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Sketch of the procedure for the semiempirical approach for Mo, at the K
point of the Brillouin zone once the dielectric constant for the bulk system
is calculated within the RPA approximation. This method was firstly
tested in Ref. [56]. On the left part we specify the steps taken to obtained
the results shown on the right part. The electronic structure calculations
were done using VASP and the band structures were obtained using the
Wannier90 code. The benchmark calculations were done employing GoW -
BSE method. In the lower right part the inverse dielectric function as well
as the GoWo@QLDA band gap at the K point are indicated. The numbers
in the red square are the transferable parameters for the SRSH found
following the semiempirical procedure. . . . . . . . . . . ... ... ...
Sketch of the application of the IP theorem to get the optimal value for
the v parameter. . . . . . ... L Lo
Example of the localization of a Wannier function in a silicon supercell.
On the left, the delocalized orbital corresponding to the valence band max-
imum of silicon. On the right the maximally localized Wannier function
with the highest energy of the valence bands. . . . . . . .. .. ... ...
Sketch of the WOT-SRSh method for vdW materials. employed for the
removal of the semi-empirical approach for the SRSH functionals for vdW
materials. Panel (a) shows the ansatz followed in the procedure of WOT-
SRSH ([27]), as well as examples of maximally localized Wannier functions
for each of the materialas where the fully non-empirical approach has been
used. (b) The upper plots represent the application of the ansatz for
different values of the exchange . In the lower plots we show the flow of
the band gap value as an outcome of the applucation of the ansatz. Panel
(c) represents the transferability between the monolayer and bulk when
the two curves cross in the Al = 0 plane of the o — vy space. . . . . . ..
Atomic structure for WSs: (a) Top view and general chemical formula
for transition metal dichalcogenides, and (b) lateral view. The red square
contains the monolayer structure. WSe, and MoSe, present a similar struc-
ture. . . . .o e e
Atomic structure for black phosphorus (BP): (a) Top view, and (b) lateral
view. The red square contains the monolayer structure. . . . .. . . ..
Atomic structure for InSe: (a) Top view, and (b) lateral view. The red
square contains the monolayer structure. . . . . . . .. . ... ... ...
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Extrapolated GoW,@PBE quasiparticle bandgap, EI(%P, at the K point, in
eV, for bulk WS,, for different k-meshes as a function of the inverse number
of bands, 1/N. The legend also displays the extrapolated quasiparticle
bandgap for each k-mesh. The extrapolated gap at the larger k-mesh has
been used as the fitting target for the SRSH calculations. . . . . . . ..
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Extrapolated GoyW,@QPBE quasiparticle bandgap, EI%P, at the K point, in
eV, for different k-meshes, for WS, monolayer (1L), as a function of the
inverse vacuum distance for each k-mesh (a), different number of bands
1/N for a k-mesh (b), and different vacuum distances (c). The legend also
displays the extrapolated quasiparticle bandgap. The extrapolated 2.66
eV with k-mesh 18 x 18 x 1 is used as the target bandgap for the SRSH
calculations. . . . . ...
Extrapolated GoWo@QPBE quasiparticle bandgap, E[%P, at the K point, in
eV, for bulk WSe,, for different k-meshes as a function of the inverse num-
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bandgap given for each k-mesh. The extrapolated gap at the larger k-mesh
has been used as the fitting target for the SRSH calculations. . . . . ..
Extrapolated GoWo@QPBE quasiparticle bandgap, EI%P, at the K point,
in eV, for different k-meshes, for 1L. WSe,, as a function of the inverse
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k-mesh (b), and different vacuum distances (c¢). The legend also displays
the extrapolated quasiparticle bandgap. The extrapolated 2.28 eV with

k-mesh 18 x 18 x 1 is used as the target bandgap for the SRSH calculations.

