0.0 −0.28

0.0 2.44 0.0

−0.17 0.0 1.02


ZP


3.08 0.20 −0.44

0.12 3.34 −0.40

−0.46 −0.62 0.51




3.11 0.0 −0.33

0.0 3.04 0.0

−0.39 0.0 0.72


ZS1


−1.87 −0.40 0.62

−0.16 −1.40 0.31

0.30 0.571 −0.62



−2.18 0.0 0.51

0.0 −1.42 0.0

0.25 0.0 −0.65


ZS2


−1.41 −0.22 0.20

−0.01 −1.77 0.03

−0.21 0.07 −0.38



−1.43 −0.12 0.05

0.11 −2.03 −0.47

0.16 −0.46 −0.54


ZS3


−1.09 −0.09 0.15

−0.15 −1.66 0.47

0.23 0.47 −0.30

 —

dict to be between 2.2 and 3.25 eV [163–165] owing to a
significant exciton binding energy.

As it can be seen in Fig. 6, adding the Hubbard cor-
rections shifts up the Cr(3d) spin minority conduction
bands by 3 eV. This makes the spacing between the spin-
majority and the spin-minority conduction bands much
larger than that reported from analysis of scanning tun-
neling spectroscopy (STS) experiments for few-layer CrI3
(0.8 eV) [166]. As a consequence, one might infer that
for CrI3 it is better to neglect the effects of Hubbard in-
teractions since PBEsol already shows good agreement
with experiments. However, ARPES experiments sug-
gest that the top of the valence bands is dominated by
I(5p) states [161], a feature that PBEsol fails to reproduce
but Hubbard corrections improve by pushing the Cr(3d)
states down to lower energies. This begs the question:
How can one correct the valence band edge character
while not adversely affecting the spin-minority conduc-
tion bands?

As already reported elsewhere [166, 167], the relative
position of the spin-minority conduction bands strongly

FIG. 5: (a) Top view and (b) side view of monolayer CrI3.
The unit cell is shown with black lines. The pink and
green balls correspond to Cr and I atoms respectively.
(c) The bulk system is composed of monolayers stacked
along the c axis.

TABLE V: In-plane lattice constant a (in Å), dis-
tance lCr−I between Cr and nearest I atoms (in Å),
layer spacing d between Cr layers (in Å) and magneti-
zation mCr of Cr atoms (in µB , calculated from mI =∑

m

(
nI↑mm − nI↓mm

)
as described in section II), computed

with different functionals for monolayer and bulk CrI3.
Experimental values are also reported [159, 160].

a lCr−I d mCr

b
u
lk

Expt. 6.867 2.727 6.602 3.10

PBEsol 6.823 2.695 6.578 3.19

PBEsol+U 6.999 2.783 6.614 3.99

PBEsol+U+V 6.988 2.776 6.649 3.93

m
on

ol
ay
er

PBEsol 6.817 2.692 — 3.18

PBEsol+U 6.978 2.774 — 3.97

PBEsol+U+V 6.971 2.767 — 3.89

PBEsol+U↑+U↓ 6.826 2.699 — 3.21

depends on the value of the U parameter, with a larger
shift of the spin-minority bands with increasing U. The
effect is particularly dramatic in Fig. 6, given the large
value of U = 6.54 eV, although we mention that in
Ref. [168] the authors calculated U from the linear-
response method [36] to be only 2.65 eV for CrI3 mono-
layer. Meanwhile, in Ref. [166] the authors reproduce
the experimental splitting between the spin-majority and
spin-minority conduction states by using a small empir-
ical value of U = 0.5 eV. Finally, Ref. [169] found that
DFT+U can correct the large splitting between the spin-
majority/spin-minority conduction bands, if the around-
mean-field (AMF) double-counting formulation is used.
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FIG. 6: The bandstructure and PDOS of CrI3 monolayer (first column) and bulk (second column) from (a) and (b)
PBEsol, (c) and (d) PBEsol+U and (e) and (f) PBEsol+U+V. The band gap values are given in the figure.
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FIG. 7: The band structure and PDOS of CrI3 monolayer from (a) PBEsol+U and (b) PBEsol+U↑+U↓.



12

(a)

 0

 50

 100

 150

 200

 250

 300

Γ M K Γ

PBEsol

m
o
n

o
la

y
e

r

F
re

q
u
e
n

c
y
 (

c
m

−
1
)

Exp.

(b)

 0

 50

 100

 150

 200

 250

 300

Γ M K Γ

PBEsol+U

F
re

q
u
e
n

c
y
 (

c
m

−
1
)

Exp.

(c)

 0

 50

 100

 150

 200

 250

 300

Γ M K Γ

PBEsol+U+V

F
re

q
u
e
n

c
y
 (

c
m

−
1
)

Exp.

