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Abstract

Using the tight binding description of the electronic structure of graphene and a
time-dependent quantum approach we address the vibrational excitation of molecules in
the near field of a graphene nanoantenna. The possibility to tune the graphene plasmon
frequency by electrostatic doping allows an efficient resonant excitation of the infra-red
(IR) active vibrational modes via the coupling between molecular dipole and plasmon
near field. We show that for the carbon monoxide CO molecules placed in the gap of a
dimer antenna formed by the 20 nm size graphene patches, an excitation of the v = 1 +
0 transition leads to a distinct molecular signature in the IR absorption spectrum of
the system. A very small number of molecules down to a single molecule placed in the
antenna gap can thus be detected. Along with IR active vibrations, the inhomogeneity
of the plasmonic near field allows vibrational excitation of IR inactive molecules via
molecular quadrupole. The resonant excitation of the No molecule vibration is thus
observed in the calculated absorption spectra, albeit the molecule signature is essentially

smaller than for the CO molecule. Obtained with molecules described on the ab initio
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quantum chemistry level, our results provide quantitative insights into the performance

of graphene nanoflakes and their dimers for molecular sensing.

Introduction

The possibility to engineer the enhanced optical fields at the spatial scales well below that
of the wavelength, as offered by plasmonic structures, allows one to control the light matter
interaction at the nanometer (nm) scale with numerous applications for nonlinear optics,*

% among others. For quantum emitters, the

optoelectronics,? and single molecule sensing®"
exciton coupling with plasmon modes of the nanoantenna determines the dynamics of the
excitation and decay, as well as the far field emission,”"4 with the possibility of detecting a
single quantum emitter.?132 I this respect, the localization of plasmonic fields by atomic-

L0H8 provides a spectacular sub-molecular resolution

scale protrusions in plasmonic cavities
in the observation of the single-molecule luminescence maps,™“? maps of the Lamb shift of
the excitation energy,?® and Raman maps of molecular vibrations.“=" In these experiments,
the energy is resonantly exchanged between the plasmon mode and the electronic transitions
in individual nanoobject placed in the junction, with further excited state evolution involving
e.g. vibrational excitation. It is worth noting that in a broader context, the strong coupling
between molecular vibrations and optical modes of the nanocavity leads to e.g. exciting
possibilities of polaritonic chemistry.#1™3

Recently the 2D materials emerged as promising platforms for electrical®*=® and opti-
cal®t# detection up to the single molecule limit. In the case of optical detection, the low
energy optical phonons or plasmons of the 2D materials can resonantly couple to molecular
vibrations greatly improving the sensitivity of surface-enhanced infrared adsorption spec-
troscopy (SEIRA). In particular, for graphene nanostructures, the energies of the plasmon

modes can be tuned by charge doping with e.g. an applied bias, leading to versatile, tun-

able, broad frequency range sensors. Several groups reported detection and identification of



molecules adsorbed at low concentrations on graphene ribbons.*¥™% Ag well, the possibility
of molecular detection exploiting the change of the linear and, in particular, of the nonlinear
response of Gr nanoislands upon molecular adsorption has been theoretically addressed.*" ="

In this work we change the paradigm, and instead of considering a layer of molecules
adsorbed on top of a graphene nanoobject, we theoretically address the possibility to de-
tect small amounts of molecules with the ultimate limit of a single molecule placed in the
nanometer size gap of graphene dimer nanoantenna. Indeed, as known from the 3D metal
plasmonics, shrinking an effective plasmon mode volume in the plasmonic nanogap config-
uration leads to a strong increase of the plasmon-exciton interaction.t#*8 We show that
this also holds in 2D for the narrow junction between graphene patches with possibility
of the detection of single CO molecules via plasmon coupling to molecular vibration. We
analyze how the molecule induced features in the absorption spectra depend on molecular
orientation, on the number of the molecules located in the gap region, and on the damping of
molecular vibrations. Along with an excitation of the infra red (IR) active vibrational modes
via dipolar coupling, the inhomogeneity of plasmonic near fields allows vibrational excitation
of molecules via quadrupolar coupling. With an example of Ny molecule interacting with
graphene nanoantenna we provide a quantitative analysis of this mechanism leading to the
weak signatures of molecular vibrational excitation in the IR absorption spectra.

