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ABSTRACT: Graphene is widely known for its anomalously
strong broadband optical absorptivity of 2.3% that enables
seeing its single-atom layer with the naked eye. However, in
the mid-infrared part of the spectrum graphene represents a
quintessential lossless zero-volume plasmonic material. We
experimentally demonstrate that, when integrated with Fanoresonant plasmonic metasurfaces, single-layer graphene (SLG)
can be used to tune their mid-infrared optical response. SLG’s
plasmonic response is shown to induce large blue shifts of the
metasurface’s resonance without reducing its spectral sharpness. This eﬀect is explained by a generalized perturbation
theory of SLG-metamaterial interaction that accounts for two unique properties of the SLG that set it apart from all other
plasmonic materials: its anisotropic response and zero volume. These results pave the way to using gated SLG as a platform for
dynamical spectral tuning of infrared metamaterials and metasurfaces.
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such as semiconductors with electrically/optically controlled
free carriers,17−21 liquid crystals,22 magnetic materials,23
quantum emitters,24 and nonlinear media.25 In this Letter, we
experimentally demonstrate that blue-shifting tunability can be
accomplished by placing chemically doped single-layer
graphene (SLG) on top of a Fano-resonant mid-infrared
(mid-IR) metasurface. SLG is particularly suitable for the midIR frequency range because of the combination of its strong
plasmonic response and negligible loss. Further dynamic blue
shifting can be accomplished by electrostatic gating.
To better understand the concept of frequency tuning it is
instructive to represent a resonant metamaterial element
(metamolecule) as an L−C circuit possessing the resonance
frequency ωR = 1/(LC)1/2, where L and C are its eﬀective
inductance and capacitance,26,27 respectively. Thus, the
dynamical tuning is accomplished by changing the metamolecule’s capacitance and/or inductance by placing an optically
active component in its vicinity. For example, red-shifting of the
resonant frequency by a thin dielectric or plasmonic layer can
then by understood as increasing the capacitance due to the
electric ﬁeld expulsion from the layer. Indeed, adding ﬂuid6 or
even a protein monolayer12 to a metamaterial causes

rtiﬁcial electromagnetic materials known as metamaterials
(and their single-layer versions known as metasurfaces)
have been experiencing an incredible surge in popularity
because their optical response can be tailored to a variety of
applications across the electromagnetic spectrum. Some of the
most exotic phenomena recently demonstrated using electromagnetic metamaterials include negative refractive index, strong
chirality, and indeﬁnite electric permittivity.1−5 Metamaterials
manifesting these unusual optical properties are typically
comprised of highly resonant plasmonic elements (e.g., splitring resonators) that have a spectrally narrow response and
high local ﬁeld concentration. Owing to these properties,
plasmonic metamaterials have recently emerged as a promising
platform for a variety of applications that include chemical6−9
and biological10−13 sensing, nonlinear metatronics,14 and light
manipulation.15
The ability to actively control the resonant constitutive
elements of metamaterials enables dynamic tunability of their
optical response and can potentially expand the range of their
applications even further. For example, applications requiring
multiple metamaterial elements resonating at diﬀerent
frequencies, such as spatial light modulators,16 broad-band
delay lines,15 and multispectral imaging/detection12 would
greatly beneﬁt from dynamic tunability of bulk metamaterials
and planar metasurfaces. A variety of approaches to achieving
dynamic tunability have recently emerged. They rely on
integrating metamaterials with various optically active materials
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Figure 1. (a) (left) Schematics of a PEC antenna enveloped by an anisotropic conformal mantle of thickness t placed at a distance d from its surface.
Field proﬁles of the electric dipole/quadrupole modes are shown in the middle/right panels. Lines of the electric ﬁeld are color-coded according to
its magnitude. (b) Spectral tuning of the dipole (left) and quadrupole (right) resonances as a function of the mantle thickness. Four types of
anisotropic mantle were considered: (1) ε∥ = 1, ε⊥ = 10, (2) ε∥ = 10, ε⊥ = 1, (3) ε∥ = 1, ε⊥ = −10, and (4) ε∥ = −10, ε⊥ = 1. Markers, from
eigenvalue simulations; solid lines, from eq 1. Antenna and mantle geometric parameters: rA = 500 nm, hA = 3 μm, and d = 100 nm.