(d)

 0

 50

 100

 150

 200

 250

 300

Γ L G B Γ

PBEsol

b
u
lk

F
re

q
u
e
n

c
y
 (

c
m

−
1
)

Exp.

(e)

 0

 50

 100

 150

 200

 250

 300

Γ L G B Γ

PBEsol

F
re

q
u
e
n

c
y
 (

c
m

−
1
)

PBEsol

Exp.

(f)

 0

 50

 100

 150

 200

 250

 300

Γ L G B Γ

PBEsol

F
re

q
u
e
n

c
y
 (

c
m

−
1
)

PBEsol

Exp.

FIG. 8: phonon bands of monolayer (first row) and bulk (second row) of CrI3 from (a) and (d) PBEsol, (b) and (e)
PBEsol+U and (c) and (f) PBEsol+U+V. The frequencies at Γ point for the Raman active modes are shown by red
dots compared to the Raman experiments data by black dots.

(In this work, we opt to focus on the FLL double-counting
scheme, because the resulting DFT+U functional is a tai-
lored correction to address piece-wise linearity.)

We address the incorrect positioning of the spin-
minority conduction bands in an alternative and non-
empirical way, by investigating the effect of a different
Hubbard U for the two spin channels. We calculate the
spin-resolved U using the approach of Ref. [170], which
is more appropriate when the two spin channels are not
strongly coupled and we want to linearize the total energy
with respect to the inter-spin-channel density response.
Consequently, the off-diagonal elements of the response
functions are not considered. More details about the cal-
culation of a spin-resolved U are provided in Supplemen-
tal Material. The calculated self-consistent spin-resolved
Uσ for spin-up and spin-down channels for the mono-
layer are U↑ = 1.72 eV and U↓ = 0.31 eV. We notice U↓

is an order of magnitude smaller than the conventional U
given in Table I. The band structure of CrI3 monolayer
from PBEsol+U↑+U↓ compared with PBEsol+U is illus-
trated in Fig. 7. For these spin-resolved U calculations,
the Cr(3d) spin-minority conducting states are in a cor-
rect position and the top of the valence bands are mainly
dominated by I(5p) states, consistent with ARPES and
STS experiments. We will see later that a spin-resolved U
can also improve the vibrational frequencies (Table VI),

thus making the approach particularly promising. We
note in passing that we also tested the inclusion of Hund’s
exchange parameter J [171]. The results are summa-
rized in the Supplemental Material, showing that J only
marginally improves the band structure and can intro-
duce additional artifacts.

Next, we study the vibrational properties of CrI3. The
calculated dielectric tensor and BECs are reported in Ta-
ble VI for the bulk systems. In the case of PBEsol+U , the
dielectric tensor is increased considerably, indicating the
effect of the Hubbard correction in localizing electrons.
The phonon dispersion and the corresponding frequen-
cies at the Γ point are shown in Fig. 8 and summarized
in Table VI for the Raman active modes. We note that
in a recent study [172] the authors show that the effects
arising from broken time-reversal symmetry in the inter-
atomic force constants (IFC) split the two-fold degener-
ate Eg (and Eu) modes at Γ into chiral modes, albeit
with a very small splitting. The frequencies in Table VI
are obtained with conventional IFC, thus preserving the
degeneracy of Eg modes. It is evident from Table VI that
the PBEsol results agree well with experiments and Hub-
bard corrections seem to worsen the comparison. Hub-
bard V corrections improve upon PBEsol+U but still do
not perform as well as PBEsol. This poor agreement is
attributed to the strength of the Hubbard U from linear
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TABLE VI: The Raman active modes for CrI3 monolayer and bulk systems computed with PBEsol, PBEsol+U ,
PBEsol+U+V and PBEsol+U↑+U↓ and compared with experiments.

Eg Ag Eg Eg Ag Ag Ag Eg

bulk

Expt. 54.1 73.3 102.3 106.2 108.3 128.1 — 236.6

PBEsol 51 73 100 104 86 126 212 236

PBEsol+U 44 62 84 92 72.5 107 208 219

PBEsol+U+V 44 64 86.5 94 74 109 210 223

Eg A1g Eg Eg A1g Ag

monolayer

Expt. [64] 50 76.9 107.7 114.8 127.4 230

PBEsol 48 71.5 100 105 125.5 238

PBEsol+U 40 62 85 93 109 223

PBEsol+U+V 41 63 87 95.5 111 226

PBEsol+U↑+U↓ 48 71.4 99 105 127 238

response within DFPT, which can affect the structural
optimization, leading in particular to an overestimation
of the lattice parameter (see Table V) and thus a soft-
ening of the phonon frequencies. The results improve
when employing a spin-resolved U, with an accuracy ap-
proaching that of PBEsol. Given that PBEsol poorly
describes the valence electronic bands, we conclude that
PBEsol+U↑+U↓ gives the best agreement with experi-
ments across both electronic and vibrational properties.

