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Topologically protected Dirac plasmons and their
evolution across the Quantum Phase Transition in
(Bi;_.In,),Se; Topological Insulator’

Marta Autore,® Favio Giorgianni,® Fausto D’ Apuzzo,’ Alessandra Di Gaspare,® Irene
Lo Vecchio,? Matthew Brahlek,c Nikesh Koirala,® Seongshik Oh,¢ Urlich Schade,”
Michele Ortolani,© and Stefano Lupi*®

A 3D Topological Insulator (T}, is an intrinsically stratified electronic material characterized by
an insulating bulk and Dirac free electrons at the interface with vacuum or another dielectric. In
this paper we investigate, through terahertz (THz) spectroscopy, the plasmon excitation of Dirac
electrons on thin films of (Bij_.In);Se; Tl patterned in form of a micro-ribbon array, across a
Quantum Phase Transition (QPT) from the topological to a trivial insulating phase. This latter is
achieved by In doping onto the Bi-site and is characterized by massive electrons at the surface.
While the plasmon frequency is nearly independent of In content, the plasmon width undergoes
a sudden broadening across the QPT, perfectly mirroring the single particle (free electron) be-
havior as measured on the same films. This strongly suggests that the topological protection
from backscattering characterizing Dirac electrons in the topological phase extends also to their

plasmon excitations.

Topological insulators are a novel class of quantum materials
which show an insulating gap in the bulk and exotic conduct-
ing states at the interface with vacuum or another dielectric 3.
These states are characterized by a Dirac energy-momentum dis-
persion (E « p), spin locked to momentum and backscattering
protection in the presence of non-magnetic impurities. The key
factor determining the intrinsically stratified electronic structure
in TIs is a strong spin-orbit coupling, causing a band inversion
and leading to non trivial topological invariants belonging to the
7, class®®. The 2-Dimensional (2D) Dirac surface states (DSSs)
in topological insulators have attracted a lot of interest because of
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their potential applications in the fields of spintronics, quantum
computing, terahertz (THz) detectors and plasmonics®-10,

Surface plasmons are collective charge excitations lying onto
the surface of metals or doped semiconductors. They are at
the basis of plasmonic devices for subwavelength optics, light
confinement, sensing and many other applications =15,
plasmonics, i.e. plasmonics based on Dirac electrons, shows
promising advantages over conventional plasmonic materials like
gold, such as high frequency tunability via electrostatic gat-
ing, high electric field confinement and strong light-matter cou-
pling 117, Graphene has been the first discovered Dirac material
and graphene-based plasmonic devices have been largely studied
in recent years, with different patterning structures (ribbon '8,
disc, ring arrays'?), electrostatic gating, and under the effect of
magnetic fields 12?1, Dirac surface states in topological insulators
show an additional peculiar feature compared to Dirac carriers in
graphene: the spin-momentum locking mechanism implies the
presence of a transverse spin wave when a collective charge oscil-
lation is excited 22 and viceversa. Moreover, because of time rever-
sal symmetry, DSSs are intrinsically protected from backscattering
in absence of magnetic impurities, and this topological protection
reflects in reduced transport losses and plasmon robustness even

at room temperature®, in contrast with other 2D electron sys-

tems 23,

Recently, the topological protection of DSSs has been studied in

Dirac
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(Bi;_,In,),Se; thin films across the QPT from a topological to a
trivial phase occurring for increasing Indium (In) content. In-
dium substitution weakens the spin-orbit interaction causing, in
the region between x(/n) = 0.03 and 0.07, the removal of the
valence band-conduction band inversion, which creates the Dirac
surface states. This removal corresponds to the closing and the
re-opening of a band-gap A in concomitance with the appearence
of a "trivial insulating" phase?#. Both phases are characterized
by a band-gap A ~ 300 meV, and an extrinsic conducting layer
of massive (Schrodinger) electrons at the surface due to band-
bending effects. Their surface density is similar to that of Dirac
carriers which appears only in the topological phase due to the
band inversion mechanism 4.

