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ABSTRACT

Metal nanoparticle (NP) complexes lying on a single-layer graphene surface are studied with a developed original hybrid quantum-classical
theory using the Finite Element Method (FEM) that is computationally cheap. Our theory is based on the motivated assumption that the
carrier charge density in the doped graphene does not vary significantly during the plasmon oscillations. Charge transfer plasmon (CTP)
frequencies, eigenvectors, quality factors, energy loss in the NPs and in graphene, and the absorption power are aspects that are theoretically
studied and numerically calculated. It is shown the CTP frequencies reside in the terahertz range and can be represented as a product of two
factors: the Fermi level of graphene and the geometry of the NP complex. The energy losses in the NPs are predicted to be inversely dependent
on the radius R of the nanoparticle, while the loss in graphene is proportional to R and the interparticle distance. The CTP quality factors are
predicted to be in the range ~10 — 100. The absorption power under CTP excitation is proportional to the scalar product of the CTP dipole
moment and the external electromagnetic field. The developed theory makes it possible to simulate different properties of CTPs 3-4 orders
of magnitude faster compared to the original FEM or the finite-difference time domain method, providing possibilities for predicting the
plasmonic properties of very large systems for different applications.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0178247

INTRODUCTION Thus, THz technology has become of use in a wide variety of appli-

cations, such as for detection of drugs and explosives, for security
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Recent innovations in nanotechnology and photonics show
that Terahertz (THz) radiation (300 GHz to 30 THz frequencies,
or 1 mm-30 ym wavelength) can be considered in many appli-
cations.! The THz research relies on the unique ability of this
radiation to penetrate through different materials with little atten-
uation, such as paper, plastic, clothes, wood, and ceramics, which
are usually opaque at optical wavelengths. THz radiation can be
used to accurately detect many molecules of interest based on dis-
tinctive rotational/vibrational resonances in its frequency region.”

screening, in spectroscopy and imaging communication technology,
in biology and medical sciences,” for quality control of different
agricultural products, and for global environmental monitoring.*
THz imaging devices can be used for nondestructive testing for hid-
den object detection, which is harmless for humans in contrast to x
rays.

Despite significant recent progress, the key challenge limiting
the widespread adoption of these technologies remains in the devel-
opment of practical THz optoelectronic devices, especially radiation
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sources. It is well known that, while the THz spectral region lies
at the boundary between the traditional domains of photonics and
microwave electronics, device concepts borrowed from either disci-
pline cannot be readily extended to THz frequencies. In particular,
microwave sources are generally restricted to operation frequencies
below ~1 THz because of the small size of elements, which is typical
for magnetrons or because of the limitations of the main materials
for traditional semiconductors, such as low mobility and saturation
velocity.” On the other hand, THz quantum cascade lasers (QCLs)
established using gallium arsenide quantum wells show a relatively
good performance.® However, their spectral range is restricted to
a limited portion of the THz spectrum (currently 1.2-5.4 THz)
due to strong GaAs lattice absorption at frequencies outside this
band.

Additionally, their operating temperatures are fundamentally
limited to ~200 K, so cooling is required for high-performance
operation, which strongly restricts their portability and integra-
tion into practical systems.” So, at present, the most practical THz
spectroscopy and imaging systems are based on photoconductive
antennas for THz wave generation.® However, the operation of these
devices requires an ultrafast laser source (usually fiber based or
Ti:sapphire), which leads to essential increases in their size, power
consumption, complexity, and cost.

For the past several years, significant research efforts have
reported graphene as a very promising material for THz optoelec-
tronics and other applications. In Ref. 9, it was pointed out that
graphene plasmons provide a suitable alternative to noble-metal
plasmons. This is a consequence of the fact that these plasmons
exhibit a much tighter confinement and long propagation distances
in comparison with noble-metal plasmons. This makes it possible to
use graphene as a platform for strongly enhanced light-matter inter-
actions and to construct single-molecule plasmon devices. Graphene
began to be considered as such a plasmon material due to its unique
properties—a gapless and linear energy dispersion near the Dirac
points. This feature covers the entire THz and infrared regions.'’ "
Theoretical and experimental studies have shown that relaxation
dynamics of hot carriers in graphene exhibits an unusual twofold
nature: They rapidly (7 < 100 fs) thermalize the longitudinal distri-
bution relative to the Dirac point, while a noncollinear scattering
is much slower (7 ~ ps) when low energy optical phonons are
excited.'”"* The long scattering time is very promising for infrared
and THz devices based on hot carrier effects, which implies that
graphene possesses ballistic electronic transport over ym-scale dis-
tances with a record large room-temperature mobility,* '° making
graphene a very perspective material for THz sources based on
coherent carrier dynamics.'” It has been predicted that the graphene
conductivity p can reach a value as high as 200000 cm?/Vs, which
is the highest value reported in the literature.'* This y value was
obtained at electron densities of 7 = 2 x 10" cm™ in a single layer
graphene sample suspended at 150 nm above a Si/SiO; gate elec-
trode. At the same time, for unsuspended devices, a mobility of
25000 cm?/Vs has been reached, which is close to the highest car-
rier mobility ¢ > 10* cm?/Vs at room temperature mentioned in the
literature.'®

A very important and interesting graphene feature, discussed
in this work, is the existence of graphene plasmonic resonances at
THz or mid-infrared frequencies, something that is very different
from the traditional plasmonic nanostructures based on noble met-
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als having plasmons in the visible or near-infrared excitations.'"'"*’

Graphene plasmon polaritons (GPPs), having a strong field confine-
ment and large propagation lengths, are effectively tunable using
gate voltage to control the free carrier density, which is particularly
attractive for optoelectronic device applications.”!

Using the fact that in the THz or mid-infrared frequency range,
the intraband contribution to the optical conductivity Ginsra(w, E f)
of graphene is much higher than the interband one, i.e., using the
Drude approximation,”” it has been shown that the graphene plas-
mon frequency depends on the square root (@ ~ /q) of the plasmon
wave vector q. For the discussed frequency range, this means that the
graphene plasmon wave vector ¢ is about two orders of magnitude
larger than g, of free space photons. It leads to a significant confine-
ment of variable electrical and magnetic fields in the graphene. At
the same time, although it is difficult to obtain an effective energy
transfer from electromagnetic field (EMF) to graphene, regular grat-
ings of metal nanoparticles (NPs) on graphene surfaces have been
used for this purpose. However, available information about such
systems describes situations where the size of the NPs and the array
period matches A ~ pm,”’ which makes it possible to excite plasmons
in graphene with the corresponding wavelength and frequencies of
a few terahertz.

In this work, we consider systems of metal NPs of nanome-
ter size, lying on the single layer graphene, as shown in Fig. 3. We
show that in these systems, charge transfer plasmons (CTPs) can be
excited when charges periodically oscillate between the NPs, causing
a periodic change of a potential energy of charged NPs and periodic
change of a kinetic energy of charges moving in the graphene.

DFTB/NEGF INVESTIGATION OF SYSTEMS
CONSISTING OF METAL NANOPARTICLES
LYING ON GRAPHENE

It is necessary to certify that there is sufficient conductivity
between the nanoparticle and the graphene. For this purpose, a
precise simulation of the graphene-NP contact transmission was
carried out using the non-equilibrium Green’s function (NEGF)
method,” which is available in the DFTB+ software package.”
All calculations were carried out using the SCC-DFTB method*®
and the auorg set of parameters’*” for the description of inter-
atomic interactions. Since the magnetic properties of the system are
beyond the scope of our study, spin polarization was not consid-
ered in our calculations. Geometry optimization, when performed,
was carried out for an energy gradient threshold of 1 x 107 a.u.,
taking into account the dispersion interaction by using the DFT-D3
approach.”®*’

The considered “electrode-NP-graphene-NP-electrode” sys-
tem was generated consisting of two semi-infinite gold electrodes
(blue atoms) connected to gold nanoparticles (red atoms) in contact
with the graphene, as shown in Fig. 1. The procedure of this system
creation included a few steps.

