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ABSTRACT

Strong light-matter coupling is demonstrated in a simple, cavity-free structure consisting of nickel phthalocyanine thin films deposited on gold.
Variable-angle spectroscopic ellipsometry, recorded in both conventional and total internal reflection geometries, reveals hybrid exciton-
plasmon (plexciton) states with a Rabi splitting up to 0.5 eV. From the ellipsometric data, the transition dipole moment, coupling strength, and
Hopfield coefficients are evaluated. Strong coupling is evidenced by abrupt phase shifts in the ellipsometric parameter A coinciding with minima
in the amplitude parameter ¥, as well as by topologically distinct p-trajectories in the complex reflection plane exhibiting winding numbers of z
two. Two-dimensional and three-dimensional representations of p as a function of the angle of incidence further highlight these signatures of ¥
strong coupling. The observed effects depend sensitively on both film thickness and molecular density. The results establish a platform for 3
exploring polaritonic phenomena and suggest potential applications in nanoscale sensing, light-harvesting, and organic optoelectronics.
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I. INTRODUCTION extraction. Recently, cavity-free geometries have emerged as an
alternative to both closed and open cavity systems. In such cavity-
free geometries, strong coupling arises through delocalized plas-
monic modes or simple planar interfaces, rather than from confin-
ing light inside a resonant cavity.'>'*

Based on this concept, we employ a simple cavity-free plat-
form: a thin layer of nickel phthalocyanine (NiPc) deposited on a

When molecules are confined within an optical cavity, they
interact with the resonant cavity photon modes to form exciton-
photon polaritons. This phenomenon, known as strong coupling,
has been well studied.'™ Optical cavities come in many designs
and geometries, such as Fabry-Pérot cavities,” periodic Bragg
reflection structures,'’ microsphere and microdisk resonators, '

photonic crystal cavities,'” whispering gallery mode resonators,'>"* gold film supported by glass. We investigate its optical response
etc. The choice of cavity structure depends on the application and ~ using variable-angle total internal reflection ellipsometry (VA
desired optical properties. However, these closed geometries often ~ TIRE) and compare it with conventional variable-angle spectro-
require complex, multi-step, and time-consuming fabrication pro- scopic ellipsometry (VASE).

cesses. To overtake these limitations, open or leaky (also referred to Nickel phthalocyanine [see the chemical structure in supple-

as “open-access” or “planar cavities”) optical microcavities have =~ mentary material, Fig. S1-1] is an organic dye that strongly absorbs
been developed.'”™"” These structures are designed to allow a  Vvisible and near-infrared light through exciton formation (bound

portion of light to escape, unlike traditional cavities that aim to electron-hole pairs generated when a photon promotes an electron
fully confine light. This controlled leakage serves specific purposes, to an excited state while leaving behind a positively charged hole).
such as improving sensing capabilities or facilitating light Its phthalocyanine ring is a large, flat, z-conjugated system in
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which electrons are delocalized across the entire macrocycle. A
central metal ion, such as Ni, mixes its orbitals with those of the
ring and slightly alters the molecular symmetry,'” which shifts the
energy levels and transition strengths that determine how the mole-
cule interacts with light. The most prominent feature is the Q band,
originating from the lowest-energy 7-z* transition, corresponding
to excitation from the ground singlet state (Sp) to the first excited
singlet state (S;). In the solution, the Q band appears near 1.7 eV,
but in thin films it typically red shifts to ~1.6 eV due to 7-7 stack-
ing and excitonic de-localization (Fig. SI-2 in the supplementary
material). Molecular aggregation further modifies this band:
H-aggregates (face-to-face stacking) usually cause blue shift and
broadened absorption, while J-aggregates (partially offset or
head-to-tail stacking) lead to red shift and narrowed features.”" ™

While J-aggregates are popular and effective for studying
strong exciton—plasmon coupling, particularly in solid-state cavity-
free configurations,”**° NiPc derivatives offer several advantages.
Unlike J-aggregates, which may exhibit photo-instability,” a
narrow spectral range,28 and structural disorder in thin films,””*"
NiPc offers excellent chemical and thermal stability and easy for-
mation of homogeneous thin films via spin coating. Although NiPc
exhibits a broader linewidth than typical J-aggregates, which can
limit the maximum observable Rabi splitting, the planar molecular
structure of NiPc facilitates anisotropic alignment, thereby enhanc-
ing its interaction with surface plasmon modes in ellipsometric and
TIRE-based geometries. All these makes NiPc an attractive candi-
date for the investigation of strong coupling effects.”’

Thin gold (Au) films deposited on glass serve as a well-known
plasmonic platform,” supporting surface plasmon resonances across
the visible spectral range.”’ ™" These resonances originate from the
collective oscillation of conduction electrons at the metal-dielectric
interface and can be tuned by the excitation wavelength and angle of
incidence. By enhancing the local electromagnetic field, surface plas-
mons enable strong coupling with excitonic transitions in adjacent
molecular layers, leading to the formation of hybrid exciton-
plasmon states (plexcitons) and making gold a convenient platform
for exploring plexciton formation in thin films.”*"

Spectroscopic ellipsometry (SE) is a well-established and widely
used technique for characterizing thin films,” but in plasmonic
systems, it often lacks the sensitivity required to detect strong cou-
pling. To address this limitation, we employed total internal reflec-
tion ellipsometry (TIRE),” which has become increasingly popular
for studying plasmon-exciton interactions.””"** In this work, both
methods were implemented in their variable-angle forms (VASE and
VA TIRE), in which the ellipsometric parameters are recorded over a
broad range of incidence angles. The VA TIRE configuration, in par-
ticular, enhances near-field confinement at the metal-dielectric
interface, enabling quantitative evaluation of the Rabi splitting
energy, coupling strength, transition dipole moment, and Hopfield
coefficients, as well as their dependence on film thickness and
molecular density.

In NiPc thin films on gold substrates under cavity-free condi-
tions, phase singularities emerge when the amplitude-related
parameter of reflected light (V) approaches zero, causing abrupt
changes or undefined values in the phase-related parameter (A).
Sensitive to resonance conditions, they act as signatures of strong
light-matter interactions rather than instrumental artifacts,

ARTICLE pubs.aip.org/aip/jap

reflecting interference and coupling phenomena at critical condi-
tions. Their presence provides evidence of plexciton formation,
near-field enhancement, and serves as a diagnostic tool for engi-
neering complex photonic systems.*” ™"

Il. METHODS
A. Spectroscopic ellipsometry

The rotating compensator spectroscopic ellipsometer M2000-UV
by J. A. Woollam Co., Inc. (USA) was employed for all ellipsometric
measurements over a photon energy range E = 1.24—3.33 eV. For
VA TIRE measurements, a semi-cylindrical glass prism was used. The
prism was in optical contact with the glass side of the metal-coated
microscope cover-slip slide via an index-matching fluid (Cargille BK7
glass matching liquid np = 1.5167, McCrone, UK). Measurements
in the TIRE mode were performed in an Teflon™ cell of 0.2 mL in
volume (though it remained empty to enable measurements in
ambient air), as shown in Fig. 1.

