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Transition metal dichalcogenide materials have recently been shown to exhibit a variety of intriguing
optical and electronic phenomena. Focusing on the optical properties of semiconducting WS,
nanotubes, we show here that these nanostructures exhibit strong light—matter interaction and form
exciton—polaritons. Namely, these nanotubes act as quasi 1-D polaritonic nano-systems and sustain
both excitonic features and cavity modes in the visible-near infrared range. This ability to confine light to
subwavelength dimensions under ambient conditions is induced by the high refractive index of tungsten
disulfide. Using “finite-difference time-domain” (FDTD) simulations we investigate the interactions
between the excitons and the cavity mode and their effect on the extinction spectrum of these
nanostructures. The results of FDTD simulations agree well with the experimental findings as well as
with a phenomenological coupled oscillator model which suggests a high Rabi splitting of ~280 meV.
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1 Introduction

Over the last decade, vast research efforts have been devoted to
understanding and utilizing the unique optical properties of
semiconductor nanostructures (SC NS). In this context, much
attention was drawn to their ability to confine light at nanoscale
dimensions."™ This feature results in increased electric field
strength and thus enhances light-matter interaction, ie. leads
to strong nonlinearities, large photonic forces and enhanced
emission and absorption probabilities.” Generally, the SC NS
support cavity modes only if their length scales are comparable
to the wavelength of light in a vacuum. However, semiconductors
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These findings open up possibilities for developing new concepts in hanotube-based photonic devices.

with high refractive index (RI) can also efficiently confine light in
subwavelength dimensions.”” The resonance conditions in
semiconductor nanocavities depend on the refractive indices
of the medium and the SC, the nanostructure’s dimensions and
geometry, as well as the polarization of the optical field. In
addition to their ability to sustain cavity mode resonances
(CMRs), the ability to generate excitons in high RI semiconductor
nanostructures can be used to create quasi-particles known as
exciton polaritons (EPs). EPs form as a result of coupling
between the excitons and the optical modes of the nanocavity.
The hybrid nature of EPs opens possibilities for applications
associated with energy and information transfer, photonic and
quantum technologies.®™®

Typically, the interaction between excitons and CMR is
studied in the regimes of weak and strong coupling. The energy
spectrum of the system is modified in both cases, ie., the
frequencies of the new modes are different from those of the
original oscillator modes. However, the difference between
the original and the new frequencies depends on the strength
of the coupling.® Weak coupling manifests itself as a narrow
(minor) asymmetric dip at the resonance frequency of the
uncoupled oscillators. In this regime, the shift due to coupling
is negligible compared to the resonance frequencies of the
underlying modes® and the energy transfer rate between the
two modes is assumed to be smaller than the relaxation rate of
the system.'®'* In the strong coupling regime, the interaction
between the modes is strong enough to significantly modify the
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energy levels. Strong coupling manifests itself as well-separated
peaks in the energy spectrum. Here, the new energies corre-
spond to modes that are hybrids of the original modes of the
interacting oscillators.”'® The strong interaction between the
coupled modes leads to an oscillation between the two excited
states.'’ The period of this oscillation is known as Rabi
oscillation period and should be shorter than the decoherence
time of the excitation."®

Transition metal dichalcogenides (TMDC) materials of the
type MX, (M = Mo, W; X = S, Se) have been intensively studied
for many years. These layered materials have A, B and C exciton
transitions in the visible light range. The excitonic transitions
arise from the interlayer interactions and spin-orbit splitting™*
and the magnitude of the A-B splitting is independent of the
number of layers."”> Due to their sizable bandgaps, strongly
bound excitons and high oscillator strength, these materials are
expected to sustain stable polaritons at ambient conditions and
thus become suitable for technological applications.'®™® Indeed,
it was shown that MX, embedded in microcavities exhibited
signatures of strong EP coupling.'® More recently, MX, TMDCs
have emerged as unique systems supporting several types of
polaritons with no external cavity.>*>* The fact that EP can exist
in multilayered TMDC materials under ambient conditions
inspired a renewed interest in the optical properties of MX,
closed-cage layered nanostructures.

