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ABSTRACT: Tin monoxide (SnO) undergoes a phase transition from
litharge-like tetragonal (space group P4/nmm) to orthorhombic geometry
(layer group pmmn) in passing from multilayer to monolayer crystals. By
means of ab initio ground and excited-state methods, we explore the impact
of the reduced pmmn spatial symmetry on the electronic and optical
properties of SnO monolayers. As a consequence of the in-plane anisotropy,
the electronic states of the band edges show asymmetric projections onto the
px and py atomic orbitals along orthogonal directions in the Brillouin zone.
This results in optical absorption and exciton properties that are highly
sensitive to the direction of in-plane polarized light. In contrast to typical
linear dichroic materials, which generally favor the absorption of one
polarization over the orthogonal one across a wide frequency range, we show that SnO monolayers display linear dichroism
inversion. Here, the energy ordering of the exciton states causes the two orthogonal polarizations to be absorbed with different
intensities depending on the light frequency. We observe multiple inversions of the linear dichroism across wavelengths from 200 to
400 nm. These properties make SnO monolayers promising candidates for further exploration of low-symmetry, two-dimensional
materials for advanced applications in polarization-sensitive nanoscale devices. In addition, we propose utilizing optical dichroism
measurements as a means to probe the recently predicted ferroelastic-to-paraelastic transition of SnO monolayers.
KEYWORDS: 2D materials, low-symmetry materials, linear dichroism inversion, optoelectronics, density functional theory,
BSE-GW calculations, tin monoxide

1. INTRODUCTION
Tin monoxide (SnO) has attracted attention as one of the few
intrinsically p-doped oxides, showing a carrier mobility
comparable to that of n-type semiconductors.1−5 Bulk SnO
adopts a lithargic structure with a tetragonal unit cell. The
crystal exhibits 4-fold rotational symmetry about the vertical, c
axis, as well as mirror symmetries across two planes parallel to
c and orthogonal to the ab-plane; see Figure 1a. Additionally,
SnO features a glide plane, being symmetric for reflections
through the ab-plane, combined with translation by a/2 and b/
2. As a result, the space group is P4/nmm, nonsymmorphic,
with corresponding point group D4h. The layered structure of
SnO allows for its downsizing to a few layers, with a concurrent
electronic band gap increase from around 0.6 eV, in the bulk,
to about 4 eV in few-layer systems.6 The tunable band gap,
coupled with high hole mobility, makes SnO one of the most
interesting transparent oxides7 for applications in thin-film
transistors,8−10 resistive switching memories,11,12 photocatal-
ysis,13,14 and energy storage.15,16

The lithargic tetragonal structure of the bulk is retained
when SnO is thinned down to a few layers. However, it has
been pointed out that in the monolayer (ML) limit, SnO
adopts an othorhombic geometry with layer group pmmn and
corresponding point group D2h.17 This orthorhombic phase has

been predicted to be stable at low temperatures below a critical
temperature Tc, above which the tetragonal symmetry is
restored.18 The ferroelastic phase transition is governed by the
energy barrier J separating the orthorhombic and the
tetragonal phases, with Tc estimated to be approximately 8
K. Although this suggests that the pmmn phase is accessible
only at very low temperatures, the thermal stability of the
ferroelastic phase can be significantly improved through
strategies such as doping,18 the exploitation of substrate
effects,19 and strain engineering.20 These approaches may
facilitate the investigation of the properties of ferroelastic SnO
MLs while creating opportunities for their applications.

In its ferroelastic phase, SnO MLs exhibit a 2-fold rotational
symmetry around the vertical axis orthogonal to the ab-layer
plane, along with two vertical mirror planes orthogonal to ab
and a glide plane, combining a reflection through the layer
plane with a translation by a/2 and b/2, see Figure 1d. As in
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the bulk case, the presence of the glide plane makes the space
group nonsymmorphic. The adoption of an orthorhombic cell
and the resulting change from 4-fold (D4h) to 2-fold (D2h)
rotational symmetry indicates a significant reduction in
symmetry compared to the bulk or even the two-layer
counterparts, with intriguing implications for the optoelec-
tronic properties. Indeed, the orthorhombic unit cell and the
associated low symmetry of the SnO ML suggest potential
anisotropy in the optical absorption of in-plane polarized light.
Such a dichroic crystal, with large optical band gap, would then
be interesting for UV photodetection, in particular in UV
communications.21−23 Polarization-sensitive photodetectors in
the UV range are relatively uncommon, due to the difficulty in
finding materials that exhibit both UV absorption and optical
dichroism, especially in the 2D limit.24 SnO ML could then
represent an effective addition to the group of large-bandgap,
low-symmetry 2D semiconductors.25

