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Light can be strongly confined in subwavelength spatial regions through the interaction with plasmons,
the collective electronic modes appearing in metals and semiconductors. This confinement, which is
particularly important in the terahertz spectral region, amplifies light-matter interaction and provides a
powerful mechanism for efficiently generating nonlinear optical phenomena. These effects are particularly
relevant in graphene and topological insulators, where massless Dirac fermions show a naturally nonlinear
optical behavior in the terahertz range. The strong interaction scenario has been considered so far from the
point of view of light. In this Letter, we investigate instead the effect of strong interaction on the plasmon
itself. In particular, we will show that Dirac plasmons in Bi2Se3 topological insulator are strongly
renormalized when excited by high-intensity terahertz radiation by displaying a huge red-shift down to
60% of its characteristic frequency. This opens the road towards tunable terahertz nonlinear optical devices
based on topological insulators.
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Nonlinear phenomena play a fundamental role in modern
photonics, by enabling many optical functionalities like
ultrashort pulse generation and shaping, sum- and differ-
ence-frequency processes and ultrafast switching. These
effects usually happen in a host material and can be
described in terms of an effective photon-photon interaction
governed by the material’s properties. However, most of
nonlinear optical effects are extremely weak and have been
observed only in the visible and near-infrared spectral
regions. In order to enhance the local electromagnetic field
and extending nonlinear phenomena towards the techno-
logical important terahertz (THz) spectral range, many
strategies have been proposed. These proceed along two
main directions: the investigation of novel nonlinear
materials, for instance graphene [1,2], topological insula-
tors (TI) [3], and 3D Dirac systems [4] whose low-energy
electrodynamics is characterized by massless Dirac fer-
mions having an intrinsically nonlinear THz response [5,6],
and material engineering through cutting edge nanotech-
nologies [7]. A strong nonlinear THz response can be
obtained by combining these two strategies.
Topological insulators are quantum materials exhibiting

an insulating electronic gap in the bulk, whose opening is
due to strong spin-orbit interaction, and gapless surface
states at their interfaces [9]. These surface states are metallic,
characterized by a Dirac dispersion, showing a chiral spin
texture [10,11] and protected from backscattering by the

time-reversal symmetry. Furthermore, TI surface states
spontaneously provide a 2D Dirac-fermion system, segre-
gated from the bulk material without the need of physically
implementing an atomic monolayer.
The optical properties of TIs are characterized by a free-

particle Drude term in the THz region superimposed to a
phonon absorption. The Drude term is mainly due to Dirac
carriers [12] which also substain electronic collective
excitations, i.e., Dirac plasmons [12,13].
Plasmons provide the unique possibility to store in

subwavelength spatial regions the information encoded
in a light beam, a property which is of the highest interest
for nano-electronics applications and already exploited in
nano-(bio) sensors for the detection of vanishingly small
quantities of a given analyte [14,15]. The subwavelength
confinement implies that the electromagnetic energy asso-
ciated with the light field is highly concentrated in so-called
hot spots, where the interaction of light and matter is
strongly enhanced thus allowing for ultrafast processing
of optical signals down to the femtosecond timescale.
This strong interaction scenario has been considered so
far mainly from the point of view of light, with the plasmon
hot spots providing an efficient transduction mechanism to
induce high-order light-mixing processes and enabling new
optical functionalities [16]. The study of the nonlinear
effects on the plasmon itself, like changes on its character-
istic excitation frequency due to the strong (nonlinear)
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interaction with light, have been much less addressed so far
from an experimental viewpoint.
In this Letter, we fill this gap by studying the plasmonic

