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Abstract 

Plasmons in graphene have unusual properties and offer promising prospect for plasmonic 
applications covering a wide frequency range, going from terahertz up to the visible.  

Plasmon modes have been recently studied in both free-standing and supported graphene.  

Here we review plasmons in graphene, with particular emphasis on plasmonic excitations 
in epitaxial graphene and on the influence of the underlying substrate on screening pro-
cesses. Even if the theoretical comprehension of plasmons in supported graphene is still 
incomplete, several experimental results provide hints on the nature of plasmonic excita-
tions in graphene on metals and semiconductors. Plasmon in graphene can be tuned by 
chemical doping and gating potentials. We show through selected examples that adsorbates 
may be used to tune the plasmon frequency, while the intercalation of chemical species 
allows to decouple the graphene sheet from the substrate, so as to recover the plasmon 
dispersion of pristine graphene. Finally, we will also report on intriguing effects due to 
many-body interaction, such as the excitations generated by electron-electron coupling 
(magnetoplasmons) and, moreover, the composite modes arising from the coupling of plas-
mons with phonons and with charge carriers.  

Keywords: plasmon, screening, epitaxial graphene, doped graphene, plasmonics, electron 
energy loss spectroscopy (EELS), plasmon-phonon coupling, plasmarons, magnetoplas-
mons 
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Introduction 

Graphene is an innovative material, characterized by linearly dispersing π and π* bands 
around the K point of the Brillouin zone, forming the so-called Dirac cone 1. Many of the 
peculiarities of massless Dirac fermions in graphene2 are related to their collective excita-
tions. 

Plasmons are collective longitudinal excitations consisting in an oscillation of valence elec-

trons 3-5.  Plasmons in graphene find important applications in optics6, microscopy7, nano-

lithography8, magneto-optic data storage9 and catalysis10. They are characterized by rela-

tively long propagation distances11, do not exhibit large Ohmic losses  and can be confined 

to tighter regions 12. The linear dispersion of Dirac electrons enables ultrawideband tuna-

bility via electrostatic gating 13. 

Graphene is an ideal material for the emerging field of plasmonics14-24. In fact, its versatility 
implies that graphene-based plasmonics may lead to the manufacture of innovative optical 
devices working in different frequency ranges—from terahertz to the visible—with ex-
tremely high speed, low driving voltage, low power consumption and compact sizes. As 
compared with silicon, graphene has higher thermal conductivity25, high optical damage 
threshold26 and important nonlinear optical properties27 with subsequent higher potential 
for optoelectronic devices 14. In particular, graphene plasmonics has important applications 
in light harvesting28, optical biosensing29, transformation optics30, tunable metamaterials18, 

23, flexible waveguides31, and THz photodetectors 32. 

Recently, graphene has been combined with prefabricated plasmonic metamaterials33 and 
plasmonic nanoarrays34 to obtain tunable hybrid optical devices although the control of 
plasmon propagation at graphene/metal contacts is still unsatisfactory35-37. 

Thus, understanding the behaviour of plasmon modes of graphene interfaced with sub-
strates of different nature (oxides, semiconductors or metals) is mandatory for innovative 
applications. In particular, graphene-metal contacts36-45 are omnipresent and inevitable 
components of each graphene-based device and, thus, the investigation of the nature and 
dispersion of plasmon modes at graphene/metal interfaces is a key step toward engineering 
plasmonic applications of graphene. Recently, surface plasmon polaritons (SPPs) in gra-
phene/metals have been used for engineering biosensors46-48. Moreover, interfacing gra-
phene with a metal may also introduce novel properties in graphene, such as superconduc-
tivity (by proximity effects)49-51 and magnetism52-55. Likewise, the formation of Schottky 
barriers at the interface of a zero-gap semiconductor (graphene) and conventional semi-
conductors56-58 may give rise to unusual physical phenomena and promising technological 
applications. 

In this review, we will focus on the fundamental properties of plasmons in free-standing 

and epitaxial graphene. Moreover, we will review on the influence of adsorbates on gra-

phene plasmons. We will also report on the coupling of plasmons with lattice vibrations 

(plasmon-phonon coupling) and with charge carriers (plasmarons). 

Electron energy loss spectroscopy (EELS) is the main experimental technique for investi-

gating collective electronic excitations (see Refs. 59 and 60 for a review on this technique). 
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In particular, while for photons only the long-wavelength region is accessible, EELS is able 

to scan an extended range in the reciprocal space (up to 0.4-0.5 Å-1)60, so as to cover both 

the long- and the short-wavelength regions.  