In this article, we study the changes in the electronic band
structure and optical absorption of SnO in passing from the
bulk phase to the ferroelastic phase of the ML by means of ab
initio simulations based on Density Functional Theory (DFT)
and many-body perturbation theory (MBPT). Crucially, our
investigations reveal that the pmmn phase of SnO MLs
presents multiple linear dichroism inversion (LDI) for
wavelengths between 200 and 400 nm. In conventional
dichroic materials, such as black phosphorus,26,27 the
absorption of light polarized along a specific direction is
consistently larger than the absorption of the orthogonal
polarization across a wide range of frequencies.28−31

Conversely, materials showing LDI will preferentially absorb
light with different polarization depending on the frequency. In
such cases, it is possible to identify frequency windows where
one polarization is absorbed more intensely than the
orthogonal one and other ranges where the absorption
strength is inverted. LDI has been identified in only a limited
number of materials characterized by low symmetry, in
particular quasi-1D systems32 or 2D materials.33 Typically,
LDI materials exhibit a single inversion point34−36 with only a
few samples reported to feature more.37 In this study, we

demonstrate that SnO MLs display at least six such inversions
in the UV range.

The 2D thickness, UV absorption and multiple LDI of SnO
ML, combined with its relatively low cost compared to
established LDI crystals like PdSe2

38 or PdPS,37 make it
particularly interesting for the development of optoelectronic
devices sensitive to light polarization, such as integrated
nanodevices, optical switches, and photodetectors33,39 that are
able to distinguish more than two frequency ranges in the UV
spectrum. Finally, besides the possible applications, the
predicted optical properties offer a non-invasive experimental
tool for probing the ferroelastic behavior of freestanding SnO
MLs.

2. METHODS
2.1. DFT Calculations. DFT calculations were performed with the

Quantum ESPRESSO code.40−42 We employed the Perdew−Burke−
Ernzerhof functional,43 and introduced van der Waals interactions
through the DFT-D3 approach.44 Norm-conserving Troullier-Martins
pesudopotentials45 and a plane-wave cutoff energy of 80 Ry were used
for both systems. A 6 × 6 × 6 (6 × 6 × 1) Monkhorst−Pack k-point
mesh46 was used in the modeling of the bulk (ML) structure. Details
regarding the convergence of DFT calculations can be found in the
Supporting Information. A 15 Å vacuum region along the direction
perpendicular to the layer planes was introduced to ensure the
decoupling of the periodic replicas in the ML system. Structure
relaxation was assumed at convergence when the maximum
component of the residual forces on the ions was smaller than 1 ×
10−4 Ry/Bohr. As previously reported,7 the impact of spin−orbit
coupling on the electronic structures is negligible in all systems. The
phonon dispersions of SnO ML and bulk are reported in the
Supporting Information, Figure S4.
2.2. MBPT Calculations. The optoelectronic properties of the

optimized structures were studied with the YAMBO code.47,48

Quasiparticle (QP) band structures were obtained within the G0W0
approximation. The Godby−Needs plasmon-pole model49 was used.
We chose the electronic band gap at the Γ point as a parameter to
converge within 50 meV. For the bulk structure, we selected a 6 × 6 ×
6 k-point mesh. In modeling the ML system, we exploited a recently
implemented algorithm of stochastic integration and interpolation of
the truncated Coulomb screening in the Brillouin zone (BZ) of 2D
materials.50 This approach drastically improves convergence with
respect to the k-point mesh density of 2D systems, and an 8 × 8 × 1

Figure 1. Optimized geometries and total energy contours at varying lattice parameters a and b for SnO bulk (a, b) and ML (c, d). The upper
panels in panels (b) and (c) show cuts of the energy surfaces along direction w in the ab plane. The vertical distance between oxygen atoms in the
ML unit cell, dOO, is marked in panel (d).
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grid was chosen for the ML. 500 bands and Bruneval−Gonze
terminators51 were used in the calculation of the correlation self-
energy. The convergence of the dielectric screening with the number
of empty bands, Nb, and the energy cutoff, EG, on the dielectric matrix
was obtained with Nb = 1000, EG = 25 Ry for SnO bulk, and Nb =
2000, EG = 25 Ry in the ML case.