Unless otherwise stated atomic units are used throughout the paper.

Optical response of the graphene nanoantenna

We start with the analysis of the optical response of individual graphene nanoantennas nec-
essary to understand the changes introduced by analyte molecules. Owing to the strong
enhancement of the incident electromagnetic field in the gap between the nanoparticles,®
the metal dimer geometry has proven its efficiency in enhancing the coupling between plas-

mons and electronic excitations. #5558 Thys, in quest of enhanced plasmon interaction



with molecular vibration for SEIRA we consider graphene antennas formed by nanoflakes
of circular and triangular shapes and by their dimers as depicted in Fig. [I The nanostruc-
tures are cut from an ideal graphene plane, and the carbon atoms with a single neighbor
are removed at the borders. The gap width of the dimer antennas is A = 2 nm. The single
circular nanoparticle of radius R, = 10.6 nm comprises No = 13452 carbon atoms, and the
equilateral triangle shape nanoparticle with armchair edges and side length L = 28.5 nm
comprises No = 13458 carbon atoms. The apexes of the triangle are set smooth with a
curvature radius r, = 1 nm. We use the coordinate system with z-axis perpendicular to
graphene plane and in-plane y and x axes. The z-axis is set along the dimer axis.

The optical response of the nanoantenna is calculated in real time using the quantum
time-dependent tight binding (TDTB) description of the electron density dynamics triggered
in graphene by an external perturbation. Our method is based on the quantum approach

to graphene plasmonics developed by Garcia de Abajo and collaborators®e!

considering the
nonretarded description of potentials. This approximation is fully justified here since the
size of the graphene nanoantennas is two orders of magnitude smaller than the wavelength
of the radiation resonant with molecular vibrations. For further details on the method we
refer the interested reader to the Supporting Information (SI).

For each nanoantenna geometry, the near field and induced charge density calculated
with TDTB for the plasmon modes of dipolar character relevant for the present study are
shown in Fig. The nanoantennas are excited by the linearly x-polarized plane wave
resonant with dipole plasmon (DP) of the single-particle antenna and bonding dipole plasmon
(BDP) of the dimer. The graphene nanoparticles are electronically doped to a Fermi energy
Er = 0.36 €V as measured from the neutrality (Dirac) point. In practice, the relative number
of extra-electrons added to each nanoparticle Q./N¢ (Q. is the electronic charge) equals to
3.4 x 1073 for the circular geometry, and 5.6 x 1073 for triangular geometry resulting in
plasmon frequencies wgp = 0.284 eV, w@P = 0.262 eV, wl%% = 0.267 eV, and wﬁDAP =

0.250 eV. In line with previous theoretical studies on conventional metal®% and graphene
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Figure 1: Geometry of the studied dimer antennas together with spatial maps of the charge
densities (middle row panels) and the absolute value of the z- (E,, top row panels) and z-
components (E,, bottom row panels) of the near fields measured in the (x,y, 2 = 1) nm- plane
above the graphene surface. The plasmonic gap h = 2 nm, R, = 10.6 nm, L = 28.5 nm, and
re = 1 nm. We use the coordinate system with z-axis perpendicular to graphene plane and
in-plane y and = axes. For the dimer, the origin of coordinates is set at the middle of the gap.
The nanoantennas are excited by an incident z-polarized plane wave resonant with dipolar
plasmon in the case of the individual nanoparticle and with the bonding dipolar plasmon in
the case of the dimer. The near field is normalized to the amplitude of the incident plane
wave Fig so that the upper and lower row panels show the enhancement (R, and R,) of
the corresponding components of the near field. The maximum value of R is indicated with
a white number on each panel. The graphene nanoparticles are electronically doped to a
Fermi energy Er = 0.36 €V The color code is explained in the inserts.

