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Graphdiyne (GDY), a two-dimensional carbon material with sp- and sp2-hybridization, is recognized
for its unique electronic properties and well-dispersed porosity. Its versatility has led to its use in a
variety of applications. The precise control of this material’s properties is paramount for its effective
utilization in nano-optical devices. One effective method of regulation, which circumvents the need
for additional disturbances, involves the application of external stress. This technique provides a
direct means of eliciting changes in the electronic characteristics of the material. For instance, when
subjected to uniaxial stress, electron transfer occurs at the triple bond. This results in an armchair-
edged graphdiyne nanoribbon (A(3)-GDYNR) with a planar width of 2.07 nm, which exhibits a subtle
plasmon effect at 500 nm. Conversely, a zigzag-edged graphdiyne nanoribbon (Z(3)-GDYNR) with a
planar width of 2.86 nm demonstrates a pronounced plasmon effect within the 250-1200 nm range.
This finding suggests that the zigzag nanoribbon surpasses the armchair nanoribbon in terms of its
plasmon effect. First principles calculations and ab initio molecular dynamics further confirmed that
under applied stress Z(3)-GDYNR exhibits less deformation than A(3)-GDYNR, indicating superior
stability. This work provides the necessary theoretical basis for understanding graphene nanoribbons
(GDYNRs).

Carbon is one of the most abundant elements in nature and is capable of forming stable and highly flexible bonds
in low-dimensional materials. The different structures and properties of carbon materials are due to these differ-
ent carbon-carbon bonds, such as sp?, sp?, and sp hybrids. Carbon atoms form various allotrope through these
three hybrid states, including sp® hybrid diamond'?, sp* and sp* hybrid carbon nanotubes®~, fullerenes®!'!, and
graphene!?"1°. GDY'¢-% is characterized by triple bonds formed by sp hybridization, and has linear structure,
no cis-trans isomeric, and high conjugation?*?*. Among them, the performance of surface plasmon about two-
dimensional GDY materials is comparable to that of metal surfaces. These properties give it excellent electrical,
optical and photoelectric properties, making it a key material for the next generation of electronic optoelectronic
devices. Due to its superior performance, GDY-family nembers have attracted the attention of many scientists**?’.

In theory, quasi-one-dimensional GDYNRs are obtained by tailoring two-dimensional GDY*®. Among them,
GDYNRs is a one-dimensional material with uniform edges and nanoscale width. Depending on the boundary
structure, GDYNRs can be divided into armchair edge graphdiyne nanoribbons (A(n)-GDYNRs) and zigzag
edge graphdiyne nanoribbons (Z(n)-GDYNRs). The characteristics of GDYNRs are greatly affected by changes
in edge structure and width, so the characteristics of GDYNRs can be adjusted by various shear attempts on
the GDY plane. Until 2020 that Li’s team made an important breakthrough in the preparation of GDYNR. A
"two-step" strategy for synthesizing GDYNRs has been successfully reported®. The first chemically synthesized
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GDYNRs was prepared by this method. They consist of diamond-shaped elements, with benzene as the vertex
and "—C = C — C = C—"as the edge, and are determined to be about 4 nm in width and several hundred nm
in length®. Subsequently, in order to further explore the stability of materials, many researchers used AIMD
simulation to conduct stability analysis of materials®**!. Li et al. further explored the stability of GDYNRs through
AIMD simulations. AIMD simulation results show that the total energy fluctuation of GDYNRs is very small,
and the average total energy fluctuation is less than 0.439%2.

At the same time, a large number of theoretical studies have been carried out to elucidate the relationship
between their structure and properties®~’. These studies include tailoring two-dimensional nanosheets into
one-dimensional nanoribbons of different widths and configurations, stacking multiple layers of GDYNRs, and
doping atoms to adjust the band structure and thus change the photoelectric properties of the materials®**.
In addition, the band structure of one-dimensional nanoribbons and two-dimensional nanosheet can also be
adjusted by stress**-*2. The research found that, the stress induced transformation of two-dimensional materials
from indirect to direct band gap greatly improves the luminous efficiency and makes them more suitable for
optoelectronic devices*—2 A large number of studies have shown that the adjustable band gap of GDY increases
monotonically with the uniform increase of stress™->°. Therefore, stress adjustable novel nano-electronic and
optoelectronic devices have great application potential. However, the band gap response of GDYNRs to uni-
axial tensile and compressive stress has rarely reported. To gain insight into this, in this work, the photoelectric
properties of A(3)-GDYNR and Z(3)-GDYNR under uniaxial tensile and compressive stress are studied by first
principles method.

