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Defected graphene has a more important practical significance than graphene. Silver nanoparticles can
modify the optical properties of defected graphene. We present herein a detailed theoretical analysis
about the coherent resonance of quantum plasmons in the Stone-Wales (SW) defected graphene—silver
nanowire hybrid system by using time-dependent density functional theory. The plasmon coherent
effect is mainly attributed to the electromagnetic field coupling between the Stone-Wales defected
graphene and silver nanowires. As a result, the optical response of the hybrid system exhibits a
remarkable enhancement. Plasmon resonance, which depends on polarization and selectable tuning,
is enhanced in wide frequency regions. Moreover, it reveals that the resonance frequency of an optical
absorption spectrum depends on the space configuration of the SW defected graphene in the hybrid
system. This investigation provides a better understanding of the plasmon enhancement effect used
in a graphene-based photoelectric device. The study also offers an effective means of detecting the
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defects existing in graphene.

Keywords quantum plasmons, coherent resonance, SW defected graphene, silver nanowires,

hybrid system
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1 Introduction

Surface plasmons (SPs) that are usually found in noble
metal nanostructures have collective excitation, which
offers opportunities of breaking the diffraction limit at
a nanoscale [1, 2]. SPs have potential applications in
a wide range, such as in optical biosensors [3], optical
waveguides [4], optical nanoantennas [5], and quantum
information processing [6]. Previous studies found that
plasmon optoelectronic devices are produced by tradi-
tional metal nanometer materials, such as gold, silver,
copper, and aluminum, among others. However, SPs also
pose problems, with their main issue being their signal
making a very severe attenuation during transmission.
Graphene is one of the most fascinating two-dimensional
materials with a planar honeycomb monolayer of carbon
atoms [7]. Graphene has emerged as a very promising

plasmonic material [8-13] because of its high carrier mo-
bility [14], long mean free path, low scattering, and gate-
tunable carrier densities [15]. In this context, combining
graphene with plasmon materials, such as noble metals,
to form a hybrid structure is an effective method of ex-
tending the frequency of plasmons from the ultraviolet
region to the infrared and visible region [16]. Recent op-
tical experiments demonstrated metal nanostructures as
an optical frequency antenna, which can effectively cap-
ture light energy into the electromagnetic energy [17-20].

However, obtaining perfect graphene during prepara-
tion is almost impossible because of the limitation of the
manufacturing process. All sorts of defects in graphene
inevitably appear. In addition, graphene properties are
susceptible to micro internal defects, including SW, va-
cancy, adsorption, and 5-8 pair defects. As one kind
of topological defect, the SW defect is the most com-
mon defect existing in graphene, which forms when the
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C-C key rotates for 90° along the key centers and the
original complete hexagon forms two pentagons and a
heptagon structure (Fig. 1). This type of defects was
discovered by T. Ebbesen. Once formed, a 5—7 member
ring would move in the structure and lead the structure
to restructure a large area and destroy the integrity of
graphene [21]. Moreover, the attention on the SW de-
fected graphene is relatively weaker than on graphene,
and theoretical and experimental research about plas-
mons is deficient. Therefore, a theoretical research on
plasmons as regards the defects in graphene, especially
the SW defect, has an important guiding significance for
the practical application of graphene.

The plasmon characteristics from metal particles and
graphene in the hybrid structure cause great change be-
cause of the electromagnetic coupling between graphene
and metal particles. This changed leads to some novel
optical effects [22-26]. The resonance frequency can be
tuned by size [27, 28], shape [29], surrounding medium
[30, 31], and excitation [32, 33] (polarization and propa-
gation directions). It also makes a certain indicative to
the superiority of the coupling structure comprising SW
defected graphene and noble metal nanoparticles. How-
ever, we also need to study the micro process of plasmon
at an atomic level to grasp the enhancement mechanism
of plasmon in the hybrid structure. In the experiment,
self-assembly techniques through the surface or the scan-
ning tunneling microscope (STM) tip can be used to real-
ize the manipulation of individual atoms in the material
surface to form a variety of man-made atomic structure
by Refs. [34-37]. In the process of actual operation |,
combines microscale SW defected graphene and metal
particles to form the coupling structure has the realiz-
ability. At the same time, the quantum effect is lead-
ing to some novel phenomena along with the optical de-
vice being continuously developed in the molecular and
nanoscale direction. Recognizing only the micromecha-
nism of physical phenomena, we can control the graphene
plasmon by reasonable means and provide a direct the-
oretical support for the application of a graphene nano-
optoelectronic device.