TABLE VII: Dielectric tensor and BECs (for sym-
metry inequivalent atoms) of CrI3 bulk from PBEsol
and PBEsol+U calculations in the Cartesian framework.
The results from PBEsol+U are used for the case of
PBEsol+U+V as well.

PBEsol PBEsol+U

ϵ∞


8.46 0.0 0.0

0.0 8.46 0.0

0.0 0.0 6.33



11.42 0.0 0.0

0.0 11.42 0.0

0.0 0.0 9.89



ZCr


2.43 0.03 0.0

−0.03 2.43 0.0

0.0 0.0 0.90




1.60 0.04 0

−0.04 1.60 0

0.0 0.0 0.49



ZI


−0.32 −0.03 −0.41

−0.01 −1.31 −0.05

−0.27 −0.10 −0.30



−0.26 −0.06 −0.29

−0.03 −0.81 −0.17

−0.10 −0.23 −0.16



IV. CONCLUSIONS

In conclusion, we study and benchmark the struc-
tural, vibrational, and electronic properties of FePS3 and
CrI3 monolayers, which are representative of the grow-
ing class of 2D magnets, as well as their corresponding
bulk counterparts. Our calculations make use of PBEsol
and Hubbard corrected PBEsol (PBEsol+U ) and its ex-
tension (PBEsol+U+V ). The on-site (U ) and inter-site
(V ) Hubbard interactions are calculated within DFPT.
For the case of FePS3, Hubbard corrections play a cru-
cial role in describing the insulating ground state of the
system with the correct experimental symmetry, while
at the PBEsol level the system is metallic and develops
phonon instabilities that drive it towards a lower symme-
try state. The case of CrI3 is more complex, as PBEsol
calculations already provide good structural and vibra-
tional properties that seem to be worsen by Hubbard
corrections. Still, PBEsol+U (+V ) is needed to describe
correctly the orbital content of the top valence bands, al-
though it gives rise at the same time to a spurious shift
in the spin-minority conduction bands. Using a spin-
resolved U recovers a correct description of both the
valence and conduction bands, together with excellent
structural and vibrational properties, providing the best
overall agreement with experiments.
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G. Schütz, S. Finizio, J. Raabe, K. Garcia, J. Xia,
Y. Zhou, M. Ezawa, X. Liu, J. Chang, H. C. Koo, Y. D.
Kim, M. Chshiev, A. Fert, H. Yang, X. Yu, and S. Woo,
Physical Review B 103, 104410 (2021).

[20] Y. Wu, S. Zhang, J. Zhang, W. Wang, Y. L. Zhu,
J. Hu, G. Yin, K. Wong, C. Fang, C. Wan, X. Han,
Q. Shao, T. Taniguchi, K. Watanabe, J. Zang, Z. Mao,
X. Zhang, and K. L. Wang, Nature Communications
11, 3860 (2020).

[21] H. Zhang, P. Cui, X. Xu, and Z. Zhang, (2021),
10.48550/arXiv.2112.10924.

[22] Y. Deng, Y. Yu, Y. Song, J. Zhang, N. Z. Wang, Z. Sun,
Y. Yi, Y. Z. Wu, S. Wu, J. Zhu, J. Wang, X. H. Chen,
and Y. Zhang, Nature 563, 94 (2018).

[23] B. Huang, G. Clark, D. R. Klein, D. MacNeill,
E. Navarro-Moratalla, K. L. Seyler, N. Wilson, M. A.
McGuire, D. H. Cobden, D. Xiao, W. Yao, P. Jarillo-
Herrero, and X. Xu, Nature Nanotechnology 13, 544
(2018).

[24] S. Jiang, J. Shan, and K. F. Mak, Nature Materials 17,
406 (2018).

[25] X. Wang, J. Tang, X. Xia, C. He, J. Zhang, Y. Liu,
C. Wan, C. Fang, C. Guo, W. Yang, Y. Guang,
X. Zhang, H. Xu, J. Wei, M. Liao, X. Lu, J. Feng, X. Li,
Y. Peng, H. Wei, R. Yang, D. Shi, X. Zhang, Z. Han,
Z. Zhang, G. Zhang, G. Yu, and X. Han, Science Ad-
vances 5, eaaw8904 (2019).

[26] J. Cenker, B. Huang, N. Suri, P. Thijssen, A. Miller,
T. Song, T. Taniguchi, K. Watanabe, M. A. McGuire,
D. Xiao, and X. Xu, Nature Physics 17, 20 (2021).

