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ABSTRACT

Nanowires play an important role in various applications, especially in exploring their electronic properties. While their mechanical
properties have also demonstrated potential, they have not yet been fully theoretically investigated to determine their specific
mechanical properties. The goal of this study is to investigate the mechanical properties of SiO nanowires using density functional
theory and a first-principles approach. The mechanical properties along (001), (110), and (111) orientations were examined. The
strains of 0.1164 x 10-5,0.12 x 10-5, and 0.115 x 10-5 for each of the three orientations, with moduli of 149.5 GPa, 75.5 GPa, and 85.1
GPa, were found. The total energies along the same orientations (001), (110), and (111) were found to be -1.33, -1.35, and -1.37 eV,
respectively. The corresponding Debye temperatures were 676.14 K, 454.70 K, and 616.26 K. The values of Frantsevich's ratios of
0.38,0.22, and 0.36 along with Poisson's ratios of 0.33, 0.40, and 0.34 confirmed that the nanowires in all crystal directions are ductile.
These results demonstrate that the first-principles approaches utilised in this study to study SiO nanowires' characteristics were able
to capture the exact behavior of the nanowire parameters.
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1. INTRODUCTION affect this stiffness. Due to the potential of regulating
devices with smaller dimensions, nanotechnology has lately
Nanowires have wide applications in advanced materials, drawn the interest of various researchers working in this

biotechnology, electronic technology, photology, and so area [2]. This possibility has attracted greater interest. By
forth. Studying and controlling the mechanical behaviour of ~ enabling the production and use of a variety of structures
nanowires is of great significance. Nanowires are often and geometries, technology has enabled the establishment
observed to be size-dependent, owing to their nanoscale of various new options for defining the fundamental
size [1]. Compared to their bulk counterparts, nanowires behaviour of devices [3-5]. The structure may be created
frequently exhibit extraordinary strength. The increased  and constructed from the top down or the bottom up [6-9].
strength is ascribed to the decreased quantity of structural Additionally, the method has facilitated the fabrication of
flaws and displacements, in addition to the lack of grain novel nanostructures for a range of applications. It has
boundaries within the extended, uninterrupted structure. opened up two distinct avenues: nanodevices and
When subjected to stress, nanowires with high elasticity can nanomaterials. The result of modifying the atomic
flex and revert to their former shape. This characteristic is arrangement offers enormous opportunities for the
essential for applications that call for materials resistant to development of unique nanomaterials that are not possible
repeated mechanical deformation, nanowires are very in the conventional sense [10]. The most popular and
sturdy despite their small size. Defects, crystal structure, advanced technique is the first-principles approach, which
and material composition are some of the variables that does not depend on experimental data to determine the
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genuine and reliable behaviour of the device. This is
achievable because the atomic arrangement imparts a
whole new appearance to the structure, and the geometries
affecting the device's mechanical characteristics are readily
identifiable [11]. Numerous research has shown the
feasibility of conducting controlled experiments on
molecular-scale Si0O nanowires utilising an array and
orientation with a very small diameter [12]. When
materials' diameters are lowered to the nanoscale, their
mechanical properties become more sensitive to a variety
of causes and circumstances [13]. The mechanical
sensitivity of nanowires is related to their size, shape, and
orientation, as revealed by the researchers [14]. Numerous
researchers [7] have thoroughly investigated the influence
of these parameters on the mechanical properties of silicon
nanowires experimentally, but the degree to which these
variables exist theoretically remains an open subject [15].
In terms of silicon shape, many researchers [3] argued that
circular cross-sections are more resistant to strain than
square cross-sections; hence, this study is important for
better understanding circular nanowires and verifying past
results [16]. This is because the full force will be distributed
uniformly throughout the N atom chains that make up the
nano rod's cross-section [17]. Strain and stress are critical
mechanical qualities; strain is defined as the ratio of the
change in Several predictions about the mechanical
characteristics of macroscopic silicon structures have been
obtained using density functional theory. A certain amount
of brittleness may be present in some nanowires, especially
those composed of brittle materials. The mechanical
characteristics of nanowires are mostly dependent on their
size; however, their small size can result in unusual failure
processes and, in some situations, increased ductility as
compared to bulk materials. Mechanical behavior is
influenced by quantum effects, which grow more
pronounced as the nanowire size decreases. For instance,
the local density approximation (LDA) model in
combination with the generalised gradient approximation
(GGA) model indicates that size influences mechanical
characteristics [18-23]. As a result, more investigation is
advised. Theoretically, by using density functional theory
(DFT) to determine the mechanical properties of silicon
nanowires, ABINIT was utilised in conjunction with
MATLAB to construct an interaction between various
mechanical parameters such as modulus, strain, and stress.
The mechanical properties of nanowires can be greatly
influenced by their enormous surface-to-volume ratio. In
comparison to bulk materials, surface effects can result in
modified deformation mechanisms, increased hardness,
and different fracture behavior. Nanowires can also show
distinctive thermal behavior. Thermal variations can have a
more noticeable impact on the mechanical response of a
material at the nanoscale. Comprehending and adjusting
these mechanical characteristics is essential for
customizing nanowires for particular uses, including in
energy storage, sensors, nanoelectronics, and other
domains linked to nanotechnology. Thus, the aim of the
study is to determine the mechanical and vibration
properties of SiOoo1, SiO110, and SiO111 nanowires using the
first principles approach which is vital in applications such
surface modification.
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2. COMPUTATIONAL METHODS FOR DETERMINING
NANOWIRE MECHANICAL PROPERTIES

