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The optical response of metal/dielectric interfaces is largely influenced by surface plasmon-polariton
(SPP) modes. In the mid-infrared (IR) range, SPPs can probe the inner physicochemical properties of
metal/dielectric systems, including interfaces with mid-IR polaritonic 2D crystals. Using advanced nano-
scopy techniques, we characterize mid-IR SPP modes at air/gold and hexagonal boron nitride (hBN) 2D
crystal/gold interfaces via synchrotron infrared nanospectroscopy (SINS) and scattering-scanning near-
field optical microscopy (s-SNOM) imaging. SPPs in these systems show micrometer-sized wavelengths
and propagation lengths over 20 micrometers at room temperature. In hBN/Au, both SPPs and hyperbolic
phonon polaritons (HPhPs) coexist, creating SPP—HPhP wave superposition. The experimental momen-
tum and damping of the SPP waves are determined from the s-SNOM imaging and the SINS spatio-spec-
tral linescan. Thereby, we retrieve the experimental frequency—momentum dispersion relation, presenting
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excellent agreement with theory. Furthermore, we characterize an anti-crossing of the SPP dispersion
near the in-plane transverse optical phonon frequency of hBN, indicating that SPP modes and phonon
form a coupled system interacting in the strong coupling regime. Such an interaction of SPPs with
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Surface plasmon-polaritons (SPP),"> quasi-particles originat-
ing from the coupling of photons to collective oscillations of
free charge carriers, are intrinsically two-dimensional (2D)
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phonons can be further explored to enhance the sensibility of mid-IR nanospectroscopy techniques.

modes confined to the interface between a material of metallic
character and a dielectric one. Such ultimate 2D confinement
originates from the fact that while SPPs are propagative modes
in the interface plane, they are evanescent along the interface
normal direction. Being genuinely photon-charge coupled
modes intrinsic to the optical near-field electromagnetic zone,
SPP waves possess intertwined optical and electronic pro-
perties, leading to their exploitation from the ultraviolet-visible
to near-infrared (IR) ranges in waveguiding,® plasmonic
circuits,>® sensing,” lasing,®® light harvesting® and for
quantum information processing.” In the mid-IR, SPPs have
been studied in metallic structures engineered to achieve high
confinement of electromagnetic modes as IR nanofocusing in
tapered transmission line waveguides.’® Moreover, mid-IR
SPPs are found as stationary and localized modes in
antennas'®'*™*® and resonators'®'” of semiconducting® and
metallic'® micro- and nanostructures. Furthermore, mid-IR
SPPs are theoretically predicted to allow for accessing and
retrieving invaluable information from physicochemical pro-
perties of general dielectric/metal (D/M) interfaces associated
with molecular vibrations, electronic transitions, and room
temperature thermodynamical reactions.'” In the pursuit of
such great conceptual potential, we present here a thorough
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characterization of mid-IR SPP waves at D/M interfaces, using
scattering-type  scanning near-field optical microscopy
(s-SNOM)*® and synchrotron infrared nanospectroscopy
(SINS).>* Our study not only reveals fundamental nanopho-
tonic properties of SPPs but also demonstrates that these
waves can deeply probe matter through strong coupling (SC)
with phonons. SC phenomena in nanophotonics have gar-
nered significant attention due to their potential to reach and
manipulate new hybrid quantum states®® as recently shown
from SC interaction between polaritons of van der Waals
(vdW) crystals and vibrational modes of organic molecules.”®
Additionally, new polaritonic modes arising from SC between
hyperbolic phonon polaritons (HPhPs) in hetero-bicrystals
have been observed, enabling exquisite optical phenomena
such as negative refraction and negative group velocity.>**
Interactions between SPPs and phonons have also been docu-
mented in graphene hexagonal boron nitride (hBN)***” and
carbon nanotubes-hBN?® heterostructures. Here we aim to
expand the understanding of SC phenomena in 2D systems by
reporting, for the first time, the SC regime between long-range
SPPs on gold (Au) and optical phonons in hyperbolic crystals.
In this work a full characterization of SPPs at mid-IR fre-
quencies is achieved by investigating the D/M interfaces: (i) Au/
SiO,, a 90 nm thick film of Au sputtered onto a 2 pm-thick layer
of SiO, and (ii) hBN/Au, a hBN 2D crystal deposited onto Au
surface (see the Experimental Methods section for details on
techniques and sample construction). The s-SNOM images and
SINS spectral linescans provide a complete data set permitting
us to quantify the complex momentum gspp, where gspp = gspp +
iysppy (Mgspp is the propagative momentum part and ygpp is the
damping) for each excitation frequency (w). This analysis pro-
duces the experimental frequency-momentum dispersion
relation, w—gspp, governing the SPP waves. Moreover, s-SNOM
and SINS nanoimagings also reveal the superposition of SPP
and HPhP waves of hBN. The phenomenon is observed for
different w values in the hBN upper Reststhralen (RS) band,
which is defined as that in between the transversal (TO), wro =
1365 cm ™', and the longitudinal optical (LO) phonons, @, =
1610 cm™".>7*? The wave superposition results from the inter-
ference between high momenta HPhPs (gyppp ~ 10° cm™)'+2932
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and low momenta SPPs (gspp ~ 10* cm™'). We remark that
HPhP modes in metallic substrates have been referred to as
hyperbolic image polaritons (HIP)**** formed due to the coup-
ling of the mode in the polaritonic medium with its image in
the metal. As observed, the HIPs present larger confinement
(higher momentum) than the analogues formed when the
polaritonic medium lies on dielectric substrates.*’

