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ARTICLE INFO ABSTRACT

Keywords: The choice of the pseudopotentials (PPs) is a crucial step towards an accurate atomistic calculation of physical
First-principle calculation properties of 2D materials. In this study, based on Density-Functional Perturbation Theory (DFPT), we investi-
PseUdOP"Femial gated the dependency of the phonon properties such as phonon frequencies, dielectric constant, Born effective
;?S:late“als charge, and vibrational modes of SnSe and SnSe, monolayers to the different types of PPs. On the basis of
SnSe, Generalized Gradient Approximation (GGA) using PBE functional, we computed eight phonon calculations for

both lattices in combinations with four different PPs including Normconversing (NC) FHI/HGH, Ultrasoft
(USPP), and Standard Solid-State (SSSP), while other parameters like cut-off energy, k-points mesh, and
convergence threshold were kept fixed. However, the phonon properties of acoustic and optical phonons were
better predicted by USPP and SSSP for phonon dispersion of SnSe and SnSes, respectively. Regarding the
dielectric constant and Bohr effective charge calculations, our results showed that SnSe and SnSej structures
possess the dielectric tensor of 8.9 and 6.6 along the in-plane direction by using USPP calculations. Our outcomes
also revealed less sensitivity of SnSe; polarization to the type of PPs by applying the electric field. This study

Phonon properties
Dielectric tensor

recommends USPP and SSSP to further phonon analysis of other semiconductors.

1. Introduction

Two-dimensional (2D) van der Waals materials (vdWMs) such as
graphene (Gr) [1], graphene-like materials [2], borophene [3], layered
polymeric nitrogen (LP-N) [4], transition metal dichalcogenides
(TMDCs) [5], group I,V like 2D boron-carbon-nitride alloy [6],
III5-VIp structures such as GaSe [7], IVA-VI4 compounds [8], topolog-
ical insulators [9], and perovskites [10], have significant interest thanks
to their predominant photo-interaction [11], high carrier mobility [12],
outstanding flexibility [13], direct-indirect band gap transitions [14],
perfectly electrostatic controllability [15], and dangling-bond-free sur-
face grown by vdW interactions [16].

Among them, graphene is a promising 2D material with band
structure of Dirac cones and outstanding features for the design and
implementation of a wide variety of devices, however, the low

absorption efficiency of incident photons and the short lifetime of
photoexcited carriers, resulted in an unsatisfactory in applications for
electronics and optoelectronics devices. Then, some modifications in the
graphene structure [2] could induced the semiconductor properties and
optical band gap in the visible range of light, while an anomalously very
low thermal conductivity of this nanosheet showed not promising
property of that. Afterwards, layered molybdenum disulfide (MoSy) with
large direct band gaps is a possible choice to overcome the defects of
graphene monolayer. However, the intrinsic bandgap of MoS; has the
extremely low carrier mobility at room temperature [17] with the light
response limited in the near infrared spectral region [18]. In our recent
study of Mohebbi et al. [4], the LP-N structure has been investigated
using density functional theory (DFT) calculations as a good substitution
to BP, indicated desirable stability but very narrow band gap of 0.05 eV
by calculating the band structure calculations.

* Corresponding author. Department of Science and Engineering of Matter, Environment and Urban Planning (SIMAU), Marche Polytechnic University, 60131,

Ancona, Italy.

E-mail addresses: e.mohebbi@staff.univpm.it (E. Mohebbi), e.pavoni@staff.univpm.it (E. Pavoni), l.pierantoni@staff.univpm.it (L. Pierantoni), p.stipa@staff.
univpm.it (P. Stipa), e.laudadio@staff.univpm.it (E. Laudadio), d.mencarelli@staff.univpm.it (D. Mencarelli).

https://doi.org/10.1016/j.jpcs.2023.111755

Received 4 September 2023; Received in revised form 18 October 2023; Accepted 26 October 2023

Available online 31 October 2023

0022-3697/© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nec-nd/4.0/).