response in the terahertz region in Bi2Se3 TI thin films
when Dirac plasmons are excited by a strong THz electric
field in the MV/cm range. Bi2Se3 TI molecular beam
epitaxy (MBE)-based thin films are particularly suitable for
optical measurement. Indeed, through the MBE growing
technique, one minimizes defects and out-of-stoichiometry,
strongly reducing extrinsic optical absorption from the bulk
and obtaining a nearly pure Dirac response from surface
[3,12,17]. A THz plasmonic excitation can be achieved
if the TI surface is patterned, for instance in the form of
parallel ribbons, thereby providing to THz light the
necessary momentum to match, in the absorption process,
the plasmon’s dispersion relation (see Fig. 1). Dirac-based
THz plasmons have been indeed observed in the past few
years, both in graphene [18] and TIs [13,19–23]. We show
that Dirac plasmon resonances in Bi2Se3 ribbon array films
are strongly renormalized upon intense THz illumination,
by displaying a red-shift down to 60% of their linear value
measured at low ETHz field. Our observation proves that TI
nanoribbons provide a viable way towards a light-only
active ultrafast plasmon manipulation and tunable sensors.
Results.—We have prepared two different patterned films

of Bi2Se3 in form of parallel ribbons with a period 2w and
widths w ¼ 4 and 20 μm (filling factor 1=2). The THz
transmittance TðνÞ in the linear regime were measured with
the synchrotron-based FTIR setup of the SISSI beam line
[24] at the Elettra light source, providing THz pulses at
500 MHz repetition rate with an associated electric field
of about 0.1 kV=cm. In order to investigate a possible THz
induced nonlinear plasmon behavior, we have employed
the TeraFERMI [8,25] source at FERMI@Elettra Free-
Electron Laser, providing high-power broadband sub-ps
THz pulses, coupled with a homemade step-scan
Michelson interferometer.

The extinction coefficient EðνÞ ¼ 1 − Tðν), as extracted
from transmittance TðνÞmeasurements with light polarized
perpendicular to the ribbons, is reported in Fig. 2 for the
two films.
In the linear regime (i.e., for ETHz ¼ 0.1 kV=cm) one

identifies a two hump structure (see Fig. 2) in the extinction
spectrum of the Bi2Se3 ribbon array patterned films. As
already shown in Ref. [13], this peculiar absorption feature
can be attributed to the THz plasmon resonance which is
activated by the patterned structure, coupled via a Fano
interaction, with the α phonon at nearly 2 THz. In
particular, the low energy peak observable in the Eðν)
spectra (between nearly 0.8–1.5 THz in Fig. 2) corresponds
to the dressed plasmon, while the high energy mode
(between nearly 2–2.5 THz) to the dressed α phonon. A
closer look to the raw extinction data in Fig. 2 (empty
circles) and in particular to the low-frequency maxima
shows an evident softening [arrows in Figs. 2(a)–2(e) and
2(f)–2(i)] of the dressed plasmon mode.

FIG. 1. Plasmons in a topological insulator. Plasmons are
collective oscillations of electrons that can be directly excited
by electromagnetic radiation in the presence of an extra mo-
mentum kextra. This is achieved in the present experiment (a),(b),
through ribbon arrays (width w, period 2w, and kextra ¼ π=w),
fabricated onto the surface of topological insulator Bi2Se3 films
(a) with linearly dispersive electronic bands (c). Plasmons are
excited after illumination with sub-ps, half-cycle THz pulses
produced at the FERMI free-electron laser [8].

FIG. 2. Fluence-dependent THz spectra. Panels (a)–(e) display
the THz extinction coefficient EðνÞ of the w ¼ 4 μm ribbon array
patterned film for different THz electric field values. THz light is
perpendicularly polarized to the ribbons. EðνÞ shows a plasmon-
phonon coupled spectrum (see main text). In particular the low-
frequency maxima correspond to the dressed plasmon and the
high-frequency modes to the dressed α phonon. The full line is a
fit according to Eq. (1). The same is shown in panels (f)–(i) for
the w ¼ 20 μm patterned film. Both the dressed plasmons (see
arrows) and the bare plasmon absorption [dashed lines as
calculated from Eq. (1)], show an evident softening vs the
THz electric field.
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In order to map the softening of the dressed plasmon to
the corresponding softening of the bare plasmon, we fit the
extinction coefficient through the following equation
obtained by Giannini et al. [26]:

Eðν0Þ ¼ ½ν0 þ qðν0Þ�2
ν02 þ 1

×
g2

1þ ðν−νpΓp=2
Þ2 ; ð1Þ

where νp (Γp) is the bare plasmon frequency (linewidth)
and νph is the bare phonon frequency. The expressions for
the renormalized frequency ν0 and for the Fano parameter q,
that is the ratio between the probability amplitude of
exciting a discrete state (phonon) or a continuum or
quasicontinuum state (plasmon), are reported in the
Supplemental Material [27]. Finally g is the plasmon-
radiation coupling factor.
After fitting data from Fig. 2, to Eq. (1), we can establish

the THz electric field dependence of the bare plasmon
frequency νp, as reported in Fig. 3 (see the Supplemental
Material [27] for the ETHz values estimate). With increasing
field the bare plasmon frequency of the 4 μm-ribbon film
shifts from 1.8 at 0.1 kV=cm (the linear regime value) to
1.6 THz at the highest field (∼1 MV=cm), i.e., 85% of its
linear value. Analogous results are also found for the film
with 20 μm-ribbon pattern for which the field-dependent
bare plasmon frequency changes from 1.5 to 0.9 THz, thus
resulting in a plasmon softening of about 60%. A similar
softening is shown by the dressed plasmons for both 4 and
20 μm ribbon arrays, when their frequencies are extracted
from extinction data through a Lorentz fitting (see Fig. S1
in [27]). Let us observe that the THz-induced plasmon-
softening is at variance with optical pump-THz probe
results. Here, indeed, a plasmon hardening has been
observed [32] due to an effective increase of the Dirac

carrier population determined by the pumping above the
optical gap of Bi2Se3.
Discussion.—A softening of the plasmon frequency at

high THz fields was recently predicted in graphene by
several authors [6,33]. One theoretical approach to the
problem consists in solving the Boltzmann equation of
transport in a nonperturbative way [5,6]. The nonlinear
properties can be completely defined by one dimensionless
parameter F τ ¼ τeETHz=ℏkF, where e is the electron
charge, ETHz, the THz electric field, τ the scattering rate
of free Dirac electrons, and kF the Fermi wave vector. F τ

essentially measures the ratio of the energy transferred
by the THz pulse to a single electron between two
scattering events with respect to the Fermi energy (see
the Supplemental Material [27]). The model predicts a very
significant plasmon softening at relatively low fields
(∼10 kV=cm) which is however not found in our exper-
imental data (Fig. 3, red dashed line). A probable explan-
ation for this disagreement is related to the low heat
capacity associated to the massless Dirac electrons.
Indeed, the temperature of the electron bath undergoes a
strong enhancement upon intense THz excitation (which is
actually not considered in the Boltzmann equation model),
thus resulting in a nonlinear response dominated by
incoherent thermal effects [33].
In order to take into account the local variation of

temperature due to the absorption of the THz energy, we
adopt a standard two-temperature model [34,35]. Here,
the electronic temperature Te of our Bi2Se3 films can be
determined by numerically solving the coupled differential
equations:

ceðTeÞ
dTe

dt
¼ −GðTeÞðTe − TlÞ þ PðtÞ; ð2Þ

clðTeÞ
dTL

dt
¼ GðTeÞðTe − TlÞ; ð3Þ

where Te and Tl are the electronic and lattice temperatures
respectively, ceðTeÞ is the electronic specific heat, GðTeÞ
describes the coupling between the electron and phonon
subsystems, clðTeÞ is the lattice specific heat, and PðtÞ is
the THz instantaneous power absorbed by the film. As
detailed in the Supplemental Material [27], all these
parameters are available from literature. As a consequence
of the THz pulse absorption, the electronic temperature of
Bi2Se3 reaches up to 1500 K for fields of about 1 MV=cm.
This value is significantly lower than the Fermi temperature
in Bi2Se3. Let us notice that Te in Bi2Se3 is also lower than
in graphene, where, due to a less effective interaction of
electrons with the lattice, electronic temperatures as high as
6000 K are observed under the same illumination con-
ditions [36]. Similarly to graphene, the rise of Te follows
the pump profile PðtÞwithin few 10s of fs, and relaxes back
to the lattice temperature within few ps [27].

