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ABSTRACT: Strong light−matter coupling hybridizes light and matter to form states
known as polaritons, which give rise to a characteristic anticrossing signature in
dispersion plots. Here, we identify conditions under which an anticrossing can occur in
the absence of strong coupling. We study planar silver/dielectric structures and find
that, around the epsilon-near-zero point in silver, the impedance matching between the
silver and dielectric layers gives rise to an anticrossing. Our work shows that care must
be taken to ensure that anticrossing arising from impedance matching is not
misattributed to strong coupling.

■ INTRODUCTION
Epislon-near-zero (ENZ) materials are a class of materials that
have dielectric permittivities ε = ε′ + iε″ with real components
ε′ that cross zero at one or more energies. They have an array
of unusual properties: tunneling through narrow, distorted
channels; reshaping the radiation pattern of a source; and the
enhancement of nonlinear optical interactions.1−5 In highly
subwavelength structures, at energies where ε′ → 0, they can
support localized surface modes called ENZ modes. ENZ
modes are coupled surface modes that can only be optically
excited by TM polarized light that has an in-plane momentum
greater than light in free space. Therefore, coupling with ENZ
modes often requires nanostructures that scatter light to gain
sufficient momentum to match that of the ENZ mode. ENZ
materials can generate large electric-field enhancements,
making these materials promising candidates for applications
such as sensing, light concentration, and enhancement of
molecular emissions.6−8

ENZ materials have also found use in strong light−matter
coupling experiments. Strong coupling occurs when the rate of
interaction between two resonators is greater than the rate of
dissipation.9−11 In this regime, the two resonators will
hybridize to form two new coupled states that inherit the
properties of both uncoupled resonators.12 Strong coupling has
been studied in a variety of systems, such as atoms in a cavity,
quantum dots in a photonic crystal, and molecules close to
plasmonic structures.1,13,14 Some ENZ materials possess
electrically tuneable ENZ modes in the near-infrared.15 ENZ
materials, therefore, allow for the electrical modulation of
strong coupling and enhanced light−matter interactions at

wavelengths important for telecommunication applica-
tions.15−18

One challenge in light−matter coupling experiments is the
assured determination of whether or not a system lies in the
strong coupling regime.19 A characteristic feature of strong
coupling is an anticrossing between the dispersions of the two
resonators; the energy splitting between the two anticrossed
modes (known as the Rabi splitting) is often used to quantify
the extent of strong coupling.10 However, the splitting of
resonances and the appearance of an anticrossing can be
caused by other phenomena, such as surface-enhanced
absorption20 or an inappropriate choice of focusing optics.21

The observed Rabi splitting also varies depending on the
choice of measurement technique,22 and misleading optical
signatures can appear in transient absorption spectroscopy.23

In this paper, we show that anticrossing can be observed
around the ENZ point in silver. We show that this anticrossing
feature arises from the impedance matching of silver around its
ENZ point to an adjacent dielectric film and is not due to
strong coupling. Our work shows that, when studying strong
coupling, care must be taken to ensure that anticrossing arising
from impedance matching is not misattributed to strong
coupling.
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■ METHODS

Sample Fabrication. Ag films (thickness: 25 nm) and Al
films (thickness: 10 nm) were deposited on glass substrates
using thermal evaporation. Both metals were deposited at a
rate of 0.1−0.2 nm s−1. Poly(methyl methacrylate) (PMMA)
films were deposited on the metal films by spin-coating a 4 wt
% solution of PMMA in anisole (PMMA 950k A4). To obtain
films with a wide range of thicknesses (100−500 nm), a small
volume (∼10 μL) of PMMA solution was drop-cast slightly
off-center of the substrate and spun at a wide range of spin
speeds, from 1500 rpm (revolutions per minute) to 9000 rpm
(see Supporting Information Figure S1). The thicknesses of
the PMMA layers were determined through ellipsometric
fitting.
Ellipsometry. Ellipsometry measures the complex reflec-

tion coefficient ratio of p- and s-polarized light, expressed as ρ
in terms of the amplitude Ψ and phase Δ:

= =
r

r
etan ip

s (1)

where rp and rs are the Fresnel reflection coefficient of p- and s-
polarized light, respectively, tan Ψ is the amplitude ratio |ρ|,
and Δ is the phase difference between p- and s-polarized light.
Ellipsometry is an ideal measurement tool for our experiment
since it allows us to concurrently study both TE modes
(maxima in Ψ) and TM modes (minima in Ψ) in our
structures. Our ellipsometer (J. A. Woollam Co. M-2000X) has
a spectral range of 0.7 eV < E < 5.8 eV, and since ellipsometry
measures the ratio of two quantities it is a low-noise
measurement technique that allows us to clearly characterize
the UV response of our structure. We used focusing optics to
measure small regions (∼100 × 200 μm2) of our samples over
which the PMMA film was approximately smooth (see
Supporting Information Figure S1b).