Ellipsometric measurements were performed using focusing
probes (J. A. Woollam Co., Inc., USA), which reduced the spot size,
thus minimizing the influence of film non-uniformity from spin
coating, allowing reliable measurements on smaller sample areas,
and suppressing background reflections (further details are pro-
vided in supplementary material, Sec. IC).

Both SE and TIRE mode measurements were conducted
first at a fixed angle of incidence (AOI or 6) of 70°, followed by
scans over 6 = 45°—80° in 0.5° increments. Measurements were

FIG. 1. Schematic diagrram shows a VA TIRE setup, with the following labeled
components: 1—Teflon™ cell, 2—sample, consisting of a microscope glass
slide with a thermally evaporated Cr/Au layer and spin-coated NiPc film, 3—
optical components of the ellipsometer (i.e., the polarizer, compensator, and
analyzer), 4—the semi-cylindrical prism.
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performed in air. For reproducibility, multiple runs were
recorded. Polarization calibration was verified using a standard
reference sample (Si wafer with native oxide). The measured
ellipsometric parameters (¥, A) for this reference agreed
with tabulated values within +0.25°, confirming the accuracy
of the calibration. Ellipsometric data were acquired and
analyzed using CompleteEASE software (v. 6.67, J. A. Woollam
Co., Inc., USA).

B. Deposition of NiPc onto metal surface

Nickel phthalocyanine was dissolved in chloroform to prepare
solutions with concentrations ¢ ranging from 1 to 100 mg/mL.
Chloroform was selected because it provides high solubility for
NiPc and evaporates rapidly during spin coating, which facilitates
uniform film formation. Solutions of NiPc is chloroform in various
concentrations ¢ (mg/mL) were used in both spin coating and
absorption spectroscopy. For deposition, a 20 ul drop of solution
was placed onto a rectangular substrate (2.5 x 2.0 cm), either plain
glass or the gold-coated side of a cover-slip glass slide with a ther-
mally evaporated Cr/Au layer, and spread using a spin coater
(Ossila Ltd., UK). The spin-coating process lasted 60 s and followed
a two-step protocol: the first step was fixed at 800 rpm for 30 s to
allow uniform spreading of the droplet, while the second step was
varied between 1000 and 2000 rpm for 30 s to control the degree of
centrifugal thinning and hence the final film thickness. After spin
coating, samples were left to dry in air at room temperature for 10-
15 min before measurements.

Using this protocol, a series of NiPc films with thicknesses in
the range d ~ 10—252nm were obtained at a fixed solution con-
centration (c = 10 mg/mL). Increasing the second spin speed (up
to 2000 rpm) resulted in thinner films due to enhanced solvent
removal, whereas lower speeds produced thicker layers. In some
cases, the deposited solution volume was increased to 50ul to
ensure complete coverage; potential inhomogeneities were mini-
mized by maintaining the two-step protocol.

This controlled variation of spin-coating parameters enabled
systematic investigation of how film thickness and molecular
density influence the strength of exciton-plasmon coupling, quanti-
fied through the observed Rabi splitting energy.

The illuminated spot in both VASE and VA TIRE measure-
ments is approximately 0.6 x 2.5 mm (see supplementary material,
Sec. IC for details). The NiPc films on both gold and glass sub-
strates demonstrate excellent visual uniformity and appear continu-
ous, smooth, and homogeneous, with no visible aggregates,
crystallization features, or defects. Spin-coated metal-phthalocya-
nine films are reported to form continuous, homogeneous layers
with nanometric roughness.*® Such smooth films are well suited for
ellipsometric measurements performed over millimeter-scale illu-
mination areas and fully justify the assumption of optical unifor-
mity within the probed region.

The materials used, together with additional experimental
methods (e.g., absorption spectroscopy and determination of the
optical parameters and thicknesses of the gold and NiPc layers),
are described in the supplementary material Secs. IA, ID, IE, IF,
and IG, respectively.

ARTICLE pubs.aip.org/aip/jap

I1l. RESULTS AND DISCUSSION

Most VASE and VA TIRE measurements are presented and
discussed in the supplementary material, allowing the main text
to remain focused on key results. Supporting datasets from the
supplementary material are cross-referenced alongside the corre-
sponding figures and tables in the main text, without further
mention in the text itself.

In this work, the term plasmon-exciton refers broadly to the
interaction between plasmonic modes, collective charge oscillations
at a metal-dielectric interface, and molecular excitons, i.e., bound
electron-hole pairs in the system. This terminology is independent
of the coupling regime and applies whether the interaction leads to
weak changes or to more pronounced effects.

When the light-matter interaction enters the strong coupling
regime, where the coupling strength exceeds the combined dissipa-
tive losses of the plasmonic and excitonic components, the system
no longer sustains purely plasmonic or excitonic normal modes.
Instead, two new hybrid light-matter states emerge (upper and
lower polariton branches), separated by the Rabi splitting energy.
In this regime, we use the commonly used term plasmon-plexciton
to emphasize the formation of mixed states (polaritons) arising
from coherent energy exchange between plasmons and excitons on
timescales faster than their decay.”

Case study note. Before investigating strong coupling phenom-
ena between excitons in NiPc films and metal-supported plasmonic
modes, it is important to establish a reliable reference to differenti-
ate true exciton-plexciton interactions from individual optical
responses of NiPc and the substrate. For this reason, control mea-
surements were carried out on NiPc films deposited on non-
interacting substrates (glass), and clean metal surfaces (gold), in
both VASE and VA TIRE modes. To keep clarity in the main text,

the corresponding results and discussion are provided in the sup- :

plementary material, Secs. IH and II.

A. Types of phase singularities

A phase singularity in ellipsometry refers to a point where the
phase-related parameter A changes abruptly or becomes undefined;
often it is accompanied by a rapid sign change. Such singularities
occur when the reflected light amplitude for one polarization com-
ponent approaches zero, making the phase highly sensitive to small
changes in the optical path.