FIG. 3. Plasmon softening. Experimental plasmon frequency νp
values for both patterned films are shown here as a function of the
THz electric field ETHz. According to the Boltzmann equation
formalism a softening of the plasmon (dashed red line) is
theoretically predicted [6]. This model fails in reproducing the
experimental data. On the other hand, a thermodynamic model
(black dotted line), correctly catches our experimental observa-
tions (see main text).
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The increase of the electronic temperature due to the
THz illumination can be traced in a strong modification of
the electronic chemical potential and, finally, in the soft-
ening of the plasmon frequency. Indeed, in a Dirac system
the Sommerfeld expansion of the chemical potential at the
first order writes μðTeÞ ∼ ϵF½1 − ðπ2k2BT2

e=6ϵ2FÞ� [36,37],
which directly mirrors in the temperature dependence
of νp ∝ μðTeÞ1=2.
According to a pure thermodynamic model, this relation-

ship can be used to find the dependence of νp on ETHz

which is shown in Fig. 3 (black dotted line). The predicted
plasmon frequencies, are in remarkable agreement with the
experimental data, with a minor deviation observed only at
the 1.2 MV=cmTHz field point for the 20 μm patterned
film. This deviation could be due to a thermal excitation of
electrons from the surface into the bulk, inducing a further
softening of plasmon not considered in Eqs. (2) and (3).
The thermodynamic model has been already used to
describe the field-dependent THz nonlinear properties of
graphene, like its optical conductivity [1], harmonics
generation [2], and pump-probe dynamics in ribbon arrays
[36,37]. It is also known that when the electronic temper-
ature increases, the electron-electron scattering rate
increases as well. Since the Boltzman kinetic equation
does not take into account electron-electron many-body
effects [38], its applicability for high THz pump intensities
becomes questionable, while a hydrodynamic regime
uniquely characterized by frictional forces between elec-
trons may eventually apply for high enough Te [39]. In the
case of TIs, a purely hydrodynamic regime is probably
hampered by the presence of electron-phonon scattering
channels which are much more significants than in gra-
phene. However the increase in Te is still high enough to
make the Boltzmann kinetic approach not suitable to the
description of our data.
We have shown here, that Dirac plasmons in Bi2Se3

topological insulator ribbon arrays can be tuned with THz
light, over a wavelength range spanning almost one octave.
In the regime explored in this Letter, the plasmon softening
effects can not be described with a conventional Boltzmann
equation model, while a thermodynamic picture, similar to
that recently applied to graphene, captures most of our
findings. The strong renormalization of plasmon excitation
observed here, is extremely promising for the exploitation
of topological insulators as a platform for the realization of
active plasmonic devices, their unique properties in terms
of spin-polarized currents representing an additional asset
for ultrafast nanospintronics applications.

J. M. and S. O. are supported by the Gordon and
Betty Moore Foundation’s EPiQS Initiative (Grant
No. GBMF4418) and National Science Foundation
(NSF) Grant No. EFMA-1542798. S. L. is supported by
Italian Ministry of Foreign Affairs and International
Cooperation (PGR00806). P. D. P., A. P., and S. L.

conceived the study. P. D. P, N. A., and F. P. carried out
the experiment. P. D. P. and A. P. analyzed the data and
carried out theoretical modeling. J. M. and S. O. prepared
the films. A. D. G. performed lithographic patterning. S. D.
M. and S. S. prepared the electron beam for THz emission.
P. D. P., A. P., and S. L. wrote the manuscript with con-
tributions from all the authors.

*Corresponding author.
paola.dipietro@elettra.eu

[1] Z. Mics, K.-J. Tielrooij, K. Parvez, S. A. Jensen, I. Ivanov,
X. Feng, K. Müllen, M. Bonn, and D. Turchinovich,
Thermodynamic picture of ultrafast charge transport in
graphene, Nat. Commun. 6, 7655 (2015).

[2] H. A. Hafez et al., Extremely efficient terahertz high-
harmonic generation in graphene by hot Dirac fermions,
Nature (London) 561, 507 (2018).

