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François Aguillon , Dana Codruta Marinica, and Andrei G. Borisov *

Institut des Sciences Moléculaires d’Orsay (ISMO), UMR 8214, CNRS, Université Paris-Saclay, bât 520, Orsay Cedex, France

(Received 25 October 2021; revised 18 January 2022; accepted 19 January 2022; published 1 February 2022)

We address the possibility of atomic-scale control of the plasmon modes of graphene nanostructures. Using the
time-dependent many-body approach we show that for the zigzag and armchair nanoribbons, the single carbon
atom vacancy results in “on” and “off” switching of the longitudinal plasmon modes or in a change of their
frequency. The effect stems from the robust underlying physical mechanism based on the strong scattering of
the two-dimensional (2D) electrons on the vacancy defects in graphene lattice. Thus our findings establish a
platform for optical response engineering or sensing in 2D materials.
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Control of the light-matter interactions is at the focus of
many research areas because of the fundamental challenge
and multiple practical applications ranging from attosecond
pulse generation and energy harvesting, to metamaterials and
(biological) sensors [1–7]. Since the electromagnetic response
of the matter is strongly enhanced when the incident elec-
tromagnetic wave couples to collective electronic excitations,
plasmons, one of the efficient routes of such control is the
plasmon mode engineering. For metallic nanostructures, ex-
perimental and theoretical studies reported various strategies
to modify the energies, lifetimes, and near -fields of the plas-
mon modes. These strategies imply adjusting the geometry of
the individual nanoparticles, their arrangements into hybrid
structures, electrochemistry, or changing the refractive index
of the environment [8–15]. The two-dimensional (2D) mate-
rials, such as graphene, offer the unprecedented possibility of
versatile and reversible active tuning of the plasmon modes
via the charge doping [16–19].

Along with these successful developments, an ever grow-
ing demand for miniaturization puts forward a question of
the possibility to modify an optical response by introducing
changes at atomic scale. In this respect, it has been demon-
strated that the changes in the atomic-scale conductive bridge
between metallic nanostructures can affect plasmon response
of the compound system [20–23]. As well, we know from
molecular spectroscopy that the removal or substitution of
a single atom changes the optical spectrum of a molecule.
However, for the plasmon modes to be developed, the nanos-
tructures have to comprise hundred(s) and even thousand(s) of
atoms. Would it be possible to control the collective plasmon
modes by single atom manipulation in such a case?

In this work, using the time-dependent tight-binding ap-
proach (TDTB) we show that the longitudinal plasmon modes
of graphene nanoribbons (GNRs) are sensitive to a single
carbon atom vacancy. By setting the defect position, a given
plasmon mode can be switched “on” and “off” or shifted in
energy. The effect is robust and it is caused by an efficient
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2D electron scattering by vacancy defects in the nanoribbon
geometry. Our study thus shows that, along with engineering
of the conductivity and magnetic properties [24–32] of GNRs,
introducing the atomic-scale changes within graphene lattice
can also be used for the plasmon mode engineering of GNRs.
This opens new perspectives for the creation of graphene-
based plasmonic nanostructures for the far- and near-field
manipulation by and for controlling a quantum emitter (QE)
radiation.

The GNRs studied in this work are sketched in Fig. 1.
They essentially consist of an ideal (defect-free) graphene
lattice with a unique vacancy modeled by removing a sin-
gle carbon atom. This simplified description of realistic
vacancies [34–36] is often used in the literature as a rep-
resentative example allowing one to grasp the underlying
physics [25–28,37–43]. The vacancy position is defined by its
coordinate along the x axis, xv , and the number of the carbon
atom row containing the vacancy, Nv . We consider armchair
(AGNR-N) and zigzag (ZGNR-N) GNRs oriented along the
x direction. The nanoribbon width is set by the number N
of the carbon atom rows. Typically, the length of GNRs is
L ∼ 20 nm so that the nanostructures comprise ∼103 carbon
atoms. In this situation the longitudinal plasmon modes with
induced currents along the x direction are well developed for
the electronically doped ZGNRs and for the neutral AGNRs,
as considered here in the main text [44–51]. Additionally,
in the Supplemental Material (SM) [52] we show that the
vacancy effects on the plasmon modes are similar for the
neutral and electronically doped AGNRs. As indicated in
Fig. 1, to “probe” the plasmon modes we excite the system
with an x-polarized electromagnetic plane wave or with the
QE represented by the point dipole d oriented along the x axis.
Along with a characterization of the plasmon modes, using a
point dipole source allows a discussion of the Purcell factor
determining the rate of the decay of the quantum emitter in
the vicinity of the nanoantenna.