Strain is defined as a change in form or size, and mechanical
attributes are determined using mechanical characteristics.
Hooke's law states that stress is proportional to strain for
small strains. In this study, the (100) orientation was
employed to generate all mechanical force along the (111)
direction. A kinetic energy cutoff of 20 eV Hartree and a
supercell size of 1 x 1 x n (wheren =1, 2, 3, 4, 5, 6) were
used to contribute to the energy of atoms interacting with
one another. There is an eight-layer vacuum layer between
the wires. The generated density ang log files were
processed using MATLAB to compute mechanical
properties. Numerous similar studies have been conducted
using other materials, confirming the reliability of this
approach. The use of MATLAB was essential due to the
computational limitations of ABINIT, which struggled with
large atomic systems, leading to significant structural
interactions. The LDA and GGA are basic models for local
density calculations. These models are based on theorems
used throughout the calculation and generalisation process
that resulted in an appropriate approximation equation.
The explicit dependence of exchange-correlation energy on
electron density is approximated using an electron density
gradient. For slowly varying electron densities, the gradient
approximation models result in the following form of the

exchange-correlation energy functional as shown in
Equation (1).
4 Vp

In this situation, the coefficients A and C are functions of
electron density and, in principle, can be derived from
formal considerations of the equation, as shown in the
graph below. Alternatively, constants that have been fitted
to the data might be used in place of these variables. It has
been possible to improve the accuracy of the
approximation's extension by including the value of the
exchange correction in the case of exchange energy in the
equation. The LDA coefficient is obtained as a consequence
of this model equation, which is statistically significant. As a
result of this novel approach to approximating the
exchange-correlation energy, a device that also uses
electron density gradients in conjunction with generalised
gradient approximation (GGA) was able to generate an
intriguing solvable equation that could be used in other
applications as well.
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The exchange-correlation energy density of a uniform
electron plasma may be calculated in a variety of methods,
including the local density technique (i.e., using reference
data for the uniform electron gas). Analytical formulations
for exchange-correlation functions range from those that
depend primarily on experimental data to those that rely
heavily on exact physical or mathematical features of the



exchange-correlation function, with no or few free
parameters. The GGA's exchange-correlation functional
may be produced using a variety of empirical components,
such as the electron density and gradient; this is known as
the empirical approach (ECF). The parameters were
computed using the least squares method using training
data that comprised reference numerical values for total
energies, ionisation potential, energy gradient, and
exchange-correlation potential. This method generates a
wide range of features. The local parameters of the electron
density at a specific site are determined by both LDA and
GGA (r). LDA only needs r. Both the electron density and its
gradient are necessary in the GGA condition, as shown in
Equations (3) and (4).

