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Abstract

The negative Poisson’s (NPR) ratio in a two-dimensional (2D) material is a counterintu-
itive mechanical property that facilitates the development of nanoscale devices with sophis-
ticated functionality. Inspired by the peculiar buckled lower-symmetric, trilayered geometry
of pentagonal monolayers, we theoretically predict penta-SiCN, a ternary auxetic metallic
monolayer with highly tunable NPR. The penta-SiCN is structurally, thermally, dynamically,
and mechanically stable, and sustainable at and beyond room temperature with experimental
feasibility. It possesses non-trivial geometrical and mechanical isotropy and relatively moder-
ate thickness. Remarkably, the shorter and quasi sp3-hybridized C−N bond and the rigidity
against the strain allow the monolayer to possess a high value of NPR (-0.136), even higher
than that of black phosphorene, extendable up to -0.639 by 4% of biaxial stretching. On the
other hand, the 2D Young’s modulus of 129.88 N/m decreases to 41.34 N/m at equivalent
stretching, indicating relative softening and flexibility. Interestingly, a buckled−to−planar
phase transition is identified at 10% biaxial strain before it suffers the fracture at 16%. Ad-
ditionally, the strong optical anisotropy, absorbance (up to 6.51×105 cm−1), and presence of
plasmon frequency demonstrate its potential application in optomechanical and plasmonics.

Keywords: Density Functional Theory, penta-SiCN, Negative Poisson’s ratio, mechanical
properties, strains effect, electronic properties, optical properties.

INTRODUCTION

Moving beyond the conventional hexagonal
honeycomb two-dimensional (2D) structure,
the theoretical prediction of Cairo penta-
graphene1 surged an interest in pentagonal
isostructures due to their extraordinary me-
chanical and optoelectronic properties2–5. In
particular, the presence of the negative Pois-
son’s ratio (NPR) in penta-graphene1 sheds
new light on pentagonal monolayer for ad-
vanced mechanical properties. The NPR mate-
rials, so−called auxetic or mechanical metama-
terials, have the tendency to shrink (expand)

laterally when compressed (stretched) axially.
Most of these materials manifest NPR rang-
ing from -1 to 0. They have higher indenta-
tion, impact, and crack propagation resistance
with superior sound absorption performance6,7.
In addition, when subjected to out-of-plane
bending moments, the NPR material trans-
forms to a dome-shaped structure as com-
pared to the saddle-shaped structure exhibited
by positive Poisson’s ratio (PPR) materials8.
These excellent properties allow NPR mate-
rials to have broad applications in the auto-
motive, aerospace, marine and other indus-
trial fields9. Furthermore, the novel auxetic
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structural behaviour, and the associated elec-
tronic and optical properties offer an exten-
sive potential in advanced applications such
as sensors, biomedicine, fasteners, bullet-proof
sheilds, sports equipments, tissue engineering,
and futuristic devices10–15.

The foraging of auxetic materials have mainly
enthralled on bulk systems at early stages, the
theoretical and experimental evidences of ex-
istence of first intrinsic NPR 2D material in
2014, the black phosphorene(-0.027)16, trig-
gered the research interest on low-dimensional
materials. Since then, NPR is only re-
ported theoretically but not experimentally
in several 2D materials17 including borophane
(-0.053)18, BP5 (-0.037)19, TiN20, Be2C (-
0.566)21, 2D Be5C2 (-0.041)22, penta-B2N4 (-
0.02) and penta-BN2 (-0.19)23, penta-graphene
(-0.07)1, and penta-PdSe2 (-0.022)24, which are
still relatively smaller family in the vast ocean
of 2D materials. The current experimental ef-
forts to synthesis 2D auxetic materials are pre-
mature and lagging behind the theoretical stud-
ies, as there have been no direct experimen-
tal evidence of NPRs. However, an indirect
experimental evidence of NPR is reported in
black phosphorene by employing Raman spec-
troscopy. Clearly, such 2D auxetic materials
are fascinating and desirable once experimen-
tally synthesized.