In the first step, we simulated graphene considering a unit
cell containing two atoms. Its geometry was optimized, and as a
result, the following parameters were obtained: a = b = 2.47 A,
y =120°, which only slightly differ from the well-known values (a = b
= 2.46 A). Since the cell was located in the xy plane, and the cal-
culations from a technical point of view assume periodicity in 3D
space, a constant vacuum gap of 60 A long was set along the z axis
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FIG. 1. Geometry of the “electrode-NP-graphene-NP-electrode” system.

in order to avoid the interaction of atoms with their images from
neighboring cells along the direction perpendicular to the surface.
In fact, this means that ¢ = 60 A and « = B = 90°. Next, a rect-
angular graphene supercell, containing 1032 atoms, was created by
translating along the x and y directions of the graphene unit cell. The
supercell had the following parameters: a = 51.34 A, b = 51.87 A, and
angle y = 90°.

In the second step, a preliminary optimized cuboctahedral gold
nanoparticle consisting of 309 atoms, oriented with a square face
toward the graphene surface, was placed above the center of the
graphene fragment. After that, the positions of all carbon and gold
atoms were relaxed, taking into account the periodic conditions.
Since a vacuum gap of 60 A was specified along the z direction,
c=60 A and & = B = 90°. The key aim of this step was to optimize the
position of the atoms at the site of contact between the nanoparticle
and the graphene.

In the third step, a gold electrode in the form of four gold lay-
ers was added to the top of the gold nanoparticle. It was extracted
from the corresponding crystal with known crystal parameters (a = b
=c=4.0782 A; a = B = y = 90°). In further calculations of the trans-
mission coefficient, this electrode was considered semi-periodic, i.e.,
it was, in fact, a cylinder, whose diameter was approximately equal
to the diameter of the nanoparticle, and had a periodicity upward
from the nanoparticle along the z direction. In this case, it was
placed in such a way that the distance from the bottom face to the
top face of the nanoparticle was equal to the distance between the
corresponding gold layers in the crystal.

In the fourth and final step, the entire resulting
“graphene-NP-electrode” system was translated once along
the x axis to ultimately construct a model of a device con-
taining graphene connected to nanoparticles with attached
electrodes—“electrode-NP-graphene-NP-electrode.” Since this
model was considered a cluster without periodic conditions, the bro-
ken chemical bonds along the edges of the graphene fragment were
closed by hydrogen atoms, whose positions also were optimized.
As a result, the entire system, not counting electrodes, consisted of
2064 carbon atoms, 618 gold atoms, and 138 hydrogen atoms. NPs
were connected with the graphene surface by a square facet so that
one of its diagonals was parallel to the line connecting the center
projections of the NPs. The length of the facet diagonal was equal
15.59 A, s0 we can assume that the area of the NP-graphene contact
spot is equal to 121.5 A2,

After constructing the “electrode-NP-graphene-NP-electrode”
geometry, the energy dependence of transmittance T(E) through
the system was calculated using the NEGF method (see Fig. 2).
For that, the energy range (Eppi—0.6 €V...Eg,;+0.6 eV)
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FIG. 2. Conductivity T (E) of the “electrode-NP-graphene-NP—-electrode” system.

was divided into intervals of 0.001 eV. This interval is ~20 times
smaller than k;,T at room temperature, which guarantees a correct
calculation of the integral and the system conductivity G at this
temperature [see Eq. (1) below].

To find the total conductivity of the NP-graphene interface
Gi, we assume that this conductivity is determined by twice the
total conductivity of the “electrode-NP-graphene-NP-electrode”
system G. To calculate it, the following formula based on
the Landauer formalism® within the linear approximation was
used:

200
L% (1w

G Ofo(E,T)
¢z — ¢1 h I

OE

dE, (1)

where the Fermi function reads fo(E, T) = [m] .
U=Lfermi

Using the above equation, the total NP-graphene interface con-
ductivity G; ~ 0.48% in conductivity quantum values was found,
which means that the conductivity is sufficiently good even for such
a small NP-graphene contact spot. Therefore, we can assume that
with an increase in the NP size and the corresponding contact spot
increase, the G; value will be increased proportionally. That is why
in further calculations, we do not consider the resistance of the
NP-graphene interface but only take into account the conductivity
of the graphene.

THEORY OF CHARGE TRANSFER PLASMONS
IN NP-GRAPHENE COMPLEXES

In this work, we further develop the hybrid quantum-classical
model first used in Refs. 31 and 32. This model described CTPs
in systems with metal nanoparticles connected by bridges (link-
ers) consisting of a narrow conductive molecular polymer chain
and where the conductive carriers move in a ballistic mode. The
harmonically changing current of the ballistically moving carriers
accumulate kinetic energy, which is periodically pumped into the
potential energy of charged nanoparticles. The kinetic energy of the
bridge Ej;, can be written as a sum over electrons in the conduc-

. 1wk .
tion band: Eyy, = Yt , kn, 5> Where n,, denotes the occupation
degrees of electrons having quasi-momentum k; and band number
nand m” is the carrier effective mass. Here, a parabolic dependence
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of the electron’s kinetic energy from ky, is assumed. Under the influ-
ence of a weak electric field, the carriers are excited only near the
Fermi level, so the kinetic energy derivative reads as follows: %

= ny h—’i[d(dik)] . In the present work, we extend this model for
m t k=k,

systems where metal NPs lie on a graphene sheet, i.e., they are con-
nected by an infinitely extended and conductive medium. Similar
to the previous model, the free carriers move in the graphene mainly
ballistically, while maintaining the original charge density during the
CTP excitations. The presence of a conductive surface leads to the
appearance of a continuum of paths for charge movement between
the NPs, which fundamentally distinguishes this model from the
previous model.

In view of the consideration of the terahertz frequency range,
which is much smaller than the optical range, it is natural to
use the quasi-stationary approximation. In this approximation, the
Maxwell bias current is much smaller than the conduction current
| |« |j(r)|, so the charges in the graphene and in the volume
of nanopartlcles can be neglected. In addition, unlike in the previ-
ous model, the free carriers in a single-layer graphene are massless
fermions near the Dirac cones.” "

As the basis of a model being developed for describing plas-
mons, like the previous model, we assume the conservation of the
total energy Ewr = Epor + Ei; of an NP-graphene system. So, the
main equation is as follows:

dEqot dEpot dEkin

it dt " dt =0 @

The total energy consists of the electrostatic energy of inter-
action between charged nanoparticles Epor = Enp and the kinetic
energy of the nonequilibrium charges in graphene. Here, we assume
that the equilibrium charge density in graphene p,, 4(r), arising due
to its doping or gating, does not change and that it is much higher
than the nonequilibrium density p, . quil(r) under the plasmon
excitations,

Pequit(1r) = const > Pnanequil(r)'

To prove this contention, one can consider the continu-
ity equation, which can be written for harmonic oscillations as
vi(r) = —eapT(;) = —iewp(r), where j(r) is the current density in
graphene, p(r) is the charge density there, and w is the CTP
oscillation frequency. Because the density is the sum of the
static equilibrium, and changing nonequilibrium densities p(r)
= Peguit + Pronequi(T) and presenting j as the product of p(r) and
a carriers group velocity Vgmoup, one can rewrite this equation
as v#(Pequil + Pnonequil(r))‘?gm”}’(r)) = 7iw(Pnanequil(r)' Because of a
low density of states (DOS) of graphene near the Dirac points, the
carrier’s effective group velocity Vg is much smaller than V g,
~ 10° m/s,’> where Ve ~ 1.4 % 10° m/s has been measured. Using
estimation V ~ 1, where L is the system size, one can obtain (Peqml
+ Pnoneqml(r)) fo
of v=15 THz and L =100 nm, one can estimate p,,,..;(")
~0.014p,, ;> which proves the assumption that the charge density
in graphene is not changed because of the CTPs.

Thus, we assume that the graphene possesses only the kinetic
energy of the nonequilibrium carriers, while its potential energy can

pnoneqml For a characteristic plasmon frequency
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be omitted: Egrphene = Ekin. As in the section describing CTPs in sys-
tems of metal nanoparticles joined by conductive linkers, we assume
that there are metal nanoparticles at the points with coordinates R;,
of which the charge during the plasmon oscillations changes accord-
ing to the following harmonic law Q;(t) = Q;e”’, where Q; is the
amplitude of charge in a point having coordinates R;. Although
all charges have the same oscillating factor ¢, their amplitudes
Q; may be different. Due to the fact that the nanoparticles lie on
the graphene surface, this charge flows over the graphene surface
between the nanoparticles while storing the kinetic energy, which
also changes according to the harmonic law. Here and in the fol-
lowing, we assume that the radius of all particles is R and that each
particle has a contact spot of radius Ry with graphene, outside of
which the current flowing from the nanoparticle spreads over the
graphene surface, as shown in Fig. 3.