The QP band structures were used to build and diagonalize the
Bethe−Salpeter Hamiltonian. For the bulk system, the Bethe−
Salpeter equation (BSE) was solved considering an 18 × 18 × 18 k-
point grid, 50 bands, and a 2 Ry cutoff for the static screening, and 4
valence +4 conduction bands in the BSE kernel. For the ML, a 30 ×
30 × 1 k-point grid, 100 bands, and a 6 Ry cutoff on the static
screening were employed, with 4 valence +5 conduction bands in the
BSE kernel.

Further details on the convergence of the MBPT calculations are
provided in the Supporting Information.

3. RESULTS AND DISCUSSION
The geometry optimization of bulk SnO results in the
tetragonal structure shown in Figure 1a. By independently
varying the in-plane lattice parameters a and b, we identify a
single minimum in the total energy surface at a = b = 3.831 Å,
Figure 1b. The optimized interlayer distance is c = 4.785 Å, in
line with experimental values.52,53 In the litharge structure of
SnO, tin atoms are coordinated to four O atoms and lie out of
the oxygen plane due to the interaction between the Sn(5s)−
O(2pz) orbitals and the Sn(5pz) orbitals.54−56 This interaction
is permitted by the tetragonal symmetry and results in an
electron density that projects out of the Sn plane, toward the
neighboring layer. Additionally, the Sn(5s + 5pz) orbitals in
one layer hybridize with the corresponding orbitals of the
nearest tin atom in the adjacent layer, leading to an interlayer
Sn−Sn interaction that affects both the structural and the
electronic properties of the material.57,58 Indeed, each Sn atom
interacts equally with four other Sn atoms in the adjacent layer,
imposing a tetragonal geometry. This interlayer Sn−Sn
interaction ensures that the D4h symmetry with a = b is
preserved when SnO is exfoliated to a few layers, down to two.
However, in the ML system, the lack of interlayer interaction
causes a distortion of the in-plane geometry.17 Each Sn−O pair
is now free to increase its Sn(5s + 5p)−O(2p) overlap,
resulting in the oxygen atom moving closer to Sn both out of

and within the plane. This leads to a shorter in-plane distance
between atoms along one direction [e.g., b in Figure 1d]
compared to the other [e.g., a in Figure 1d], together with a
displacement of the O atoms out of their common plane.
Indeed, the total energy surface of SnO ML at varying a and b,
Figure 1c, shows two equivalent minima with a = 4.079 Å and
b = 3.549 Å or vice versa, aligning with calculations.17 The
comparison of the electronic projected density of states
(pDOS) for SnO ML in the ferroelastic phase and in the
paraelastic, tetragonal cell with lattice parameter a = b = 3.82
Å, Supporting Information Figure S2, reveals a stabilization of
the Sn−O bond along the x-direction in the asymmetric cell,
contributing to the overall stabilization of the pmmn geometry.

The total energy cut along direction w, in the upper panel
Figure 1c, shows that the two degenerate minima are separated
by an energy barrier J ≃ 8 meV, in agreement with the values
reported in ref 17 for PBE calculations with van der Waals
dispersion. We notice that these values, and the corresponding
critical temperature, are larger than what was found in an
earlier study.18 Indeed, the predicted value of J, and,
consequently, of the critical temperature, shows strong
dependence on the choice of functional, pseudopotential,
and treatment of the dispersion forces. The vertical distance
between oxygen pairs is dOO = 0.28 Å. Consequently, unlike
the bulk system, the SnO ML lacks all symmetry operations
involving 90° rotations around the vertical axis, and its point
group becomes D2h. The asymmetry between the a and b
directions influences the material’s optoelectronic properties,
which we explore in the following paragraphs.

The different in-plane Sn−O interactions between bulk and
ML SnO, which ultimately cause symmetry reduction from D4h
to D2h, are evident in the orbital composition of the electronic
band states. In Figure 2a, we show the band structure of SnO
bulk, computed at the DFT level, along the high-symmetry
path in the BZ shown in panel (c). We align the crystal unit
cell to the x, y, z directions in space and, on top of the band
structure, we overlay the weights of the projections of the
electronic states onto the px and py orbitals of both Sn and O
atoms. The orbital contributions are represented by color
shades, with blue indicating px and orange representing py, as

Figure 2. DFT electronic bands of SnO bulk (a) and ML (b) along the high-symmetry paths in the respective BZs reported in panels (c) and (d).
Energies are referenced to Fermi energy EF. Overlaid on the band structures in panels (a) and (b) is the k-resolved density of states projected onto
px and py orbitals of both Sn and O. The normalized weights of the px and py contributions to each electronic state are highlighted in color shades,
as indicated by the color code in the inset of panel (a). The two top valence bands and the two bottom conduction bands are marked by tVB and
bCB, respectively, in panel (b).
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shown in the inset of panel (a). We observe that when present,
the bands of SnO bulk consistently show equivalent
contributions from both px and py, indicated by the light-
green shade. This highlights the symmetry between the a and b
directions in real space and, consequently, complete in-plane
isotropy.