lowest modes of the antenna, electric dipolar and quadrupolar
resonances, are shown in the middle and right panels of Figure
1a, respectively. Positive components of the permittivity tensor
are assumed to be frequency independent while the negative
components are assumed to have a Drude-like behavior such
that ε∥(⊥)(ω0) = −10, where ω0 is the mode’s eigenfrequency of
the uncloaked antenna. Figure 1b shows the mantle-induced
frequency shift of these modes as a function of the mantle
thickness t for diﬀerent signs of ε∥ and ε⊥. Markers indicate the
results obtained from COMSOL eigenvalue solver involving an
iteration procedure to account for the Drude-like material
dispersion of the mantle’s permittivity. Solid lines are calculated
from 1 using the ﬁelds obtained from COMSOL simulations
for the uncloaked antenna (see Supporting Information for
details). Excellent agreement between perturbatively and
exactly calculated frequency shifts validates eq 1.
Note that a mantle with only normal polarizability (ε⊥ =
±10, ε∥ = 1) always results in a capacitive red shift of the
resonances that monotonically increases with the mantle’s
thickness. A mantle with only tangential polarizability (ε⊥ = 1,
ε∥ = ±10) gives rise to an inductive red shift for ε∥ > 0
(dielectric response) and an inductive blue shift for ε∥ < 0
(plasmonic response). According to eq 1, the small magnitude
of the blue shift is due to the electric ﬁeld being mostly normal
to the mantle. Because of the additive nature of the inductive
and capacitive frequency shifts, a mantle made of an isotropic
material red shifts antenna resonances regardless of the sign of
ε∥ = ε⊥. This demonstrates the challenge of achieving blue
shifting using conventional (isotropic: ε⊥ = ε∥) dielectric or
plasmonic mantle materials.
According to eq 1 and Figure 1b, an anisotropic mantle with
plasmonic tangential polarizability (ε∥ < 0) and vanishing
perpendicular polarizability (ε⊥ = 1) always causes blue shifting.
One such mantle is SLG: an eﬀectively “zero-volume”
plasmonic material with the tangential polarizability given by
t(ε∥ − 1) = (iσ/ω), where graphene’s surface conductivity is
given by σ(ω) = σD(ω) + σI(ω). Here σD(ω) and σI(ω)
originate from the intra- and interband transitions, respectively,34−36 and are given by the following expressions that are
valid in the low temperature limit

measurable red-shifting that can be used for sensing. Achieving
a blue shift would require reducing the inductance and is more
challenging19,28 because the capacitance increase due to ﬁeld
expulsion usually dominates.28−30 This diﬃculty in blue-shifting
metamaterial resonances has been recognized for some time,18
and several approaches to decreasing L by optically induced
switching to a diﬀerent resonant mode of a metamaterial18,19,28
have been recently demonstrated. Because these approaches
rely on producing high densities of optically generated free
carriers in semiconductors, they have been primarily restricted
to the terahertz frequency range. Below, we describe an
alternative approach to blue-shifting metamaterials’ resonances
in the mid-infrared part of the spectrum by enveloping them in
a “zero-volume” nearly lossless plasmonic material: the SLG.
First, we develop a quantitative description of the
metamaterial’s tunability caused by enveloping a metamolecule
by a thin optically anisotropic mantle31 with an area S and
thickness t ≪ λR as schematically shown in Figure 1, where λR
is the resonant wavelength. To separate the contribution of the
capacitive and inductive couplings, we further assume that the
mantle conforms to the shape of the metamolecule and is made
of an anisotropic material with in-plane and out-of-plane
permittivities (deﬁned with respect to the mantle’s surface
normal) given by ε∥ and ε⊥, respectively. According to the
perturbation theory, the total resonance shift Δω is given by
the following sum32,33