plasmonic dimers®8

our results demonstrate that, as compared to the single graphene
nanoantenna, the dimer geometry allows to reach much stronger near field in the gap region.
For the z-component of the induced field, the maximum field enhancement is produced in
the nanoantenna gap by the concentration of the plasmonic charges of opposite sign induced
at graphene surfaces across the junction. By symmetry, the z -component of the induced
field is zero at the middle of the gap. It reaches a maximum above the graphene edges facing

the gap because of the strongest concentration of plasmonic charges. Comparing the two

dimer geometries, the bowtie antenna leads to the most efficient field enhancement owing to
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Figure 2: Absorption spectra for the monomer (dashed lines) and dimer (solid lines) graphene
antennas of circular (panel a) and triangular (panel b) geometry. The absorption cross section
o normalized per geometric area of the nanoantenna is shown as function of the frequency
of the electromagnetic x-polarized incident plane wave. For each geometry, the TDTB
calculations are performed for two different energies of the Fermi level, Fr, as explained
in the inserts of each panel. DP stands for the dipolar plasmon of the single nanoflake
antenna, and BDP stands for the bonding dipole plasmon of the dimer.

the lightning rod effect. However, the stronger near fields are localized in this case within

a much narrower spatial region as compared to the dimer of circular nanoparticles. This is



certainly a limitation considering the "active" antenna area for efficient molecule detection.

The characterization of the optical properties of the nanoantennas is continued in Fig.
The optical absorption spectra calculated with TDTB for the monomer and dimer antennas
of circular and triangular geometry are shown for two different levels of electronic doping
characterised by the Fermi energies F'r = 0.36 eV, and Er = 0.4 eV illustrating the tunability
of the optical response. Within the frequency range of interest, each absorption spectrum is
dominated by the well-defined plasmon resonance. The dipolar character of the underlying
plasmon modes follows from the maps of the induced densities and near fields (see typical
examples in Fig. . The calculated resonance energies and widths are summarized in Table
Similar to the previous studies, we also obtained that the plasmon decay via nanoparticle

609 (see further discussion in SI).

edge effects strongly depends on the nanoflake geometry
Interestingly, for the bowtie and single triangle antenna with armchair edges the plasmon
modes are better defined as compared to the circular geometry used here. The narrower

width of the resonances indicates in this case smaller edge effects.

Table 1: Resonance frequencies and widths of the plasmon modes of dipolar character:
dipole plasmon (DP) for single particle antenna (Monomer), bonding dipole plasmon (DP)
for plasmonic dimer (Dimer), All quantities are given in [eV].

Er =0.36 Er =0.40

wSp = 0.284

I'S, = 0.058

WS, = 0.298

IS, = 0.063

w§S = 0.267

Y9 = 0.055

w§S = 0.283

rS9 = 0.057

whp = 0.262

I'op = 0.032

whp = 0.279

I'op = 0.032

whbp = 0.250

55 = 0.032

whbp = 0.266

rsss = 0.032




For a given nanoantenna, with increasing Er the plasmon resonance shifts to higher

energy as consequence of the higher electronic density in the graphene w-band. Indeed, con-

Bp i
T wtiy/2

sidering the Drude-like in-plane conductivity og, = one obtains the dispersion
relation of surface graphene plasmons wy, o< v/Ep. ™™ The absorption cross sections nor-
malised to the antenna area are very similar for the dimer and monomer antennas formed
by nanoflakes of identical shape. At the same time, for a fixed Ef, the dimer geometry leads
to a notable redshift of the plasmon mode of dipolar character because of the attractive
Coulomb interaction between the plasmonic charges of opposite sign across the junction.>#¢7

Considering the finite resonance width and the tunability of the resonance frequency with
electronic doping (Fr), the resonant optical response of the nanoantennas covers the energy
range characteristic of the vibrational energies of the molecules. The strong enhancement of
the electromagnetic field in the gap region should then lead to an efficient resonant coupling
between the plasmon field and the IR active molecular vibrations, and to the visible changes
in the optical response of the compound system as compared to that of the nanoantenna

alone. ™38 Eventually, it could allow for the detection of the molecules at low concentration.