It is essential to distinguish singularities resulting from strong
light-matter coupling from those introduced by instrumental or
optical artifacts. In the M2000-UV J. A. Woollam Co., Inc. ellips-
ometer, instrument-related phase flip-overs occur due to internal
phase conventions and angle-wrapping logic: the ellipsometric
phase A is defined modulo 360°, making —90° and 270° mathe-
matically equivalent. The software enforces a continuous represen-
tation for plotting and fitting, which can produce apparent
discontinuities. Similar artifacts can also occur under conditions of
low reflected intensity, such as near the Brewster angle or in the
presence of highly absorbing films, where a reduced signal-to-noise
ratio introduces instability into A readings. Sample misalignment
and surface roughness may also generate phase singularities.

Singularities associated with strong coupling are reproducible,
angle- and wavelength-dependent, and occur near spectral anti-

€2v0:¥1 920C YdIen z1

J. Appl. Phys. 139, 083104 (2026); doi: 10.1063/5.0304486
© Author(s) 2026

139, 083104-3


https://pubs.aip.org/aip/jap

Journal of
Applied Physics

crossings. They are observed in systems with sufficient molecular
film thickness and concentration and are accompanied by Rabi
splitting features in both ¥ and A spectra.

Representative S = sin(2¥)sin(A) maps, which remove the
A-wrapping artifacts and reveal the underlying phase evolution, are
shown in the supplementary material, Sec. IL.

B. Case study

VASE and VA TIRE measurements of NiPc films were per-
formed under two conditions to separate the effects of optical path
length and oscillator density on exciton—plexciton interactions:

(1) NiPc layers with fixed thickness (4 ~ 60 nm) and varying con-
centrations (¢ = 1 — 100 mg/mL) and

(2) NiPc layers with fixed concentration (¢ = 10mg/mL) and
varying thicknesses (d ~ 10—252nm) were deposited on the
gold substrate. A non-regular NiPc thickness gradient was
employed, with finer steps in the d ~ 42—64 nm range, where
strong exciton—plexciton coupling was expected.

For both conditions, reconstructed dispersion maps derived
from the measured W(E) and A(E) spectra are presented for easier
visualization of optical mode evolution and identification of strong
coupling.

1. Variable concentrations of NiPc

NiPc films were spin-coated onto gold substrates from chloro-
form solutions with concentrations ranging from 1 to 100 mg/mL.
The most representative case, ¢ = 50 mg/mL (d = 63.8 + 3.8 nm),
which exhibits clear spectral splitting, is highlighted here.
Dispersion maps of ¥ and A as functions of photon energy and
angle of incidence, measured in both VASE and VA TIRE modes,
are summarized in Table I, with the complete dataset provided in
supplementary material, Sec. IJ.

1. VASE mode. There are two distinct minima in ¥ around
the Q-band, along with sharp phase singularities in A. However,
the spectral splitting is not angle-dependent and remains nearly
constant across all angles of incidence. Such non-dispersive features
cannot be assigned to polariton branches but are more consistent
with interference effects within the absorbing film. A plausible
explanation is Fabry-Pérot-type resonances, which arise from con-
structive interference between forward- and backward-propagating
waves in the NiPc layer. Resulting standing-wave conditions enhance
the local field and absorption at specific energies. The angular inde-
pendence, combined with the vertical film geometry and strong
absorption of NiPc, suggests that these features originate from
Fabry-Pérot-like resonances that may be influenced by excitonic
absorption, rather than from true exciton-plasmon hybridization.

Although such resonances are typically associated with multilay-
ered structures, they could also arise here due to multi-stacking of
NiPc aggregates (NiPc is known to self-assemble into columnar stacks
via 7 — 7 interactions, particularly at higher concentrations and in
thicker films).*”*” This aggregation can lead to exciton de-localization,
Davydov splitting, and alterations in transition dipole orientation.
Such excitonic restructuring can shift, broaden, or split optical reso-
nances in a manner that may resemble light-matter coupling.

ARTICLE pubs.aip.org/aip/jap

2. VA TIRE mode. ¥ show clear and well-defined spectral
splitting of the resonant mode, strongly indicating the presence of
upper and lower polariton branches. The alignment of these fea-
tures in both ¥ and A corresponds to a phase singularity. A phase
spans is associated with intense mode hybridization in V. These
combined features strongly suggest exciton-plasmon hybridization.
A quantitative analysis of the Rabi splitting relative to the exciton
and plasmon line-widths is presented in the Sec. III C to confirm
whether the system satisfies the strong coupling criterion.

2. Variable thickness of NiPc

To isolate the effect of film thickness on the exciton-plexciton
interaction, the NiPc concentration was fixed at 10 mg/mL for all
samples, while the thickness was varied from ~10 to 252 nm.
Under these conditions, changes in d become the dominant factor
influencing the optical response.

Results for a d = 59.6 + 4.2 nm film are shown as a representa-
tive example of the behavior observed across the 42-64 nm thickness
range. Data for the d = 10 + 2.5nm and d = 252 + 13.8 nm films
(presented in supplementary material, Sec. IK) exhibit no clear signa-
tures of strong coupling, such as spectral splitting in ¥, sharp phase
singularities in A, or angle-dependent anti-crossing behavior.

1. VASE mode. ¥ and A dispersion maps for
d =159.6 £ 42nm are presented in Table II. Narrow, spectrally
localized amplitude dips are observed, accompanied by pronounced
phase singularities in the corresponding A plots. However, these res-
onances show no angular dispersion. Their spectral position remains
constant with 6, distinguishing them from exciton-plexciton reso-
nances. This angular independence, combined with the vertical film
geometry and strong absorption of NiPc, suggests that the observed

features are Fabry-Pérot-like interference resonances within the ;
absorbing film. These resonances may be influenced by excitonic |

absorption but do not display the angle-dependent dispersion char-
acteristic of exciton-plasmon polaritons. A similar conclusion was
made for fixed-thickness (d ~ 64nm) samples prepared at higher
NiPc concentrations (¢ = 50 mg/mL) and measured in VASE mode.

It should be noted that phase singularities are observed at
higher photon energies across samples. These are likely instrumen-
tal in origin. As mentioned earlier, they can be distinguished from
phase singularities associated with strong coupling by the absence
of corresponding resonance features in ‘P

2. VA TIRE mode. A typical VA TIRE dispersion map shown
here, represents all samples within the d ~ 40-60 nm thickness
range (Sec. IK in the supplementary material), which display clear
spectral splitting in ¥ and sharp phase singularities in A. These fea-
tures exhibit pronounced angular dispersion, with the energy sepa-
ration between the upper and lower branches decreasing with 6
and forming the anti-crossing pattern characteristic of strong light-
matter coupling.