Plasmons in carbon-based materials 

To put in evidence the peculiar properties of graphene plasmons, it is useful to briefly re-
mind the properties of plasmons in carbon-based systems.  

Plasmons in graphite originate from the collective excitations of the π valence electrons (π 

plasmon at 7–12 eV) and of all valence electrons (more intense and broader σ+ plasmon 
at 28–33 eV). 

For momentum transfers parallel to the graphite’s surface, only interband transitions be-
tween states with same parity (π→π* and σ →σ*) are allowed 61, 62 (Figure 1). The π plas-
mon is originated by the π→π* transition, which exhibits its maximum joint density of 
states (JDOS) near the M point of the Brillouin zone. 

The same excitations are observed in nano-sized carbon materials, including fullerenes63, 64 
and carbon nanotubes65-68.  
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Figure 1. Kohn-Sham band structure of graphite along high-symmetry directions in the Brillouin zone. 

Arrows indicate interband transitions. Adapted from Ref. 69. 

 
Figure 2. Dispersion of the π plasmon in graphite (gray line, data from Ref. 70), VA-SWCNT (red 
diamonds, data from Ref. 70), MLG/Pt(111) (orange line, data from Ref. 71), MLG/6H-SiC(0001) 
(blue squares, data taken from Ref. 72) and free-standing graphene (green line, data from Ref. 73). 

The energy of the interband plasmon of π electrons in the long-wavelength limit (q||≈0) is 
reported in Table I for various carbon-based systems, together with the full-width at half 
maximum (FWHM) of the plasmon peak. The energy of the π plasmon ranges between 4.7 
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eV (free-standing graphene) 70 and 6.5-7.0 eV (graphite)74. Intermediate values have been 
recorded for vertically-aligned (VA) single-walled carbon nanotubes (SWCNT) 70 and 
monolayer graphene (MLG) on 6H-SiC(0001) 72 (about 5 eV) and magnetically aligned 
bundles of SWCNT 75 (about 6 eV).  

 

Table I. Energy and line-width of the π plasmon in the long wavelength limit (small momenta) for dif-

ferent systems 

 Eloss (q||=0) in eV FHWM (q||=0) in eV 

free-standing graphene 
(calculations 70, 76 and ex-
periments 61) 

4.7 61 

~6 76 

0.45 

MLG/6H-SiC(0001) 72 4.9 0.95 

VA-SWCNT70 5.1 1.00 

Bilayer graphene on 
SiC(0001) 72 

5.3 1.10 

Magnetically-aligned 
bundled SWCNT75 

6.0 1.25 

MLG/Pt(111)71 6.2 1.40 

3-4 layers graphene on 
SiC(0001) 72 

6.3 1.70 

Graphite74, 77-79 

6.5 74, 77 

~ 7 78, 79 

2.90 

MLG/Ni(111) 80, 81 

6.7 81 

7.5 80 

~ 3 

Page 7 of 30 Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t



 

 

The broad σ+π plasmon has an energy of 14.6 eV in monolayer graphene72. Both π 
and σ+π plasmons exhibit a blue-shift by increasing the number of graphene sheets, 
as demonstrated for both free-standing membranes and for epitaxial graphene (Figure 
3). 

 

Figure 3. EELS spectra showing the dependence of π and σ+π plasmons on the number of graphene 
layers for (a) a free-standing graphene membranes (adapted from Ref. 61); (b) graphene layers epitaxially 
grown on silicon carbide (adapted from Ref. 72) 
 
The red-shift of the energy of the π plasmon (at small momenta) when going from bulk 
graphite to quasi-two-dimensional graphene is caused by a decrease of the screening and 
of the interlayer coupling. This also influences the dispersion relation of the plasmon fre-
quency. Linear dispersion of the π plasmon is found in VA-SWCNT 70, free-standing 
graphene70, 73 and MLG on 6H-SiC(0001) 72 (Figure 2). The linear dispersion of the 
interband π plasmon in graphene and SWCNT is theoretically reproduced by inserting 
local field effects (LFE) in the electronic response70. 
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On the other hand, quadratic dispersion of the π plasmon has been recorded in bulk 
graphite 74 and few-layer graphene on 6H-SiC(0001) 72 with the same quadratic coeffi-
cient of the dispersion relation. For the latter system, it is evident that the realistic band 
structure of the system82, 83 changes the dispersion of the π plasmon from linear to 
quadratic as a function of the number of graphene layers.  