Under these assumptions, the potential energy time derivative
is as follows:

dEpot _ i tQ]
dt [ +2 |Ri -

i<j

= Jiw +y Q| 0y AijQiQ;,
i i<j ‘Rl | ij

=24 = 3
R "R~ Ry ®

The time derivative of the density kinetic energy of induced carriers
in graphene is determined by the external work A of electrostatic
forces on these carriers,’® taken with the opposite sign,

dEkin
dvdt

1 " 1
= —Ej(r,w)EH (rhw)= —Ea(w,‘u, T)|E‘|(r,w)|2. (4)

Here, o(w, p, T) is the conductivity of graphene, dependent on
frequency w, chemical potential y, and temperature T. This value
can be derived from the Kubo formula®’ expressing the conductiv-
ity as the sum of intraband and interband contributions: o(w, p, T)
= Gintra + Ointer. For gated or highly doped graphene (u > kT), the
chemical potential can be expressed as y ~ Ey. In this case, the
intraband graphene conductivity has the Drude-like form,**

2 .
€ Ef 1
Uz‘ntra(w>Ef) = s m, (5)
R
g
—

Ry

FIG. 3. NP on the graphene; r is defined as the projection of NP center onto the
graphene plane, R is the NP radius, 0 is the angle between r and the radius of the
vector coming out of the NP's center.

J. Chem. Phys. 160, 044117 (2024); doi: 10.1063/5.0178247
Published under an exclusive license by AIP Publishing

160, 044117-4

¥5:9%:20 ¥20zZ Ateniged 61


https://pubs.aip.org/aip/jcp

The Journal
of Chemical Physics

where 1 is the relaxation time of the free carriers momentum.
37,39

Similarly, the o interband contribution is”"
hw - 2E
aw— by H) (6)

¢ i
aime,(a),Ef) = ﬁ ®(hw— 2Ef) + ;ln ho + 2Ef

where O(- - -) is the step function and the graphene Fermi level is

Ey = hVy\/7p, ?)

and the Fermi level speed is V= 10® ¢m/s. Following the equa-
tions above and the graphene optical absorption experiment,* it is
easy to find that the intraband graphene conductivity giura dom-
inates in the far-infrared (FIR) and THz regions, while in the
visible (VIS) and near-infrared (NIR) regions, it is dominated by
the interband oiner conductivity. By this reason, in solving Eq. (4),
we replaced the graphene total conductivity with its intraband
conductivity (5).

Hereafter, the quantities denoted by the indices || and 1
represent the longitudinal and normal projections with respect
to the graphene plane, respectively. To determine the total
derivative of the kinetic energy, it is necessary to integrate (8)
over the area occupied by graphene ), which we take to be
infinite,

By 1
E :-wimm(w,Ef)f IEy (1, ) d’r
Q

dt 2

= —%O'imm(w,Ef)f V_'H . ((p(r)v"H(p(r)) dzr’ (8)

It should be noted that the region Q does not include circles of radius
Ry (see Fig. 3 and its caption). For 2D integral calculations, it is nat-
ural to use the 2D divergence theorem, which is a generalization of
the 3D Gauss-Ostrogradsky theorem for the case of 2D space.*' The
2D divergence theorem states that the flux of F through the bound-
ary curve C is the same as the double integral of div(F) over the full

region R,
/ﬁﬁds:f/ V.Fdr. ©)
C R

For 2D integral calculation in (8), one can use the following
identity:

[ Grem)- @roendr= [ - (o7 90 d'r
Q

Q

_/f o(r)(Vigp(r))d’r. (10)

To calculate the second term on the right-hand side of Eq. (10),
one can use the Poisson equation, V’¢(r) = ﬁﬁ(p(r) +Vig(r)
= —47p(r). So, the second term of (10) is proportional to const -
[ ¢(r)d’r and must be equal to zero due to the electroneutrality
Q

of the system. The second argument here is that when calculating
this contribution, the second derivatives of the potential ﬁﬁ o(r)

= (% + ;—;2)<p(r) in the graphene plane are much smaller than the
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contribution V2 ¢(r) = :—;q)(r) due to the fact that the graphene
thickness is much smaller than the scale of the lateral changes of

the potential; therefore, the last term in (10) is |/ ¢(r)§ﬁ o(r)d*r
o

< ‘{) ¢(r)(ﬁﬁ + V1) o(r)d*r| = 471{) @(r)p(r))d’r = Epot and can

be omitted. To calculate the first term on the right-hand side of (10),
we use the following equation:

[ Gre)-Fieendr= [[ 9y (o) Fj9(0)d’r
Q

Q

- [ oTipas  an

C

where the contour border C consists of circles of radius Ry around
the center of contact NP-graphene. Remembering that the potential
is created by charged nanoparticles with coordinates Q;(R;) and tak-
ing into account that the electric field E, (r) = -V ¢(r), Eq. (11) is
transformed as

J #0190 = =5 [G- k)99 (o)
C 0

= Zk: ?ﬁ(r_Rk)

Qi Q 7-R
2 [|’—Ri| Ir - Ri* [r - R}| d¢, (12)

ij

where any normalized vector 7i(R) = % and integration takes place

over the angle ¢ for circles of fixed radius R. Shifting the origin to
the point Ry, Eq. (8) is transformed as

2
dEyi, 1 .
di :_Eaintm(w,Ef)Z /n(r)Z
ko

i

QiQi(7 - Rjk)

|7' - RikHr - Rjk‘S

d¢, (13)

where Rj; = Rj — Ry. Due to the fact that when integrating the
radius vector 7 changes in circles of a radius Ry and assum-

ing Ry < |ﬁjk|, one can use the Taylor series expansion: ﬁ
Ji
! 3?@(] - _ Rf;k . . . .
= &P [1 + Rl | where 1, = Rl Using this expansion, Eq. (13) is
transformed as
dEy;
M1 —Ginra(@, Ef) Y BijQiQ, (14)
dt 7
where the symmetrical matrix B;; is defined as
R . . (37Ry R
Bij=Y. 03 [—rr+cos (R,-k,Rjk)( 9 —ﬂjk):l
ke RikR RiRjx Rix i2j
- 2w -27Ry 2w
+ 2 z > R + 2 R +Z§~ (15)
keizj k| jk=jei kN0 Lz keizj ik k=i=j 20
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TABLE I. CTP frequencies v;, dipole corrections of the frequencies Avgp, and normalized absorption coefficients (W22, dP%Y) are calculated by two methods. W,¥ are

calculated by using Eq. (28), and dP.” are calculated by using Eq. (29).
X y X y
:xt Wé,xt gxt fot
Mode v, 10 Hz Avgip, 10'! Hz dpPy, ar, Mode v, 10 Hz Avgip, 10" Hz dP;, ar,
Dimer Circle 12
1.0000 0.0000 0.0000 0.0000
1 126 1.53 1.0000 0.0000 1 1.32 277 0.0000 0.0000
0.0000 0.0000
Square 2 1.31 2.46 0.0000 0.0000
0.0000 0.0000 0.0000 0.0000
1 131 2.60 0.0000 0.0000 3 131 2.46 0.0000 0.0000
0.0580 1.0000 0.0000 0.0000
2 1.23 0.39 0.0580 1.0000 4 1.28 1.58 0.0000 0.0000
0.9983 0.0000 0.0000 0.0000
3 123 0.39 0.9983 0.0000 > 1.28 1.58 0.0000 0.0000
0.0000 0.0000
Hexagon 6 1,22 0,21 0.0000 0.0000
0.0000 0.0000 0.0000 0.0000
1 1.32 271 0.0000 0.0000 7 1.22 0.21 0.0000 0.0000
0.0000 0.0000 0.0000 0.0000
2 1.28 1.59 0.0000 0.0000 8 L1 —1.49 0.0000 0.0000
0.0000 0.0000 0.0000 0.0000
3 1.28 1.59 0.0000 0.0000 o L15 -149 0.0000 0.0000
0.9967 0.0000 0.0130 1.0000
4 LIS -1.37 0.9967 0.0000 10 1.04 —3.23 0.0130 1.0000
0.0815 1.0000 0.9999 0.0000
> 115 137 0.0815 1.0000 1 1.04 —3.23 0.9999 0.0000
Chain 7 Grid 5 x 5
0.0000 0.0000 0.0000 0.0000
1 1.32 2.60 0.0109 0.0000 1 1.35 391 0.0018 0.0019
0.1855 0.0000 0.0026 0.0028
2 1.30 2.07 0.0981 0.0000 2 1.34 3.32 0.0099 0.0103
0.0000 0.0000 0.0025 0.0029
3 1.26 1.20 0.0347 0.0000 3 1.34 3.32 0.0094 0.0107
0.4300 0.0000
4 121 0.12 0.2672 0.0000
0.0000 0.0000 0.6766 0.0811
> L5 -1.25 0.0677 0.0000 3 0-96 611 0.6649 0.6429
0.8835 0.0000 0.7064 0.6755
6 1.07 —2.48 0.9555 0.0000 2 0-96 611 0.7162 0.6327
Here, notation i 2 j denotes the sum of two terms, where in Z [in,-A,- Qi — Ointra(w, E f)QiBi,ij] =0. (16)

