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Abstract. The Surface Plasmon Resonance (SPR) properties in the petahertz (1015 Hz)
frequency range for monolayer graphene nanosheet and graphene nanopore are investigated
using discrete dipole approximation method. We calculate graphene refractive indices
by using �rst-principle density functional theory. The near-�eld enhancement made by
plasmon in these structures is studied by employing �nite-di�erence-time-domain method.
For graphene nanosheets, energy of the SPR peak drops with increase in the sheet length.
Also, for graphene nanopores smaller than 5 nm in length, increasing the pore diameter
decreases energy of the SPR peak and for some length values like 6 nm, this energy value
is raised. For larger sheets (e.g., 8 nm), SPR peak is rather unchanged by variations
of the pore diameter. The SPR is used to detect nanoscale objects such as gold, silver,
copper, rhodium, and aluminium oxide. If nanoscale particles are inserted into the graphene
nanopore, 0.195 to 0.474 eV shift in the SPR spectra appears. Type of the presented
nanoparticle can be clearly determined by measuring the energy shifts in the SPR spectra.
Our results show that petahertz-frequency plasmon in graphene nanopore can be used as
a nanoscale-object detection methodology.
© 2017 Sharif University of Technology. All rights reserved.

1. Introduction

Graphene has shown excellent mechanical exibility,
biocompatibility, high electron mobility, and unique
plasmon properties [1-7]. Recently, graphene has been
utilized as pressure sensor [8], dipolar-antenna in the
terahertz frequency range [9], and membrane for DNA
translocation detection [10]. Surface Plasmon Reso-
nances (SPR) and plasmon propagation in graphene
have attracted attention due to their great application
in nano-photonics, biology, sensing, gap detection, and
DNA sensing [8,11-13]. Di�erent types of the plasmon
in graphene are: (1) collective-intraband excitation
of the conductance electrons with 0-3 eV energy, (2)
collective-interband excitations of the � valance elec-
trons with 4-12 eV energy, and (3) collective-interband

*. Corresponding author. Tel./Fax: +98 21 82883368
E-mail address: v ahmadi@modares.ac.ir (V. Ahmadi)

excitations of all valence electrons (� + � plasmon)
with 14-33 eV energy [14-21]. Current studies show
that interband � plasmon in nanometer-size graphene
ribbons can be tuned by changing the ribbon size [22].
By the presence of single-point defect, interband �+ �
plasmon can be locally enhanced at an atomic scale to
yield unprecedented levels of �eld con�nement (about
0.2 nm) [23]. The SPR properties of interband �
plasmon of monolayer and multilayer graphene nan-
odiscs show strong small-size and �eld-enhancement
e�ects [24]. Also, the interband � plasmon resonance
behaviour for the graphene nanosheets and graphene
nanopores, and their application to DNA nucleotide
sensing have been investigated [11,12]. The SPR
properties of the interband � plasmons in graphene
nanopore can be used in near future as a new method-
ology for DNA sequencing or other single-molecule
detection mechanisms [11,12]. This is because of the
fact that interband � and � + � plasmons in graphene
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are strongly localized and plasmon wavelength is about
�0=200, where �0 is the free-space wavelength equal to
� 250 and � 80 nm for the interband � and � + �
plasmons in graphene, respectively. Hence, both types
of the interband plasmons in graphene are very strong,
sensitive to small and inert to large dimensions and
they can be used in nanoscale-object sensing, counting,
and manipulation.

In this research, �rst we calculate refractive
indices for graphene by using �rst-principle Density
Functional Theory (DFT) at petahertz frequency range
(corresponding to the interband �+� plasmon). Then,
we analyze interband � + � plasmon properties and
corresponding Electric Field Enhancement (EFE) of
graphene nanosheet using Discrete Dipole Approx-
imation (DDA) and Finite-Di�erence-Time-Domain
(FDTD) methods [25,26]. In addition, we look into the
e�ect of making a nanopore and changing its diameter
at the center of the graphene nanosheet. Also, we
investigate the possibility of the petahertz-frequency
plasmons to be used in nanoscale-particle sensing; like
gold (Au), silver (Ag), rhodium (Rh), aluminium oxide
(Al2O3), and copper (Cu).

