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Azugraphene is a carbon allotrope with remarkably low energy per atom, predicted in 2019. Despite this, its
mechanical properties and strain-dependent behavior remain largely unexplored. In this work, we perform first-
principles calculations to investigate the mechanical, electronic, and optical properties of azugraphene under
uniaxial strain. Our results show that azugraphene exhibits stiffness and strength comparable to graphene,
with an isotropic mechanical response for small deformations. They also reveal that azugraphene evolves from
a zero-gap semiconductor to a metallic state under high tensile deformation. Azugraphene also exhibits high

reflectivity in the infrared and optical absorption peaks in the visible and ultraviolet ranges, which shift to
lower energies in proportion to the applied tensile strain. Conversely, compressive strain shifts the absorption
peaks to higher energies. The possibility of applying strain to tune the position of the visible light absorption
peaks suggests azugraphene applications in optical sensors and solar cells.

1. Introduction

Studying two-dimensional (2D) materials has established itself as a
relevant area within materials science, driven by the distinctive proper-
ties observed in systems such as graphene [1,2]. In this context, several
2D carbon allotropes based on sp? bonding have been continuously
proposed, aiming to expand these materials’ structural and functional
diversity for potential applications in electronics, optoelectronics, and
sensing devices [3]. Among these proposals is azugraphene, a carbon al-
lotrope whose structural unit combines fragments of azulene molecules,
hexagonal rings, and additional carbon atoms [4]. This results in a
planar network of pentagons, heptagons, and hexagons.

Azugraphene was predicted in 2019 through a first-principles sym-
metric search algorithm, exhibiting a remarkably low energy per atom,
only 157 meV above that of graphene [4]. Its structure, illustrated
in Fig. 1(a), can be decomposed into three azulene units, one iso-
lated hexagonal ring, and two additional atoms. Subsequent studies
demonstrated that inserting azulene units into the hexagonal graphene
lattice enables the formation of various stable structures [5]. Interest in
azulene arises from its peculiar optoelectronic properties, such as the
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presence of an electron-rich pentagon and an electron-deficient hep-
tagon, resulting in a notable electric dipole moment of 1.08 D, among
other relevant characteristics [6-8]. These properties have motivated
growing research efforts on azulene-based carbon allotropes, among
which azugraphene is included [5].

Fig. 1(b) shows the rectangular unit cell of azugraphene, composed
of 76 atoms. The classification scheme proposed by Girao et al. for two-
dimensional sp?-bonded carbon allotropes is adopted to characterize
its structure [9]. Within this framework, azugraphene is designated
as h5%6'373-graphene, where the initial letter denotes the hexagonal
symmetry and the numbers indicate the quantity of five-, six-, and
seven-membered rings in the primitive cell. In its ground state, azu-
graphene exhibits a planar configuration with sp? hybridization and
ranks among the most stable sp? carbon allotropes predicted to date [9].
However, its mechanical properties remain largely unexplored, and no
systematic studies have been conducted regarding the effects of strain
on its structural, electronic, and optical properties.

Several studies have shown that controlled mechanical deformation
can significantly alter two-dimensional materials’ electronic, magnetic,
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(a)

Fig. 1. (a) Azulene molecule, with dashed black lines representing z bonds and
hydrogen atoms omitted. (b) Azugraphene unit cell considered in this work.

and optical properties [10-15]. The technique of modulating mate-
rial properties through deformation, known as strain engineering, has
been extensively applied, particularly in graphene studies [16-20]. For
instance, previous research indicates that the application of strains
greater than 20% can induce the opening of a significant bandgap
in graphene [16,19,21]. Furthermore, strain-induced modifications can
enhance the applicability of 2D carbon materials, such as azugraphene,
in sensing [22-25] and wearable device applications [26-30].

In this work, we perform first-principles calculations to characterize
previously unexplored properties of monolayer azugraphene, including
its mechanical properties and the influence of strain on its structural,
electronic, and optical behavior.

2. Computational methodology

An initial azugraphene structure, corresponding to its primitive
cell and composed of 38 atoms, was obtained from the electronic
supplementary material of J. Liu and H. Lu [4]. This structure was
subsequently extended to generate a rectangular unit cell, allowing the
consideration of two orthogonal directions for strain application. The
final structure, shown in Fig. 1(b), contains 76 atoms per unit cell.
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Density Functional Theory (DFT) calculations were performed to
determine the mechanical properties of azugraphene and to inves-
tigate its electronic and optical properties under strain. Simulations
were carried out using the Spanish Initiative for Electronic Simula-
tions with Thousands of Atoms (SIESTA) code, employing the Perdew—
Burke-Ernzerhof (PBE) functional [31] within the Generalized Gradient
Approximation (GGA) framework to describe the exchange—correlation
potential. The basis set consisted of finite-range pseudoatomic orbitals
(PAO), described by a double-¢ basis set including polarization func-
tions (DZP). Troullier-Martins norm-conserving pseudopotentials were
used to model the electron—ion interactions. A real-space grid cutoff of
450 Ry was adopted for the charge density representation. All struc-
tures were fully optimized until the maximum residual atomic forces
were below 0.01 eV/A. The convergence criterion for the self-consistent
field (SCF) cycle was set to 10~4 ¢V. Three-dimensional periodic bound-
ary conditions (PBC) were applied, introducing a vacuum spacing of
30 A along the # direction to prevent interactions between periodic
images. The Brillouin zone was sampled using a 16 x 16 x 1 k-point
mesh within the Monkhorst-Pack scheme [32].