Methods

In this work, the QuantumATK-2019 package (fermitech, Beijing, China)*” was used to calculate two quasi-
one-dimensional GDYNRs of different widths and configurations (A(3)-GDYNR and Z(3)-GDYNR). For the
A(n)-GDYNRs structure, it extends in the same direction as the two chains of carbon atoms, at a 30° from the
other two chains of carbon atoms. The extension direction of the nanoribbons in the Z(n)-GDYNRs structure is
at a 30° or perpendicular to the arrangement direction of the carbon atom chains (Fig. 1). Where A(3)-GDYNR
represents nanoribbons with an edge width of 3 hexagonal carbons (with widths n=3), and Z(3)-GDYNR rep-
resents nanoribbons with an edge width of 3 hexagonal carbons (with widths n=3).

As shown in Fig. 1a, b, to avoid dangling keys at the edges. The hanging bonds of carbon atoms on the edge
of the tailoring nanoribbon are saturated with hydrogen, and repeat unit cells are in the red wire frame. The
number of atoms in unit cells of A(3)-GDYNR and Z(3)-GDYNR are 50 and 100, respectively. The cell param-
eters of the structure of A(3)-GDYNR (width of repeating cells along the nanoribbon extension direction Z) is
ap = 0.946nm. The ZGDYNRs cell parameter isag = 1.639 nm. The widths of A(3)-GDYNR and Z(3)-GDYNR
restricted directions are 2.07 nm and 2.86 nm, respectively. The basis set was linear combination of atomic orbitals
(LCAO), pseudo potentials were determined by Pseudo Dojo*® and electronic exchange-correlation potential
was treated by the generalized gradient-Perdew Burke Ernzerh of functional (GGA-PBE), combined with the
density functional theory with Grimme’s D3 correction and without damp (DFT-D3) dispersion correction and
DFT-D3 can better perform van der Waals correction®. In the calculations, the DFT-LCAO module is employed
with 50 Hartree cut-off energy, which combines the pseudopotential with the linear combination of atomic
orbitals. The convergence criterion for the total energy is set at 10~° eV and the K-mesh was 1x 1 x 3. A vacuum
layer of 15 A is applied in the direction perpendicular to the ribbon plane and between the neighboring ribbons.

In order to study the effects of uniaxial tensile and compressive stress on the stability and electrical properties
of GDYNRs. AIMD simulations of A(3)-GDYNR and Z(3)-GDYNR under stress induction were performed.
The QuantumATK-2019 package (fermitech, Beijing, China)®” was used to adopt PBE functional and DFT-D3
correction method®. Under constant volume conditions, the simulation with time step of 1 fs and a total of 1 ps
was carried out at 300 K and 600 K respectively.

The stress is applied along the Z direction (vertical the plane direction). The direction of the arrow indicates
the direction of the applied stress (Fig. 1c, d). Where, the red arrow represents the uniaxial tensile stress applied
to the nanoribbon, and the green arrow represents the uniaxial compressive stress applied to the nanoribbon. In
order to more intuitively observe the expansion and contraction of the structure. In this paper, the Z direction
is denoted as vertical the plane direction, and the Y direction is denoted as in-plane direction (Fig. 1). Figure 2c,
d visualizes the variation of the unit cell parameter a, of A(3)-GDYNR and Z(3)-GDYNR with different stress.

