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Plasmons provide excellent sensitivity to detect analyte molecules through their strong interaction with
the dielectric environment. Plasmonic sensors based on noble metals are, however, limited by the spectral
broadening of these excitations. Here we identify a new mechanism that reveals the presence of individual
molecules through the radical changes that they produce in the plasmons of graphene nanoislands. An
elementary charge or a weak permanent dipole carried by the molecule are shown to be sufficient to trigger
observable modifications in the linear absorption spectra and the nonlinear response of the nanoislands. In
particular, a strong second-harmonic signal, forbidden by symmetry in the unexposed graphene nano-
structure, emerges due to a redistribution of conduction electrons produced by interaction with the
molecule. These results pave the way toward ultrasensitive nonlinear detection of dipolar molecules and
molecular radicals that is made possible by the extraordinary optoelectronic properties of graphene.
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Localized surface plasmons (LSPs) have attracted con-
siderable attention in the nanophotonics community due to
their pivotal role in optical sensing applications such as
antibody-antigen [1-3], gas [4,5], and pH [6,7] sensors.
These excitations also enable the detection and chemical
identification of single molecules through their enhance-
ment of molecule-specific Raman scattering intensities
[8—13]. LSPs are routinely observed in noble metal nano-
structures, appearing as pronounced spectral features in
their optical absorption and scattering spectra. Plasmon-
based sensing heavily relies on the ability of these
collective modes to confine and strongly amplify the
optical near field. These properties are equally responsible
for the large nonlinear optical response observed in metal
nanoparticles [14-19], which has inspired alternative
mechanisms for nonlinear plasmonic sensing. For instance,
the aggregation of gold nanoparticles caused by targeted
heavy metal ions [20], Escherichia coli bacteria [21], or
Alzheimer’s disease biomarkers [22] can be detected
through an increase in second-harmonic generation
(SHG). Additionally, third-harmonic generation has been
recently claimed to offer large sensitivity to the dielectric
environment compared to the linear response [23].

Doped graphene is widely recognized as a promising
material platform for plasmonics, capable of supporting
electrically tunable plasmons with higher quality factors
and spatial confinement than those of metal nanoparticles
[24-37]. Moreover, tunable graphene plasmons, so far
observed at midinfrared (IR) and THz frequencies, provide
the strong near-electric-field confinement needed for
sensing [38—41]. In particular, graphene plasmons have
been demonstrated to reveal vibrational fingerprints of
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biomolecules [38]. Additionally, the anharmonic electron
motion associated with the Dirac cones of this material
[42,43] gives rise to an extraordinary nonlinear response in
extended samples [44—46]. LSPs in graphene nanoislands
have been predicted to produce unprecedentedly high
harmonic generation and wave mixing [47,48], indicating
their strong capability for nonlinear optical sensing.

In this Letter, we show through atomistic quantum-
mechanical simulations that both the linear and nonlinear
optical response of graphene nanoislands can be
dramatically altered by the presence of a single neighboring
molecule that carries either an elementary charge or a
permanent dipole of only a few Debye. As a proof-
of-principle demonstration, we focus on small graphene
nanohexagons (GNHs), similar to those produced with high
quality through chemical synthesis [49,50]. Our calcula-
tions indicate that the presence of an analyte can signifi-
cantly modify the distribution of conduction electrons in
GNHs that are a few nanometers in lateral size [51], leading
to new plasmonic features in their linear optical response.
This interaction may also break the nanoisland inversion
symmetry, thus enabling plasmon-enhanced SHG [52].
Analyte-induced plasmon features in the absorption spectra
and increased SHG intensities occur even for initially
undoped GNHs, suggesting that nanographenes can serve
as a tunable and efficient platform for detecting charge- or
dipole-carrying molecules.

The small size of the GNHs under consideration demands
an atomistic level of description to simulate their linear and
nonlinear optical response [47,53]. We approximate
their electronic structure using a nearest-neighbors tight-
binding model [42,43]. The resulting one-electron wave
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FIG. 1.