Particularly, the pentagonal monolayers are
drawing considerable attention in auxetic nano-
materials research due to their unique non-
planar geometry1,23,24. When strained longi-
tudinally, their 4-irregular pentagonal Cairo
tile structure with low symmetry and trilay-
ered geometry creates high chances of lateral
atomic moments demonstrating the NPR ef-
fects. Previous studies on buckled and puck-
ered structures have also reported higher NPR
as compared to their planar counterpart15,17.
Additionally, most of these reported auxetic
2D materials show invariable intrinsic Poissons
ratio15. What is lacking here is the tunabil-
ity of NPR creating the enormous potential of
electromechanical devices for various industrial
fields, including medicine, defense, and portable
electronics. Therefore, it is desirable to go one
step further to obtain the essential understand-

ing of the influence of strain on NPR. Such tun-
able NPR 2D materials offer promising oppor-
tunities for smart device designs15. Similarly,
penta monolayer inherits the robust band topol-
ogy, and visible light harvesting direct-bandgap
semiconducting to metallic electronic behavior,
which are reported to be highly demanding in
cutting edge technological devices such as op-
tomechanical sensors, lithium-ion batteries, and
solar cells25. Hence, understanding electronic
behavior, and light-matter interacting optical
response are crucial for their applicability.

The quest for a new stable and experimen-
tally feasible auxetic material is always very
exciting in materials science. Particulary, the
ternary penta-sheet is of current interest due
to their intriguing physical and chemical prop-
erties, and potential pertinency26. Expanding
the family of ternary 2D pentagonal monolay-
ers, in this work, we have theoretically identi-
fied and predicted the very first ternary metallic
and highly auxetic pentagonal silicon carbon ni-
tride (p-SiCN). Such material is highly promis-
ing due to its unique physical and chemical
properties, which have not been explored before
in ternary penta monolayers. The stability and
experimental feasibility of the monolayer are
tested by calculating and analyzing the chem-
ical, structural, thermal, mechanical, and dy-
namical features and parameters. The presence
of NPR, 2D Young’s modulus, and the ultimate
strength along with their criteria and shreds of
evidence are examined by the variation of bond
length and strain energy with applied strain.
Additionally, the strong anisotropic optical ab-
sorbance and presence of plasmon frequency are
identified and demonstrated, which are crucial
for optomechanical and plasmonics device ap-
plications.

RESULTS AND DISCUSSION

A. Structural properties

The geometrical structure of p-SiCN is modeled
by replacing 4-coordinated and 3-coordinated
carbon atoms with silicon and nitrogen from
the optimized parent penta-graphene. A unit
cell consisting of 2Si, 2C, and 2N atoms, a tri-
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layered structure, is fully relaxed to achieve the
lowest energy and atomic forces. The fully re-
laxed configuration has Si sublattices at the
middle layer and N (C) and C (N) sublattices
at the top and bottom layers. The structure
retains the pentagonal symmetry belonging to
P-421m symmetry (space group No. 113). The
monolayer has a tetragonal lattice with a lat-
tice parameter a=b=4.31 Å (a=b=4.28 Å from
plane-wave approach), is unique from other
ternary pentagonal isostructures. Expanding
the unit cell into a larger supercell, one can
see four distinct irregular pentagonal Cairo tiles
(labeled by 1 to 4 in Figure 1a) which preserves
the periodic boundary conditions (Figure 1a).
In the primitive cell, the two C atoms have
slightly different bond distances with a Si atom,
we consider these atoms as C1 and C2 to remove
the obscure visualization. The justification for
this choice is provided later while explaining
mechanical behavior. The stable structure of p-
SiCN has Si−N, C−N and Si−C1, and Si−C2
bond lengths of 1.83, 1.38, 1.85, and 1.86 Å, re-
spectively.

Remarkably, the centrosymmetric quasi sp3-
hybridized C−N bond is shorter in p-SiCN
than that of the hexagonal sp2-hybridized C3N
(1.40Å)27. This uniquely shorter bond length
foresight the strength and stability of the mono-
layer. Similarly, the thickness of the monolayer
(h), calculated by measuring differences be-
tween the vertical extremities of atoms, is 1.24
Å, which is equivalent to the penta- graphene
(1.20 Å)1 contrasting with those of penta-
BP5 (2.50 Å)28 and penta-CN2 (1.52 Å)29.
Additionally, the accounted bond angles of
Si−C2−N (α), C1−Si−C2 (β), and C2−N−Si
(γ) are 118.7°, 41.7°, and 114.8°, respectively.