Results and discussion

In this work, the optical properties of A(3)-GDYNR and Z(3)-GDYNR (Fig. 1a, b) structures under applied
stress modulation are theoretically studied. Initially, the stability of these two structures is evaluated. The energy
required from the ground state of A(3)-GDYNR and Z(3)-GDYNR to the first excited state under different stress
are calculated. The energy values of two structures at 0 GPa are used as reference. Figure le, f respectively showed
the p, orbit diagrams of the energy and stress required by A(3)-GDYNR and Z(3)-GDYNR from the ground
state to the first excited state. It can be obviously observed that the energy of both structures increases when
compressive or tensile stress are applied perpendicular to the plane direction. In other words, the stability of the
two structures decreases with the increase of the stress. Although the stability of the two structures changes in the
same trend under the stress conditions, there are still differences. This depends on the structure of the material
and the amount of applied stress. When uniaxial compressive stress (— 1.5 to 0 GPa) is applied to A(3)-GDYNR
in the vertical plane direction, the maximum energy required is 1.97 eV. And uniaxial tensile stress (0-3 GPa)
is applied, the maximum energy required is 13.15 eV. At the same time, when Z(3)-GDYNR is subjected to uni-
axial compressive stress (- 3.5 to 0 GPa) perpendicular to the plane, the maximum energy required is 11.37 eV.
However, when uniaxial tensile stress (0-7.5 GPa) is applied, the maximum energy required is 44.70 eV.
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Figure 1. (a) Models of one-dimensional nanoribbons with armchair edges (A(3)-GDYNR); (b) zigzag edges
(Z(3)-GDYNR); (c) structure diagram of A(3)-GDYNR under stress of —1.5 GPa, —1 GPa, 0 GPa, 1 GPa, 1.5
GPa, and 3 GPa; (d) structure diagram of Z(3)-GDYNR under stress of —3.5 GPa, —2 GPa, 0 GPa, 2 GPa, 3.5
GPa and 7.5 GPa; (e, f) p, orbit diagram of energy and stress required for A(3)-GDYNR and Z(3)-GDYNR from
ground state to first excited state; (g, h) the change of bond length of A(3)-GDYNR and Z(3)-GDYNR structure
under different stress.

In order to further study the stability of A(3)-GDYNR and Z(3)-GDYNR. The AIMD simulation is carried
out in this work. The results showed that the A(3)-GDYNR and Z(3)-GDYNR structures maintained well without
obvious distortion or collapse under the influence of stress (Fig. Sla, Fig. S1d), and the difference of bond length
before and after AIMD simulation was less than 0.06 A. With the increase of tensile and compressive stress, the
motion amplitude of A(3)-GDYNR and Z(3)-GDYNR increases (Fig. 1). With the increase of stress, The root-
mean-square deviation (RMSD) curves of the A(3)-GDYNR and Z(3)-GDYNR tracks both showed an upward
trend (Fig. S3a-S3b). It is worth noting that the RMSD curve keeps rising for A(3)-GDYNR with applied stress
of 3 GPa, A(3)-GDYNR with applied stress of — 1.5 GPa, and Z(3)-GDYNR with applied stress of 7.5 GPa and

Scientific Reports |

(2024) 14:6051 | https://doi.org/10.1038/s41598-024-56380-z nature portfolio



www.nature.com/scientificreports/

Electronic band structure Electronic band structure

z Stress (GPa G z Stress (GPa G
15 h 3 S5sHE _7.5

C1o d
0.9 1
< 27
0.8 1 - 25
< —~~
> < S z
(V) ~ 9 06 -
~ 0.6 o0 @© ~ U.
Q < o o ]
© cC F18 C
D 0.4- S 3O @
© L15 .2 T (4] 5
g o0& — | B
m 0.2 m
M' 10
0.0 0.0 9
A 0 1 2 3 2 0 2 4 6
Stress (GPa) Stress (GPa)
'A
o2/ f 024 Lk
A
_.k"""" A—A'A-A*A-A*A-A*A’A-A*k
» demheT 3 | A~
2] e A---A-- %]
© L - --A---A- ©
= =
o 004 o 0.0
2 b 2
g T g e
= :i; q = .V’V"."q
L . Py L \o-0-000000e n
0.2 \ o -0.2 4 LN
—e—hole o —e—hole Q
- -4 - electric - - - electric '
¥ 0 1 2 3 2 0 2 4 6
Stress (GPa) Stress (GPa)

Figure 2. (a) Electron band structure of A(3)-GDYNR under different stress (— 1.5 to 3.GPa); (b) electron band
structure of Z(3)-GDYNR under different stress (- 3.5 to 7.5 GPa); (¢, d) A(3)-GDYNR and Z(3)-GDYNR band
gap changes under different stress (green line), cell parameter a, changes with different stress (red line); (e, f)
plots of the effective mass of A(3)-GDYNR and Z(3)-GDYNR with different stress applied perpendicular to the
plane.

