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Surface plasmon polaritons (SPPs), collective oscillations of the electron density coupled 
to  electromagnetic fields at metallic surfaces, enable the confinement of electromagnetic 
radiation at subwavelength scales. Plasmonics, the subfield of nanophotonics that studies SPPs, 
leverages these capabilities to investigate the fundamental processes governing light–matter 
interactions and to engineer nanoscale optoelectronic devices. 

P
lasmons have been observed in various mate-
rial platforms, including conventional metals 
and doped semiconductors in both two and 
three dimensions. Over the past decade or 

so, the observation of electrically tunable plasmons in 
graphene—a one-atom-thick material made from car-
bon atoms arranged in a honeycomb lattice—featuring 
exquisite optical properties has opened new avenues for 
manipulating light at the nanoscale, holding immense 
potential for fundamental research in quantum nanopho-
tonics and for emergent quantum technologies.

The early days
Immediately after its discovery in 2004 [1], graphene 
generated significant interest among physicists due to 
its remarkable electrical, optical, thermal, and mechan-
ical properties. In the initial years following graphene’s 
isolation, most research focused on its exotic quantum 
transport properties, stemming from its unique electronic 
structure, where charge carriers in graphene behave as 
relativistic particles without mass, dubbed massless 
Dirac fermions.

The scope of research in two-dimensional (2D) materi-
als saw a significant expansion during the 2010s. The first 
observation of graphene plasmons using optical spectros-
copy was reported by Ju et al. in 2011 [2]. Their devices 

consisted of arrays of graphene microribbons that could 
be electrically doped using an ion-gel gate (Fig. 1A–B).  
By patterning graphene into a ribbon array, the authors 
effectively bridged the kinematic mismatch between light 
in free space and graphene plasmons, thereby exciting 
graphene plasmons, which imprinted well-defined res-
onances in the terahertz (THz) absorption spectrum 
(Fig. 1C). These resonances could be tuned by changing 
the ribbon-width as well as graphene’s electronic density, 
in agreement with theoretical predictions made years 
earlier [3]. In particular, the frequency of the observed 
graphene plasmons scaled with the carrier density (n) 
as n1/4, in contrast with the n1/2 scaling observed in con-
ventional 2D electron gases (2DEGs) [3]. This result is a 
direct consequence of massless Dirac fermion nature of 
charge carriers in graphene. Moreover, the observation 
of plasmons in graphene at room temperature was sur-
prising, since in conventional 2DEGs these could only 
be observed at cryogenic temperatures.

Following this, the field evolved quite rapidly. The next 
challenge was to directly image graphene plasmons and 
spatially resolve their electric-field distribution at the na-
noscale. This feat was achieved in 2012 by two independ-
ent collaborations [4]. In both cases, the researchers used 
a scattering-type scanning near-field optical microscope 
(s-SNOM) equipped with a sharp metallic tip to excite 
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with propagating lengths exceeding 10 μm (correspond-
ing to 50 plasmon wavelengths in their experiment) in 
high-mobility, encapsulated graphene cooled to 60 K [7].

The large field confinement associated with graphene 
plasmons makes them appealing for sensing applications. 
While plasmons in conventional 3D metals typically dis-
play plasmon resonances around the visible region of 
the electromagnetic spectrum (more precisely, across the 
near-UV–near-IR range), plasmons in graphene span the 
THz to mid-IR spectral region. Besides naturally com-
plementing metal-based plasmonics, this is particularly 
important because many molecules and compounds of 
interest possess vibrational modes in that spectral win-
dow. In a paper published in 2015, Rodrigo et al. demon-
strated an electrically tunable graphene-plasmon-based 
biosensor for label-free detection of proteins [8], capable 
of achieving high sensitivity and outperforming conven-
tional plasmonic sensors.

Furthermore, the unique band structure of graphene, 
featuring a linear energy–momentum dispersion at low 
energies, renders its response to external electromagnetic 
fields with a considerable degree of anharmonicity. This, 
together with the strong local field enhancement pro-
vided by plasmons in graphene has also attracted con-
siderable interest in the exploration of nonlinear optical 
phenomena driven by graphene plasmons [X].

