Terahertz Plasmonic Excitations in Bi;Se; Topological Insulator
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After the discovery of Dirac electrons in condensed matter physics, more specifically in graphene
and its derivatives, their potentialities in the fields of plasmonics and photonics have been readily
recognized, leading to a plethora of applications in active and tunable optical devices. Massless
Dirac carriers have been further found in 3-dimensional (3D) topological insulators (TI). These
exotic quantum systems have an insulating gap in the bulk and intrinsic Dirac metallic states at
any surface, sustaining not only single-particle excitations but also plasmonic collective modes. In
this paper we will review the plasmon excitations in different microstructures patterned on BisSes
topological insulator thin films as measured by terahertz spectroscopy. We discuss the dependence
of the plasmon absorption versus the microstructure shape, wavevector, and magnetic field. Finally
we will discuss the topological protection of both the Dirac single-particle and plasmon excitations.

PACS numbers: 71.30.4h, 78.30.-j, 62.50.4p
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INTRODUCTION

During the last decades, the field of plasmonics has
been object of extensive research, as a potential tech-
nological platform to combine electronics and photon-
ics at the nanoscale. Plasmons are collective oscilla-
tions of charge carriers in metal and semiconductors,
that can propagate over extended surfaces or can be lo-
calized as eigen-mode of an engineered nanostructure,
thus enabling subwavelength light confinement and a gi-
ant electric field enhancement into specific nano-sized re-
gions, called hotspots [1]. These appealing properties
have been proved to be an excellent tool in a wide range
of applications, such as optical sensing [2-8], quantum
electrodynamics [9, 10], nonlinear optics [11, 12], pho-
tovoltaic technologies [13], and medical diagnosis and
treatment [14, 15]. Many efforts have been made to engi-
neer plasmonic devices with tailored plasmon frequencies
and associated electric field spatial distribution. This can
be achieved by fabricating different metallic micro- and
nanostructures [16, 19-26] and exploiting widely stud-
ied phenomena as Fano interactions [17, 18] with other
excitations, plasmon hybridization [27, 28], and electro-
magnetically induced transparency [29, 30].
Nevertheless, there is growing awareness inside the sci-
entific community that the full potential of this field has
still to be realized. To this extent, one of the key points
is the investigation and development of new plasmonic

materials able to improve the plasmonic performance, in
particular in the mid-infrared and terahertz parts of the
electromagnetic spectrum. Plasmonic devices have been
indeed conventionally based on noble metals, which suffer
from many drawbacks, such as losses [31, 32], high car-
rier concentration leading to scarce tunability and diffi-
culty with incorporation into silicon based platforms [33].
So far, several alternative plasmonic materials have been
studied, such as low and high-Tc¢ superconductors [29],
conductive oxides [33], and graphene [28, 34-40]. In par-
ticular, graphene shows an unprecedented potential in
electro-optical applications, due to its peculiar electronic
structure characterized by Dirac electrons.

The total energy for a relativistic particle of rest mass
m can be written as E=4+/p2c?2 + m2¢*. For a parti-
cle with zero rest mass, this equation reduces to E=+pc,
and the particle follows the massless Dirac equation, with
linear energy/momentum dispersion. The existence in
solid-state physics of particles showing this behavior has
just recently been proved in graphene and its derivatives,
whose electrons indeed show linear dispersion relation
and a zero density of states at the Fermi energy.

This means that a few additional charge carriers pro-
duce a large shift in the chemical potential strongly mod-
ulating the optical properties of graphene and plasmon-
based graphene devices, providing excellent levels of
electro-optical tuneability via chemical and/or electro-
static doping [41-43].



Besides graphene, Dirac charge carriers have been suc-
cessively discovered in three-dimensional topological in-
sulators. These exotic quantum systems are intrinsi-
cally stratified materials characterized, in the bulk, by
an insulating electronic gap due to a strong spin-orbit
interaction (SOI), and by gapless Dirac surface states
at any edge and interface [44-46]. They thus provide a
2D Dirac-fermion system segregated from the bulk ma-
terial without the need of physically implementing an
atomic monolayer, as in the case of graphene. Moreover,
TI surface states show other peculiar properties, such
as spin-momentum locking and back-scattering protec-
tion by time-reversal symmetry. This means that they
cannot be destroyed or gapped by scattering processes,
other than magnetic impurities. Because of these ap-
pealing features, TIs have attracted a growing interest
due to their potential application in quantum comput-
ing [47, 48], terahertz (THz) detectors [49], and spin-
tronic devices [50], and some of these applications could
benefit from propagating and localized plasmons in these
materials. Moreover, the spin-momentum locking of the
Dirac electrons theoretically lead to a coupling between
the plasmon modes and the spin waves, giving rise to the
so-called spin-plasmon excitations [51]. This coupling, in
principle, could provide a control of the spin excitations
through the electromagnetic field.

2D Dirac electrons at the surface of topological insu-
lators have been proved to sustain both single-particle
[52] and plasmon excitations [53-57]. In this paper we
will review the plasmonic excitations in BisSes topolog-
ical insulator thin films. Among TIs, BisSes is one of
the most promising materials because of the large bulk
gap Ey ~ 300 meV which reduces extrinsic effects due to
surface contamination and unstoichiometry [58].

