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ABSTRACT: We report terahertz time-domain spectroscopy experiments demon-
strating strong light—matter coupling in a terahertz LC metamaterial (MM) in which
the phonon resonance of a topological insulator thin film is coupled to the photonic
modes of an array of electronic split ring resonators. As we tune the MM resonance
frequency through the frequency of the low-frequency a mode of (Bi,Sb;_,),Te;
(BST), we observe strong mixing and level repulsion between the phonon and MM
resonance. This hybrid resonance is a phonon polariton. We observe a normalized
coupling strength, 7 = Qy /@, = 0.09, using the measured vacuum Rabi frequency and
cavity resonance. Our results demonstrate that one can tune the mechanical properties
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of these materials by changing their electromagnetic environment and therefore
modify their magnetic and topological degrees of freedom via coupling to the lattice in

this fashion.
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B INTRODUCTION

Metamaterials (MMs) are artificial composite systems that
offer exceptional control of electromagnetic properties due to
the capability to engineer their electric and magnetic
resonances by controlling the geometry and size of the
individual subwavelength constituents. They offer the
possibility to achieve strong coupling between highly confined
electromagnetic fields and localized or propagating quasipar-
ticles such as surface plasmon polaritons in metals and
superconductors,’ phonon polaritons in polar dielectrics,”’
and exciton polaritons in organic molecules and transition
metal dichalcogenides.*”® Recently, MMs have been used to
control the electron—phonon interaction of topological
insulators (TIs) via their surface states. TIs, a class of
quantum materials with robust metallic surface states protected
by the topological properties of the bulk wave functions,®* ™!
have gathered a growing interest due to both their interesting
fundamental physics and their potential applications in
terahertz detectors'> and spintronic devices.'> These applica-
tions can potentially be realized through the polariton
interaction, which arises from strong light—matter interactions
between a confined electromagnetic field (or cavity resonance)
and a matter excitation.

A strong light—matter interaction between lattice vibration
and a confined electromagnetic field can reach the strong
coupling regime, where coherent exchange of energy between
light and matter becomes reversible. In this regime, coupled
light—matter polaritons form hybrid states where they can
coherently exchange energy at the characteristic rate of the
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vacuum Rabi frequency Qy, which is dominant with respect to
other loss mechanisms in the system.'"'> A polariton system
based on novel functional materials could offer an efficient
quantum level system with tunable sources and detectors,
optical filters, and qubits operating in the far-infrared
frequency range.m_zo They may also afford the possibility of
tuning the mechanical properties of materials (and, therefore,
their electronic or magnetic properties through phonon
coupling) by changing their electromagnetic environment.
Phonon—polariton coupled systems with MMs in the mid-
infrared range””' have been shown in previous investigations
as well as THz range surface plasmon polaritons.””~>* In the
most dramatic cases, it has been proposed that one can drive
phase transitions in materials like SrTiO; via cavity coupling.”
In this work, we present evidence of strong coupling between
the @ phonon mode in (Bi,Sb,_,),Te; (BST) thin films and
the inductive—capacitive resonance of a split ring resonator
(SRR) metasurface via the emergence of level repulsion. We
performed time-domain terahertz spectroscopy (TDTS) on
the resulting BST—SRR hybrid metasurfaces. The observed
level repulsion results in the opening of a small transmission
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window within the absorption band of the uncoupled phonon.
We expect that the strength of the coupling can be altered
through the design of the SRR. Mode assignments were aided
through extensive simulations. In order to parametrically sweep
the LC resonance frequency across the @ mode, we fabricated
multiple metasurfaces using standard photolithography techni-
ques. Our measurements reveal level repulsion and hybrid-
ization of the coupled systems. This was evident by the
formation of a large Rabi splitting with a normalized coupling
strength 77 & 0.09. Our result is the first to show the control
over the mechanical properties of TIs by tuning their
electromagnetic environment in the terahertz (THz) frequency
range.