Closed-cage multi-wall MX, nanostructures, such as nano-
tubes®® and fullerene-like nanoparticles*>*” have been synthe-
sized in substantial amounts and their properties were widely
studied. These studies resulted in numerous applications, e.g.
for superior solid-state lubrication,”®** and led to their rapid
commercialization. The multi-wall closed-cage MX, nanostructures
preserve the semiconductor nature of their bulk counterparts and
are usually indirect band gap semiconductors.>** The large scale
and robust synthesis of WS, nanotubes (NT) allows conducting
systematic studies of such systems including their mechanical,
optical and electronic properties.**° For instance, quasi-1D super-
conductivity was recently found in the WS, nanotubes.”® For a
recent review on advances in studying and utilizing their properties
(see ref. 41).
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Although light-matter interaction of bulk and single layers
of MX, materials is studied intensively, their closed caged
counterparts have not been thoroughly explored yet. Notwith-
standing, the study of excitons coupled with light in multi-
layered quasi 1D materials could provide broader perspectives
for the fundamental properties of EP in subwavelength dimen-
sions. Their stability and the lack of the dangling bonds
can suppress exciton capture at non-radiative recombination
centers, such as surface states and impurities. Moreover, WS,
NT can provide additional benefits for applications and funda-
mental research requiring high-aspect ratio nanoparticles.

Here we report that WS, nanotubes can sustain excitonic
and cavity modes at room temperature. The overlap between
these two modes can lead to strong coupling between the
electronic transitions and the confined optical fields, resulting
in the formation of exciton-polaritons. Using finite-difference
time-domain (FDTD) simulations and a phenomenological
coupled oscillator (PCO) model we confirm that their cavity
resonance occurs in the visible-near-infrared spectral region,
such that it can spectrally overlap with the A and B excitonic
features of the semiconductor. Indeed, the extinction spectra of
the dispersed nanotubes exhibit the ‘“signature” of a strong
coupling, i.e. the two excitonic transitions of WS,** turn into
three peaks and none of them are in their original frequency.
Moreover, the extinction spectrum shows prominent transparency
dips at the spectral positions associated with the A (630 nm) and
B (520 nm) excitons and a broad extinction band above 650 nm
which is attributed to scattering.

2 Results and discussion
2.1 Absorbance and extinction spectra

The studied WS, nanotubes®® consist of 20-40 concentric
shells, span diameters between 40 to 150 nm and are typically
1 to 10 um long.*® Fig. 1a and b present typical scanning and
transmission electron microscopy images of such nanotubes.
The high degree of crystalline order of the nanotubes can be
appreciated from these figures. Additionally, images of WS, NT

DF filter
X100

Fig. 1 Typical microscopy micrographs of WS, nanotubes. (a) Acquired using scanning electron microscope. (b) Acquired using transmission electron
microscope. (c) Acquired using dark-field optical microscopy equipped with an optical filter that blocks the scattered light below 590 nm.
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were acquired using dark-field optical microscopy equipped with
an optical filter that blocks scattering below 590 nm (Fig. 1c).
Despite the optical filter, and in the absence of photoluminescence,
the nanotubes appearance is distinct and bright, indicating
significant light scattering. Note that the experiments below rely
only on extinction/reflection measurements since multilayered
WS, is an indirect gap material’*****> and as such does not
exhibit any amount of measurable fluorescence.

Extinction and absorbance measurements were performed in
an aqueous dispersion of the nanotubes using both a standard
UV-vis spectrometer and an integrating sphere (Methods, Section II).
The evolution from the absorption spectrum to the extinction
spectrum was studied at intermediate configurations, where
the sample is placed a short distance from the integrating
sphere, as shown in the ESI,T Section S1 and Fig. S1.