In another direction, the stacking of two graphene 
sheets separated by a thin dielectric spacer was also ex-
plored. In this configuration, the Coulomb interaction 
between plasmons in each graphene layer causes them 
to hybridize [5], resulting in two new coupled plasmon 
modes of different parities (Fig. 2B). The lowest energy 
mode, dubbed acoustic graphene plasmon (AGP) due 
to its nearly linear dispersion, was found to exhibit even 
stronger field confinement than what could be attained 
using plasmons in single-layer graphene. However, 

and image plasmons in graphene. In such a scheme, the 
metallic tip of the s-SNOM is illuminated by an infra-
red (IR) laser (λ0 ≈ 10 μm), whose scattered light con-
tains near-field components with sufficient momentum 
to excite highly confined graphene plasmons. The excited 
plasmons propagate along the graphene sheet until they 
are reflected at the material’s edges  and interfere with 
the “incoming” plasmons. The result of the interference 
between incoming and reflected plasmons leads to a 
standing-wave pattern. By scanning the s-SNOM over 
the sample, the researchers could resolve the real-space 
variations of the electric field below the tip, revealing in-
terference fringes separated by half of the plasmon wave-
length λGP/2. Notably, this technique gives direct access to 
the spatial properties of graphene plasmons (wavelength, 
confinement, damping, etc.), as well as to its dispersion re-
lation ωGP(qGP = 2π/λGP) (Fig. 2A). Both works confirmed 
the  ωGP ∝ n1/4 dependence of the plasmon frequency on 
the carrier density observed earlier by Ju and co-work-
ers, which is characteristic of graphene. Moreover, the 
two teams reported large confinement factors (λ0 /λGP), 
in the 40–60 range, thereby beating the diffraction limit 
(~ λ0/2) by more than one order of magnitude. Graphene 
plasmons, featuring relatively low-losses, made their re-
al-space nanoimaging possible.

A mature field 
These pioneering studies sparked a new surge of inter-
est in graphene-based plasmonics and nanophotonics, 
both theoretically and experimentally, further consol-
idating graphene plasmonics as a field of its own [5]. 
This enthusiasm was arguably instigated by the many 
alluring properties of graphene plasmons, including their 
capability to achieve deeply subwavelength light con-
finement, relatively long lifetimes, and the ability to tune 
the plasmon resonance in situ by controlling the gate 
voltage (even allowing switching on and off the plasmon 
resonances). Before long, graphene plasmons have been 
realized in various configurations, including graphene 
nanoribbons, nanodisks, nanorings, etc., as well as in pla-
nar heterostructures fabricated by stacking different 2D 
materials on top of each other—known as van der Waals 
heterostructures (vdWhs)—, like atomically thin LEGO 
bricks. In particular, benefiting from the observation in 
previous transport experiments that the carrier mobil-
ity in graphene significantly improved upon encapsulat-
ing it between two thin films of hexagonal boron nitride 
(hBN), hBN-encapsulated graphene exhibited highly 
confined plasmons with unprecedentedly low damp-
ing [6], cementing graphene’s reputation of a low-loss 
plasmonic material. Subsequently, while investigating 
various damping mechanisms that limit plasmon prop-
agation (e.g., electron–electron and electron–phonon 
scattering, extrinsic dielectric losses from the encapsu-
lating material, etc.), Ni et al. imaged graphene plasmons 

▼ FIG. 1: (A–B) Schematics of graphene ribbon array used in Ju et al.’s experiment (A, top view; B, 
side view). (C) Relative transmission spectra (1 - T/TCNP, where TCNP  denotes the transmission at the 
charge neutral point) for different ribbon widths (each spectrum is normalized to its maximum value).  
The control of the plasmon resonance by varying the gate voltage is shown in the 4-μm-wide ribbons. 
The data is taken from Ju et al. [2] (see original paper for details).
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Recent developments
Extending beyond the traditional applications of plas-
monics, the ultrahigh field confinement of plasmons in 
graphene-based heterostructures can be leveraged to 
probe the intriguing quantum nonlocal (i.e., momen-
tum dependent) response of nearby materials, including 
metals [13] and superconductors [14].