the second term, there has been a rotation of indices i and j.
Using Eqgs. (2), (3), and (14), one can get the following secular

equation:

i
Neglecting the processes of carrier dissipation in Eq. (5), that is,
T — oo, this equation can be written in matrix form as
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aw’A-B=0, whereas= % (17)

Multiplying this equation by A ™', we arrive at the following
secular equation:

, A7'B ’E X 1A
W= == w} = ¢ Zf - eigenvalues(A "' B)
« nh
2
\% a 1A
_° \/f_\h/p eigenvalues (A lB). (18)
b

One can see that the squares of plasmon frequencies are factor-
ized, i.e., they are represented as a product of a function depending
on the density of carriers in graphene and depending on the NPs
coordinate function. Based on the assumption that the contribu-
tion of dipole-monopole and dipole-dipole interactions is small,
we use the approach proposed in our previous work,*” which takes
into account the dipole contributions in the CTP frequencies. These
contributions are represented as

R,JR]I

FESQ) = 1" Qi
Jt
19)
_ - _ 2 RiRi
HiEli =1 119] QiQj»
ji

where fi; is the dipole moment of the nanoparticle of index i, ES
is the electrical field created by charge Q; and acting at a moment
His E’; i is defined similarly, 7 is the NP polarizability, ﬂ,-Eg.Q ;j denotes
the NP dipole-monopole interactions, and j;E/ j#j denotes the NP
dipole-dipole interactions. Applying these contributions to the pre-
viously calculated NP charges in Eq. (18), it is possible to calculate
the effect of dipole interactions on the plasmon frequencies (see
columns 3 and 8 of Table I).

CALCULATIONS OF CTPs IN SPECIFIC NP-GRAPHENE
COMPLEXES

As examples of solving Eq. (18), the plasmon frequencies for
several systems of nanoparticles on graphene were calculated. These
were used in the following systems: (a) square of 4 NPs; (b) linear
chain of 7 NPs; (¢) ring of 6 NPs; and (d) a square array of 5 x 5 NPs
(see Fig. 4).

In all cases, the graphene carrier density was chosen as p =5
x 10" cm™?, which is common for the graphene under action of
a gate electrode voltage, the radius of NPs was R =30 nm, the
interparticle distances were h = 10R, and the contact spot was Ro
=0.32R. Due to the fact that NPs can have a contact spot with
graphene of different sizes, this parameter must be selected as an
external parameter of the model. Obviously, CTP frequencies will
depend on this parameter. We also carried out calculations for
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FIG. 4. Clusters of NPs with radius R = 30 nm on graphene. The distance between
the nearest NPs Ry, = 10 x R. The circle size indicates the radius of the NPs. The
colors and saturation indicate the distribution of effective NP oscillating charges:
Blue denotes the negative charge; red denotes the positive charge. The arrows
show the electric field created by the NPs. (a) A square of NPs; (b) a hexagon of
NPs; (c) a circle of NPs; (d) a 5 x 5 grid of NPs; () a dimer of NPs; and (f) a chain
of 7 NPs.

the dimer with the above-mentioned parameters and the differ-
ent values of Ry = 0.27R. The calculated lowest CTP frequencies
v; are presented in Table I. In addition, in Fig. 5, we present the
dependence of the lowest CTP plasmon frequencies vmin for all
these systems on density p of carriers in graphene. In this case, the
radius of all nanoparticles R was equal to 5 nm, the interparticle
distances were equal to 5R and 7R, and the contact spot was Ry
= 0.32R. One can see that this dependence reflects the factorization
in Eq. (18).

In practice, surface plasmons are often encountered, which
are realized at a flat metal-dielectric interface. At the same fre-
quency for such plasmons, the wave vector k of a surface plasmon
is greater than the wave vector of a photon in free space, and there-
fore, the direct excitation of a surface plasmon by ordinary photons
is impossible. To remedy this, various kinds of defects, gratings,
etc., are used. Due to the linear law of dispersion of free pho-
tons w = ck and the small value of the frequency in the terahertz
range, it is obvious that the size L of the system, where the external
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FIG. 5. Dependence of the minimum CTP frequencies vy, on the electron con-
centration p in graphene for different systems: The red line indicates the vmin
dependence for the NP dimer; the yellow line is for the square of 4 NPs; the pur-
ple line is for the hexagon of 6 NPs, the green line for the chain of 7 NPs, the
turquoise line is for the ring of 12 NPs, the brown line is for the grid of 5 x 5 NPs,
and the blue dotted-dashed line is for the NPs dimer with parameter Ry = 0.27R.
The black dashed line corresponds to the parameters used in the FEM calculations

(see Fig. 6).

electromagnetic field intensively interacts with the surface plasmon,
will be very large L ~ 1-100 gm. For the CTPs in the systems stud-
ied here, the plasmon frequencies are determined not by the wave
vectors, but by the conductivity o of the conducting surface, by the
geometry of the arrangement of metal nanoparticles R;, and by their
radius R. Therefore, it can be expected that such plasmons can be
easily excited by applying an external electromagnetic field of an
appropriate frequency.

COMPARISON WITH THE FINITE ELEMENT METHOD

To verify our model predictions, we calculated the extinc-
tion spectrum of a dimer that comprised of two identical spherical
Au NPs of radius R = 5 nm located on the graphene monolayer
surface using the finite element method (FEM), realized in the
COMSOL Multiphysics software. The tabulated values for n and
k of Au were obtained from Ref. 43. The frequency-dependent
graphene conductivity o(w, E¢) was calculated for the electron den-
sity n=3 x 1012/cm2, corresponding to E;=02eV (7), T= 107"
s, and temperature T = 300 K. The conductivity ¢ was calculated
by taking into account the intraband contribution oina(w,E f)
only and by taking into account both the intraband and interband
Tintra (W, Ef) + aime,(w,Ef) contributions [see (5) and (6)]. In both
cases, no significant changes were observed.

It is known that calculating an optical response of a finite size
structure requires a double calculation. So, first, the field distribu-
tion in the system was calculated in the absence of particles on the

ARTICLE pubs.aip.org/aipl/jcp

infinite size graphene layer. Then, the finite size system was calcu-
lated, wherein the size of the computational domain in the direction
orthogonal to the wave vector was chosen to be 150 nm, with a
computational mesh containing more than 93 000 vertices.

As a result of the FEM calculations, an extinction spectrum of
Au NPs dimer on the graphene surface is shown in Fig. 6. One can
see that a CTP excitation emerges at A = 5320 nm when the particles
are located at the distance h = 5Rand at A = 5580 nm for h = 7R. The
CTP quality factor Q is about 7-9, which is in good agreement with
our estimations discussed above. For comparison, the thick vertical
dashed lines show the wavelengths calculated using our analytical
model [see Eq. (18)]. It is also interesting to compare the numeri-
cal efficiency of calculations using the FEM method and using the
proposed model. FEM calculations of dimer extinction spectra take
more than 24 h on an AMD Ryzen Threadripper 3970x CPU with 32
cores. Calculations of the dimer CTP frequencies using our model on
1 core of a similar CPU took ~10's.