(

1

)

t ∫ 1 − ε |D⊥|2 dS
t ∫ (1 − ε )|E |2 dS
S
Δω
⊥
S
=
−
ω
W0
W0

(1)

where W0 = 2∫ V|E| dV is the stored electromagnetic energy of
the uncovered metamolecule which, for simplicity, is assumed
to be made of a perfect electric conductor (PEC), and the
parallel/perpendicular components of E/D (which are
continuous across the mantle interface) are deﬁned with
respect to the mantle’s normal. The ﬁrst term in eq 1 is
associated with inductive tuning, while the second term in eq 1
represents the eﬀect of the capacitive tuning by electric ﬁeld
expulsion. Equation 1, which is valid for both single and arrayed
metamolecules, predicts that the overall blue shift is possible
only when the ﬁrst term is larger than the second, that is, when
the inductance’s decrease due to the mantle’s conductivity is
greater that the capacitance’s increase due to ﬁeld expulsion.
To illustrate the challenge of achieving blue shifting of
resonances, we have applied eq 1 to the simplest metamolecule:
a mantle-cloaked PEC antenna shown in Figure 1a. The two
2
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0.5 eV), such high doping levels are challenging to achieve
using the conventional back-gating conﬁguration.39
Also in the mid-IR region, a study of graphene/metamaterial
hybrid structures46 has shown a lossy behavior from graphene,
although according to the above discussion, graphene in this
region should have exhibited a plasmonic response and have
given rise to spectral tunability of the resonances. However, the
observed predominantly lossy behavior is due to the structure
design. This shows that deeper understanding of the interaction
of graphene with the near-ﬁeld of metamaterials is required in
order to achieve spectral tunability of hybrid graphene/
metamaterial systems.
To demonstrate the possibility of inductive tuning in the
mid-IR due to plasmonic response of SLG, we utilized a Fanoresonant15,47−55 metasurface (FRAM) exempliﬁed by a twodimensional periodic array of π-shaped plasmonic metamolecules comprised of three antennas shown in Figure 3a,b. This
structure exhibits strong ﬁeld enhancement and high-slope
asymmetric Fano resonances12,15,56 which were shown to be
beneﬁcial for biosensing and orientation characterization of
protein monolayers.12 The near-ﬁeld coupling between the two
vertical antennas results in the appearance of two modes with
disparate quality factors. These modes are the low-Q dipolar
and high-Q quadrupolar modes which have predominantly
symmetric (right inset in Figure 4) and antisymmetric (left
inset in Figure 4) distribution of surface charges on the vertical
antennas, and are referred to57,58 as “bright” and “dark” modes,
respectively. Both the dipolar (ωD = 2430 cm−1) and
quadrupolar (ωQ = 1770 cm−1) resonance frequencies are
designed to occur in the mid-IR part of the spectrum by the
appropriate choice of antenna dimensions. The interference
between the two resonant pathways results in a typical
asymmetric Fano feature in the spectrum shown in Figure 4.
The strongest ﬁeld enhancement in the gaps between the
antennas12,56 occurs at ω = ωQ.
The optical response of the FRAM can be described by the
temporal coupled-mode theory,12,59 which results in the
complex reﬂectivity coeﬃcient r(ω) of the metasurface which
can be approximated by the double-Lorentzian function:12

(2)

It follows from eq 2 that graphene’s conductivity strongly
depends on the value of its Fermi energy EF which can be
controlled by chemical doping and electrostatic gating.37,38 The
value of EF is determined by the surface density of free carriers
n according to EF = ℏ|νF|(πn)1/2 where |vF| = 1.1 × 108 cm s−1 is
the Fermi velocity.39 The intraband transitions (characterized
by the collisional frequency γ ≪ ω) result in a low-loss
plasmonic [Im(σD) > 0] response of the SLG in mid-IR.40 On
the other hand, the interband transitions tend to reduce the
plasmonic response and enhance losses for higher frequencies
satisfying ℏω > 2EF.
To illustrate the uniqueness of the mid-IR frequency range
for low-loss graphene response, we plot in Figure 2 the ratio of

