Stable distorted T phase of M SisN; (M = Ru and Os)
monolayers: First-principles insights into structural, vibrational,

mechanical, electronic, and optical properties

Mirali Jahangirzadeh Varjovi,"** Engin Durgun,?

1

Gianfranco Pacchioni,! and Sergio Tosoni':

! Department of Materials Science, University of Milano-Bicocca,
Via Roberto Cozzi 55, 20125 Milano, Italy
2UNAM - National Nanotechnology Research Center
and Institute of Materials Science and Nanotechnology,

Bilkent University, Ankara 06800, Turkey



Abstract

The recent synthesis of two-dimensional (2D) MoSiaN4 and WSigNy crystals has given rise to a
new class of 2D materials with distinctive properties and significant potential for applications in
advanced technologies. The transition metal (TM) elements can potentially be substituted with
other TMs, adding the possibility of introducing new members to this emerging 2D family. In
this regard, we propose three structural phases (1H-, 1T-, and 17") of MSisNy (M= Ru and Os)
monolayers and examine their structural, vibrational, mechanical, electronic, and optical properties
using ab initio methods. The results of cohesive energies (E¢) indicate that the 1T structures are
energetically more favorable than their 1H and 17T counterparts. The calculated phonon spectra
reveal that the MSiosN4 nanosheets in distorted 17’ phase are dynamically stable, while their 1H
and 17T forms exhibit imaginary phonon modes, signifying vibrational instability of the systems.
Ab initio molecular dynamics (AIMD) simulations also confirm that the 17”-MSiaNy structures
remain thermally stable, even up to 600 K, without any notable structural deformations. The
mechanical properties of 17" structures are assessed through the computation of in-plane stiffness
(Yap), Poisson’s ratio (), and ultimate tensile strain (UTS). The intrinsic geometrical anisotropy
of the 17T’ nanosheets induces strong orientation-dependent elastic properties, and the calculated
large values of Yop and high UTS indicate their rigidity and suitability for strain engineering of
electronic and optical properties. The calculated electronic band structures reveal that, whereas
unstable 17-MSisNy structures exhibit ferromagnetic metal properties, the stable 17'-RuSisNy4
and 177-OsSisN4 monolayers possess a nonmagnetic semiconducting ground state with indirect
band gaps of 1.40 and 1.47 eV, respectively, at the level of the HSE functional. The observed
shifts from metallic characteristics in the 17T phase to semiconducting nature in the 17" structures
can be attributed to the Peierls distortion. Additionally, in accordance with the direct electronic
bandgap of the 1T’-MSisNy crystals, strong optical absorption within the visible parts of the
optical spectrum is estimated. Our study not only expands the family of 2D MA5Z4 crystals, but
also introduces new members with distinctive 17’ geometries that exhibit promising mechanical,

electronic, optical features for nanomechanical and optoelectronic, and green-energy applications.
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I. INTRODUCTION

Following the successful exfoliation of single-layer (SL) graphene and the unveiling of
its extraordinary properties [1], significant interest has turned towards the field of two-
dimensional (2D) materials [2-5]. In the realm of 2D materials, transition metal dichalco-
genides (TMDs) and transition metal nitrides (TMNs) have garnered considerable attention
due to their stability and diverse electronic and optical properties, spanning characteristics
from semiconducting and metallic to superconducting [6-9]. This renders them appeal-
ing for both fundamental research and advanced technological applications [10, 11]. The
atomic structure of 2D TMDs and TMNs monolayers can exist in various symmetry forms
at the ground state, such as honeycomb (1H-phase, trigonal prismatic coordination), cen-
tered honeycomb (17-phase, octahedral lattice), or distorted T-phase (17"'-phase, distorted
octahedral) structures [12-14]. It has been reported that MoX; and WX, (X: S, Se, and
Te) monolayers are stable structures with semiconducting features in the 1H phase, while
the metallic 17-MoX; and 17-W X5 monolayers have been demonstrated to be dynamically
unstable [15]. These metallic monolayers undergo a transformation to the 17" phase due
to Peierls distortion, leading to the formation of charge density waves (CDW) [16]. Typical
TMDs with the formula of MX, (M: TM, X: S, Se, and Te), display a diverse range of
Peierls-like CDW patterns [17]. Recently, Ersan et al. conducted a theoretical investigation
on the three potential structural configurations (1H-, 17-, and 17”) of RuSs and RuSe;
using DFT, and their findings suggest that they are dynamically unstable in the 1H and 17T
phases, while stability is only observed in the 17" phase [18]. In another study, a systematic
and comprehensive investigation based on first principles has been performed to explore the
structural and electronic properties of a series of 2D TMNs in both 7" and H phases, and
the obtained results provide valuable insights into the electronic features of 2D TMNs [14].

In the pursuit of realizing stable TMNs through both experimental and theoretical at-
tempts, 2D layered crystals of MoSi;N4 have been successfully synthesized via an innova-
tive chemical vapor deposition (CVD) technique [19]. This exotic crystal can be regarded
as a MoSs-like MoNy layer saturated by Si-N layers on both surfaces, forming a septuple
atomic layer 2D material. Incorporating Si atoms in the CVD process effectively neutralizes
the dangling surface bonds of MoNsy, facilitating the growth of centimeter-scale MoSioNy