In graphene/metal interfaces, the dispersion relation of the π plasmon is quadratic al-
ready for the MLG, as a consequence of the screening of the collective mode by the 
metal substrate. The screening in MLG on metal substrates is clearly more effective 
with respect to the case of graphene layers grown on the semiconductor silicon carbide 
substrate. This should explain the quadratic dispersion recorded in MLG/Ni(111) (Ref. 
81) and MLG/Pt(111) (Ref. 71), in spite of the very different band structure of such two 
graphene/metal interfaces84, 85. We also remind that the plasmon dispersion in the long-
wavelength limit is predicted to be quadratic with respect to momentum for the interacting 
electron gas 86.  

For the case of MLG/Ni(111), Cupolillo et al. 87 have suggested that the π plasmon is 
originated from transitions between interface states around K resulting from the gra-
phene/Ni hybridization. Although the interface states responsible of such excitation 
are the consequence of a strong interaction with the substrate, the charge density as-
sociated to these states exhibits strictly 2D collective properties. 

 
Intraband plasmon in doped graphene 
Many theoretical studies address the collective electronic excitations in doped free-standing 
graphene 88-90. In doped graphene, the dominant collective mode is the intraband or 2D 
plasmon. This mode has a crucial importance since the low energy of the intraband plasmon 
allows it to participate in many dynamical processes involving electrons and phonons91. The 
presence of the 2D plasmon is the main difference between collective excitations in pristine 
and doped graphene 92, 93. In doped graphene, the π* band is partially filled and, thus, intra-
band transitions, not allowed in undoped graphene, are possible. The 2D plasmon can 
propagate undamped in the region delimited by the upper edge of the π*  → π*  intraband 
electron-hole continuum with the lower edge of the π → π*  electron-hole continuum. The 
two curves join for (kF,EF) where kF is the Fermi wave-vector (see Figure 5). When the 
dispersion curve of the 2D plasmon enters in the π → π* electron-hole continuum, it decays 
in single-particle excitations for the occurrence of Landau damping3, 94, 95. 
In the long wavelength limit (q→0) the 2D plasmon has the square-root-like dispersion of 
the two-dimensional electron gas (2DEG) 96-99. However, at higher momenta the dispersion 
deviates from that of 2DEG, as a consequence of the onset of interband transitions along 
the Dirac cone. Such behavior can be reproduced by random-phase approximation (RPA) 
by including the effect of nonlocal field as a second-order correction: 
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where n, m*, and εs are the areal electron density, the effective mass and the static dielec-
tric constant of the medium, respectively.  

Graphene may be also intrinsically doped. As an example, graphene on SiC is naturally n-
doped due to charge transfer from the substrate 100 while graphene/Pt(111) is p-doped84.  
RPA has been used to reproduce the experimental dispersion of intraband plasmon of 
monolayer graphene on SiC. However, RPA can not accurately describe the plasmon dis-
persion (Figure 4) because of assumption of infinite relaxation time of electrons and the 
effect of many-body interactions101. 
Detailed ab initio calculations by Despoja et al. 93 have indicated also an anisotropy of the 
2D plasmon. In particular, in the Γ-M direction the dispersion curve follows the upper in-
traband edge, while in the Γ-K direction it is shifted toward higher energies (Figure 5). 
This is a consequence of the anisotropy of π and π* bands around the K point102-106. 

 
Figure 4. Dispersion relation of the 2D plasmon, as obtained by RPA calculations for (blue line) εr= 1 
and (red line) εr=4 where εr is the relative dielectric constant of the substrate underneath the graphene sheet. 
The dark grey (lower) and light gray (upper) shaded areas represent the continuum of intraband and inter-
band excitations, respectively.  
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Figure 5. Intensities of electronic excitations in doped graphene (EF = 1 eV). Adapted from Ref. 93. 
 
 
While a square-root-like dispersion of the intraband plasmon has been reported for free-
standing graphene and graphene/SiC, experiments carried for monolayer graphene grown 
on metals measured a linearly dispersing intraband plasmon. In particular, measurements 
for graphene on Pt(111)107-109 and on Ir(111)110 have found a nearly identical dispersion 
relation (Figure 6).  
 

 
Figure 6. Dispersion relation of the ASP in MLG/Pt(111) (data taken from Ref. 108) and 
MLG/Ir(111) (data taken from Ref. 110). 
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The linear dispersion of 2D plasmon in graphene/metal interfaces is a consequence of the 
coexistence of the metal electron gas with the π-charge density of graphene in the same 
spatial region. It resembles the acoustic surface plasmon (ASP) in metal surfaces with a 
partially occupied surface state band within a wide bulk energy gap 111, 112. The non-local 
character of the dielectric function 113 and of the screening processes in graphene 114 pre-
vents the sheet plasmon from being screened out by the 3D bulk states of the metal sub-
strate.  