Extrapolated GoWo@QPBE quasiparticle bandgap, E,%P, at the K point,
in eV, for bulk MoSe,, for different k-meshes as a function of the inverse
number of bands 1/N. The legend also displays the extrapolated quasipar-
ticle bandgap given for each k-mesh. The extrapolated gap at the larger
k-mesh has been used as the fitting target for the SRSH calculations.
Extrapolated GoWo@QPBE quasiparticle bandgap, E[%P, at the K point,
in eV, for different k-meshes, for 1L. MoSe,, as a function of the inverse
vacuum distance for each k-mesh (a), different number of bands 1/N for a
k-mesh (b), and different vacuum distances (c). The legend also displays
the extrapolated quasiparticle bandgap given for each k-mesh. The ex-
trapolated 2.04 eV with k-mesh 18 x 18 x 1 is used as the target bandgap
for the SRSH calculations. . . . . . .. .. ... ... ...
Extrapolated GoW @QHSE quasiparticle bandgap, E[(?P, at the I' point, in
eV, for black phosphorus bulk, for different k-meshes as a function of the
inverse number of bands 1/N. The legend also displays the extrapolated
quasiparticle bandgap given for each k-mesh. The extrapolated gap 0.56
eV at the k-mesh 8 x 8 x 4 has been used as the fitting target for the SRSH
calculations. . . . ...
Extrapolated GoW,@QHSE quasiparticle bandgap, E[(?-P, at the I' point, in
eV, for different k-meshes, for phosphorene, as a function of the inverse
vacuum distance for each k-mesh (a), different number of bands 1/N for a
k-mesh (b), and different vacuum distances (c). The legend also displays
the extrapolated quasiparticle bandgap given for each k-mesh. The ex-
trapolated 1.95 eV with k-mesh 15 x 15 x 1 is used as the target bandgap
for the SRSH calculations. . . . . .. . ... ... ... ... ......
Extrapolated GoW @QPBE quasiparticle bandgap, EI%P, at the I point, in
eV, for bulk InSe, for different k-meshes as a function of the inverse number
of bands 1/N. The legend also displays the extrapolated quasiparticle
bandgap given for each k-mesh. The extrapolated 1.21 eV with k-mesh
9 x 9 x 4 is used as the target bandgap for the SRSH calculations.
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Extrapolated GoWo@QPBE quasiparticle bandgap, EI%P, at the I' point,
in eV, for different k-meshes, for 1L InSe, as a function of the inverse
vacuum distance for each k-mesh (a), different number of bands 1/N for a
k-mesh (b), and different vacuum distances (c). The legend also displays
the extrapolated quasiparticle bandgap. The extrapolated 2.87 eV with

k-mesh 15 x 15 x 1 is used as the target bandgap for the SRSH calculations.

Extrapolated GoWy@QLDA quasiparticle bandgap, E[%P, at the I' point,
in eV, for different k-meshes, for MoS, bilayer (2L), as a function of the
inverse vacuum distance for each k-mesh (a), different number of bands
1/N for a k-mesh (b), and different vacuum distances (c). The legend also
displays the extrapolated quasiparticle bandgap. The extrapolated 2.18
eV with k-mesh 15 x 15 x 1 is used as the target bandgap for the SRSH
calculations. . . . . ..o
Extrapolated GoWo@QLDA quasiparticle bandgap, EI(%P, at the I' point,
in eV, for different k-meshes, for 2I. h-BN, as a function of the inverse
vacuum distance for each k-mesh (a), different number of bands 1/N for a
k-mesh (b), and different vacuum distances (c¢). The legend also displays
the extrapolated quasiparticle bandgap. The extrapolated 6.95 eV with

k-mesh 18 x 18 x 1 is used as the target bandgap for the SRSH calculations.