—3.5 GPa. However, other RMSD trajectories have peaks. The repeated rise and fall of RMSD indicates that it
can carry out periodic vibration and can exist stably.

In addition, the AIMD simulations of A(3)-GDYNR and Z(3)-GDYNR at 300 K and 600 K are also studied.
With the increase of temperature, RMSD curves of A(3)-GDYNR and Z(3)-GDYNR tracks both showed an
upward trend (Fig. S3a-S3b). The RMSD curve shows that the higher the simulated temperature, the greater
the geometric fluctuation caused by thermal motion. This phenomenon can be directly observed in Fig. S2. In
order to further confirm the stability of the structure, the phonon spectra of A(3)-GDYNR and Z(3)-GDYNR
are also calculated. There are no virtual frequencies in the phonon spectrum (Fig. $4).

Subsequently, the effect of uniaxial stress on bond length in A(3)-GDYNR and Z(3)-GDYNR structures
was investigated (Fig. 1g, h). It can be observed that the acetylene bonds of the two structures (C in Fig. 1g,
h) are least affected by external stress. In the A(3)-GDYNR structure, the bond lengths of E (2.64-3.29 A), B
(1.29-1.53 A) and D (1.35-1.66 A) increase significantly with the uniaxial stress (— 1.5 to 3 GPa). At the same
time, the interaction forces between the atoms connected by these stretched bonds also change. As a result, the
ground state energy at the bottom of the conduction band (CB) decreases, while the ground state energy at the
top of the valence band (VB) increases (Fig. 2a). The specific performance is shown in Fig. 2c. With the increase
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of stress, the band gap of A(3)-GDYNR decreases. It is worth noting that under the same external stress, Z(3)-
GDYNR changes less significantly tk}an A(3)-GDYNR (Fig. 1h). Changes in the bond lengths of E (2.67-3.30 A),
B (1.29-1.53 A), and D (1.36-1.69 A) in the Z(3)-GDYNR structure require greater stress (—3.5 to 7.5 GPa) to
be applied relative to A(3)-GDYNR. This is because the "—C = C — C = C—"in the ZGDYNR structure is not
parallel to the direction in which the stress is applied. The applied stress mainly affects the bond Angle but not
the bond length of the ZGDYNR:s structure. This also causes the ground state energy of Z(3)-GDYNR CB bot-
tom and VB top to change little compared with A(3)-GDYNR under the same external stress. Specifically, under
the influence of the same external stress, the band gap of Z(3)-GDYNR decreases less significantly than that of
A(3)-GDYNR with the increase of stress (Fig. 2d).

Figure 2a-d show the band structure of these two structures near Fermi level and the variation trend of band
gap under corresponding applied stress. In Fig. 2a, b, A(3)-GDYNR and Z(3)-GDYNR present a direct band
gap at the Gamma point. This work presents a way of modulating the band gap, that is, applying stress exter-
nally. The maximum energy of valence band (VBM) and minimum energy of conduction band (CBM) of the
structure change with the change of applied stress. The structural band gap can be adjusted by the applied stress.
The calculated bandgaps of A(3)-GDYNR and Z(3)-GDYNR without applied stress are 0.813 eV and 0.887 eV
respectively. It is in good agreement with previous results®. The results show that the band gap of A(3)-GDYNR
and Z(3)-GDYNR can be regulated by applied stress.

To obtain the quantitative scaling of band gap (Eg) with respect to the compressive and tensile stress. The func-
tional relationship between band gap and applied stress is studied in this work. Figure S5 shows the functional
relationship between the band gap of A(3)-GDYNR, Z(3)-GDYNR and applied compressive , tensile stress. We
fit the corresponding data of A(3)-GDYNR and Z(3)-GDYNR into Eg = Eg + a18 + b18 2 respectively. Where Ey
represents the A(3)-GDYNR and Z(3)-GDYNR bandgaps without external force. a; and b; of A(3)-GDYNR under
compressive stress were 0.173 and 0.050, respectively. a; and by of A(3)-GDYNR under tensile stress are 0.048
and —0.029, respectively. a; and by of Z(3)-GDYNR under compressive stress are 0.020 and 0.039, respectively.
The a; and b; of Z(3)-GDYNR under tensile stress are 0.014 and —0.011, respectively.