2. Materials and methods

The DDA method is used for calculating far-�eld
electromagnetic radiation scattering, absorption, and
extinction for targets of any arbitrary shapes, having
complex refractive indices and sizes on the order or
smaller than incident wavelength [24,25]. In the
DDA method, the arbitrary-shaped target is divided
into a cubic lattice of N dipoles, where N is the
number of dipoles. The inter-dipole separation is small
enough compared to the target length and the ambient
wavelength. Draine and Flatau [25] proved that the
DDA method is applicable if jmjkd << 1, where m is
the complex refractive index, k is the wavenumber at
the ambient medium, and d is the above-mentioned
inter-dipole separation. To satisfy the condition of
jmjkd << 1, and considering the refractive index of the
materials and wavelength ranges, the minimum value
of the diploe-space is 0.04 nm. We use DDSCAT code,
version 7.3, and Lattice Dispersion Relation (LDR) [27]
for polarizeability in the DDA simulations. The
excitation wave is assumed to propagate along the x
axis (direction of the graphene thickness) while electric
�eld is parallel to the y axis (normal to the direction
of the graphene thickness). Note that for plasmonic
nanoparticles, the accuracy issue can be satis�ed for
the conditions that dipoles are very small compared
to the lengths of characteristics. To prove accuracy
of the simulation, a spherical gold nanoparticle of
10 nm diameter is simulated, which has already been
studied by Yurkin et al [28]. We use 383336 dipoles to
model the gold nanoparticle. The absorption e�ciency

spectrum for the 10-nm gold particle is calculated.
The results are in great agreement with the results
presented in [28]. The computational approaches for
plasmonics and their accuracy issues can be found
in [28,29]. In Figure 1, the calculated refractive
indices are shown for graphene that are used in both
DDA and FDTD methods. Figure 2 illustrates the
proposed structures, a monolayer graphene nanosheet
(Figure 2(a)), and graphene nanopore (Figure 2(b)).
Also, Figure 2(c) shows the nanopore structure with a
nanoparticle inserted into the pore. The structures are
illuminated with a transverse-electric �eld, propagating
along the x axis, in Figure 2. The experimental results
in [30,31] for the refractive indices are utilized for
modelling of monolayer graphene between the 150 and
500-nm wavelengths in the DDA method [24,32]. Also,
we use the frequency-dependent optical properties of
metals from [33,34]. The accuracy issues for the thin

Figure 1. The real and imaginary parts of refractive
indices shown for the calculated and experimental CVD
graphenes.

Figure 2. The proposed structures: (a) Graphene
nanosheet, length a, (b) graphene nanopore, length a,
pore diameter D, and (c) a nanoparticle is inserted into
the graphene nanopore. A plane wave is illuminated in
each structure while electric �eld component E is parallel
to the y axis and it propagates along the x axis (kjjx).
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Figure 3. E�ect of number of dipoles in the direction of
the graphene thickness on the SPR spectra. Results show
that increasing number of dipoles from 1 to 8 has almost
no e�ect on the SPR peaks.

layers are important when transverse polarization state
is used (electric �eld is parallel to the direction of
the graphene thickness). But, we only consider the
polarization state in which the electric �eld component
is normal to the direction of the graphene thickness.
In this case, the electric �eld is almost insensitive to
the thickness of the graphene for very thin sheets.
The simulation setup is designed to calculate the SPR
spectrum for a graphene sheet of 3 nm length while the
number of dipoles in the direction of graphene thickness
is changed between 1 and 8. As shown in Figure 3, the
number of dipoles has almost no e�ects on the SPR
spectra. For further studies, the thickness-accuracy
issues can be found in [35,36].