Gap deviation surfaces, AE,, = ESN5" — ESW. obtained for (a) WS,,
(b) WSeq, and (c) MoSes. . . . . . ..o
(a)-(c) Contour maps of the gap deviation, AE,, for WS,, WSe,, and
MoSe,. The solid black lines represent the values for which AE, = 0
for bulk and monolayer structures, and the intersection of the two lines
yields a unique set of values (o, v*) that are transferable between the bulk
and monolayer. (d)-(f) Bandstructures for bulk and (g)-(i) bandstructures
for monolayers of WS,, WSes, and MoSe; from SRSH (solid lines) and
GoWo@QPBE (dashed lines). Here and throughout, special points in the
BriA}louin zone are defined explicitly in section S4 of the SM. v has units
of A=Y
Optical absorption spectra calculated, without spin-orbit coupling, using
TD-SRSH (red solid line) and GW-BSE (blue dashed line). Rows cor-
responds to WSs, WeS,, and MoSe;. Results for the bulk and for the
monolayer are given in the left and right columns, respectively. Insets:
corresponding monolayer SRSH calculations that include spin-orbit cou-
pling, in which the A and B peaks represent excitons of the TMDCs. See
Table 3 for specific parameters. . . . . . . . . ... ... ... ...
(a) Gap deviation, AE,, exhibited as a color map in the a — v plane,
for black phosphorus. The solid black lines represent the values for which
AFE, = 0 for bulk and monolayer structures, and the intersection of the two
lines yields a unique set of values (a*, *) that are transferable between the
bulk and monolayer. (b) Bandstructures for bulk and (c¢) monolayers of
black phosphorus from SRSH (solid lines) and GoW(@QPBE (dashed lines).
(d) Optical absorption spectra for bulk and (e) monolayers of black phos-
phorus from TD-SRSH (solid red lines) and GoWo-BSE (dashed-dotted
blue lines). v has units of A=%. . . ... ...
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for InSe. The solid black lines represent the values for which AE, = 0
for bulk and monolayer structures, and the intersection of the two lines
yields a unique set of values (a*,~*) that are transferable between the
bulk and monolayer. (b) Bandstructures for bulk and (c¢) monolayers of
black phosphorus from SRSH (solid lines) and GoW,@QPBE (dashed lines).
(d) Optical absorption spectra for bulk and (e) monolayers of InSe from
TD-SRSH (solid red lines) and GoWy-BSE (dashed-dotted blue lines). ~y
has units of A=1. . .
(a) 2D contour plots of the gap deviation, AE,, for monolayer, bilayer,
and bulk MoS,. Solid black lines represent values for which AE, = 0.
The intersections of the solid lines yield a set of values (a*,v*) that are
transferable between the monolayer and bulk, and a somewhat different
set of values (a/,~') that are transferable between the bilayer and bulk.
(b) Bandstructures for bilayer MoS,; from SRSH (red solid lines), using
the parameters (¢/,7'), and from GoW @QPBE (blue dashed lines). (d)
Optical absorption spectra for bilayer MoSy obtained with TD-SRSH (red
solid line) and GW-BSE (blue dashed line). v has units of A='. . . . ..
(a) Band structures of MoS, in the bilayer, bulk and monolayer phases,
calculated using the parameters indicated in Table 4 and with (a*,7*) =
(0.107,0.038 A_l) and (/,~") = (0.105,0.008 A_l), obtained from the in-
tersections between zero crossings indicated in Figure 29. The former pair
is optimal for the monolayer and the latter for the bilayer. The choice
of optimal versus non-optimal parameters leads to a near constant error
of ~ 0.5 €V in band gaps along the indicated high-symmetry k-path for
bilayer and monolayer. The band structure of the bulk is not sensitive to
the choice of optimal parameters. (b) Optical absorption spectra for the
phases and band structuresin (a). . . . . ... ...
(a) 2D contour plots of the gap deviation, AE,, for monolayer, bilayer, and
bulk h-BN. The solid black lines represent the values for which AE, = 0
for these structures. The intersections of the solid lines yield a set of values
(a*,v*) that are transferable between the monolayer and bulk, and another
set of values (/,7') that are transferable between the bilayer and bulk. (b)
Bandstructures for bilayer h-BN from SRSH (solid lines) using parameters
(o/,~") and GyW@QPBE (dashed lines). (c) Optical absorption spectra for
bilayer h-BN obtained with TD-SRSH (solid line) and GW-BSE (dashed
line). v has units of A=, . ...
(a) Band structures of h-BN in the bilayer, bulk and monolayer phases,
calculated using the parameters indicated in Table 4 and with (a*,7*) =
(0.201,0.072A7") and (o, ') = (0.204,0.041 A™), obtained from the in-
tersections between zero crossings indicated in Figure 29. The former pair
is optimal for the monolayer and the latter for the bilayer. The choice
of optimal versus non-optimal parameters leads to a near constant error
of ~ 0.35 €V in band gaps along the indicated high-symmetry k-path for
bilayer and monolayer. The band structure of the bulk is not sensitive to
the choice of optimal parameters. (b) Optical absorption spectra for the
phases and band structuresin (a). . . . . ... ... 0L
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Summary

The accurate description of electronic properties and optical absorption spectra is a long-
standing challenge for density functional theory. Recently, the introduction of screened
range-separated hybrid (SRSH) functionals for solid-state materials has allowed for the
calculation of fundamental band gaps and optical absorption spectra that are in very
good agreement with many-body perturbation theory. However, since solid-state SRSH
functionals are typically tuned to reproduce the properties of bulk phases, their transfer-
ability to low-dimensional structures, which experience substantially different screening
than in the bulk, remains an open question. In this project, we explore the transfer-
ability of SRSH functionals to several prototypical van der Waals materials, including
transition-metal sulfides and selenides, indium selenide, black phosphorus, and hexago-
nal boron nitride. Considering the bulk and a monolayer of these materials as limiting
cases, we show that the parameters of the SRSH functional can be determined systemati-
cally, using only the band-edge quasiparticle energies of these extremal structural phases
as fitting targets. The resulting SRSH functionals can describe both electronic band-
structures and optical absorption spectra with accuracy comparable to more demanding
ab initio many-body perturbation theory (GW and Bethe-Salpeter equation) approaches.
Selected examples also demonstrate that the SRSH parameters, obtained from the bulk
and monolayer reference structures, display good accuracy for bandstructures and optical
spectra of bilayers, indicating a degree of transferability that is independent of the fitting
procedure. Moreover, we have applied this methodology to semi-metals, specifically to
graphene, proceeding with the fitting to the band gap in a k-point different from the Dirac
cone. As a result of the excellent results with the (semi-emprirical) fitting procedure, we
have expanded our methodology to a fully non-empirical approach, where the fitting to
a band gap in a certain k-point of the Brillouin zone is not needed any longer. For this
purpose, we have employed Wannier-localized, optimally tuned, screened range-separated
hybrid (WOT-SRSH) functionals, which have been used successfully in the past for deter-
mining the electronic band gaps and optical absorption spectra of a variety of molecular
and covalent crystals. In this second part of the project, we have developed and applied a
fully non-empirical WOT-SRSH approach for determining the functional parameters and
we show, using several prototypical vdW materials, that this approach yields a level of ac-
curacy comparable (once more) to that of ab initio many-body perturbation techniques,
as the state-of-the-art GW and the Bethe Salpeter equation.
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1 Introduction