mailto:e.mohebbi@staff.univpm.it
mailto:e.pavoni@staff.univpm.it
mailto:l.pierantoni@staff.univpm.it
mailto:p.stipa@staff.univpm.it
mailto:p.stipa@staff.univpm.it
mailto:e.laudadio@staff.univpm.it
mailto:d.mencarelli@staff.univpm.it
www.sciencedirect.com/science/journal/00223697
https://www.elsevier.com/locate/jpcs
https://doi.org/10.1016/j.jpcs.2023.111755
https://doi.org/10.1016/j.jpcs.2023.111755
https://doi.org/10.1016/j.jpcs.2023.111755
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

E. Mohebbi et al.

Therefore, it is crucial to discover other 2D materials which owns a
good geometrical and dynamical stability, appropriate electronic band
gap, desirable carrier mobility, and remarkably high absorption coeffi-
cient to develop the high-performance devices. In this regard, 2D sem-
iconducting materials, such as group IV, metal chalcogenides (metal =
Ge, Sn, Pb; chalcogen = S, Se), have received great attention and
extensive research interest because of their remarkably excellent elec-
tronic, photoelectronic, charge transport and thermal properties
[19-21]. These materials can have the stoichiometric ratio and the
formulation of MX (e.g, SnS, SnSe, SnTe) or MX; (e.g., GeSa, GeSes, SnSy,
SnSey) [22,23]. For instance, SnSe is a direct or indirect band gap
(0.9-1.3 eV) semiconductor with a high absorption coefficient of 2 x
10* cm ™! and promising carrier mobility of 10* cm? V™! s7! [24]. On the
other hand, SnSe; is an indirect band gap (1.0 eV) semiconductor with
absorption coefficient of 1.3 x 10* cm™! and carrier mobility lower than
SnSe by 233 cm? V™1 s71 [25,26]. It is worth noticing that different from
TMDs, SnSe and SnSe, are rich in earth reserves and
environmental-friendly elements with prominent chemical stability,
making them particularly attractive for practical applications.

Despite recent advances in discovering different characteristics of
SnSe and SnSe; materials, less properties related to their dynamic sta-
bility, phononic properties, polarization, and dielectric constant as well
as their vibrational modes are present in the literatures, and the lattice
dynamics of these 2D materials remain insufficiently understood. For
this reason, implementing the theoretical approaches to study their
excited carriers and transportation properties is of paramount impor-
tance. Onaiwu et al. [27], using DFT simulations and based on
norm-conserving (NC) and ultra-soft Pseudopotentials (PPs) (USPP),
estimated the phonon frequencies of graphene monolayer. They
observed that the phonon dispersion strongly agrees with the experi-
mental results by using the USPP. In another study by Jain et al. [28]
have been employed three different PPs of USPP, NC and projector
augmented-wave (PAW), to consider the phonon scattering processes
and a full solution of the Boltzmann transport equation in crystalline
silicon. The effects of exchange—correlation (XC) and PPs types on the
DFT has driven good prediction of the thermal conductivity of 148
W/mK near to experimental value of 153 W/mK by applying the USPP
and NC PPs. Further, in the research work by Wirtz et al. [29] DFT
calculations with the generalized-gradient approximation (GGA) using
Troullier -Martins (TM) PPs yields frequencies lower by 2 % than the
local-density approximation (LDA) utilizing PAW PPs for the in-plane
optical modes of phonon frequencies and is thus in more consistency
with experiment evidence.

Here, we conducted comprehensive investigation into the lattice
dynamics, phonon dispersion, Born effective charge, dielectric constant,
and vibrational modes of SnSe and SnSe,; monolayers based on ab-initio
simulations of phonon calculations beyond perturbation theory. We
performed eight calculations based on GGA/PBE xc functional with four
different PPs of NC-FHI, NC-HGH, USPP, and recently released standard
solid-state (SSSP), and an unprecedented number of computational re-
sources for this type of analysis have been used. We discussed the need of
testing several properties of these 2D materials showing how different
PPs may yield similar results and convergence behaviors for one prop-
erty but different ones for another property. Finally, we propose the best
optimal PPs libraries chosen according to the testing protocol and
criteria. This comprehensive computational study on 2D SnSe and SnSe;
aims to shed light on the selection of the PPs for future purposes other
relevant properties such as mobility, thermal conductivity, and group
velocity of these two materials which are still under debating.