In this letter, we mainly use the time-dependent den-
sity functional theory to obtain the numerical simulation

Fig. 1 Formation of Stone—Wales defects in graphene.
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of plasmons in a hybrid structure consisting of small-
scale SW defected graphene with silver nanowires. This
artificial atomic structure is an ideal candidate structure
for merging the properties with the nanoscale SW de-
fected graphene in a planar device. Compared with iso-
lated SW defected graphene, the simple hybrid structure
exhibits a remarkable enhancement on optical response.
The optical absorption intensity and the resonance fre-
quency are proportional to the nanowire length. These
simulation results may offer essential information for
controlling plasmons in an ultra-small practical graphene
device. Furthermore, the results provide a viable means
for detecting defects in graphene.

2 Computational details

All our calculations were performed using the real-space
and real-time time-dependent density functional the-
ory (TDDFT) approach, as employed in the OCTO-
PUS code [38]. All atoms were described by Troullier—
Martins pseudopotentials [39]. The local density approx-
imation [40] for the exchange correlation was used in
both the ground and excited state calculations following
Marinopoulos et al. The system is excited by a function
impulse in the initial state to obtain the linear optical
absorption spectrum. At the same time, we could also
obtain a response to a particular polarization. The ex-
citation spectra were extracted by Fourier transform of
the dipole strength. This scheme was extensively tested
on several well-studied examples to reproduce reliable
absorption spectra [41, 42]. The simulation zone was a
sphere around each atom with a radius of 6 A and a
uniform mesh grid of 0.2 A. In a real-time propagation,
the Kohn—Sham wave functions are evolved for typically
6000 steps with a time step of At = 0.003 h/eV.

3 Results and discussion

We first mainly considered a series of hybrid structures
by placing a rectangular SW defected graphene flake in
the gap of a small silver nanowire dimer with planar
structures. Figure 2 shows that a series of optical ab-
sorption spectrum of SW defected graphene with dif-
ferent lengths of silver nanowire hybrid structure and
excitation pulse polarize along the zigzag edge of the
SW defected graphene (parallel to the X axis). The dis-
tance between the edge of the SW defected graphene and
the nearest Ag atom was 2.6 A. The theoretical calcula-
tion model was a nonperiodic structure. The theoretical
studies of the localized surface plasmon herein were in a
small-scale nanostructure. For an intuitive comparison,
Fig. 2 also illustrates the optical absorption spectrum

Tong Liu, et al., Front. Phys. 12(5), 125201 (2017)
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Fig. 2 Absorption spectra of a series of SW defected graphene-silver nanowires hybrid structures consisting of same
SW defected graphene and variable silver nanowires: (a) Ag2 dimer, (b) Ag3 dimer, (c) Ag4 dimer, and (d) Agb dimer,

respectively.

for the isolated SW defected graphene (black curve), iso-
lated silver nanowires (red curve), and hybrid system
(blue curve). The flake of the SW defected graphene
at nanoscale splits into several discrete models because
of the quantum confinement effect. These SW defected
graphene flakes at the nanoscale had distinct molecular
absorption spectrum characteristics. This study mainly
focuses on low-energy modes (i.e., less than 5 €V), as
shown below.

Figure 2 clearly shows that compared with the iso-
lated SW defected graphene, an obvious enhancement is
found on the optical absorption of the hybrid structure.
As sketched in the inset of Fig. 2, these silver nanowire
dimers are expected to serve as optical antennas, which
effectively convert the incident light into plasmon oscilla-
tion. The optical response intensity of the hybrid struc-
ture was closely linked with the resonant frequency of
the silver nanowires. Hence, we combined four different
silver nanowires (i.e., Ag2, Ag3, Agd, and Agh) with the
same SW defected graphene when we built the hybrid
structures.