The quantitative estimate of this sought detection possibility is at the focus of our work.

Molecular detection

IR active vibration. Dipolar coupling

In order to quantify the effect of the plasmon-vibrational coupling we study the absorption
spectra of graphene nanoantennas in the presence of CO and N, molecules. We start our
discussion with an example of the polar CO molecule which has an IR active stretching
mode. For the IR active vibration, the molecular dipole depends on the bond length &.
Therefore, within the classical picture the vibrational excitation can be associated with the
dipole oscillating at the transition frequency 2 = E,—; — E,—¢. Here E, stands for the

energies of the molecular vibrational states. When a molecule with an IR active vibrational



mode is introduced in the gap of graphene dimer, the oscillating transition dipole couples via
the near field with plasmon modes of the nanoantenna rendering the vibrational excitation
possible. The v = 1 < 0 transition can be maximized with a proper choice of Er so that the
BDP of nanoantenna appears resonant with €2. For the CO molecule with excitation energy
Q = 263 meV (2121.2 cm™ 1), and consistent with the antenna characteristics reported in
Table [I, we use Er = 0.36 eV for the circular dimer and Er = 0.40 eV for the bow-tie
antenna.

Within the quantum description: (i) considering the potential energy of the CO dipole,
Poo(€), interacting with the plasmon field E, in the gap, V = —E, Pco(§), and (ii) develop-
ing the molecular dipole in Taylor series in vibrational coordinate £ around the equilibrium
position £ = 0, results in the coupling matrix elements y = drg_g(o) (po=0(&)|&|pv=1(&)). The
matrix elements p describe the field induced transition between the molecular vibrational

states ¢, (). Given the value of u calculated here ab initio using the quantum chemistry

software,™ we define the molecular polarizability

20 ] A

‘& ol (w) = e [92 o2 — o e, (1)

which is used together with TDTB inputs to describe the optical absorption of the nanoan-
tenna + CO molecule system, as explained in the Supporting Information. In Eq. [l €, is
the unit length vector along the molecular axis, and 7 stands for the broadening of molec-
ular line. For the sake of discussion, we first consider the CO molecules located in the gap
of graphene dimer with molecular bond aligned along the dimer axis. Since the molecular
dipole is collinear with the electric field of the plasmon mode, this geometry is the most
efficient for vibrational excitation. The 3D orientation effect will be addressed below in this
section.

In Figure |3 we show the absorption spectra of the system where a single CO molecule

is localized in the middle of the gap of the circular dimer (panel a) and bow-tie (panel b)
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Figure 3: Absorption spectra of the a) circular dimer and b) bow-tie dimer antennas with
CO molecule located in the middle of the gap as sketched in the inserts. The molecular bond
is oriented along the dimer axis (x-axis). Results are shown as a function of the frequency
w of the electromagnetic z-polarized incident plane wave. Large scale variation of w reveals
the antenna resonance. The inserts zoom into the frequency range close to the vibrational
excitation (note that the transition frequency of the isolated CO is 263.014 meV.) The TDTB
calculations are performed for the graphene Fermi level energies Er = 0.36 €V (circular
geometry) and Er = 0.4 eV (triangular geometry). Dashed black line: the absorption spectra
of the nanoantenna; red line: the absorption spectra of the nanoantenna 4+ CO system for
the case of the natural broadening of the v = 1 < 0 transition, n = 2 x 1071* eV;™ green
line: the absorption spectra of the nanoantenna + CO calculated considering n = 0.04 meV.