2. Computational methods

The lattice relaxation and total energy calculations of the SnSe and
SnSe; nanosheets were investigated using Quantum espresso (QE) [30]
and Quantum Atomistic ToolKit (ATK) [31] packages based on GGA
adopting PBE functional [32]. An energy cutoff of 90 eV Ry was utilized
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for the plane-wave (PW) approach. Four different pseudopotentials
consist of NC-FHI, NC-HGH [33], USPP [34] and SSSP [35] PPs were
applied to treat valence electrons. The valence electron configuration
considered in this calculation are 4d'°5s2 5p? and 3d%4s? 4p* for Sn and
Se respectively. Brillouin zone (BZ) was limited to the 12 x 12 x 1
k-points for self-consistent field (SCF) calculations and a smearing value
of 1 x 10~* Ry was taken into account, while an 8 x 8 x 1 and 12 x 12
x 1 k-points mesh were used to predict the phonon modes of SnSe and
SnSe; systems, respectively. Convergence criteria with respect to the
total force and energy were chosen carefully tobe 1 x 10~ 8eV A~ ! and
1 x 10~ eV, respectively.

To linear response to an electric field and to phonon calculations,
considering a static perturbation 0V (r) to a system of electrons under an
external potential Vy(r) has been determined with [36-38],

on(r)= /}((r,rl)aVo(r/)dr/ 1

where n(r) is the electronic density distribution and y(r,r) is the density
response of the system.

The polarization charge dn(r) produces an electrostatic field that
screens the perturbing potential of 0V, (r) with,
V(r) = aVo(r) + & / o) 4y @

=1

Then, we assume that the system obeys Kohn-Sham (KS) equations as,

2
(Hks — €)=0,and Hgs = — %Vz + Vis(r) 3)
Where,
Vis(r) = Vo(r) + Vu(r) + Vieln(r)] @

While ¢; and 7 are eigenvalues and Planck’s constant, and Vg and Vi,
refer to Hartree-Fock and xc potentials.
And the charge is given by,

n(r) =3 flw () ®)

Where f; is non integer occupancy.
Then, an external 0V, (r) has been added to Vy(r), and then the first-
order variation of KS become,

oy, (r) = ij(,) W ©

# =4

And the perturbing potential represents a macroscopic electric field 0E,
(3\/0 = — edE() . F (7)

It is ill-defined in a crystal, because r is not a lattice-periodic oper-
ator, it can, however, be recast into a well-defined expression using the
following trick,

2
[Hks, 1] = 7%£+ [Vaw, 7] 8)
Where Vy; is the nonlocal term of the potential.

Once n(r) are calculated, the dynamical matrix can be easily derived,
along with phonon modes and frequencies. To this end, we need to know
the form of the second-order expansion term of the energy, which called
Density-Functional Perturbation Theory (DFPT) [39].

We then assume that the external potential depends on some
parameter A.

OE ov(r)
i /n(r) T dr 9)

While first-order derivative 0E/dA does not depend on any derivative
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of n(r) as Hellmann-Feynman theorem [40], and the second-order de-
rivative 0°E/d*A relevant on the first-order derivative of dn(r)/ 94 and the
latter formula can be computed by SCF calculations in QE package.

In this regard, we need to remind that the behaviour of a system of
interacting electrons r and nuclei R can be calculated by the solutions of
the time-dependent Schrodinger equation [41] as,

., 0D(r,R;t) ®»o& i )
ih— == <_2,:2_M/ P ZE an | O i) (10)

where V(r,R) is the potential which describing the coulomb interactions
by following Formula (11),

Z]Zjez
V(R =Y ——
DZJ‘RI*RJ‘
_ Z Zé* +ZL—V (R) 4 Ve (r,R) 4 Voo (1) an
] ] R el R

Whereas Z is the charge and Born-Oppenheimer approximation valid for
M>m.