To further corroborate the chemical stability,
the computed chemical charge density is visu-
alized in Figure 1b. The sharing of equal and
unequal electronic charges leading to covalent
and ionic bonds are represented by dumbbell
and concentric contour lines, respectively. The
intensity of the higher value of charge density
region is displayed by pink color code (Figure
1b). Only the C−N is covalent, whereas Si−N,
Si−C1, and Si−C2 are ionic.

The negative cohesive (-4.36 eV/atom) and

formation (-1.11 eV/atom) energies ensure the
stability and experimental feasibility/synthesis
of the p-SiCN monolayer. The presence of only
real phonon dispersion in both equilibrium and
tensile strained conditions (upto 10%) in the
entire Brillouin Zone confirms the dynamical
stability of the monolayer. However, a min-
imal imaginary dispersion is observed at -4%
bi-axial strain, which indicates dynamical un-
stability against compression. (Figure 1d-f).
The 3 acoustic and 15 optical branches with
high vibration frequencies comparable to penta
graphene1 and graphene30,31 indicate the rel-
ative dynamical stability. To further corrob-
orate, we investigate the thermal stability of
p-SiCN by performing ab-initio molecular dy-
namics (AIMD) simulations from (300−1000)K
each with a time step of 1 fs (Figure 1c). At 300
K, AIMD calculations show that the the struc-
ture remains intact without suffering any sig-
nificant distortion. Similarly, a slight difference
in the total potential energy around a constant
value is detected at 1000 K, which concludes
that the penta-SiCN is thermally stable even
at high temperatures.

B. Mechanical properties

To test the machinability, device fabrication
and operation of p-SiCN, mechanical stability
and strength are investigated. The relevant
second-order elastic constants (Cij) are com-
puted using the strain-energy method32. The
computed values of C11, C22, C12 and C66 are
132.16, 133.59, -17.44, and 74.80 N/m, respec-
tively. The fulfillment of mechanical stabil-
ity criteria33, C11C22 − C11

2 > 0, and C66

> 0 ensures the mechanical stability of p-
SiCN. The 2D Young’s modulus in two crys-
tallographic (100) and (010) directions, Ya =
(C2

11 − C2
12) /C11 and Yb = (C2

22 − C2
12) /C11,

are 129.88 and 131.29 N/m, respectively. These
values suggest that p-SiCN is relatively softer
than other ternary penta monolayers, however,
it is equivalently stiffer to binary penta mono-
layers and hexagonal transition metal dichalco-
genides (Table 1). Similarly, the Poisson’s
ratios in these directions (νa=C12/C11 and
νb=C12/C22) are -0.131 and -0.132, respec-
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Figure 1: (Color online) (a) Optimized p-SiCN monolayer (4 × 4 × 1 supercell), cyan, black and blue balls
represent Si, C and N atoms, respectively, (b) charge density contour plots, (c) AIMD simulation for the energy
fluctuation at T=300 K and T=1000K, with final structures (inset), and (d-f) phonon dispersions at -4%, 0%
and +4% biaxial strain, respectively.

tively. The similarity in mechanical properties
in different orientations indicate a mechanical
isotropy of p-SiCN which is further verified by
the perfect circles in polar plots (Figure 4).

The notable NPR in p-SiCN is verified us-
ing Refs.1,34 methodology by applying tensile
strain in the x-direction (εx = 4%, 6%, and
8%) and observing the lateral response in the
y-direction (εy). In all cases, the expansion of
equilibrium lattice constant in the y-direction
ensures the presence of NPR (Figure 2). Even
though the continuum mechanics theory is inca-
pable of predicting the presence of NPR in 2D
elastic materials1, our first-principles prediction
of NPR in p-SiCN is a rare find. This excep-
tional NPR result in p-SiCN is attributed to
the buckled and asymmetric geometrical struc-
ture, particularly, the shorter and quasi sp3 -
hybridized CN bond and the rigidity against the
strain (discussed below). This exciting discov-
ery makes the monolayer a superior candidate

material for multiple applications such as a ten-
sion activatable substrate, a nano-auxetic, and
a deformable variable stiffness device.
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Figure 2: (Color online) NPR verification − Strain
energy as a function of uniaxial strain along the y-
axis (εy) with respective constant uniaxial strains of
4%-black, 6%-red, and 8%-blue along the x-axis (εx).
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Table 1: The elastic constants Cij=1,2,6 (N/m), 2D Young’s modulus Ya/b (N/m), Poisson’s ratio νa/b from
this work, and for p-BCN, and p-CNP monolayers.