The electron density dynamics in response to an external
perturbation is obtained in real time from the self-consistent
calculations based on the tight-binding description of the
electronic structure of the π and π∗ bands of graphene.
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FIG. 1. Geometry of the studied armchair and zigzag graphene
nanoribbons. Their width, W , is set by the number of graphene
atomic rows, N , as defined on the right of the figure. The x coordinate
is measured from the middle of the nanoribbon (−L/2 � x � L/2),
and the y coordinate is measured from the first atomic row (0 � y �
W ). The vacancy is represented with a red dot. The system is excited
by the electromagnetic x-polarized plane wave or by a quantum
emitter represented by an x-oriented point dipole, d, located in the
GNR plane at the left side of the GNR, at h = 1 nm and y = W/2.

Essentially, the present TDTB method is equivalent to the well
established model descriptions used for graphene plasmon-
ics [53,54], where the retardation effects are neglected owing
to the small size of the system. The details of the present
technique can be found elsewhere [55], and a short summary
is given in the SM.

We first consider the situations where the carbon atom
vacancy is introduced at the middle of the metallic [36,56]
AGNR-11, and ZGNR-12 (see SM for the electronic structure
of GNRs). The corresponding absorption spectra are shown
in Figs. 2(a) and 2(b). For an ideal (defect-free) GNR the
absorption cross section is dominated by the dipolar plasmon
resonance. In agreement with previous studies, the absorption
resonance is less pronounced for the ZGNR-12 because of the
larger rate of the plasmon decay via Landau damping [45,48].
Strikingly, the single carbon atom vacancy strongly affects the
optical response. For the AGNR-11 the energy of the dipolar
plasmon resonance is blueshifted by 0.1 eV. For the ZGNR-12
the plasmon resonance is broadened by ∼0.4 eV so that it is
essentially quenched [33].

The plane wave excitation reveals only the dipolar plasmon
modes. That is why we also use the point dipole excitation
which “probes” the density of the electromagnetic states of
the system and thus the multipolar plasmon modes [57–59].
In Figs. 2(c) and 2(d) we show the enhancement of the decay
rate (Purcell factor [57], F) for the QE placed in the vicinity
of GNRs. The plasmon modes of GNRs appear as resonant
features in the calculated TDTB dependence of F on the
transition frequency ω. These modes are labeled with the
mode number p in order of increasing energy. The dipolar
plasmon of the nanoribbon corresponds to p = 1. As follows
from our results, the carbon atom vacancy introduced at the
middle of the GNRs markedly changes the spectrum of the
plasmon modes. Interestingly, only the plasmon modes with
odd p are affected, while the modes with even p are insensitive
to the presence of the vacancy. The vacancy effect is different
depending on the type of GNR. For the AGNR-11 the plasmon