Linear and nonlinear optical sensing with nanographene. (a) Illustration of an armchair-edged graphene nanohexagon (GNH)

interacting with a charge- or dipole-carrying analyte (the white arrow indicates a permanent dipole moment). The molecule induces
asymmetry in the nanohexagon conduction electron distribution, which can be detected by measuring either changes in the optical
absorption spectrum or the onset of a second-harmonic signal. (b),(c) Linear absorption cross section (b) and second-harmonic
polarizability (c) of the GNH in the absence (blue curves) or presence (red curves) of a nearby charge-carrying molecule. The analyte
produces new resonance features and spectral shifts in the linear response. Additionally, it enables a large second-harmonic response
from the nanohexagon, otherwise prevented by symmetry in its absence. Calculations in (b) and (c) correspond to an undoped GNH of
1 nm side length under the conditions of Figs. 2(a) and 4(a) for the linear and SHG responses, respectively.

functions are inserted into the random-phase-approximation
susceptibility [54,55] to yield the linear response of the
GNHs [53]. A straightforward generalization of this mean-
field approach is followed to obtain the SHG response
[47]. The interaction with the static charge or dipole of the
analyte is included as an external potential, which adds up to
the Hartree potential (neglecting exchange). The latter is
found self-consistently following a customary iterative pro-
cedure that yields the ground state of the nanoisland in the
presence of the analyte. We include inelastic processes
in the response through a phenomenological relaxation
lifetime 7, assuming a conservative value 7 = 13 fs (i.e.,
har™! = 50 meV). More details on the theory are offered in
the Supplemental Material (SM [56]).

The charge-carrier distribution of a graphene nanostruc-
ture can be significantly altered by the presence of a
neighboring charge or dipole [51], even when the structure
is electrically neutral (i.e., undoped). In particular, a charge-
or dipole-carrying molecule can produce this effect
[Fig. 1(a)]. The resulting modifications in the plasmonic
response emerge as significant changes in the linear
absorption spectrum triggered by the presence of these
types of analytes [Fig. 1(b)], thus providing the basis for an
optical sensor. We illustrate this effect in Fig. 1(b), which
shows the absorption spectra of a neutral GNH with and
without a neighboring molecule carrying an elementary
charge (see below for more details). In this example, the
analyte induces a blue shift of the prominent absorption
peak and creates new features at lower photon energies.
Even more dramatic changes are produced in the nonlinear
response, which we show in Fig. 1(c) by examining the
SHG nonlinear polarizability of the GNH. For the bare
nanoisland (blue curve), SHG is strictly forbidden by
inversion symmetry [52], while in the presence of the
analyte (red curve), the broken symmetry produces intense

SHG for fundamental frequencies near the plasmon reso-
nances of Fig. 1(b).

A more detailed analysis is presented in Fig. 2, which
shows absorption cross section spectra of GNHs in the
presence of a charge-carrying analyte, represented by an
elementary charge (Q®*' = ¢) placed at a distance d, from
the graphene edge. The external charge produces static
changes in the valence electron density (Fig. 2, top insets),
which lead to modifications in the optical response (see
Fig. S1 in the SM [56]). Specifically, in an undoped GNH
of side length L = 1 nm, with the external charge located
d, = 0.5 nm away from one of the hexagon corners, the
static conduction charge displays a highly asymmetric
distribution [Fig. 2(a)]. This causes new plasmonic modes
to appear at 1.6 and 1.9 eV, which display dipolar patterns
in their associated induced-charge distributions (insets).
Additionally, the dominant peak of the unexposed nano-
island (d, — o0), which also shows a dipolar pattern,
undergoes a slight blue shift. Obviously, these effects are
reduced in magnitude when the analyte is further away
from the GNH (d, =2 nm curves). When moving to a
larger nanoisland [L =2 nm, Fig. 2(c)], we observe
equally substantial spectral shifts and emerging features
caused by the analyte.