We need optical properties of graphene for the
wavelengths below 100 nm. Thus, we calculate the
refractive index of monolayer graphene by using DFT
framework implemented in GPAW code [37]. The
calculation is carried out considering the Local-Density
Approximation (LDA) for exchange-correlation poten-
tial plus the linear response of the Random-Phase
Approximation (RPA) [38,39]. The unit cell is the
primitive cell of graphene containing two carbon atoms
with experimental parameter of a � 4:651 (atomic
unit). We consider vertical distance between replicas of
graphene to be L = 5a � 23:255 (atomic unit) to avoid
interactions among them. We use 200 eV energy cut-o�
for plane-wave representation and employ 16 � 16 � 1
and 64 � 64 � 1 k-point meshes in the Monkhorst-
Pack scheme for ground state and linear response func-
tion calculations, respectively. The structure of free-
standing graphene is fully relaxed until the maximum
force applied to each atom is less than 0.05 eV/�A.
Optical broadening is assumed to be 0.2 eV and the
response function is evaluated in the optical limit

within RPA. Our obtained values for graphene are close
to the experimental results in [32] for the ultraviolet
and blue-light frequencies (150 nm to 500 nm). To
compare the calculated refractive indices with the
experimental results, Figure 1 compares calculated and
experimental refractive indices for graphene. It can be
discussed in two regimes: below 200 nm and above
200 nm of wavelength. For the wavelength above
200 nm, the calculated and experimental refractive
indices are shown, which are in good agreement.
Note that the small di�erences between the calculated
and experimental refractive indices are related to the
Chemical Vapor Deposition (CVD) method used for
graphene deposition in [31]. These di�erences are
generally due to the experimental methods used for
graphene sheet production and optical measurements
setups. For wavelengths less than 200 nm, there is no
experimental data for dielectric function of graphene
at petahertz-frequency range and we should validate
our results based on longer wavelengths (wavelengths
above 200 nm in Figure 1). Finally, to investigate
SPR and �eld enhancement properties of the proposed
structures at the petahertz frequencies, we use the
calculated refractive indices in the DFT framework
for modelling graphene sheet in the DDSCAT7.3 code
developed in [25]. In the FDTD simulations, the
graphene structure is modeled as a sheet with 0.34 nm
of thickness. Refractive indices for the graphene
are calculated here and compared with the values
in [26,31,33,34]. A plane wave is illuminated for the
graphene sheet, which propagates along the graphene
thickness direction, and electric �eld component is
normal to the direction of graphene thickness. The
real-space grid for FDTD is about 0.005 nm in all
directions. The FDTD results are in good agreement
with the results of electric-�eld distribution and �eld
enhancements previously reported in [11,23]. The time-
step is 0.1 fs and simulations are done for 1000 fs. The
number of 12 Perfectly Matched Layers (PML) in all
directions are used for the boundaries. The boundaries
are far enough (1 �m) for the object of interest in all
directions.

3. Results and discussion

3.1. SPR and EFE properties of graphene
nanosheet

The SPR spectra of the graphene nanosheet with a
�xed thickness (0.34 nm), for di�erent length values
(a) from 1 to 15 nm, are shown in Figure 4. We
obtain longitudinal and transverse modes by setting
the direction of the x axis and the polarization di-
rection (direction of the electric �eld) to zero or 90�,
respectively (Figure 2). Our simulation results are
provided for the transverse mode, because in monolayer
graphene, the transverse mode dominates and the
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Figure 4. SPR spectra of the graphene nanosheet as a
function of the sheet length. There is only one dominant
mode (M1), which is red-shifted by increasing the sheet
length.