Time domain terahertz (THz) spectroscopy measurements in-
vestigating the single-particle response, have shown a sudden col-
lapse of the electron lifetime across the QPT, which has been as-
sociated with the loss of topological protection2>. However, the
effect of the QPT on the collective plasmon excitations has never
been investigated. More specifically, a comparison between the
plasmon response of Dirac carriers and massive carriers, in com-
pounds having a similar lattice structure and surface carrier den-
sity has not been studied so far. In this paper, we fill this gap
by investigating the evolution of plasmonic excitations across the
QPT, with a particular focus on the plasmon scattering rate I',
behavior. We observe a sudden increase of I', mirroring the be-
havior of the single particle scattering rate I'p. This strongly sug-
gests that the topological protection not only acts on the single-
particle Dirac excitations as it has been experimentally observed
in Ref.? , but also extends to their collective modes. This result
may provide a viable path towards long quantum coherence time
of plasmon states even at room temperatures, if all other plasmon
decay channels were carefully controlled.?

1 Results and discussion

High quality thin films of (Bi;_,In,),Se; were grown by molecular
beam epitaxy (MBE) 27,28 with a thickness of + = 60 Quintuple
Layers (1 QL ~ 1 nm), on 10 x 10 mm? Al, O3 substrate. Indium
substitution was set to x = 0, 0.02, 0.03, 0.06, 0.07, thus crossing
the QPT, which occurs in the region between x = 0.04 and x =
0.05 for a film thickness of 60 QL2% as those measured in this
experiment.

All samples have been patterned through Electron Beam
Lithography (EBL) and reactive ion-etching at IFN-CNR in Rome,
in the form of micro-ribbon arrays of width W = 8 um and period
2W. A Scanning Electron Microscopy (SEM) picture of x=0 pat-
terned film is shown in Fig. 1a. Patterning the film into ribbons
provides the extra momentum (g ~ 7/W) necessary to observe
plasmonic modes at finite frequency in an optical experiment®.
Transmittance spectra 7(v) in the THz range collected with re-
spect to the bare substrate, have been measured through Fourier
Transform Infrared Spectroscopy, using a Bruker Michelson inter-
ferometer coupled with the THz synchrotron source at the BESSY
II storage ring. All measurements were performed at a tempera-
ture of 10 K.

In Fig.1b we show a sketch of the THz experiment. Extinction
coefficients E(v) = 1 —T(v) at 10 K for the unpatterned films are
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instead shown in Fig. 1c. The two maxima at 1.85 and 4.0 THz
correspond to the o and B bulk phonon-modes, respectively2.
These phonons are superimposed to a Drude-like contribution,
which has been associated, for the pure BiySes film, mainly to
Dirac free electrons3%3! (see also SI). Indeed, massive (extrin-
sic) electrons are strongly incoherent (see below) and their con-
tribution to the single-particle and plasmon excitations at low-
frequency is (at least at low-T) negligible.

Extinction coefficient for a thin film on a transparent sub-
strate can be written in terms of its complex conductance G(v) =
G (V) +iGy(v) as32:

1
T+ 2Gi )+ D+ [Z2Ga (V) (n+ 1)

E(v)=1 €))
where Zy = 377 Q is the free-space impedance, » is the refractive
index of the substrate (n = 3.2 for Al,O3 in the THz range).

In order to extract the Drude and phonon parameters of the
unpatterned films, we fitted extinction data to Eq. 1, where the
THz conductance has been described in terms of a Drude-Lorentz
model3!:

2 : 52 i

e iD ivt vt

= vaiy i vy v T an'
v+ilp T B V(v +ilj) = vy T

G(v) —&) (2)
where D is the Drude spectral weigth, which should scale with
n'/4, n being the surface density of Dirac electrons, I'p is the
Drude scattering rate, and v;, S; and I'; are peak frequency,
strength and spectral width for the Lorentzian-shaped a(f)
phonon. The phonon terms, due to their bulk nature, contribute
to the surface conductance proportionally to the film thickness
t. Finally, €.=30 is the high-frequency dielectric constant
due to screening by the valence electrons, as estimated from
single-crystal optical measurements?®. The resulting fits are
shown in Fig.1c (red circles), where both the Drude (blue
dashed lines), the a (green lines) and B (purple lines) phonon
contributions extracted from the fit are separately shown. As one
can see, In substitution tends to broaden the phonon excitations,
in particular the a mode.The phonon linewidth increasing is
determined by the distribution of lattice vibrational frequencies,
due to the alloy broadening effect of In atoms in the Bi sites.
More interestingly, the Drude shape does not show an appreciable
modification for x <0.03, while it starts to be more flat for higher
In content, i.e. by entering in the trivial insulating phase.

Fig. 1d shows extinction spectra (black solid lines) for the pat-
terned films for light polarization perpendicular to the ribbons
(see Fig. 1b for the experimental optical scheme). As one can see,
the a phonon is replaced by a double absorption. This two peaks
structure is preserved vs. X, although the peaks’ height decreases
and the high frequency absorption broadens for increasing In con-
tent. We assign these features to the o phonon and to the plasmon
of (Bi;_,In,),Se;, mutually interacting via a Fano interference®.
This produces a renormalization of both the phonon and the plas-

mon frequency, with a hardening of the mode at higher frequency
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and a softening of that at lower frequency, independently of their
nature (anti-crossing behavior).

In order to extract the plasmon parameters (central frequency v,
and scattering rate I',),we fit the extinction coefficient through a
Fano model %34:

(V' +q(v))* &

2 V=V,\o
vie+1 1+(Fp/2’)

E(v)= 3)

where g is the plasmon’s coupling factor to the radiation, v’ rep-
resents a renormalized frequency and ¢ is the so-called Fano pa-
rameter. These parameters are given by:

V—="Vphu V—=Vp

A/ 4
Vo2 Ton )
_ vw/g V-V, 5
M=, mnt e ®)

where I, (V) represents the plasmon-coupled phonon linewidth,
written as:

’ 6

1+ (T 74)? ©

here w is the radiation-phonon coupling factor and v quantifies

the phonon-plasmon interaction. Following this model, we were

able to fit the mixed plasmon-phonon profile to extract the bare
line shapes of the two modes, as shown in Fig.1d.

While the o- and B-phonons slightly broaden with increasing
In concentration, as in the case of the unpatterned film spectra,
the plasmon mode (whose characteristic frequency is nearly con-
stant vs. In content, solid blue lines) undergoes a sudden broad-
ening across the topological transition. In order to quantify this
phenomenon, we report the extracted I', values in Fig.2 (black
squares), where the Drude single particle scattering rate I'p (as
extracted from the present experiment and literature2®) is also
displayed.

th(v)

4
A T from D-L fit +
A Tp from Ref. 23 -
3L = 1“p from Fano fit %—
—
N
T
=
N
—~
2+ A
4
Topological
L =D Transition
1 1 1 1
0.00 0.02 0.04 0.06 0.08
X

Fig. 2 Comparison between the plasmon scattering rate T, (black
squares) and Drude scattering rate I'p from the present experiment (red
triangles) and literature?® (red empty triangles), 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 shaded yellow region.
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As one can clearly see from the Figure 2, the Drude scatter-
ing rate I'p increases smoothly for low In substitutions (x < 0.04),
which is consistent with the increased impurity scattering. How-
ever, around x =0.04 this smooth trend suddenly changes and I'p
is strongly enhanced. From a pure disorder effect due to In sub-
stitution, we would expect a continuous smooth increase of I'p.
Therefore, the sudden broadening of the Drude term across the
QPT strongly indicates the loss of topological protection?®. This
protection, which is associated with the spin-momentum locking
mechanism3°, sets to zero the backscattering probability and it
is also effective in reducing the scattering effect (and then the
dispersion of single-electron momentum) in a wide range of scat-
tering angles between 100°-180° 36,

The plasmon scattering rate I', shows the same steep increase
across the QPT (I', passes from 2 THz for x=0.03 to 3.1 THz
for x=0.07), perfectly mirroring the single particle scattering rate
I'p behavior. This represents a strong indication that also Dirac
plasmons on TIs surface are topologically protected.