[27] W. Xing, L. Qiu, X. Wang, Y. Yao, Y. Ma, R. Cai,
S. Jia, X. C. Xie, and W. Han, Physical Review X 9,
011026 (2019).

[28] A. V. Chumak, V. I. Vasyuchka, A. A. Serga, and
B. Hillebrands, Nature Physics 11, 453 (2015).

[29] P. Hohenberg and W. Kohn, Physical Review 136, B864
(1964).

[30] W. Kohn and L. J. Sham, Physical Review 140, A1133
(1965).

[31] R. O. Jones, Reviews of Modern Physics 87, 897 (2015).
[32] A. Kabiraj, M. Kumar, and S. Mahapatra, npj Com-

putational Materials 6, 35 (2020).
[33] D. Torelli, H. Moustafa, K. W. Jacobsen, and T. Olsen,

npj Computational Materials 6, 158 (2020).
[34] D. Torelli, K. S. Thygesen, and T. Olsen, 2D Materials

6, 045018 (2019).
[35] N. Mounet, M. Gibertini, P. Schwaller, D. Campi,

A. Merkys, A. Marrazzo, T. Sohier, I. E. Castelli, A. Ce-
pellotti, G. Pizzi, and N. Marzari, Nature Nanotechnol-
ogy 13, 246 (2018).

[36] H. J. Kulik, M. Cococcioni, D. A. Scherlis, and
N. Marzari, Physical Review Letters 97, 103001 (2006).

[37] A. J. Cohen, P. Mori-Sánchez, and W. Yang, Science
321, 792 (2008).

[38] V. I. Anisimov, J. Zaanen, and O. K. Andersen, Phys-
ical Review B 44, 943 (1991).

[39] V. I. Anisimov, F. Aryasetiawan, and A. I. Lichtenstein,
Journal of Physics: Condensed Matter 9, 767 (1997).

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

[41] V. Leiria Campo Jr and M. Cococcioni, Journal of
Physics: Condensed Matter 22, 055602 (2010).

[42] M. Cococcioni and S. de Gironcoli, Physical Review B
71, 035105 (2005).

[43] I. Timrov, N. Marzari, and M. Cococcioni, Physical
Review B 98, 085127 (2018).

[44] I. Timrov, N. Marzari, and M. Cococcioni, Physical
Review B 103, 045141 (2021).

[45] K. Yu and E. A. Carter, The Journal of Chemical
Physics 140, 121105 (2014).

[46] A. Floris, I. Timrov, B. Himmetoglu, N. Marzari, S. de
Gironcoli, and M. Cococcioni, Physical Review B 101,