graphene nanoantenna. When the plasmon of the nanoantenna is resonant with molecular
vibrational excitation, the presence of the CO molecule leads to the enhanced transparency
of the system 444820 0BONE Within the narrow frequency range close to the Q = E,—; —
E,—y a well-resolved absorption dip with a typical Fano profile™ appears in the frequency
dependence of the absorption cross section. Results are very similar for both nanoantenna
geometries albeit the resonant variation of the absorption spectra is somewhat stronger for
the bow-tie antenna. This can be linked with stronger field enhancement of the latter and
better defined plasmon resonance (see Fig. [I] and Fig. [2).

The increased transparency of the system in the vicinity of the v = 1 < 0 transition
is a consequence of the resonant phase shifts between the dipoles induced on graphene and
on the molecule. Indeed, since the nanoantenna resonantly drives the molecular dipole the

latter experiences a —m/2 phase shift with respect to the nanoantenna dipole produced by

10



the incident field. In turn, the molecular dipole leads to the resonant polarisation of the
nanoantenna which then has the —m /2 phase shift with respect to the molecular dipole, and
so the —m phase shift with respect to the antenna polarization by the incident field. The two
contributions appear with different signs thus reducing the total dipole of the nanoantenna
and, consequently, absorption.

In the coupled CO + nanoantenna system, the presence of the nanoantenna leads to an
energy shift (Lamb shift) and to an additional broadening (Purcell effect) of the molecular
transition. These effects emerge because of the self-interaction terms, where the molecule
experiences the field created by the nanoantenna in response to the presence of the oscillat-
ing molecular dipole (see Supporting Information). Well studied for excitons in plasmonic
environments, 22 the self-interaction leads in the present situation to the energy shift
and reduced lifetime of molecular vibrational excitation,*#%8% the latter being analogous to
the radiation quenching by metal nanostructures.®**V It follows from our results that the
interplay between the width 7 of the vibrational transition and the self-interaction induced
broadening strongly affects the resonant variation of the absorption spectra.

When 7 is given by the natural width it is negligibly small compared to the self-interaction
induced broadening which then determines the width of the molecular induced feature in the
absorption spectra. In this situation, the presence of CO molecule reduces the absorption
by up to 10 times at vibrational excitation resonance (red lines in Fig. . Notice that
the broadening of molecular transition is larger in the case of the bow-tie antenna owing
to its stronger field enhancement at the molecule position. Along with absorption spectra
calculated for the natural width of the vibrational transition, we also show in Fig. [3| results
obtained considering n = 0.04 meV (0.3 cm™!). This width is measured for CO molecules
adsorbed on NaCl,*2 and represents here the broadening effects owing to a molecular
environment not accounted for by the self-interaction. When 1 = 0.04 meV, it overrides the
self-interaction term, and determines the width of the Fano profile. The broadening of the

molecule transition leads to a smaller resonant variation of the absorption cross section.

11
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Figure 4: Relative change of the absorption spectra of the circular dimer antenna with
plasmonic gap functionalised by the single CO molecule (red lines) and by 10 CO molecules
(cyan lines). Er = 0.36 eV. The quantity (0(w) — ogrrco(w)) /o(Q2) is shown as function
of frequency of the incident z-polarised plane wave. Here o(w) is the absorption cross
section of the free-standing nanoantenna, og,+co(w) is the absorption cross section of the
functionalised nanoantenna, and o () = 68 nm? is the absorption cross section of the free-
standing nanoantenna at the frequency of vibrational transition. For the single CO molecule,
the results are averaged over possible orientations of the molecular bond in 3D space. For
the case of the 10 CO molecules, the positions of the molecules are randomly chosen within
a rectangle (—0.5 nm <z < 0.5nm, —1 nm <y < 1nm, z = 0) centered at the gap middle,
and molecular orientations are randomly chosen in the 3D space. The absorption spectra
shown with cyan lines correspond to an average over 10® of such random samples. Panel
a: calculations are performed for the molecular line broadening n = 0.04 meV (0.3 cm™1).
Panel b: n = 0.5 meV (4 em™'). Dashed black line: normalized absorption cross section of
the individual CO molecule in free space oco(w)/o(€2).