Figures 2(a)—(d) depict the absorption spectra of four
kinds of hybrid structures, in which the number of silver

Tong Liu, et al., Front. Phys. 12(5), 125201 (2017)

particles increased when the excitation pulse polarized
along the X-axis direction. According to the optical ab-
sorption spectrum, the resonant frequency of the hybrid
structure gradually enhanced when the number of silver
atoms on one side of the SW defected graphene increased
from 2 to 5. The region of the low energy resonance
absorption peak gradually red shifted from 2.51 eV to
1.41 eV with the increase of the silver particles. Further-
more, the absorption intensity increased from 23 (1/eV)
to 40 (1/eV). The appearance of the strong absorption
peak suggested that these patterns had the collective ex-
citation feature. This enhancement of the selective light
absorption was mainly caused by the coherent superpo-
sition effect of the plasmons in the hybrid structure. The
carrier concentration for this hybrid structure enhanced.
Part of the electrons will shift between the SW defected
graphene and the silver nanowires when the SW defected
graphene is put in the silver nanowire dimer. Further-
more, the silver nanowire plasmons were produced by the
incident light excitation that enhanced with the electron
silver pulsed magnetic field near the area. This kind
of strong near field will directly stimulate the hole elec-
tron pair in the SW defected graphene. Notably, the
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enhanced mode frequency was very close to the resonant
frequency of the silver particles in the abovementioned
four kinds of hybrid structure because very approximate
frequencies between the SW defected graphene and the
silver nanowires can meet the coherence resonance con-
ditions of plasmon. Hence, the electrons in the two ma-
terials had a coherence resonance with the approximate
resonance frequency, and the resulting coherent effect,
which appeared at the absorption peak, will obviously
enhance. Fang et al. demonstrated that the wavelength
sensitivity of a graphene—antenna sandwich photodetec-
tor is limited by the resonant frequency of the antennas.
Moreover, the antenna frequency was implemented by
varying the size of the antennas in the device [43].

We calculated the induced charge density distribution
at the resonant frequency for the hybrid structures to
more clearly illustrate the resonance mechanism of these
plasmons. Figure 3 shows the induced charge density
distributions for the four hybrid structures at the energy
resonance points. The charge was mainly concentrated
at the edge of the hybrid position, thereby showing a
very significant dipole distribution. The plasmons in
the two kinds of materials resonated when the induced
charge density presented the dipole oscillation character-
istics between the SW defected graphene and the silver
nanowires. In other words, the electromagnetic coupling
that existed in the hybrid structure will form the antipar-
allel dipole. The experiment of Niu et al. proved that the
electromagnetic coupling will be shown as the plasmon
coherence resonance when the resonant frequency of the
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two is very close [44]. At this time, the current carriers of
the SW defected graphene and the silver nanowires are
oscillating in the same frequency. At the same time, the
SW defected graphene—silver nanowires showed a dipole
distribution in the induced charge density distribution
corresponding to these energy points. The dipole inter-
action between the two led the resonance frequency of
the plasmons in the system to the minimum mobile.

For a more intuitive comparison, Fig. 4 shows the in-
duced charge density distributions of the isolated SW de-
fected graphene at the energy resonance points. The iso-
lated SW defected graphene can also take on the dipole
oscillation characteristics to a certain extent. However,
the overall distribution was scattered in terms of the
charge density distribution. The effect of the silver
nanowires was not difficult to find compared with the
hybrid structure. The charge distribution was more con-
centrated; the dipole was significantly enhanced; and the
light response degree obviously increased. The coherence
resonance occurred between the silver nanowires and the
SW defected graphene and can be regarded as a strong
evidence.