It is worth noting that coefficients a; and b; in equation E; = Eg + a18 + b, 82 reflect the sensitivity of A(3)-
GDYNR and Z(3)-GDYNR to stress changes®. Under the regulation of compression (Fig. S5a, Fig. S5¢) and
tensile stress (Fig. S5b, Fig. S5d), the coeflicients a; and b; of A(3)-GDYNR are always greater than Z(3)-GDYNR.
This further indicates that the band gap change of A-GDYNRs is more affected by external forces than that of
Z-GDYNRs.

The effective masses of the two structures with stress are also calculated (Fig. 2e, f). When no external stress
is applied, it can be observed that the effective masses of electrons (0.086 m,) and holes (-0.087 m,) in A(3)-
GDYNR are smaller than those of electrons (0.174 m,) and holes (-0.149 m,) in Z(3)-GDYNR. The conduction
mode of A(3)-GDYNR was analyzed. It is found that the effective masses of electrons and holes of A(3)-GDYNR
are equivalent when the applied stress is — 1.5 to 0.5 GPa. The electrons and holes conduct electricity at the same
time (Fig. 2e). When the externally applied stress exceeds 0.5 GPa, the effective mass of the hole dominates.
In this case, hole conduction is dominant. However, the conduction mode of Z(3)-GDYNR is different from
that of A(3)-GDYNR. When the externally applied stress is — 3.5 to 0 GPa, the effective mass of the electron
dominates. And when the external stress is 0-7.5 GPa, the effective mass of the hole dominates. The band gap of
A(3)-GDYNR is almost linearly regulated when the external stress is between — 1.5 and 0.5 GPa. The band gap
of Z(3)-GDYNR is less affected by stress regulation than that of A(3)-GDYNR.

Subsequently, the influence of external uniaxial tensile stress on the electronic properties of GDYNRs is
discussed. Figures 3 and 4 show Bloch wave functions of A(3)-GDYNR and Z(3)-GDYNR under CB and VB
respectively. The Bloch wave functions of VB and CB are redistributed as the externally applied stress changes.
With respect to CB, it can be observed that the orbits around the aromatic rings of the two structures are
not completely delocalized. In the case of VB, electrons are mainly distributed around the benzene ring and
"—C = C — C = C—"the number of 1, 2, 3. It can be observed that the carbon atoms in the benzene ring at VB
have bonding characteristics with the carbon atoms "—C = C — C = C—"at the number of 1, 2, and 3. It can be
observed that the delocalization of the electronic states at VB of A(3)-GDYNR at1,2,3"-C=C—-C=C—"is
much larger than that of Z(3)-GDYNR. This is because the nanosheets are cut in different directions into zigzag
and armchair nanoribbons. Therefore, the difference of marginal morphology leads to the appearance of this
phenomenon.

Figures 5 and 6 show the charge difference densities (CDD)of A(3)-GDYNR and Z(3)-GDYNR between CB
and VB at the Gamma point, respectively. This diagram visualizes the major contribution of chemical bonds to
the change of structural band gap under stress. The yellow equivalent plane represents the part where electrons
accumulate, and the green equivalent plane represents the part where electrons are lost. Set the isosurface value
to "0.0002".