nanosheets. The fabricated MoSioNy crystal is an indirect-band-gap semiconductor (1.94
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eV) with high tensile strength and robust stability under ambient conditions [19]. In ad-
dition, the growth of WSisNy crystals has been reported using an approach similar to that
employed for the synthesis of the MoSi;N; monolayer [19]. Following this experimental
achievement, a new family of 2D materials with a general formula of MA,Z, is proposed
[20-22]. Various 2D compounds within this family, where M represents a transition metal
(Cr, Mo, W, V, Nb, Ta, Ti, Zr, Hf, Pd, and Pt), A is either Si or Ge, and Z can be N, P,
or As, have been predicted and characterized using ab initio methods [21, 23-27]. It has
been found that the electronic and magnetic properties of MA5Z, monolayers vary depend-
ing on their atomic components. For instance, while the MoSi,N, and WSis N4 monolayers
are non-magnetic semiconductors [28], the ScSioaN4 nanosheet is a half-metal with in-plane
magnetic anisotropy [29], InySisNy crystal is a non-magnetic direct bandgap semiconductor
[30], and the TaSioNy crystal is characterized as a metal and a type-I Ising superconductor
[31]. In addition to the atomic components, the atomic configurations of materials also
play an essential role in determining the stability and electronic properties of MAyZ 4 struc-
tures. As an example, the 1 H-WSi;Ny monolayer is a stable wide-bandgap semiconductor
[32], while the metallic 17-WSi;Ny is dynamically unstable [33], and the stable 17"-WSisNy
nanosheet exhibits semimetallic behavior [34]. Furthermore, Ding and Wang conducted a
systematic examination of the structural stability and electronic characteristics of MSisNy
(M =Y — Cd and Hf — Hg) nanosheets and identified 12 stable structures with 7-or H-phase

configurations [33].

Among TMs, ruthenium (Ru) and osmium (Os) have received limited attention as po-
tential candidates for optoelectronic applications. Ru and Os are classified as noble and
precious metals, and similar to W and Mo, they belong to the 4d and 5d block TMs, respec-
tively. Ru and Os exhibit comparable electronegativities and atomic radii to those of Mo and
W, respectively, suggesting a plausible feasibility for their substitution. It has been demon-
strated that Ru shows high catalytic performance in many chemical reactions [35]. Recently,
a thin crystal film of RuS, has been synthesized and is regarded as one of the promising
TMDs with both fundamental and technological applications, particularly in photocatalytic
water splitting, photoelectrochemical energy conversion, and serving as a cathodic catalyst
in direct methanol fuel cells [36, 37]. In addition, Os can be employed in the hardening
of metal alloys [38]. In a recent study, a multifunctional Ru and Os-based electrode has

been synthesized and proposed for large-scale electrical energy storage [39]. So far, numer-
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ous studies have been carried out on the MAyZ, family, exploring various TM atoms as
the core element. However, no studies have been conducted with Ru and Os as the core
atoms in these structures. In light of this and motivated by encouraging results from both
experimental and theoretical research on the MA,Z7 4 family, in the present work, we design
and investigate the structural, vibrational, mechanical, electronic, and optical properties
of 1H-, 1T-, and 1T"-MSiyNy (M= Ru and Os) monolayers using first-principle methods
and highlight their intriguing features. Initially, the ground-state configurations of the sug-
gested systems are determined, and their dynamical and thermal stabilities are evaluated
through phonon spectrum analysis and molecular dynamic calculations, respectively. Next,
the Raman spectra of stable structures are obtained, and the associated atomic displace-
ments of the optical phonon modes are illustrated. Subsequently, the mechanical features
and electronic properties of stable 17’-MSiosN4 monolayers are examined. Finally, through

the calculation of the complex dielectric function, the optical response is studied.

II. COMPUTATIONAL METHODOLOGY

In the present study, the first-principles density functional theory (DFT) [40, 41] calcula-
tions were performed by employing projector-augmented wave (PAW) [42] pseudopotentials,
as implemented in the Vienna ab initio simulation package (VASP) [43-46]. The electron ex-
change and correlation (XC) interactions for both spin-polarized and spin-unpolarized cases
were parametrized by the Perdew-Burke-Ernzerhof (PBE) [47] functional within the gener-
alized gradient approximation (GGA). In addition to GGA-PBE, electronic band structures
were also calculated using the hybrid Heyd-Scuseria-Ernzerhof (HSE06) [48, 49] functional,
and the obtained energy bandgaps were compared with GGA-PBE results. The HSEO06
hybrid functional was designed by mixing 25% of nonlocal Fock exchange with 75% of PBE
exchange and 100% of PBE correlation energy and screening length of A = 0.2 A='. The
kinetic energy cutoff for plane-wave basis set was taken as 520 eV, and a vacuum layer of
~15 A is considered in the nonperiodic direction of all structures to prevent unrealistic
interactions between the neighboring images. The total energy convergence threshold for
electronic relaxation between two consecutive steps was set to 1075 eV. All the ionic positions
and lattice parameters were fully optimized until the maximum allowed Hellmann-Feynman

force on each atom was less than 0.01 eV/ A, and maximum pressure on the lattice was
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reduced below 1 kbar. The Gaussian-type Fermi-level smearing approach was utilized with
a smearing width of 0.05 eV. For structural relaxation, the Brillouin zone (BZ) sampling
was carried out with a set of I'-centered 16 x 16 x 1 uniform k-point mesh for both the 17-
and 1H-MSioNy nanosheets, and 24 x 12 x 1 k-point mesh for 17’-M SioNy structures [50].
The Bader technique was employed to analyze charge transfers between individual atoms
by decomposing charge density into atomic contributions [51]. Phonon band dispersions
were calculated using the finite displacement method as implemented in the PHONOPY
[52] code by considering 4 x 4 x 1 supercells for 1T, 1H and 5 x 3 x 1 supercells for 17"
systems. To examine the thermal stability of the proposed structures, ab initio molecular
dynamics (AIMD) simulations were conducted using a microcanonical ensemble method at
constant temperatures (300 and 600 K) for an overall simulation time of 6 ps with 1 fs time
step. The Raman activity of each vibrational mode was computed by deriving the macro-
scopic dielectric tensor at the I'-point of the BZ using the finite-difference approach [53]. In
addition, the Raman spectra were plotted using a Gaussian broadening function approach
from the acquired frequencies and intensities of Raman calculations. The elastic constants
of suggested crystals were calculated based on the density functional perturbation theory
(DFPT) method with 36 x 24 x 1 k-point grids and the plane wave cutoff energy of 700
eV. To acquire optical properties, the complex dielectric function (¢(w)) was computed by
taking into account light polarization along the x and y directions, utilizing both PBE and

HSE functionals.