To understand these polariton modes, we compute the
theoretical dispersion by solving the Maxwell equations at the
D/M interface.®® The calculations yield a parameter-free
w—¢gspp dispersion in good quantitative agreement with the
experimental observations. Moreover, both theoretical and
experimental dispersions feature an anti-crossing (AC) effect
near the hBN wro. Our analysis demonstrates that the AC arises
from the interaction of SPP waves with the hBN phonon in the
SC regime as evaluated from a coupled oscillator model.*>*®

The s-SNOM and SINS experimental schemes and the hBN
(60 nm)/Au (90 nm)/SiO, (2 pm) sample architecture are
sketched in Fig. 1a (see the Experimental Methods for details).
The scheme also features the SPP-HPhP wave superposition
representing the main polariton modes herein discussed.
Fig. 1b presents the AFM topography of the sample that, con-
cisely, was constructed by transferring the hBN crystal onto the
Au film which was deposited by an electron beam onto the
SiO,/Si surface. Part of the hBN flake is suspended over a
2.5 pm-width groove made by lithography in the Au film. An
Au disk-like antenna resides atop the hBN crystal. In Fig. 1c
and d, we present s-SNOM images of the third harmonic
amplitude (S;) signal using a quantum cascade laser (QCL) as
the excitation source. These measurements were performed by
tuning the QCL at w = 1470 cm ™", which is inside the upper RS
band of hBN, and at @ = 1200 cm™", which is outside any hBN
RS band. They reveal distinguishable optical patterns on hBN/
Au/SiO, and Au/SiO,, stemming from HPhP and SPP waves of
different wavelengths, which are discussed in detail in Fig. 2.

As seen in Fig. 2a, polaritonic patterns are produced by the
interference between SPP and HPhP waves launched both by the
disk-like antenna and by the groove edge. The corresponding
polaritonic profiles are plotted in Fig. 2b. The profile Pi permits
good visualization of the SPP-HPhP superposition: the SPP wave
of lower momentum (gspp) interfering with the HPhP wave of
higher momentum (ggpnp). All scans were performed orthogonally
to the groove, ensuring consistency with the conditions described
in ref. 36-40. Further details on data extraction and SPP momenta
calculations, based on the illumination geometry, are discussed
in the ESL{ To obtain quantitative information, we model the
resultant polaritonic field (E) as a superposition of SPP (Eg,p) and
HPhP (E{p;,p) waves in the form of damped plane waves:

E :Egphp + E;PP +C= AHPhPe_l(‘IHPhP—IYHPhP>x_l‘9

1
_‘_ASPPe*i(IISPP*iJ’sPP)X +C ( )

This equation consists of the summation over HPhP and
SPP complex fields and a complex non-propagative back-
ground C. In the analytical form, each damped plane wave is
defined by the parameters: amplitude 4,, momentum ¢, and