This paper is organized as follows: In Section 1 we
discuss the crystal and electronic structures of BisSes.
Fabrication procedure of BizSes thin films and plasmonic
microstructures will be discussed in Section 2. In Section
3 we will provide information about THz spectroscopy
experimental technique. In Section 4 we review plasmon
excitations in different patterned structures: ribbon ar-
ray and ring array of different pitch and particle size.
In Section 5 the ribbon structures will be studied ver-
sus a strong magnetic field in order to investigate mag-
netoplasmon excitations. In Section 6, we will discuss
the effect of topological protection on single-particle and
plasmons in BisSes. Finally, in Section 7, we conclude
the paper suggesting some perspectives on plasmonics in
3-Dimensional topological insulators.

1. CRYSTAL AND ELECTRONIC STRUCTURE
OF BI,SEs;.

After its theoretical prediction in 2009 [59], it was
rapidly demonstrated that bismuth selenide (BiaSes) rep-

resents a prototypical strong 3D topological insulator.
Indeed, its discovery promotes many new technological
applications, mostly because its topological behavior per-
sists even at room temperature. Moreover, BisSes has a
relatively large semiconducting gap of nearly 300 meV
and a single Dirac cone with a single band inversion at
the T" point, at variance with other 3D topological insu-
lators characterized by several surface bands. The crys-
talline structure of this material is rhombohedrical (point
group 3mDsd [60]), with five atoms per unit cell. As it is
shown in Fig.1, the structure is layered characterized by
a triangular lattice. The unit structure is constituted by
a quintuple layer (QL) which consists of five atoms with
two equivalent Se atoms, two equivalent Bi atoms and
a third Se atom, denoted Se;, Se;, Bi;, Bi; and Seg,
as shown in Fig.1, respectively. QLs are oriented per-
pendicularly to the vertical axis, and the van der Waals
force between two different QLs is much weaker than the
covalent bonding within each QL. The Sey site corre-
sponds to an inversion centre of symmetry that enables
to construct eigenstates with definite parity for the sys-
tem. The total thickness of BisSes is always an integer
number of quintuple layers, hence the film grows up by
a stacking of Bi-Se QLs, which are approximately 1 nm
thick.

A strong spin-orbit interaction (SOI) is at the origin
of the band inversion in BizSes [59]. The band structure
at the I' point of BisSes can be built through three hy-
bridization steps, which are represented in Fig. 2a. The
first step is the chemical bonding between atoms within
a QL. The second step is the crystal-field splitting and
the third one is obtained by adding the SOI, that is re-
sponsible of the crossing of the Bi and Se bands. Indeed,
the energy position of the states P17 and P2, depends
on the SOI intensity. If the SOI is large enough, their
energy position is reversed. As these two bands have an
opposite parity, their inversion drives the system into a
topological insulating phase. In the energy-momentum-
space this is described by the sketch in Fig. 2b. The
insulating bulk is characterized by a valence band sep-
arated by a gap from the conduction band. The bulk
states are spin-degenerate, that is F(k,7) = F(-k,|)
and E(k,T) = E(-k,7), because of time-reversal and
space symmetries. At any interface, space inversion
symmetry is violated and spin-splitting occurs due to
the SOI, except at Time-Reversal-Invariant-Momentum
points (Kramers points). Hence, spin-momentum locked
surface states start from the bulk valence band, cross each
other at I’ (the only Kramers point in BisSes) and merge
with the bulk conduction band. These surface states
show a linear energy/momentum dispersion E(k)=vghk
corresponding to massless fermions, as described above.

However, as usually in small gap semiconductors,
band-bending effects and surface accumulation layers
may induce massive electrons at the BisSes surface [58].
Terahertz measurements on the same films we investi-



gated in this paper, have further shown that those mas-
sive electrons participate to surface conduction with a
small contribution, less than 10% with respect to the to-
tal surface carrier density [52]. In the following we will
discuss the plasmonic excitations at the surface of BisSes
thin films and we will show that Dirac carriers provide
the main contribution to these excitations.

2. FILM GROWTH AND FABRICATION
PROCEDURE OF BI,SE; MICROSTRUCTURES.

High-quality thin films of BisSes were prepared by
molecular beam epitaxy using the standard two-step
growth method developed at Rutgers University [58, 61].
10 x 10 mm? Al,O3 substrates were first cleaned by heat-
ing to 750 °C in an oxygen environment to remove or-
ganic surface contamination. The substrates were then
cooled to 110 °C, and an initial three quintuple layers
of BisSes were deposited. This was followed by heating
to 220 °C, at which the remainder of the film was de-
posited to achieve the target thickness. The Se:Bi flux
ratio was kept to ~10:1 to minimize Se vacancies. BiySes
microstructures were fabricated by electron-beam lithog-
raphy and subsequent reactive ion etching at the CNR-
IFN institute in Rome. The BisSes film microstruc-
ture patterns were then written in the resist (PMMA)
by electron-beam lithography. To obtain a lithographic
pattern with a realignment precision below 10 nm over a
sample area suitable for terahertz spectroscopy of 10 x 10
mm?, we used an electron beam writer equipped with an
x-y interferometric stage (Vistec EBPG 5000). The pat-
terned resist served as mask for the removal of BisSes by
reactive ion etching at a low microwave power of 45 W to
prevent heating of the resist mask. Sulphur hexafluoride
(SFg) was used as the active reagent. The BisSes films
were etched at a rate of 20 nm min~!, which was verified
by atomic force microscopy after soaking the sample in
acetone to remove the PMMA. The in-plane edge quality
after reactive ion etching, inspected by atomic force mi-
croscopy, closely follows that of the resist polymer mask,
that is, with an edge roughness of <20 nm. Examples of
fabricated microstructures are presented in Fig. 3 where
we show both ribbon and ring arrays.