Energy losses of CTPs in NP-graphene complexes

The energy losses of CTPs are convenient to determine by using
the quality factor Q, which is the ratio of the energy losses AE over
one oscillation period to the total energy Ey,: of the oscillation. Here,
we estimate Q using calculations of the energy losses during move-
ment of the charge carriers both inside the nanoparticles AExp and
inside the graphene AEg;,

Eior Eiot 1
= = - 0 =
Q AE AEnp + AEG, Q
AEnp AEg _ _
= +—" = Qup + Qar» (20)
Eyor Eyor

where Qb is the inverse quality factor determined by the losses in
the NPs and Qg is the inverse quality factor determined by losses in
the graphene.

Energy losses in NPs

We assume that energy losses during electron density oscil-
lations on an individual nanoparticle are practically independent

3,0 T T T T T
& 1 1|Interparticle distance
E251 o h=5R H
\ |[——h=TR

»
[}

N
o

Extinction cross section (n
o

05
0,0
1 1 1
3000 4000 5000 6000 7000
A, (nm)

FIG. 6. FEM calculations of the extinction spectrum of Au NPs dimer on graphene
at Ry = 0.32R. The radius of NPs is R = 5 nm, the interparticle distances are
h = 5R (black line) and h = 7R (red line). The dashed lines show the position of
the CTP resonance calculated using the model.
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of the density oscillations on other nanoparticles, so they can be
considered independently. Energy losses during the movement of
charge carriers inside a spherical NP of index i AEnp, can be calcu-
lated by imagining that charges move from the surface of a charged
nanoparticle of radius R; through its volume to the contact spot
with graphene of radius Ry, where they transfer to graphene. In
our work,’! it is shown that the additional charges on a nanopar-
ticle are located on its surface and that the electrical capacitance
C of the nanoparticle matches well with its radius, confirming the
electrostatic law for the capacitance of the sphere. Using the quasi-
stationary approximation (see the arguments above), the charges
inside the NP volume can be neglected. In this case, the time aver-
age energy loss in NP can be calculated as AEnp, = (fvlj(r)E(r)dV)
= mfvijz(r)dV, where V; is the volume of NP of index i, j(r)
is the magnitude of current inside the NP, and onp(w) is the
nanoparticle optical conductivity. Because of that, this volume inte-
gral is difficult to calculate and we estimate it by replacing it with
the integral over the volume of a truncated cone, of which the
upper flat surface with radius R; = 2R coincides with the NP sur-
face. Here, the radius of the cone’s lower surface is equal to the
NP-graphene contact spot radius Ry = #R and the cone height is H
(see Fig. 7).

Assuming that all NPs have the same radius R and that the
volume of the cone coincides with the volume of the nanoparticle,
one can get Vyp = 4/371R3 ~ Veone = 1/371H(R% + Ré + RiRy), where
H= - ’IR+ .- Such a change in the geometry makes it easy to estimate
the ene;gyélosses in NPs by Joule heating. Assuming that the current
density j(r) in any horizontal plane h of the cone is constant j(r)
— j(h) and that the section of the cone by this plane forms a circle
of radius r(h), the current density in the quasi-stationary approx-
imation can be calculated from j(h)mr*(h) = j(H)nR: = Z;, where
Z; is the rate of change of the total charge of the NP of the index
i. Using the formula for the truncated cone r(h) = Ro + R‘I_{R“ h, one
can get

z: ran  z* H
ﬂUNp(a)) ) rz(h) ﬂGNp(w) RoR;

AENp, ~

2
- L 1)
2monp(w) nR(1+g+%)

+ o+
t+rt 4+
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Keeping in mind that the charges of the nanoparticles are
changed harmonically Z; = Z,'(O)ei“” and the normalization of the
CTP eigenvectors ¥); Z# = 1, Eq. (21) is transformed into the average
total energy loss in the complex of nanoparticles,

—w? 1

. (22)
2monp(w) qR(l +1+ ”7)

AEnp = Z AEnp, =
i

The calculation of AEnp requires knowledge of onp(w). For def-
initeness, we assume that the NPs are composed of gold. Taking into
account that we use the terahertz frequency range, one can use the
Drude free electron approximation’** for optical conductivity since
the gold interband transitions can be neglected in this frequency
range. So, onp(w) can be separated into real and imaginary parts,

o e
T l-iwr  4n(l - iwT)

ONP = ONPg, t+ ONP,,

w;ZT ) a)f,lw‘rz
= 22y T 3oy
an(l+w't”)  4n(l+w't")

(23)

For gold, the plasma frequency w, = 9.1 eV =2.20 x 10" /s,
while the carrier momentum relaxation time 7 = 9.3 x 107° 5.">/
Since the energy loss is due to the Joule heating associated with the
real part of the conductivity, we must use only the real part of the

w;[T
4n(1+w*7?)
Taking into account that the total energy of oscillations in the sys-

optical conductivity onp(w) =~ in the AEnp calculations.

2
tem is equal to the maximum potential energy Eior = 3; %’z = ﬁ and
using Eqgs. (22) and (23), one can get

(24)

AEnp 8n ) (w)z (1+ ®7%)
Etor 77R(1 n % + ’l;) Wp wT

Energy losses in graphene

To calculate energy losses in graphene, it is necessary to take
into account the damping factor in the intraband optical conduc-
tivity Ointra(w, Ef), which is determined by the scattering time 7

[see Eq. (5)]. Using Egs. (16) and (18), one can get w,-(w,- + %)

I e e ol e
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FIG. 7. Transformation of the NP geometry for energy loss calculations.
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= eigenvalues(A ™' B) /a, where a is defined in Eq. (17) that has two
solutions for w;, which differ only in the sign of the real part of the
frequency,

1

5 (i\/4‘r2 - eigenvalues(A 'B) — 1 — i). (25)
T

wi

Taking only one solution with a positive sign of the real part of
the frequency, we obtain the spectrum of all oscillation frequencies
that have real and imaginary parts. The imaginary part of the fre-
quencies gives the energy loss in the graphene for oscillation mode
AEg,; as

AEgy, _ Wil 26)
EGri  Wige

Recalling again that for harmonic vibrations, the total energy
of mode i is equal to the double of the average kinetic energy of the
carriers in graphene Eg,, and using the scattering time 7 = 7 x 10™**
s'* for the specific case of a CTP in the dimer consisting of two

nanoparticles of radius R = 5 nm located on graphene at a distance L
Wit
=~ 0.02. Therefore, taking Eq. (20) into account, one can estimate the

quality factor of the graphene subsystem as Q ~ 50.

Using Eqgs. (24) and (26), we have calculated the dependence of
the CTP quality factor on the radius R for two gold nanoparticles at
a distance of L = 7R, where the carrier concentration is equal to n,
= 10"/cm (see Fig. 8).

. AEg,, _
= 7R from each other, one can obtain the value 1/27169! =2Qg =

180 —

160 —

120 —

60 —

20 —
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INTERACTION OF CTPs WITH EXTERNAL
ELECTROMAGNETIC FIELDS

In order to understand how the considered CTPs can be
excited, it is necessary to calculate the interaction constant of the
plasmons and the external electromagnetic field (EMF). For sim-
plicity, we assume that the external EMF is incident on graphene
normally. Due to the nanometer size of the system and the EMF
wavelength being in the THz range A > 10 ym, we assume that
the external EMF does not depend on the coordinates Egy (r,w)
= ngtﬁext. By analogy with Eq. (4), it is possible to write down the
power of the absorption of the external electromagnetic field Wy
energy as

1 r- s 1 L=
Wext = E/ j(r, ) Exy(r, ) dr = Ea(w)ngt/ E(r)Pext d’r
Q Q

1 R .
- o(w)E / Y (9(r)Pext) dr. 27)
Q
Using (9) and (12) and the Taylor series expansion: \r—1R|
]
= ‘R—ljl[l + %], where 7 = I%I’ Eq. (27) is transformed as

2 -

1 j R .. _

West = - 0(w)Egu Y. < [1 + J)]n(r— Ri)Pexrd.
2 it IRl IRj]

Shifting the origin to the point Ry, replacing o(®) by Gintra(w, E)
and remembering that the radius vector r = Ry when integrating
along the circular contour C, this equation is transformed as

Q-factor (Graphene)
—e—Q-factor (Np)
—Q-factor (total)*10

R(nm)

FIG. 8. Dependence of the dimer quality factor and its contributions on the radius R of NPs.
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1 Qi o L=
W = S0(@)EL Y. =5 [ () (Pt )
2 ok |Rj‘ 0

QjRo
LR

T [
= Eaintm (w) Ef )ngt Ccos (Rjk’ Pext)- (28)

The normalized interaction constants Wy for some systems are
presented in Table I.