We also performed calculations with the HSE06 hybrid functional
within the HONPAS package [33] to verify whether the results de-
pended on the exchange—correlation functional used. The hybrid func-
tional results, which are discussed in the Supplementary Material,
reveal that the PBE and HSEO6 functionals yield similar electronic
properties for azugraphene.

Initially, the azugraphene structure was optimized for a relaxed
configuration (0% strain). Subsequently, uniaxial strain ranging from
1% to 20% was applied along the relaxed structure’s x or y directions.
The elongated cell vector was fixed for each strain value, while the
other in-plane cell vector and the atomic positions were allowed to
relax to new equilibrium configurations. After optimization, electronic
and optical calculations were performed on the strained structures. The
SIESTA code provided the stress values along the strained direction for
each applied deformation.

The stress—strain curves for the x and y directions were obtained
from the stress and strain data. By definition, Young’s modulus Y
corresponds to the slope of the linear regime of the stress—strain curve.
To calculate Y, the interval from 0 to 1% strain was subdivided into
0.1% increments, and a linear fit was applied. The coefficients of
determination R? for both directions were also evaluated. The ultimate
strength was defined as the maximum stress sustained by the material
before fracture, while the fracture strain corresponded to the strain
value at which the rupture occurred. Both parameters were extracted
from the stress—strain curves. To convert stress results into pascals (Pa),
a thickness of 3.4 A was assumed for azugraphene, corresponding to
the interlayer distance found in its stable bilayer configurations [4]. We
also examine the dynamical stability of azugraphene under strain in the
Supplementary Material. We note that, for the strain values considered,
we observed only positive frequencies in the phonon spectra.

To examine the fracture patterns, we analyzed the electron density
of azugraphene under various uniaxial strain values. The electron
density we use is an output of the SIESTA code. More specifically,
SIESTA provides the magnitude of the valence charge density in the
real-space grid, with a fineness determined by the grid cutoff (450 Ry
in this work). Next, we use a SIESTA utility (rho2sxf) to convert the
electron density file into a format that can be read by the software
XCrysDen [34], which is used to generate the electron density maps
discussed in the Results and discussion section.

The energy was shifted for the band structure and density of states
(DOS) calculations so that the Fermi level corresponded to E = 0. The k-
path for band structure calculations followed the high-symmetry points
1'(0.0,0.0,0.0) - X(0.5,0.0,0.0) - M(0.5,0.5,0.0) — Y(0.0,0.5,0.0) - T
within the rectangular unit cell’s Brillouin zone.

To calculate the optical properties of azugraphene, the real and
imaginary parts of the dielectric function e(w) were computed using
perturbation theory and the Kramers-Kronig relations [35-37]. Once
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Fig. 2. Stress-strain curves for azugraphene under uniaxial strain. The % (§) direction exhibits a slightly higher fracture strain (ultimate strength).

both components of the dielectric function were obtained, the optical
properties were derived using the following relations [38-40]:
2
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where R(w), a(w), and o(w) represent the reflectivity, absorption coef-
ficient, and optical conductivity, respectively; w = E /h is the frequency
of the incident photons, and c¢ is the speed of light in vacuum.

3. Results and discussion

In this section, we first discuss the mechanical properties of azu-
graphene under uniaxial tensile strain. Fig. 2 presents the stress—strain
curves obtained for both directions. Comparing the results along the %
and y directions, it is observed that Young’s modulus is nearly identical
in both cases, with a slightly higher value along the % direction.
These results indicate that azugraphene exhibits comparable stiffness
regardless of the deformation direction, with Young’s modulus similar
to that of graphene (which is 1.0 TPa [41]).

The similarity of Young’s modulus values along the % and y di-
rections was expected, considering the crystalline symmetry of azu-
graphene. In particular, the P62m space group, associated with the
hexagonal crystal system, implies that the structure remains invariant
under rotations of 60° around the Z axis [4]. This high degree of basal
plane symmetry favors the emergence of nearly isotropic mechani-
cal properties for small deformations, particularly concerning Young’s
modulus.