3. TERAHERTZ SPECTROSCOPY
EXPERIMENTAL TECHNIQUE.

We measure the light intensity transmitted by uniform
films and microstructures by steady-state terahertz spec-
troscopy (1 THz=33 cm~'=300 um=4 meV). The trans-
mitted intensity I, normalized to that of a bare substrate
Iy, provides the transmittance T(v)=I;/Iy [53-56]. From
T(v) we determine the extinction coefficient E(v)=1-
T(v) whose behavior versus microstructure shape, size

and magnetic field will be discussed in the following sec-
tions. Measurements in high magnetic fields have been
performed at the High Field Magnet Laboratory in Ni-
jmegen (The Netherlands) using a Bruker IFS113v spec-
trometer coupled to a resistive magnet. Light propagated
parallel to the magnetic field direction and perpendicular
to the sample surface (Faraday geometry), and the mag-
netic field was varied from 0 to 30 T, with 2.5 T steps.

4. PLASMON EXCITATIONS IN PATTERNED
STRUCTURES OF BI,SEs.

The plasmon dispersion law is such to prevent the con-
servation of momentum in a photon absorption process.
The extramomentum necessary to activate the absorp-
tion can be obtained by patterning the sample surface
with a subwavelength structure [62, 63]. A qualitative
example of plasmon dispersion is shown in Fig.4 and the
extramomentum for an array of ribbons is represented in
the inset of the same Figure.

In this paper we will discuss the plasmon modes of
different micro-structures: an array of one-dimensional
(1D) ribbons and an hexagonal array of circular rings.

4a. Ribbon array

The arrays of parallel ribbons are shown in Fig.5. Here
the array period is L = 2W and the ribbon width W.
This determines an extrawavevector of k = w/W and
a filling factor of the structure equal to 0.5. In Fig.
5a the Scanning Electron Microscope (SEM) image of
the W=2.5 pym patterned film is shown. Let us note
that the ribbon-array structure shows an intrinsic opti-
cal anisotropy. For ligth polarization perpendicular to
ribbons, plasmon can be excited, while through the par-
allel polarization one probes the single-particle optical
response of Dirac electrons.

The extinction coefficient F(v) of ribbon-array is re-
ported in Fig 5b at T= 6 K, for a uniform (non-
patterned) film and for the patterned films (d,e), once
normalized by the respective peak values at 6 K (black
lines). The uniform film in Fig. 5b exhibits a phonon
peak absorption (o mode) at 1.85 THz (61 em~!) and
a barely observable 8 mode at 4.0 THz (132 cm™1) [64].
These modes, characteristic of the insulating bulk, are
superimposed to a Drude absorption, which is mainly
related to Dirac surface states [52] (see also discussion
below). FE(v) of the patterned samples is reported in
Fig. 5d for the radiation electric field E parallel to the
ribbons. Therein, the phonon frequencies neither appre-
ciably change with W, nor with film thickness ¢. More-
over, spectra are very similar to that in Fig. 5b. This
indicates that the patterning procedure do not affect the
physical and chemical properties of films and one probes,



along this polarization direction, the single-particle car-
rier excitations.

Fig. 5e shows instead the extinction coeflicient for a
polarization perpendicular to the ribbons, i.e. along the
polarization direction where the plasmon can be excited.
As one can see, the a phonon is replaced by a double ab-
sorption, where both peak frequencies strongly depend on
W. These features are due to a mutual interaction among
the a phonon and the plasmon via a Fano interference.
This interaction produces a renormalization of both ex-
citation frequencies and a reshaping of the whole absorp-
tion, with a hardening of the mode at higher frequency
and a softening of that at lower frequency, independently
of their nature. A similar effect has been reported in the
literature for the interaction among doped graphene and
the mid-infrared phonon of SiOy substrate [65].

In order to extract from the data in Fig. 5e the bare
plasmon (v,) and phonon (v,) frequencies, we have fit-
ted the experimental data to a Fano model, obtained by
Giannini et al. [66]:
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The expressions for the renormalized frequency v’ and for
the Fano parameter ¢, that is the ratio between the prob-
ability amplitude of exciting a discrete state (phonon)
and a continuum state (plasmon) are the following:
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Therein, w and g are the coupling factors of the radia-
tion with the phonon and the plasmon, respectively, v
measures the phonon-plasmon interaction, and I'), is the
width of the plasmon line, assumed to be Lorentzian. Fi-
nally, v, is the plasmon bare frequency (see Ref. [53] for
more details).