Eslo]=[dro(r) g5 (0. V0.V p,7) @)
where
T= ZZ— %(D*i (?)Vz(pi (?) @)

When the dependency on higher derivatives is considered,
a new class of semi-local functionals arises. Here the kinetic
energy density is a function of electron density. Meta-GGA
functionals are often employed in the same way as the GGA
functionals discussed earlier. However, there is growing
interest in using this approach for calculating the exchange-
correlation energy. Both the LDA and GGA models are
paired with the Hartree-Fock theory, which is one of the
fundamental convergence methods for many-body atomic
systems. This pairing helps achieve convergence. The model
is built using a rudimentary approximation to the real
many-body wave function, which has a wave function
within the platform of density functional theory as shown in
Equations (5), (6), (7), (8), (9) and (10) [8].
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3. RESULTS AND DISCUSSION

Table 1 shows the calculated elastic properties used to
characterize the elastic performance of silicon oxide
nanowires SiOoo1, SiO110 and SiO111. The elastic structures
are predicted by formal. The calculated Ci1 (GPa) are
1824.15, 1480.29, 1724.98 for SiOoo1, SiO110 and SiO111,
respectively and Ci2 (GPa) are 1234.40, 1105.25, 1183.41
for SiOoo1, SiO110 and SiO111. The Cs44 (GPa) are 826.06,
348.05, 717.48 while the Ci1 - C12 (GPa) are 589.75, 375.04,
541.57 and C11 + 2C12 (GPa) are 4292.95, 3690.79, 4091.8.
The bulk modulus B are 430.98,1230.27,1363.93 and Shear
modulus G are 546.85,271.55.485.53 and Young's modulus
Y are 1453.01, 758.73,1300.59, Shear anisotropy A are 2.80,
1.86, 2.65. Poisson's ratio n, 0.33, 0.40, 0.34 and
Frantsevich's ratio G/B 0.38,0.22, 0.36 and Pugh's ratio B/G
2.62,4.53, 2.81 and Density p (g/cm3), 1.96, 2.14, 2.06 and
Debye temperature 6D (K) 676.14, 454.70, 616.26. The
results provided useful insights into atomic vibrations, as
observed in the Debye temperature where (K) 676.14,
454.70, 616.26 and its crystal's highest normal mode of
vibration which correlates with the elastic properties of the
materials as shown in Table 1. Properties such as phonons,
thermal expansion, thermal conductivity, specific heat, and
lattice enthalpy can be found in these results.

Based the Table 1, the elastic properties of the SiO crystal
structures, specifically the elastic constants C11, C12, and Cas,
reveal significant variations among the different
crystallographic orientations (SiOoo1, SiO110, SiO111). Cu1,
which measures the stiffness along the principal
crystallographic axis, is highest in SiOgo1 at 1824.15 GPa,
indicating that this orientation is particularly resistant to
deformation along this axis. In contrast, SiO110, with a C11
value of 1480.29 GPa, exhibits the lowest stiffness, making
it more susceptible to deformation. The C12 constant, which
reflects the interaction between different crystallographic
axes, is also highest in SiOoo1 (1234.40 GPa), suggesting

Table 1. Calculated elastic, thermodynamic and vibration properties of SiOoo1, SiO110, SiO111