III. RESULTS AND DISCUSSION

A. Structural Properties and Energetics

We begin by introducing the structural features of MSioaN, (M= Ru and Os) monolayers.
The suggested systems are constructed based on the geometrical characteristics of synthe-
sized 2D MoSi;Ny and WSisNy crystals. Depending on the coordination arrangement of the
constituent atoms in the unit cells, three common structural phases, namely 1H-, 17-, and
1T’ can be taken into account for each nanosheet. Figs. 1(a) and 1(b) illustrate the top
and side views of investigated structures together with the relevant geometrical parameters

labeled on them. The primitive cell of the 1H- and 17T-MSiyN, crystals is hexagonal, com-



prising seven atoms, and their symmetries belong to the D3, (P6m2) and D3, (P3m1) space
groups, respectively. On the other hand, 17" structures are designed using a 1 x 2 super-
cell, containing fourteen atoms within their unit cell, and possess C3, structural symmetry.
The optimized geometrical parameters of the proposed monolayers including in-plane lattice
constants (@ and b), bond lengths between M and N atoms (dy;_n), and thickness (h) are
summarized Table I. In both 1H and 17T phases the values of @ and b are found to be equal,
whereas in the 17" form, where the unit cell has an orthorhombic unit cell (i.e., rectangu-
lar in 2D projection), the values of @ and b differ. The lattice constants for 1H-RuSioNy
(1H-0sSiyN,) monolayers are calculated as 2.95 A (2.97 A), while for the 1 7-RuSi,N, (17-
OsSiyNy) structures, they are found to be 2.94 A (2.92 A). The computed lattice constants
are a = 3.00 A (3.03 A) and b = 5.00 A (4.99 A) for 17’-RuSiyN, (17"-OsSiyNy) mono-
layers, respectively. The bond lengths between M and inner N atoms (dj_n) in 1H and
1T structures are identical. However, in 17" monolayers, the system’s distortion results in
four distinct bond distances between M atoms and the inner N layer. The p;/ps represents
the ratio of the interatomic distances between two M atoms in the systems and can be used
as an index of structural distortion. Due to the inherent structural isotropy in the 1H and
1T phases, the ratio p;/ps is equal to 1. However, for distorted 17’ nanosheets, it becomes
less than 1. A smaller value of p;/ps indicates a more conspicuous structural deformation
within the system. For 17’-RuSi,N4 and 17’-OsSi,N4 monolayers this ratio is found to be
0.81 and 0.82, respectively, which is smaller than reported values for 17’-MoSioaN, (0.84)
and 17"-WSiyNy (0.83) monolayers [34]. The distorted M SisN4 monolayers represent the
occurrence of the Peierls transition from the 17" phase to the 17" phase [54].

The charge partition analysis of the atoms shows that in all structures, M and Si atoms
transfer charge to N atoms, as their electronegativities are lower than those of N atoms.
In 1H and 17, the charge donation is symmetric, whereas in 17", it is asymmetric. The
average charge transfer from M to N, Ap/_ny is listed in Table I and the net charge trans-
fer among the constituent atoms in the examined monolayers is displayed in Fig. S1 of the
Supplemental Material [55]. According to Bader charge analyses, the values of Apgu—ny for
the 1H-, 1T-, and 17" structures are 1.19, 1.29, and 1.23 e, respectively. In 1H-, 1T-,
and 17"-OsSi;Ny monolayers, Apos—ny is estimated to be 1.30, 1.41, and 1.37, respectively.
As can be seen, Ap—ny is lower in 17" structures compared to their 17" counterparts.

Upon periodic lattice distortion, the charge density within the 17" structures is modulated,



resulting in the formation of a potential CDW. It is worth noting that CDW is typically
observed during the transition from an undistorted phase at a critical Tcpw temperature. In
the present case, however, the lack of experimental structural data on these compounds and
the difference in lattice morphology between the 17 and 17" phases make it very difficult to
infer the nature of the transition mechanism and the related critical temperature. Further
analysis is required to fully understand these aspects. The dimensionality of a system has a
significant impact on CDW, similar to its influence on various other phase transition phe-
nomena [56]. It has been reported that materials featuring CDW states display remarkable
properties in both experimental and theoretical studies, making them highly desirable for a
variety of applications such as heterogeneous catalysis, ferromagnetism, and superelasticity
[16, 57, 58]. The planar average of the electrostatic potential of the designed monolayers is
calculated, and their variations along the z, y, and z directions are presented in Fig. S2,
and Fig. S3, Supplemental Material [55]. Variation of electrostatic potential along the z
and y-axis for 1H-, 1T-MSi;N4 monolayers are identical, correlated with their geometri-
cal isotopy. For the 17"-MSi,Ny structures, the lattice undergoes periodic distortion along
the y direction, leading to a Peierls distortion, associated with the new superlattice. From
the electrostatic potential graphs plotted along the z-axis, the work function (®) of the
studied nanosheets can be determined using the formula ® = FEy,.. — Epermi, where Ey .
and Epe.mi represent the energy levels of the vacuum and Fermi level, respectively. The
work function of a material represents the energy barrier between the material and free
space, which hinders an electron at the Fermi level from escaping. Understanding a mate-
rial’s work function is imperative because it determines the behavior of electrons within the
material and contributes significantly to our understanding in the field of surface science,
particularly regarding corrosion rates and interfacial engineering of materials. The work
functions for monolayers of 1H-, 1T-, and 1T’-RuSiyNy are 3.72 eV, 4.91 eV, and 4.46 eV,
respectively. On the other hand, 1H-, 1T-, and 17"-OsSi,Ny crystals have ® of 3.23 eV, 4.72
eV, and 3.79 eV, respectively. The acquired results are smaller than the reported theoretical
values for MoSioNy (5.12 €V) [59] and WSioNy (4.94) [60] monolayers. This suggests that
these systems are suitable for various applications that require a lower work function, such
as electron emission applications demanding high emitted current densities from the elec-
tron source. Cohesive energy, which is defined as the amount of energy required to separate