The above model satisfactorily reproduces the experi-
mental data (red-empty circles) as shown by the dashed
black-line in Fig. 6. Therein, the bare phonon (blue line)
and plasmon (green line) contributions are also shown.
The phonon frequency does not change with W being
the same as in Fig. 5d (parallel polarization) while, for

the plasmon, both v, and I', decrease as W increases (see
also the inset in the bottom panel of Fig. 6).

The bare plasmon frequencies v, obtained from the
Fano fits are plotted vs. the experimental wavevector
k = n/W in Fig. 7. In order to assign the plasmon
excitations at the surface of BisSes to Dirac carriers we
compare in Fig. 7 the experimental dispersion law (red
circles) with theory. In particular, in Fig. 7 we plot the
Dirac dispersion (blue-dashed line), which, in the long
wavelength limit &k — 0 can be written as [67, 68]:

vp (k) = 1\/E< <

2 4megeh

wm)m (5)

In BisSes thin films np = 3£ 1 x 1013 cm™2, vp =
6+1x 107 cm/s [69]. It is worth to note that Eq. 5 does
not contain (in this low-k limit) either the film thickness
and the bulk dielectric function. It instead depends on
the average e=(e1+€2)/2 between the vacuum dielectric
function (e; = 1) and that of the substrate (e2 ~ 10).
The theoretical dispersion was calculated by Eq. 5 at
the wavevectors k = 7/W by using for np, vp, their
experimental values reported above. Calculation is re-
ported in Fig. 7 (blue dashed line) and one finds a very
good agreement with the experimental data (red circles),
without using free parameters.

In Refs. [70, 71], however, it has been noted that at the
highest wavevectors we measured, the low-k limit Equa-
tion (Eq. 5) is inadeguate to describe experimental data.
The authors of Ref. [70] proposed to modify Eq.5 with a
corrective term which contains the bulk dielectric func-
tion €py of BisSes and shows an explicit dependence on
the film thickness ¢.

vp(k) = IME(BQ
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In Ref. [70, 71] the calculation has been performed
by assuming €p,;x=100 as measured in the mid-infrared
range in BiyTes single-crystals [60] and using the same
parameters (Fermi velocity, surface Dirac charge density,
and dielectric functions at the film interfaces), as made
in Eq. 5. Results are reported in Fig. 7 by black line
and red line for film thickness of 60 QL and 120 QL, re-
spectively. As well evident, Eq. 6 (for €p,;x,=100) does
not describe plasmon frequency data in the whole range
of wavevectors representing, actually, a strong underes-
timate of the experimental results. Calculations have
been also made by assuming €p,;,=30, a value which
is more representative of dielectric properties of nearly
stoichiometric BizSes single crystals [64]. In this case
(red and black dashed lines in Fig. 7), a small discrep-
ancy still exists, in particular at high wavevectors, al-
though it is strongly reduced with respect to calculation
for Ebulkzloo.



In order to clarify better the dielectric properties of
the BisSes bulk which enters in Eq. 6, we have measured
reflectance and transmittance of our films grown on sap-
phire substrate from 500 to 6000 cm~! and we have ex-
tracted the real part of the bulk dielectric function in
the same spectral range through a Kramers-Kronig con-
sistent fit [72]. €pur can be estimated in this frequency
region as Stauber et al made in Ref. [70]. As shown
in the inset of Fig. 7, €pyx is nearly constant, assum-
ing an average value ~ 22 between 500 to 6000 cm™!.
This experimentally demonstrates that bulk ey, = 30
as obtained in nearly stoichiometric BisSeg single crystal
is an overestimate of the actual value, and €, = 100
as reported in Ref. [70] (measured on non stoichiomet-
ric controlled BisTes single crystals and then subject to
spurious contributions), is absolutely not consistent with
our films.

Eq. 6 has been calculated for €, = 22 for the actual
film thickness and the result is represented in Fig. 7 by
green diamonds. A good agreement is achieved between
theory and experimental data in this case. The small dis-
agreement (underestimate), less than 10% at the highest
wavevector, could indicate a possible small role of mas-
sive electrons at the surface of BisSes.

A plasmonic response due to massive carriers has been
recently observed via High Resolution Electron Energy
Loss spectroscopy (HREELS) [57] in BisSes single crys-
tals at room temperature and high wavevectors, and its
interplay with the Dirac plasmon has been studied. Let
us observe, however, that this experiment has been per-
formed on BisSes single crystals where the bulk con-
ductivity is strongly affected by impurities and out-of-
stoichiometry Bi:Se ratio [64]. These spurious contribu-
tions cannot be completely reduced even in more compen-
sated materials like Bis(Se;_,Te,)s [64]. Moreover, this
bulk non compensation reflects into an excess of massive
carriers at the surface in particular at room temperature
where most of impurities are ionized and where HREELS
measurements have been performed. So, although the re-
sults of [57] are very interesting, they cannot directly be
compared with optical data collected at He temperature
on better compensated thin films grown by MBE tech-
niques.