The determination of the many-body properties of materials, such as the electronic band
structure, is crucial to the have precise knowledge of their transport and optical properties
[1]. Charge transport is determined by the range of energies that an electron can have
in a periodic solid, which is provided by its band structure. Optical properties that arise
after absorption of a photon by an electron (the electron being promoted to a higher
energy level and leaving a hole behind) require the introduction of a new quasi-particle
called exciton, which results from the interaction and binding of the excited electron-hole
pair.

Nowadays, state of the art first-principles materials research mostly employs many-
body perturbation theory (MBPT) to find the electronic and optical properties with high
accuracy. Specifically, one typically uses a combination of the GW approximation (to ob-
tain the correct bandstructure) and the Bethe-Salpeter equation (BSE) [2]-]1] to compute
optical spectra and excitonic properties. This combination of techniques provides proper
electronic correlation effects and Coulomb screening that are missing in other standard
approaches to solve the electronic structure problem, such as standard density functional
theory (DFT) [5], [6]. However, GW-BSE is computationally expensive ||, [7]-]9] and
there is ongoing interest in developing alternative approaches that can provide results
with similar accuracy at a lower computational cost.

A first-principles alternative to MBPT is density functional theory [5], [0], as well
as its extension to the time-domain, namely time-dependent DFT (TDDFT) [10], [11].
However, it is well known that (TD)DFT with common approximate functionals often fails
in the prediction of electronic and optical excitations in solids [2|. One promising recent
approach within DFT is that of the tuned screened range-separated hybrid functional
(SRSH) [12], [13]. This is important, because although the formal scaling of GW and of
DFT with a hybrid functional is the same, in practice the latter can be markedly faster
and requires substantially less memory [14], [15], primarily owing to the lack of explicit
construction of the dielectric matrix. The latter is specially important in materials where
screening plays a fundamental role.

In the SRSH approach, the Coulomb potential is split into short and long range compo-
nents [16], [17]. In the long range, we ensure the asymptotic behaviour that Hartree-Fock
theory provides, while in the short range we mimic the behavior of a standard hybrid
functional [1%]|. A range separation parameter, which dictates the range at which one grad-
ually crosses over from short-range to long-range behavior, can be chosen, for instance,
by imposing the ionization potential theorem [19]-[22]. Although these functionals were
originally developed for molecular systems [23], [24], they have recently been employed
to obtain reliable predictions of the electronic structure and optical spectra of solids,
sometimes even surpassing the accuracy of GW-BSE for periodic systems, such as in
molecular solids [25], [26] and bulk semiconductors and insulators [27]-[29]. Calculations
using SRSH functionals and time-dependent DFT (TDDFT) have been also successfully
benchmarked against standard GW-BSE calculations when spin-orbit coupling is relevant
[25]-[31].

An important family of materials are van der Waals (vdW) layered materials, which
have been in the spotlight for almost two decades [32]-[31], also attracting an enor-
mous amount of attention since the experimental isolation of graphene in 2004 [35], [36].
These materials present an inherently wide range of structural, electronic, and optical
properties, which is vastly enhanced by the possibility of combining layers (e.g., through
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heterostructuring, as well as relative twisting or sliding) to allow for additional tuning of
their physicochemical properties.[32]-[31], [37]-[13]. As the space of vdW materials and
their derivatives continues to expand, there is an ever growing need for a reliable theo-
retical description of their electronic and optical properties, particularly bandstructures
and optical absorption spectra.

As highlighted above, state-of-the-art first-principles calculations of these properties
in vdW materials are based mostly on MBPT [2], [11]. Ab initio MBPT is usually
employed in practice by using the GW approximation [15] with input from a (general-
ized) Kohn-Sham eigensystem to obtain single quasi-particle excitation energies and the
Bethe-Salpeter equation (BSE) [16], [17] to calculate neutral excitation energies and op-
tical absorption spectra. Indeed, GW-BSE has been found to be very successful in the
interpretation and even prediction of electronic and optical properties in vdW materials
(e.g., refs [18]-[53]). However, GW-BSE calculations are relatively expensive computa-
tionally [1], [51], [75], and specifically can become prohibitively expensive especially when
supercells are called for, e.g. in the calculation of defects or of twisted multilayer struc-
tures. Therefore, there remains a need for alternative computational approaches that can
provide results with similar accuracy at a substantially lower computational cost.