a condensed material into its constituent atoms, is a fundamental physical parameter for



analyzing the energetic stability of materials. The cohesive energy per atom (E¢) of each

structure can be determined using the following equation;

[Er(M) + 2E7(Si) + 4Er(N)] — [Er(MSigNy)] (1)
[NM + NSi + NN]

where Er(M), Er(Si), and Er(N) represent the energies of individual M, Si, and N

Eec =

atoms, respectively; and Er(MSisNy) corresponds to the overall energy of the MSiosNy
nanosheets. Additionally, Ny, Ns;, and Ny denote the total number of M, Si, and N elements
in the unit cell, respectively. All computed FE¢’s, as presented in Table I, are positive
and relatively large, indicating a strong cohesion between the constituent atoms. The E¢
for 17"-RuSiyN, and 177-OsSioN, monolayers are found to be 5.92 and 5.93 eV /atom,
respectively. These values exceed those of 17-RuSiosNy (5.87 eV /atom) and 17-OsSisNy
(5.87 eV /atom) nanosheets, primarily attributed to the energy lowering as a consequence
of the Peierls distortion. The higher values of E¢ in 17" structures compared to H and
T crystals indicate that 17’-MSi;N, phases are energetically more favorable. Additionally,
the E¢’s of the 17" structures are comparable to that of the 17'-MoSisNy (5.98) monolayer,
indicating strong bonding between the atoms within these structures [34]. According to the
results summarized in Table I, monolayers of 1H-RuSiysN, and 1H-OsSi;Ny are found to
have a nonmagnetic (NM) ground state, 1 7-RuSisNy, and 17-0sSi;Ny nanosheets exhibit
a ferromagnetic metallic character, with net magnetic moments of 1.63 and 0.55 ppg/cell,
respectively, and 7" structures show nonmagnetic properties. So far, the majority of the
reported 7’-CDW phases are nonmagnetic (NM). The most widely recognized examples are

MoX, and WX, monolayers (X is a chalcogenide atom) [61].

B. Dynamical Stability and Vibrational Properties

After acquiring the structural properties of the investigated monolayers, their dynamical
stability is examined by calculating phonon dispersions using ab initio lattice dynamics. In
the analysis of phonon spectra, if the calculated dispersions of vibrational modes have a
positive square of frequency (w? > 0) for all k in the first BZ, the material is considered to
be dynamically stable. The presence of an imaginary frequency (w? < 0) in a vibrational
mode indicates the absence of a restoring force against the displacement of atoms along

that specific phonon mode, implying structural instability. The calculated phonon band
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Fig.1_structure.png

FIG. 1. For the three structural phases of MSisNy (M= Ru and Os) monolayers (a) top and (b)

side views of the crystal structures.

structures of the 1H-, 1T-, and 1T’-MSi;N4 monolayers are depicted in Fig. 2. As can
be seen, the phonon spectra of 1H and 17 phases have large imaginary frequencies in
nearly all directions within the hexagonal BZ, signifying dynamical instability, which is
consistent with previous studies on 1H and 17-MSi;Ny (M= Ru and Os) structures [33].
The ground states of 17T nanosheets exhibit ferromagnetic metal characteristics, and we
have analyzed the phonon spectra corresponding to these ground states. The imaginary
frequencies are distinguished by solid red lines. For single layers of 17"-RuSisNy and 17"-
OsSiyNy, the phonon branches are free from any imaginary frequencies, indicating stability
at low temperatures. The soft acoustic phonon modes in 17T structures are eliminated when
transitioning to 17" phases, a consequence of Peierls distortion within the systems. Based
on a 1 x 2 reconstruction, the phonon spectra of 17’-M SiyN, crystals consist of 42 distinct
vibrational modes, of which three corresponding to acoustic branches with zero frequency at
I" point, and the remaining 39 are optical branches. Due to the anisotropy of 17" systems, all
optical modes are nondegenerate. Among the acoustical modes, the transverse acoustic (TA)
and the longitudinal acoustic (LA) branches show linear dispersions while k£ goes to zero. On
the other hand, out-of-plane flexural acoustic (ZA) mode is parabolic near the zone center,

which is a typical characteristic of the phonon spectrum of 2D materials. Additionally, the
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TABLE I. For the monolayer crystals of 1H-, 1T-, and 1T'-MSiasN4 (M= Ru and Os), the opti-
mized lattice constants, a and b; atomic bond length between M and N atoms, dj;_n; thickness,
h; the ratio of the interatomic distance between two M atoms, p1/pe; average charge transfer from
M to N, Appr_ny; energy of Fermi level, Epermi; energy level of the vacuum, Evqc ; the calculated

work function, ®; cohesive energy per atom, F¢; and magnetic moment, .