In addition to the upper and lower polariton branches, the
ellipsometric spectra also contain an angle-independent excitonic
feature at ~1.75 eV (see Tables I-II and SI-8-SI-11 in the supple-
mentary material). This comes from a fraction of NiPc molecules
that remain uncoupled from the plasmonic mode. Only the
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TABLE . Comparison of ¥ and A dispersion maps for NiPc films on gold (d = 63.8 + 3.8 nm, ¢ =50 mg/mL) measured in VASE and VA TIRE modes.

¥ (VASE) A (VASE)
¥ (deg) A (deg)
89.80 270.0
3.0 7865 3.0+ 2250
67.50 180.0
2.5 254
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I 2
> >
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w 34.05 w 45.00
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45 50 55 60 65 70 75 80 45 50 55 60 65 70 75 80
AOI (deg) AOI (deg)
¥ (VA TIRE) A (VA TIRE)
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57.00 270.0
3.04 49.95 3.0 225.0
42.90 180.0
) 254
; 35.85 ; 135.0
I 2
> >
@ o)
[ = [ =
w 2175 w 45.00
1.5 1.5
’ 14.70 0.000
7.650 -45.00
1.0 1.0 ﬁ
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T T T T T T T T 1
45 50 55 60 65 8

7l0 7|5 80
AOI (deg)

'S
[
3]
o
(4]
o

60 65 70 75
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molecules located within the plasmonic mode volume (set primar-
ily by the evanescent field penetration depth of &, ~20-30 nm)
participate efficiently in strong coupling.™' For the thinner films
(d = 42 nm), approximately 6,/d ~ 25/42 ~ 0.6, i.e., roughly 60%
of the film thickness, lies within the high-field region.

For the thickest films (d = 64nm), this drops to &,/d
~ 25/64 ~ 0.4 or about 40%. As the thickness increases, a progres-
sively larger fraction of the molecular layer resides outside the
strong-field region and therefore remains uncoupled, giving rise to
the angle-independent excitonic line. The coexistence of coupled
(dispersive) and uncoupled (angle-independent) excitonic signals is
an expected result of finite penetration depth, molecular-
orientation distribution, and film-thickness variation.

Compared to VASE measurements, the VA TIRE configuration
provides improved sensitivity to angle-dependent spectral features
due to the enhanced optical path length and stronger field

confinement under total internal reflection. The VA TIRE data
strongly suggest that exciton-plasmon hybridization occurs in NiPc
films on gold within a well-defined thickness range. A quantitative
analysis of Rabi splitting vs linewidths is presented in section I1I C to
determine whether the system fulfills the strong coupling condition.

Comparing the cases of a high-concentration NiPc film
(c =50 mg/mL) and a low-concentration film (¢ = 10 mg/mL) of
similar thicknesses measured in the VA TIRE configuration, the ¥
and A maps show significant difference. In the ¢ = 50 mg/mL film,
higher molecular density increases the coupling strength but also
introduces greater losses from aggregation, disorder, and scattering,
leading to broadening the excitonic linewidth and making
the avoided crossing appear more diffuse. By contrast, the
¢=10mg/mL film, with fewer excitons, has lower coupling
strength but also lower damping, producing a cleaner, sharper anti-
crossing despite the reduced molecular density.
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TABLE II. Comparison of ¥ and A dispersion maps for NiPc films on gold (d=59.6 £ 4.2 nm, ¢ = 10 mg/mL) measured in VASE and VA TIRE modes.

Y (VASE) A (VASE)
¥ (deg) A (deg)
3.0 . 3.0
67.15
2.5 25
= . 56.03 N
820+ 44.90 B20
@ @
[ =4 [ =
[im} 33.78 i
1.54 1.5
| —————— 2265
1153 45,00
1.0 1.0
0.4000 -80.00
T T T T T T r T T T T T T 1
45 50 55 60 65 70 75 80 45 50 55 60 65 70 75 80
AOI (deg) AOI (deg)
¥ (VA TIRE) A (VA TIRE)
¥ (deg) A (deg)
56.80 270.0
3.0 49.73 3.0 225.0
4265 180.0
2.5 . 2.5+
~ o 3558 < 135.0
A - 2 -
§ 2.0 1 2830 § 2.0 m 90.00
@ 9]
(= =
w 2143 w 45.00
1.5
14.35 0.000
7.275 -45.00
- 0.2000 -80.00

AOI (deg)

AOI (deg)

C. Rabi splitting and coupling strength estimation

Despite the simple configuration used, a clear strong coupling,
manifested as Rabi splitting and phase singularities, was observed in
the ellipsometric ¥ and A spectra measured in the VA TIRE mode.
To quantify interaction strength, we employed a coupled harmonic
oscillator model, commonly used in plasmonic systems.”

In our case, the system consists of two oscillators: a molecular
excitation in NiPc and a plasmonic mode supported by the metal/
organic interface. Their interaction results in the formation of two
new energy levels: upper and lower polariton branches:”*>**~>*

1
B+ (0)=3 | (By+a(6—60°) + Ee) £ \/ (Bo +a(0—60) ~ Eee +4g?

1

Here, Ey = E, (6 = 60°) is the plasmon energy at the central
angle used for linearization, E is the exciton energy, g is the
exciton-plasmon coupling strength, EL correspond to the upper
(UPB) and lower (LPB) polariton branches, € is the angle of inci-
dence, and « is a linear dispersion parameter that accounts for the
angular dependence of the uncoupled plasmon mode.