Properties Calculated Values

SiOoo1 SiO110 SiO111

C11 (GPa) 1824.15 1480.29 1724.98

Ci12 (GPa) 1234.40 1105.25 1183.41

Cas (GPa) 826.06 348.05 717.48

C11- C12 (GPa) 589.75 375.04 541.57

C11 + 2C12 (GPa) 4292.95 3690.79 4091.8

Strain 0.1164 x 10-5 0.1210 x 10-5 0.1150 x 10-5

Total energy -1.33 eV -1.35eV -1.37 eV

Bulk modulus, B 1430.98 1230.27 1363.93

Shear Modulus, G 546.85 271.55 485.53

Young’s modulus, Y 1453.01 758.73 1300.59
Shear anisotropy, A 2.80 1.86 2.65
Poisson’s ratio, n 0.33 0.40 0.34
Frantsevich’s ratio, G/B 0.38 0.22 0.36
Pugh’s ratio, B/G 2.62 4.53 2.81
Density, p (g/cm3) 1.96 2.14 2.06

Debye temperature, 6D (K) 676.14 454.70 616.26
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strong coupling between these axes. Conversely, SiO110 has
the lowest Ciz (1105.25 GPa), indicating weaker
interactions. Cs4, associated with the material's resistance to
shear deformation, follows a similar trend, with SiOoo01 being
the most resistant (826.06 GPa) and SiO110 being the least
(348.05 GPa). These variations in elastic constants highlight
the anisotropic nature of SiO crystals, where different
orientations exhibit distinct mechanical properties.

The thermodynamic properties further illustrate the
differences in behavior among the SiO crystal orientations.
The strain values indicate how much the material deforms
under stress, with SiO110 showing the highest strain (0.121
x 10-%), meaning it deforms more than SiOoo1 and SiO111.
Total energy, a critical factor in determining the stability of
a crystal structure, is lowest for SiO111 (-1.37 eV), suggesting
that this orientation is the most stable. SiOoo1, with a slightly
higher total energy of -1.33 eV, is less stable. The bulk
modulus (B), which measures resistance to uniform
compression, is highest in SiOoo1 (1430.98 GPa), indicating
that this orientation is the most resistant to compression.
SiO110, with the lowest bulk modulus (1230.27 GPa), is less
resistant to compressive forces. The shear modulus (G) and
Young’s modulus (Y), which respectively measure
resistance to shape changes and stiffness under tensile
stress, follow the same pattern, with SiOoo1 being the most
resistant and stiff, while SiO110 is significantly less so.

Anisotropy and material ratios such as shear anisotropy (A),
Poisson’s ratio (v), Frantsevich’s ratio (G/B), and Pugh’s
ratio (B/G) provide further insights into the directional
dependence of these properties and the ductility of the
materials. SiOoo1 exhibits the highest shear anisotropy
(2.80), indicating significant directional dependence in its
shear modulus, while SiO110, with a lower anisotropy (1.86),
is more isotropic. Poisson’s ratio, which indicates the extent
of lateral expansion under compression, is highest in SiO110
(0.40), suggesting that this orientation undergoes more
significant lateral expansion than SiOoo: (0.33). The
Frantsevich’s ratio (G/B), a measure of ductility, is lowest
for SiO110 (0.22), confirming its higher ductility compared to
the other orientations. Pugh’s ratio (B/G), another indicator
of ductility, is highest for SiO110 (4.53), further supporting
its characterization as the most ductile of the three
orientations.

Finally, the vibrational properties, including density (p) and
Debye temperature (6D), offer insights into the thermal
behavior of these crystal structures. SiO110, with the highest
density (2.14 g/cm?), suggests a more compact atomic
structure compared to SiOoo1, which has the lowest density
(1.96 g/cm?). The Debye temperature (8D), which is related
to the material's thermal conductivity and specific heat, is
highest for SiOoo1 (676.14 K). This indicates that SiOoo1 has
higher thermal conductivity and lower specific heat, making
it more suitable for applications requiring efficient thermal
management. In contrast, SiO110, with the lowest Debye
temperature (454.70 K), would have lower thermal
conductivity and higher specific heat, potentially limiting its
use in high-thermal-conductivity applications.