In our AFOSR-sponsored research, we focus on the application of screened ranged-
separated (SRSH) functionals to two-dimensional and layered materials [56]. In our
preliminary work on the topic, we reported promising results on the transferability be-
tween different two-dimensional and bulk phases of MoS; and hexagonal boron nitride
(h-BN). We showed that an accurate prediction of the band structure over the entire
Brillouin zone for MoS, and h-BN, as compared to GW calculations, is obtained by fit-
ting the SRSH « and + parameters to only one quasiparticle energy. However, when
optical absorption spectra are calculated using time-dependent (TD-)SRSH, we observe
discrepancies. Although the agreement with the GW-BSE calculations is excellent for
MoS,, deviations are observed in the case of h-BN. These results led to several questions
and objectives that we explore within the scope of this project:

1. Benchmarking of two-dimensional and layered van der Waals materials that present
a large variation in the energy band gap (from large band gap, e.g. hexagonal-boron
nitride (h-BN), to gapless materials, e.g. graphene).

2. Two-dimensional systems are highly anisotropic. Is this approach valid for an
anisotropic dielectric response? What are the limitations of this approach?

3. Is the use of a single dielectric constant enough to get reliable and accurate results
for electronic and optical properties? Which circumstances allow the use of such
approximation? Can we develop an empirical model which captures the anisotropy
of the dielectric response in two-dimensional systems? Does this new empirical
model improve the results?

4. If the previous points are successful, can we benchmark more complex structures?
For example, heterostructures composed of layers of different materials, or layers
with defects?

5. Can we extend the methodology of the SRSH functionals from a semi-empirical
approach to a fully non-empirical method?

10
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The answer to these questions are treated in this report. Part of the results within
have been published in Maria Camarasa-Goémez, Ashwin Ramasubramaniam, Jeffrey B.
Neaton, and Leeor Kronik, "Transferable screened range-separated hybrid functionals
for electronic and optical properties of van der Waals materials’, Phys. Rev. Materi-
als 7, 104001 (2023), and part of the results shown will be showed in the publication
under preparation, and that we aim at submitting soon, with the working title "Fully
Non-Empirical Determination of Electronic and Optical Properties of van der Waals
Materials from a Wannier-localized Optimally Tuned Screened Range-Separated Hybrid
Functional’, to be authored by Maria Camarasa-Goémez, Stephen E. Gant, Guy Ohad,
Ashwin Ramasubramaniam, Jeffrey B. Neaton, and Leeor Kronik.

11
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2 Methods, Assumptions, and Procedures

2.1 Theory of the SRSH Functional

In the SRSH approach, the Coulomb operator is partitioned into short range (SR) and
long range (LR) components through the introduction of three parameters, «, 3, 7, as
follows [10], [17]:

1 + f 1—la+ f

1_atferf(yr) 1-fa+fer (77“)]7 (1)

T r T

where erf(-) is the error function, r is the inter-electron distance, and ~ is a range-
separation parameter. The first term of Eq. (1) is treated using exact exchange while
the second term is treated using a semilocal approximation. The parameter o therefore
sets the fraction of exact exchange in the short range, the sum of parameters o 4 (3 sets
the fraction of exact exchange in the long range, and 1/v provides a length-scale for the
crossover from short- to long-range behavior, interpolated smoothly by the error func-
tion [18]. To enforce a correct asymptotic behaviour of the screened Coulomb operator
via appropriate dielectric screening, we impose the condition «a + = 1/ey,, where €.,
is the high-frequency scalar (orientationally-averaged) dielectric constant [25]. Enforcing
this limit is essential to capturing excitonic effects in solid-state systems [25], [30], [57].
The above relation fixes the value of 3, given a choice of «, in terms of €., leaving two free
parameters: « and «y. This approach neglects anisotropy and approximates the dielectric
constant as a scalar, i.e., €5, = Tr[€,]/3. For 2D systems, we set €,, = 1, which is the
correct asymptotic limit of screening in the long range for an isolated 2D system [55],

[59].

With these ingredients at hand, the exchange potential of the SRSH functional, de-
rived within generalized Kohn-Sham theory [24], [60]-[62], is represented by the non-
multiplicative potential operator

1 1
o =+ (1 - o+ ol (1- ) ol )

o o0

where the subscripts ‘@’, ‘XX’ and ‘SL’ denote exchange, exact (Fock) exchange, and
semi-local exchange, respectively.