This journal is © The Royal Society of Chemistry 2025
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Fig.1 s-SNOM and SINS schematics and interferometric measure-
ments of polariton modes. (a) s-SNOM and SINS experimental schemes
probing a SPP—HPhP wave in hBN/Au/SiO,. Both techniques use an
asymmetric Michelson interferometer, formed by a beamsplitter (BS)
and a scanning mirror (SM), and a mercury-cadmium-telluride (MCT)
detector (further details in the Experimental Methods section). The
thicknesses of each material layer are given. (b) Sample topography. (c)
and (d) s-SNOM third harmonic amplitude (Ss) images at @ = 1470 cm™
and = 1200 cm™%, respectively. The gray squares in (c) and (d) indicate
regions examined in Fig. 2. Scale bars: 5 um.

damping y,, with a = SPP or HPhP. For generalization, a rela-
tive phase difference 6 between the SPP and HPhP waves is
considered. These parameters are determined by fitting eqn
(1) to experimental profiles. It is noteworthy that our model
includes only edge- and antenna-launched waves. In our data,
there is no experimental evidence of tip-launched waves that
would introduce half-wavelength contributions from reflected
polariton waves at crystal edges.>®***?

The model fit to the profile P; (Fig. 2b) yields gspp = 1.12 x
10* em™ and gyphp = 18.8 x 10* em™". Since the wavelength 1 =
2m/q, it is verified that Aspp > Aypnp in P as stated above. For the
profile Pj, extracted from the hBN region onto the groove

(Fig. 2a), we determine gupnp = 6.14 x 10" cm™ and ggpp =

This journal is © The Royal Society of Chemistry 2025
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1.57 x 10* em™. It is important to comment that the SPP wave
in this profile is created propagate in the groove orthogonal
edges, forming an SPP slit waveguide.*®> Moreover, in agreement
with the literature on HPhP modes of the upper RS band of
hBN lying on metallic and dielectric substrates,?®?!3%3441,44
our analysis finds a larger value of gyupnp On Au in the P; than
that in air in the Pj3. To estimate the accuracy of our approach,
we calculate the expected gupnp values using the Fresnel coeffi-
cients for p-polarized modes.”> The theoretically predicted
momentum values for HPhP are 19.6 x 10* cm™" on Au and 7 X
10* em™ in air. Such calculations are reasonably close to the
model-determined ones from the P and P5 experimental pro-
files, respectively: 18.8 x 10* em™" on Au and 6.14 x 10* em™" in
air. To complement this discussion, we plot in Fig. 2c the S;
image at @ = 1470 cm™" of edge-launched SPP waves in Au/SiO,
without hBN. The model-fit to the profile P} (Fig. 2d) yields gspp
=1.35 x 10* em™". In the ESI,} Fourier analyses of these investi-
gated profiles clearly distinguish the SPP and HPhP momenta
components, thus, corroborating our modelling results.

To compare, Fig. 2e and h present S; images of the sample
illuminated at @ = 1200 cm™" where no HPhPs are excited in
hBN as the frequency lies outside the upper RS band. Hence,
only SPP waves are visualized in the profiles P; and P,
(Fig. 2f). To fit these profiles, the eqn (1) model is used with
one propagative term ascribed to the SPP wave, as confirmed
by Fourier transform analysis (ESIt). In Fig. 2g, we observe
edge-launched SPP waves in Au/SiO,, with ggpp = 1.14 x 10"
em™" as determined from the model-fit to P; (Fig. 2h).