Crystal a b dy—n h pi1/p2 Ap—N) ErFermi Evac. @ Ec 7

structure A A (A) A A (e™) (eV) (eV) (eV) (eV/atom) (up)

1H-RuSioaNg 295|295 | 207 |[6.83| 1.00 1.19 1.76 | 5.48 | 3.72 5.77 0

1H-OsSipNy 297 [2.97| 208 |6.84| 1.00 1.30 1.97 | 5.20 | 3.23 5.73 0

1T-RuSipN; 294 |294| 206 |[6.82] 1.00 1.29 052 | 5.43 | 4.91 5.87 1.63

1T-OsSipNy 292 292| 209 |[6.98]| 1.00 1.41 0.61 | 5.33 | 4.72 5.87 0.55

1T/-RuSiaNy  3.00 | 5.00 | 1.96/2.05 | 6.82 | 0.81 1.23 0.94 | 5.40 | 4.46 5.92 0
2.06/2.14

1T'-OsSigNy  3.03 | 4.99 | 1.99/2.07 | 6.85 | 0.82 1.37 1.35 | 5.14 | 3.79 5.93 0
2.09/2.13

curvature of ZA modes corresponds to the ultrasonic wave propagating with the minimum
group velocity. The overall characteristics of phonon band diagrams in 17’-RuSi;N4 and
17"-0OsSi5Ny closely resemble each other. In both structures, there are frequency intervals
where the optical mode coexists with acoustic phonon modes. This overlap can lead to
strong acoustic and optical scattering, resulting in low thermal conductivity [62]. In 17"
monolayers, there are two phononic gaps formed between medium-frequency bands estimated
around (480 - 510 em™1) and (685 - 700 cm™'), and one in the high-frequency band (~ 945
- 955 cm™1). The presence of a phononic band gap in a material can effectively inhibit the
propagation of mechanical waves at prohibited frequencies, making the material suitable for
vibrational protection applications [63]. To analyze the dynamical stability of the suggested
crystals under applied strain, we calculated their phonon spectrum at 6% and 10% biaxial
strains. The obtained results are illustrated in Fig. S4 of the supplemental material [55]. It is
observed that the monolayers maintain their dynamical stability even at high induced tensile

strains of 6% and 10%. This demonstrates that the proposed materials are strain-tunable and
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Fig.2_Phonon.png

FIG. 2. Phonon spectra of 1H-, 1T-, and 1T’-MSiyN, crystals along high symmetry directions
in the 2D Brillouin zone. The phonon density of states (PhDOS) is also presented for the stable

structures. Imaginary frequencies are signified by red color.

suitable for various strain-engineering applications. Additionally, applying tensile biaxial
strains shifts the spectrum towards lower frequencies, corresponding to the softening of the
phonon modes. We also present the phonon density of states (PhDOS) of the 1 7" monolayers
in Fig. 2. According to the PhDOS results, the major participation in the acoustic mode
frequencies and low-frequency optical modes originates from the vibration of M ions due
to their heavier atomic masses; however, Si and N atoms also play significant roles. The
main contribution to the vibrational modes by M atoms lies within the low-energy range
just below the first phonon gap. On the other hand, medium- and high-frequency phonon
modes are attributed to the vibrations of N atoms, with Si atoms contributing to a lesser

extent.

Moreover, to provide further verification of the stability of the 17"-MSi;N, nanosheets
at elevated temperatures, we conducted AIMD simulations at both 300 K and 600 K for a
duration of 6 ps. To eliminate the size constraint, we utilized the exact supercell dimen-
sions that were previously considered in the phonon spectrum analysis. Plotting the energy
fluctuations of the systems enables us to monitor the changes in crystalline morphology, as
the total energy of the monolayers is sensitive to any bond breaking and geometry recon-

struction at elevated temperatures. The variations of gradient values of the total energies
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during the AIMD simulations are illustrated in Fig.3 and the final snapshots of the result-
ing atomic configurations taken at 300 K and 600 K are shown in the insets. According
to the outcomes of AIMD simulations, gradient values for total energies oscillate around
a constant value without any sudden changes. From a geometrical perspective, apart from
minor distortions of atoms in the vicinity of their thermal equilibrium positions, that are not
significant enough to rupture the bonds between the constituent elements, the crystalline
configurations of 17’-RuSisNy and 177-OsSip;Ny are preserved even at elevated tempera-
tures, providing evidence of their thermal stability. The ability of the proposed crystals
to withstand elevated temperatures is crucial for their utilization in thermoelectric devices,

which often operate under high-temperature conditions.

For the stable single layers, 1 T’-RuSisNy and 17"-OsSi,Ny, we also calculated the Raman
activity of each optical vibrational mode at the I' point [Fig.4(a)]. Raman scattering is one
of the most common techniques for acquiring information about the lattice vibrations of a
crystal. In the Raman scattering process for a material, an incident photon interacts with
the crystal, and subsequently, the scattered photon is promptly collected and analyzed. As
a result, the photon either loses energy (Stokes) or gains energy (anti-Stokes) due to inter-
actions with the crystal’s phonons. The Raman spectrum of the material is determined by
the dispersion of the collected photons with respect to the frequency shift. This type of
Raman process is known as a first-order Raman process. From the theoretical standpoint,
within the constraints of the momentum conservation, only the phonon with wavevector of
q~0 (at I point) is able to contribute to the first-order Raman activity. Raman spectra of
1T"-RuSisNy and 177-OsSioNy exhibit seven and six prominent Raman intensities (labeled
with numbers), respectively, indicating that they are observable in a Raman measurement.
To elucidate the vibrational properties of the 17'-MSi, N, nanosheets, the motions of the
atoms in the optical segment of the vibrational spectrum of 17"-RuSi;N4 and 177-OsSisNy
monolayers are shown in Fig. 4(b) and Fig. S5 of the Supplemental Material [55], respec-
tively. Since the 17" systems are constructed using a 1 x 2 superlattice, they can be regarded
as consisting of right and left RuSioN, pairs, denoted by the letters L and R, respectively.
The I-peak is mostly dominated by the opposite out-of-plane vibration of Ru atoms. For
the Raman mode labeled as II, all atoms in the primitive cell vibrate along different direc-
tions, with the dominant vibrations coming from the Ru and Si atoms. For the III-peak,