The optical detection of the massive conduction chan-
nel in the THz range is still object of investigation and
has led, so far, to different results: in Ref. [52, 55, 83]
authors report optical conductivity data and fit them to
a Drude-Lorentz model with a single Drude term (with
a scattering rate I' < 1.5 THz), finding a good quanti-
tative agreement between the extracted Drude spectral
weight and the Dirac carrier density measured via trans-
port. This analysis led to the conclusion that the massive
carriers contribution is at least negligible at low tem-
peratures in the THz range, where therefore the corre-
sponding conductance determining the plasmon response
is mainly due to Dirac carriers. On the other side, in

Ref. [73] the authors fit similar data to a model with two
different Drude terms: A narrow contribution (I' < 1.5
THz), related to Dirac carriers, and another broad term
(' > 4 THz), related to massive carriers. The massive
Drude provides a small, less then 10%, contribution to
the total Drude spectral weight. Let us notice, that this
value (~ 10%) is in good agreement with that estimate
from Fig. 7 at the highest wavevector. Nevertheless, the
massive carriers contribution has been showed to play an
important role in out of equilibrium dynamics of THz T1Is
plasmons, as probed via pump probe experiments [74].
Therefore, although we cannot exclude a contribution of
surface massive electrons both to single-particle and plas-
mon excitations of BigSesz thin films, in the present situ-
ation this contribution cannot be larger than 10% of the
total density of carriers. So, we can ascribe the plasmon
excitations mainly to Dirac carriers.

4b. Ring array

One of the interesting aspects of plasmonics, is the
possibility to implement and study the interaction and
hybridization of plasmonic modes in complex nanostruc-
tures [27]. This can be achieved for instance in mi-
croring arrays, which offer a richer plasmonic spectrum
compared to a parallel ribbon array [26, 54]. The plas-
mon modes in a ring can be understood according to
the scheme shown in Fig. 8b: a ring is the superposi-
tion of a disk and an anti-dot, which both sustain dipo-
lar plasmonic excitations. The superposition of the two
modes leads to their hybridization, into bonding and anti-
bonding modes, the first (at lower frequency) correspond-
ing to a symmetric charge fluctuation across the ring and
the second (at higher frequency) related to an antisym-
metric charge distribution. In order to investigate the
ring micro-structure, four films of BisSes (thickness t=60
nm) were patterned by electron-beam lithography and
reactive-ion etching to form periodic hexagonal arrays of
rings with different sizes. The outer (D) and inner (d)
ring diameters were chosen to have a D/d=3 disk-to-hole
aspect ratio, while the ratio between the lattice period
and the inner diameter was taken approximately to be
a/d=4 for all samples. Fig. 8a shows a scanning electron
microscope (SEM) image of the D=15 um patterned film,
whereas Fig. 8c presents optical microscope images of the
different arrays.

The extinction spectra of the ring-arrays, shown in
Fig. 8d at 10 K (solid lines), exhibit a three peak struc-
ture which shifts to higher frequency (blue shift) as the
ring size is decreased. These spectral features can be
explained by considering the fundamental bonding and
antibonding plasmon excitations of a ring and their Fano
interaction with the o phonon (see Fig. 8b). In BiySe;
microrings, the bonding mode interacts via a Fano pro-
cess with the a phonon at 1.85 THz (similarly to what



happens in the ribbon-array), determining the charac-
teristic peak-to-dip structure at low-frequency. The an-
tibonding plasmon is instead always at higher frequency
to the phonon mode (at least for the geometrical param-
eters here considered) and shows a negligible interaction
with the phonon.

In order to quantitavely investigate this behavior, theo-
retical electromagnetic simulations have been performed,
according to a model based on the polarizability of thin
scatterers, previously reported in several works [28, 75].
In this model, the only material parameter is the tera-
hertz conductance of unpatterned BisSes film, which was
measured in films coming from the same batch. The re-
sulting spectra are reported in Fig. 8d (dashed lines) and
show an overall good agreement with experimental data.
An useful insight into the observed phenomena is pre-
sented in Fig. 9, were the measured bonding and an-
tibonding plasmon modes, together with the a-phonon
(i.e. the corresponding maxima of extinction in Fig. 8d)
are reported as blue, red and black circles, respectively,
as a function of 1/D, a parameter proportional to the ”ef-
fective extrawavector” needed to activate the photon ab-
sorption process. The dispersion of the observed modes
is compared in the same figure to their bare theoretical
dispersion in the absence of the plasmon-phonon interac-
tion (occurring between bonding mode and a-phonon),
obtained by artificially switching off the phonon mode
in the electromagnetic simulations. The bare bonding
mode (blue dashed line) crosses the phonon frequency
(black dashed horizontal line) and these two modes hy-
bridize, giving rise to extinction maxima above and be-
low the phonon line (and a minimum around the bare
phonon frequency in agreement with the Fano mecha-
nism). In contrast, the bare antibonding plasmon (red
dashed line) is always far away to the phonon frequency,
so that its dispersion only experiences a mild redshift due
to interaction with the latter.

These two examples of patterning structures show an
intrinsic richness of the terahertz plasmon excitation
spectrum on the BisSes surface. This richness is due
to the high surface density of Dirac carriers in combina-
tion with the Fano interaction of plasmon modes with the
phonon spectrum of TIs whose characteristic frequencies
are in the terahertz range both in Bi;Ses and in the other
3D TI families.