When the GNH is highly doped [Q = —4e, correspond-
ing to a Fermi energy ~1 eV for L = 1 nm, Fig. 2(b)], the
initial charge carrier distribution is centrosymmetric (top
inset), with charges accumulating at the hexagon edges due
to Coulomb repulsion. The analyte then induces a small
asymmetry, which is insignificant compared to the intrinsic
doping. Consequently, only minor spectral changes are
observed, even at a short GNH-molecule distance
d, = 0.5 nm, which nearly disappear for d, =2 nm.
High initial doping is thus detrimental for linear-absorption
sensing. Nevertheless, we have considered here singly

123904-2



PRL 117, 123904 (2016)

PHYSICAL REVIEW LETTERS

week ending
16 SEPTEMBER 2016

=g
—2 -> ° fe
dx
(a) Q=0 (b) Q=-4e (c) Q=0
L=1 nm L=2 nm
©
e
<102
8 d
s, —d, 00
—d =2nm
X
—d =0.5nm
104 X
1 1.5 2 2.5 3 1 15 2 2.5 3 1 15 2

Photon energy (eV)

Photon energy (eV)

Photon energy (eV)

FIG. 2. Sensing of charge-carrying analytes through linear optical absorption by nanographenes. We show the linear absorption cross
section of single GNHs exposed to an individual singly charged analyte (Q°*' = ¢) placed in the graphene plane at different distances d,
from the carbon edge [see legend in (c)]. Doped [net charge Q = —4e, panel (b)] and undoped [Q = 0, panels (a) and (c)] nanohexagons
are considered with different side lengths L = 1 and 2 nm (see labels), containing 114 and 414 carbon atoms, respectively. The incident
electric field E™ is oriented as shown in the inset of (b). Conduction charge distributions are plotted above each corresponding panel for
d, = 0.5 nm. Optically induced charge distributions are shown in (a) for three dominant resonances (blue and red indicate charges of
opposite signs). Spectra for unexposed graphene correspond to d, — oo.

charged analytes, while typical charge-carrying analytes,
such as heavy metal ions, can hold many electrons, producing
more intense modifications in the nanohexagon absorption,
even when it is doped (see Fig. S2 in the SM [56]).

In a similar fashion, GNHs can serve as detectors for
dipolar analytes, which we represent as point dipoles p*'.
We note for reference that small molecules (e.g., some toxic
contaminants) have typical permanent dipoles of a few
Debyes [62] (e.g., 1.83 D in hydrogen fluoride, 2.98 D in
hydrogen cyanide, and 10.6 D in hydrogen cyanide trimer).
For illustration, we first consider the effect of a larger
dipole p™' =50 D (a characteristic value of ZnSe and
CdSe nanocrystals [63,64]) placed at different distances d,
above the hexagon center [see inset to Fig. 3(d)]; this is an
academic exercise, as the size of a structure carrying such a
large dipole would certainly exceed the small separation
distances under consideration. We find the linear optical
absorption [Figs. 3(a)—(c)] to be modified in a qualitatively
similar manner as by the charged analyte (Fig. 2), with
dipolar resonances appearing again in the spectra.
However, when considering a smaller permanent dipole
P =5 D (i.e., like in the simple molecules noted above),
the linear absorption is rather insensitive to the analyte,
even for very small separation distances [Figs. 3(d)—(f) and
Fig. S3 in the SI [56] ], so we conclude that such molecules
cannot be detected in the GNH linear response.

In contrast, the GNH nonlinear response undergoes
large modifications for both charge- and dipole-carrying
analytes, as we show in Fig. 4, where we present second-
harmonic polarizability spectra corresponding to the sys-
tems considered in Figs. 2 and 3. In the absence of the
analyte (d, — o0), no signal is generated due to inversion
symmetry. However, the presence of an elementary charge
[Figs. 4(a)—(c)] or a dipole of 5 D [Figs. 4(d)—(f)], which are
typical values for small molecules, produces a substantial

SHG response. Like in previous studies [47], this response
is enhanced by plasmons of the nanostructure, particularly
by the new resonances that emerge due to the GNH-
molecule interaction. In fact, the values of the SHG
polarizability shown in Fig. 3 are comparable to those
measured for ~10-20 nm noble-metal nanostructures
[65-68], which are among the best currently available
nonlinear materials. We remark that, in contrast to the
insensitivity of the linear optical response to a dipole p**' =
5 D [Figs. 3(d)—(f)], the dipolar analyte generates an
intense SHG response [Figs. 4(d)—(f)] comparable to that
created by a charged analyte [Figs. 4(a)—(c)], although it
quickly vanishes at distances of a few nanometers.
Interestingly, the magnitude of the obtained result is
roughly proportional to the inelastic relaxation time 7
(see Fig. S4 in the SM [56]), a parameter that is directly
affected by defects in the graphene nanoisland, and for
which we use a very moderate value (7 = 13 fs), well below
what has been experimentally reported [38,69].