B MATERIALS AND METHODS

Figure la is a schematic of the unit cell of our BST film
metasurface, which is composed of an array of SRRs deposited

| Pon
(a) BT ®)
B, E, ALO, t
I
w
‘ a 5
h\ /
I
(o)

Figure 1. Design of multiscale TI metasurfaces. (a) Schematic of the
unit cell showing a thin-film interface between the metallic SRR and
AlO; substrate with the corresponding electromagnetic excitation
configuration. (b) Side view schematic of the unit cell with the
relevant periods p and resonator size I: p, = p, = 44 pm, | = 34 ym, w
=3 ym g = 1.5 ym, and ¢t = 100 nm. (c) Optical microscopic image
(20x) of a fabricated BST—SRR array.

on a TI film. The gap in SRRs serves as a capacitor, whereas
the ring serves as an inductor giving an LC resonance.
Generally, the resonance frequency of SRRs can be given as

f, ¥ 1/(2nJL.C), where the inductance L. and the

capacitance C are determined by the SRR dimensions and
the effective refractive index of the environment. At the LC
resonance, the incident electric field induces a large
accumulation of oscillating surface charges at the ends of the
metal strips resulting in a strong electric field confinement in
the capacitive gaps.””°*’ The resonance frequency of the SRR
generally scales inversely with its dimension. We synthesized
samples of (Bi,Sb,_,),Te; (BST) thin films with 20 quintuple
layers on a 0.5 mm-thick sapphire (ALO;) substrate by
molecular beam epitaxy as discussed in ref 30. We performed
finite element method (FEM)-based simulations (Ansoft
HFSS) to identify the dimensions of SRRs with expected
resonance frequencies ranging from 1.1 to 1.9 THz. Afterward,
the desired metasurfaces were achieved by fabricating SRRs by
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using standard photolithography. We fabricated on top of a 1
um poly(methyl methacrylate) layer on top of a ALO,
substrate that allowed us—in addition to presumably tuning
the coupling to the film—to strip off the SRR cleanly and
redeposit another configuration of SRRs on top. The period p,
= p, and length [, = [, of the SRRs were varied from S0 to 44
pum and 40 to 28 pum, respectively, while the width w = 3 ym
and gap g = 1.5 um were fixed. We used a TOPTICA
(Teraflash) TDTS system to measure the THz transmission
spectra of our samples. The incident THz pulse was polarized
parallel to the x axis as shown in Figure 1a (see the Supporting
Information). Figure lc shows an image of one of the
fabricated composite BST—SRR arrays that gives an SRR
resonance frequency of 1.5 THz.

B RESULTS AND DISCUSSION

In Figure 2a, we show the FEM simulation of a transmission
spectrum for SRRs on an Al,O; substrate. By tuning the lateral
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Figure 2. Numerical simulations of SRRs and TDTS data on Al,O; at
S K. (a) Simulated THz transmission spectra of SRR’s at different
resonance frequencies at different I. (b) TDTS transmission spectrum
of the phonon resonance frequency of BST.

dimension | of the SRR, we expect to tune their resonant
frequencies from 1.1 (4.55) to 1.7 (7.03) THz (meV). As the
dimension of the SRRs decreased, the absorption exhibits a
blue shift. Thus, it is possible to match the uncoupled resonant
frequency of a SRR to the resonance of the material system.
The 5 K transmission spectra of a bare BST film (with no
SRR) is shown in Figure 2b. The absorption peak at ~1.5 THz
is the transverse optical @ phonon mode that in the binary
compounds Bi,Se;, Bi,Te;, Sb,Te;, and Sb,Se; is attributed to
an E} mode that corresponds to the sliding motion of atomic
layers past each other.”" In the nonstochiometric compounds,
phonons in this spectral range were found to extrapolate
smoothly with atomic mass from Bi,Te; to Sb,Te; and from
Bi,Se; to In,Te;. This @ mode has been investigated
extensively in the context of THz studies of TIs.'’

To sweep the SRR frequency across wpy, we fabricated seven
distinct SRRs on 20 nm-thick BST films (see the Supporting
Information). At room temperature, the absorption of the
SRRs predominates over the phonon mode absorption,
primarily because the TI phonon modes become very broad
due to scattering, resulting in overdamped absorption spectra.
Consequently, we can accurately predict the frequencies of the
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SRRs decoupled from phonons, but when deposited on BST,
phonons are heavily damped at elevated temperatures (see the
Supporting Information). Therefore, we designate the different
SRRs based on these predicted “bare frequencies”.

At low temperatures, the behavior is very different. Here, the
phonon resonance is strong, and when the SRR frequency is
tuned to it, the effects of mixing and level repulsion are
prominent. In Figure 3, we show the transmission data for the
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Figure 3. TDTS data on BST—SRR at S K (a) TDTS transmission
spectrum of the seven SRR MM arrays deposited on the BST films.