the dominant vibration is the out-of-plane motion of the boundary N atoms against each
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Fig.3_Molecular_Dynamics.png

FIG. 3. The variations of gradient values of the total energies for (a) 17’-RuSiaNy4 and (b) 17'-
OsSis Ny monolayers with respect to the simulation time at 300 and 600 K. The insets illustrate
the ultimate snapshot of atomic arrangements at the end of the simulation. Eg and E represent

the total energies of the systems at 0 K and elevated temperatures (300 and 600 K), respectively.
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other. The phonon mode VI arises from the mixed vibration of all atoms in the unit cell,
with the atomic vibrations of the N atoms in the L pair being more dominant. The V-peak
is mainly attributed to the strong out-of-plane vibration of the boundary N atoms in the
L pair against each other. The VI- and VII-peaks mainly originate from the out-of-plane
vibrations of the inner N atoms in the R and L pairs, respectively. Hereby, the computed
Raman spectrum and the peak positions of Raman-active modes can be effectively utilized

to characterize the 17T’-MSiyN, nanosheets.

Fig.4_Raman.png

FIG. 4. (a) The calculated Raman activity spectra of the 17’-RuSisN4 and 17”-OsSi3N4 monolay-
ers. (b) The corresponding atomic displacements in some of the prominent Raman active modes

for the 1T’-RuSisNy monolayer.

C. Elastic Properties

After revealing the dynamical and thermal stability of 17’-RuSi;N4 and 17"-OsSisNy
monolayers, their elastic-strain tensor elements (C;;) are computed to investigate their me-
chanical stability and elastic properties. In the 2D 17" structures, four non-zero elastic
constants should be evaluated, which are Cy;, Cs, Cia, and Cg. The calculated Cj; are
listed in the Table II. The calculated elastic constants satisfy the Born-Huang elastic sta-
bility criteria [64, 65] [C11Ca - C3, > 0 and Cgg > 0] for 2D rectangular lattice, verifying
the mechanical stability. Having secured that 17’-RuSi;N4 and 17’-OsSisNy crystals pos-

sess energetic, dynamical, thermal, and mechanical stability, we proceeded to investigate
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the mechanical response of these materials, particularly in terms of in-plane stiffness (or 2D
Young’s modulus, Yap), Poisson’s ratio (v), and ultimate tensile strain (UTS). Due to the
anisotropic geometry of the structures, it is expected that they exhibit orientation-dependent
elastic properties. The orientation-dependent Y>p and v can be obtained using the formulas

given below;

C’116122 - 0122

01184 + 02264 + (—(CHCC%;_C%Q) — 2012)8202

Yon(0) = (2)

2
_ Cra(s* +¢*) — (C1y + Copy — —(Cncézﬁ 012))5202 3)

01184 + 02204 + (—(CHC(?,ZG_C%Z) — 2012)8202

v(0)

where s and ¢ stand for sin(0) and cos(#), respectively. The diagram of Y5p(6) as 6 spans
a whole 360° circle is displayed in Fig.5(a). The Y5p, which is defined as the measure of
stiffness or flexibility of a 2D material is calculated to be 358 and 369 N/m for the z and y
directions, respectively, for 17’-RuSiysN, monolayer, while these values are found to be 343
and 363 N/m for 17'-OsSioNy. The highest value of Ysp for 17"-RuSisNy and 17"-OsSioNy
monolayers are estimated as 443 and 449 N/m, respectively, at § = 45°. The directional
anisotropy profiles of Y5op in the studied systems are similar; however, in 17"-OsSisNy, it
is more pronounced as atomic bond lengths between Os and N atoms (dps_n) are slightly
longer than dr,_n. As compared to similar 17" crystals, the proposed systems are more
flexible than the 17"-WSi;Ny nanosheet ( VA" = 452 and Y;5**= 485 N/m ), but stiffer
than the 17"-WGeyNy4 monolayer, with the maximum (minimum) value of 368 (303) N/m
[34]. For 2D ultrathin materials, large and anisotropic elastic constants and in-plane stiffness
are highly desirable for a wide range of applications, particularly in elastic energy storage.
Next, v(6), which can be defined as the negative ratio of transverse contraction strain to
longitudinal extension strain in the direction of the applied stretching force, is calculated
and presented in Fig.5(b). The numerical values of v in the z and y directions (v* and 1Y),
along with the minimum/maximum value obtained (™" /™) are summarized in Table
II. v* / v¥ are found to be 0.37/0.38 and 0.37/0.40 for single-layers 17’-RuSi;N4 and 17"-
OsSigNy, respectively. The v(6) evolution in both systems is similar to each other, with a
maximum along y direction and minimum at median angles with respect to principal axes
(0 = 45°). The variations of v(0) within 17"-OsSi;Ny monolayer are more evident than