In the ML, the reduced symmetry results in the rectangular
shape of the 2D BZ (Figure 2d). Unlike the bulk case, the
midpoint along kx is not equivalent to its counterpart along ky,
and the single X point in the bulk BZ splits into the two
inequivalent points X and Y in the ML BZ, c.f. Figure 2c,d. The
DFT band structure and k-resolved projected density of states
(k-pDOS) onto px and py orbitals in Figure 2b reveal a clear
asymmetry in orbital contributions across the BZ. The two top
valence bands (tVB), degenerate along the X̅M̅−M̅Y̅
directions, are mainly contributed by px (blue shade) along
the X̅M̅ path, including both symmetry points. Beyond the M

point, toward Y, the dominant contribution becomes py
(orange shade). The bottom conduction bands (bCB), also
degenerate along X̅M̅−M̅Y̅, show a similar behavior, although
at and around the M point, both px and py contribute to the
electronic states, with a slight preference for py. As a
consequence of the reduced D2h symmetry, then, a significant
anisotropy in the electronic properties along the kx and ky
directions in the BZ emerges. Importantly for subsequent
analyses, the states of the tVB and bCB at the X and Y points
predominantly show px and py character, respectively. At the M
point, tVB states are mainly contributed by px orbitals, while
the bCB shows mixed character. The full k-pDOS of both bulk
and ML are reported in the Supporting Information.

The QP band structures of the SnO bulk and ML, aligned to
the Fermi energy, are reported in Figure 3a,b, respectively. In
the bulk system, panel (a), the inclusion of the QP corrections
results in an indirect gap of 0.61 eV between the Γ and the M

Figure 3. Upper panels: QP band structures of SnO bulk (a) and ML (b) aligned to the Fermi energy. The areas in color around the top valence
bands and the bottom conduction bands highlight the electronic transitions contributing to the exciton states, with corresponding colors matching
those in panels (c) and (d). Lower panels: absorption spectra of SnO bulk and ML. The solid vertical lines mark the energy of selected exciton
states whose main electronic transitions are highlighted in panels (a) and (b) with corresponding colors.

Figure 4. Squared moduli of the SnO ML exciton wave functions for state A, in panel (a), and B, in panel (b). The green diamonds mark the
position of the hole. Gray and red dots indicate Sn and O atoms, respectively.
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point, in line with the experiment1 and previous calculations.59

In the ML, the indirect bandgap increases to 4.85 eV, between
tVB at a point near Y along the Y̅Γ̅ direction and the bCB at
M, panel (b). The substantial increase in the indirect gap
magnitude when passing from bulk to ML has been related to
the smaller dispersion of the band edges in the ML due to the
absence of interlayer interactions.57,60

The absorption spectra, computed by solving the BSE, are
shown in the bottom panels of Figure 3. For bulk SnO, the
imaginary part of the macroscopic dielectric function, ε2,
shown in panel (a), corresponds to the absorption of light with
linear polarization along the [1,1,1] direction. Bulk SnO
displays an evident absorption peak, labeled B, above 3 eV and
a long tail extending to nearly 2 eV. Peak B is mainly the result
of electronic transitions between tVB and bCB at k-points
along the M̅Γ̅ direction. Additionally, it receives minor
contributions from transitions between Z and R, as marked
in purple in panel (c). The lower absorption onset is due to the
lowest-energy, bright exciton state, A, at 2.34 eV, whose
dominant electronic transitions, marked in green in panel (a),
occur between tVB and bCB at the M point.