Figure 2. Optical response of moderately doped graphene in diﬀerent
spectral ranges: A mid-IR window, with dominantly plasmonic
response, inside the entire optical spectrum with dominantly lossy
behavior. Plasmonic and lossy regimes are shown by arrows on the top
for a graphene with EF = 0.4 eV. A narrow spectral range at which
graphene behaves as a dielectric occurs at ω = 2EF/ℏ inside the lowwavelength lossy regime. The graphene intraband scattering rate was
assumed to be γ = 269 cm−1.

r=

AD
i(ω − ωD) +

1
τD

+

AQ
i(ω − ωQ ) +

1
τQ

(3)

where AD and AQ are complex amplitudes of the corresponding
modes proportional to their far-ﬁeld coupling. The quality
factors of the two resonances are related to their lifetimes τD(Q)
according to QD(Q) ≡ ωD(Q)τD(Q).
The addition of a SLG perturbs the resonant frequencies of
the modes according to ω̃ D(Q) = ωD(Q) + Δω̃ D(Q), where the
graphene-induced complex-valued spectral shift Δω̃ D(Q) is
calculated by inserting graphene’s conductivity given by t(ε∥
− 1) = (iσ/ω) into eq 1 and observing that the graphene’s
thickness t drops out from the ﬁnal result

the reactive (inductive or capacitive) to resistive conductivities
of moderately doped SLG. Clearly, the large ratio Im(σ) ≫
Re(σ) is achieved only in the mid-IR frequency range (γ ≪ ω <
2EF/ℏ). Most of the earlier research on optical applications of
graphene concentrated on either (i) far-IR and terahertz
regimes38,41,42 (ω < γ), where considerable losses are caused by
intraband transitions, or (ii) near-IR and visible ranges43 (ℏω >
2EF), where interband transitions also cause considerable losses.
While earlier studies have demonstrated that graphene’s
resistive response in the near-IR and THz ranges can be
proﬁtably used for amplitude modulation,38,43−45 these spectral
ranges have limited appeal for low-loss spectral tuning of
metamaterials. Although Figure 2 indicates that low-loss
plasmonic response of graphene could potentially be extended
into the near-IR region by doping graphene at high levels (EF >

2
σ ∫S |E D(Q)| dS
Δω̃ D(Q) =
i
W0D(Q)

(4)

where E⃗ ∥D(Q) is the tangential electric ﬁeld of the respective
mode at the SLG’s surface. It follows from eq 4 that the
addition of SLG causes (i) a spectral shift Re(Δω̃ D(Q)) of the
resonant frequencies proportional to the imaginary part of
graphene’s surface conductivity [Im(σ)], and (ii) a change in
the lifetime of the modes, deﬁned by Im(Δω̃ D(Q)), proportional
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Figure 3. (a) Schematics of a monolayer graphene sheet on a Fano-resonant metasurface (FRAM). The incident polarization is parallel to the
vertical antennas. (b) SEM image of the fabricated FRAM. (c) Raman map of the graphene transferred onto FRAMs using 488 nm wavelength laser
excitation. Color shows the G-peak intensity. (d) Raman spectrum at six diﬀerent locations on the metasurface: three spectra taken on the metallic
antennas (red, black, and green) and three spectra (dark blue, light blue, and orange) taken on the bare quartz, all of which conﬁrm the presence of
high quality graphene.