A further insight into the plasmon excitation electrodynamics
can be achieved by performing classical electromagnetic simula-
tions for the present plasmonic structure. We can write the po-
larizability a of a micro-ribbon array in terms of the unpatterned
(Biy_,In,),Se3 complex conductance G(v), as?!

W2

& % (e +e2) —ivW/G(V) @

where W is the ribbon width, while & = n? and & = 3 are the
dielectric functions of vacuum and Al,O3 substrate, respectively.
f.21 the transmission coefficient of the pat-
terned structure can be written as

2111 iS
t= 1 8
n1+n2< +(X717D) ®

where S = (2mko/2W)[2/(n1 +n2)], being ko the light wavevector,
D = (g/4W?)[2/(g1 +&)] +iS accounts for the dipole-dipole inter-
action and, in the long wavelength limit (Ajen > W), g = 272 /3.
The theoretical extinction coefficient is defined by the following
Equation E = 1 — (|t]?/|to|?), where 19 = 2n1/(n| +ny) is the bare
substrate transmission coefficient.

Starting from the conductance of the unpatterned films
parametrized in terms of the Drude-Lorentz model and using the
previous Equations, we were able to calculate for each film and
without free parameters the theoretical extinction spectra. These
are shown in Fig. 1le (orange empty circles) together with exper-
imental data (black solid lines). It is evident from Fig. le that
the theoretical calculations well reproduce the overall behavior
of the plasmonic structures capturing, in particular, the asymmet-
ric shape of the extinction due to the plasmon o-phonon Fano
interaction and their broadening vs the In content. If we artifi-
cially switch off the a and B-phonon contribution from the film
conductance (i.e., by removing the Lorentzian terms in Equation
2), the extinction spectra are simplified and they consist of a sin-
gle absorption corresponding to the plasmon excitation. This ab-
sorption is represented in Fig. le (light blue solid curves). The
agreement between Fano fits (panel d) and electromagnetic cal-
culations (panel e) is very good showing the robusteness of the

As shown in Re
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main result of this paper as highlighted in Fig. 2: the 2D gas in
the trivial phase constituted by massive (Schrodinger) electrons
is not topologically protected, meanwhile the 2D electronic gas
in the topological phase associated mainly with Dirac electrons
is topologically protected from backscattering and this protection
reflects in an effective reduction of the decay rate of the plasmon
modes.

2 Conclusions

In this paper we have reported a study of plasmonic excita-
tions in (Bi;_,In,),Se; micro-ribbon arrays by means of THz
spectroscopy. We found that the plasmon behavior perfectly
mirrors the single particle one, showing a sudden increase of
the plasmon linewidth across the Quantum Phase Transition
from the topological to a trivial insulating phase as obtained
through In substitution in the Bi-site. This is a strong indication
that plasmons are protected in the topological phase and this
protection could open a viable path towards long quantum
coherence time of plasmon states even at room temperatures, if
all other plasmon decay channels can be carefully controlled and
possibly reduced.
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Fig. 1 (a) SEM image of the ribbon array patterned x = 0 film. (b) Optical scheme of the THz experiment. (c) Experimental extinction spectra at 10 K
for unpatterned (Bi,_,In.),Ses thin films (black solid lines) fitted to Eq.1, using a Drude-Lorentz model for the conductance (red circles). The different
contributions in the Drude-Lorentz fit are shown separately: Drude term (blue dashed line), o- (green) and B-phonon (purple). (d) Extinction spectra
(black solid lines) for ribbon array patterned (W = 8um) films, with light polarization perpendicular to the ribbons. Fano fit for plasmon-phonon
interaction to Eq.3 (red empty circles) at 10 K. The bare plasmon curve is represented as solid blue line. (e} Analytical calculations by means of
electromagnetic simulation (orange empty circles), with bare plasmon analytical curves represented as light blue lines, obtained by artificially
switching off the a phonon (see text).
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