The group velocity of intraband plasmon in MLG/metals (≈106 m/s), extracted from the 
slope of the dispersion relation, is similar to those ones calculated for ASP, thus indicating 
a similar nature of the two collective excitations.  

The group velocity of the sheet plasmon in MLG/metals is about two orders of magnitude 
lower than the speed of light, and thus its direct excitation by light is not possible. However, 
nanometer-size objects at surfaces, such as atomic steps or molecular structures, can allow 
coupling between sheet plasmon and light. The linear behavior of its dispersion implies that 
both phase and group velocities of the collective excitation are the same, so signals can be 
transmitted undistorted along the surface with potential applications in graphene-based 
nano-optical devices. 

By contrast, in MLG/Ni(111) localized interface states support an ordinary 2D plasmon 
with square-root-like dispersion115. 

In addition to the ordinary intraband plasmon, a few recent theoretical works show the 
existence of a nonlinear plasmon in free-standing doped graphene116, 117. Although a similar 
excitation has been observed also experimentally109, 118 (see the nonlinear mode in Figure 
13), its origin is still unclear and currently under investigation. In particular, the intensity of 
this mode increases with applied strain117, in contrast with the behavior of the intraband 
plasmon, which is not influenced by uniaxial strain117.  

To put in evidence the effects of interlayer interactions, interband plasmons have been stud-
ied also in bilayer graphene by theoreticians. Two plasmon modes are predicted in the long-
wavelength limit (Figure 7): the first one is characterized by a square-root-like dispersion (

ω+) while the other is an acoustic plasmon (ω-) 119-122. The dispersion relation of these 

modes depend on the interlayer distance (d ) and on the electron concentrations of the two 
layers ( n1 and n2). For the sake of truth, theoretical models reporting a single low-energy 
plasmon mode in bilayer graphene are also present 123.  

The co-existence of 2D plasmons (√𝑞 dispersion) with ASP (linear dispersion)  in bilayer 

graphene resembles the case of inversion layers on semiconductor surfaces (see, e.g., the 
work on InAs(110) by H. Yu et al 124). In this system the ASP dispersion originates as well 
from the interplay of two quantum well minibands. 
Unfortunately, experimental investigations on low-energy plasmons in bilayer graphene are 
still lacking. 
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Figure 7. Dispersion relation of plasmon modes in bilayer graphene (shown for the case of an AA-stacking, 

adapted from Ref. 121). In the long wavelength limit, the + mode has a square-root-like dispersion while an 

acoustic dispersion is found for the _ mode (see Ref. 125 for more details). 
 
 
 
 
Influence of adsorbed and intercalated atoms 

The tunability of graphene plasmons is a promising opportunity for the emerging field of 
graphene-based plasmonics. Both the conductivity of graphene and the dispersion of plas-
mons in graphene are related to Fermi energy (or chemical potential at room temperature).  
The Fermi energy  

  
can be easily controlled (with a subsequent tuning of plasmon modes) by changing the 
charge concentration, which, in turn, can be realized by gating potentials or chemical dop-
ing126.  
In view of possible applications, it should be mentioned that distributing carriers into mul-
tiple graphene/insulator stacks efficiently enhances the plasmonic resonance frequency and 
its magnitude127.  
High electropositive or electronegative chemical species can easily dope graphene due to 
charge transfer. In Figure 8, results for K-doped graphene/SiC128 are reported. With the 

addition of more electrons in the * band, the Fermi level shifts upward away from the 
Dirac point ED and this causes a continuous blue-shift of the plasmon energy with increas-
ing potassium coverage.  
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Figure 8. Dispersion relation of the intraband plasmon for different amounts of the electron density n. 
The intraband plasmon excitation arising from intrinsic electron density n =1.2∙1013 cm-2 changes when 
more electrons are added by K doping. Adapted from Ref. 128.  
 
 
Likewise, a red-shift has been reported in water-exposed MLG/Pt(111)107. However, in the 
latter study, charge doping affects the frequency of the plasmon modes but not the acoustic 
behaviour of the dispersion relation. Nevertheless, a reduction of the group velocity by 
about 11% has been observed107. 