In order to further explore the sensitivity of the graphene dimer to the presence of CO
molecules in the gap, we calculated the optical absorption (i) considering different orien-
tations of the molecular axis, (ii) varying the number of molecules, and (iii) considering
n = 0.04 meV (0.3 em™!) characteristic for CO absorption on NaCl,** and n = 0.5 meV
(4 em™!) characteristic for CO molecules adsorbed on metal surface and strongly coupled
with electron and phonon bath.®#% Since similar results are obtained in Figure [3| for both
antenna geometries, we focus our discussion here on the circular dimer case. Leading to
somewhat lower field enhancement as compared to the bow-tie antenna, the circular dimer

allows essentially larger spatial extension of enhanced fields which is a clear advantage as far

12



as molecular detection is concerned.

In Fig. [4] we show the relative change of the absorption cross-section for the situations
where a single CO molecule (red), and 10 CO molecules (cyan) are located in the gap. For
a single CO molecule, the results are averaged over all possible orientations of the CO bond
in the 3D space. In the case of the 10 molecules, they are placed at random positions
inside the (—0.5 nm < z < 0.5 nm, —1 nm < y < 1 nm, z = 0) rectangle centered at the
middle of the gap (z = 0,y = 0,z = 0). The orientations of the CO bonds are set random
as well, and the results are averaged over 10° samples. As a reference, the dashed black
line on each panel provides orientation averaged absorption cross section of the individual
CO molecule which shows that graphene antenna enhances the sensitivity by more than
two orders of magnitude. When comparing with absorption cross section obtained for the
molecule aligned along the nanoantenna axis (Fig. )7 the average over different orientations
decreases resonant variation of the absorption cross section. However, the molecule induced
change of the absorption remains detectable even for the case of the large width of molecular
transition n = 0.5 meV.

When N = 10 molecules are present in the gap the molecule induced feature in the
absorption spectrum becomes more pronounced. However, the change with respect to the
single CO molecule present in the gap depends on 7. It is not proportional to N as one would
expect for non-interacting molecules. Incidentally, this result is in line with recent publication
studying the near-resonant light scattering by a subwavelength ensemble of identical atoms.?”
For n = 0.04 meV and N = 10, the interaction between the dipoles induced on individual
CO molecules broadens the molecule induced feature in the absorption spectrum of the
functionalized gap. The 3 times gain in the relative change of an absorption cross section is
obtained. When large n = 0.5 meV is used, the intrinsic width of each individual transition is
large compared to the effect of the dipole-dipole interactions. The individual contributions
sum up without an additional broadening which favors the proportionality between the

number of molecules and the strength of the induced feature in the absorption spectrum. Its

13



amplitude is increased by six times when the number of CO molecules in the gap changes
from 1 to 10.

Our results discussed in this section demonstrate that a very small amount of CO
molecules located in the hot spots of the dimer nanoantenna leads to a measurable change of
the absorption. In fact, the change of the absorption is sensitive to the presence of a single
CO molecule. In this latter case, the effect found here for the plasmonic dimer + single
molecule system is quantitatively comparable to that reported for molecular layers adsorbed
on graphene nanoribbons.*"42444% This shows potential interest of the dimer antenna ge-
ometry for molecular detection.

At this point it is worth to mention that graphene nanostructures with narrow gaps of
some nm have been studied experimentally,”®*? and theoretically. MUY At the same time,
to the best of our knowledge, the graphene dimer antennas with a few nm gaps have not
been reported so far. Nonetheless taking into account the fast progress of the fabrication

1025104

techniques we believe that such devices may become available in the future.

Quadrupolar coupling.