Materials Ref C11 C22 C12 C66 Ya Yb νa νb
p-SiCN This work 132.15 133.59 -17.44 74.80 129.88 131.29 -0.131 -0.132
p-BCN Ref.35 210.15 170.77 4.27 102.93 210.05 170.66 0.020 0.025

Ref.36 214.45 176.10 4.38 103.54 214.36 175.99 0.020 0.025
Ref.32 223.56 189.16 4.90 104.80 223.45 189.03 0.022 0.026

p-CNP Ref.37 173.32 183.57 4.52 99.01 172 190 - -

Since strain is unavoidable during the fabri-
cation and machination of layered materials,
it is crucial to test the mechanical response
against different modes of strain. The response
of Young’s modulus and Poisson’s ratio under
biaxial strain is also crucial in the study of
the piezoelectric property of materials38. Keep-
ing that in mind, we introduce the equi-biaxial
strain (εxy) within a mechanically stable re-
gion (± 4%) allowing full relaxation of atoms
(relaxed−ion). The mechanical parameters,
stability, and anisotropy are analyzed. Com-
pressing the monolayer up to 4%, the Young’s
modulus (NPR) increases (decreases) monoton-
ically up to 145 N/m (0.05), indicating the
growth stiffness of p-SiCN. In addition, the me-
chanical isotropy is maintained throughout the
compression except at 2% (Figure 4a). On the
other hand, stretching the monolayer, Young’s
modulus (NPR) decreases (increases) drasti-
cally. Just at εxy = 2%, the Young’s modu-
lus (NPR) decreases (increases) exponentially
reaching an approximate value of 101 N/m (-
0.26). At εxy = 4%, the Young’s modulus
(NPR) decreases (increases) reaching a value of
42 N/m (-0.64). Thus, the highly tunable NPR
and Young’s modulus of p-SiCN monolayer cre-
ate the enormous potential of electromechani-
cal devices for various industrial fields, includ-
ing medicine, defense, and portable and flexible
electronic devices15,17.

Besides the Poisson’s ratio and Young’s mod-
ulus, the ultimate strength is an important
mechanical property of a nanomaterial. To
investigate the elastic-plastic region, ultimate
strength and possible reconstruction at higher-
order are studied for both uniaxial (εx) and
biaxial strains (εxy). The tensile strain is
loaded until the monolayer shows bond break-

ing. The variation of stress, strain-energy and
bond length as a function of strain is demon-
strated in Figure 5. Remarkably, at εxy = 10%,
all the atoms maintain to lie at the same plane
attributing a ”buckled to planer” phase transi-
tion (Figure 3) with positive phonon frequencies
for dynamical stability. This result attracts in-
depth research studies and their disruptive ap-
plications. It is worth mentioning that a simi-
lar phase transition was reported in penta-B2C
monolayer at εxy =15%, without revealing its
dynamical stability39.

εxy= 0%

εxy= 10%

Phonon
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Planar

ε
xy = 10%

εxy

 Planar
 Region

(a) (b)

(d)(c)

h
 (

Å
)

 Γ  Γ X  M  Y

Figure 3: (Color online) Buckled to planner phase
transition in p-SiCN. (a) Variation of monolayer thick-
ness with εxy − red circle encloses the minimum
thickness (≈0) from 10% to 16%, (b) buckled p-SiCN
with no strain, (c) planar p-SiCN at 10% strain, and
(d) phonon dispersions at 10% strain.