The Born-Oppenheimer approximation allows to split the problem
into an electronic (e) part depending upon nuclear (n) positions, and a
nuclear part under an effective interatomic potential determined by the
electrons. While the parameter E(R) determines the Potential Energy
Surface and the equilibrium geometry, the interatomic potential energy
is expanded to 2nd order (harmonic approximation).

Normal mode frequencies w and displacement patterns uf for car-
tesian component a of atom I, at atomic position R;, are determined by
the secular equation [42] with,

> (G = Mi@?61805) U =0 12)
I1.p

where C}’J/’ is the matrix of inter-atomic force constants (IFC), i.e., second
derivatives of the energy with respect to atomic position,

PE((R) a3

cy
Y= OReoR!

We remind that in the crystals, normal modes are classified by a
wave-vector ¢ and the phonon frequencies w(q) and displacement pat-
terns U¢(q) are determined by,

S (CY — M (9)84845) U! () =0 a4
tp

This can be calculated from the knowledge of the linear response
on(r) /0U%(q) and diagonalized to get phonon modes at q.
Fourier transform of force constants at q are second derivatives of the
energy with respect to monochromatic perturbations,
1 IE

Cl ()= e "CPR) =1 —— (4
o (a) ER: v (R =y ou;(q)0u” (q)

where u;* denotes the displacement of atom s in the direction a. The
second derivative of the energy in (15) is the change in the force acting
on atom t in the direction # due to a displacement of the atom s in the
direction a.

Coincidentally, the matrix of interatomic force constants is the sum
of both the ionic and electronic contributions, i.e.,

C? (q)=C (q) (electron) + € (q) (ion) (16)

While,

Vin(r) = _0u[r = R+ 7, — u,(D)] a7)
Is

Where R; is the position of the [-th unit cell in the Bravais lattice, z; is the
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equilibrium position of the unit cell, u(l) is the deviation from equi-
librium of the nuclear position and v; is the ionic pseudopotential cor-
responding to the s-th atomic species.

3. Results and discussion

Based on GGA-PBE calculations using Quantum ATK code, the unit
cells of SnSe (Pnma) and SnSe, (P-3ml) were simulated in Periodic
Boundary Conditions (PBCs) along with three axes of Cartesian coordi-
nate system. The optimized cells have been obtained with dimensions of
a=4.12625 A, b = 4.70091 A and c = 20 A for SnSe and a = b = 3.8412
A and ¢ = 20 A for SnSe; nanosheets, having orthorhombic and hex-
agonal lattices, respectively. The energy-lowest structures of the SnSe
and SnSe; nanosheets are presented in Fig. 1 by the top and side views of
both structures.

3.1. Phonons band structures

The analysis of phonon band structure can provide a reliable test for
the dynamical stability of the structures. We calculated the phonon
dispersion curves along with the directions of G-M— K— G in the first BZ
in the reciprocal space using different PPs of NC-FHI, NC-HGH, USPP,
and SSSP (as you see in Figs. 2 and 3). According to different lattices, we
have twelve and nine phonon modes for SnSe and SnSe; structures since
there are 3 atoms (1 Sn and 2 Se) and 4 atoms (2 Sn and 2 Se) inside their
unit cells, respectively.