In summary, the SiO crystal structures exhibit distinct
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mechanical, thermodynamic, and vibrational properties
depending on their crystallographic orientation. SiOoo1 is
characterized by high stiffness, resistance to deformation,
and superior thermal properties, making it suitable for
applications requiring high mechanical strength and
thermal conductivity. SiO110, on the other hand, is more
ductile, less stiff, and has lower thermal conductivity, which
might make it more appropriate for applications where
flexibility and lower thermal conductivity are desired.
SiO111 serves as a middle ground, balancing the properties
of the other two orientations, and could be used in
applications where moderate mechanical and thermal
properties are required. The equations show the
relationship among these parameters, where Ci1, C12, and
Cas are elastic constants.

Cll_Clz >0, C11> 0,C44 >0 and (C11+2C12)>0 (5)
C,+2C
B = i 12 6
3 (6)
2C,,
= )
C11_C12
N (3B-2G)
= AR L) (8)
2(3B+G)
_ 9BG .
3B+G ()

where the shear modulus (G) was estimated by Hill using
Voigt's (Gv) and the Reuss’s (Gr) approximations.

1

G, Zg(cn_clz +(3C44)) (10)

This section discusses the findings acquired by using
different crystallographies and orientations of silicon
nanowires to get different effects. Using first-principles
local density approximation (LDA) combined with
generalised gradient approximation (GGA) inside density
functional theory (DFT) in Ab-Initio ABINIT Software, the
elastic characteristics of SiO nanowires are computed.
Several mechanical properties of silicon nanowires have
been discovered and described. It is made up of atoms that
are linked together by covalent bonds to form crystalline
silicon. Because each atom is tetrahedrally connected to
four nearby atoms, it is possible to identify the motion of
atoms by using the equations of lattice dynamics [2] to
determine their positions. The elasticity of a material is
caused by the interatomic forces that exist between the
atoms that are linked. The duration of this research was
chosen since we are interested in tensile stress in this area.
To calculate the stress, it is essential to identify the elastic
constants, according to [2]. Elastic constants, Ci, can be
obtained by computing the energies of deformed unit cells;
the deformation strain tensor, e, with six independent
components is given as in Equation (11).
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Self-imposed relaxation is assumed in all strained unit cells
as a result of the interaction and the convergence indicator
parameter is the total energy which changes concerning the
strain tensor and all the mechanical properties were
computed based on the calculated given in Equation (12).

E(e) = E(0) - p(\/)+\éZCijeiej +0[e’] (12)

where E (0) and E(e) are the internal energies of the initial
and strained lattices, respectively, V is the volume of the
unstrained lattice, p(V) is the pressure of the undistorted
lattice at volume V, AV is the change in lattice volume due to
the strain, e is the strain tensor and the O[e3] term can be
omitted. Once Cij values are known, mechanical quantities,
such as bulk, shear and young's moduli etc, symbolized as B,
E and G, can be computed according to the Equations (13),
(14) and (15):

1
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All the targeted parameters were obtained using the above
quations and to optimize the elastic coefficients or elastic
constants C11, C12 and Ca4, the results for the bulk modulus
(C11 + 2C12)/3 and shear modulus Ci11 — Ci2 are used to
determine the elastic coefficients. It can be seen that at zero
strain in Figure 1, the values obtained for C11, C12 and C44 are
149.6 GPa, 75.5 GPa and 85.1 GPa respectively. The pure
shear modulus Cas increases slightly as almost as a straight
line with increasing strain whereas the other modulis
increases with increasing strain. Moreover, all the modulis
except for pure shear modulus C44 have the same linear
slope. The calculated bulk modulus which corresponds to
(C11+2C12)/3is 100 GPa.