By contrast, experiments performed for Na-doped MLG/Ir(111)110 and F4-
TCNQ/MLG/SiC129 by Pfnür’s group show negligible influence of doping on the disper-
sion curve while noticeable changes in the damping mechanisms of the plasmon modes are 
reported.  

Interesting results have been reported for plasmon dispersion in Cs-intercalated gra-
phene/Ni(111)130. Graphene on Ni(111) exhibits a strong hybridization between Ni d 
bands and π states of graphene131, 132. Intercalated chemical species may decouple the gra-
phene sheet from the substrate133-135. The influence of intercalated atoms on the electronic 
structure of the MLG/Ni(111) would reflect itself in the collective electronic properties of 

the intercalated system. The dispersion curve of  plasmon, in comparison with the analo-
gous dispersion curve obtained in the absence of intercalated Cs, shows that alkali metal 
atoms make graphene to be quasi-freestanding, with a much lowered charge transfer, and 
with the recovery of the linear dispersion typical of free-standing graphene (Figure 9). 
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Figure 9. Plasmon dispersion for Cs-intercalated graphene/Ni(111). The linear dispersion of the π plas-
mon in pristine, free-standing graphene is recovered (see Figure 2 for comparison). Adapted from Ref. 130. 

 

Plasmon modes may be influenced also by the p-type doping arising from the interaction 
of the graphene/metal interface with atmosphere136. Thus, the atmospheric doping 
should be taken into account when engineering of graphene-based devices which should 
work under realistic conditions, i.e. in air. To investigate the stability in ambient air 
humidity of the contacts between metallic electrodes and graphene, Politano and 
Chiarello have probed plasmon modes in air-exposed graphene/metal contacts36, 37. For 
the case of MLG/Ru(0001), both the intraband and the interband π plasmons are 
quenched once that the sample was exposed to atmosphere (Figure 10). This finding 
indicates that in graphene/Ru(0001) π bands are disrupted upon interaction with 
ambient air humidity with the appearance of a band gap. Scanning tunneling microscopy 
(STM) results in Ref. 137 support this picture. 
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Figure 10. (a) EELS spectra, recorded in specular geometry (incidence angle of 55° with respect to 
the sample normal) and at room temperature for pristine MLG/Ru(0001) (bottom spectrum) and the 
air-exposed sample (top spectrum); (b) EELS spectra, acquired in off-specular geometry and at room 
temperature for pristine MLG (bottom spectrum) and the air-exposed sample (top spectrum). The 
primary electron beam energy is 20 eV. Two energy scales are reported in eV (bott om axis) and THz 
(top axis). 

 

By contrast, plasmons in graphene-Pt contacts exposed to air behave differently with 
respect to graphene-Ru contacts. In details, the intraband plasmon in graphene/Pt(111) 
(Figure 11) undergoes a red-shift from 2.5 to 1.6 eV upon air exposure due to p-type 
atmospheric doping 138, 139, estimated to be ~3∙1012 cm−2 in this case. 
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Figure 11. EELS spectra recorded for bare Pt(111),  pristine MLG/Pt(111),  and the air-exposed 
MLG/Pt(111) sample. The incidence angle is 55.0° while the scattering angle is 47.5°. EELS meas-
urements and air exposure have been performed at room temperature. The primary electron beam energy is 
20 eV. 

 

In both graphene/metal contacts, vibrational spectra of air-exposed samples show the 
presence of C-H groups36, 37, 140-142, likely arising from the dissociation of water molecules 
on the underlying metal catalyst with the subsequent H spillover141, 142. 

Therefore, plasmonic devices can be strongly affected by ambient humidity, in contrast 
with too optimistic predictions 143 based on the assumption that graphene is chemically 
inert. However, the chemical inertness of graphene may be realistic when considering 
free-standing, undefected graphene membranes but the scenario may be completely 
different for epitaxial graphene, where the undelying substrate acts as a catalyst toward 
water36, 37, 140-142 in ambient air humidity. 