In the case of SnO ML, absorption is physically described by
the imaginary part of the macroscopic polarizability, α2, in
place of the dielectric function, which is ill-defined for 2D
systems.47,61 The spectrum in Figure 3d corresponds to the
absorption of light with in-plane linear polarization along the
[1,1,0] direction. In contrast to the bulk system, the lowest-
energy state is now a dark exciton, D, mainly due to transitions
around the Y point, marked by the black areas in Figure 3b.
Electronic transitions around Y between tVB and bCB, marked
in orange in panel (b), give origin to the bright state A, at 3.70
eV, responsible for the absorption onset of the material in
panel (d). A second absorption peak appears in the spectrum
at 4.33 eV, originating from exciton B, whose electronic
transitions mainly occur between tVB and bCB around X, blue
regions in panel (b). Comparing Figure 3b,d with Figure 2b, it
is evident that the dominant features of ML absorption are
associated with exciton states involving electronic transitions at
the two inequivalent points X and Y, where the electron wave
functions predominantly project onto px and py atomic orbitals,
respectively. This is reflected in Figure 4, where panels (a) and

(b) display the squared moduli of the wave functions for
excitons A and B, respectively. The position of the hole
(indicated by the green diamond) is fixed in a region where the
electron density of the tVB is at its maximum. Exciton A, in
panel (a), exhibits marked anisotropy along the y axis and is
predominantly composed of py orbitals of both Sn and O
atoms. Conversely, exciton B, in panel (b), displays a dominant
px character and extends along the x direction. Given the
different orbital contributions, we expect the absorption
behavior to change with the light polarization angle, φ. The
dominant contribution of px orbitals around the X point should
result in a net orientation of electronic dipoles along the x axis
and, consequently, favor the absorption of light polarized along
x, with φ = 0. Conversely, the prevalence of py orbitals at Y
should enhance the absorption of y-polarized light, φ = 90°,
and suppress the absorption of orthogonal polarization.

We can make more sense of this mechanism by analyzing the
group representations of the states involved in the electronic
transitions at X and Y. For simplicity, we consider the
symmorphic subgroup pmm2 of the full layer group pmmn. We
refer the reader to refs 62, 63 for the group theory background
relevant to this analysis. The group of the wavevector at both X
and Y is mm2, or C2v, so that each electronic state, at both k-
points, corresponds to one of its irreducible representations.
The dipole operator d of in-plane polarized light transforms as
B2[x] ⊕ B1[y]. To yield a nonzero result, the dipole matrix
element ⟨ck|d|vk⟩, with |vk⟩, |ck⟩ valence and conduction band
states at k, must include at least one component transforming
as the fully symmetric representation A1. At the X point, the
dipole transitions contributing to peak B connect tVB and
bCB, which are doubly degenerate, and both transform as A1
⊕ B2. Therefore, the only nonzero contributions to the dipole
matrix element result from the coupling with x-polarized light
as follows: (A1 ⊕ B2) ⊗ B2[x] ⊗ (A1 ⊕ B2). Conversely, at Y,
tVB and bCB transform as A1 ⊕ B1, so that the only
nonvanishing dipole matrix elements arise from y-polarized
light as (A1 ⊕ B1) ⊗ B1[y] ⊗ (A1 ⊕ B1). We conclude that
electronic transitions at X and Y, respectively, responsible for
the most prominent absorption peaks B and A, couple with
orthogonal polarizations. Specifically, transitions at X absorb x-

Figure 5. Linear dichroism inversion in SnO ML. (a) Degree of linear polarization (DLP), (b) absorption spectra for different polarization angles
φ, as defined in the inset, and (c) polar plot of absorption at ωA (orange curve) and ωB (blue curve).
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polarized light, while those at Y preferentially absorb y-
polarized light.