To further our analyses, we inspect the SPP waves in a broader
range by a spatio-spectral linescan from SINS technique (Fig. 1a).
This measurement consists of a distance x @ map built by plot-
ting a set of SINS spectra acquired along a defined trajectory.*” In
Fig. 3a, we present the spatio-spectral linescan of the second har-
monic amplitude, S,(w, x), signal on hBN/Au normalized by the
SINS spectrum on a clean Au surface. For better visualization of
different polaritons fringes, we re-normalized the measurement
by the spectrum at x = 20 pm, which removes signal saturation
due to the high reflectivity at the wro phonon resonance. The
scanned path begins at the groove edge and extends up to x =
20 pm on the 2D crystal as denoted in Fig. 1a. It is displayed the
1320-1420 cm ™" range, including part of the hBN upper RS band
(above 1365 cm™). One can see the fringes of high-momentum
HPhP modes (indicated by the white arrow in Fig. 3a) propagat-
ing from the groove edge up to x ~ 3 pm. The SPP modes rise
(blue arrows in Fig. 3a) across the entire spectral range, emphasiz-
ing their broadband character, and reach x = 20 pm. Intriguingly,
near the hBN o = 1365 cm™, we note a spatio-spectral variation
of the SPP modes. The correlation of such distortion with the wro
is noted from the correspondence with the phonon resonance of
the in-plane hBN permittivity e"®N plotted on the right panel of
Fig. 3a. Moreover, the feature is not found in the Au/
SiO, linescan for the same spectral range (see the ESIf). To
retrieve quantitative information from this phenomenon, we ana-
lyzed SPP profiles extracted near the phonon peak at w =
1408 em ™', 1363 cm ™", and 1326 cm™" (Fig. 3b). Eqn (1) fittings
to these data reveal that the 1363 cm™" profile, which is closer to

Nanoscale, 2025,17,13229-13237 | 13231
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Imaging of SPP and HPhP waves. (a) Sz image at w = 1470 cm™ from the area indicated in Fig. 1c (gray square). (b) P; and P5 polariton

profiles, extracted from locations shown in (a), with the corresponding model-fits (red curves) and the obtained gspp and qupnp. (€) Sz image at w =
1470 cm™ of the Au/SiO, interface and (d) the polariton profile Pz, extracted from (c) with the corresponding model-fit (red curve) and gspp value.
(e—h) Comparative images for excitation at w = 1200 cm™. Scale bars: 5 pm.

wro, Possesses larger damping, yspp = 0.41 x 10" ecm™, than that

of the other frequencies. This is a characteristic behavior of anti-
crossing (AC) effect that can be ascribed to the phonon-SPP inter-
action. In analogy to the reported HPhPs coupled to molecular
modes, the phonon-SPP interaction leads to significant modifi-
cation of gspp and a considerable increase in ygpp.>

To elucidate such effect, we compute the SPP
experimental w—g dispersion, from the linescan data, employ-
ing the expression

Re[§(q, w)] =

gspp(®) ] (2)

\/—2—” |:(qSPP - Q)Z‘H’SPPZ(C") ’

which is the real part of the Fourier transform of a damped
plane wave. This equation allows obtaining the experimental
dispersion relation by using as inputs the gspp and yspp values
acquired from fitting the SPP profiles from Fig. 3a data to eqn
(1) (see ESI section III for detailst). To accurately determine
the values of gspp, we analyzed the extracted in-plane momen-
tum from the profiles, which arises from the interference
between the incident illumination (k,sin®, where 0 is the
angle between the illumination and the tip) and gspp (see the
ESIf). Our analyses are in concordance with previous
studies®®*™*° considering 0 = n/3, where the measured period of
Aspp
1 — (Aspp/Ao) Sin @’
Considering this correction, the experimental w—q dis-
persion of SPP modes is plotted in Fig. 4a.

the fringes (Aegr) is given by Aegr =

13232 | Nanoscale, 2025, 17,13229-13237

To compare the experimental dispersion with theory, we
calculate the theoretical gspp and yspp for hBN/Au from.

( £hBN &‘Au) (EhBN

, I L1

gsep (@) + iyspp (@) = ko hBN hBN
e[PNel!

- EAu)

3)

2
— &Au

In the absence of external sources, eqn (3) is derived from
Maxwell’s equations in the D/M system (considering both
media as being semi-infinite) accounting for the boundary
conditions at all interfaces.®® The terms €"®N and EFBN are the
in- and out-of-plane components of the hBN electrical permit-
tivity tensor, &, is the Au permittivity and k&, is the momentum
of light in free space. Hence, we use the theoretical ggpp and
yspp from eqn (3) as inputs to eqn (2) to plot the theoretical dis-
persion shown in Fig. 4b.