Figure 5. Energy of the SPR peak for the graphene
nanosheet as a function of the sheet length. For small
sheets, energy decreases and for larger sheets, it is
unchanged. Energy of the SPR peak drops from 15.1 to
14.09 eV by increasing the length from 1 to 15 nm.

longitudinal mode can be neglected [11,12,24]. As
shown in Figure 4, the SPR spectra have one dominant
mode (M1) and corresponding energy decreases from
15.7 to 14.1 eV when the nanosheet length increases
from 1 to 14 nm. The energy of the SPR peak
(Emax) of the transverse-mode SPR as a function of
length of the monolayer graphene nanosheet is shown
in Figure 5. When the nanosheet length is more than
6 nm, energy of the SPR peak approaches a saturation
value and for the length values above 10 nm, it is

nearly constant (14.1 eV). This plasmon peak occurs
at the petahertz frequency range, which corresponds
to the interband � + � plasmon of graphene [14-16].
The high-energy interband � + � plasmons can be
excited in pristine and doped graphene [37]. The
SPR spectra of the graphene nanosheet have a peak
at the petahertz frequency, which is a combination
of the collective and single excitations of all valence
electrons [14]. Plasmon peak mainly depends on the
size and shape of the target [20,24,40-44]. The energy of
the plasmon peak of the monolayer graphene nanodisc,
and spherical and cylindrical metals decreases with
increasing diameter [24,43]. The saturating behaviour
of the interband � + � plasmon by increasing the
sheet length is understandable due to great plasmon
damping occurring as a result of equal values of the
energy of the interband � + � plasmon and elec-
tron transitions. This behaviour is observed for the
graphene sheet length values above 6 nm, as shown
in Figure 5. The interband plasmons cannot move
across a long distance in graphene; therefore, they are
strongly localized, sensitive to small and insensitive
to large sizes [23]. Graphene nanosheets change the
external electromagnetic radiations to the enhanced
�elds by means of localized interband plasmons. The
Electric Field Enhancement Factor (EFEF) is de�ned
as jEj2=jE0j2, where E is the electric �eld at the
destination point and E0 is the incident electric �eld.
Figure 6 shows the maximum EFEF at the hot spot
of the graphene nanosheet as a function of the sheet
length from 1 to 30 nm. The maximum EFEF value
is 22.01, which corresponds to a = 3 nm. Also,

Figure 6. Maximum EFEF as a function of the graphene
nanosheet length at the hot spot of the graphene
nanosheet. The maximum EFEF value is 22.01, which
corresponds to a = 3-nm graphene nanosheet. The inset
shows the �eld pro�le for a = 1-nm graphene nanosheet at
� = 92 nm (13.48 eV) and the maximum EFEF is 10.7.
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Figure 7. EFEF at the hot spot of the graphene
nanosheet as a function of the energy of the incident light
for some nanosheet length values (a = 3, 5, 10, and 25
nm). Longer sheet lengths lead to smaller maximum
values of the EFEF.

Figure 7 presents the EFEF at the hot spot of the
graphene nanosheet as a function of the energy of
incident light for some nanosheet length values between
1 and 15 nm.

3.2. SPR and EFE properties of graphene
nanopore

Figure 8 represents energy of the SPR peak in the
SPR spectra of the graphene nanopore. Making a pore
into the graphene nanosheet introduces excess modes
to the SPR spectra. When pore diameter increases,
energy of the �rst and second modes is raised due to

Figure 8. E�ect of the pore diameter variations on the
energy of the SPR for di�erent graphene sheet sizes.
When the pore diameter increases, for small enough
sheets, energy of the global peak decreases. For larger
sheets, changing the pore diameter has no e�ect and
global peak is unchanged.