It is possible to determine the fluctuation of the Poisson's
ratios as the stiffness coefficients are calculated. As seen in
Figure 1 (b), the Poisson's ratio for SiO nanowires in the
(001), (110), and (111) directions is equal to 1. Poisson's
ratios will have varied elastic properties depending on the
direction you are facing in the SiNW [3]. The Poisson's ratio
for SiO nanowires ranges from 0.10 to 0.75, depending on
their size. In all three cases, the values of Poisson's ratios
grow as the strain increases. It is more than twice as big as
the remainder of the Poisson's ratio of the SiO nanowires in
the direction of (111). This is because SiO nanowires in the
(111) direction are more stable and can bear a greater
strain rate than those in the other directions. Consequently,
to fracture it, greater force must be applied to the Si-Si bond
to break it. They are good vehicles for investigating the
mechanical characteristics of silicon at the nanoscale, and
they are made of silicon nanowires. Because of the
enormous surface area to volume ratio of nanostructures,
several fundamental material characteristics and
mechanical qualities that are significant size-dependent at
the macroscale become strongly size-dependent at the
nanoscale. Comparing silicon nanowires (SiO nanowires)
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0Tk e -1 |
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Figure 1. (a) Bulk modulus and other elastic moduli C11, C12, and Cs4 (b) Poisson’s ratio in the {001}, {110} and {111} directions of SiO
nanowires as functions of the strain
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with their bulk counterparts, these huge surface area to
volume ratios have a major impact on the elastic moduli of
different diameters of silicon nanowires. Theoretical and
experimental research have both shown that this is true. It
shows the connection between the (001), (110), and (111)
directions of Si0 nanowires when they are subjected to
tension stress in the Figure 2.

As can be noticed, due to the reduction in the bond distance,
the SiO nanowires flexed elastically, resulting in a uniform
increase in the distance between the silicon atoms in the
(001), (110), and (111). When one atom interacts with
another atom, molecular vibration occurs. The elastic
deformation caused by this molecule vibration is known as
elastic deformation. In the context of stress, the
proportional limit is the amount of stress at which the
connection between stress and strain is no longer linear.
While under tension, the SiO nanowires exhibit elastic
deformation with a reverse effect at strains of 0.1164 x
105, 0.1210 x 105, and 0.1150 x 105 for the (001), (110),
and (111) directions correspondingly (see Figures. 1 and 2
for more information). All three directions have strong
fracture strength, however, SiO nanowires in the (111)
direction have the maximum fracture strength at 415 GPa,
which is the highest of the three directions. The Young's
modulus of SiO nanowires falls as the wire width rises in all
three dimensions, regardless of the direction of rotation.
The anisotropy and size dependence characteristics of the
(001) direction are particularly prominent in this direction.
In general, the SiO nanowires are becoming gentler.
Nonetheless, after reaching a certain size, the Young's
modulus of the SiO nanowires will approach that of the bulk
silicon and will scarcely fluctuate from that value over time.
Increasing the size of the SiO nanowires results in a
significant rise in the surface-to-volume ratio [18]. Because
of the existence of free surface charge, the elastic properties
of the surface vary from those of the bulk because the
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surface atoms have a different context than atoms in the
bulk material. As a result, the elastic properties of the
surface differ from those of the bulk. Consequently,
softening or stiffening is dependent on the volume
contraction and bond loss, which also occurs in a reduction
along (001), (110), and (111) SiO nanowires due to the
densely packed plane of atoms along these three SiNW
directions. The total energy of the (001), (110), and (111)
directions of SiO nanowires is shown in Figure 3.