5. MAGNETOPLASMON EXCITATIONS IN
BI.SEs.

In the previous Sections we have studied the plasmon
excitations in BisSes topological insulator films vs. the
geometrical shape: micro- ribbons and rings. However,
the excitations of a 2D electron gas are also sensitive to
the presence of an external magnetic field B [76]. In par-
ticular, the single-particle optical response described by

a Drude mode at zero field shifts at finite frequency for
B>0 due to the excitation of a cyclotron resonance. A
similar hardening happens also for plasmon excitations.
At zero field, in a ribbon-array, a single plasmon mode
is present (see Section 3a). In the following we will show
that this mode transforms into a magnetoplasmon exci-
tation which shifts to higher frequency vs. B and whose
dispersion vs B superimposes to the cyclotron dispersion
at high field B. The evolution with B of both cyclotron
resonance and magnetoplasmon will be used in the fol-
lowing to achieve two independent estimate of the dy-
namical mass of Dirac carriers in BisSes thin films.

In Fig. 10 we show the extinction coefficient E(v) vs.
frequency at different magnetic fields B (from 0 to 30 T)
for light polarization both perpendicular (plasmon, left
panel) and parallel (single-particle, right panel) to rib-
bons. Subsequent increasing field spectra are offset by a
factor 0.1 to better display the behavior of excitations.
At zero field the perpendicular polarization shows the
plasmon Fano hybridization with the a-phonon giving
rise to the peak-to-deep structure (Fig. 10, left panel) as
discussed in Section 3a. The Drude term corresponding
to the single-particle Dirac excitations superimposed to
the a mode can be instead observed for the parallel po-
larization (Fig. 10b). The plasmon mode evolves with B
into a unique excitation, as effect of the combination be-
tween plasmon and cyclotron resonance. This new mode,
called magnetoplasmon, still shows a Fano interaction
with the a phonon at any magnetic field value [56]. On
the other hand the Drude term evolves into a finite fre-
quency mode for B>0, i.e. the cyclotron resonance. The
bare magnetoplasmon frequency v, (orange-squares) at
all the measured B values is extracted from a Fano fit (see
Section 3a) of the corresponding extinction coefficient.
The cyclotron frequency v, (green-circles) is instead de-
termined fitting the corresponding spectra according to
the standard cyclotron resonance model for conductivity
[77] plus a lorentzian which captures the o phonon mode.

Both the bare plasmon and the cyclotron modes are
plotted in Fig. 11 ws. the magnetic field B.

The magnetoplasmon frequency vy, follows the equa-
tion [78]

Vmpz,/ug—&—yc? (7)

where v, is the plasmon frequency at zero field and v,
is the cyclotron frequency for the surface Dirac carriers.
As in our films the Fermi energy is EFr ~400 meV, well
above the Dirac point, the cyclotron resonance takes the
following classical dependence on the magnetic field

B eB
T 2mm*

(8)

Therefore, through Eq. 6 and 7, one can fit the behav-
ior of both the magnetoplasmon and cyclotron frequen-

Ve



cies vs. the magnetic field B. These fits (orange and green
dashed lines, respectively), where the only free parame-
ter is the dynamical mass of Dirac carriers m*, provide
a value of m*=0.1840.01 m, (m, is the bare electron
mass), for both the magnetoplasmon and cyclotron reso-
nance magnetic B dependence.

From Fig.11 one observes, at low field, that the cy-
clotron resonance is still well separated in energy from
the magnetoplasmon mode. At higher fields both exci-
tations asymptotically converge at the same energy, giv-
ing rise to a universal Dirac magnetic excitation on the
surface of BisSes.This behavior demonstrates an excel-
lent magnetic control of electronic excitations in TIs, and
this could open the way towards plasmon controlled (ter-
ahertz) magneto-optics devices [79].

Plasmon modes in topologically more complex struc-
tures like TT micro-rings have not been investigated so
far in a magnetic field. Here, theory [80] suggests a non
trivial behavior with the presence of excitations resem-
bling the bonding and the antibonding modes previous
discussed at zero field (Section 3b), and the appearence
of edge modes at finite B, i.e. 1D excitations, propagating
around the short and long ring diameters. Further work
should be dedicated to investigate these exotic plasmons
in rings and in other structures of topological insulators.

6. TOPOLOGICAL PROTECTION OF SINGLE
PARTICLE AND PLASMON MODES.

Dirac surface carriers are a consequence of the non

trivial topology of BiaSes 3D topological insulator [59].
As introduced above, these carriers are intrinsically pro-
tected from backscattering in absence of magnetic impu-
rities. This property is particularly appealing for appli-
cations, because topological protection should reflect in
reduced transport losses and single-particle and plasmon
observability even at room and higher temperature [53],
in contrast with other 2D electron systems [81].
It has been recently demonstrated that the topologically
protected surface states can be destroyed by means of
Bi to In substitution in (Bij_,In,)sSes thin films, de-
termining a Quantum Phase Transition (QPT) from a
topological to a trivial insulating phase [82]. Indium
substitution, indeed, weakens the spin-orbit interaction
causing, in the region between x(In) = 0.03 and 0.07,
the removal of the valence band-conduction band inver-
sion at the I' point (see Fig.2), which is at the origin
of the Dirac surface state bands. During this transition
process, angle-resolved photoemission spectroscopy mea-
surements have shown the closing and the re-opening of
the insulating gap A in concomitance with the apparence
of a ”trivial insulating” phase [82].