For strain values exceeding 13%, anisotropy emerges in the me-
chanical response. Along the x direction, azugraphene exhibits a lower
ultimate strength (85.2 GPa) but a higher fracture strain (19%), indi-
cating plastic behavior between 15% and 19% strain. In contrast, under
deformation along the § direction, the material shows a higher ultimate
strength (92.7 GPa) and fractures abruptly at 17%, characterizing a
more brittle behavior. This difference in post-critical behavior indicates

Table 1
Summary of the mechanical properties of azugraphene under uniaxial strain.
Property Direction
% y
Young’s Modulus (GPa) 891 888
Ultimate Strength (GPa) 85.2 92.7
Fracture Strain (%) 19 17

that azugraphene can exhibit either ductile or brittle responses depend-
ing on the loading direction. The ultimate strength of azugraphene is
also comparable to that of graphene, reported to be approximately 130
GPa [42].

The quality of the linear fittings used to determine Young’s modulus
in both directions, with coefficients of determination R* greater than
0.9999, reinforces the validity of the linear approximation for small
strains. Table 1 summarizes the mechanical properties of azugraphene.

To further investigate the mechanical response of azugraphene, we
analyzed the fracture process of the nanomaterial. Fig. 3 presents the
electronic density of the system’s unit cell under different levels of
uniaxial strain. Electronic density was used in this analysis to avoid
the arbitrary definition of a distance criterion between atomic pairs
to identify bond rupture. The image in the lower left corner displays
the electronic density of the relaxed structure. It is observed that pen-
tagonal rings exhibit higher electronic density compared to heptagonal
rings, in agreement with previous reports [5]. A high electronic den-
sity between bonded atoms is also noted, characterizing the chemical
bonds. In the methodology adopted, a significant reduction in elec-
tronic density between a pair of atoms is associated with dissociating
a = bond. In contrast, an almost complete reduction is interpreted as a
o bond rupture.

An analysis of the structural evolution under strain along the %
direction reveals a gradual reduction in electronic density between
hexagonal and heptagonal rings between 0% and 15% strain. As the
strain increases to 18% and 19%, the rupture of these bonds becomes
evident, subsequently propagating to neighboring bonds. The evolution
of the electronic density suggests a progressive fracture process, char-
acteristic of plastic behavior, consistent with the observations from the
stress—strain curves.

In the case of deformation applied along the § direction, a gen-
eralized reduction in electronic density is already observed between
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Fig. 3. Electronic density of azugraphene under different uniaxial strain values. The image in the lower left corner corresponds to the relaxed structure, while the sequences at
the top (bottom) show the evolution of the electronic density under increasing strain along the % (§) direction. The scale on the left indicates the density values of each color in
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Fig. 4. Azugraphene’s Band structure and DOS, for deformation values of 1%, 5%, 10%, and 15%.
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Fig. 5. Optical properties of azugraphene under 0% and 5% strain along the % direction. Panels (a) and (b) show the absorption coefficient and optical conductivity. Panels (c)
and (d) present the real and imaginary parts of the complex dielectric function. Panel (e) displays the reflectivity over the full energy range considered, while panel (e’) focuses
on the reflectivity at low photon energies (0-1 eV). The red dashed lines separate the infrared, visible, and ultraviolet regions.

15% and 17% strain across the structure. However, the complete
rupture of ¢ bonds is only observed at 18%, when multiple fractures
co-occur, particularly concentrated in the heptagonal rings and their
surroundings. This behavior suggests an abrupt fracture process, typical
of brittle materials, corroborating the tendency for brittle behavior of
azugraphene under deformation along the y direction.

Considering now the electronic properties, in the absence of strain,
monolayer azugraphene is a zero-gap semiconductor featuring Dirac
cones at the high symmetry K and K’ points in the Brillouin zone [4].
Fig. 4 shows the band structure and density of states (DOS) of azu-
graphene under 1%, 5%, 10%, and 15% deformation. First, strain
application does not open the band gap of azugraphene. For this reason,
we leave a detailed discussion of the effect of strain on the electronic
properties to the Supplementary Material, including the effect of com-
pressive deformation on the electronic properties. In summary, we find
that the introduction of strain displaces the position of the Dirac cones
in the Brillouin zone. This effect is the only one we observe for strain
applied in the § direction.

Concerning deformation along the % direction, we find that at
12% strain, azugraphene becomes metallic, exhibiting a significant
density of states at the Fermi level. Overall, our results indicate that
strain cannot be effectively used to tailor the electronic properties
of azugraphene. Nevertheless, this electronic insensitivity could be
advantageous for applications that require stable electronic properties
under mechanical deformation.