those in 17”"-RuSisNy, indicating a higher level of anisotropy in the Os-based system. We
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also investigated the ultimate tensile strain (UTS), which is another essential intrinsic me-
chanical property of 2D ultrathin materials. UTS is the maximum value of tensile strain
that a material can withstand before its failure. Strain is typically present in experiments,
whether it is intentionally introduced or occurs intrinsically. In the process of strain engi-
neering for a 2D material, the structure can be subjected to extreme strains. Whenever a
material lacks sufficient strength to tolerate high levels of strain, its structural integrity can
be damaged under severe deformation, and the expected performance cannot be achieved.
Thus, materials possessing high UTS are typically favored for applications where the ability
to withstand maximum loads and ensure durability is crucial. In 2D materials, an applied

strain can be calculated by the following expression;

e= 1" (4)

ay
where a and a represent the lengths of the lattice constants for the strained and un-

strained structures along the direction of strain, respectively. Based on Eq.4, uniaxial-z,
uniaxial-y, and biaxial strains were induced to the 17’-MSisN4 monolayers. To estimate
UTS, a 3x3x1 supercell is initially constructed to reduce the artificial effects stemming from
a small unit cell size, and then the amount of stress imposed into the system under various
types of tensile strain is measured. The calculated UTS values of the 17" compounds for
applied strains along z (UT'S*), y (UTSY), and zy (UT'S™) directions are listed in Table II.
In addition, the obtained stress-strain curves for 17’-RuSisN, and 17-OsSis N, nanosheets
are shown in Figs. 5(c) and 5(d), respectively. It can be observed that in both systems up
to approximately 9%, the stress rate is proportional to the strain and the stress-strain curve
remains linear, indicating the elastic regime’s range. After this threshold, the range of plas-
tic deformation begins. Within this regime, as the applied tensile strain increases, in-plane
stress steadily rises until it reaches the maximum stress level. For 17’-RuSiyN, monolayer,
UTS*, UTSY, and UTS™ are found to be 22%, 17%, and 13%, respectively. Similarly, for
the 177-OsSiyNy structure, UTS is achieved at 22%, 17%, and 14% uniaxial-z, uniaxial-y,
and equi-biaxial strain levels, respectively. In both crystals, the fracture strain point occurs
earlier along the y direction than that of z direction which is due to the quasi-1D nature of
the crystal lattice. For the sake of comparison, the ultimate strain for 1H-MoSi;N4 mono-
layer is obtained at 19.5% [66]. A larger plastic deformation range under biaxial strain

is observed for 17"-RuSisN4 compared to 177-OsSi,Ny4, which is coherent with the more
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pronounced ionic character of Os—N bonds relative to Ru—N bonds. This aligns with the

smaller maximum tensile strain exhibited by 17’-RuSi;N, monolayer.

Fig.5_Mechanical.png

FIG. 5. The schematic diagram of the orientation-dependent elastic properties, (a) in-plane stiffness
(Yap) and (b) Poisson’s ratio (v), and the variation of stress as a function of biaxial and uniaxial

(z and y directions) strains for (¢) 17"-RuSiaNy and (d) 17’-OsSiaN4 nanosheets.

D. Electronic Properties

Next, we investigate the electronic properties of the RuSisN, and OsSi;Ny systems (for
1T and 17" phases). The computed electronic band structures and the orbital-projected
density of states (PDOS) are displayed in Fig.6. The electronic band structures are initially
calculated using the GGA-PBE functional. It is evident that the 17-MSisN, structures

exhibit ferromagnetic metallic characteristics, with M-d and N-p states crossing the Fermi
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TABLE II. For the 17’-RuSipNy and 17'-OsSisN4 monolayers, relaxed-ion elastic coefficients, Cj;,

in-plane stiffness, Yap, Poisson’s ratio, v, and ultimate tensile strain (UTS).

Crystal Cll 022 012 066 Yﬁ) YYQ};D Y;ﬁax v I/min/ymax Urs*xuTsy UTS*

Structure  (N/m) (N/m) (N/m) (N/m) (N/m) (N/m) (N/m) (=) (=) (=) (%) (%) (%)

1T'-RuSigN, 416 | 428 | 156 | 179 | 358 | 369 | 443 |0.37]|0.38]/0.23/0.38 | 22 17 13

1T7'-OsSigNy 403 | 426 | 159 | 184 | 343 | 363 | 449 [0.37]|0.40]0.21/0.40| 22 17 14

level and a net magnetic moment. On the other hand, it is computed that the 17"-M SisNy
monolayers are nonmagnetic materials and exhibit indirect bandgap semiconductor proper-
ties. A similar electronic transition has also been reported for various TMDs [13, 18, 67].
The calculated energy bandgaps at the level of GGA-PBE (E}®") are found to be 0.27 and
0.34 eV for 1T’-RuSisNy and 177-OsSisN,4 monolayers, respectively. In both 17" crystals,
the locations of the conduction band minimum (CBM) and valence band maximum (VBM)
are situated around the I'-S and I" points in the band structure, respectively. The metallic
1T structures are prone to instability and transform to stable semiconducting 17" phases.
Since the Peierls distortion is a metal-semiconductor transition in quasi-one dimension, this
type of phase transition also takes place in the present study. Upon repeating the cal-
culations with the hybrid functional HSE06, we obtained wider energy band gaps (E;{SE)
compared to PBE calculations which is attributed to the shifting of the conduction bands
to higher energy values. Nevertheless, the band structure profiles remained unchanged. The
acquired E;{SE values for the 17"-RuSi,N4 and 177-OsSipsN, monolayers are 1.40 eV and
1.47 eV, respectively. These values fall within the infrared part of the optical spectrum. As
a comparison, for single-layer 7"-MoSi;Ny and T'-WSiyNy structures, E}SF is reported to
be 0.06 and 0.13 eV, respectively [34]. To analyze the contribution of the orbitals to the
electronic band structures of the 17" nanosheets, the projected density of states (PDOS) is
calculated, and the corresponding results are presented on the right side of the electronic
band diagrams. As can be seen, the major contribution to the VBM and CBM comes from
the d orbitals of M (Ru, Os) atoms and p orbitals of N atoms. A minor contribution arises
from the p orbitals of Si atoms at the upper part of the Fermi level and M-p orbitals below

the Fermi level.