Total energy in eV for (001), (110),and (111) SiO nanowires
is -167.9, -168.1, and -168.4 for SiO nanowires with strain
equal to zero for the three different SiO nanowires. The total
energy of SINW at (111) is the lowest of the three other
elements [6]. Figure 3 (b) depicts the relationship between
total energy and system volume. SiO nanowires with (001),
(110), and (111) SiO nanowires have total energies of 1.33,
1.35, and 1.37 for volumes ranging between 3.6 and 4.0,
respectively. The SiO nanowires pointing in the direction of
(111) had the lowest total energy of the three types studied.
A large number of empirical potentials have been used to
explain the diverse orientations of these nanowires, and the
findings obtained have been evaluated and compared with
one another. The potential energy acquired prominence as
aresult of its ability to accurately characterise the structure
of silicon molecules. It is obvious from both images that SiO
nanowires oriented in the (111) direction have the least
amount of Kinetic energy. The energy released by the
breakage of the Si-Si bond is more advantageous in the
(111) direction than in the 0 direction. Stress/strain
relationships for silicon nanowires are found to be linear in
the length corresponding to the unstrained nano crystal,
allowing for an estimation of the stress and strain that
would be present in a nanowire inter-atomic interaction
from a substrate with the ends still attached to that
substrate. The stress is calculated by taking the derivative
of the fit to the total energy as a function of strain and
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Figure 2. (a) Stress-strain representations of SiO nanowires in the {001}, {110} and {111} directions (b) Young’s modulus concerning
wire width for {001}, {110} and {111} SiO nanowires
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Figure 3. (a) Total energy as a function of strain for {001}, {110} and {111} SiO nanowires (b) Total energy versus system volume

multiplying it by the strain. It is extremely clear from Figure
3 (a) that the parabolicfitis very good for the minor stresses
that have been applied (up to a few percent). In this
situation, the stress is equal to the Young's modulus times
the equilibrium strain, which is an estimate of the Young's
modulus times the equilibrium strain. Generally speaking, It
has been investigated if the tension varies with the size of
the object.

Based on Tables 2 and 3 comparing the mechanical
properties of SiO nanowires in various crystallographic
orientations with recent studies, several critical insights
emerge that highlight both the strengths and potential
limitations of the findings. For example, the strain values
observed in this study are consistent with prior research on
nanowire mechanics, where similar low strain values have
been associated with high stiffness and strength,
particularly in the (001) orientation. However, the slight
variations in strain across different orientations, as
reported here, suggest that SiO nanowires exhibit
anisotropic mechanical behavior. This anisotropy has been
reported in other materials, such as silicon and germanium

significantly influences the mechanical response. Recent
studies have similarly found that the (001) orientation often
provides the highest resistance to deformation, yet the
strain differences in this study, while minor, point to the
need for more detailed analysis using advanced techniques
like in situ TEM to capture the real-time deformation
behavior of nanowires under stress.

The Young's modulus values obtained in this study align
with the general trends observed in other nanowire
systems, where the (001) orientation tends to exhibit the
highest modulus due to its dense atomic packing. However,
the modulus values reported here, particularly the lower
modulus in the (110) orientation, contrast with some recent
findings where (110) oriented nanowires in other materials
have demonstrated higher stiffness than observed here. For
example, a recent study on Si nanowires found that the
(110) orientation exhibited a modulus close to that of the
(111) orientation, which is not the case in this study where
the (110) modulus is significantly lower. This discrepancy
could be attributed to differences in nanowire synthesis
methods, surface effects, or even computational modeling

nanowires, where the crystallographic direction parameters. Such differences highlight the importance of
Table 2. Mechanical properties of SiO nanowires
Orientation Strain Young’s Modulus Debye Frantsevich’s Poisson’s
(x10-5) (GPa) Temperature (K) Ratio Ratio
(001) 0.1164 149.5 676.14 0.38 0.33
(110) 0.1210 75.5 454.70 0.22 0.40
(111) 0.1150 85.1 616.26 0.36 0.34

Table 3. Total energies of SiO nanowires

Orientation Total Energy (eV)
(001) -1.33
(110) -1.35
(111) -1.37
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considering the specific synthesis and environmental
conditions when interpreting mechanical property data.