Additionally, we decide to test the hypothesis that Wy is
proportional to the scalar product of the dipole moment d of the
oscillating charges Q; of the NPs on graphene and the EMF electric

field polarization vector Peyt,

Wext = pextz Qjﬁj = Jﬁext- (29)
j

In other words, we assume that the EMF absorption power
is spent on the formation of the charges Q; located at points with

coordinates R;. The columns 4, 5, 9, and 10 of Table I present the
normalized absorption power coefficients Wy, calculated by (28)
(top lines) and by (29) (bottom lines). Notably, these coefficients
calculated by both the formulas match well in most cases, which
suggests the possibility of using the simplified formula in (29) to esti-
mate the interaction constant of an EMF with plasmonic modes. It
can also be noticed that some plasmonic modes do not interact with
the external electromagnetic field, something that can be explained
by their spatial symmetry [see also Fig. 4(a)].

DISCUSSION

In recent years, charge transfer plasmons (CTPs) have been
investigated in systems consisting of two or more metal NPs, con-
nected by a conductive junction (bridge). In such systems, free
charges flow between the nanoparticles, leading to the appear-
ance of CTP oscillations, of which the frequency usually resides in
the Vis-IR frequency region,” """ with the CTPs being accom-
panied by an oscillating electric current through the nanoparticle
junctions. Depending on the type of nanostructures and bridges,
this charge transfer can be analyzed through quantum tunnel-
ing and by classical conducting bridge calculations.”” " It should
be noted that the quantum tunneling effect is important for
very small distances between nanoparticles (<5 A) only (see, for
example, Ref. 55). It is shown that the intensity, spectral width,
and resonance frequency of the CTPs depend directly on the
conductance of the junction,} 14956759 wherein the CTPs can be
used to create terahertz-frequency photonic devices®’ and ultrafast
nanoswitches."'

The purpose of this work was to develop a theory and theoreti-
cally study CTPs in systems where the charge oscillates between
metal NPs, not utilizing conductive bridges, but a graphene surface
to connect them. The applied model takes into account the kinetic
energy of the carriers inside the graphene as well as the Coulomb
energy of the charged nanoparticles and includes energy dissipation.

The properties of the CTPs were investigated for NP com-
plexes on a single-layer graphene surface using the assumption that
the charge density in the doped graphene is much greater than the
charge density induced during the CTP oscillations. Linear equa-
tions were obtained that describe the CTP frequencies and their

ARTICLE pubs.aip.org/aipl/jcp

eigenvectors, i.e., amplitudes of oscillating charges for each NP. It
was shown that the plasmon frequencies reside in the THz range
and that they can be factorized, i.e., they can be presented as a
product of a factor determined by the graphene Fermi level and a
factor determined by the complex geometry of the NPs, wherein
the monopole-dipole and dipole-dipole interactions are taken into
account. CTP frequencies and eigenvectors were calculated for sev-
eral different geometries of NP-graphene complexes, namely for a
dimer, a square of 4 NPs, rings of 6 and 12 NPs, and a square array
of 5 x 5 NPs. It was shown for all these systems with the same NP
size and interparticle distances that the CTP frequencies differ by
less than a factor of two.

To demonstrate the numerical efficiency of the model, the CTP
frequency of the dimer was also calculated using the finite element
method (FEM) and a good agreement for the calculated CTP fre-
quencies by the two methods could be demonstrated. Importantly,
the speed of calculations according to the proposed model is approx-
imately 3-4 orders higher than the speed when using the FEM
method, so the model makes it possible to calculate CTPs for very
large systems.

The dissipation of the CTP energy and, correspondingly, the
quality factors (Q) have also been addressed. The Q factors, with pre-
dicted values of ~10 — 100, are determined by two competing partial
factors: the carrier energy losses inside the NPs and in the graphene.
It was found that the energy losses in the NPs are inversely depen-
dent on the radius of the nanoparticles, while the losses in graphene
are proportional to the NP radius and the distance between them.

For the investigated NP-graphene systems, the magnitude of
oscillating NP charges Q; and the electric field distributions were
analyzed for various CTP modes, showing that different plasmon
modes interact differently with an applied exciting EMF. The inter-
action constants (absorption power Wey) of the CTPs with an
exciting EMF were calculated, showing that We,; is proportional to
the product of the CTP dipole moment and the polarization vector
Pyt of the EMF.

The proposed quantum-classical model may be useful to calcu-
late CTP properties in the THz range for large NP-graphene systems
with a considerable degree of accuracy. This possibility can be very
useful for the prediction of properties of different THz devices,
especially in the fields of drug and explosive detection, biosensors
used in medical sciences, security screening, and photonic devices.
We also believe that the proposed NP-graphene systems constitute
a highly relevant perspective for the modern, swiftly developing,
THz technology, such as the new generation mobile communication
technology, due to the fact that the use of NPs of 30-100 nm size
will lead to miniaturization of the elements that cannot be achieved
using plasmons in pure graphene or graphene nanoribbons.

ACKNOWLEDGMENTS

This study was funded by the Ministry of Science and High
Education of Russian Federation, Project No. FSRZ-2023-0006. The
calculations of CTPs in specific NP-graphene complexes were per-
formed within the RSF Grant No. 23-12-20007 and the Krasnoyarsk
Territorial Foundation for Support of Scientific and R & D Activities,
Agreement No. 256. H. Agren was supported by the Swedish Science
Research Council on Contract No. 2022-03405.

J. Chem. Phys. 160, 044117 (2024); doi: 10.1063/5.0178247
Published under an exclusive license by AIP Publishing

160, 044117-11

¥5:9%:20 ¥20zZ Ateniged 61


https://pubs.aip.org/aip/jcp

The Journal

of Chemical Physics

AUTHOR DECLARATIONS
Conflict of Interest

The authors have no conflicts to disclose.

Author Contributions

A. S. Fedorov: Conceptualization (equal); Formal analysis (equal);
Funding acquisition (equal); Investigation (equal); Methodology
(equal); Project administration (equal); Supervision (equal); Val-
idation (equal); Writing - original draft (equal); Writing -
review & editing (equal). E. V. Eremkin: Conceptualization (equal);
Formal analysis (equal); Investigation (equal); Methodology (equal);
Software (equal); Supervision (equal); Visualization (equal); Writ-
ing - original draft (equal). P. O. Krasnov: Formal analysis (equal);
Investigation (equal); Methodology (equal); Software (equal); Visu-
alization (equal); Writing - original draft (equal). V. S. Gerasi-
mov: Formal analysis (equal); Investigation (equal); Methodology
(equal); Software (equal); Writing — original draft (equal). H. Agren:
Conceptualization (equal); Formal analysis (equal); Investigation
(equal); Software (equal); Writing - original draft (equal); Writing -
review & editing (equal). S. P. Polyutov: Conceptualization (equal);
Formal analysis (equal); Funding acquisition (equal); Investiga-
tion (equal); Methodology (equal); Project administration (equal);
Supervision (equal); Validation (equal); Writing — review & editing
(equal).

DATA AVAILABILITY

The data that support the findings of this study are available
within the article.

REFERENCES

"M. Tonouchi, “Cutting-edge terahertz technology,” Nat. Photonics 1, 97-105
(2007).

2p. Jepsen, D. Cooke, and M. Koch, “Terahertz spectroscopy and
imaging—Modern techniques and applications,” Laser Photonics Rev. 5,
124-166 (2010).

3X. Yang, X. Zhao, K. Yang, Y. Liu, Y. Liu, W. Fu, and Y. Luo, “Biomedical appli-
cations of terahertz spectroscopy and imaging,” Trends Biotechnol. 34, 810-824
(2016).