Standard extinction measurements in a UV-vis spectro-
photometer provide spectra which include contributions of
both scattering and absorbance features. In contrast, the use
of an integrating sphere allows measurement of the absolute
absorption spectrum, excluding the scattering contribution.
Hence, the resonances observed only in the absorption spectrum
at 630 nm and 520 nm are assigned to the A and B excitonic
transitions, respectively (Fig. 2a - black line).* Interestingly,
although this spectrum is obtained without the scattering contribu-
tion, the excitonic peaks are very broad and somewhat quenched.
These can be the result of broad span of NT sizes and some
intrinsic defects in the NT (sulfur vacancies and dislocations), as
well as due to a relatively high degree of defect-induced doping. In
addition to excitons’ spectral positions, the absorbance spectrum
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was used to derive the spin-orbit splitting and the direct and
indirect-bandgaps of the WS, nanotubes. The derived values,
presented in Table 1, are in good agreement with the
literature.*>**>%® The detailed description of the derivation of
the bandgap and the spin-orbit splitting from the absorbance
spectrum is shown in ESL,{ Section S2.

The difference between the absorbance and the extinction
spectra, i.e. the appearance of an extra peak and transparency
dips in the extinction spectra (Fig. 2a), indicates that some
interaction between an exciton and additional resonance
occurs in this system (Fig. 2b). Moreover, it is clear from the
measurements that these interactions originate from scattering
rather than absorption of light.

2.2 Finite-difference time-domain extinction simulations

To elucidate the nature of this phenomenon, we studied the
system numerically by performing FDTD simulations using a
commercial solver (Lumerical FDTD solutions). Compared to the
effective wavelengths of light within the NT (which has a refractive
index of about 4), the length of the NT is long (> 1 micron) and the
diameter of the innermost tube is sufficiently small (<5-10 nm) to
neglect the hollow tube at the center. This allows us to approximate
the WS, NT as infinitely long cylindrical nanowire (NW).*” For a
qualitative representation of a “pure” cavity mode (without the
contribution of the excitonic features), the simulation was
performed using a constant refractive index (n = 4). To simulate
the effect of the excitons, the dielectric function data of bulk WS,
was used.*® In both cases, the NW were irradiated separately by
plane waves propagating in a direction perpendicular to the long

(b)

Polariton

Exciton Photon\

Polariton

Fig. 2 Steady-state absorption and extinction spectra. (a) Comparison between the absolute absorbance (black) and extinction (blue) of WS, nanotubes
dispersed in aqueous solution. (b) Schematic illustration of the strong coupling and hybridization of modes in the nanotubes.

Table 1 Summary of band gaps and exciton peak positions of WS, nanotubes dispersed in aqueous solution

Excitons [eV]

Band gap [eV]

A B Spin orbit splitting [eV] Direct Indirect
Absolute absorbance 1.97 (629.4 nm) 2.39 (518.8 nm) 0.42 2.01 1.29
The literature values for bulk WS, 1.95" (636.2 nm) 2.41"° (514.5 nm) 0.43" 2.04'42 1.30%
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Fig. 3 Extinction spectra (wavelength vs. radii of the NW) simulated using FDTD (a) with constant refractive index (nyw = 4) to qualitatively represent WS,
NT without the effects of the excitons and (b) with the dielectric data of a bulk WS,.*® Splitting of the resonances can be recognized near the wavelength
associated with A and B exciton resonances (horizontal black dotted line). The simulated irradiation is by plane waves polarized parallel to the nanotube
long axis. (The extinction spectra perpendicular polarization is presented in ESI, i Section S4). (c) Comparison of fits obtained using PCO model (red) and
FDTD (green) to the measured extinction spectra of the WS, NTs dispersed in aqueous solution (black). For the FDTD fit, average over the parallel and
perpendicular polarizations and radii of the NW (40 to 65 nm) was performed to calculate the relevant extinction spectrum. (d) A map of the electric field's
intensity for transverse magnetic/electric (TM/TE) modes of the NW (n = 4) and the WS, NW (r = 60 nm). The TM/TE modes corresponds to the parallel
(TM) and perpendicular (TE) polarization to the wire's long axis (ESI,i Fig. S4). The values are normalized by the highest value recorded for both

polarizations in each set separately. The sampled wavelengths are chosen to show the TM/TE modes around the A exciton transition.

axis of the cylinder and polarized parallel or perpendicular to it.
The extinction cross-section calculated using the simulated
electromagnetic field scattered and absorbed by the NW is
shown in Fig. 3a and b and ESI,} Section S4.