19



Fig.6_electronic.png

FIG. 6. The electronic band structure and the corresponding orbital projected density of states
(PDOS) of 1T- and 17’-MSiaNy structures. Two-dimensional Brillouin zones of both phases are

also displayed at the insets.

E. Optical Properties

Lastly, the optical properties of stable 17'-MSi;Ny structures are investigated. The tran-
sition of electrons between the valence band and the conduction band is a crucial absorp-
tion process in semiconductors, particularly for their applications in optoelectronic devices.
When a specific wavelength of light illuminates a semiconductor material, electrons absorb a
certain amount of energy (photon) to propagate across the forbidden band. This transition
results in the electron shifting from a low-energy state to a high-energy state. The optical
response of 2D materials can be determined by examining the frequency-dependent complex
dielectric function, e(w), which depends on the interaction between electrons and photons
under electromagnetic radiation and can be formulated as [e(w) = £1(w) + ie2(w)]. The
imaginary part of the dielectric function [e5(w)] can be calculated according to the momen-
tum matrix element between occupied and unoccupied wave functions, while the real part
[e1(w)] can be estimated from e5(w) using the Kramers-Kronig relations. Once the dielec-
tric function is obtained, a variety of optical properties such as absorbance and absorption

coefficient can be derived from it. The direction-dependent variation of €o(w) with photon
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energy for in-plane light polarization in 17’-M Sis N4 monolayers, calculated within PBE and
HSEO06 functionals, is presented in Fig. 7. The anisotropic structure of the 17" nanosheets is
also mirrored in the optical absorption. The anisotropic optical response of these systems is
desirable for optoelectronic devices because it enables the manipulation of light propagation
properties, such as reflection, refraction, and phase velocity. The first peak of the spectrum
in the z and y directions for the 17"-RuSiosN, (OsSioNy) monolayer is located within the
visible light range, approximately at 2.09 and 2.41 eV (2.10 and 2.86 eV) respectively. This
aligns with the direct electronic bandgap of the crystals. According to the computed imag-
inary part of the dielectric function, the primary peak corresponds to the transition from
the VB to the CB states. Consequently, the energy values mentioned above are ascribed to
the fundamental bandgap of the designed nanostructures. By examining the plots of e3(w)
and the orbital-projected density of states for both 17"-MSi;N, nanosheets, the obtained
energy values are mainly attributed to the interband transitions from d orbitals of M atoms
and p orbitals of N atoms in VBM to M-d and N-p orbitals in CBM. Furthermore, as illus-
trated in the figure, the initial absorption peak in both materials occurs within the visible
light spectrum, while the second peak remains in the near-UV region. These materials with
high optical capabilities in both the visible and ultraviolet spectral ranges, are promising
candidates for applications in visible-light solar harvesting and utilization, as well as for use

in UV sensing devices.

IV. CONCLUSION

In conclusion, inspired by the recent synthesis of high-quality MoSi,N, and WSi;N, crys-
tals, we conducted an investigation into the stability and fundamental properties of 1H-, 17,
and 17"-phases of M SisN, (M= Ru and Os) nanosheets through first-principles calculations.
The obtained results of cohesive energies (E¢) suggest that the 17" structures are both ener-
getically and structurally more stable than their 14 and 17 counterparts. Our vibrational
frequency analysis revealed that, while the MSi;N; monolayers are dynamically stable in
their distorted 17" phase, the phonon spectra of the 1H and 17T phases exhibit imaginary
phonon modes, indicating their dynamical instability. The results of ab initio molecular dy-
namics simulations indicate that the 17”-M Si,N, nanosheets can maintain their structural

integrity at elevated temperatures, even up to 600 K, confirming their thermal stability. The
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Fig.7_Optical.png

FIG. 7. Direction-dependent variation of the imaginary part [ea(w)] of the dielectric function
versus photon energy for in-plane polarization in 17’-M SisN4 monolayers. The red and blue lines

represent computations based on the GGA-PBE and HSE06 functionals, respectively.

analysis of mechanical properties shows that, owing to the intrinsic structural anisotropy,
the 17"-MSiysN, monolayers exhibit direction-dependent in-plane stiffness (Y3p), Poisson’s
ratio (v), and ultimate tensile strain (UTS). The 2D 17" crystals exhibit large values of Yap
in different orientations and own high UTS, particularly under uniaxial-z strains, indicating
their rigidity and suitability for strain engineering. It was found that, while the 17T-MSi;Ny
monolayers exhibit a ferromagnetic metallic character, 17" phases possess a nonmagnetic
semiconducting ground state. The calculated electronic band structure at the level of HSE06
reveals that 17"-RuSi;N4 and 177-OsSi; N4 monolayers have indirect band gaps of 1.40 eV
and 1.47 eV, respectively. Additionally, the analysis of optical properties demonstrated that
the 17" systems exhibit direction-dependent high light absorption within the visible and
near-ultraviolet regions of the spectrum. Our study reveals that the proposed 17"-MSisNy
nanostructures are promising materials for optoelectronic applications, given their enhanced

mechanical, electronic, and optical properties.
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