2.2 Methodology

In this project, we expand two different approaches, already tested in Refs. [56] (semi-
empirical approach) and [27]| (fully non-empirical approach) to obtain the parameters
a, 7, and €, that uniquely determine the SRSH functional for a given material. The
semi-empirical approach is the first approximation to the determination of the SRSH
parameters. The fully non-empirical approach appears as a result of the successful results
obtained with the first one, as seen in Sec. 3.1. A key feature of SRSH functionals is the
proper incorporation of dielectric screening in the long-range exchange, which assures the
correct asymptotic decay of the Coulomb tail [12], [13], [16], [L7], [25]. However, in vdW
materials the dielectric constant varies with the number of layers between its bulk value
and unity — formally, the correct asymptotic limit for screening in a monolayer [55], [59]
— introducing a potentially large structure dependence to the parameters of the SRSH
functional. Therefore, an open question remains as to whether an SRSH functional that
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is optimally tuned, say, for the bulk phase of a material, would be transferable to lower-
dimensional structures. We compute the scalar dielectric constant, e, for bulk phases,
which is determined non-empirically using the random phase approximation [63] (RPA)
that includes local-field effects at the Hartree level of a (semi-)local functional. Other
approaches are equally valid, but we choose to use the RPA to maintain consistency
between the treatment of the dielectric response in the DFT and the GW calculations.
The calculated values of e, for the bulk phases of various materials studied here are listed
in Table 3. For monolayers and bilayers, we use a value of €., = 1, as discussed above.

In the semi-empirical approach (see the sketch of the method in Figure 1), to determine
suitable values of o and  for each material, we perform GW calculations to determine
the quasiparticle gaps for the bulk and monolayer structures. For monolayers, these
quasiparticle gaps are extrapolated to the limit of infinite vacuum. We then perform a
sweep over the a — v parameter space and calculate the corresponding SRSH band gaps
for pairs of values («, 7). We quantify the error in the SRSH calculation, relative to the
reference GW result, by the difference between the quasiparticle and SRSH band gaps
at a particular k-point, AE; = EGW — ESRSH. We find that it is generally sufficient to
ensure that AE, = 0 at just one high-symmetry k-point, which we pick to correspond to
the smallest direct band gap.

As noted in prior work [30], [56], [64], [65], the choice of o and v is not unique for a
particular material (or phase) and the tuning procedure outlined above generally leads to
a continuum of values that lie on a “zero-crossing” line, AE, = 0, of the AE,(a, y) surface.
Given two phases — the bulk and monolayer — the intersection of their individual zero-
crossing lines leads to a unique set of parameters, (a*,v*), that is simultaneously optimal
for both phases. It is this optimal pair that is finally used for computing electronic and
optical properties of the various materials.

Screened range-separated
hybrid functionals (SRSH) Mo o S B B GW&BSE
l R SRSH&TD-SRSH

(a,7)

Tining with GW gap at Tuning at the K point

specific k-point (benchmark) -2 101 2 007
los 2 * y* 5 2
Sweep of @ — 7 space R 102 % ) 001 (@*,7%) -
AEQ = ngap - SRSHgap po> ’:;;j‘ 00 055
f‘ B 023 Lo
surfaces [nonolayer ! : 41 v
- .06 .01 3 20
0. ”T\VIV"\V\A\'\ 0.04 " T T T T T =25
l 01000 125, ‘;::\x 002 9 0075 0100 0125 0050 0175 0200
a 0173 200 0.00 a
Lines AE, =0
~1
e =1.0 =
l xl GWK(monolayer) 2.65eV
“1 _ (¢ _
(*,7") transferable € =0.090  GW 2.03 eV

Figure 1: Sketch of the procedure for the semiempirical approach for Mos at the K point of the Brillouin
zone once the dielectric constant for the bulk system is calculated within the RPA approximation. This
method was firstly tested in Ref. [56]. On the left part we specify the steps taken to obtained the results
shown on the right part. The electronic structure calculations were done using VASP and the band
structures were obtained using the Wannier90 code. The benchmark calculations were done employing
GoWo-BSE method. In the lower right part the inverse dielectric function as well as the GoWo@QLDA
band gap at the K point are indicated. The numbers in the red square are the transferable parameters
for the SRSH found following the semiempirical procedure.
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In the fully non-empirical approach, the procedure of selecting ~ is often carried out
by enforcing an exact physical condition, the ionization potential theorem (IPT) [19]-[22]
(see Fig. 2). This method, known as optimal tuning, has shown great success in the
prediction of fundamental gaps of molecules [23], [24], [66]-[71]. In the bulk limit, how-
ever, optimal tuning fails because the IPT is trivially satisfied for every parametrization
of SRSH (or indeed any functional) [72]-75], such that the uniqueness of the optimally
tuned v that is achieved in molecules is lost.

Exact exchange correlation functional obeys IP theorem E

I'+eg =0

Approximate exchange correlation functionals
do not obey the IP theorem

Al = E(.{\fr —-1)— E(i"\"r) + €x

Choose ) to obey IP theorem

Al = () — )_’()T- E;)T I

/

},m' y

Figure 2: Sketch of the application of the IP theorem to get the optimal value for the « parameter.