It can be observed that the CDD of the structure is different when compressive and tensile stress are applied
externally. When externally compressed or in the absence of external stress, the charge of A(3)-GDYNR is mainly
located at the edge atoms (Fig. 5). However, when tensile stress is applied externally, the CDD of A(3)-GDYNR
changes separately. As shown in Fig. 5d—f, the CDD is mainly in the non-edge atoms. Under tensile stress, the
change of band gap is mainly caused by the atoms in A(3)-GDYNR. This also indicates that the bandgap vari-
ation trend of A(3)-GDYNR under compressive stress is different from that under tensile stress (Fig. 2c). The
CDD of Z(3)-GDYNR is also studied. Similar to the charge distribution of A(3)-GDYNR. The non-edge charge
distribution is mainly contributed by the atoms at the benzene ring inside the structure. This results in a similar
trend of energy band variation between the two structures. The band gap decreases with the increase of stress.
In addition, the difference is that the difference in the edge morphology of the two structures leads to the dif-
ference in the sub-edge charge distribution. Therefore, the band gap change is not exactly the same. Under the
same external stress, the band gap change of Z(3)-GDYNR is not obvious compared with that of A(3)-GDYNR.
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Figure 3. (a) A(3)-GDYNR show the bloch states of the CB (up), VB (down) at the gamma point. (a) — 1.5 GPa;
(b) —1 GPa; (c) 0 GPa; (d) 1 GPa; (e) 2.5 GPa; (f) 3 GPa.
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Figure 4. Z(3)-GDYNR show the bloch states of the CB (up), VB (down) at the gamma point. (a) —3.5 GPa; (b)
—2 GPa; (c) 0 GPa; (d) 0.5 GPa; (e) 2 GPa; (f) 3.5 GPa; (g) 5GPa; (h) 7.5 GPa.
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Figure 5. CDD of A(3)-GDYNR at the gamma point. (a) — 1.5 GPa; (b) — 1 GPa; (c) 0 GPa; (d) 1 GPa; (e) 2.5
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Figure 6. CDD of Z(3)-GDYNR at the gamma point. (a) —3.5 GPa; (b) —2 GPa; (c) 0 GPa; (d) 0.5 GPa; (e) 2
GPa; (f) 3.5 GPa; (g) 5 GPa; (h) 7.5 GPa.

In addition, the effects of external stress on the optical properties of A(3)-GDYNR and Z(3)-GDYNR are
also studied. Figure 7a, b show the absorption spectra of A(3)-GDYNR in the vertical plane direction and in
the in-plane direction with a wavelength of 250-2200 nm under the regulation of vertical stress. Figure 7c, d
show the absorption spectra of Z(3)-GDYNR in the vertical plane direction and in the in-plane direction at the
wavelength of 250-2200 nm respectively. It was observed that the absorption spectra of these two structures
showed obvious anisotropy in two different directions.

Figure S6 shows the UV-Vis spectrum of A(3)-GDYNR and Z(3)-GDYNR at ground state. In the UV-Vis
(400-780 nm) range, the multimodal optical absorption coeflicients of the two structures showed significant
changes with the increase of stress. This is because peaks in the absorption spectrum are caused by transitions
between electron orbitals. And the energy difference between the orbitals is fixed. The position of the absorption
peak doesn’t change. Due to the modulation of the external electric field to the energy band, the transition dipole
moment of the electronic transition changes, and the absorption intensity changes.

Specifically, as shown in Fig. 7a, A(3)-GDYNR has weak peaks near 300 nm and 500 nm, and the light absorp-
tion coefficient near 500 nm shows an obvious redshift with the increase of stress. With the increase of stress, the
absorption coefficient at 300 nm also shows a significant redshift. Different from the light absorption coefficient
of about 500 nm. When the applied stress is adjusted at — 1.5 to 1.5 GPa, the light absorption coeflicient has a
significant enhancement. And then gradually weakens until it disappears with the increase of the applied stress. In
Fig. 7b, a significant redshift occurs when the wavelength is around 300 nm. The light absorption peak at 800 nm
appears at — 1.5 GPa and disappears at 0 GPa. At 1500-2000 nm, there is an obvious redshift phenomenon. The
redshift decreases with the increase of stress and disappears at 2.5 GPa.

In Fig. 7¢, at 500 nm, the absorption coeflicient shows a significant redshift as the stress increases. At 300 nm,
the light absorption coeflicient increases significantly when the stress is adjusted from — 3.5 to 2GPa. Unlike
500 nm, the light absorption coefficient at 300 nm gradually decreases until it disappears with the increase of
the external compressive stress. In Fig. 7d, the absorption coefficient appears around 300 nm. When the stress
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Figure 7. (a) Absorption spectrum of the A(3)-GDYNR, under the vertical stress. In plane direction of A(3)-
GDYNR; (b) vertical the plane direction; (c) absorption spectrum of the Z(3)-GDYNR under the vertical stress.
In plane direction of Z(3)-GDYNR; (d) vertical the plane direction.

is adjusted to 2.5 GPa, the light absorption coefficient gradually increases with the increase of stress. When the
stress is —2 to 2 GPa, a weak peak appears at 600 nm. At 1000-1500 nm, the light absorption coefficient increases
with the increase of stress.