The Debye temperatures reported in this study provide
valuable insights into the thermal stability and atomic
bonding of Si0 nanowires, with the (001) orientation
showing the highest Debye temperature, indicating strong
atomic interactions. These findings are in agreement with
recent theoretical studies that have also observed higher
Debye temperatures for the (001) orientation in other
materials, such as ZnO and GaN nanowires, where strong
covalent bonding is present. However, the relatively lower
Debye temperature for the (110) orientation reported here
suggests weaker bonding interactions in this direction,
which contrasts with some recent studies that have
observed more uniform Debye temperatures across
different orientations. This variation could be due to the
specific atomic structure of SiO nanowires, where bonding
characteristics may differ significantly from other
semiconductor nanowires, underscoring the need for
further experimental validation, particularly through
temperature-dependent Raman spectroscopy or specific
heat measurements [24].

Finally, the total energy calculations, which indicate that the
(111) orientation is the most stable, align well with the
general understanding of stability in nanomaterials, where
lower total energy correlates with higher structural
stability. However, the fact that the (001) orientation,
despite its high Young's modulus, is the least stable
according to total energy calculations, highlights a crucial
aspect of nanomaterial design: high stiffness does not
always equate to high stability. This observation is
consistent with recent density functional theory (DFT)
studies on similar nanowire systems, where it has been
shown that surface effects and quantum confinement can
significantly alter the energy landscape, making certain
orientations more or less stable than others. The
comparison with recent studies reinforces the importance
of considering both mechanical properties and total energy
to comprehensively evaluate the suitability of nanowires for
specific  applications, particularly in fields like
nanoelectronics and nanomechanics, where both stability
and mechanical robustness are crucial. Thus, the study's
findings on the mechanical properties of Si0O nanowires
have significant practical implications for nanoelectronics
and materials science. The demonstrated ductility and
specific  mechanical properties across different
crystallographic orientations suggest that these nanowires
could be tailored for use in flexible electronic devices,
nanoscale sensors, and other advanced technologies. The
accurate predictions of strain, modulus, and energy values
provide crucial data that can inform the design and
optimization of nanowire-based components, enhancing
their performance and reliability in real-world applications.

4. CONCLUSION

Density functional theory was used to investigate the
mechanical characteristics, Vibration, and thermodynamic
total energy of SiO nanowires. Calculations were performed
using ABINIT code, which was implemented in Linux and

MATLAB scripts. The influence of silicon nanowire
mechanical characteristics and total energy on their varied
diameters and orientations was discovered. At (001), (110),
and (111), the mechanical characteristics and total energy
were measured. Many of the wire's mechanical properties
were determined by the atomic interactions inside the
strands. There were strains of 0.1164 x 10-5,0.1210 x 10-5,
and 0.1150 x 10-5 for each of the three orientations, with
moduli of 149.5 GPa, 75.5 GPa, and 85.1 GPa
correspondingly. SiO nanowires (001), (110), and (111) all
have a total energy of -1.33, -1.35, and -1.37 eV. The debye
temperature (K) of 676.14, 454.70, and 616.26 were found
to be correlating with the nanowire atomic vibration. The
value of Frantsevich's ratios 0.38, 0.22, 0.36 and Poisson's
ratios 0.33 0.40, 0.34 have fully confirmed the nanowires in
all crystal directions are ductile. Thus, theories, models, and
approaches utilized to study nanowire characteristics were
able to capture the exact behavior of the nanowire
parameters. In conclusion, nanowires experience
deformation in a very different way from large silicon. Large
silicon is very brittle and can easily break which means it
cannot be stretched or deformed very much. Nanowires on
the other hand are more resilient in sustaining bigger
deformation. The results showed that silicon nanowires
exhibit other properties such as increasing fracture
strength and decreasing elastic modulus as the nanowire
gets smaller. Thus, the first-principles approach used in this
study effectively captured the mechanical behavior of SiO
nanowires along different orientations, providing accurate
predictions of properties such as strain, modulus, and total
energy. However, limitations include the assumptions of
idealized conditions and perfect nanowire structures, which
may not fully reflect real-world variations. These
assumptions could impact the generalizability of the
findings, especially in practical applications where
imperfections and external factors play a role.
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