FIG. 2. Optical response of the AGNR-11 [panels (a),(c),(e)],
and ZGNR-12 [panels (b),(d),(f)]. An artificial broadening of the
spectra by 5 meV is applied [33]. The ZGNR-12 is electronically
doped to Fermi energy EF = 0.4 eV, while the AGNR-11 is neutral
(EF = 0). The blue curves in panels (a)–(d) correspond to the ideal
GNRs. The red curves correspond to defective GNRs with the single
carbon atom vacancy at xv = 0.07 nm, Nv = 5 (AGNR-11), and at
xv = 0.12 nm, Nv = 6 (ZGNR-12). (a),(b) The optical absorption
cross section σ of the GNRs. Results are shown as a function of the
frequency of the incident electromagnetic plane wave. (c),(d) The
decay rate enhancement F × ω3 (F is the Purcell factor) for the
QE with transition frequency ω located in the vicinity of GNRs as
indicated in Fig. 1. The resonances are labeled with p in order of
increasing energy. (e),(f) The x-dependent induced currents Iind,p(x)
associated with plasmon modes p.

modes with even p are blueshifted, while for the ZGNR-12
these modes are merely switched off.

To get insight into the observed trends let us recall that
from the optical antenna theory [58,60,61], the plasmon
modes of the defect-free GNRs correspond to the standing
waves of the induced charges ρind and currents Iind having
p half-wavelengths along the length L of the GNR. We de-
fine the induced current, Iind(p, x), as the current associated
with plasmon mode p and flowing through the nanoribbon
cross section located at x. For the nanoantenna resonator
Iind(x, p) ∝ sin[π p

L (x + L
2 )]. The plasmon modes with odd p

possessing the nonzero dipole moment (or bright plasmon
modes according to standard nomenclature) have antisymmet-
ric charge density and symmetric current distribution along
the nanoribbon x axis. The symmetries are reversed for the
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FIG. 3. Induced charges (a)–(c) and currents (d) associated with
plasmon modes of the ideal and defective GNRs. The ZGNR-12
is electronically doped to Fermi energy EF = 0.4 eV, while the
AGNR-11 is neutral (EF = 0). Position of the vacancy is indicated
with a circle in panels (a)–(c), and it is defined in the caption of
Fig. 2. (a)–(c) Upper (lower) image on each panel corresponds to an
ideal (defective) GNR. The red (blue) color is used for the positive
(negative) induced charge. In panel (d) the x-dependent induced
current Iind,p(x) is shown for ideal (solid lines) and defective (dashed
lines) GNRs.

dark (even p) plasmon modes, with no induced current flow-
ing through the middle of the nanoribbon [see Figs. 2(e)
and 2(f)]. It follows from our results that the vacancy placed at
the middle of the nanoribbon perturbs the plasmon modes as-
sociated with maximum current flowing through its position.
We thus infer that the modification of the plasmon modes is
linked with the scattering of 2D electrons by the vacancy.

Consider an infinite defect-free AGNR-11. Its electronic
structure corresponds to the continua of electronic states
quantized in the transversal y direction and propagating in
the longitudinal x direction [36,38,56,62,63]. For plasmon
frequencies within a fraction of eV, the optical transitions
involve the electronic bands closest to the Dirac point and
thus characterized by the same transversal quantum number
(see SM for the band structure). In this situation of the sin-
gle transversal conductance channel, the vacancy positioned
at line Nv = 5 at the middle of the L-long AGNR-11 ef-
ficiently reflects the optically excited electrons propagating
along the GNR [25–27,37,43,64,65]. The vacancy-induced
electron scattering effectively separates GNR into two parts.
As follows from the induced charge density maps in Fig. 3,
the dipolar plasmon (p = 1) of the L-long AGNR-11 with
induced charges at nanoribbon extremities transforms into the
analog of the bonding dipolar plasmon of the nearly touch-
ing dimer [8,66] of the L/2 AGNR-11. Indeed, the induced
charges of opposite sign are accumulated across the vacancy
region. The formation of a nonconductive junction is further
evidenced by the dip in the current Iind through the middle of
the nanoribbon [see Fig. 3(d)], and it leads to the blueshift of
the bright plasmon modes.