BST—SRR hybrid systems at 5 K for wggy ranging from 1.1
(4.55) to 1.7 (7.03) THz (meV). One can see two notable
transmission dips for all samples that indicate two resonances.
When their frequencies are far from each other, we can assign a
clear local character. Judging from the data in Figure 2, the
more prominent feature has largely SRR character and a higher
Q-factor. We note though that as the SRR resonance is swept
across @py,, the two peaks always maintain a separation, and
their intensities become similar. As the resonances are tuned
through each other, the lower peak gets further damped and
the upper peak sharpens, indicating that the local character of
excitations changes as they are tuned through each other.

We fit the data of Figure 3 to a double-Lorentzian model to
extract the eigenfrequencies @_ and w, and damping rates I',
for all SRRs. Representative fits to these spectra can be found
in the Supporting Information. Our BST—SRR hybrid system
can be considered as two coupled oscillators, one of which has
a fixed frequency (the BST phonon), where its electromagnetic
environment is tuned by the SRR frequency. When both
oscillators are similar in frequency, they form a coupled system,
and an anticrossing is observed. This results in a periodic
transfer of energy between the phonon and SRR through
vacuum Rabi oscillations, which is proportional to the splitting
at the anticrossing point.”

In Figure 4a, we plot the measured eigenfrequencies at 5 K
versus the uncoupled resonance frequencies that we obtained
at 297 K for the BST—SRR hybrid systems. The experimentally
obtained peak positions, @, and @_, are shown in circles. One
can see a classic signature of level repulsion and mixing of two
excitation branches with each other. As the uncoupled
resonances approach each other, their distinct local characters
are lost, and new coupled excitations are formed that are
symmetric and antisymmetric combinations of the bare
excitation. Our observation is evidence for the formation of a
phonon—polariton hybrid from the coupling of the SRR
resonance and @ mode phonon.

The observed level repulsion behavior can be understood
classically and be described using a coupled oscillators model**
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Figure 4. Dispersion and inverse lifetime of the coupled MM-—
phonon system. (a) Frequency of hybridized phonon modes of BST
and the LC mode of SRRs. (b) Inverse lifetime of the resonances.
Gray lines represent the estimation of the uncouple SRR decay rate
and the phonon without SRR rates.
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1.5 2 2 2 2
= E[wSRR + wp, = \/(wSRR — wpp,)" + QrWepr @y, |
(1)

We fit the observed level repulsion to eq 1 as indicated in
Figure 4a to obtain the coupling parameters. The strength of
the coupling, g, for when wgzg & wpy, is found to be 0.27
(1.12) THz (meV). The observed splitting is a significant
fraction of the a phonon mode resonance, which indicates a
strong light—matter interaction at the avoided crossing. The

Q
normalized coupling strength ratio, = (_;R’ between the Rabi
‘C

frequency and BST—SRR resonance frequency, is found to be
n ~ 0.09.

It is also interesting to note the behavior of the peak widths
as the bare SRR frequency is swept. Figure 4b shows the rates
as a function of the wgpg. The solid gray line denotes the SRR-
like widths we extrapolated from the data to obtain a
reasonable estimate of the width of the uncoupled SRR. As
for the phonon width, represented by the dashed gray line, we
used the width of the phonon observed in the low-temperature
spectra for a film without SRRs. One can see that when @ggg is
small, @_ has a lower damping than w,, showing its principle
SRR character. Near the crossing, the lifetimes are equal,
showing the mixed character. For large SRR frequency, w,,
having the smallest damping, shows that now it has largely SRR
character (and @_ has largely phonon character). It is unclear
as to why the w, data for 1.1 THz are below the asymptote of
0.62 THz. We speculate that there are some overall changes to
the profile of the electromagnetic fields as the SRR frequency is
tuned.

B CONCLUSIONS

In this work, we have demonstrated strong light—matter
coupling between the a phonon mode of (Bi,Sb,_,),Te; and
cavity resonances of planar THz range MMs. We have given
spectroscopic evidence of strong coupling with a normalized
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coupling strength of # & 0.09. Consequently, we have observed
the formation of THz phonon—polariton resonance emerging
from the integration of MMs with TIs. Our findings hold
promise for the advancement of TI-based electronics and
plasmonic applications. We anticipate the possibility of
transitioning into the regime of ultrastrong coupling for TL
Our work may facilitate the capture of photons for various
applications, such as slow-light phenomena, quantum comput-
ing, and infrared light harvesting. By varying the MM
resonance, we have demonstrated the ability to manipulate
the mechanical properties of a material by tuning its
electromagnetic environment. Via their coupling to phonons,
this may be used to control magnetic and topological degrees
of freedom.
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