mailto: fatemeh.haddadi@epfl.ch
http://dx.doi.org/10.1038/s41565-021-00936-x
http://dx.doi.org/10.1038/s41565-021-00936-x
http://dx.doi.org/10.1038/s41699-020-0152-0
http://dx.doi.org/10.1038/s41699-020-0152-0
http://dx.doi.org/10.1103/PhysRevLett.17.1133
http://dx.doi.org/10.1103/PhysRevLett.17.1133
http://dx.doi.org/10.1038/nature22060
http://dx.doi.org/10.1038/nature22060
http://dx.doi.org/10.1038/nature22391
http://dx.doi.org/10.1103/PhysRev.65.117
http://dx.doi.org/10.1038/s41586-018-0631-z
http://dx.doi.org/10.1038/s41586-018-0631-z
http://dx.doi.org/10.1126/science.aav4450
http://dx.doi.org/10.1038/s41565-019-0438-6
http://dx.doi.org/10.1038/s42254-019-0110-y
http://dx.doi.org/10.1038/s42254-019-0110-y
http://dx.doi.org/10.1038/s41563-020-0791-8
http://dx.doi.org/10.1038/s41563-020-0791-8
http://dx.doi.org/10.1002/adfm.201901414
http://dx.doi.org/10.1002/adfm.201901414
http://dx.doi.org/10.1126/science.aar4851
http://dx.doi.org/10.1126/science.aar3617
http://dx.doi.org/10.1038/s41467-018-04953-8
http://dx.doi.org/10.1038/s41467-018-04953-8
http://dx.doi.org/10.1021/acs.nanolett.8b01552
http://dx.doi.org/10.1038/nnano.2015.41
http://dx.doi.org/10.1038/nnano.2015.41
http://dx.doi.org/10.1038/srep06784
http://dx.doi.org/10.1038/srep06784
http://dx.doi.org/10.1103/PhysRevB.103.104410
http://dx.doi.org/10.1038/s41467-020-17566-x
http://dx.doi.org/10.1038/s41467-020-17566-x
http://dx.doi.org/10.48550/arXiv.2112.10924
http://dx.doi.org/10.48550/arXiv.2112.10924
http://dx.doi.org/10.1038/s41586-018-0626-9
http://dx.doi.org/10.1038/s41565-018-0121-3
http://dx.doi.org/10.1038/s41565-018-0121-3
http://dx.doi.org/10.1038/s41563-018-0040-6
http://dx.doi.org/10.1038/s41563-018-0040-6
http://dx.doi.org/10.1126/sciadv.aaw8904
http://dx.doi.org/10.1126/sciadv.aaw8904
http://dx.doi.org/10.1038/s41567-020-0999-1
http://dx.doi.org/10.1103/PhysRevX.9.011026
http://dx.doi.org/10.1103/PhysRevX.9.011026
http://dx.doi.org/10.1038/nphys3347
http://dx.doi.org/10.1103/PhysRev.136.B864
http://dx.doi.org/10.1103/PhysRev.136.B864
http://dx.doi.org/10.1103/PhysRev.140.A1133
http://dx.doi.org/10.1103/PhysRev.140.A1133
http://dx.doi.org/10.1103/RevModPhys.87.897
http://dx.doi.org/10.1038/s41524-020-0300-2
http://dx.doi.org/10.1038/s41524-020-0300-2
http://dx.doi.org/10.1038/s41524-020-00428-x
http://dx.doi.org/10.1088/2053-1583/ab2c43
http://dx.doi.org/10.1088/2053-1583/ab2c43
http://dx.doi.org/10.1038/s41565-017-0035-5
http://dx.doi.org/10.1038/s41565-017-0035-5
http://dx.doi.org/10.1103/PhysRevLett.97.103001
http://dx.doi.org/10.1126/science.1158722
http://dx.doi.org/10.1126/science.1158722
http://dx.doi.org/10.1103/PhysRevB.44.943
http://dx.doi.org/10.1103/PhysRevB.44.943
http://dx.doi.org/10.1088/0953-8984/9/4/002
http://dx.doi.org/10.1103/PhysRevB.57.1505
http://dx.doi.org/10.1103/PhysRevB.57.1505
http://dx.doi.org/10.1088/0953-8984/22/5/055602
http://dx.doi.org/10.1088/0953-8984/22/5/055602
http://dx.doi.org/10.1103/PhysRevB.71.035105
http://dx.doi.org/10.1103/PhysRevB.71.035105
http://dx.doi.org/10.1103/PhysRevB.98.085127
http://dx.doi.org/10.1103/PhysRevB.98.085127
http://dx.doi.org/10.1103/PhysRevB.103.045141
http://dx.doi.org/10.1103/PhysRevB.103.045141
http://dx.doi.org/10.1063/1.4869718
http://dx.doi.org/10.1063/1.4869718
http://dx.doi.org/10.1103/PhysRevB.101.064305


16

064305 (2020).
[47] I. Timrov, P. Agrawal, X. Zhang, S. Erat, R. Liu,

A. Braun, M. Cococcioni, M. Calandra, N. Marzari,
and D. Passerone, Physical Review Research 2, 033265
(2020).

[48] N. E. Kirchner-Hall, W. Zhao, Y. Xiong, I. Timrov, and
I. Dabo, Applied Sciences 11, 2395 (2021).

[49] R. Mahajan, I. Timrov, N. Marzari, and A. Kashyap,
Physical Review Materials 5, 104402 (2021).

[50] J.-J. Zhou, J. Park, I. Timrov, A. Floris, M. Cococcioni,
N. Marzari, and M. Bernardi, Physical Review Letters
127, 126404 (2021).

[51] Y. Xiong, Q. T. Campbell, J. Fanghanel, C. K. Badding,
H. Wang, N. E. Kirchner-Hall, M. J. Theibault, I. Tim-
rov, J. S. Mondschein, K. Seth, R. Katz, A. M. Villarino,
B. Pamuk, M. E. Penrod, M. M. Khan, T. Rivera, N. C.
Smith, X. Quintana, P. Orbe, C. J. Fennie, S. Asem-
Hiablie, J. L. Young, T. G. Deutsch, M. Cococcioni,
V. Gopalan, H. D. Abruña, R. E. Schaak, and I. Dabo,
Energy & Environmental Science 14, 2335 (2021).

[52] C. Ricca, I. Timrov, M. Cococcioni, N. Marzari, and
U. Aschauer, Physical Review Research 2, 023313
(2020).

[53] R. Mahajan, A. Kashyap, and I. Timrov, The Journal
of Physical Chemistry C 126, 14353 (2022).

[54] I. Timrov, F. Aquilante, M. Cococcioni, and
N. Marzari, PRX Energy 1, 033003 (2022).