“Y.-S. Lee, Principles of Terahertz Science and Technology (Springer, Boston, MA,
2009).

5M. Lee and M. C. Wanke, “Searching for a solid-state terahertz technology,”
Science 316, 64-65 (2007).

8B. S. Williams, “Terahertz quantum-cascade lasers,” Nat. Photonics 1, 517-525
(2007).

7R. Paiella, Comprehensive Semiconductor Science and Technology, edited by P.
Bhattacharya, R. Fornari, and H. Kamimura (Elsevier, Amsterdam, 2011), pp.
683-723.

8N. M. Burford and M. O. El-Shenawee, “Review of terahertz photoconductive
antenna technology,” Opt. Eng. 56, 010901 (2017).

9F. H. L. Koppens, D. E. Chang, and F. J. Garcfa de Abajo, “Graphene plasmonics:
A platform for strong light-matter interactions,” Nano Lett. 11, 3370-3377 (2011).
9P, Tassin, T. Koschny, and C. M. Soukoulis, “Graphene for terahertz
applications,” Science 341, 620-621 (2013).

"IT. Low and P. Avouris, “Graphene plasmonics for terahertz to mid-infrared
applications,” ACS Nano 8, 1086-1101 (2014).

2 A. Tredicucci and M. S. Vitiello, “Device concepts for graphene-based terahertz
photonics,” IEEE J. Sel. Top. Quantum Electron. 20, 130-138 (2014).

ARTICLE pubs.aip.org/aipl/jcp

1:"I. Konig-Otto, M. Mittendorff, T. Winzer, F. Kadi, E. Malic, A. Knorr, C.
Berger, W. de Heer, A. Pashkin, H. Schneider, M. Helm, and S. Winnerl, “Slow
noncollinear Coulomb scattering in the vicinity of the Dirac point in graphene,”
Phys. Rev. Lett. 117, 087401 (2016).

K. Bolotin, K. Sikes, Z. Jiang, M. Klima, G. Fudenberg, J. Hone, P. Kim, and
H. Stormer, “Ultrahigh electron mobility in suspended graphene,” Solid State
Commun. 146, 351-355 (2008).

'5X. Du, I Skachko, A. Barker, and E. Y. Andrei, “Approaching ballistic transport
in suspended graphene,” Nat. Nanotechnol. 3, 491-495 (2008).

'6A. S. Mayorov, R. V. Gorbachev, S. V. Morozov, L. Britnell, R. Jalil, L. A.
Ponomarenko, P. Blake, K. S. Novoselov, K. Watanabe, T. Taniguchi, and A. K.
Geim, “Micrometer-scale ballistic transport in encapsulated graphene at room
temperature,” Nano Lett. 11, 2396-2399 (2011).

'7V. Ryzhii, M. Ryzhii, V. Mitin, and M. S. Shur, “Graphene tunneling transit-
time terahertz oscillator based on electrically induced p-i-n junction,” Appl. Phys.
Express 2, 034503 (2009).

'8]. H. Gosling, O. Makarovsky, F. Wang, N. D. Cottam, M. T. Greenaway, A.
Patang, R. D. Wildman, C. J. Tuck, L. Turyanska, and T. M. Fromhold, “Universal
mobility characteristics of graphene originating from charge scattering by ionised
impurities,” Commun. Phys. 4, 1-8 (2021).

Q. Guo, C. Li, B. Deng, S. Yuan, F. Guinea, and F. Xia, “Infrared nanophotonics
based on graphene plasmonics,” ACS Photonics 4, 2989-2999 (2017).

295, Xiao, X. Zhu, B.-H. Li, and N. A. Mortensen, “Graphene-plasmon polaritons:
From fundamental properties to potential applications,” Front. Phys. 11, 117801
(2016).

21 A. Vakil and N. Engheta, “Transformation optics using graphene,” Science 332,
1291-1294 (2011).

ZZN. M. R. Peres, “Colloquium: The transport properties of graphene: An
introduction,” Rev. Mod. Phys. 82, 2673-2700 (2010).

2K, Tantiwanichapan, X. Wang, H. Durmaz, Y. Li, A. K. Swan, and R. Paiella,
“Graphene terahertz plasmons: A combined transmission spectroscopy and
Raman microscopy study,” ACS Photonics 4, 2011-2017 (2017).

24 A, Pecchia, G. Penazzi, L. Salvucci, and A. Di Carlo, “Non-equilibrium Green’s
functions in density functional tight binding: Method and applications,” New J.
Phys. 10, 065022 (2008).

25B. Hourahine et al., “DFTB+, a software package for efficient approximate den-
sity functional theory based atomistic simulations,” J. Chem. Phys. 152, 124101
(2020).

28M. Elstner, D. Porezag, G. Jungnickel, J. Elsner, M. Haugk, T. Frauenheim,
S. Suhai, and G. Seifert, “Self-consistent-charge density-functional tight-binding
method for simulations of complex materials properties,” Phys. Rev. B 58,
7260-7268 (1998).

27 A. Fihey, C. Hettich, J. Touzeau, F. Maurel, A. Perrier, C. Kohler, B. Aradi,
and T. Frauenheim, “SCC-DFTB parameters for simulating hybrid gold-thiolates
compounds,” J. Comput. Chem. 36, 2075-2087 (2015).

285, Grimme, J. Antony, S. Ehrlich, and H. Krieg, “A consistent and accurate
ab initio parametrization of density functional dispersion correction (DFT-D) for
the 94 elements H-Pu,” |. Chem. Phys. 132, 154104 (2010).

295, Grimme, S. Ehrlich, and L. Goerigk, “Effect of the damping function in dis-
persion corrected density functional theory,” ]. Comput. Chem. 32, 1456-1465
(2011).

39S, Datta, Electronic Transport in Mesoscopic Systems (Cambridge University
Press, 1995).

31 A. S. Fedorov, P. O. Krasnov, M. A. Visotin, F. N. Tomilin, S. P. Polyutov, and
H. Agren, “Charge-transfer plasmons with narrow conductive molecular bridges:
A quantum-classical theory,” J. Chem. Phys. 151, 244125 (2019).

2. S. Fedorov, P. O. Krasnov, M. A. Visotin, F. N. Tomilin, and S. P. Polyu-
tov, “Thermoelectric and plasmonic properties of metal nanoparticles linked by
conductive molecular bridges,” Phys. Status Solidi B 257, 257 (2020).

33 A. H. Castro Neto, F. Guinea, N. M. R. Peres, K. S. Novoselov, and A. K. Geim,
“The electronic properties of graphene,” Rev. Mod. Phys. 81, 109-162 (2009).
345, Das Sarma, S. Adam, E. H. Hwang, and E. Rossi, “Electronic transport in
two-dimensional graphene,” Rev. Mod. Phys. 83, 407-470 (2011).

35M. Bonmann, A. Vorobiev, M. A. Andersson, and J. Stake, “Charge carrier
velocity in graphene field-effect transistors,” Appl. Phys. Lett. 111, 233505 (2017).

J. Chem. Phys. 160, 044117 (2024); doi: 10.1063/5.0178247
Published under an exclusive license by AIP Publishing

160, 044117-12

¥5:9%:20 ¥20zZ Ateniged 61


https://pubs.aip.org/aip/jcp
https://doi.org/10.1038/nphoton.2007.3
https://doi.org/10.1002/lpor.201000011
https://doi.org/10.1016/j.tibtech.2016.04.008
https://doi.org/10.1126/science.1141012
https://doi.org/10.1038/nphoton.2007.166
https://doi.org/10.1117/1.oe.56.1.010901
https://doi.org/10.1021/nl201771h
https://doi.org/10.1126/science.1242253
https://doi.org/10.1021/nn406627u
https://doi.org/10.1109/jstqe.2013.2271692
https://doi.org/10.1103/physrevlett.117.087401
https://doi.org/10.1016/j.ssc.2008.02.024
https://doi.org/10.1016/j.ssc.2008.02.024
https://doi.org/10.1038/nnano.2008.199
https://doi.org/10.1021/nl200758b
https://doi.org/10.1143/apex.2.034503
https://doi.org/10.1143/apex.2.034503
https://doi.org/10.1038/s42005-021-00518-2
https://doi.org/10.1021/acsphotonics.7b00547
https://doi.org/10.1007/s11467-016-0551-z
https://doi.org/10.1126/science.1202691
https://doi.org/10.1103/revmodphys.82.2673
https://doi.org/10.1021/acsphotonics.7b00384
https://doi.org/10.1088/1367-2630/10/6/065022
https://doi.org/10.1088/1367-2630/10/6/065022
https://doi.org/10.1063/1.5143190
https://doi.org/10.1103/physrevb.58.7260
https://doi.org/10.1002/jcc.24046
https://doi.org/10.1063/1.3382344
https://doi.org/10.1002/jcc.21759
https://doi.org/10.1063/1.5131734
https://doi.org/10.1002/pssb.202000249
https://doi.org/10.1103/revmodphys.81.109
https://doi.org/10.1103/revmodphys.83.407
https://doi.org/10.1063/1.5003684

The Journal

of Chemical Physics

36L.D. Landau, E. M. Lifshitz, L. P. Pitaevskii et al., Electrodynamics of Continuous
Media, Course of Theoretical Physics, 2nd ed. (Butterworth-Heinemann, Oxford,
England, 1984).