While H-induced band opening was reported on MLG grown on Ir(111) 144 and Au-
intercalated Ni(111) 145 , no bandgap exists in hydrogenated graphene on Pt(111) 146. 
Hence, hydrogenation of graphene on metals may induce the opening of a band gap (Ru, 
Ir, Ni substrates) or it may result in an increased metallic character through hybridization 
with the underlying substrate as on Pt(111) 146. This would explain the survival of 
plasmon modes in air-exposed graphene-Pt contact (Figure 11). 
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Confinement of π plasmon 

Plasmon confinement has been found to occur in graphene/Ru(0001)147. In this system, 
the graphene sheet is not perfectly flat but it exhibits ripples in which electronic 
properties are periodically inhomogeneous 148, 149. Ripples are separated by each other by 
about 3 nm 148, 150, 151. Height and width of these ripples are consistent with models which 
allow the carbon atoms to form different types of bonds with the underlying substrate. 
In particular, carbon atoms located at the higher areas of the superstructure are adsorbed 
on three-fold sites (fcc, hcp) and they scarcely interact with the substrate. Instead, carbon 
atoms closer to the Ru substrate occupy hcp and on-top positions and form a strong 
chemical bond with Ru. In the latter case, a strong hybridization between 2pz states of 

carbon atoms and the 4d
2

z  orbitals of Ru 152 occurs. 

The π-plasmon frequency of MLG/Ru(0001) remains nearly constant up to a critical wave-
vector qc (≈0.30 Å-1, Figure 12). This finding contrasts with previous experimental results 
attained for graphene grown on Pt(111)71 and SiC(0001)72 and for bulk graphite74 (see Fig-
ure 2). The dispersionless behaviour of the frequency found in MLG/Ru(0001) for q||<qc 
(qc≈0.30 Å-1) is a fingerprint of the occurrence of plasmon confinement153-155, i.e. valence 
electrons oscillate independently in the single graphene quantum dot of diameter d=2π/qc. 
In the present case, d results to be 21±3 Å. in excellent agreement with STM experiments148, 

151, 156. 

Thus, the existence of ripples has strong and evident effect on the localization and disper-
sion of the π plasmon. Propagation of the plasmon mode occurs only for wavelengths 
smaller than the average size of the ripples. For q||>0.30 Å-1 (shorter wavelength) the fre-
quency of the π plasmon rapidly increases. 

 

Figure 12. Dispersion relation of π plasmon in periodically rippled graphene/Ru(0001). The inset 
shows a 3D representation of STM image of nanodomes in MLG/Ru(0001), based on the STM 
study in Ref. 148. 
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Influence of roughness 

Roughness has immediate influence on plasmon lifetime. At fixed plasmon wavelength, the 
lifetime is inversely proportional to the step concentration. Thus, steps induce strong damp-
ing of the plasmonic excitation. For a given roughness, the line-width of the plasmon peak 
increases for decreasing plasmon wavelength. Hence, the lifetime is proportional to the step 
density and plasmon wavelength (τ ≈λpl · Γ) 157. 

Plasmon-phonon coupling 

The coupling of phonons with plasmons has direct effect on plasmonics and on 
transport 158 properties. 

Plasmon-phonon coupling is a striking manifestation of the breakdown of the Born-Oppen-
heimer approximation 159. The plasmon-phonon coupling phenomenon implies the hybridi-
zation of the plasmon modes of the 2DEG with the optical phonon modes of the lattice, 
giving rise to the coupled plasmon-phonon modes.  
Plasmon-phonon coupling in graphene has been predicted by Jablan et al.159 (by using the 
self-consistent linear response formalism) and experimentally observed for quasi-freestand-
ing graphene on Pt(111)109. The ASP couples with the out-of-plane (ZO) and the transverse 
(TO) optical phonons of the graphene. Such coupling can occur only in the long-wave-

length limit (q||~0), for which the frequency of the sheet plasmon is in the same energy 
scale to those ones of the optical phonons. 

These modes have mixed phonon and plasmon characteristics. Referring to Fig. 13, for 
high momenta the composite modes at 100 and 200 meV have the characteristics of pho-
non modes and converge to the frequency of the ZO and TO modes, respectively. In the 
long-wavelength limit, the energy of the composite mode goes to zero and thus behaves as 
a pristine 2D plasmon mode.  

However, the intraband plasmon of graphene may also couple to surface optical phonons 
of a polar substrate, as observed for Fuchs-Kliewer phonons of SiC160 and SiO2

161
 (Figure 

14). 
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Figure 13. Dispersion relation of collective excitations in MLG/Pt(111). Note that the existence of 
composite modes has a striking dependence on kinematic conditions, which should be chosen carefully to put 
in evidence such effects. The influence of plasmon-phonon coupling on the dispersion relation of plasmon 
modes is sketched in the top part of the figure. The nonlinear mode dispersing from 0.4 to 0.6 eV has an 
unclear origin. It has been suggested that such mode can be originated by trigonal warping in the Dirac cone 
of graphene116.  
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Figure 14. Plasmon dispersion in graphene on SiO2. Adapted from Ref. 161. 