The cavity mode resonances are clearly evident in the
extinction spectra of NWs with different radii having all con-
stant refractive index (n = 4) (Fig. 3a and ESI,} Section S4). Here,
the high refractive index (compared to the surrounding)
enables the NW to trap light by total internal reflection turning
it into nano-cylindrical resonators which support cavity mode
resonances.”® As the radius increases the resonances are red-
shifted and higher modes are supported. These findings are

This journal is © the Owner Societies 2018

consistent with the previously observed CMRs in Ge NW, where
modes were partially confined to the nanowire.” Interestingly,
there is a high spectral overlap between the exciton modes of
the NT and the simulated cavity modes of the NW,,_, (r= 60 nm)
(ESL 1 Section S4 and Fig. S3d). The overlap between these
modes is one of the main conditions for strong exciton-photon
interaction and the formation of EP.

Once the WS,’s bulk dielectric function data is used for
simulation, splitting of the cavity resonances can be recognized
near the wavelength associated with the excitons (Fig. 3b and
ESL T Section S4). The features of the size-dispersive resonant
modes are somewhat blurry for shorter wavelengths, due to
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Table 2 The data derived from the PCO model fit to the measured extinction of the WS, nanotubes

A [eV] (Wavelength)

y [eV] (damping frequency, i.e. linewidth)

g [eV] (coupling strength)

Scattering mode  Exciton A Exciton B Scattering mode  Exciton A Exciton B With exciton A With exciton B
2.05 1.99 2.39 0.80 0.15 0.52 0.163 0.175
(604.5 nm) (623 nm) (518 nm)  (1.21 x 10" Hz)  (2.26 x 10" Hz)  (7.86 x 10'* Hz)  (2.46 x 10" Hz)  (2.65 x 10" Hz)

high absorption of the WS, NT in those wavelengths. The
measured extinction spectrum was compared to the fitted one
by averaging over the extinction for parallel and perpendicular
polarizations and radii of the NT (40 to 65 nm). The results
presented in Fig. 3c are in good agreement with the measured
extinction and support the existence of strong light-mater
interaction in the dispersed WS, NT. Interestingly, despite
the fact that not all the orientations were taken into account,
the good fit indicates that the main features of the extinction
spectrum are captured by considering only the two extremal
orientations. The splitting between the resonances in the fitted
extinction spectra are 330 and 248 meV for cavity modes
coupled to A and B excitons, respectively. These values
are comparable to the Rabi splitting of EP in thin WS, flakes
(~270 meV).>® The map of the electric field’s intensity at
specific wavelengths was calculated for WS, nanowire with a
radius of 60 nm (Fig. 3d and ESIL, Section S4). Note that the
transverse magnetic/electric (TM/TE) modes are derived when
the light polarizations are parallel/perpendicular to the NT’s
long axis. The calculated modes can be identified as the TM;,
and TE,; modes.” Interestingly, although the TE modes are less
intense than the TM modes, the overlap between the excitons
and the TE cavity modes is higher (ESI,T Section S4 and Fig. S3c).
Thus, it can be concluded that the TE and the TM modes both
contribute to the observed extinction spectra.

2.3 Fitting with a coupled-oscillator model

The results of the FDTD simulation confirm the existence of
cavity modes in the WS, NT. Moreover, the appearance of
transparency dips*® near the excitonic resonances implies that
there is a strong interaction (coupling) between the CMR and
the excitons. To obtain additional physical understanding of the
apparent transparency dips, the extinction spectrum was fitted
using a phenomenological coupled oscillator (PCO) model®®
(Fig. 3c, red line). Indeed, this fit supports the assumption that
the extinction spectrum of WS, is dominated by strong coupling
between the excitonic features and the cavity mode.