Further, there is a sudden drop of stress be-
yond the critical strain (εc) of 16% for both
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modes of strain; the continuous growth of strain
energy suggests the possibilities of geometrical
reconstruction. This value of εc is compara-
ble to the p-BCN including many well-known
2D materials. The critical strength for biaxial
(Ubi) and uniaxial (Uuni) strains are 12.14 and
7.99 N/m, respectively, which are lower than
that of graphene (34 N/m) and phosphorene
(16 N/m). This is also realized by analyzing
the variation of bond length of the monolayer
with strain (Figure 5). The unusually higher
value of Ubi as compared to Uuni for p-SiCN is
linked with the relative phase transition and a
higher degree of freedom due to stretching as
demonstrated by bond length variation (Figure
5a). For εxy, the bond lengths increase mono-
tonically up to εc except for the rigid and short
C−N bond. The thickness decreases and be-
comes ≈ 0 in the range 10% ≤ εxy≤ 16% dis-
playing the planar geometry of the monolayer
as mentioned above. On the other end, for εx,
the Si−C1 (Si−N) increases (decreases) mono-
tonically up to εc except for the rigid bonds
C−N and Si−C2. Similarly, the thickness of
the monolayer decreases continuously up to and
beyond εx = 16% ruling out the presence of
phase transition for the uniaxial strain. This
indeed further demonstrates the attribution of
the NPR effect in p-SiCN.

C. Electronic properties

To probe the electronic properties of p-SiCN,
electronic band structure calculations (Figure
6) are performed along the Γ − X − M −Y
− Γ high-symmetry directions. Partial den-
sity states (PDOS) enrich the understanding
of the individual electronic orbital contribution
(Figure 7). Both spin-up and spin-down states
are degenerate throughout the Brillouin zone,
and thus, the structure does not exhibit any
spin polarization in its ground state, conclud-
ing the non-magnetic behavior of p-SiCN. The
absence of bandgap demonstrates the metal-
lic behavior, the first metallic ternary pentago-
nal monolayer. Interestingly, the valence band
and conduction band entwined at the Fermi
level at X - M path creating the metallicity.
Additionally, a peculiar flat band is observed
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Figure 4: (Color online) The variation of the (a) Pois-
son’s ratio and (b) Young’s modulus against biaxial
strain loading. The inset describes the orientation
dependency.

along the same path at 4 eV. This metallic-
ity is tested against applied strain and electric
field. In both cases, the metallic behavior is
preserved. The PDOS elucidates the contribu-
tion of p-orbitals of C, N, and Si atoms (sp3

-hybridized) at the vicinity of the Fermi level.
However, there is a minor contribution of s-
orbital at the same range. This indeed allows
us to distinguish it from other ternary penta
monolayers1,2,32,35,37. Also, the peculiar metal-
licity renders its application in a desirable elec-
trode material for high-performance lithium-ion
batteries and high-quality electronic devices40.
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D. Optical properties

Typically in metals, light interacts with elec-
trons of both valence and conduction bands po-
tentially causing optical activity. SIESTA has
been successful in describing the optical sensi-
tivity of low-dimensional materials35,41,42, the
optical response of p-SiCN upon the incidence
of an electric field in in-plane (E‖x) and out-
of-the plane (E‖z) direction within the infrared
(0−1.62 eV), visible (1.6−3.21 eV), and ultra-
violet (3.2 −10 eV) regions are investigated by
calculating important optical parameters (Fig-
ure 8(a-f)). The dominance of optical spectra in
E‖x over the E‖z orientation shows the strong
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absorption coefficient, (d) energy loss function, (e) reflectivity, and (f) refractive index, as a function of photon
energy. Blue and red solid curves represent in-plane and out-of-plane incident light in p-SiCN monolayer,
respectively.

optical anisotropy in p-SiCN which is due to
the differences in exposed geometry.

The predominat peaks of the real ε1(ω) and
imaginary ε2(ω) part of the dielectric function
(Figure 8a-b) shows relatively stronger opti-
cal response of p-SiCN in IR and UV region
with obvious red shifts for E||x. The peaks
of ε2(ω) demonstrates the inter-band transi-
tion essentially due to 3p-orbitals of Si, C, N
and 2p of Si depicted in PDOS (Figure 7).
Meanwhile the ε1(ω) is related to the energy
stored by the medium when a material is ex-
posed. In particular, ε1(ω) at 0 eV describes the
static dielectric constant ε1(0) with a value of
10.01, which is higher than that of p-graphene43

and other well-known 2D materials for E||x44.
Most importantly, the negative value of ε1(ω)
in between the range of 0.85 −1.50 eV for
E||x indicates the plasma frequency, crucial in
plasmonics45,46.