In summary, we have demonstrated through atomistic
quantum-mechanical simulations that nanographenes can
serve as optical sensors of charge- and dipole-carrying
analytes with single-molecule sensitivity. We find substan-
tial changes in the optical absorption spectra induced by the
presence of the analytes. Additionally, a strong SHG signal
is enabled even in centrosymmetric nanographenes, whose
second-harmonic response disappears in the absence of the
external perturbation produced by the analyte. The remark-
ably high sensitivity that we observe in these nanostruc-
tures is inherited from the intrinsically large electro-optic
tunability of graphene, which offers an extra degree of
control to optimize the sensing capability. For comparison,
nanographenes present a much higher SHG response than
nanoparticles [47] or quantum dots [57,58] of similar size
(see SM [56]).
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FIG. 3. Sensing of dipolar molecules through the linear optical absorption of nanographenes. We show the linear absorption cross
section of individual GNHs exposed to a single analyte carrying a permanent dipole [p®*' = 50 D in (a)—(c); p**' =5 D in (d)—(f);
aligned along x in all cases] placed at different distances d, above the hexagon center [see inset to (d)]. Doped [net charge Q = —4e,
panels (b) and (e)] and undoped (Q = 0, rest of the panels) nanohexagons are considered with different side lengths L, as indicated by
labels. Conduction charge distributions are plotted above (a)-(c) for d, = 0.5 nm and p' =50 D. Optically induced charge
distributions are shown in (a) for three dominant resonances. Unexposed graphene is represented by d, — oo.

large graphene-analyte electrostatic interactions as consid-
ered in this work. Colloidal dispersions of nanographenes
constitute another option, for which electrical doping
produced by charge transfer from the analytes or other
surrounding molecules should be taken into consideration.
Incidentally, while the averaging effect due to the random
spatial distribution of the analytes relative to the GNHs is

As a practical realization, nanographene structures could
be passivated with thin insulating layers, which would
protect them from undesired chemical interactions (e.g.,
charge transfer) in the complex environment of the analyte.
For example, nanographenes could be deposited on a
dielectric substrate, and then covered with a subnanometer
passivating layer (e.g., an hBN atomic film) that enables
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FIG. 4. Nonlinear sensing of charged and dipolar analytes. We show second-harmonic polarizability spectra of single GNHs in the
presence of an individual singly charged (a)—(c) or dipole-carrying (d)—(f) molecule. Results for charged (dipolar) analytes are obtained

using the same parameters as in Figs. 2(a)—(c) [Figs. 3(d)—(D)].
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highly detrimental for linear sensing, this is not the case in
nonlinear sensing (see SM [56]). It is worth mentioning that
the ability to detect charge- or dipole-carrying analytes,
such as hydrogen cyanide (HCN) or heavy metal ions,
which are extremely toxic substances, is crucial for the
protection of human health and the natural environment.
The method explored here constitutes an attractive avenue
in this direction. We analyze HCN in more detail in the SI
[56], demonstrating that the approximation of a single point
dipole compares extremely well with a more realistic
treatment of the charge distribution in the molecule by
natural population analysis [59]. It should be noted that an
advantage of SHG sensing lies in its robustness against
undesired electrical doping and variations in size and
morphology of the nanographenes, provided they are
centrosymmetric. We remark that the present results rely
on very conservative values of the inelastic damping, and
therefore, higher-quality graphene nanostructures should
contribute to enhance and sharpen the optical linear and
nonlinear signals. Overall, the scheme proposed here
constitutes a radical departure from existing optical sensing
approaches and holds great potential for pushing the limits
of detectability well beyond what is currently achievable.
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