Comparing Fig. 4a and b we note that experiment and
theory quantitatively agree regarding momenta and damping
values. The AC effect also consistently appears around wro in
both analyses.

A further evaluation of the SPP-phonon interaction, cause
of the AC effect, is given by the classical model of coupled har-
monic oscillators.*>*®® This model can be described by the
pair of coupled equations of motion

{ ¥spp (t) + I'sppsp (£) + wsppXspp (t) — Ldxp (£) = Fspp (t)
.i:p (t) —+ Fp.)épp (t) + (Dpsz (t) — Q(Z)xSpp (t) = Fp (t) ’

(4)

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Anti-crossing near the in-plane hBN phonon visualized by the

SINS line scan. (a) S, linescan on hBN across the groove edge. The hBN

in-plane permittivity — real (Re[¢BN]) and imaginary (Im[e1N]) - com-

ponent featuring the resonance at wro = 1365 cm™ (right-hand panel).
(b) Profiles extracted along the x-axis with the respective model-fits.

where the parameters (wspp, wp), (I'spp, I'p) and (xspp, Xp) are
the resonant frequencies, dampings and displacements of
the coupled SPP and phonon (P) modes, respectively.
Fspp and Fp are the effective driving forces, proportional to
the excitation electric field, acting on the two modes. By
definition, @ = (wspp + wp)/2. The solution of eqn (4),
setting the approximation Fspp = Fp ~ 0, leads to the upper
" and lower o~ eigen-frequencies (eqn (5)) of the coupled
modes.

1 I r\1?
w”‘:caiERe \/QZ—I— {wspp—wpﬂ( Z"P—fﬂ (5)
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Cext(gspp, ) o< (Fp - Xp + Fspp - Xspp) (6)

From that, the coupling strength 2 is determined by the
smallest difference between " and w~. When the strict condition
n = 2Q/(T'spp — I'pp) > 1 is fulfilled,”***° the interaction is classi-
fied in the SC regime. Following the method adopted in ref. 23,
we determine the coupling parameters by fitting the extinction
coefficient Cex(gspp,@) (eqn (6)) to the experimental iso-momen-
tum spectra near the AC region, which correspond to vertical pro-
files extracted from the experimental dispersion (green and black
vertical lines in Fig. 4a). In this approach, it is assumed that the
experimental Re[$(q, w)] is proportional to the dissipated power
of the coupled system: Re[F(q, w)] o< Cext(qspp, @). Fig. 4c presents
iso-momenta data for ggpp = 1.3 x 10" em™" and ggpp = 1.5 x 10*
em™ and the corresponding fittings from Cey (gspm®) (eqn (6)).
Using the obtained fitting parameters (@ = 41 ecm™, I'spp =
71 ecm™" and I'pp = 6 cm™') we compute the @ and o~ dispersion
branches, which are displayed as red circles in Fig. 4d. This ana-
lysis shows that the SC criterion is fulfilled for the SPP-phonon
interaction: 1 = 22/(I'spp — I'pp) = 1.26 satisfying the condition 7 >
1. Thereby, the interaction between SPP waves on Au and in-plane
w10 phonon of the hexagonal boron nitride (hBN) occurs within
the SC regime.

In summary, here we fully characterize the nanophotonic
properties of mid-IR SPP waves at the interface formed between
hBN 2D crystal and Au surface using s-SNOM and SINS nanosco-
pies. In the hBN upper RS polaritonic band, we see the inter-
ference between SPP waves on the metal layer and HPhP waves in
the 2D crystal, creating an SPP-HPhP wave superposition. In con-
trast to graphene-hyperbolic crystal systems,***”*® where momen-
tum matching forms hybrid waves of one component, SPP-HPhP
superposition in hBN/Au arises from interference between polari-
tons with distinct momenta scales (gspp ~ 10" em™ and Gppp ~
10° cm™'), generating a wave with two clearly discernible
components.*>*>*® This effect can be useful for inducing spatial
frequency modulation in 2D polariton waves as observed from the
fact that the HPhP constitutes a high spatial frequency modu-
lation onto the SPP wave. We also display and quantitatively evalu-
ate the SC regime of the interaction between mid-IR SPP waves
with the hBN in-plane wro phonon. Provided the large spectral
coverage of SPPs in the IR molecular fingerprint, this ability of the
SPP waves to couple with phonons can be exploited for enhanced
sensing of other systems including organic and biological
materials. Moreover, our study paves the way to future research on
the SPP wave properties in interfaces with other 2D materials,"”
with phonon and polaritonic activities in the mid-infrared to the
terahertz (THz), including anisotropic hyperbolic crystals*®>* that
might influence the SPP’s directionality.