Since the dielectric constant of a material describes the energy, wavelength or frequency related electrical
and optical properties. It is a key factor in device simulation. The imaginary part of the dielectric constant is
obtained by calculating the integral of the electron transition from the occupied state to the non-occupied state.
Then, the real part of the dielectric constant is obtained by the Krammer-Kronig transformation®. The real and
imaginary parts of permittivity are important for the analysis of electron transition and light absorption char-
acteristics. The surface plasmon effect is derived from the real part of the dielectric constant®. In this work, it is
found that the dielectric constants of A(3)-GDYNR and Z(3)-GDYNR perpendicular to the plane direction and
in the plane direction are significantly anisotropic under uniaxial tension and compressive stress perpendicular
to the plane direction (Fig. 8).

Specifically, in the in-plane direction of A (3)-GDYNR, the real part of the dielectric constant exhibits a weak
surface plasmons effect at 629 nm (Fig. 8a). The imaginary part of the dielectric constant peaks at 1200 nm and
decreases with the increase of stress (Fig. 8b). The real part of the dielectric constant of A(3)-GDYNR in the
vertical plane direction shows an obvious surface plasmon effect at 250-750 nm and 1400-2000 nm. At the
wavelength of 1400-2000 nm, A(3)-GDYNR has obvious surface plasmon effect with the increase of compressive
stress. However, this phenomenon disappears when external stress is applied (Fig. 8c). The imaginary part is at
2200 nm, and there is a strong peak at — 1.5 GPa, and the peak value decreases with the increase of stress (Fig. 8d).

In the in-plane direction of Z(3)-GDYNR, the real wavelength of the dielectric constant has a plasmon effect
in the range of 250-1200 nm. The surface plasmon effect increases with the increase of stress. The imaginary
part peaks at 1200 nm (Fig. 8e, f). In the vertical plane direction of Z(3)-GDYNR, the real part of the dielectric
constant has a surface plasmon effect at 280 nm, 600 nm and 2300 nm. The surface plasmon effect decreases at
280 nm and 600 nm with the increase of stress wavelength. When the stress is — 3.5 GPa, the imaginary part is
negative and there is a surface plasmon effect. When the stress is — 2 to 0 GPa, the imaginary part of the dielectric
constant peaks at 1200-4200 nm. And the peak value gradually decreases with the increase of stress (Fig. 8g, h).

In order to observe the effect of stress on materials more accurately, Poisson’s ratio is introduced in this
work. Poisson’s ratio is used to measure the ratio of uniaxial stress to strain of a material under uniaxial tensile
and compressive stress. Is the elastic constant that reflects the transverse deformation of the material®®. Uniaxial
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tensile stress is applied to A(3)-GDYNR and Z(3)-GDYNR in the Z direction. With the increase of tensile stress,
the lattice length of the structure in the Z direction increases, and the lattice length perpendicular to the Z
direction decreases. Conversely, uniaxial compressive stress in the Z direction is applied to the material. As the
compressive stress increases, the lattice length of the structure decreases in the Z direction and increases in the
lattice length perpendicular to the Z direction (Fig. 2c, d).

As shown in Fig. 9a, b, the Poisson ratios of A(3)-GDYNR and Z(3)-GDYNR are calculated to be 0.087 and
0.198, respectively. This also shows that under the same external stress, the degree of deformation affecting
A(3)-GDYNR is smaller than that affecting Z(3)-GDYNR. This is because A(3)-GDYNR and Z(3)-GDYNR
have different structures. Z(3)-GDYNR has more acetylene chains than A(3)-GDYNR. As the acetylene chain
increases, the carbon atoms become closer together in the plane structure and the fracture stress decreases.
Resulting in increased structural hardness.

Then, in order to evaluate the stability of the structure. The ground state energies of A(3)-GDYNR and
Z(3)-GDYNR are also calculated (Fig. 9¢, d). In this work, the energy value under the stress of 0 GPa is taken as
the zero point for reference. The ground state energies of A(3)-GDYNR and Z(3)-GDYNR both increase with
externally applied stress. The stability decreases with the increase of applied stress. Although the change trend
of these two structures is consistent, there are still significant differences. It can be clearly observed from Fig. 9c,
d that Z(3)-GDYNR is less stable than A(3)-GDYNR when the same stress is applied externally. This is also
consistent with the statement mentioned above. That is, under the same external stress, the deformation degree
of A(3)-GDYNR is smaller than that of Z(3)-GDYNR.