The maximum frequency calculated for SnSe monolayer can be

Fig. 1. Top and side views of the optimized configurations for SnSe (a, b) and
SnSe; (c, d) monolayers; the grey and gold sticks are the Sn and Se atoms.
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Fig. 2. Phonon band structure of SnSe nanosheet using NC-FHI (a), NC-HGH (b), USPP (c), SSSP (d).
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Fig. 3. Phonon band structure of SnSe, nanosheet using NC-FHI (a), NC-HGH (b), USPP (c), SSSP (d).

found near to 200 cm ™! while SnSe, showing higher frequencies at 300
em™ L. For both systems, the most noteworthy point is that the two
acoustic modes present linear dispersion, whereas the remaining one
shows a quadratic dispersion, as the signatures of 2D nanomaterials. By
comparison of phonon band structure of SnSe and SnSey, there exists an
evident phonon gap (about 40-60 cm ™) between the irreducible rep-
resentations of phonon modes for SnSe owing to its larger cation/anion
mass ratio, whereas there is no gap of phonon bands for SnSe; structure.
As shown in Fig. 2 for SnSe nanosheet, while NC-FHI, NC-HGH, and SSSP
PPs indicated the negative frequencies for acoustic modes near to the
gamma point in first BZ, USPP has resulted in the phonon dispersion
with no imaginary frequency in the mesh points in the reciprocal space,
which reveal that the kinetical stability of this monolayer.

In detail, inspection of Fig. 2 implies that for the acoustic vibration
frequencies of monolayer SnSe, negative frequencies can be seen along
K-G bands in reciprocal space with using NC-FHI and NC-HGH PPs,
whereas using SSSP show non real frequencies along G-K and M-G in the

first BZ in the lattice. On the other hand, the position of optical fre-
quencies between 100 and 200 cm ! can significantly alter by changing
the type of PPs. As observe in Fig. 2, the vibrational frequencies had
downward shift to the lower frequencies by using the USPP and SSSP PPs
around 100 cm ™!, while corresponded curves indicate higher frequency
values, around 125 cm’l, about the less-accurate NC-FHI and NC-HGH
approximations. Clearly, as seen in Fig. 2, while applying different PPs
of NC-FHI, NC-HGH, and USPP were not able to change the phonon
modes position for SnSey, SSSP resulted in downshift of optical fre-
quencies with a difference of 6 cm™'. Importantly, the present of
imaginary frequencies close to the gamma point can significantly in-
fluence by the type of PPs. The phonon frequencies in Fig. 3 related to
SnSe; monolayer indicated that SSSP PPs can provide all vibration real
modes of acoustic modes in the entire BZ, while other three PPs showed
negative frequencies near to the center of reciprocal space. The number
of negative frequencies calculated by NC-HGH are remarkably more
than those computed by NC-FHI, and USPP predicted the phonon
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dispersion curve similar to SSSP with only low number of not real fre-
quencies. The IR and Raman frequencies of SnSe and SnSe; monolayer
have been calculated at G point in the first BZ, and they are available in
Table S1 in Supplementary Material file.

In order to compare the phonon frequencies in the center of BZ, we
reported all the frequencies of phonon modes at gamma point for both
SnSe and SnSe; materials calculated by more accurate SSSP and USPP
PPs at cm ™! and THz units (Table 1). These outcomes reveal how using
different PPs can change near-zero acoustic frequencies for two struc-
tures with the same elements. About the SnSe, the frequencies are
changed from —3.57 cm! (—0.107 THz) and —1.66 cm’l(—0.049 THz)
using SSSP to 6.65 cm ™! (0.199 THz) and 6.83 cm™! (0.204 THz) in
USPP, respectively. These frequency differences are slightly decreased
for SnSe, with —2.35 em™! (~0.070 THz) and —2.11 em ™" (—0.063 THz)
using USPP to 1.38 cm ™! (0.041 THz) and 1.44 cm™! (0.043 THz) by
SSSP, respectively.

3.2. Dielectric tensor and Born effective charges

According to LO-TO splitting in the materials in the present of
electric field, macroscopic electric field incompatible with PBCs and
must be separately treated. Phenomenological expression for the energy
(E) as a function of atomic displacements and of macroscopic electric
field (E) will be [36-38],

Table 1
Phonon frequencies of SnSe and SnSe; lattices at gamma point in the first BZ
calculated by USPP (X(Sn,Se).pbe-dnrrkjus_psl.1.0.0.UPF) and SSSP (X(Sn,Se)

_pbe_v1.uspp.F.UPF).