Plasmarons 

Originally, the concept of “plasmaron” has been introduced to indicate the plasmon-pho-
non hybrid state. More recently, it has been re-introduced with a slightly different, but likely 
more general meaning: not only a phonon dressed by plasmons, but also other plasmon-
dressed elementary excitations are named plasmarons. Based on angle-resolved photoemis-
sion spectroscopy (ARPES) results for K-doped graphene on silicon carbide162, several re-
searchers have claimed the occurrence of plasmarons in graphene 162-168 , defined as particles 
dressed by density oscillations of the electron gas. The Dirac crossing point is resolved into 
three crossings: the first between pure charge bands, the second between pure plasmaron 
bands, and the third a ring-shaped crossing between charge and plasmaron bands (Figure 
15).  
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Figure 15. ARPES results for K-doped graphene in Ref. 162 reveal that the energy bands of ordinary 
charge carriers (holes) meet at a single point, but conical bands of plasmarons meet at a second, lower Di-
rac crossing. Between these crossings lies a ring where the hole and plasmaron bands cross. The new band 
picture has been used to claim a strong coupling of plasmons with charge carriers in graphene162-168. 
 
However, this picture has been recently questioned by Lischner et al.169. They demonstrate 
that an innovative treatment of electron correlations with an ab initio GW plus cumulant 
theory together with an careful description of the substrate screening well reproduce ex-
perimental results in Ref. 162. 
No substrate induced band gap or a plasmaron solution can be found within this ad-
vanced theoretical approach. Thus, it is now definitively clarified that the lack of sufficient 
electron correlations at the GW level leads to an extra solution to Dyson’s equation so as 
to overestimate the quasiparticle-satellite separation. 

 

Magnetoplasmons 

Recently, magnetoplasmonics is attracting huge interest for its potential applications in 
technology170, 171. The 2D magnetoplasmons are collective excitations between Landau lev-
els172 due to electron-electron interactions, which can be observed through infrared optical 
absorption and inelastic light scattering 173-178. In layered and doped graphene structures, 
the instability and unusual dispersion of magnetoplasmon modes have been studied in re-
cent years, within different approaches 172, 179-195. Magnetoplasmons have been observed in 
graphene epitaxially grown on SiC196. The Drude absorption is transformed into a strong 
terahertz plasmonic peak due to nanoscale inhomogeneities, such as substrate terraces and 
wrinkles. Plasmonic excitations also modify the magneto-optical response and, in particular, 
the Faraday rotation196. This makes graphene a unique playground for plasmon-controlled 
magneto-optical phenomena thanks to a cyclotron mass 2 orders of magnitude smaller than 
in conventional plasmonic materials, such as noble metals. 

The field-induced splitting of the plasmon peak resembles strikingly the appearance of 
collective resonances observed previously in other systems 197-200. The upper and lower 
branches are attributed to the so-called bulk and edge magnetoplasmons, respectively, 
with the frequencies 

 

where ω0 is the plasmon frequency at zero field, ωc = ±eB/mc is the cyclotron frequency, 
defined as positive for electrons and negative for holes, m is the cyclotron mass, and c the 

speed of light. At high fields (|ωc| ≫ ω0), the upper branch becomes essentially the usual 
cyclotron resonance with a linear dependence on magnetic field, while the lower branch 
represents a collective mode confined to the edges 201 with the energy inversely proportional 
to the field (Figure 16). 

Page 22 of 30Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t



 

 

Figure 16. Dependence of the plasmon energy ω0, the cyclotron resonance energy ωC and the 
magnetoplasmon energies ω± on the magnetic field B. Adapted from Ref. 196. 

 

Coupling of plasmons with photons 

The capability to handle optical fields and the energy flow of light is crucial in 
communication and information technologies. However, the electric control of light is not 
possible, since photons are chargeless. Plasmon polaritons, coupled excitations of photons 
and plasmons, in graphene offers an opportunity to achieve electric control of light. 

Recently, graphene plasmons have been imaged by Fei et al.202 and Chen et al.203 . These 

authors used the tip of an atomic force microscopy (AFM) probe in a scattering‐type scan-

ning near‐field optical microscopy (s‐SNOM) setup to excite and image graphene plasmons 
in real space (Figure 17). 

 
Figure 17. Sketch of the experimental setup used for launching and imaging graphene plasmons 
(represented as blue rings). The metallized AFM tip (shown in yellow) is illuminated by an infrared laser 
beam with wave-length λ0. Taken from Ref. 203 
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By reducing the degree of freedom, SPPs can propagate in wanted direction in ribbons, 

which act as waveguides11.  