[3] F. Giorgianni, et al., Strong nonlinear terahertz response
induced by Dirac surface states in Bi2Se3 topological
insulator, Nat. Commun. 7, 11421 (2016).

[4] B. Cheng, N. Kanda, T. N. Ikeda, T. Matsuda, P. Xia, T.
Schumann, S. Stemmer, J. Itatani, N. P. Armitage, and R.
Matsunaga, Efficient Terahertz Harmonic Generation with
Coherent Acceleration of Electrons in the Dirac Semimetal
Cd3As2, Phys. Rev. Lett. 124, 117402 (2020).

[5] S. A. Mikhailov, Nonperturbative quasiclassical theory of
the nonlinear electrodynamic response of graphene, Phys.
Rev. B 95, 085432 (2017).

[6] S. A. Mikhailov, Influence of optical nonlinearities on
plasma waves in graphene, ACS Photonics 4, 3018 (2017).

[7] M. Liu et al., Terahertz-field-induced insulator-to-metal
transition in vanadium dioxide metamaterial, Nature
(London) 487, 345 (2012).

[8] A. Perucchi, S. Di Mitri, G. Penco, E. Allaria, and S. Lupi,
The TeraFERMI terahertz source at the seeded FERMI free-
electron-laser facility, Rev. Sci. Instrum. 84, 022702 (2013).

[9] J. E. Moore, The birth of topological insulators, Nature
(London) 464, 194 (2010).

[10] M. Z. Hasan and C. L. Kane, Colloquium: Topological
insulators, Rev. Mod. Phys. 82, 3045 (2010).

[11] C. L. Kane and E. J. Mele, Quantum Spin Hall Effect in
Graphene, Phys. Rev. Lett. 95, 226801 (2005).

[12] M. Autore, P. Di Pietro, A. Di Gaspare, F. D’Apuzzo, F.
Giorgianni, M. Brahlek, N. Koirala, S. Oh, and S. Lupi,
Terahertz plasmonic excitations in Bi2Se3 topological in-
sulator, J. Phys. Condens. Matter 29, 183002 (2017).

[13] P. Di Pietro et al., Observation of Dirac plasmons in a
topological insulator, Nat. Nanotechnol. 8, 556 (2013).

[14] A. Toma et al., Squeezing terahertz light into nanovolumes:
Nanoantenna enhanced terahertz spectroscopy (NETS) of
semiconductor quantum dots, Nano Lett. 15, 386 (2015).

[15] O. Limaj, S. Lupi, F. Mattioli, R. Leoni, and M. Ortolani,
Midinfrared surface plasmon sensor based on a substrateless
metal mesh, Appl. Phys. Lett. 98, 091902 (2011).

[16] M. Kauranen and A. V. Zayats, Nonlinear plasmonics, Nat.
Photonics 6, 737 (2012).

[17] N. Bansal, Y. S. Kim, M. Brahlek, E. Edrey, and S. Oh,
Thickness-Independent Transport Channels in Topological

PHYSICAL REVIEW LETTERS 124, 226403 (2020)

226403-4

https://doi.org/10.1038/ncomms8655
https://doi.org/10.1038/s41586-018-0508-1
https://doi.org/10.1038/ncomms11421
https://doi.org/10.1103/PhysRevLett.124.117402
https://doi.org/10.1103/PhysRevB.95.085432
https://doi.org/10.1103/PhysRevB.95.085432
https://doi.org/10.1021/acsphotonics.7b00468
https://doi.org/10.1038/nature11231
https://doi.org/10.1038/nature11231
https://doi.org/10.1063/1.4790428
https://doi.org/10.1038/nature08916
https://doi.org/10.1038/nature08916
https://doi.org/10.1103/RevModPhys.82.3045
https://doi.org/10.1103/PhysRevLett.95.226801
https://doi.org/10.1088/1361-648X/aa63ac
https://doi.org/10.1038/nnano.2013.134
https://doi.org/10.1021/nl503705w
https://doi.org/10.1063/1.3559616
https://doi.org/10.1038/nphoton.2012.244
https://doi.org/10.1038/nphoton.2012.244


Insulator Bi2Se3 Thin Films, Phys. Rev. Lett. 109, 116804
(2012).