Discussion

In summary, the electronic structure and optical properties of A(3)-GDYNR and Z(3)-GDYNR regulated by
uniaxial tensile and compressive stress are theoretically calculated by using the first principles calculation method.
Firstly, the influence of external stress on the stability of the two structures is calculated. With the increase of
stress, the stability of both structures showed a decreasing trend. AIMD simulations of A(3)-GDYNR and Z(3)-
GDYNR under stress induction were performed. The results showed that the A(3)-GDYNR and Z(3)-GDYNR
structures maintained well without significant distortion or collapse, and the difference of bond length before

-0.8

Energy Zero (eV)

3 d -2 0 2 4 6
Stress (GPa)

Figure 9. (a) Fitting the stress—strain curves of A(3)-GDYNR; (b) fitting the stress—strain curves of Z(3)-
GDYNR; (¢, d) ground state energies of A(3)-GDYNR and Z(3)-GDYNR structures when different stress are
applied perpendicular to the plane direction.
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and after AIMD simulation was less than 0.06 A. In addition, the AIMD simulations of A(3)-GDYNR and Z(3)-
GDYNR at 300 K and 600 K are also studied. The results show that with the increase of simulated temperature
and applied stress, the geometric fluctuation caused by thermal motion increases. In order to further confirm
the stability of the structure, the phonon spectra of A(3)-GDYNR and Z(3)-GDYNR are also calculated. There
are no virtual frequencies in the phonon spectrum.

Subsequently, it is also found that the applied stress can regulate the electronic properties and band struc-
ture of A(3)-GDYNR and Z(3)-GDYNR. In A(3)-GDYNR structure, the bond length at E, B and D also shows
a significant increase trend with the increase of applied stress. Because of the change of the interaction force
between the atoms connected by the stretched bond, the band gap decreases with the increase of the applied
stress. Different from A(3)-GDYNR, the acetylene chain in Z(3)-GDYNR structure is not parallel to the direction
of the applied stress, the external stress mainly affects the bond Angle in Z(3)-GDYNR structure, but not the
bond length. With the same external stress, the bond length of Z(3)-GDYNR structure increases less than that
of A(2)-GDYNR. The band gap decreases with the increase of applied stress. It can be intuitively observed from
Fig. 2c—d that the lattice of the structure in the Z direction changes with stress. In addition, in order to obtain the
quantitative scaling between the structural band gap and the applied compression, tensile stress. In this paper,
the functional relationship between A(3)-GDYNR and Z(3)-GDYNR band gap and applied compressive and
tensile stress is studied. The results show that the band gap change of A-GDYNRs is more affected by external
forces than that of Z-GDYNRs.

In this work, the effects of uniaxial tensile and compressive stress on the electronic properties of A(3)-GDYNR
and Z(3)-GDYNR are studied. The Bloch wave functions and CDD of the two structures are shown in this work.
By calculating the effective mass of electrons and holes, it is found that the conduction reasons of A(3)-GDYNR
and Z(3)-GDYNR are different under different stress. The electron and hole effective mass of A(3)-GDYNR is
smaller than that of Z(3)-GDYNR. Poisson ratios of A(3)-GDYNR and Z(3)-GDYNR are calculated to be 0.087
and 0.198, respectively. This shows that under the same external stress, the degree of deformation affecting A(3)-
GDYNR is smaller than that affecting Z(3)-GDYNR.

In addition, the application of stress can distort the lattice of materials, affect the band structure, and regulate
the band gap size of the materials. It also affects the optical properties of GDYNRs. In this work, the wavelength
range of the surface plasma of A(3)-GDYNR and Z(3)-GDYNR in different directions is adjusted by means of
applied stress. Therefore, this work provides an efficient method for the modulation of electronic and optical
properties of A(3)-GDYNR and Z(3)-GDYNR, including edge morphology and stress. All of these methods can
adjust the electronic structure of the material without introducing other external factors. GDYNRs has great
application potential in novel stress-adjustable nanodevices.
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