Similarly, the absorption coefficient, α(ω),
(Figure 8c)is calculated to investigate the opti-
cal absorption of this metallic monolayer. The
absorption increases exponentially in the in-
frared region (IR) followed by a gradual drop

and growth in the visible region (VR) and Ul-
traviolet (UV) region, respectively. This indi-
cates that the monolayer relatively does not ab-
sorb proper visible light. The maximum ab-
sorption is at 6.38 eV (≈ 6.51×105 cm−1) in
the E||x direction, which is higher than that of
p-BCN structure, including penta-graphene43

and some other well-known 2D materials44,47

for the E||x. A similar trend is observed in
the optical energy loss spectrum (Figure 8d),
except for the abrupt growth of loss at 1.5
eV in E||x, which is linked with the plasmon
frequency48. In addition, the loss is compara-
tively higher for E||z orientation in the IR re-
gion. This justifies the cause of reduced optical
spectra for p-SiCN in the out-of-plane direction.

Similarly, the reflectivity is relatively higher
(99% at 1.5 eV) in the E||x (Figure 8e), es-
pecially in IR. The lower reflectivity intensity
in the VR indicates that the p-SiCN is almost
transparent for visible light. In addition, the
refractive index, η(ω), (Figure 8f) identifies the
nature of light propagation. In particular, at
zero photon energy, it gives the static refrac-
tive index, η(0), of 3.17 (E||x) and 1.30 (E||z),
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which are higher than those of p-BCN (1.43)
and penta-graphene (1.62)49. Remarkably, zero
refractive index is detected at ≈1.50 eV for E||z
which is due to strong dispersion of the surface
plasma on the material50. These result estab-
lishes that p-SiCN is an optical meta-meterial
with enormous potential applications in topo-
logical photonics51.

These optical findings reveal that the optical
spectra are predominant in IR and UV mostly
in the E||x orientation and with the possibility
to be used in IR and UV regions operated de-
vice applications. The high anisotropy, signifi-
cant optical absorption, and small reflectance,
in particular, offer the opportunity to develop
and test high-quality optical waveguides, polar-
izers, energy harvesters, and photovoltaic appli-
cations.

CONCLUSIONS

In summary, we theoretically discovered the p-
SiCN monolayer, whose stability and experi-
mental feasibility are verified by investigating
the thermal, mechanical, and dynamical sus-
tainability. The p-SiCN is a ternary 2D metallic
mechanical metamaterial with non-trivial geo-
metrical and mechanical isotropy. Remarkably,
the shorter and quasi sp3-hybridized C−N bond
and the rigidity against the strain allows the
monolayer to possess a high value of negative
Poisson’s ratio (-0.136), even higher than the
black phosphorene, extendable up to -0.639 by
4% of biaxial stretching. Additionally, the pro-
nounced reduction in 2D Young’s modulus from
129.88 N/m to 41.34 N/m at equivalent stretch-
ing reflects its relative softening − an impor-
tant metric for flexible and stretchable devices.
Interestingly, the buckled−to− planar phase
transition is identified at 10% biaxial strain be-
fore it suffers the fracture at 16%. In addi-
tion, the strong optical anisotropy, absorbance
(up to 6.51×105 cm−1), and presence of plas-
mon frequency demonstrate its an application
in optomechanical and plasmonics. Hence, p-
SiCN is an exceptional material for the appli-
cations of nano-auxetics, nanomechanical and
optomechanical devices. These intriguing prop-
erties and the untold number of applications

demand urgent experimental validation and de-
ployment.