Generally, in the PCO model the ground state transitions are
described as damped harmonic oscillators.! In the case of WS,
nanotubes these oscillators represent the polarization of a cavity
mode and the A and B excitonic transitions. The coupling between
the cavity and excitonic oscillators is via a dipole-dipole energy
term Ej,, = 2giwixix.. Here x; (i = A, B) is the exciton polarization, x.
is proportional to the cavity electrical field amplitude, w; is the
exciton transition frequency and g; is the exciton—cavity coupling
strength. The coupling between the two (A and B) excitonic bands is
assumed to be only mediated by the cavity mode.

Using such a modelling scheme, one can derive the expres-
sion for the extinction spectrum (see Methods, eqn (1) and ESL

20816 | Phys. Chem. Chem. Phys., 2018, 20, 20812-20820

Section S3 for more details). The extinction spectrum of WS, NTs
is fitted to the expression in eqn (1) and the results are presented
in Fig. 3c and Table 2. The best fit is achieved when the energies
of the two excitonic oscillators are in agreement with the A and B
exciton energies, supporting the validity of the model. These
results uphold the notion that the transparency dips observed in
the WS, NT extinction spectrum are induced by hybridization of
the excitons with the cavity mode. The coupling strengths, g, and
gg, of the cavity mode with the A and B excitons respectively, are
~163 meV and 175 meV (Table 2). These coupling strengths are
comparable to those observed in WS, flakes (g, = 135 meV and
g8 = 390 meV).2°

For a simple system consisting of two degenerate and
undamped coupled oscillators, the extinction spectrum will
consist of two sharp peaks. In this case, each of the peak
energies corresponds to the hybrid mode energy. The splitting
between the two energies is termed the Rabi energy splitting (£2)
and is related to the coupling constant by @; = 2g;.”* The NT
system is more complicated as it includes three excited states
(two excitonic states and a cavity state) which are non-
degenerate and have non-negligible loss rates. Here, the values
of the splitting are substantially different from Q; = 2g; (which
corresponds to ~ 340 meV for both transitions). Consequently,
for WS, NT the energy splitting (Q) between the coupled modes
was numerically derived using the resonant modes of the
system and is Q = 280 meV for the lowest energy states and
Q = 640 meV for the highest energy states (ESI,{ Section S3.1).

2.4 Reflectivity of WS, nanotubes film

For further investigation of the excitons-CMR interactions, the
reflectivity of a textured thin film consisting of WS, nanotubes
deposited on a quartz substrate was measured. The micro-
graphs of the film and the detailed scheme of the measurement
setup are presented in ESI,T Section S7 and Fig. S6, S7. Schematic
renderings of the two considered geometries for the reflection
measurements are displayed in Fig. 4a. The electric field of the
s-polarized (s-pol) incident light is perpendicular to the plane of
incidence (parallel to the film plane independent of the angle). In
contrast, the electric field of the p-polarized (p-pol) incident light
is parallel to the plane of incidence, so that it is nearly parallel to
the nanotube film at low (0) angles, and nearly perpendicular to
the film near grazing incidence. Thus, due to dielectric effects, at
low (0) angles both the p and the s polarized incident light the
reflectivity spectrum will be dominated by the response to fields
parallel to the nanotubes, and hence will be dominated by the
excitonic response.>*”?

The reflection spectra for the s- and p-polarizations at
different irradiation angles®* are presented in Fig. 4b. At low
angles (5°) three maxima are observed at 640, 535, 475 nm for

This journal is © the Owner Societies 2018
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Fig. 4 Reflectivity of textured WS, nanotubes thin film. (a) Schematic representation of the two considered geometries. The electric field of the s-/p-polarized
incident light is perpendicular/parallel (respectively) to the film plane and to the WS, nanotube c-axis. Note that the incident radiation is normal to the basal plane
of the nanotube, i.e. the optic E vector is always perpendicular to the crystal c-axis (E L ¢ or E || a).%° (b) Comparison of the reflection spectra for the s- and
p-polarizations at different angles (the given angles are between the incident beam propagation direction and the normal of the film). (c) The observed maxima
positions of s- and p-polarized light as a function of angle. Note that when the incident light is p-polarized, the maxima are blue-shifted as the angle increases.
Contrary, when the light is s-polarized, the maxima slightly red-shifts. This observation implies that CMR is excited only by the p-pol light.