Turning to the effect of strain on the optical properties, we focus our
discussion on the case where strain is applied along the % direction, as
the results are more pronounced in this scenario. Figs. 5 and 6 compare
the optical properties of azugraphene without strain and under 5% and
12% tensile strain for photon energies ranging from O to 6 eV. The red
dashed lines indicate the infrared (IR), visible (Vis.), and ultraviolet
(UV) regions of the electromagnetic spectrum.

Generally, azugraphene exhibits low absorption and high reflectiv-
ity in the IR region. The reflectivity at low photon energies (0-1 eV)
can reach up to 55% (50%) for strains of 5% (12%), rapidly decreasing
with increasing energy up to approximately 1 eV (see Figs. 5(e’) and
6(e”), except for the 0.4-0.6 eV range under 12% strain, where a local
increase in reflectivity is observed. Additionally, a comparison between
Figs. 5(e’) and 6(e’) reveals that reflectivity at low energies decreases
with increasing strain.

Moreover, under 12% strain, azugraphene exhibits three optical
conductivity peaks in the IR region (Fig. 6(b)), which are absent at
lower strain levels. These peaks suggest an enhancement of optical re-
sponses at low energies associated with the metallic transition observed
in the material under high tensile strain.

In the Vis region of the spectrum, the relaxed structure exhibits
three well-defined peaks in the absorption coefficient, optical conduc-
tivity, and reflectivity spectra. As the strain increases, the number of
peaks in the Vis region decreases, leaving only a single peak at 12%
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Fig. 6. Optical properties of azugraphene under 0% and 12% strain along the % direction. Panels (a) and (b) show the absorption coefficient and optical conductivity. Panels (c)
and (d) present the real and imaginary parts of the complex dielectric function. Panel (e) displays the reflectivity over the full energy range considered, while panel (e’) focuses
on the reflectivity at low photon energies (0-1 eV). The red dashed lines separate the infrared, visible, and ultraviolet regions.

strain. For instance, analyzing the blue and orange curves in Figs. 5(a)
and 6(a), it is observed that the peaks in the Vis region undergo a shift
to lower energies (redshift) and a reduction in intensity compared to
the peaks of the relaxed structure.

For the other optical properties, increasing strain induces a pro-
portional redshift, accompanied by a decrease in absorption, optical
conductivity, and reflectivity in the Vis region. Conversely, this redshift
favors increasing these properties within the IR region. We note that the
Supplementary Material discusses the optical properties at additional
strain levels.

Finally, a peak around 4.5 €V for the relaxed structure is observed in
the UV region, progressively shifting towards the near-UV region with
increasing strain. Therefore, we conclude that the optical properties of
azugraphene can be modulated by applying strain. In particular, our
results show that strain enhances the absorption, optical conductivity,
and reflectivity in the IR region of the electromagnetic spectrum.
Conversely, the magnitude of these properties decreases with increasing
tensile strain in the Vis and UV regions. Moreover, tuning the position
of the optical peaks is possible, as the redshift is proportional to the
applied strain.

When strain is applied along the y direction, the main effect is
observed in the IR region, specifically within a photon energy range
close to the Vis, where an increase in absorption, optical conductivity,

and reflectivity is found at 12% strain. These results are discussed in
greater detail in the Supplementary Material.

The effect of compressive strain on the optical properties is also
discussed in the Supplementary Material. In summary, the results reveal
that compressive strain tends to shift the peaks in the optical properties
to higher photon energies (blueshift). Hence, it is possible to control the
type (red or blue) and magnitude of the shifts in the peaks by selectively
applying deformation.

4. Conclusions

In this work, we performed first-principles calculations to investi-
gate the mechanical, electronic, and optical properties of monolayer
azugraphene under strain. Our results demonstrate that azugraphene
exhibits an isotropic mechanical response for tensile strains up to
13%, with Young’s modulus comparable to that of graphene. Beyond
this threshold, the mechanical behavior becomes anisotropic, with
higher strength but lower fracture strain for deformation along the §
direction. Using electronic density analysis, we found that the fracture
process initiates near the heptagonal rings, which is associated with the
weakening of specific atomic bonds.

In terms of electronic properties, azugraphene behaves as a zero-gap
semiconductor at equilibrium and evolves into a metallic state when
subjected to tensile strains exceeding 12% along the % direction.
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Regarding optical properties, the relaxed structure exhibits well-
defined absorption and optical conductivity peaks in the UV region,
which progressively disappear under large tensile deformations along
the % direction. Additionally, azugraphene shows high reflectivity (ap-
proximately 55%) for low-energy IR photons, remaining relatively
insensitive to strain. Furthermore, tensile strain induces a proportional
redshift in the optical absorption, optical conductivity, and reflectivity
spectra, suggesting that mechanical deformation can be used to tune
the optical response of azugraphene. Conversely, a compressive strain
shifts the optical response of this material to higher energies. These
findings highlight the potential of azugraphene for applications in
optical sensors and solar energy harvesting devices.
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