The dark plasmon modes of GNR with even p are charac-
terized by a node of Iind at x = 0 [see Fig. 3(d)]. Thus, these

modes are basically insensitive to the vacancy located close to
the middle of the GNR. Noteworthy, within the nearly touch-
ing dimer picture, the p = 2 mode of the L-long AGNR-11
transforms into the analog of the antibonding dipolar plasmon
mode [8,66] of the L/2 dimer. This transformation does not
involve a redistribution of the induced charges which keep the
same sign across the nanoribbon cross section containing the
vacancy [Fig. 3(b)]. In the SM we further discuss the evolution
of the plasmon modes upon fusion of the dimer into a single
nanoantenna.

The results shown in Figs. 3(c) and 3(d) for the electron-
ically doped ZGNR-12, reveal a different situation. It can
be related to the difference in the vacancy scattering of the
2D electrons moving within armchair and zigzag GNRs (for
the detailed discussion of the scattering, see Ref. [25]). The
electron reflection by the vacancy located on the Nv = 6 row
at the middle of the ZGNR-12 is not sufficient to develop the
nodal structure in Iind, and to effectively split the nanoantenna
into two parts [compare the blue dashed lines for p = 1 for
AGNR-11 and ZGNR-12 in Fig. 3(d)]. The induced charges
associated with plasmon modes have the same pattern for the
ideal and defective nanoribbons. However, the coherent elec-
tron transport through the middle of the junction is strongly
perturbed, leading to an efficient broadening and quenching of
the bright plasmon modes [67,68]. This is while, as explained
above, the dark plasmon modes are basically not affected by
the vacancy.

It is worth noting that the strong plasmon reflection has
been reported for the nanometer-wide gaps in graphene mono-
layer [69]. As well, the blueshift of the dipolar plasmon
energy and the dimer formation were reported for the trans-
verse plasmon modes of wide nanoribbons upon removal of
an entire carbon atom row in the longitudinal direction [70]. In
our case, the defect is represented by the single atom vacancy.

To further explore the vacancy effect, we analyze in Fig. 4
the decay rate enhancement for the QE placed in the vicinity
of graphene nanoantennas. The TDTB results are shown as a
function of the transition frequency ω of the QE, for different
lateral positions xv of the vacancy. For fixed xv , the decay rate
enhancement as a function of ω features several resonances
associated with plasmon modes of the nanoribbon. Changing
the position of the carbon atom vacancy strongly modifies the
energies and lifetimes of the plasmon modes, and thus has
a prominent effect on the decay rate of the QE located near
GNRs. One can control the dynamics of the QE exciton by
single-atom manipulation within the nanoantenna.

We now turn to the general evolution of the plasmon modes
with vacancy position xv as revealed by Fig. 4. For the AGNR-
11, the calculated trends can be understood considering the
strong electron reflection by the vacancy which effectively
decouples the electronic states located at both sides of the
vacancy region. Thus, the L-long defective AGNR can be
modeled by a dimer formed by two ideal AGNR-11 of lengths
L1 = L/2 + xv (white) and L2 = L/2 − xv (green) separated
by a nonconductive narrow junction as sketched in Fig. 4(a).
Considering AGNR-11 antennas as resonators, for the par-
ticular vacancy positions xv = L[ p1

p1+p2
− 1

2 ], the p1 mode of
the L1 nanoribbon and the p2 mode of the L2 nanoribbon
are energy degenerate at ωr . Their bonding and antibonding
combinations are formed. Note that in this case the antibond-
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(a) (b)

FIG. 4. The interpolated image of the decay rate enhancement F × ω3 given in eV3 for the QE located in vicinity of the GNRs (see
Fig. 1). The TDTB results for the AGNR-11 [panel (a)] and ZGNR-12 [panel (b)] are shown as a function of the transition frequency ω of
the QE, and the vacancy position xv . The color scale is given at the right of panel (b). The carbon atom vacancy is displaced following the
fifth (sixth) atomic row for AGNR-11 (ZGNR-12). No charge doping is applied for AGNR-11 (EF = 0), while the ZGNR is electronically
doped to EF = 0.4 eV. The plasmon resonances are labeled with their mode number p. The vacancy effectively splits the L-long AGNR-11
nanoantenna into the L/2 + xv (white rectangle) and L/2 − xv (green rectangle) dimer as sketched in the inset. The dotted lines show the
plasmon resonance frequencies calculated with TDTB for individual AGNR-11 of the L1 = L/2 + xv (white) and L2 = L/2 − xv (green)
lengths. Note that the high-frequency part of the data is presented for the sake of the discussion, and should be considered with care because
of the strong optical phonon-induced plasmon broadening [18,45,68,71] not captured with TDTB. Note that the asymmetry of the panels
with respect to the x = 0 vertical line results from the point dipole excitation with the point dipole located at the left side of the GNR
(see Fig. 1).