USPP

SSSP

SnSe

SnSe,

freq (1) = 0.199534 [THz] =

6.655753 [cm ']

freq (2) = 0.204774 [THz] =

6.830539 [cm ']

freq (3) = 0.224892 [THz] =

7.501602 [cm ]

freq (4) = 1.540028 [THz] =

51.369805 [cm ']

freq (5) = 1.587825 [THz] =

52.964150 [em™!]

freq (6) = 1.922631 [THz] =

64.132052 [em™!]

freq (7) = 3.045018 [THz] =

101.570870 [cm ']

freq (8) = 3.546809 [THz] =

118.308804 [cm ']

freq (9) = 3.653430 [THz] =

121.865309 [cm ']

freq (10) = 4.239545 [THz] =

141.416015 [cm ']

freq (11) = 4.615876 [THz] =

153.969063 [cm ]

freq (12) = 5.695908 [THz] =

189.995050 [cm ']

freq (1) = —0.107032 [THz] =

—3.570210 [cm ']

freq (2) = —0.049974 [THz] =

—~1.666951 [cm 1]

freq (3) = 0.036697 [THz] =

1.224076 [cm ]

freq (4) = 1.577889 [THz] =

52.632697 [cm ']

freq (5) = 1.597634 [THz] =

53.291325 [em™!]

freq (6) = 1.924688 [THz] =

64.200689 [cm ]

freq (7) = 3.070202 [THz] =

102.410919 [em 1]

freq (8) = 3.613386 [THz] =

120.529599 [cm 1]

freq (9) = 3.671979 [THz] =

122.484051 [cm 1]

freq (10) = 4.305026 [THz] =

143.600201 [cm 1]

freq (11) = 4.668931 [THz] =

155.738765 [cm ]

freq (12) = 5.665477 [THz] =

188.979987 [cm™']

freq (1) = —0.070592 [THz] =

—2.354698 [cm ']

freq (2) = —0.063315 [THz] =

—2.111955 [em ]

freq (3) = —0.063315 [THz] =

—2.111955 [em™1]

freq (4) = 3.107453 [THz] =

103.653478 [cm ']

freq (5) = 3.107453 [THz] =

103.653478 [cm ']

freq (6) = 4.143660 [THz] =

138.217616 [cm™]

freq (7) = 4.143660 [THz] =

138.217616 [cm ]

freq (8) = 5.341386 [THz] =

178.169451 [cm ']

freq (9) = 7.515552 [THz] =

250.691827 [em ']

freq (1) = 0.041597 [THz] =

1.387523 [em ']

freq (2) = 0.043349 [THz] =

1.445952 [cm ']

freq (3) = 0.043349 [THz] =

1.445952 [cm ]

freq (4) = 3.139876 [THz] =

104.734995 [cm ]

freq (5) = 3.139876 [THz] =

104.734995 [cm 1]

freq (6) = 4.201800 [THz] =

140.156948 [cm™!]

freq (7) = 4.201800 [THz] =

140.156948 [cm ']

freq (8) = 5.370969 [THz] =

179.156227 [cm 1]

freq (9) = 7.511617 [THz] =

250.560575 [cm™']
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({Uy.E) = ZZ“ - u,f—E w E—€Y u;. ZI. E (18)

st ap

Where Cst, €0, and Z; refer to force constants, dielectric tensor, and Born
effective charge, respectively.

To solve the linear response to a macroscopic electric field, we need
to iterate over Vscp(r) while keeping E fixed,

OVscr(r) _oV(r) e 00, () on(r) .
0E  OE + /(\r—r'\—i_ ()n(r)) + oE dr (19)

Dielectric tensor e? are related to polarization induced by an electric

field E which can determined by,

6'23:5@ +4ﬂaE [ut5 (4=0)—0 (20)
And,

1 0E
a/1:5u b 21
o =0 " N OE,0E, (21)

Where § and N, are electronic screening and the number of the cells in
the crystal.