The trivial phase in (Bi;_,In,)2Ses is characterized by
an insulating gap A ~ 300 meV (i.e. on the same order
of magnitude of BisSes) and an extrinsic conduction of

massive (Schrodinger) electrons, with density similar to
that of Dirac carriers present in the topological phase
[82]. In order to discuss the topological protection in the
low-energy electrodynamics of 3D topological insulator,
we have studied both the single-particle and the plasmon
absorption in a ribbon array of (Bij_,In,)2Ses vs. the In
content.

In Fig.12a we show a sketch of the THz experiment.
A SEM image of a ribbon array for W= 8 pm is shown
in Fig. 12b. In Fig. 12c (d) we plot data for light po-
larization parallel (perpendicular) to the ribbons at dif-
ferent In content. These data have been fitted through a
Drude-Lorentz model (black line) and the single compo-
nents are represented in the same Figure by a blue and
green curves for the phonons and by a red-dashed curve
for the Drude term. By increasing the In content one
observes a reduction of the Drude spectral weight and
a broadening of its spectral shape. A similar effect can
be observed in Fig. 12d where the plasmon absorption
(orange empty circles) is shown together with the Fano
fit (black line, see Section 3a) and the bare plasmon (red
curve) component.

In order to quantify the effect of In substitution, we
report the plasmon broadening I',, in Fig.13 (red circles),
where the Drude single particle scattering rate I'p (as ex-
tracted from the present experiment and literature [83])
is also displayed (full and empty blue squares, respec-
tively). As one can clearly see from the Fig.13, the Drude
scattering rate I'p increases smoothly for low In substitu-
tions (z < 0.04), consistently with an increased impurity
scattering. However, around x =0.04 this smooth trend
converts into a steep increase, not explicable in terms of
a pure disorder effect due to In substitution. Moreover,
this jump is not associated to a lattice transition since
the crystal structure of (Bij—_,In,)2Ses does not change
in the In interval we studied [82]. This sudden broaden-
ing of the Drude term across the QPT has been addressed
to the loss of topological protection [61, 83]. Indeed this
protection, which is associated with the spin-momentum
locking mechanism [84], sets to zero the backscattering
probability and it is also effective in reducing the scat-
tering effect (and then the dispersion of single-electron
momentum) in a wide range of scattering angles between
100°-180° [85].

The plasmon scattering rate I';, shows the same sud-
den increase across the QPT (T',, passing from 2 THz for
2=0.03 to 3.1 THz for x=0.07). This behavior perfectly
follows the single particle one, indicating that the plas-
mon lifetime mechanism, at least at W= 8 pm, is mainly
determined by ohmic losses. Although, one should study
the behavior of Dirac plasmon at different wavevectors
across the QPT and the QPT mechanism itself should
be better clarified in terms of single-particle and collec-
tive excitations, the result reported in Fig. 13 strongly
suggests that also Dirac plasmons on TIs surface, are
topologically protected.



This protection mechanism is particularly promising
for quantum plasmonic applications, since it could open
a viable path towards long quantum coherence time of
plasmon states even at room temperature, if all other
plasmon decay channels can be carefully controlled and
possibly reduced.

7. CONCLUSION AND PERSPECTIVES.

In this Review, we report on the plasmonic excitations
as measured in MBE thin film patterned structures of
BisSes topological insulators . We have shown different
examples of plasmon structures fabricated from BisSes
thin films and discussed their properties. In particu-
lar, we have demonstrated that plasmon excitations at
the surface of BiySes are mainly due to massless Dirac
carriers with a small, less than 10%, co-partecipation of
massive Schrodinger charge carriers due to band-bending
and accumulation layer effects. The nature of plasmon
modes and their spectral shape depend on the geomet-

rical micro/nano structure fabricated on the BisSes sur-
face and on an intrinsic interaction between plasmons
and phonons via a Fano mechanism. Moreover, the
non-trivial topology of BisSes characterized by the spin-
momentum locking determines a back-scattering protec-
tion of both single-particle and plasmon modes, which
corresponds to an effective reduction of scattering and
to an increase of lifetime of excitations based on Dirac
charge-carriers. Finally, the strong dependence of plas-
mon modes in BisSes on the magnetic field promises a
viable path for using them in (terahertz) magneto-optics
devices.

The recent observation of a strong non-linear terahertz
response of unpatterned BisSes films [86-88] indicating
a harmonic generation process due to Dirac electrons,
suggests that both the Dirac plasmon long lifetime and
their field enhancement could be used for increasing the
harmonic generation efficiency, as theoretically predicted
[89], and for producing terahertz supercontinuum light in
plasmon devices based on topological insulator materials.
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FIG. 1: Crystal structure of BizSes. Bi, Se atoms (1 and 2 suffix describe different lattice sites), are indicated by black, green,
and yellow circles. The Quintuple Layer unity is indicated by a red box. This figure is adapted from Ref. [59].
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FIG. 2: a. The electronic structure of BizSez. P1} and P2, bands are inverted by the spin-orbit interaction and this inversion
determines the non-trivial topology of BiaSes. This figure is adapted from Ref. [59]. b. Energy-momentum-dispersion of
BizSes. Bulk conduction band are in red and bulk valence band are in blue. The green line represent the spin-polarized linear
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FIG. 3: The two plasmonic microstructures fabricated on BizSes thin films and studied in this paper. Left: Parallel ribbon