In addition, the optical responses of this anisotropic
hybrid structure were sensitively dependent on the space
configuration of the hybrid structure. In this part, we
tried to make some changes on the position between
the silver nanowires and the SW defected graphene. As
shown in Fig. 5, the SW defected graphene rotates for
90° and at the zigzag boundary parallel to the Y axis.
The inset of Fig. 5 illustrates that the distance between
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Fig. 3 The induced-charge-density distributions of the hybrid structures, (a—d) SW defected graphene-silver2/3/4/5
dimer, at the prominent resonance frequency of 2.51 eV/2.05 ¢V/1.62 €V /1.41 €V, respectively.
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Fig. 4 The induced-charge-density distributions of the isolated SW defected graphene, (a) at the prominent resonance
frequency of 1.41 eV, (b) at the prominent resonance frequency of 3.75 eV.
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Fig. 5 The optical absorption spectrum of hybrid structure
(Ag2 dimer placed along the heptagon rings) is displayed with
a purple curve. For comparison, SW defected graphene is
displayed with a black curve, isolated Ag2 dimer is displayed
with a red curve, hybrid structure (Ag2 dimer placed along
the pentagon rings) is displayed with a blue curve.

the nearest silver ions and the SW defected graphene
was 2.6 A. Figure 5 shows the optical absorption spec-
trum of the hybrid structure when the excitation light
goes along the armchair-type edge of the SW defected
graphene (parallel to the X axis).

Figure 5 clearly displays two obvious absorption peaks
in the new hybrid structure at a low-energy area, which
was not the same as before. The optical absorption of the
new hybrid structure still had an obvious enhancement
compared with the isolated defected graphene. However,
a weaker hybrid structure than the former was observed
in the highest absorption peak on the low-energy modes.
The new hybrid structure also showed a coherent su-
perposition effect of the plasmons. The hybrid struc-
ture can enhance the light absorption of the visible re-
gion compared with the isolated SW defected graphene.
The electrons of the SW defected graphene and the silver
nanowires exhibited a coherence resonance in the same
frequency. The coherent superposition effect was char-

Tong Liu, et al., Front. Phys. 12(5), 125201 (2017)

acterized by the enhancement of the absorption peak in
the light absorption spectrum. On the one hand, the
current carrier concentration was an important factor to
the strength of the light absorption spectrum because of
the special structure of the SW defected graphene (i.e.,
four hexagon rings go into two pentagon and two hep-
tagon rings). The atoms in the silver nanowire dimer
were less when the silver nanowires were placed along-
side the heptagon rings. On the other hand, this phe-
nomenon can be attributed to the boundary effect of the
defected graphene on nanoscale. The resonance absorp-
tion spectrum of the plasmons reflected the long-range
oscillation transmission process of the charge under the
action of Coulomb. In essence, the electron of the dimer
transfer needed to experience different distances and bar-
riers under the action of the excitation light when the
coupling structure makes an adjustment. The absorp-
tion frequency and intensity in the two directions had
a certain difference because the barrier and the Landau
damping were different from the carrier oscillation along
the armchair-shaped edges and the zigzag edge. Figure
6 shows the induced charge density distribution of the
new hybrid structure at 1.41 eV and 2.25 eV to facilitate
better understanding.

Figure 6 shows that the electrons that transferred be-
tween the silver nanowires and the SW defected graphene
becomes less when the silver nanowires and the SW de-
fected graphene are in a parallel or antiparallel dipole dis-
tribution. As can be seen from the induced charge den-
sity figure for defected graphene, different modes corre-
sponded to different space charge distributions. Further-
more, the induced charge in the low-energy absorption
model mainly focused on its edge. A scanning tunnel-
ing microscope (STM) is an instrument used for imaging
surfaces at the atomic level. For an STM, a good reso-
lution is considered to be 0.1 nm lateral resolution and
0.01 nm (10 pm) depth resolution. The individual atoms
within the materials were routinely imaged and manipu-
lated following this resolution. The boundary effect can
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Fig. 6 The induced charge density distributions for the hybrid structure (Ag2 dimer placed along heptagon rings), (a) at
the prominent resonance frequency of 1.41 eV, (b) at the prominent resonance frequency of 2.25 eV.

be directly observed by the STM and a scanning tunnel-
ing spectrum experiment [45]. The electronic structure
under the boundary condition will produce a very big ef-
fect on the model and a light response of the SW defected
graphene [46, 47]. The situation for the sheet structure of
the small-scale rectangular defected graphene on the two
kinds of boundary (i.e., zigzag and armchair boundaries)
that we used in the calculation was more complicated.