Finally, we have
N/2

b 1 6fce

6
eoo a/i + Wn (22)

And we need to properly deal with LO-TO splitting in phonons which are
three additional linear-response calculations to an electric field.

Our calculated dielectric constants of SnSe and SnSe; structures are
illustrated in Fig. 4. It is worth noticing that the ionic contribution to the
dielectric constant of SnSe and SnSe; along the out-of-plane (c axis)
direction is lower with respect to in-plane (a and b axis) directions,
which reveal the 2D characteristics of both materials. The evaluation of
the dielectric constants obtained from DFT-based electric field calcula-
tions of monolayers SnSe and SnSe; indicate that the dielectric tensor
can significantly vary with the change in the PPs type. As you see in
Fig. 4, the maximum dielectric constant related to SnSe nanosheet found
to be 8.9 which has been computed by USPP and the corresponding
value for SnSe; monolayer is 6.66 (a bit lower) has been obtained from
NC-HGH and USPP, respectively. Our outcome obtained from GGA-PBE
show excellent consistency with the previous experimental studies re-
ported in Refs. [43,44] with the dielectric constant of 9.0 and 7.4 for
SnSe and SnSey, while the those computed with DFT calculations have
been reported substantially lower values of 5.4 [45] and 4.1 [46],
respectively.

The effective charge tensor quantifies the electric response of a
crystal to internal displacements of its atoms. Effective charges Z* are
related to polarization p induced by a lattice distortion can defined
through,

*aff — 9 apa

_ 23
N g =0) @)

One can observe that such quantities are second derivatives of the
energy as well,
7% =76 ! CE 24)
o TN, 0B, 0l (g = 0)

And polarization induced by an atomic displacement can be calculated
by,

dr + z Sap (25

6u\q0 qO
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Fig. 4. Dielectric constant obtained from electric fields calculation for SnSe and SnSe, nanostructures using different PPs of NC-FHI, NC-HGH, USPP, and SSSP.

While effective charges are then given by,

a’:”n

N/2
)

2 Wilag =0

Using the linear response to an atomic perturbation.
Alternatively, effective charges obtained by the force linearly
induced on an atom by an electric field formulated by,

4
Z¥ =7 +— 26
s + N (26)

%

N/2 '

; . duy(q = 0)

The Born effective charges Z* (Sn) and Z* (Se) along cartesian axis
are calculated for SnSe and SnSe; monolayers, as seen in Tables S2 and
S3 (Supplementary Material). Inspection in both tables reveal that very
good agreement results with dielectric tensor calculations in Fig. 4, by
applying different PPs of NC-FHI, NC-HGH, USPP, and SSSP. While for
SnSe lattice an increase of the Z* (Sn) and Z* (Se) amounts can be
observed yielded by USPP (which results from the higher LO-TO split-
ting and the high-frequency dielectric constant), polarization of ele-
ments in SnSe; lattice turn out to be nearly constant for NC-FHI, NC-
HGH and USPP and a bit smaller with SSSP. In consistency to dielectric
tensor values of SnSe; in Fig. 4, using SSSP resulted in lower dielectric
constant of 6.41 along the in-plane direction comparable with amounts
of 6.59 (NC-FHI) and 6.66 (NC-HGH and USPP) in the same axis di-
rection. These predicted values indicate that the Born effective charge
and dielectric tensor of SnSe is found to be more sensitive to the type of
PPs where more accurate USPP and SSSP have given higher dielectric
constant for this 2D material, whereas the polarization of SnSe, in the
present of electric field did not show remarkable dependency to the
variation of PPs.

oy,
0E,

4
Y =7 +— 27
s + N, ) (27)

3.3. Phonon density of states and vibrational modes

The phonon density of states (DOS) of SnSe and SnSe; monolayers at
300 K are shown in Fig. 5 and have been calculated by USPP and SSSP
for SnSe and SnSey, respectively. We focus on these two PPs since they
resulted in more accurate phonon band structure and dielectric tensor as
well as Born effective charges. For this simulation, we have the normal
modes, Raman and Infrared (IR) intensities. Calculation of IR scattering
peaks can be followed by Refs. [36-38],

2
I[R(u) = Z

a

(28)

Sz U W)
sp

And Raman coefficients are third-order derivatives of the energy that
can be calculated directly from effective charges and phonon displace-
ment patterns.