the decrease cluster size and, consequently, increase
in the bandgap energy. But, for the energy value of
the third mode, increasing the pore diameter drops
corresponding energy. As a result, for small enough
sheets (a < 5 nm), the shift amount of energy of the
third mode dominates and energy of the global SPR
peak decreases (Figure 8). However, for some cases,
i.e. a > 5 nm and a < 8 nm, increasing the pore
diameter slightly increases energy of the SPR peak
(e.g., a = 6 nm, Figure 8). For larger sheets, small
pore diameters have no e�ect on the energy of the
�rst and second modes. For bigger pore diameters in
the big sheets, energy of the global peak is unchanged
(Figure 8). However, if D � a, then energy of the
global peak increases. For example, if D = 2:5 nm
while a = 3 nm, then energy of the global peak is
about 14.42 eV. The EFEF of the graphene nanopore
is considered under an external transverse-electric �eld
propagating in the direction of the graphene thickness.
Figure 9 presents the EFEF for the hot spot of the
3-nm graphene sheet as a function of energy for the
pore diameter changes between 1 and 2 nm. Generally,
when the pore diameter increases, the peak value of the
EFEF decreases and it is broadened.

Table 1 provides a brief description of the in-
terband � and � + � plasmon properties in graphene
nanosheet and nanopore. The � plasmon belongs to
the UV-visible (150 to 400 nm) region of light while
interband � + � plasmon appears at the petahertz
frequencies (� 80 nm). The interband � plasmon
properties of graphene nanodiscs and nanosheets are
investigated by the DDA method [11,12,25]. The
saturation energy of the � + � plasmon is 14.09 eV
and for � plasmon, it is 4.35 eV. Energy of the SPR
peak decreases by increasing the sheet length or disk

Figure 9. EFEF of the hot spot for a 3-nm graphene
sheet as a function of the energy of the incident light and
pore diameter. Increasing the pore diameter decreases the
maximum value of the EFEF.
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Table 1. Small-size e�ects and electric-�eld enhancement properties; comparison between interband � and � + �
plasmons. Dependency of the energy of � and � + � plasmon peaks and their EFEF properties on the graphene nanosheet
length and graphene nanopore diameter.

� plasmon [11,23] � + � plasmon

Saturation Energy (eV) 4.35 14.09
Sheet length corresponding to the saturation energy (nm) 80 8
Energy of SPR peak for 3-nm sheet (eV) 4.96 14.5
The largest pore-sensitive sheet (nm) 60 6
Maximum EFEF 19 22
Sheet length corresponding to the maximum EFEF (nm) 5 3

diameter [11,12,25]. The above-mentioned saturation
energy for � + � and � plasmons belongs to a = 8 and
80-nm graphene sheets, respectively. For a graphene
nanosheet length of a = 3 nm, the energy of �+ � and
� plasmons is 4.96 and 14.5 eV, respectively. Making a
pore into the graphene nanosheet reduces energy of the
SPR peak. For large enough sheets, the pore diameter
variations cannot change the energy of the SPR peak,
except for the case in which the pore diameter is
almost equal to the nanosheet length. The largest pore-
sensitive sheet length is de�ned as the largest graphene
nanosheet length that makes a small pore within it
(Da � 0:8), resulting in a considerable shift in the SPR
spectra. This factor is 60 and 6 nm for interband �
and �+� plasmons, respectively. The maximum EFEF
for interband �-plasmon is 8.5 for monolayer graphene
nanodisc, which belongs to 8 nm-diameter disk [25].
Also, for graphene nanosheet, this value is 19.8 and
belongs to a = 5 nm [11,12]. The maximum EFEF for
interband �+ � plasmon is 22 for graphene nanosheet,
which belongs to a = 3 nm. Generally, our results here
prove that the general behaviours of the two di�erent
types of interband plasmons in graphene nanosheet and
nanopore are similar, except for the absolute values of
the energy and EFEF.

Both plasmons can be used in single-molecule or
nanoscale-objects detections. For example, interband
� plasmon has been employed for DNA nucleotide
sensing; the method can clearly distinguish all the
possible types of the DNA nucleotides. Here, we
examined �+� and we proved that this kind of plasmon
was not applicable in DNA sequencing and it could not
distinguish types of the presented DNA nucleotides.
However, this is not a drawback for this kind of plas-
mon, because this happens due to the similar optical
properties of the DNA nucleotides in the petahertz
frequency range. Thus, the interband � + � plasmon
in graphene nanopore may be used in other single-
molecule detection mechanisms. Hence, application of
interband �+� SPR in graphene nanopore for detecting
nanoparticles is examined. Here, we study the appli-
cability of the proposed petahertz-frequency plasmons
to be used in nanoscale-objects detections. The idea