both spectra, roughly matching the position of excitonic transi-
tions in WS, NTs. For s-polarized light, these peaks are not
expected to shift for higher angles since the electric field is
always in the plane of the film. Indeed, the reflectivity spectrum
of s-polarized light is nearly independent of angle. The maxima
observed at 640, 535, 475 nm can be assigned to the A, Band C
excitonic transitions (Fig. 4b).*> The observed maxima are
somewhat red-shifted compared to the ones obtained from
the absorbance measurement (630, 520 and 450 nm). This shift
may originate from multiple scattering within the nanotubes’
film®>”° or from a background that causes peak asymmetry.

In contrast, at high angle excitation with p-polarized light, the
electric field is close to perpendicular to all the nanotubes in the
film. Thus, the interaction of the p-polarized light at higher
angles is dominated by coupling to the cavity mode. Indeed, the
peaks are blue-shifted with increasing angle when the incident
light is p-polarized. These blue-shifts become obvious above
~60°, and when the incidence angle is 75° the maxima are at
610 and 524 nm (Fig. 4c). Moreover, the reflectance spectra for
p-pol (80°) is comparable to the results of FDTD simulation
for polarization perpendicular to the NT axis (ESLt Section S6
and Fig. S6d). These results strengthen the conclusion that
polaritonic effects are at work in these nanotubes.

3 Conclusions

We show that the WS, nanotubes emerge as a unique class of quasi
1D-material that is able to sustain both excitons and cavity modes
in the visible and near IR spectral range. The diameter-dependent
FDTD simulated extinction spectra exhibit a typical anti-crossing
behavior and the formation of the exciton polaritons. These find-
ings imply that the variation in the NTs’ radius enables tunability of
the coupling strength between the optical mode and the WS,
excitons. By using the phenomenological coupled oscillator (PCO)
model, the (Rabi) splitting between the coupled modes was eval-
uated to be as high as 280 meV.

The strong light-matter interaction in the WS, nano-
tubes suggests that they can be used for polaritonic devices at

This journal is © the Owner Societies 2018

room temperature. Namely, the possibility of controlling the
excitons resonances and hence that of the polaritons via gating,
doping or variation of the NT radius opens possibilities for
developing photonic devices with great potential for controll-
ability. These findings hold a great promise for the studies of
exciton-based light-matter interaction in TMDCs and their
optical applications.

4 Experimental section
4.1 Materials

The multiwall WS, nanotubes used in the current work were
purchased from “NanoMaterials Ltd” and were synthesized as pure
phase according to the published procedures.>® The synthesis was
carried out at 800-950 °C using a mixture of different phases of
WO, (2.83 < x < 3) as precursors. These nanotubes have a typical
average length of 1-10 pm and diameter of 50 to 100 nm (Fig. 1).
The solutions for all the current measurements were prepared
using purified (18 MOhm) water (Milli-Q RG, Millipore).

4.2 Steady-state absorption and extinction spectra

UV-vis extinction measurements were carried out using a
Cary-5000 spectrometer (Varian). The samples were prepared
by adding 0.6 mg of the WS, nanotubes into 9 ml of Milli-Q
purified water. The mixture was hand-shaken and subsequently
sonicated twice for 1-3 min using ultrasonic bath. All suspen-
sions were measured using quartz cuvettes. Scanning electron
microscopy (SEM) and transmission electron microscopy (TEM)
analyses demonstrated that the nanotubes remain almost
unaffected by this mild sonication procedure.

In order to separate the scattering and the absorption
processes from the total extinction spectra we used an integrating
sphere (Hamamatsu Quantaurus absolute QY measurement
system).””*® This instrument directly measures the amount of
absorbed light by placing the sample inside an integrating sphere.
The system was calibrated using a sample with known absorbance
to extract the optical absorbance. A calibration for counting the
single-pass absorption photons was performed to avoid the full
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extinction which also includes photons that are scattered a few
times before being detected.