The plasmonic properties of bilayer graphene, consisting 
of two electronically coupled graphene layers, can be further 
modified by twisting the carbon sheets relative to each other. 
Already in 2007, Lopes dos Santos et al. predicted that twisted 
bilayer graphene (TBLG) would exhibit a renormalization of 
the Fermi velocity upon rotating one the graphene sheets with 
respect to the other [15], inaugurating the field of twistron-
ics. Although this prediction was experimentally confirmed 
about two years later, it took more than a decade for the field 
to be reignited. In 2018, the Jarillo-Herrero group and co- 
workers reported the observation of strongly correlated 
phenomena in TBLG when the “twist angle” between the 
two graphene layers was θ ≈ 1.1° [16]. At this “magic angle”, 
the electronic bands become extremely flat, suppressing the 
cost of kinetic energy, and thus many-body effects become 
important. These groundbreaking experiments led to a re-
surgence in interest in twistronics and prompted the inves-
tigation of moiré physics in various other van der Waals 
materials with no end in sight.

Against this backdrop, the investigation of the plas-
monic response of TBLG was a natural development.  
In 2016, Stauber and Kohler discussed the formation of 
quasi-flat plasmonic bands of Landau-damped “inter-
band plasmons” in TBLG [17] (Fig. 2C–D). Experimental 
observation came five years later [21], while plasmons 
in doped TBLG were already observed in 2017 [19]. In 
this context, the recent observation of slow plasmons in 
epitaxially grown TBLG [20] reflects the high tunability 
of the plasmonic response in moiré systems. 

Final note
Many other significant achievements, both fundamen-
tal and applied, have been published in the literature. 
Unfortunately, it is not possible to cover all of this mate-
rial in a short article. However, we hope that the references 
provided below offer a solid starting point for readers in-
terested in exploring this fascinating and evolving field that 
merges atomically thin materials with nanophotonics. n
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its electric-field spatial profile makes it difficult to 
excite. In 2017, a study led by Koppens and Hillenbrand 
circumvented this obstacle by fabricating a device consist-
ing of a graphene–dielectric–metal heterostructure [9]. 
In this setup, the collective charge oscillations underpin-
ning graphene plasmons are screened by the nearby metal 
(image-charge effect), causing the system to behave as if it 
were two graphene sheets separated by twice the graphene–
metal distance, thereby reshaping the plasmon dispersion 
and creating an AGP. In a subsequent publication, AGPs 
propagating at extremely slow velocities close to the elec-
tron Fermi velocity (with λGP approaching λ0/300) were 
used to probe the nonlocal optical response of graphene 
as well as many-body effects governing the graphene 
electron liquid [10]. In the wake of these works, plasmon 
confinement down to the one-atom limit has been demon-
strated in a system comprising an array of metallic rods 
separated from graphene by a single atomic layer of hBN 
[11]. Subsequently, Epstein et al. realized nanometer-scale 
acoustic graphene plasmon cavities with an impressive 
mode volume confinement factor of  5 × 10–10 [12] that 
could be excited from the far-field due to the use of silver 
nanocubes (which enable coupling from the far-field and 
create an “inverted” graphene-on-mirror cavity).

▼ FIG. 2: (A–B) Plasmon dispersion in single- and double-layer graphene (A and B, respectively), indicated 
by the sharp features in the colormap. (C) Plasmon dispersion in twisted bilayer graphene, for a twist 
angle of θ ≈ 1.6°. (D) Dependence of the plasmon energy in TBLG on the chemical potential (µ), for 
a fixed wavevector qa = 0.02. Here, t = 2.78  eV is the intralayer hopping amplitude (the interlayer 
hopping is taken as  t⊥⊥ = –0.33 eV). (A–B) is adapted from ref. [5], whereas (C–D) is adapted from  
ref. [17]. See references for further technical details.
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