[55] I. Timrov, M. Kotiuga, and N. Marzari, (2023),
10.48550/arXiv.2301.11143.

[56] J.-U. Lee, S. Lee, J. H. Ryoo, S. Kang, T. Y. Kim,
P. Kim, C.-H. Park, J.-G. Park, and H. Cheong, Nano
Letters 16, 7433 (2016).

[57] A. McCreary, T. T. Mai, F. G. Utermohlen, J. R. Simp-
son, K. F. Garrity, X. Feng, D. Shcherbakov, Y. Zhu,
J. Hu, D. Weber, K. Watanabe, T. Taniguchi, J. E.
Goldberger, Z. Mao, C. N. Lau, Y. Lu, N. Trivedi,
R. Valdés Aguilar, and A. R. Hight Walker, Nature
Communications 11, 3879 (2020).

[58] Y.-M. Wang, S.-J. Tian, C.-H. Li, F. Jin, J.-T. Ji, H.-C.
Lei, and Q.-M. Zhang, Chinese Physics B 29, 056301
(2020).

[59] K.-z. Du, X.-z. Wang, Y. Liu, P. Hu, M. I. B. Utama,
C. K. Gan, Q. Xiong, and C. Kloc, ACS Nano 10, 1738
(2016).

[60] S. Ghosh, F. Kargar, A. Mohammadzadeh, S. Rumyant-
sev, and A. A. Balandin, Advanced Electronic Materials
7, 2100408 (2021).

[61] D. Vaclavkova, M. Palit, J. Wyzula, S. Ghosh, A. Del-
homme, S. Maity, P. Kapuscinski, A. Ghosh, M. Veis,
M. Grzeszczyk, C. Faugeras, M. Orlita, S. Datta, and
M. Potemski, Physical Review B 104, 134437 (2021).

[62] F. Mertens, D. Mönkebüscher, U. Parlak, C. Boix-
Constant, S. Mañas-Valero, M. Matzer, R. Adhikari,
A. Bonanni, E. Coronado, A. M. Kalashnikova,
D. Bossini, and M. Cinchetti, Advanced Materials 35,
2208355 (2023).

[63] G. Qiu, Z. Li, K. Zhou, and Y. Cai, npj Quantum
Materials 8, 15 (2023).

[64] B. Huang, J. Cenker, X. Zhang, E. L. Ray, T. Song,
T. Taniguchi, K. Watanabe, M. A. McGuire, D. Xiao,
and X. Xu, Nature Nanotechnology 15, 212 (2020).

[65] K. Kim, J.-U. Lee, and H. Cheong, Nanotechnology 30,
452001 (2019).

[66] Y. Zhang, X. Wu, B. Lyu, M. Wu, S. Zhao, J. Chen,
M. Jia, C. Zhang, L. Wang, X. Wang, Y. Chen, J. Mei,
T. Taniguchi, K. Watanabe, H. Yan, Q. Liu, L. Huang,
Y. Zhao, and M. Huang, Nano Letters 20, 729 (2020).

[67] K. Kim, S. Y. Lim, J.-U. Lee, S. Lee, T. Y. Kim,
K. Park, G. S. Jeon, C.-H. Park, J.-G. Park, and
H. Cheong, Nature Communications 10, 345 (2019).

[68] K. Kim, S. Y. Lim, J. Kim, J.-U. Lee, S. Lee, P. Kim,
K. Park, S. Son, C.-H. Park, J.-G. Park, and H. Cheong,
2D Materials 6, 041001 (2019).

[69] G. Long, H. Henck, M. Gibertini, D. Dumcenco,
Z. Wang, T. Taniguchi, K. Watanabe, E. Giannini, and
A. F. Morpurgo, Nano Letters 20, 2452 (2020).

[70] Y. Lee, S. Son, C. Kim, S. Kang, J. Shen, M. Ken-
zelmann, B. Delley, T. Savchenko, S. Parchenko,
W. Na, K.-Y. Choi, W. Kim, H. Cheong, P. M.
Derlet, A. Kleibert, and J.-G. Park, (2022),
10.48550/arXiv.2211.05381.

[71] B. L. Chittari, Y. Park, D. Lee, M. Han, A. H. Mac-
Donald, E. Hwang, and J. Jung, Physical Review B
94, 184428 (2016).

[72] T. Olsen, Journal of Physics D: Applied Physics 54,
314001 (2021).

[73] X. Wang, K. Du, Y. Y. Fredrik Liu, P. Hu, J. Zhang,
Q. Zhang, M. H. S. Owen, X. Lu, C. K. Gan, P. Sen-
gupta, C. Kloc, and Q. Xiong, 2D Materials 3, 031009
(2016).