[18] L. Ju et al., Graphene plasmonics for tunable terahertz
metamaterials, Nat. Nanotechnol. 6, 630 (2011).

[19] M. Autore et al., Plasmon-phonon interactions in topologi-
cal insulator microrings, Adv. Opt. Mater. 3, 1257
(2015).

[20] M. Autore, H. Engelkamp, F. D’Apuzzo, A. Di Gaspare,
P. Di Pietro, I. L. Vecchio, M. Brahlek, N. Koirala, S. Oh,
and S. Lupi, Observation of magnetoplasmons in Bi2Se3
topological insulator, ACS Photonics 2, 1231 (2015).

[21] M. Autore et al., Topologically protected Dirac plasmons
and their evolution across the quantum phase transition in a
ðBi1−xInxÞ2Se3 topological insulator, Nanoscale 8, 4667
(2016).

[22] Y. D. Glinka, S. Babakiray, T. A. Johnson, M. B. Holcomb,
and D. Lederman, Nonlinear optical observation of coherent
acoustic Dirac plasmons in thin-film topological insulators,
Nat. Commun. 7, 13054 (2016).

[23] A. Politano, V. M. Silkin, I. A. Nechaev, M. S. Vitiello,
L. Viti, Z. S. Aliev, M. B. Babanly, G. Chiarello, P. M.
Echenique, and E. V. Chulkov, Interplay of Surface and
Dirac Plasmons in Topological Insulators: the Case of
Bi2Se3, Phys. Rev. Lett. 115, 216802 (2015).

[24] S. Lupi, A. Nucara, A. Perucchi, P. Calvani, M. Ortolani, L.
Quaroni, and M. Kiskinova, Performance of SISSI, the
infrared beamline of the ELETTRA storage ring, J. Opt.
Soc. Am. B 24, 959 (2007).

[25] P. Di Pietro, N. Adhlakha, F. Piccirilli, L. Capasso, C.
Svetina, S. Di Mitri, M. Veronese, F. Giorgianni, S. Lupi,
and A. Perucchi, TeraFERMI: A superradiant beamline for
THz nonlinear studies at the FERMI free electron laser
facility, Synchrotron Radiat. News 30, 36 (2017).

[26] V. Giannini, Y. Francescato, H. Amrania, C. C. Phillips, and
S. A. Maier, Fano resonances in nanoscale plasmonic
systems: A parameter-free modeling approach, Nano Lett.
11, 2835 (2011).

[27] See the Supplemental Material at http://link.aps.org/
supplemental/10.1103/PhysRevLett.124.226403 for further
details on the experiment and data analysis, which includes
Refs. [28–31].

[28] N. Bansal et al., Epitaxial growth of topological insulator
Bi2Se3 film on Sið111Þ with atomically sharp interface, Thin
Solid Films 520, 224 (2011).

[29] A. Nucara, S. Lupi, and P. Calvani, The synchrotron infrared
beamline SISSI at ELETTRA, Infrared Phys. Technol. 45,
375 (2004).

[30] T. Ozaki, F. Blanchard, G. Sharma, L. Razzari, X. Ropagnol,
F. Vidal, R. Morandotti, J.-C. Kieffer, M. Reid, and F.
Hegmann, THz imaging and spectroscopy using intense
THz sources at the advanced laser light source, Phys.
Procedia 5, 119 (2010).

[31] P. F. Henning, C. C. Homes, S. Maslov, G. L. Carr, D. N.
Basov, B. Nikolić, and M. Strongin, Infrared Studies of the
Onset of Conductivity in Ultrathin Pb Films, Phys. Rev.
Lett. 83, 4880 (1999).

[32] S. Sim et al., Ultra-high modulation depth exceeding
2,400% in optically controlled topological surface plas-
mons, Nat. Commun. 6, 8814 (2015).

[33] J. D. Cox and F. J. G. de Abajo, Transient nonlinear
plasmonics in nanostructured graphene, Optica 5, 429
(2018).