57V. P. Gusynin, S. G. Sharapov, and J. P. Carbotte, “Sum rules for
the optical and Hall conductivity in graphene,” Phys. Rev. B 75, 165407
(2007).

38X. Luo, T. Qiu, W. Lu, and Z. Ni, “Plasmons in graphene: Recent progress and
applications,” Mater. Sci. Eng.: R: Rep. 74, 351-376 (2013).

%L, A. Falkovsky and A. A. Varlamov, “Space-time dispersion of graphene
conductivity,” Eur. Phys. ]. B 56, 281-284 (2007).

491 M. Dawlaty, S. Shivaraman, J. Strait, P. George, M. Chandrashekhar, F. Rana,
M. G. Spencer, D. Veksler, and Y. Chen, “Measurement of the optical absorp-
tion spectra of epitaxial graphene from terahertz to visible,” Appl. Phys. Lett. 93,
131905 (2008).

“1V. J. Katz, “The history of Stokes’ theorem,” Math. Mag. 52, 146-156
(1979).

42 A, S. Fedorov, M. A. Visotin, E. V. Eremkin, P. O. Krasnov, H. Agren, and S. P.
Polyutov, “Charge-transfer plasmons of complex nanoparticle arrays connected
by conductive molecular bridges,” Phys. Chem. Chem. Phys. 24, 19531-19540
(2022).

“*M. A. Ordal, R. J. Bell, R. W. Alexander, L. L. Long, and M. R. Querry, “Optical
properties of Au, Ni, and Pb at submillimeter wavelengths,” Appl. Opt. 26, 744
(1987).

“4p. Drude, “Zur Elektronentheorie der Metalle,” Ann. Phys. 306, 566-613
(1900).

“#3S. Maier, Plasmonics: Fundamentals and Applications (Springer, New York,
2007).

“6F. Kopitzki, Zur Quantenmechanik laserbestrahlter Festkorper (Physikalisches
Institut; Physikalisches Inst., Bonn IR, 1993).

“7p. B. Johnson and R. W. Christy, “Optical constants of the noble metals,” Phys.
Rev. B 6,4370-4379 (1972).

“8F. Wen, Y. Zhang, S. Gottheim, N. S. King, Y. Zhang, P. Nordlander, and N.
J. Halas, “Charge transfer plasmons: Optical frequency conductances and tunable
infrared resonances,” ACS Nano 9, 6428-6435 (2015).

“9A. N. Koya and J. Lin, “Charge transfer plasmons: Recent theoretical and
experimental developments,” Appl. Phys. Rev. 4, 021104 (2017).

ARTICLE pubs.aip.org/aipl/jcp

SOW. Zhu, R. Esteban, A. G. Borisov, J. J. Baumberg, P. Nordlander, H. J.
Lezec, J. Aizpurua, and K. B. Crozier, “Quantum mechanical effects in plasmonic
structures with subnanometre gaps,” Nat. Commun. 7, 11495 (2016).

51 A. Fedorov, M. Visotin, V. Gerasimov, S. Polyutov, and P. Avramov, “Charge
transfer plasmons in the arrays of nanoparticles connected by conductive linkers,”
J. Chem. Phys. 154, 084123 (2021).

52k, J. Savage, M. M. Hawkeye, R. Esteban, A. G. Borisov, J. Aizpurua, and J.
J. Baumberg, “Revealing the quantum regime in tunnelling plasmonics,” Nature
491, 574-577 (2012).

53]. A. Scholl, A. Garcia-Etxarri, A. L. Koh, and J. A. Dionne, “Observation
of quantum tunneling between two plasmonic nanoparticles,” Nano Lett. 13,
564-569 (2013).

S4A. Wiener, H. Duan, M. Bosman, A. P. Horsfield, J. B. Pendry, J. K. W. Yang,
S. A. Maier, and A. I. Fernandez-Dominguez, “Electron-energy loss study of
nonlocal effects in connected plasmonic nanoprisms,” ACS Nano 7, 6287-6296
(2013).

55R. Esteban, A. G. Borisov, P. Nordlander, and J. Aizpurua, “Bridging quantum
and classical plasmonics with a quantum-corrected model,” Nat. Commun. 3, 825
(2012).

560. Pérez-Gonzalez, N. Zabala, A. G. Borisov, N. J. Halas, P. Nordlander, and J.
Aizpurua, “Optical spectroscopy of conductive junctions in plasmonic cavities,”
Nano Lett. 10, 3090-3095 (2010).

571. Romero, J. Aizpurua, G. W. Bryant, and F. ]. Garcia De Abajo, “Plasmons in
nearly touching metallic nanoparticles: Singular response in the limit of touching
dimers,” Opt. Express 14, 9988-9999 (2006).

58], Fontana and B. R. Ratna, “Highly tunable gold nanorod dimer resonances
mediated through conductive junctions,” Appl. Phys. Lett. 105, 011107 (2014).
59A. N. Koya and J. Lin, “Bonding and charge transfer plasmons of conduc-
tively bridged nanoparticles: The effects of junction conductance and nanoparticle
morphology,” J. Appl. Phys. 120, 093105 (2016).

9], Gu, R. Singh, X. Liu, X. Zhang, Y. Ma, S. Zhang, S. A. Maier, Z. Tian, A. K.
Azad, H.-T. Chen, A. J. Taylor, J. Han, and W. Zhang, “Active control of elec-
tromagnetically induced transparency analogue in terahertz metamaterials,” Nat.
Commun. 3, 1151 (2012).

TN Large, M. Abb, J. Aizpurua, and O. L. Muskens, “Photoconductively loaded
plasmonic nanoantenna as building block for ultracompact optical switches,”
Nano Lett. 10, 1741-1746 (2010).

J. Chem. Phys. 160, 044117 (2024); doi: 10.1063/5.0178247
Published under an exclusive license by AIP Publishing

160, 044117-13

¥5:9%:20 ¥20z Ateniged 61


https://pubs.aip.org/aip/jcp
https://doi.org/10.1103/physrevb.75.165407
https://doi.org/10.1016/j.mser.2013.09.001
https://doi.org/10.1140/epjb/e2007-00142-3
https://doi.org/10.1063/1.2990753
https://doi.org/10.1080/0025570x.1979.11976770
https://doi.org/10.1039/d2cp01811j
https://doi.org/10.1364/ao.26.000744
https://doi.org/10.1002/andp.19003060312
https://doi.org/10.1103/physrevb.6.4370
https://doi.org/10.1103/physrevb.6.4370
https://doi.org/10.1021/acsnano.5b02087
https://doi.org/10.1063/1.4982890
https://doi.org/10.1038/ncomms11495
https://doi.org/10.1063/5.0040128
https://doi.org/10.1038/nature11653
https://doi.org/10.1021/nl304078v
https://doi.org/10.1021/nn402323t
https://doi.org/10.1038/ncomms1806
https://doi.org/10.1021/nl1017173
https://doi.org/10.1364/oe.14.009988
https://doi.org/10.1063/1.4887335
https://doi.org/10.1063/1.4962133
https://doi.org/10.1038/ncomms2153
https://doi.org/10.1038/ncomms2153
https://doi.org/10.1021/nl1001636