Figure 10. E�ects of di�erent types of the nanoparticle
presented to the graphene nanpore, which introduce
energy shifts to the modes of the plasmon spectra. As
presented here, the Ag, Au, Rh, Cu, and Al2O3

nanoparticles can be distinguished by looking at the
energy shifts in these spectra.

is based on the fact that interband � + � plasmon in
graphene is strongly localized and sensitive to small
dimensions of the target. We examine applicability of
the interband plasmons by presenting 2 nm-diameter
particles of gold (Au), silver (Ag), rhodium (Rh),
copper (Cu), and aluminium oxide (Al2O3) to a 3 nm-
length graphene sheet. Figure 10 represents the energy
shifts in the SPR spectra related to each SPR mode due
to the presented nanoparticles. As shown in Figure 10,
the suggested mechanism is selective between types
of the presented nanoparticle. Hence, type of the
presented nanoparticle can be clearly determined only
by utilizing energy shifts of the petahertz-frequency
SPR spectra. For example, if the shift value for the
second mode of the SPR spectra is zero, then the
presented nanoparticle is Cu. If the shift value for the
third mode is zero, then we look at the shift value for
the second mode. In this condition, if the shift value
of the energy of the second mode is about 0.2 eV, the
presented nanoparticle is Ag and if the shift value is
about 0.1 eV, the presented nanoparticle is Au. If we
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see positive and non-zero energy shifts in all the three
modes, the presented nanoparticle is Rh. Finally, if the
�rst and second mode energies are shifted positively
while the third mode energy is shifted negatively, the
presented nanoparticle is Al2O3. As demonstrated
here, interband � + � plasmon in graphene nanopore
can be used in determining types of the presented
nanoparticle to the pore. Here, we examined �ve
di�erent types of the nanoparticles, which were clearly
distinguished by the proposed method. The proposed
method can be used in the nanoparticle devices as a
new methodology for nanoscale-object sensing, count-
ing, or manipulating.

4. Conclusions

In summary, we have explored the SPR and �eld-
enhancement properties of the interband �+� plasmon
(petahertz-frequency plasmon) in monolayer graphene
nanosheet and graphene nanopore. First, we have
calculated the refractive indices for graphene at the
petahertz frequency range by employing DFT frame-
work. Using DDA method, we have shown that for
graphene nanosheets smaller than 6 nm, energy of the
SPR peak decreases with increasing length of the sheet
and for values above 10 nm, it is unchanged. Then,
we have looked into the e�ect of making a nanopore
at the center of the sheet. By increasing diameter
of the pore, energy of the SPR peak drops. For the
large graphene sheets (bigger than 8 nm), variations of
the pore diameter have no e�ect on the SPR spectra.
The interband � + � plasmon is strongly localized
and small-size-sensitive. Hence, it can be used as a
promising method for a new nanoscale-object detection
methodology. We have examined this applicability by
nanoscale particles of Ag, Au, Rh, Cu, and Al2O3.
They introduce 0.195 to 0.417 eV shifts in the SPR
spectra. As a result of our study, type of the presented
nanoparticle can be clearly determined and the method
has proved that it can be used in nanoscale-objects
sensing, counting, or manipulating.
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Ag Silver
Al2O3 Aluminium Oxide
Au Gold
Cu Copper

DDA Discrete Dipole Approximation
DFT Density Functional Theory
DNA Deoxyribonucleic acid
EELS Electron Energy Loss Spectroscopy
EFEF Electric Field Enhancement Factor
eV Electron-Volt
FDTD Finite Di�erence Time Domain
Hz Hertz
LDA Local Density Approximation
nm Nanometer
Rh Rhodium
RPA Random Phase Approximation
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UV Ultraviolet
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