The reason for the failure of optimal tuning in the bulk limit is the natural delocaliza-
tion of the electronic orbitals (see Figure 3). Recently, a number of studies have exploited
different localization schemes for electronic structure predictions [76]-[92]. Similarly, the
WOT-SRSH approach adopts a criterion that generalizes the IPT to the removal of charge
from a maximally localized Wannier function [27]. This ansatz, inspired by Ma and Wang
[77], is given by

AI" = Bl [¢](N = 1) = EV(N) + (6| Hgspr |6) = 0, (3)

where E7(N) is the total energy of the system with N electrons and E . [¢](N — 1)
is the total energy of a system with one electron removed from a Wannier function ¢,
including an image charge correction (see Refs. [27]-[29] for further details). (¢| Hapey |6)
is the expectation value for the energy of the Wannier function with respect to the SRSH
Hamiltonian of an N electron system. The energy of the charged system is calculated
under a constraint that allows one to control the occupation of the Wannier function via
the Lagrange multiplier A [27]. The constraint is imposed using the equation

Hsgsu 1) + X |d) (@lii) = € o) , (4)

where {1;} and {¢;} are the GKS eigenfunctions and eigenvalues, respectively, of the
constrained (N — 1)-electron system.

Here, the WOT-SRSH procedure is carried out in an iterative manner, based and
adapted from the scheme suggested by Wing et al. [27]. In step 1, the dielectric constant,
€00, 18 calculated in the primitive unit cell within the RPA approximation. In step 2,
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VBM wavefunction of silicon Maximally localized Wannier function of silicon

Wannier
function

Figure 3: Example of the localization of a Wannier function in a silicon supercell. On the left, the
delocalized orbital corresponding to the valence band maximum of silicon. On the right the maximally
localized Wannier function with the highest energy of the valence bands.

we compose maximally localized Wannier functions from the topmost valence bands in
a supercell. We then select the Wannier function with highest energy in the manifold
and use it in step 3, where we enforce the ansatz given in Eq. (3) by selecting the range-
separation parameter v so that AI” = 0 for the supercell and for different values of a.
In step 4 we calculate the crossings of o and « that fulfill the IP ansatz for both the bulk
and the monolayer phases. Finally, in step 5 we calculate properties of interest with the
selected o and 7. This method is summarized in Figure 4. We also apply a model for
the image-charge correction as similarly done in Ref. [27]-[29] and we incorporate the
fact that the monolayer vdW supercells have a vacuum layer by a correction of the z-
component of the dielectric tensor based on Ref. [93]. The reason is that in the supercell
calculations for the vdW monolayer the approximation €., = 1.0 only holds for the x-
and y-directions. Essentially we consider a model of capacitors, where the x- and y-
components will remain the same as in the bulk dielectric tensor, and we will apply the
model to the z-component.

Using these two procedures, we determine transferable pairs, (a*,v*), for various vdW
materials and compare their electronic bandstructures against those obtained from GW
calculations. We also report optical absorption spectra obtained from linear response 94|
TD-SRSH calculations [12], [26], [30], and compare the results against GW-BSE calcula-
tions within the Tamm-Dancoff approximation [95].
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Figure 4: Sketch of the WOT-SRSh method for vdW materials. employed for the removal of the semi-
empirical approach for the SRSH functionals for vdW materials. Panel (a) shows the ansatz followed
in the procedure of WOT-SRSH ([27]), as well as examples of maximally localized Wannier functions
for each of the materialas where the fully non-empirical approach has been used. (b) The upper plots
represent the application of the ansatz for different values of the exchange «. In the lower plots we show
the flow of the band gap value as an outcome of the applucation of the ansatz. Panel (c) represents the
transferability between the monolayer and bulk when the two curves cross in the Al = 0 plane of the
a — 7y space.

2.3 Computational details

We have performed the (TD-)SRSH and the GW(-BSE) calculations using a modified
home version of the Vienna Ab initio Simulation Package [96], [97] (VASP). We have
obtained the band structures, for both GW and SRSH calculations, with Wannier90. We
have performed the analysis of the data with home-made scripts using Python 3.

The GW flavor of the projector-augmented-wave pseudopotentials [95], [99] (PAW)
provided by VASP have been employed throughout, in both DFT and GW calculations.
LDA-based PAWs were used for molybdenum disulfide (MoS,) and hexagonal-boron ni-
tride (h-BN), using an energy cutoff of 500 eV and 550 eV, respectively. PBE-based PAWs
were used for the rest of the materials, employing energy cutoffs for the monolayer and
the bulk phases, respectively, of 450 and 600 eV for molybdenum diselenide (MoSe;), 600
eV for tungsten diselenide (WSey), 550 and 600 eV for tungsten disulfide (WS,), 500 and
550 eV for indium selenide (InSe), and 400 and 450 eV for black phosphorus (BP). The
electronic configuration for the valence electrons are 4s%4p®5s'4d® for Mo, 3s23p* for S,
2522p* for B, 2522p3 for N, 5p%6s25d* for W, 4s24p* for Se, 5s25p' for In, and 3s23p3 for
P.