Infrared light polarized perpendicular to the ribbon axis can excite SPPs in graphene18. 

Plasmon excitations in the graphene micro‐ribbon array can be varied by electrical gating 

and the plasmon frequency scales as W‐1/2, where W is the width of the ribbon. The gra-

phene plasmonic waveguides based on microribbons is able to transmit up to 2.5 Gbps 

optical signals31. 

An additional handle to control plasmon excitations is provided by the dielectric environ-

ment and the relative arrangement of the interacting waveguides. Plasmon interaction and 

hybridization in pairs of neighboring aligned ribbons are strong enough to produce dra-

matic modifications in the plasmon field profiles11.  

Plasmon propagation in graphene-based circuits can be tailored by introducing nanoscale 
discontinuities, either by graphene patterning or by tailoring the substrate topography204.  
To reduce the dimensionality further, graphene plasmons have been studied also in nano-

disks205 or nanorings206. Localized plasmon resonance in nanodisks becomes very strong 

and causes a strong enhanced electrical field. This allows to achieve a sufficiently strong 

coupling with an adjacent quantum emitter (quantum dot or a molecule) to give rise to 

plasmon blockade205 effect, characterized by nonlinear absorption cross section and modified 

statistics of the bosonic plasmon mode205. 

Other promising prospect of applications arises from heterostructures. Using patterned 

graphene/insulator stacks127, it is possible to realize tunable infrared plasmonic devices to 

be used as detectors or modulators. 

Conclusions and outlook 

Graphene plasmons show very promising properties which can be used for applications: 

reasonably large life‐times, tunability of the plasmon frequency, electric controllability, plas-
mon confinement and strong coupling with phonons and light.  
Graphene could represent an ideal playground for applications of two-dimensional electro-
magnetic waves21, so as to facilitate the design and miniaturization of nanophotonic de-
vices11. 
 
Recently, plasmonics has having groundbreaking impact in photonics207. Plasmonics has 
opened the way for the realization of high-speed and transparent photosensitive systems, 
which could be further functionalized to enable chemical sensing13. The combination of 
graphene with conventional plasmonic elements will allow the realization of  THz 
plasmonic lasers208-210, plasmonic antennas211, plasmonic waveguides31, 212, 213, Luneburg 
lenses30, ultrasensitive biosensors29, 46, 48, 214, 215 and so on. The flexibility of graphene216 may 
permit the realization of graphene-based flexible plasmonic devices20. Moreover, the largely 
non-linear optical response of graphene27 can allow innovative experiments and applica-
tions of graphene-based nonlinear plasmonics217, 218.  
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However,  there are still some limitations and open problems for graphene-based 
plasmonics, as for example the lack of reliable THz light sources. 

This overall encouraging viewpoint for applications is also accompanied by the possibility 
to carry out many other fascinating fundamental studies. As an example, accurate experi-
mental studies on plasmons in bilayer graphene on metals would be essential to verify and 
improve current theoretical models for both plasmon dispersion119-122 and plasmaron for-
mation163, 166. Screened electron-electron interactions in a graphene sheet supported by a 
metal substrate are responsible for intriguing many-body effects. Despite the strong screen-
ing exerted by the metal, the 2DEG in graphene/metals contacts shows self-sustaining, 
long-living oscillations whose phase velocity coincides with the group velocity (ASP). Con-
cerning high-energy plasmons (e.g.,  the π plasmons at 5-7 eV) , they are suitable candidate 
for potential applications in UV regions in composite structures with materials able to emit 
or absorb UV light. However, accurate theoretical models for plasmons graphene/metal 
interfaces are still missing due to the difficulty in the theoretical description of the screening 
by the underlying metal substrate. The out-of-plane charge transfer between graphene and 
the metal is determined by the difference between the work function of graphene and the 
metal surface and, in addition, by the metal-graphene chemical interaction that creates an 
interface dipole which lowers the metal work function. The induced electrostatic potential 
decays weakly with the distance from the metal contact as V(x)≈x−1/2 and ≈x−1 for un-
doped and doped graphene, respectively219. Instead, current models overestimate the 
screening by the metal substrate. Likely, the experimental study of plasmons in graphene 
supported by jellium surfaces could help theoreticians to improve our understanding of 
screening processes at graphene/metals. Unfortunately, such experimental study is compli-
cated by the difficult preparation of graphene on aluminum.  
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