4.3 FDTD simulation

Finite-difference time-domain simulations were carried by a
commercial solver of Maxwell’s equations in time and space
(Lumerical FDTD).

The nanowires’ length is large compared to the relevant
wavelengths and thus enable us to efficiently run two-dimensional
simulation while still get meaningful results. The nanowires are
simulated as infinitely long cylinders with different radii sur-
rounded by an environment of constant refractive index similar
to the solvent (n, = 1.3). Monitors were placed in the simulation to
record the electromagnetic field scattered and absorbed by the
nanowire. From these monitors the normalized extinction cross-
sections were calculated. The normalization was with respect by
the highest value recorded for both polarizations in each set,
separately. Additional monitor was used in the simulation to
measure the electric field in the region of the nanowire and identify
the principal relevant CMRs. The simulations were performed for
normal incidence, however the principal CMRs can be excited also
at oblique incidence. Schematic description of 2D FDTD simulation
setup can be found in ESI, Section S4 and Fig. S4.

4.4 Fitting with a coupled-oscillator model

In the phenomenological coupled oscillator (PCO) model, used
throughout this text, the ground state transitions described as
damped harmonic oscillators coupled through an interaction
term.”® In the case of WS, nanotubes, the model was extended
to include the two exciton bands (A and B) which couple to a
cavity mode, ignoring the contribution of exciton C.

A simple derivation (ESL T Section S3) yields an expression
(eqn (1)) for the power loss by an incoming light beam
impinging on a nanotubes solution (extinction) versus the
beam’s angular frequency (w):
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The high density of the nanotubes at the liquid-liquid inter-
face; their high aspect ratio and low shear resistance
allows the nanotubes to accommodate a somewhat parallel
(textured) configuration. The nanotubes films could be easily
transferred onto different substrates like quartz slides and
silicon wafers, while maintaining their texture. The typical
micrographs of WS, nanotubes film acquired using SEM
and optical microscopy are presented in ESI,f Fig. S6 and
Section S6.

The setup used for the angle/wavelength-dependent reflec-
tivity measurements is shown in ESIL{ Fig. S7 and Section S6.
Halogen lamp was used as a light source. The initial light was
collimated using the converging lenses and apertures were
used to shape the beam into a parallel light source (2 mm in
diameter). A Glan prism mounted on a precisely rotating
support was used for controlling linear polarization of the
incident light. The textured WS, nanotubes film deposited on
a fused quartz slide was mounted on a motorized 0 — 20
goniometer. The reflected beam was focused to an optical fiber
mounted on a swivel mount of goniometer and connected to a
Solar S100 spectrometer. The reflectivity spectra were collected
using p-polarized and s-polarized incident light at 5-80° 0
angles (5° step), 400-1050 nm wavelength range and 1 nm
spectral resolution. In order to normalize the signal intensities
in spectra obtained at different 0 angles, the same measure-
ments were carried out using 635 nm laser of fixed intensity.
Afterwards, the spectra sets were normalized using the ratio of
reflectivity intensities at given 0 angle and 635 nm wavelength
measured in laser and lamp experiments: Rjyse.(6; 635 nm)/
Riamp(0; 635 nm).
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Cexl(w) X <FCMR~’.CCMR>“CU Im{

Here we define Di(w) = o + iwy; — *, where the i subscript
denotes parameters of either A, B or the SP which stand for the
A exciton, B exciton and cavity mode respectively. w; and 7;
represent the resonance and damping frequency of the i
oscillator respectively whereas the coupling strength between
the i exciton band and the cavity mode is defined as g;.

The expression presented in eqn (1) is used to fit the
experimental extinction spectra in order to test the validity of
the model in the case of WS, nanotubes and deduce the
resonance frequencies.

4.5 Reflectivity measurements

For preparation of the WS, nanotubes film, the aqueous
suspension of the nanotubes was mixed with 1/2 volume of
heptane and sonicated in ultrasonic bath for 10 minutes. Within
30 min after sonication, the liquid phase segregates and nano-
tubes film forms on the liquid-liquid water-heptane interface.
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