which is strongly conﬁned to the metasurface. Note that the
sign of the spectral shift due to SLG is opposite to that
previously observed for protein monolayers tethered to the
same metasurface.12 The diﬀerence is attributed to plasmonic
conductivity of graphene in contrast to the dielectric response
of proteins.
Numerical calculations of the electromagnetic response of
the metasurface with and without graphene were done with
COMSOL. The simulated reﬂectivity spectrum |r(ω)|2 without
graphene (σ = 0) shown in Figure 4 conﬁrms that the structure
exhibits Fano-like shape due to the interference between
dipolar and quadrupolar resonances. Note that the dipolar
resonance corresponds to the maximum of the broad
reﬂectivity peak and the quadrupolar resonance is approximately located at the point of the highest slope of the
reﬂectivity curve. The quality factors were found to be QD ≈ 3.9
for the dipolar resonance and QQ ≈ 9.5 for the quadrupolar
resonance by ﬁtting the reﬂectivity spectrum to eq 3. Next,
graphene with three diﬀerent values of the Fermi energy EF was
introduced into the COMSOL model. The graphene sheet on
top of the metasurface was modeled by introducing a
discontinuity in the tangential magnetic ﬁeld: −n̂×(H⃗ 2 − H⃗ 1)
= (4π/c)σE⃗ across the SLG surface. SLG was assumed to be in
the x−y plane above the metasurface at a distance d = 5 nm.
The resulting reﬂectivity spectra for EF = 0.2−0.6 eV are shown
in Figure 4. Indeed, as expected from the above theoretical
results, the addition of the SLG results in a blue shift of both
resonances. In addition to the blue shift, the quadrupolar
resonance experiences a small drop in its intensity due to the
decrease of its lifetime τQ by Δτ ≈ τ2 Im(Δω̃ ) due to
graphene’s ﬁnite resistivity. This dependence of the resonance
position and the lifetime on the value of EF suggests that the

Figure 4. (a) Reﬂectivity spectrum from the metasurface without
(black) and with graphene calculated using COMSOL FEM
simulations. Insets: charge distribution on the metasurface at the
dipolar (right) and the quadrupolar (left) resonances. Geometrical
dimensions (see Figure 3 for deﬁnitions): W = 275 nm, L1 = 1.44 μm,
L2 = 815 nm, and g = 245 nm; periodicities: Px = 2.05 μm, and Py =
2.39 μm. SLG is modeled as an inﬁnitesimal conducting sheet in the
x−y plane at a distance d = 5 nm above the metasurface with intraband
scattering rate γ = 269 cm−1.

to the real part of the conductivity [Re(σ)]. In the mid-IR
where, according to Figure 2, Im(σ) ≫ Re(σ), the presence of
graphene mostly aﬀects the spectral position of the modes
rather than their lifetimes.
Note that, according to Figure 2, Im(σ) > 0 for moderately
doped graphene, resulting in a blue shift of both resonances. A
larger frequency shift is expected43 for the quadrupolar mode
1114
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quadrupolar resonance is located,15,56 is responsible for the
shift. The extracted parameters enable us to conclude that the
addition of a SLG mainly results in spectral blue shifting while
only marginally aﬀecting the lifetimes of the quadrupolar
−1
−1
resonances [τ−1
and τ−1
Q,S1 = 171.2 cm
Q,S2 = 177.4 cm ] of both
samples.
To estimate the value of EF for the unintentionally doped
SLG in this experiment, we calculate the diﬀerence spectra
ΔR(ω) ≡ RG − R0, where R0 and RG are the reﬂectivities before
and after the graphene transfer. The experimentally measured
diﬀerence spectra (normalized to the reﬂectivity peak RQ at the
low frequency range) are plotted in Figure 6 (solid lines). The

doping level of graphene can be estimated spectroscopically as
demonstrated below.
The experimental demonstration of SLG-induced inductive
blue shifting of metamaterial resonances was carried out. First,
two slightly diﬀerent FRAM samples (S1 and S2) with
geometric dimensions scaled by factor η = 0.98 were fabricated
on the same quartz substrate using electron-beam lithography.
Second, CVD-grown graphene60 was transferred onto the
metasurfaces using a dry transfer method.61 Raman spectra
obtained at diﬀerent locations of the metasurfaces using a 488
nm wavelength laser are shown in Figure 3c,d. The spectra on
the bare substrate and on the metallic antennas show
pronounced G and 2D Raman-active bands of graphene. The
small fraction of the G-mode to 2D-mode intensities indicates
the presence of a high quality SLG on the metasurfaces. Finally,
optical characterization of the structures was performed using a
Thermo Scientiﬁc Continuum microscope coupled to a Nicolet
6700 FTIR Spectrometer. All spectroscopic measurements
were carried out before and after graphene transfer with a ppolarized IR beam. The experimentally measured reﬂectivities
for both samples are plotted in Figure 5 with (dashed lines) and