The tight confinement of the near fields of graphene nanoantennas implies their high spatial
gradient. Consider an IR inactive molecule which possesses an electrical quadrupole moment.
The potential energy of a quadrupole in an electric field E is given by V = — > i Qij0iEy, 1%
where i, j = x,y, z. This leads to the possibility of the vibrational excitation of the molecule
via quadrupolar coupling with plasmon modes of the nanoantenna® (for further details
see the Supporting Information). For the vibrationally excited molecule, the field of the point
quadrupole oscillating at the Q2 = E,_; — F,— frequency induces the dipolar polarisation of
the nanoantenna and thus affects the absorption cross section of the coupled system.

In order to have a quantitative measure of the effect and thus of the possibility of the
detection of nonpolar molecules, we study the Ny molecule interacting with graphene nanoan-

tennas. The electrostatic doping of graphene is such that the dipolar plasmon of the nanoan-

14
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Figure 5: Absorption cross section calculated for triangular (panel a) and circular (panel
b) graphene patch antennas functionalized with 1 (red line), 3 (blue line), and 9 (green
line) Ny molecules. The molecules are placed above the edge of the nanoantenna, in the
(z = 1 nm) plane parallel to the graphene surface. The geometry is sketched in the inserts.
The molecular bond is parallel to z-axis. The central molecule is placed just above the hot
spot of the nanoantenna (see bottom row of Fig[l)). For the case of 3 and 9 molecules the
molecule-molecule distance of 1 nm is used. Results are shown as a function of the detuning
between the excitation wavenumber and the v = 1 < 0 transition frequency in the free
molecule. The number of the corresponding color gives the amplitude of the relative change
of the absorption cross section (0 — oy,) /o. Here, oy, is the absorption cross section of
the antenna functionalized with a given number of Ny molecules, and ¢ is the absorption
cross section of the individual nanoantenna. Both values are taken at vibrational excitation
resonance. The electron doping corresponds to Er = 0.46 €V (triangular nanoantenna), and
Er =0.40 eV (circular nanoantenna).

tenna is resonant with transition frequency €2 = 296 meV calculated here using the quantum
chemistry software.™ In contrast with the polar CO molecule studied above, our calculations
show that for the quadrupolar coupling the dimer geometry does not allow to enhance the
effect of vibrational excitation. Indeed, the field in the gap region is homogeneous while high
gradients of the near fields are required for this mechanism of vibrational excitation. These
high gradients of the near fields are reached close to the edges of the nanoflakes so that, as
compared to the monomer, the dimer antenna simply proposes twice more "hot spots" active
for the quadrupolar excitation. Thus, without loss of generality, we will focus our discussion

on the results obtained for the monomer nanoantennas of triangular and circular geometry.
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The absorption cross sections calculated for the graphene patch antennas of triangular
and circular shapes functionalized with Ny molecules are shown in Fig. 5] The molecules
are placed above the edge of the nanoantenna, in the (z = 1 nm) plane parallel to graphene
surface (see the inserts). The molecular bond is along the z-axis. We found that different
molecular orientations lead to similar results. Chosen geometry corresponds to the posi-
tioning of the central molecule in the "hot spot" with the largest gradient of the plasmonic
near field. It leads to the most sizable effect of molecular presence on the IR absorption.
The calculations are performed with Er = 0.4 eV for the triangular nanoantenna, and with
Er =0.36 eV for the circular nanoantenna.

It follows from our results that the absorption cross section of the system shows a clear
resonant signature of the Ny vibrational excitation. The spatially localized "hot spot" plays
a dominant role in vibrational excitation. In this situation, the overall per molecule efficiency
of the plasmon-vibration coupling is reduced with increasing number of molecules. Indeed,
the molecular layer extends out of the "hot spot" region.