The polariton dispersion relation [Eq. (1)] is obtained by diag-
onalizing a two-level coupled-oscillator Hamiltonian that describes
the interaction between plasmon and exciton modes.” The first
term, (Ey + a(6 — 60°)), is a linear approximation of the plasmon
resonance energy and represents its shift with angle of incidence.
The square-root term describes the characteristic anticrossing, with
the coupling strength g defining the Rabi splitting between E, and
E_. In this work, the lossless model is used, as it captures the essen-
tial physics of mode hybridization and Rabi splitting while keeping
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the analysis simple. The damped model becomes important when 24

strong absorption or broad resonances dominate and line-width

effects must be considered. 221 o 8

Plasmon resonances in planar thin-film structures can shift 204 A 8
with 6 due to several factors, including phase-matching between ’ a8 8 B g
light and surface modes, changes in the in-plane wave vector with 1.8
6, and variations in the effective optical path length. To avoid recal- :
culating the full angular dispersion for each fit, the plasmon disper- <164 3
sion is approximated as linear about the central angle, 2 $
Ey(6) ~ Eo + a(6 — 60°), with slope . w14 $

At resonance, where Ey = E, and the detuning vanishes, the 124 ’
energy separation between the upper and lower polariton branches ] g
defines the Rabi splitting, #Qg, which characterizes the coupling 104 @ z
strength: L O 423nm-UPB @ 423nm-LPB

0.8 [l 497nm-UPB @ 49.7 nm-LPB
A 596nm-UPB A 596 nm-LPB
hQp = E+ _E = Zg (2) a6 1 ] . , ' . . ] 'D 63].8nm-'UPB .. 6:?.8nm-ILPB
50 55 60 65 70 75 80
To confirm that the system is in the strong coupling regime, the 0 (deg)
Rabi splitting must satisfy the following condition:”
1 (a)
hQr > 2 (Yex + 70) 3)
2.6
where 7., and y, are the linewidths [full width at half-maximum 2.4 =
(FWHM)] of the uncoupled exciton and plasmon resonances, -
respectively. These line-widths reflect the damping or loss rates of 2.2
the individual modes.

Quality factor Q of each component describes how well- 2.0 " N
defined a resonance is: higher values indicate narrower resonances, o 1 §
lower damping, and longer coherence lifetimes: o = | g

E E S e :
ex 0 < oy
= = =
Qex Yer and Qpl 7 (4) 14 B
The uncoupled plasmon energy E, is the energy of the plasmonic 124 2
mode without strong coupling to molecular excitons. From the 10_-
TIRE W(E) spectrum of the clean gold substrate, the plasmon dip ’
linewidth was found to be Yo =0.12eV at 50 55 60 65 70 75 80
Ey = E,(6 = 60°) = 1.35eV. These values serve as the uncoupled
plasmon damping constant ¥, in the strong coupling condition 0 (deg)
given in Eq. (3). For consistency, Ey, ¥,, and Qp were all evaluated
at a fixed 6 = 60°, selected as a midpoint in the measured range (b)
where spectral features are well resolved and fits are most reliable.

Since the film thickness was varied only within a relatively FIG. 2. (a) UPB (open symbols) and LPB (filed symbols) extracted from VA
narrow range (including only those samples exhibiting strong cou- TIRE W(E) measurements of NiPc films with varying thickness deposited on
pling), the exciton energy E. was effectively constant across all gold; (b) UPB and LPB extracted from angle-resolved measurements of a NiPc
samples, with negligible variation. The calculated quality factor fim on gold (d =47.9 & 3.6nm, ¢ =10mg/mL). Symbols represent the
was: Qu = 11.25. Similarly, the exciton energy was fixed at expenmentgl LPB (red circles) and UPB (black sqyares), while lines shoyv the
Eex = 1.62 ¢V, based on the position of the Q-band in the UV-vis ;:orrequpdlng Eﬂtted (;u;zes. Ui gljrzenl i blgg e deréoti} e ener%lesl g
absorption spectrum of the NiPc film. The line-width of the ez excitons (Ec) and the uncoupled plasmon dispersion (Eo(6), respectively.
uncoupled exciton, y., = 0.09 eV, was extracted from the FWHM
of the absorption peak. Thus, the exciton quality factor is:

Qex = 18.0. This value remains unchanged across all film thick- The decay rate in our system is
nesses because it is determined only by the intrinsic properties of
the NiPc molecules (i.e., absorption line-width), and is not signifi- Yo T Vex ~0.10eV
cantly affected by small changes in film thickness. 2 ' ’
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TABLE lll. Coupling strength g, Rabi splitting energy #Qg, angular dispersion slope
o, estimated mode volume Viyoqe, and effective transition dipole moment 4 for NiPc
films on gold.

d(nm)  g(eV) hQp(eV) a(eV/deg) Vioae (m®) (D)
423+31 022 0.44 0.022 743x107%°  3.90
497+36 0.18 0.37 0.024 8.73x107%° 427
59.6+42 0.24 0.47 0.028 1.05x 107"  3.70
63.8+3.8 025 0.51 0.051 1.12x107 353

which is much lower than the measured Rabi splitting
(0.37-0.51 eV). Since the coupling energy exceeds the combined
losses, this confirms that the system operates well within the strong
coupling regime. Despite the relatively modest Q-factors, the large
Rabi splitting and narrow excitonic line-width enable polariton for-
mation, demonstrating efficient light-matter hybridization under
the given experimental conditions.

Ellipsometric dispersion data for NiPc films with thicknesses
ranging from ~42 to 64nm (c = 10 mg/mL) on gold substrates
exhibit clear mode splitting and anti-crossing behavior (Tables
SI-8-SI-11 in the supplementary material). The UPB and LPB were
extracted from the ¥ spectra over 6 = 50—80°, with the complete
dataset shown in Fig. 2(a). The d =47.9 + 3.6nm film is pre-
sented as an example since it displays the characteristic spectral fea-
tures typical for this thicknesses, in contrast to thinner
(d ~ 10 nm) and thicker (d ~ 252 nm) films, which exhibit no sig-
natures of strong coupling (Tables SI-7 and SI-12 in the supple-
mentary material). The fit of the experimental data to Eq. (1) is
shown in Fig. 2(b).

In Table III, the coupling strength g, Rabi splitting #Qg, and
the angular dispersion slope o of the plasmon mode were extracted
from VA TIRE ¥ data using a coupled oscillator model. For each
film thickness, the experimental data were fitted by solving the real
part of Eq. (1), and the optimal value of g was determined by mini-
mizing the squared deviation between the experimental and fitted
data. Although the UPB and LPB are real in an ideal lossless
model, in practice the solutions of Eq. (1) become complex because
of damping. We compare only the real part, which gives the mode
energies, while the imaginary part corresponds to linewidths and is
not fitted here. The Rabi splitting was then calculated using Eq. (2).