Figure 6. Reﬂectivity diﬀerence spectra ΔR ≡ RG − R0 (with minus
without graphene) for the two FRAM samples S1 (black) and S2
(red). Experimental (solid lines), double-Lorentzian ﬁt (markers), and
COMSOL simulations with EF = 0.2 eV and γ = 269 cm−1 (dotted
lines) are superimposed. A vertical oﬀset of 0.15 is introduced for
sample S2 for clarity.

maxima of ΔR are observed at the spectral positions ωQ of the
Fano resonance, where the maximal ﬁeld intensity and the
steepest slope in the reﬂectivity occur. The dashed lines in the
same ﬁgure indicate the results of the COMSOL simulation
assuming the graphene conductivity given by eq 2 with EF = 0.2
eV and γ = 269 cm−1.35 The above value of EF provides the best
ﬁt for both samples, and is consistent with that obtained from
the Raman data collected from the graphene regions which are
not in direct contact with the metal.
The results presented in Figure 6 pave the way for using SLG
for dynamical control of transmission/reﬂection by infrared
metasurfaces. In obtaining the experimental results presented
above, we have relied on intrinsic doping of graphene and did
not attempt to dynamically control EF by electrostatic gating.
Electrostatic modulation of EF of the same order (±0.2−0.3
eV)46 appears feasible and, therefore, can be used for
modulating the infrared response of metasurfaces.
In summary, we have developed a rigorous perturbation
theory to describe inductive tuning of metamaterial resonances
using graphene. On the basis of this theory, we have proposed
an approach to achieve blue shift tunability of metasurfaces
using the plasmonic response of graphene in the mid-IR. The
blue shift is caused by the inductive coupling between
metasurfaces and graphene and is theoretically shown to be
controllable through electrostatic gating. We experimentally
demonstrated that the transfer of chemically doped graphene
onto the Fano-resonant metasurface alone results in the blue
shift of the resonances (∼30 cm−1). The demonstrated

Figure 5. Experimentally measured reﬂectivity spectra for the two
samples S1 (black) and S2 (red) before (solid curves) and after
(dashed curves) graphene transfer. Markers: numerical ﬁts to 3 are
shown with a marker before (rectangles) and after (circles) graphene
transfer. A vertical oﬀset of 0.15 is introduced for sample S2 for clarity.
Geometrical dimensions for S1: W = 278 nm, L1 = 1.47 μm, L2 = 829
nm, g = 249 nm, Px = 2.09 μm, and Py = 2.44 μm. All dimensions are
scaled by η = 0.98 for S2. Gold thickness: 60 nm for S1 and S2.

without (solid lines) graphene. The spectral positions and
quality factors of the dipolar and quadrupolar resonances before
and after SLG transfer were determined by ﬁtting the
experimental reﬂectivity spectra to R(ω) ≡ |r(ω)|2 calculated
from eq 3. The results of the ﬁts before/after SLG transfer are
plotted in Figure 5 by rectangles/circles. As previously noted,
the quadrupolar resonance was spectrally shifted by a larger
amount [Δω̃ Q,S1 = (28.9 + 6.3i) cm−1 and Δω̃ Q,S2 = (30.3 +
6.2i) cm−1] than the dipolar resonance [Δω̃ D,S1 = (11.7 +3.3i)
cm−1 and Δω̃ D,S2=(9.2 + 2.0i) cm−1] for both samples. Note
that the magnitude of the spectral shift (close to 30 cm−1)
induced by a single atomic layer is considerably larger that the
frequency shift of approximately 18 cm−1 induced by a 8 nm
thick protein bilayer12 in a similar metasurface. The result is
even more remarkable in that only a small portion of the SLG
overhanging between the two antennas, where the hotspot
(maximal tangential electric ﬁeld enhancement) for the
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