COMPUTATIONAL METHODS

The Spanish Initiative for Electronic Simula-
tions with Thousands of Atoms (SIESTA)52,53

with the semi-local form of norm-conserving
pseudopotentials54 is used for the density func-
tional theory (DFT) calculations. The general-
ized gradient approximation (GGA) of Perdew-
Burke-Ernzerhof (PBE)55 is used within the
double zeta plus polarization (DZP) basis sets.
The k-points of 20×20×1 within Monkhrost
pack scheme56 and 350 Rydberg cutoff energy
meet the convergence criteria. The atomic force
of 0.02 eV/Å and self-consistent field of 10−6

eV are set for tight convergence within the
conjugate-gradient (CG) scheme. A vertical
separation of 25 Å is used along the z−axis to
avoid unnecessary interlayer interactions. The
chemical stability is tested by analyzing for-
mation (Ef )29 and cohesive (Ecoh)57 energies.
The dynamical stability of the penta-SiCN is
ensured by calculating phonon spectra from
the finite displacement method implemented
in the PHONOPY package58. The force con-
stants to build the required dynamical matrix
are obtained from the sets of forces calculated
using the Viena Ab-initio Simulation Package
(VASP)59. Furthermore, we performed the ab-
initio molecular dynamics (AIMD) simulations
to account for the thermal stability. In both
phonon and AIMD calculations, 4×4×1 super-
cell is used to the convergence. The Young’s
modulus (Y) and Poisson’s ratio (ν) as func-
tions of the direction angle θ are represented
by the relations:38

Y (θ) =
C11C22 − C2

12

C22 cos4(θ) + A cos2(θ) sin2(θ) + C11 cos4(θ)

ν(θ) =
C12 cos4(θ)−B cos2(θ) sin2(θ) + C12 cos4(θ)

C22 cos4(θ) + A cos2(θ) sin2(θ) + C11 cos4(θ)

where A = (C11C22 − C2
12) /C66−2C12 and B =

C11 + C22 − (C11C22 − C2
12) /C66.

To perform optical calculations with SIESTA,
a 60×60×1 k-mesh within the Monkhorst-Pack
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scheme and an optical broadening of 0.1 eV is
used. SIESTA implements the first order time
dependent perturbation theory (TDP)60. The
dielectric function ε(ω) can be expressed as:

ε(ω) = ε1(ω) + iε2(ω), (1)

where ε1(ω) is the real part of the dielectric
function, and is obtained using the Kramer-
Kronig transformation (KK) of ε2(ω) and is ex-
pressed as:

ε1(ω) = 1 +
2

π
P

∫ ∞
0

ε2 (ω′)ω′

ω′2 − ω2
dω′, (2)

where P denotes the principle part of ε1(ω)61.
On the other hand, ε2(ω) is the imaginary

part of ε(ω), and can be obtained with the help
of TDP as:

ε2(ω) =
e2

ω2πm2

∑
v,c

∫
BZ

d~k |〈ψck|ê · ~p|ψvk〉|2

δ (Ec(k)− Ev(k)− h̄ω)).

(3)

Equation (3) elucidates the dependencies be-
tween the electronic and optical behavior. Here,
v and c indicate the valence and the conduction
band states, respectively. E(c,v)(k) and ψ(c,v),k

are the corresponding energy and eigenfunction
of these states. ~p and ê are the momentum
operator and polarization vector, respectively.
Further, the complex refractive index (N) is ex-
pressed as N =

√
ε(ω) = η(ω) + iK(ω), where

η(ω) and K(ω) are the refractive index and ex-
tinction coefficient, respectively. These param-
eters are expressed as:

η(ω) =

(√
ε21(ω) + ε22(ω) + ε1(ω)

2

) 1
2

(4)

K(ω) =

(√
ε21(ω) + ε22(ω)− ε1(ω)

2

) 1
2

. (5)

Furthermore, the reflectivity R(ω) and absorp-
tion coefficient α(ω) are expressed as62:

R(ω) =
K2(ω) + [1− n(ω)]2

K2(ω) + [1 + n(ω)]2
. (6)

α(ω) =
2ωK(ω)

c
. (7)

Additionally, the electron energy loss func-
tion L(ω) is given by the relation L(ω) =

Im
(
− 1

ε(ω)

)
, and can also be expressed in terms

of ε1(ω) and ε2(ω) as:

L(ω) =
ε2(ω)

ε21(ω) + ε22(ω)
. (8)

All these optical parameters are calculated in
the interval between 0 to 20 eV for parallel
(E‖x) and perpendicular (E||z) polarization of
electric field.
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(4) Cerdá, J. I.; S lawińska, J.; Le Lay, G.;
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