ing combination is nothing else but the p = p1 + p2 mode of
the AGNR at frequency ωr . The coordinate xv corresponds
here to the node of its induced current where the induced
charges are of the same sign across the vacancy position. In
this situation one expects nearly no vacancy effect on the
antibonding combination of p1 (L1) and p2 (L2) modes with
its frequency close to ωr .

The TDTB results corroborate the simple model outlined
above. The calculated with TDTB xv dependence of the reso-
nance pattern in Fig. 4(a) indeed reveals an avoided crossing
structure between the plasmon modes of the individual L1

(L2) -long nanoantennas. For the vacancy located at the node
of the induced current of the plasmon mode p = p1 + p2 of
the L-long nanoantenna, the avoided crossing between the p1

(L1) and p2 (L2) resonances results in formation of the (i)
the slightly blueshifted antibonding-type resonance, and (ii)
the bonding-type plasmon mode, whose energy is strongly
redshifted with respect to ω.

In line with the results shown in Fig. 2, for the ZGNR-
12 [Fig. 4(b)] the electron reflection by the vacancy is not
sufficient to effectively produce a dimer configuration and to
affect the energies of the plasmon modes. In this situation
the loss of coherent electron transport and Landau damp-
ing associated with vacancy scattering results in the strong
broadening and eventual quenching of the plasmon modes
whenever the vacancy position is at the maximum of the
induced current at xv = L

2 [ 2n+1
p − 1], 0 � n < p. At the same

time, the plasmon modes (well-defined resonances of the Pur-
cell factor) of the defect-free nanostructure are retrieved for
xv at the node of the induced current. The alternating maxima
and minima of the induced current along the nanoribbon for
different plasmon modes p is behind the pattern given by

the broadening and narrowing of the plasmon resonances in
Fig. 4(b).

We further demonstrate in the SM that the vacancy effect
can be maximized or switched off not only by the longitudinal
manipulation, but also by changing the transverse vacancy
position given by atomic row Nv , and by the charge doping of
GNR. As a result, with the same type of GNR, the vacancy can
act on the plasmon modes as a “reflector” shifting the energy,
as a “quencher” increasing the width, and as an “idler” which
does not impact at all the plasmon response.

In conclusion, using the TDTB approach for graphene
plasmonics we have demonstrated that a single carbon atom
vacancy in the armchair and zigzag graphene nanoribbons
comprising more than one thousand of carbon atoms leads to
the prominent changes in the absorption spectra as well as in
the decay rate of a quantum emitter coupled to a graphene
nanoantenna. The underlying physical mechanism is a ro-
bust consequence of the strong defect-induced scattering of
the optically excited electrons propagating along the narrow
nanoribbon and it should hold for the systems with no strong
electron interaction between GNRs and the substrate. Po-
sitioning the vacancy within the graphene lattice by using,
e.g., a focused electron beam [72,73], allows for controllable
energy shift and/or quenching of the given plasmon modes.
Our work demonstrates that the link between the conductance
of the optically excited electrons and the plasmon modes of
the system [20–23,74,75] becomes particularly strong for the
2D materials. The findings reported in this work open a way
for the atomic-scale design of the plasmonic 2D materials. As
well, we envision that the strong sensitivity of the plasmon
modes to the atomic-scale perturbations of the lattice can be
used for the sensing applications.
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