[74] M. Amirabbasi and P. Kratzer, Physical Review B 107,
024401 (2023).

[75] S. Deng, S. Chen, B. Monserrat, E. Artacho, and S. S.
Saxena, (2022), 10.48550/arXiv.2209.05353.

[76] N. Sheremetyeva, I. Na, A. Saraf, S. M. Griffin, and
G. Hautier, Physical Review B 107, 115104 (2023).

[77] S. Liu, A. Granados Del Águila, D. Bhowmick, C. K.
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[87] S. Ghosh, N. Stojić, and N. Binggeli, Journal of Physics
and Chemistry of Solids 173, 111100 (2023).

http://dx.doi.org/10.1103/PhysRevB.101.064305
http://dx.doi.org/10.1103/PhysRevResearch.2.033265
http://dx.doi.org/10.1103/PhysRevResearch.2.033265
http://dx.doi.org/10.3390/app11052395
http://dx.doi.org/10.1103/PhysRevMaterials.5.104402
http://dx.doi.org/10.1103/PhysRevLett.127.126404
http://dx.doi.org/10.1103/PhysRevLett.127.126404
http://dx.doi.org/10.1039/D0EE02984J
http://dx.doi.org/10.1103/PhysRevResearch.2.023313
http://dx.doi.org/10.1103/PhysRevResearch.2.023313
http://dx.doi.org/10.1021/acs.jpcc.2c04767
http://dx.doi.org/10.1021/acs.jpcc.2c04767
http://dx.doi.org/10.1103/PRXEnergy.1.033003
http://dx.doi.org/10.48550/arXiv.2301.11143
http://dx.doi.org/10.48550/arXiv.2301.11143
http://dx.doi.org/10.1021/acs.nanolett.6b03052
http://dx.doi.org/10.1021/acs.nanolett.6b03052
http://dx.doi.org/10.1038/s41467-020-17320-3
http://dx.doi.org/10.1038/s41467-020-17320-3
http://dx.doi.org/10.1088/1674-1056/ab8215
http://dx.doi.org/10.1088/1674-1056/ab8215
http://dx.doi.org/10.1021/acsnano.5b05927
http://dx.doi.org/10.1021/acsnano.5b05927
http://dx.doi.org/10.1002/aelm.202100408
http://dx.doi.org/10.1002/aelm.202100408
http://dx.doi.org/10.1103/PhysRevB.104.134437
http://dx.doi.org/10.1002/adma.202208355
http://dx.doi.org/10.1002/adma.202208355
http://dx.doi.org/10.1038/s41535-023-00547-w
http://dx.doi.org/10.1038/s41535-023-00547-w
http://dx.doi.org/10.1038/s41565-019-0598-4
http://dx.doi.org/10.1088/1361-6528/ab37a4
http://dx.doi.org/10.1088/1361-6528/ab37a4
http://dx.doi.org/10.1021/acs.nanolett.9b04634
http://dx.doi.org/10.1038/s41467-018-08284-6
http://dx.doi.org/10.1088/2053-1583/ab27d5
http://dx.doi.org/10.1021/acs.nanolett.9b05165
http://dx.doi.org/10.48550/arXiv.2211.05381
http://dx.doi.org/10.48550/arXiv.2211.05381
http://dx.doi.org/10.1103/PhysRevB.94.184428
http://dx.doi.org/10.1103/PhysRevB.94.184428
http://dx.doi.org/10.1088/1361-6463/ac000e
http://dx.doi.org/10.1088/1361-6463/ac000e
http://dx.doi.org/10.1088/2053-1583/3/3/031009
http://dx.doi.org/10.1088/2053-1583/3/3/031009
http://dx.doi.org/10.1103/PhysRevB.107.024401
http://dx.doi.org/10.1103/PhysRevB.107.024401
http://dx.doi.org/10.48550/arXiv.2209.05353
http://dx.doi.org/10.1103/PhysRevB.107.115104
http://dx.doi.org/10.1103/PhysRevLett.127.097401
http://dx.doi.org/10.1021/acs.jpclett.2c00023
http://dx.doi.org/10.1021/acs.jpclett.2c00023
http://dx.doi.org/10.1038/s41467-023-39123-y
http://dx.doi.org/10.1126/science.aav1937
http://dx.doi.org/10.1126/science.abd5146
http://dx.doi.org/10.1021/acs.nanolett.0c02381
http://dx.doi.org/10.1103/PhysRevB.105.205124
http://dx.doi.org/10.1103/PhysRevB.105.205124
http://dx.doi.org/10.1088/2053-1583/ab4c64
http://dx.doi.org/10.1021/acs.jpcc.0c01873
http://dx.doi.org/10.1021/acs.jpcc.0c01873
http://dx.doi.org/10.1038/s41467-019-10325-7
http://dx.doi.org/10.1038/s41467-019-10325-7
http://dx.doi.org/10.1016/j.jpcs.2022.111100
http://dx.doi.org/10.1016/j.jpcs.2022.111100


17

[88] L. Ke and M. I. Katsnelson, npj Computational Mate-
rials 7, 4 (2021).