In closing this section, one remark is in order regarding the possibility to detect the
vibrational excitation of the IR inactive molecules. The calculated No induced feature in
the absorption spectra is essentially narrower than that obtained for the CO molecule.
This is because the quadrupolar intra-molecule interactions and the self-energy terms are
small compared to the dipolar couplings, and the natural width of the transition is negligi-
ble. Nonetheless, the narrow absorption dip associated with the N, vibrational excitation
should be detectable with present experimental capacities.*** This said, if an additional
decay/dephasing mechanisms broaden the molecular line above 1072 meV (0.1 em™!), the
spectral features shown in Fig[5| will become =~ 102 times smaller rendering the molecular

detection impossible even in the case of 9 molecules.
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Conclusions and outlook

In conclusion, using (i) the tight binding modeling of the electronic structure of graphene;
(ii) the time-dependent quantum calculations of the time evolution of the electron density of
graphene nanoantenna in response to an external perturbation; (iii) the quantum chemistry
calculations of molecular structure and vibrational states, we addressed the vibrational exci-
tation of molecular species interacting with graphene nanoantenna. We considered circular
and triangular shape nanoflakes and their dimers.

Our results demonstrate that graphene nanoantennas allow for enhancement of the vi-
brational excitation of the molecules located in their vicinity. This is possible owing to the
coupling between the plasmonic near field of the nanoantenna and the molecular dipole (for
the IR active vibrational modes such as the CO stretch), or molecular quadrupole (discussed
here with the example of Ny). When set resonant with the nanoantenna plasmon via charge
doping of graphene, the vibrational excitation is particularly efficient for the IR active modes
in the case of the molecules located in the gap of the dimer antenna. The molecular signa-
ture appears as a narrow Fano-feature in the absorption spectrum with resonantly reduced
IR absorption of the nanoantenna + molecule system close to the vibrational transition
frequency. This molecular signature persists even considering a strong broadening of the
molecular vibrational line as would exist for e.g. metal surface supported molecules. Present
results demonstrate that a single CO molecule can be thus detected with some % change of
the absorption spectra at the v = 1 < 0 transition, i.e. we obtain the sensitivity similar
to that reported for molecular layers interacting with extended graphene systems such as
graphene ribbons.

For the IR inactive molecules, the inhomogeneity of the near fields of the nanoantenna
allows the coupling between vibrational excitation and plasmon via molecular quadrupole.
With an example of the Ny molecule we show that v = 1 < 0 transition leads to an absorption
dip in the calculated IR optical response. Quantitatively the effect is essentially smaller than

in the case of the CO molecule, and its experimental observation could be difficult in the
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situations where the molecular transition is broadened by the environment. It is noteworthy
that, in difference with IR active vibrations, the quadrupolar interaction does not require
large amplitude of the near field, but rather its high gradient. This places the "hot spots"
for vibrational excitation close to the edges of graphene nanoflakes, and the dimer geometry
does not perform better than the monomer.

As a final remark, the broadening of the vibrational feature in the absorption spectra
results from molecular self-interaction mediated by the nanoantenna. For quantum emitters
in metal plasmonic environments, this is the well-known mechanism of the photon-emission
quenching near metal nanostructures. In the present case, the broadening of the molecular
resonance in absorption reflects the quenching of molecular vibrational excitation via the
energy transfer to the electronic excitations in graphene. The possibility of controllable
tuning of the lifetimes of vibrational transitions in molecules via electrostatic doping of
nearby graphene nanostructures might have implications for photochemistry and single 1R,
photon sources.

We believe that the quantitative character of our analysis is of importance for the de-
velopment of molecular detection and spectroscopy based on graphene nanostructures since

complexity of the nanofabrication techniques invites for theoretical prediction.

Supporting Information Available
The following files are available free of charge. Supporting information providing details on
the

e Time dependent tight binding approach to the density dynamics in graphene;

e Calculation of the ground state and of the optical response of the graphene nanoan-

tennas;

e Calculation of the optical response of the nanoantennas functionalised with CO and

Ny molecules.
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