array. Rigth: Ring array on an exagonal lattice.
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FIG. 4: Frequency-wavevector dispersion of a 2D plasmon (red line). The blue dashed line represents the ligth dispersion. The
extrawavevector G needed to excite the plasmon in a photon absorption process is also shown. In the case of a ribbon array of
period L = 2W and width W (see inset) the extrawavevector is k = 7/W.
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FIG. 5: a) Scanning Electron Microscope (SEM) image of the W=2.5 um patterned film. b) Extinction coeflicient (E(v)) of
the as-grown, unpatterned film, at 6 K (black line). ¢) Optical-microscope images of the four patterned films with different
widths W and periods 2W; the red arrows indicate the direction of the radiation electric field E, either perpendicular or
parallel to the ribbons. The film thickness is reported under the images where 1 QL~ 1 nm. d) Extinction coefficient at 6
K (black lines) of the five patterned films, with the radiation electric field parallel to the ribbons. e) Extinction coefficient
of the five patterned films, with the radiation electric field perpendicularly to the ribbons, at 6 K (black lines). All data are
normalized by their respective peak values.
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FIG. 6: Extinction coefficient (E(v)) vs. frequency (v) of the five patterned films in Fig.5, for the radiation electric field E
perpendicularly to the ribbons, at 6 K (red circles) and fits to Eq. 1 (black dashed lines). The bare plasmon and phonon
contributions, extracted through the fits, are reported by the green and blue line, respectively. The inset in the bottom panel
displays the plasmon linewidth I', vs. the ribbon width W at 6 K.
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FIG. 7: Experimental values of the plasmon frequency v, (red full circles) vs. plasmon wavevectors k at 6 K compared with
the plasmon dispersion for Dirac plasmon (blue dashed line), calculated in the low-k limit with no free parameters by Eq. 5
(see text). A very good superposition among experimental and theoretical data exists in this approximation limit. In the same
Figure we report calculations as obtained from Eq. 6 (see text), which takes into account the bulk dielectric contribution in
the plasmon dispersion. Black dashed (60 QL thick film) and red dashed (120 QL thick film) lines are calculated for €puir=
30 [70]. Continous black and red lines for ey,ix= 100 [70]. Green diamonds represent the calculation by Eq. 6 for the actual
bulk dielectric function whose value (€puir=22), is reported in the inset. The good comparison among data and calculation for
epuik =22 indicates that the main contribution to plasmon excitations at the surface of BizSes comes from Dirac carriers. The
small disagreement (underestimate), less than 10% at the highest wavevector, suggests a possible small role of massive surface

electrons.
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FIG. 8: a) A SEM image of the D=15 um patterned film. b) The optical microscope images of the different ring arrays measured
in this paper. ¢) The extinction spectra of the ring-arrays at 10 K. The two peaks structure at low-frequency can be explained
in terms of the hybridization of the bonding ring plasmon and the a bulk phonon. The high frequency peak corresponds to the
antibonding plasmon. d) The charge distribution of bonding and antibonding plasmons in a ring.
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FIG. 10: a) Extinction spectra for BizSes ribbon arrays with light polarized perpendicular to the ribbons which provides the
plasmon excitation vs. the magnetic field B from 0 to 30 T. b) Extinction spectra for light polarized parallel to the ribbons
providing the single-particle excitations at the same fields. Subsequent increasing field spectra are shifted in intensity by a
factor 4+0.1 to better display the behavior of excitations. For increasing B one observes a hardening of both the magnetoplasmon
and cyclotron resonance.
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FIG. 11: Experimental magnetoplasmon (orange squares) and cyclotron frequencies (green circles) vs. B, as extracted from a
Fano (Drude-Lorentz) fit of the extinction spectra of BizSes ribbon arrays shown in Fig.10a and b. The magnetoplasmon and
cyclotron dispersions fitted to Eq. 6 and 7, respectively, provides both a dynamical Dirac mass m,=0.184+0.01 m..
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FIG. 12: a) SEM image of the ribbon array patterned = 0 film. b) Optical scheme of the THz experiment. ¢) Experimental
extinction spectra at 10 K for unpatterned (Bii—zIng)2Ses thin films (orange empty circles). Drude-Lorentz model fitting for
the conductance (black line). The different contributions in the Drude-Lorentz fit are shown separately: Drude term (red dashed
line), a- (green) and B-phonon (purple). d) Extinction spectra (orange empty circles) for ribbon array patterned (W = 8um)
films, with light polarization perpendicular to the ribbons. Fano fit for plasmon-phonon interaction (black lines) at 10 K. The
bare plasmon curve is represented as a red line.
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FIG. 13: Comparison between the plasmon scattering rate I'p, (red circles) and Drude scattering rate I'p from the present

experiment (blue squares) and literature [83] (blue empty squares), versus In content x at T=10 K. A sudden broadening of
both scattering rates can be observed across the QPT transition represented as a gray region.
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