This behavior is explicitly verified in Figure 5, where, in
panel (b), we plot the absorption spectra for different
polarization angles of 0 ≤ φ ≤ 90°. For φ = 0, light polarized
along x, the A peak at ωA = 3.70 eV disappears, the absorption
onset blueshifts, and B becomes the most intense absorption
peak. As the polarization angle increases, the intensity of the A
peak grows, while that of the B peak decreases. For φ = 90°,
the B peak is significantly reduced, with the A peak dominating
the spectrum. Since peaks A and B occur at different energies,
we have a different response to linearly polarized light at
varying frequencies. This is evident in Figure 5c, where the
polar plot shows the absorbance as a function of the
polarization angle φ at two different frequencies, ωA and ωB
(orange and blue curves, respectively), corresponding to peaks
A and B. The two-lobe curves clearly present absorption
maxima for orthogonal polarizations. SnO ML then shows
LDI, selectively absorbing orthogonal polarizations at different
frequencies. In Figure 5a, in correspondence with the
absorption spectra, we report the degree of linear polarization
(DLP), defined as DLP = (α2,y − α2,x)/(α2,x + α2,y), where α2,x,
and α2,y are the imaginary part of the macroscopic polarizability
for light polarized along the x and y axes, respectively. The
DLP can vary from −1 (indicating complete absorption of x-
polarized light and total transmission of y-polarized light),
through 0 (showing equivalent absorption for both polar-
izations), to +1 (total absorption of y-polarized light and
complete transmission of x-polarized light). The LDI shown in
the polar plot in panel (c) corresponds to the change in sign of
the DLP at around 3.8 eV, panel (a). Here, the DLP shifts
from almost +1 to below −0.5. However, the DLP crosses zero
four additional times between 4 and 6 eV, indicating multiple
reversals in crystal dichroism. Overall, from the absorption
onset up to 6 eV, corresponding to the wavelengths from
approximately 200 to 400 nm, we identify six frequency
windows where SnO ML preferentially absorbs either one or
the orthogonal linear polarization. For comparison, recently
synthesized SiP shows a single LDI in the 400 to 900 nm
range,36 while PdPS exhibits four LDIs between 200 and 700
nm.37 These findings indicate SnO ML as a remarkable
candidate for experimental studies investigating its potential to
differentiate among various frequency ranges in the UV
spectrum.

4. CONCLUSIONS
Our analysis examines the impact of the reduced spatial
symmetry of the ferroelastic phase of SnO ML on its electronic
and optical properties. The transition from bulk to ferroelastic
ML involves a shift from a tetragonal system to an
orthorhombic one. The resulting inequivalence of the x and
y spatial directions is reflected in the different orbital characters
of the band edges states along the orthogonal M̅X̅ and M̅Y̅
directions in the BZ: around the X and Y points, the electronic
states of tVB and bCB primarily involve px and py atomic
orbitals, respectively. The investigation of the optical
absorption and excitonic properties reveals that electronic
transitions along M̅X̅ and M̅Y̅ in the BZ are responsible for the
main features of the spectrum. The first peak results from
transitions around Y, followed by a second structure
originating from transitions around X. Hence, SnO ML
presents LDI, preferentially absorbing either one or the
orthogonal polarization, depending on the light frequency.

The DLP analysis further identifies multiple reversals of
polarization direction across wavelengths from 200 to 400 nm,
suggesting that ML SnO could join the group of low-symmetry
2D materials with unique optical responses to polarized light.
Given its absorption in UV, its cost-effectiveness, and relatively
easy exfoliation, ML SnO emerges as a promising semi-
conductor for polarization-sensitive UV photodetection at the
nanoscale.
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Marsili, M.; Marzari, N.; Mauri, F.; Nguyen, N. L.; Nguyen, H.-V.; de-
la Roza, A. O.; Paulatto, L.; Poncé, S.; Rocca, D.; Sabatini, R.; Santra,
B.; Schlipf, M.; Seitsonen, A. P.; Smogunov, A.; Timrov, I.;
Thonhauser, T.; Umari, P.; Vast, N.; Wu, X.; Baroni, S. Advanced
capabilities for materials modelling with Quantum ESPRESSO. J.
Phys.: Condens. Matter 2017, 29, 465901.

(42) Carnimeo, I.; Affinito, F.; Baroni, S.; Baseggio, O.; Bellentani,
L.; Bertossa, R.; Delugas, P. D.; Ruffino, F. F.; Orlandini, S.; Spiga, F.;
Giannozzi, P. Quantum ESPRESSO: One Further Step toward the
Exascale. J. Chem. Theory Comput. 2023, 19, 6992−7006.

(43) Perdew, J. P.; Burke, K.; Ernzerhof, M. Generalized Gradient
Approximation Made Simple. Phys. Rev. Lett. 1996, 77, 3865−3868.

(44) Grimme, S.; Antony, J.; Ehrlich, S.; Krieg, H. A consistent and
accurate ab initio parametrization of density functional dispersion
correction (DFT-D) for the 94 elements H-Pu. J. Chem. Phys. 2010,
132, 154104.

(45) Troullier, N.; Martins, J. L. Efficient pseudopotentials for plane-
wave calculations. Phys. Rev. B 1991, 43, 1993−2006.

(46) Monkhorst, H. J.; Pack, J. D. Special points for Brillouin-zone
integrations. Phys. Rev. B 1976, 13, 5188−5192.
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