The observed Rabi splitting energies are well above the typical
threshold for entering the strong coupling regime, and are compa-
rable to or even exceed previously reported values for organic
systems.” >

The coupling strength and Rabi splitting values show no clear
correlation with film thickness (Table III). In thin films, even small
variations can strongly influence optical modes through interfer-
ence effects. While spin-coating generally provides good reproduc-
ibility, factors such as edge effects, film inhomogeneity, and local
substrate defects can introduce variability in thickness.
Ellipsometric measurements, performed with focusing probes yield-
ing a maximum spot size of ~0.56 mm through the prism, provide
high local precision. In contrast, thickness measurements from the
Bruker 3D optical interferometer (white-light interferometry) are
limited by the instrument’s vertical resolution of ~1 nm and lateral

ARTICLE pubs.aip.org/aip/jap

resolution of ~0.5—1um, where lateral resolution refers to the
smallest resolvable surface features in the x-y plane, distinct from
the total field of view. For semi-transparent thin films below
100 nm, multiple reflections, refractive index assumptions, and
local roughness effects can further degrade accuracy. These com-
bined uncertainties often produce overlapping thickness values for
nominally distinct samples and overlapping Rabi splitting energies,
complicating a clear correlation between thickness and coupling
strength.

D. Resonant angle and Hopfield coefficients

The excitonic and photonic composition of the LPB and UPB
varies with 6 because the plasmon energy shifts with angle,
whereas the exciton energy remains fixed. At small 0, the plasmon
lies below the exciton energy (negative detuning), so the LPB is pri-
marily excitonic while the UPB is primarily photonic. As 6
increases, the plasmon energy rises above the exciton energy,””**
leading to positive detuning and reversing the dominant character
of the two branches. At zero detuning, when the plasmon and
exciton energies coincide, the system reaches maximum hybridiza-
tion: the LPB and UPB contain equal excitonic and photonic frac-
tions, producing the clear anti-crossing in the dispersion curves.
The relative contributions of the uncoupled exciton and plasmon
modes to the polariton states are described by the Hopfield coeffi-
cients. They quantify the angle-dependent mixing of exciton and
photon states. Hopfield coefficients are calculated from the coupled
harmonic oscillator model as follows:*’

B o2 L (1 _ 6(0)
|CH (0)|—2(1 9(9)>, (5)
UPB 271 6(0) ;
I o) —2(1+—Q(9)) ®)

where 8(0) = E((60) — E is the detuning, and

Q(6) = 1/5(6)* + 4¢2 (7)

is the generalized Rabi frequency. The corresponding photonic frac-
tions are given by |Con|* = 1 — |Cex|™

Figure 3(a) presents the calculated exciton fractions of the
LPB and UPB as a function of @ for NiPc films of varying thick-
nesses deposited on gold, evaluated using Egs. (5) and (6).

Thickness-dependent Hopfield coefficients reveal a clear corre-
lation between the photonic and excitonic fractions within the polar-
iton branches. For thinner NiPc films (e.g, d = 42.3 + 3.1 nm), the
LPB is predominantly photonic, with Hopfield coefficient ~0.9 at
lower 6, indicating minimal excitonic contribution. As the film
thickness increases, the excitonic fraction in the LPB rises, while the
photon fraction in the UPB correspondingly increases, indicative of
enhanced exciton—plexciton coupling.

The angle of maximum mixing, defined as the point where
the LPB and UPB Hopfield coefficients both approach 0.5,
decreases with increasing NiPc film thickness [Fig. 3(b)]. For
thinner films, this crossing occurs near 72°, whereas for thicker
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FIG. 3. (a) Calculated Hopfield coefficients for NiPc films of varying thickness
on gold. Solid and dotted lines correspond to the LPB and UPB, respectively;
(b) Dependence of the angle of maximum mixing (Hopfield crossing point) on
the thickness of NiPc films deposited on gold at a fixed ¢ = 10 mg/mL.

films (e.g., d = 63.8 + 3.8 nm), it shifts to around 65°. This shift
reflects the enhanced overlap between the plasmonic field and the
excitonic medium in thicker films, which modifies the phase-
matching conditions and enables strong hybridization at lower
angles.

ARTICLE pubs.aip.org/aip/jap

Although the molecular density was kept constant across all
samples (c = 10 mg/mL), increasing the film thickness enhances
the exciton-plasmon interaction in two ways. First, a thicker film
increases the number of excitonic dipoles participating in the cou-
pling, since the interaction strength scales approximately as
g o< v/N, where N is the number of excitons coupled to the plas-
monic mode.” Second, the larger thickness improves the spatial
overlap between the confined plasmonic field and the excitonic
medium, thereby modifying the phase-matching conditions and
shifting the angle at which maximal hybridization occurs to lower
0. Thus, variations in film thickness, even at constant molecular
concentration, provide direct control over the detuning, exciton-
photon mixing ratio, and overall coupling strength.

The flattening of Hopfield curves at higher 6 for thicker films
may indicate a saturation of the excitonic contribution, potentially
influenced by inhomogeneous broadening or dephasing at large
incidence angles.

E. NiPc layer molecular density, mode volume, and
transition dipole moment

From the measured Rabi splitting values for NiPc films with
thicknesses in the range d ~ 42—64 nm on gold (prepared from a
¢ = 10 mg/mL solution), key physical parameters” (e.g., molecular
density, transition dipole moment, and optical mode volume) rele-
vant to the strong coupling regime were estimated.

The molecular density (N) represents the number of optically
active molecules per unit volume. The molecular density N was cal-

culated using:
y o ®
M
where the solid-state density of NiPc is p = 2g/cm® was adopted |

as a practical approximation (since the Rabi splitting scales with
/N, moderate deviations from literature values’” p~1l6g/ cm?®)
introduce only minor errors in the estimated coupling strength),
the molar mass M = 1148.1 g/mol,"’ and N, = 6.022 x10?* mol ™!
is Avogadro’s number. The resulting value was approximately
N =~ 1.15 x 10 m~3.

The optical mode volume (Viyo4e) defines how “tightly” the
electromagnetic field is confined in space; smaller mode volumes
increase the local field strength for a given number of excitons,
thereby enhancing light-matter coupling and leading to larger Rabi
splittings in systems such as NiPc-plasmon interfaces. The mode
volume was estimated as:

1\ 2
Vinode = A -d, with A~ (—) 9)

n

where A represents the effective mode area of the confined optical
field, 2 = 838 nm is the wavelength of coupled optical mode, n ~ 2
is the effective refractive index (although the precise value depends
on film thickness and optical anisotropy), and d is the NiPc film
thickness.

The transition dipole moment (i) of the NiPc exciton is a key
parameter because it directly determines how strongly light
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interacts with the material. The strength of this interaction is
reflected in the Rabi splitting energy (#€g), which increases with
both the magnitude of u and the number of excitons that couple
coherently to the optical mode, while decreasing with the mode
volume. A larger u means stronger coupling and a clearer separa-
tion of the upper and lower polariton branches. In NiPc thin films,
the flat, planar molecular structure naturally aligns the dipoles with
the confined plasmonic field, which may enhance the interaction
strength and making it easier to observe the distinct features of
strong coupling in the ellipsometric spectra.