The (semi-)local exchange-correlation used as ingredients in the SRSH calculations,
as well as in the preparation of the wavefunctions employed in the GW calculations, has
been the local density approximation [100], [L01] (LDA) for MoS, and h-BN. For BP, GW
calculations were performed based on a DFT starting point calculated with the Heyd-
Scuseria-Ernzerhof[102], [103] (HSE) functional, and the Perdew-Burke-Ernzerhof|10]
(PBE) approximation for the rest of materials presented in this work.

Benchmarks for the band structures and optical absorption spectra of the (time-
dependent) screened range-separated hybrid functionals (TD-SRSH) are performed in a
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similar fashion to that reported in Ref. [56], employing the one-shot flavour of GW and
the Bethe-Salpeter equation (BSE)[2]-[1]. Given the lack of Coulomb cutoff correction
in VASP, the extrapolation of the band gap obtained with the GoW, benchmarks to
an infinite vacuum distance is needed, and we report the selection of the band gap in
Sec. 3.1.1. The macroscopic dielectric constants for the bulk systems were obtained
for all materials using the Random Phase Approximation [63] (RPA) based on PBE,
except for the case of BP, where it was calculated using the HSE functional. Spin-orbit
coupling (SOC) has been taken into account only in TD-SRSH optical absorption spectra
of monolayers for WS,, WSey, MoSe,, InSe monolayers, and the MoS, bilayer. All band
structures were obtained through Wannier interpolation using Wannier90 [105].

All atomic structures employed in this work are given in Sec. 2.4 and were not relaxed.
Only the bulk phase of BP was fully relaxed, with residual forces smaller than 0.01 eV/ A,
with an energy tolerance smaller than 10~ eV, and using Tkatchenko-Scheffler dispersion
corrections [106].

We also calculated in the fully non-empirical approach the zero-point renormalization
band gap for hexagonal boron nitride employing BerkleyGW.

2.4 Atomic Geometries

In this section, we provide the atomic structures of the bulk and monolayers employed
in all the calculations of the project in the format of VASP. The monolayer structures
are obtained from the bulk by isolating a single layer and adding vacuum in the direction
perpendicular to the plane of the monolayer.

b
(2) MX, WSe, (b) a o 0 [SNe)
M = transition metal MoSe, X x % Xp Xp X X
X = chalcogen WS, o O O O O O O O

Q QA QA /R QA 2 2 0
OKOKCSKGKJKOKQKQ
o o 0 XQ X/o xp o o
QXQXO’ o v oxoxo
Q Q QA QA R QA Q 0
OK OKOK d( dK O/K OK\)
Figure 5: Atomic structure for WSa: (a) Top view and general chemical formula for transition metal

dichalcogenides, and (b) lateral view. The red square contains the monolayer structure. WSey and
MoSes present a similar structure.

Unit cell of WS,: Atomic structure obtained from Ref. [107].
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Bulk WS,

W S2

1.0

3.1531999111 0.0000000000 0.0000000000
-1.5765999556 2.7307512262 0.0000000000
0.0000000000 0.0000000000 12.3229999542
W S

24

Cartesian

0.000000000 1.820500872 3.080749989
1.576599862 0.910250354 9.242249966
0.000000000 1.820500872 7.671067501
1.576599862 0.910250354 4.651932453
1.576599862 0.910250354 1.509567524
0.000000000 1.820500872 10.813432430

Monolayer WS,

W 52

1.0

3.1531999111 0.0000000000 0.0000000000
-1.5765999556 2.7307512262 0.0000000000
0.0000000000 0.0000000000 20.0

WS

12

Cartesian

0.000000000 1.820500872 3.080749989
1.576599862 0.910250354 4.651932453
1.576599862 0.910250354 1.509567524

In the basis of the reciprocal lattice vectors, the coordinates of the high-symmetry
k-points in the Brillouin zone are:
I' = (0.0,0.0,0.0),
K =1(1/3,1/3,0.0),
M = (1/2,0.0,0.0).
Unit cell of WSe, Atomic structure obtained from Ref. [107].

Bulk WSe, Monolayer W Se,
W Se2 W Se2
1.0 1.0

3.2820000648 0.0000000000 0.0000000000
-1.6410000324 2.8422954314 0.0000000000
0.0000000000 0.0000000000 12.9600000381

3.2820000648 0.0000000000 0.0000000000
-1.6410000324 2.8422954314 0.0000000000
0.0000000000 0.0000000000 20.0

W Se W Se
24 12
Cartesian Cartesian

0.000000000 1.894863677 3.240000010
1.640999935 0.947431754 9.720000029
0.000000000 1.894863677 8.049456134
1.640999935 0.947431754 4.910543904
1.640999935 0.947431754 1.569456115
0.000000000 1.894863677 11.390543924

0.000000000 1.894863677 3.240000010
1.640999935 0.947431754 4.910543904
1.640999935 0.947431754 1.569456115

In the basis of the reciprocal lattice vectors, the coordinates of the high-symmetry
k-points in the Brillouin zone are:
I' = (0.0,0.0<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>