Figure 1. (a) Schematic of the system studied: PMMA on top of the Ag/Al film of thickness 25 nm/10 nm on a glass substrate. (b) Complex
permittivities of Ag and Al, obtained through fitting to ellipsometry data.

Figure 2. Measured (a,c) and calculated (b,d) ellipsometry amplitude parameter Ψ of the structure shown in Figure 1a. Panels (a,b) are for silver,
while panels (c,d) are for aluminum.
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■ RESULTS AND DISCUSSION
We studied thin metal films covered by a dielectric layer
(schematic in Figure 1a). The optical constants of Ag and Al
are shown in Figure 1b, and the optical constants of PMMA
are shown in Supporting Information Figure S2. These optical
constants were determined using spectroscopic ellipsometry. A
Drude−Lorentz model was used for the Ag and Al films, while
a Cauchy dielectric model was fit to the PMMA data. The
highly reflective metal mirror, together with the huge contrast
in the refractive index between the PMMA layer and air, allows
this structure to support leaky modes.24 Leaky modes are
confined within the dielectric layer, but unlike Fabry−Perot
modes (which have a low-field amplitude at the dielectric
layer’s interfaces) the leaky mode field amplitude is minimal at
the metal/dielectric interface and maximum at the air/
dielectric interface.25 This confined field is sufficient for strong
and ultrastrong coupling.24,25 Ag has two ENZ points in the
ultraviolet spectrum at energies of E = 3.8 eV and E = 4.9 eV
caused by interband transitions. We repeated our experiments,

replacing Ag with Al, which has no ENZ points in this spectral
region, as a control sample.
We characterized our samples using ellipsometry. Simulta-

neously, studying both TE and TM leaky modes provides
another control since we only expect ENZ modes to interact
with TM light modes.26Figure 2 shows the Ψ spectra of
PMMA films covering the (a) Ag mirror and (c) Al mirror for
PMMA thicknesses ranging from 120 to 460 nm, measured at
an incident angle of θ = 65°. These results match well with
Fresnel transfer matrix calculations (Figure 2b,d). In all
structures, there is a clear set of TE and TM leaky modes.
The TE leaky modes (maxima in Ψ) are clearer than the lossier
TM modes (minima in Ψ). The TE modes in the Ag mirror
structure display a clear anticrossing around 3.98 eV. In Figure
3a,b, we plot the calculated TE reflection dispersion profiles for
structures with a PMMA film thickness of 295 nm
(corresponding to the dashed lines in the plots in Figure 2).
The TM reflection dispersion profiles are plotted in
Supporting Information Figure S3, and both the TE and TM

Figure 3. Calculated TE reflection spectrum of (a) glass/Ag (25 nm)/PMMA (295 nm) and (b) glass/Al (10 nm)/PMMA (295 nm) as a function
of energy and in-plane wave-vector k∥ = 2π/λ sin θ, where λ is the wavelength of light. Slanted white dotted lines indicate θ = 30°, while the slanted
white dashed lines indicate θ = 65°. (c−f) Field profile of the (c) Ag mirror structure at θ = 65°, (d) Al mirror structure at θ = 65°, (e) Ag mirror
structure at θ = 30°, and (f) Al mirror structure at θ = 30°. Horizontal white solid lines in the field profile indicate the metal/PMMA interface.
Vertical white lines indicate the energy of the reflection minima at θ = 30° around the ENZ point of Ag.
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absorption are plotted in Supporting Information Figure S4.
We also observe anticrossing at around 3.98 eV for the Ag/
PMMA structure but not for the Al/PMMA structure,
confirming that the anticrossing in Figure 2 is not just an
artifact of ellipsometry. A clearer anticrossing can be seen in
Supporting Information Figure S5, where the TE reflection
dispersion profile is calculated for the similar structure but with
PMMA film thickness of 270 nm. In the Ag/PMMA dispersion
plot, a reflection minimum persists at 3.98 eV at lower incident
angles (i.e., lower wavevector), far away from the point of
anticrossing. No equivalent feature exists in the Al/PMMA
dispersion plot. Al is a lossier metal than Ag, meaning that the
leaky modes in the Ag/PMMA structure are of a higher quality
than the modes supported by the Al/PMMA structure. This is
clear in both Figures 2 and 3. The difference is most striking
for lower wavevectors in Figure 3a,b; at higher incident angles,
the TE field strengths are comparable. In Figure 3c,d, we
compare the TE field profiles for Ag/PMMA and Al/PMMA
structures at θ = 65°: the only significant difference is that the
field enhancement peaks that occur at around 3.98 eV are split
in the Ag/PMMA case, while they remain unsplit for Al/
PMMA. There is no mode splitting at θ = 30° (Figure 3e,f),
where the peaks in the electric field have been detuned from
3.98 eV. We do, however, observe a slight perturbation of the
field profile around 3.98 eV in the Ag/PMMA structure that is
not present in the Al/PMMA structure.
It is tempting to attribute this anticrossing behavior to the