[34] R. W. Schoenlein, W. Z. Lin, J. G. Fujimoto, and G. L.
EesleyFemtosecond Studies of Nonequilibrium Electronic
Processes in Metals, Phys. Rev. Lett. 58, 1680 (1987).

[35] Y.-P. Lai, H.-J. Chen, K.-H. Wu, and J.-M. Liu, Temper-
ature-dependent carrier-phonon coupling in topological
insulator Bi2Se3, Appl. Phys. Lett. 105, 232110 (2014).

[36] M.M. Jadidi, J. C. König-Otto, S. Winnerl, A. B. Sushkov,
H. D. Drew, T. E. Murphy, and M. Mittendorff, Nonlinear
terahertz absorption of graphene plasmons, Nano Lett. 16,
2734 (2016).

[37] M.M. Jadidi,K.M.Daniels,R. L.Myers-Ward,D. K.Gaskill,
J. C.König-Otto, S.Winnerl,A. B. Sushkov,H. D.Drew, T. E.
Murphy, and M. Mittendorff, Optical control of plasmonic
hot carriers in graphene, ACS Photonics 6, 302 (2019).

[38] Z. Sun, D. N. Basov, and M.M. Fogler, Third-order optical
conductivity of an electron fluid, Phys. Rev. B 97, 075432
(2018).

[39] Z. Sun, D. N. Basov, and M.M. Fogler, Universal linear and
nonlinear electrodynamics of a Dirac fluid, Proc. Natl.
Acad. Sci. U.S.A. 115, 3289 (2018).

PHYSICAL REVIEW LETTERS 124, 226403 (2020)

226403-5

https://doi.org/10.1103/PhysRevLett.109.116804
https://doi.org/10.1103/PhysRevLett.109.116804
https://doi.org/10.1038/nnano.2011.146
https://doi.org/10.1002/adom.201400513
https://doi.org/10.1002/adom.201400513
https://doi.org/10.1021/acsphotonics.5b00036
https://doi.org/10.1039/C5NR02976G
https://doi.org/10.1039/C5NR02976G
https://doi.org/10.1038/ncomms13054
https://doi.org/10.1103/PhysRevLett.115.216802
https://doi.org/10.1364/JOSAB.24.000959
https://doi.org/10.1364/JOSAB.24.000959
https://doi.org/10.1080/08940886.2017.1338423
https://doi.org/10.1021/nl201207n
https://doi.org/10.1021/nl201207n
http://link.aps.org/supplemental/10.1103/PhysRevLett.124.226403
http://link.aps.org/supplemental/10.1103/PhysRevLett.124.226403
http://link.aps.org/supplemental/10.1103/PhysRevLett.124.226403
http://link.aps.org/supplemental/10.1103/PhysRevLett.124.226403
http://link.aps.org/supplemental/10.1103/PhysRevLett.124.226403
http://link.aps.org/supplemental/10.1103/PhysRevLett.124.226403
http://link.aps.org/supplemental/10.1103/PhysRevLett.124.226403
https://doi.org/10.1016/j.tsf.2011.07.033
https://doi.org/10.1016/j.tsf.2011.07.033
https://doi.org/10.1016/j.infrared.2004.01.005
https://doi.org/10.1016/j.infrared.2004.01.005
https://doi.org/10.1016/j.phpro.2010.08.128
https://doi.org/10.1016/j.phpro.2010.08.128
https://doi.org/10.1103/PhysRevLett.83.4880
https://doi.org/10.1103/PhysRevLett.83.4880
https://doi.org/10.1038/ncomms9814
https://doi.org/10.1364/OPTICA.5.000429
https://doi.org/10.1364/OPTICA.5.000429
https://doi.org/10.1103/PhysRevLett.58.1680
https://doi.org/10.1063/1.4904009
https://doi.org/10.1021/acs.nanolett.6b00405
https://doi.org/10.1021/acs.nanolett.6b00405
https://doi.org/10.1021/acsphotonics.8b01499
https://doi.org/10.1103/PhysRevB.97.075432
https://doi.org/10.1103/PhysRevB.97.075432
https://doi.org/10.1073/pnas.1717010115
https://doi.org/10.1073/pnas.1717010115