The non-resonant Raman intensities can be formulated as,

4 2

(0; — w,) a)(a/i

oU(v)

I(v) 29

wy

) g0 =|

where y is the electric polarizability of the system.

2D SnSe monolayer have 12 irreducible representations of phonon
modes and, as see in Fig. 5, four Raman A, modes have the frequency
position ofA; =32cm}, A§ =67 cm ™}, Ag =126 cm™, and Ag =154
cm™!, whereas the Raman mode of Bi, and B3, have frequencies of 34
em~!and 116 em ™}, respectively. Our results for SnSe show similarity to
the experimental measurements of Sriv et al. [47] with corresponding

1 Rl A2 A3 R2 4 . 1
Raman modes of Ag, By, Ag, A;, B3, and Ag at frequencies of 32 cm™ -,
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Fig. 5. Phonon Density of States(g(w)) SnSe and SnSe, structures including normal modes, Raman and IR intensities.
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37 em ™1, 70 em™1, 109 em}, 131 em™!, and 150 em ™! for a 632
nm-thickness SnSe.

Instead, the six irreducible representations of phonon modes for
SnSe; can presented as A; + 2 Ay + Eg + 2 E,. while the acoustic modes

are Ay, + E,, and there are four optical modes of A; + E; related to
Raman intensities and two A, + E, attributed to IR modes. In this study
the calculated frequencies of A; and E, are 196 em™! and 111 em™},

respectively, while the IR modes are A}, = 246 cm ™!, A2, = 212 cm ™},
EL =207 cm™}, E2 = 141 cm™'. The computed values for vibrational
Raman frequencies of SnSes; monolayer in this study are in good con-
sistency with the experimental evidence of A, = 186 cm ™! and E, = 111
cm ! for a SnSes thin film [48].

4. Conclusions

In this work, the dependence of the various properties of the phonon
dispersion and softening, dielectric tensor and the Born effective charge
of SnSe and SnSe; monolayers on the particular PPs of NC-FHI, NC-HGH,
USPP, and SSSP had been investigated using first-principles DFPT cal-
culations. Interatomic force constants and the phonon-band structure
are then obtained by computing the Fourier transform of dynamical
matrices on a regular mesh of wave vectors. We demonstrated that the
various acoustic and optical branches of the phonon frequencies at the
special k-points depend greatly on the type of PPs. While both 2D ma-
terials shown two linear and one quadratic dispersions in their acoustic
modes, phonon calculations based on USPP and SSSP resulted the high-
precision phonon band structure with all real frequencies near to gamma
points in the center of BZ, for SnSe and SnSey nanosheets, respectively.
Then, the dielectric tensor and Born effective charges are determined by
applying the electric field for SnSe and SnSe, on their orthorhombic and
hexagonal lattices. The outcomes showed that SnSe and SnSe; with
dielectric tensor of 8.9 and 6.6 calculated by USPP are in very good
consistency with the available experimental observations. In the good
agreement with dielectric constant calculations, the estimated Born
effective charge implied dependency of SnSe nanostructure to the choice
of PPs with higher amounts of Z*(Sn) and Z*(Se) by USPP, while those
corresponded to SnSep revealed that a different behavior with less
sensitivity to the type of PPs. The calculated phonon density of states
yielded good consistency with the experimental Raman frequencies in
both nanostructures.

Altogether, the main aim of this computational study is to provide an
overview of phonon modes and frequencies and dielectric constant as
well as lattice polarization of SnSe and SnSe, materials for considering
their transportation properties in the future work and some promising
applications in THz adsorption technology.
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