Experimental Methods

Scattering-type scanning near-field optical microscopy
(s-SNOM)

The s-SNOM (neaSNOM from Neaspec, attocube systems AG)
uses a metallic tip of an atomic force microscope (AFM) as an

Nanoscale, 2025,17,13229-13237 | 13233
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Fig. 4 SC regime experimental (a) and theoretical (b) dispersion of SPP modes showing the anti-crossing (AC) near wro. (c) Isomomentum curves
generated from Re[§(q, )] and fitting performed by Cey:(gspp.®). The black curve represents the fit for gspp = 1.3 x 10* cm™ and the green curve for
gspp = 1.5 x 10% cm™. (d) Dispersion of hybrid modes (w*/w™) resulting from the coupling between SPP (wspp) and the optical phonon wp = wro.

optical nanoprobe to measure the optical near-field. The AFM
operates in semi-contact mode wherein a metallic tip, with a
25 nm-large apex radius, is electronically driven to vibrate at
its natural mechanical frequency (£2). The IR illumination is
focused on the tip-sample region by a parabolic mirror. As a
result, a highly confined optical field rises at the tip apex and
causes a local effective polarizability to the tip-sample system
due to the lightning rod effect.>” The back-scattered light (5)
from the tip-sample interaction is collected by the same para-
bolic mirror and directed to a mercury-cadmium-telluride
(MCT) detector. This scattered signal is composed of a mixture
of the optical near-field scattering, originating from the local
effective polarizability, and high-intensity far-field component
(background). To suppress the background, S is demodulated
in harmonics (n) of £, by a lock-in based electronic scheme,
and it is used for pseudo-heterodyne (PS-het) detection.’®
Authentic optical near-field measurements are given by high
harmonic signals, n > 2, in combination with PS-het detection.
Quantum cascade lasers (QCL) were employed as the illumina-
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tion sources. Due to the high near-field intensity confined at
the tip apex, it becomes an optical nanoprobe of high spatial
resolution, approximately equal to the radius, and high
momenta capable of exciting HPhP modes.

Synchrotron infrared nanospectroscopy (SINS)

SINS operates based on s-SNOM principles, particularly,
regarding optical near-field excitation and the use of a similar
detection scheme. In SINS, an s-SNOM microscope is com-
bined with highly brilliant broadband IR radiation emitted by
a synchrotron as the illumination source. The scattered light
(S) is then directed into an asymmetric Michelson interferom-
eter (Fig. 1a), where it interferes with the reference arm’s
beam. Analogous to s-SNOM, lock-in detection electronics cap-
tures the optical near-field interferograms from the higher har-
monics of S (n > 2). Through Fourier transform, the mid-infra-
red near-field spectrum is obtained. In this study, SINS experi-
ments were conducted at the Imbuia beamline of Sirius, the
Brazilian Synchrotron Light Laboratory (LNLS),*' using an

This journal is © The Royal Society of Chemistry 2025
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MCT detector to measure the optical near-field in the range of
650 to 3000 cm ™.

Sample construction

The groove was created by standard photolithography onto
SiO, (2 pm thick)/Si substrates followed by deposition of a
90 nm thick Au film by the electron beam. The hBN flakes
were then transferred onto the Au groove using a PDMS-
assisted technique.®® Before hBN transfer, the flakes were exfo-
liated by the standard scotch tape method on the PDMS stamp
and were selected based on optical contrast. After the hBN
transfer, the Au disk-like antenna, with an average height of
150 nm and an elliptical basis measuring ~2.4 and ~3.9 pm
for the short and long axes respectively, was designed atop the
transferred hBN and at the edge of the groove by a new photo-
lithography step, followed by the deposition of a 90 nm thick
Au film by electron beam and lift-off.
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