The transition dipole moment u was calculated from the

expression:”’
o= (hQR)2 - €0Em Vimode
N

where 7Qy is the Rabi splitting (in eV), Vipode is the mode volume
(in m®), N is the molecular density (in m~3). The vacuum permit-
tivity is & = 8.85 X 10712 F/m, and &, = 2.5 is the background
dielectric constant. This value reflects the effective permittivity of
the local electromagnetic environment near the NiPc-gold inter-
face, considering both the organic layer (n ~ 2) and its surround-
ings (e.g., air and substrate). The choice of €,, = 2.5 is consistent
with values reported for similar plasmon-exciton systems.’”">%*

The calculated dipole moments were converted to Debye (D),
and together with the mode volumes, are summarized in Table III
for NiPc films with thicknesses ranging from ca. 42 to 64 nm.

Adjustment of u, N, and V. enhances the light-matter
interaction, resulting in the clear formation of upper and lower
polariton branches in NiPc/plasmon interfaces.

(10)

F. p trajectory

In addition to the conventional representation of ellipsometric
results in W(E) and A(E) (or the corresponding reconstructed dis-
persion maps), the optical response of NiPc films was further ana-
lyzed using the complex reflection ratio:

p=tan¥ .2 (11)
¥ and A both originate from the same underlying complex reflection
coefficients, describing the amplitude ratio ¥ and phase difference A
separately.”’ Representing them jointly as p, combines this informa-
tion into a single parameter and provides a clear visualization of the
spectral signatures of strong coupling.”**°” In the strong-coupling
regime, the phase of p exhibits characteristic winding and multi-loop
behavior associated with coherent energy exchange between excitons
and plasmons. This highlights features that may be difficult to iden-
tify in conventional ¥ and A maps alone.

The trajectory of p in the complex plane is characterized by its
winding number. It represents the total number of times the trajec-
tory encircles the origin in anticlockwise direction and reflects the
cumulative phase evolution of the system:

1 N
w:a;&m (12)
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where w is the winding number, i is counts the points along the
closed loop in the complex p-plane, and N is the total number of
points. All phase changes are taken in radians; d¢; = arg(p; )
—arg(p;) is the incremental phase change between neighboring
points in the trajectory.

In the context of strong coupling, w counts the number of full
27 phase rotations in the complex plane: w = 1 corresponds to a
single 27 rotation (weak or intermediate coupling), whereas w = 2
indicates two full rotations (total 47 phase change), consistent with
the presence of two resonant contributions such as polariton
branches in the strong coupling regime.

The geometry of p-loop also provides insight into damping
and coherence in the system. A near-circular, symmetric loop sug-
gests balanced mode line-widths and high coherence. Stretched
and/or distorted loops reflect mismatched quality factors
(Yex # 7o)> while noisy or self-intersecting paths may indicate lossy
or incoherent coupling. Surface roughness, scattering, and inhomo-
geneous broadening also appear as distortions in p trajectories.
These features are often masked in W(E) and A(E) plots. This
makes the p trajectory a powerful diagnostic tool for evaluating
optical coherence and identifying artifacts.

Typical p trajectories for a NiPc film measured at & = 70° are
compared with those obtained over the full 6 range (45-80°) in
both VASE and VA TIRE modes, as summarized in Table IV. The
film with d = 49.7 nm (¢ = 10 mg/mL) is shown as a representative
example for the thickness range 42.3-63.8nm (¢ = 10 mg/mL).
The dataset, covering the entire angular range as well as the full
range of film thicknesses, is provided in the supplementary mate-
rial, Sec. IM.

At a single 8 = 70°, the SE and TIRE p trajectories look
similar in shape but key differences in scale, offset from the origin
(0,0), and symmetry reveal important distinctions in the underlying
light-matter interaction.

In SE mode the trajectory forms two large overlapping clock-
wise loops shifted significantly to the left along Re(p) (Table TV,
top left). From Eq. (11), the magnitude of p is defined as:

r
lo| = Iy =tan¥
|rs]

(13)
This magnitude determines how far the loop located from the
origin in a p-trajectory plot:

e |p| =1 (|rp| & |rg]): the loop is centered near the origin.
e |p| > 1 (|rp| > |ri]): the loop is shifted to the right.
e |p| <1 (|ry| < |r|): the loop is shifted to the left.

Therefore, the horizontal offset reflects the average ratio of p/s
polarized reflectivity. When this ratio is large due to the substrate
and/or film geometry, the offset is a background effect rather than
a signature of resonance (as evidenced in SE mode p trajectory).
TIRE anticlockwise loops (Table IV, bottom left) are more
compact and circular, closer to the origin. This reduced offset and
increased symmetry imply that the resonance plays a larger role rel-
ative to the baseline reflectivity. The TIRE geometry provides stron-
ger vertical field confinement and greater overlap with the excitonic
layer, making resonance effects more prominent. This behavior is

€2v0:¥1 920C YdIen z1

J. Appl. Phys. 139, 083104 (2026); doi: 10.1063/5.0304486
© Author(s) 2026

139, 083104-10


https://pubs.aip.org/aip/jap

Journal of
Applied Physics

ARTICLE pubs.aip.org/aip/jap

TABLE IV. p trajectories of NiPc films on gold (d=49.7 + 3.6 nm) at fixed angle (6 = 70°) and variable angles (6 = 45—80°) in VASE and VA TIRE modes. The photon
energy is in the range 0.7-3.5 eV for all measurements. Asterisks (*) indicate the starting points and arrows show the direction of p-trajectory evolution.
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more consistent with conditions favoring stronger exciton-plexci-
ton coupling.

As the 6 is varied from 45° to 80°, the VASE mode loops
develop into a “butterfly” shape, with two distinct “wings” on
opposite sides of the Re(p) axis. Each “wing” corresponds to a dif-
ferent side of the phase singularity, where the real part of p changes
sign. At lower 6, the loop tilts so that the right-hand “wing” domi-
nates (positive Re(p)), while at higher € the tilt reverses and the
left-hand “wing” dominates (negative Re(p)). This flip in orienta-
tion occurs because the relative phase shift between p- and
s-polarized light changes with incidence angle, altering the sign of
Re(p). Despite this angular evolution, the loops remain discrete.
They do not merge into a single, smoothly evolving path.