[89] I. V. Kashin, V. V. Mazurenko, M. I. Katsnelson, and
A. N. Rudenko, 2D Materials 7, 025036 (2020).

[90] M. Pizzochero, R. Yadav, and O. V. Yazyev, 2D Mate-
rials 7, 035005 (2020).

[91] O. Besbes, S. Nikolaev, N. Meskini, and I. Solovyev,
Physical Review B 99, 104432 (2019).

[92] J. L. Lado and J. Fernández-Rossier, 2D Materials 4,
035002 (2017).

[93] X. Lu, R. Fei, and L. Yang, Physical Review B 100,
205409 (2019).

[94] D. Wines, K. Choudhary, and F. Tavazza, The Journal
of Physical Chemistry C 127, 1176 (2023).

[95] D. Torelli and T. Olsen, 2D Materials 6, 015028 (2018).
[96] D. T. Larson and E. Kaxiras, Physical Review B 98,

085406 (2018).
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T. Woźniak, T. Bendikov, Y. Kauffmann, Y. Amouyal,
R. Kudrawiec, and E. Lifshitz, Advanced Optical Ma-
terials 10, 2102489 (2022).

[134] L. Reining, WIREs Computational Molecular Science 8,
e1344 (2018).

[135] D. Golze, M. Dvorak, and P. Rinke, Frontiers in Chem-
istry 7, 377 (2019).

[136] F. H. Da Jornada, D. Y. Qiu, and S. G. Louie, Physical
Review B 95, 035109 (2017).

[137] A. N. Rudenko, S. Yuan, and M. I. Katsnelson, Physical
Review B 92, 085419 (2015).

[138] T. Cheiwchanchamnangij and W. R. L. Lambrecht,
Physical Review B 85, 205302 (2012).

[139] J. H. Skone, M. Govoni, and G. Galli, Physical Review
B 89, 195112 (2014).

[140] J. H. Skone, M. Govoni, and G. Galli, Physical Review
B 93, 235106 (2016).

[141] G. Ohad, D. Wing, S. E. Gant, A. V. Cohen, J. B.
Haber, F. Sagredo, M. R. Filip, J. B. Neaton, and
L. Kronik, Physical Review Materials 6, 104606 (2022).

[142] J. Yang, S. Falletta, and A. Pasquarello, npj Compu-
tational Materials 9, 108 (2023).

[143] P. Liu, C. Franchini, M. Marsman, and G. Kresse, Jour-
nal of Physics: Condensed Matter 32, 015502 (2020).

[144] D. Wing, G. Ohad, J. B. Haber, M. R. Filip, S. E.
Gant, J. B. Neaton, and L. Kronik, Proceedings of the
National Academy of Sciences 118, e2104556118 (2021).

[145] N. L. Nguyen, N. Colonna, A. Ferretti, and N. Marzari,
Physical Review X 8, 021051 (2018).

[146] E. B. Linscott, N. Colonna, R. De Gennaro, N. L.
Nguyen, G. Borghi, A. Ferretti, I. Dabo, and
N. Marzari, Journal of Chemical Theory and Compu-
tation 19, 7097 (2023).

[147] N. Colonna, R. De Gennaro, E. Linscott, and
N. Marzari, Journal of Chemical Theory and Compu-
tation 18, 5435 (2022).

[148] A. Hashemi, H.-P. Komsa, M. Puska, and A. V.
Krasheninnikov, The Journal of Physical Chemistry C
121, 27207 (2017).

[149] F. Kargar, E. A. Coleman, S. Ghosh, J. Lee, M. J.
Gomez, Y. Liu, A. S. Magana, Z. Barani, A. Moham-
madzadeh, B. Debnath, R. B. Wilson, R. K. Lake, and
A. A. Balandin, ACS Nano 14, 2424 (2020).

[150] B. Meredig, A. Thompson, H. A. Hansen, C. Wolverton,
and A. van de Walle, Physical Review B 82, 195128
(2010).

[151] H. Xu, S. Wang, J. Ouyang, X. He, H. Chen, Y. Li,
Y. Liu, R. Chen, and J. Yang, Scientific Reports 9,

15219 (2019).
[152] M. Scagliotti, M. Jouanne, M. Balkanski, and G. Ou-

vrard, Solid State Communications 54, 291 (1985).
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