We opted for a high-symmetry system consisting of
a SW defected graphene flake and a silver nanowire
tetramer to further confirm the view of the boundary
effect and attain a better understanding of the physical
essence of the resonance mode transformation. This hy-
brid structure exhibited excitation on the incident light
with different reverse polarizations. Figure 7 shows the
absorption spectrum of the special hybrid structure un-
der the excitation from different polarized lights.

We found that the resonant frequency and intensity
only had minor changes with the excitation light po-
larization direction in the low-energy region. Figure 7
also demonstrates that the SW defected graphene only
had a single zigzag boundary, while the silver nanowire
tetramer was placed symmetrically in the X and Y direc-
tions. The electron transferred in the same distance and
barrier height along all directions only because of the sin-
gle zigzag boundary in the SW defected graphene. More-
over, the silver nanowire tetramer was vertically stacked.
Therefore, the oscillation pattern was the same as that
in the two mutually vertical directions. In the process
of model transformation, the coherence resonance condi-
tion was always met. The abovementioned analysis has
carried on a rational explanation of the phenomenon that
the light absorption of this kind of hybrid structure was
basically not affected by the polarization direction of the
excitation light in a low-energy region.

The following very interesting phenomenon deserves
our attention: a new absorption peak in a low-energy
zone gradually appears as the excitation light direction
gradually changes. Combined with Fig. 7, the resonance
frequency also depends on the space configuration of the

125201-6
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Fig. 7 Absorption spectra of a SW defected graphene—Ag2
nanowires tetramer hybrid structure as a function of the po-
larizer angle relative to the X axis (§ = 0°, 30°, 60°, 90°).

hybrid system. The obvious characteristics of the optical
phenomena turned up in the low-energy region for two
reasons. One is the influence of the boundary effect, and
the other is related to the carrier concentration between
the silver nanowire dimer and the SW defected graphene.

Figures 8(a)—(d) present the induced charge density
distribution under the excitation of the polarized light
in different directions. Figure 8 intuitively shows the os-
cillation mode conversion of the hybrid structure when
the excitation light polarization direction increases from
0° to 90°. The SW defected graphene sheets and silver
nanowires exhibited dipole phenomena under these four
excitations of polarized light (i.e., 0°, 30°, 60°, 90°). This
observation was enough to show that the coherence reso-
nance of the hybrid structure happened. The transverse
mode in this high symmetrical structure can increase ac-
cordingly when the longitudinal mode decreases. Mean-
while, the longitudinal mode can increase accordingly
when the lateral pattern weakens. The vertical and hor-
izontal enhancement patterns were trading off and taking
turns, thereby resulting to the total absorption intensity
remaining to be unchanged.

Tong Liu, et al., Front. Phys. 12(5), 125201 (2017)
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Fig. 8 The induced charge density distributions for the SW defected graphene-Ag2 nanowires tetramer hybrid structure

at different polarizer angles. (a) 0°, (b) 30°, (c) 60°, (d) 90°.

4 Conclusion

In summary, our work provides the first detailed theo-
retical analysis of the plasmon coherent resonance in the
SW defected graphene—silver nanowire hybrid system by
using the time-dependent density functional theory.

We draw the following conclusions according to the
abovementioned theoretical simulation of plasmons in
the hybrid structure:

i)

ii)

The quantum plasmon coherent effect in the Stone—
Wales defected graphene—silver nanowire hybrid sys-
tem can dramatically enhance the absorption in the
visible light region. The absorption intensity is pro-
portional to the length of the silver nanowires. Sim-
ilarly, the absorption frequency is regulated by the
silver nanowires.

The plasmons in the hybrid structure are more eas-
ily tunable by changing the polarization direction
because of the anisotropic edge effect in the SW de-
fected graphene flake and mode conversion in a silver
nanowire antenna. Moreover, they can eliminate the
excitation light polarization direction of anisotropy
to a certain extent using the high-symmetry hybrid
structure. The conclusions provide a more effective
strategy for a nanoscale plasmon device in the visi-
ble region. The findings also offer a feasible method
of testing the existence of defects in graphene.
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