Multi-angle VA TIRE p trajectories show distortions and
bending in the loop as the angle varies: features that reflect under-
lying mode splitting and plexciton formation. This is attributed to
enhanced vertical field confinement and stronger exciton-plexciton

overlap in the TIRE geometry.”’ As strong coupling is usually iden-
45,66

tified by three linked signatures:

(1) Angle-dependent mode splitting (avoided crossing) in ¥/A or
reflectance;

(2) Continuous, angle-progressive deformation of the p trajectory
into elongated “worm” patterns;

(3) Correlated movement of the loop center with 6 as polaritonic
modes shift in energy.

However, none of these are observed in the VASE data here: there
is no avoided crossing, no worm-like chaining, and the loop center
remains fixed off-origin. Although the film thickness and molecu-
lar concentration are identical, the measurement configuration
alone determines whether strong coupling can be observed. Taken
together, and contrasted with VA TIRE measurements, which do
produce “worm”-like trajectories, these observations indicate that
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Im(p)

(b) VA TIRE

FIG. 4. Comparison of 3D p frajectories measured in (a) VASE and (b) VA
TIRE modes. In both cases, the angle of incidence is fixed at & = 70°, and the
photon energy is in the range of 0.7-3.5eV. The VA TIRE trajectory shows the
characteristic multi-loop phase structure associated with strong coupling; the
VASE ftrajectory remains nearly planar.

the VASE response is dominated by interference/absorption fea-
tures on a strong baseline rather than by coherent exciton—plexci-
ton hybridization.

The difference becomes even more visible in the 3D represen-
tations. In VASE mode [Fig. 4(a)], the 3D p trajectories forms a

ARTICLE pubs.aip.org/aip/jap

long, axis-aligned “tube” with little internal structure, indicating
strong reflectance variation but no topological complexity. The
TIRE geometry [Fig. 4(b)] reveals a helical structure with twisting
and bifurcation in the Re-Im-6 volume. This layered and looping
topology is characteristic of strong coupling, where the amplitude
and phase of reflected light evolve non-linearly with angle due to
hybrid mode formation.

This comparison highlights the limitations of single-angle anal-
ysis: spectra recorded at a fixed @ can make systems in fundamentally
different coupling regimes appear similar. When p trajectories are
examined over a sufficiently large range of 6 or visualized in 3D,
clear distinctions emerge. Notably, only VA TIRE measurements
reveal the polaritonic structure of the exciton-plexciton system.
VASE data for films of identical thickness and concentration show
no angular dispersion, underscoring the importance of measurement
geometry and vertical field confinement in accessing the strong cou-
pling regime. These results further demonstrate that 2D or 3D multi-
angle p-mapping is essential for distinguishing genuine hybridization
from interference-related and absorptive features.

G. Winding number

For a representative NiPc film with d ~ 49.7 nm, the winding
number was calculated to illustrate the typical behavior in this
thickness range; the corresponding p trajectory encloses the origin
twice (Table IV, bottom left) with minimal distortion or noise. This
behavior corresponds to a winding number of w = 2.14 calculated
using Eq. (12), indicating a well-defined, coherent phase evolution
and confirming the presence of a topologically protected phase
singularity.

A winding number slightly above 2 indicates that the mea-
sured phase accumulated a bit more than two full 27z rotations
along the trajectory. This excess is usually caused by experimental
noise or small deviations from a perfectly closed loop in parameter
space. In practice, it means the true winding number is 2, but the
integration picked up a small extra phase contribution from imper-
fections in the data. Center of the trajectory lies close to the origin
(0, 0), enhancing the sensitivity of w to phase changes and increas-
ing the visibility of topological effects.

Figure 5 shows the wrapped and unwrapped phase increments
¢ as functions of photon energy. The wrapped quantity is limited
to [—x, x]; whenever the true phase increment goes beyond this
range, it is shifted by + 27, creating apparent jumps. Unwrapping
removes this 27 periodicity and gives a smooth, continuous phase
that directly follows the rotation of complex vector p. The total
phase shift across the energy interval corresponds to a cumulative
rotation of ca. 47, consistent with the winding number w ~ 2.14.
This confirms that the trajectory encircles the origin slightly more
than twice, with the small excess arising from experimental noise
and numerical integration. The steepest phase evolution occurs near
the resonance energy, where exciton-plexciton mixing is strongest.

The winding number provides a simple numerical measure of
the total phase change, but it reduces all spectral behavior to a
single value. By plotting arg(p) against energy (Fig. 5), the com-
plete phase evolution can be seen: showing where phase jumps
occur, their size, and how they relate to spectral resonances. Such
plots also make phase wrapping (e.g., from —z to +x) easy to
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16 size at the sample surface, and analysis of NiPc absorption spectra.
T Additional sections include determination of the optical parameters
14__ of NiPc and extended ellipsometric spectra (VASE and VA TIRE
modes) for NiPc films on glass and gold with varying thicknesses

Phase increment &¢ (rad)
(o))
1

and concentrations. It also contains three-dimensional and
variable-angle p-trajectory data along with further analyses (not
included in the main text for clarity).
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identify and help separate the individual contributions that build
up to w. However, winding numbers should be interpreted along-
side dispersion data to avoid overestimating coupling effects.

IV. CONCLUSIONS

Spectroscopic ellipsometry enabled a detailed investigation of
light-matter strong coupling in NiPc thin films on gold substrates.
VA TIRE measurements were particularly effective for directly
observing polariton band splitting in the ¥ and A dispersion maps,
with the effect strongly dependent on film thickness.

Films with the thicknesses in the ranges of d ~ 42—64 nm
showed strong exciton-plexciton coupling. Both, thinner (10 nm)
and thicker (252nm) films exhibited very small splitting. Rabi
energies extracted from VA TIRE varied between 0.37 and 0.51 eV,
depending on film thickness. Hopfield coefficient analysis vs angle
of incidence further revealed the evolution of excitonic and plas-
monic fractions in the hybrid modes.

Phase singularities appeared when ¥ was approaching zero, and
they were still observed in the strong coupling regime. Their presence
was confirmed by closed loops in multi-angle and 3D p trajectory
plots, serving as topological signatures of hybrid mode formation.

Although VASE showed no clear angular dispersion or direct
signatures of strong coupling, it provided essential checks on
sample quality and uniformity, detection of weak resonances, and
verification that VA TIRE features were not artifacts of inaccurate
optical constants or instrumental misalignment.

SUPPLEMENTARY MATERIAL

See the supplementary material for details of the materials
used, the structural formula of NiPc, estimation of the light spot

placement.
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