ENZ properties of Ag, since this anticrossing (at 3.98 eV)
occurs at a similar energy to an ENZ point in Ag (at 3.8 eV).
However, we observed anticrossing with TE-polarized light,
and ENZ materials usually only interact with TM-polarized
light. In most studies of strong coupling with ENZ materials,
ENZ modes are involved.15,27,28 ENZ modes are surface modes
that occur in deep-subwavelength films; such surface modes
can only couple to p-polarized light with momentum greater
than that of free-space light.26,29 Within the radiative region,
thin ENZ films can also support Berreman modes.29−31

Berreman modes provide strong out-of-plane electric-field
enhancement due to the continuity of the normal component
of =D E; therefore, the excitation of Berreman modes also
requires TM-polarized light. Longitudinal resonances can exist
around the ENZ point of a material with low loss.32 The
longitudinal resonance arises due to the presence of surface
charge, which also requires electric field normal to the surface
to excite it. Furthermore, Ag possesses a second ENZ point at
4.6 eV, at which no anticrossing or absorption is observed.

Therefore, since our system is a simple multilayer planar
structure, and anticrossing is observed in the TE leaky mode,
we can rule out ENZ modes, Berreman modes, and
longitudinal resonance as origins of this phenomenon.
We can also rule out molecular modes in PMMA as the

source of anticrossing. While PMMA possesses vibrational
modes that allow it to couple to midinfrared light,33 it
possesses negligible absorption features around 4 eV.
Instead, we suggest a simpler explanation for the observed

anticrossing. Between silver’s two ENZ points at 3.8 and 4.9
eV, the real part of its permittivity is positive, providing a
spectral region where silver stops behaving as a metal. This
small window of nonmetallic behavior allows light to propagate
within the silver. The impedance mismatch between silver and
PMMA reaches a minimum at 3.98 eV, allowing most light in
the PMMA layer to transmit into the silver layer. This can be
seen in Figure 4. Panel a shows the calculated reflection
spectrum of a 25 nm silver film on a glass substrate, with the
incident light entering from PMMA. The reflection minimum
at 3.98 eV corresponds to the point of minimal impedance
mismatch between PMMA and silver. Panel b shows the TE
electric field profile inside the silver layer, clearly showing that
the reflection minimum in panel a corresponds to the point at
which the electric field cannot be confined to form a leaky
mode, resulting in a splitting at around 3.98 eV.
To confirm that the impedance matching between Ag and

PMMA is the source of anticrossing, we recalculated the Ψ
spectra while varying ε∞, the background permittivity for Ag.
Background permittivity is a constant independent of
frequency: modifying it changes the real permittivity of Ag
for all energies by the same quantity, which in turn modifies
the impedance mismatch between the Ag and PMMA. We plot
the results from these calculations (for −1 ≤ ε∞ ≤ 3) in Figure
5. The experimentally derived value of ε∞ = 1.18 for Ag is
indicated by the vertical dashed line. For the lowest values of
ε∞ < 0, the impedance mismatch between Ag and PMMA is
high enough to allow a leaky mode to be supported at around
4 eV, similar to the higher-order leaky mode at 5.4 eV and the
lower-order mode at 2.5 eV. As ε∞ turns positive, the
impedance mismatch at around 4 eV becomes low, and the
leaky mode can no longer be supported, resulting in splitting.
This behavior strongly resembles the transition from the weak
to a strong coupling regime as the coupling strength between
light and matter states is increased,19 yet here it is simply a
result of improved impedance matching. A similar calculation
with the TE reflectivity spectra can be found in Supporting
Information Figure S6, and the reflectivity dispersion for

Figure 4. (a) Calculated TE reflection (blue), transmission (red), and absorption (yellow) spectra of the PMMA superstrate/Ag (25 nm)/glass
substrate structure at 65°. (b) TE electric field profile of the PMMA superstrate/Ag (25 nm)/glass substrate at 65°.
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different values of ε∞ together with the Ag refractive indices
can be found in Supporting Information Figure S7.

■ CONCLUSIONS
In conclusion, we have shown that the leaky modes supported
in an Ag/PMMA structure show an anticrossing around the
ENZ point of the silver film. Anticrossing occurs in TE leaky
modes which show that it is not a result of the ENZ properties
of the silver film. We have shown that the anticrossing is not a
result of strong coupling between the leaky mode and any
resonant state but the impedance matching between the Ag
and PMMA. Our results highlight the unusual optical
signatures that can arise around ENZ points and that the
observation of anticrossing is not by itself a guarantee of strong
light−matter coupling.
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