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Real-space observation of flat-band 
ultrastrong coupling between optical 
phonons and surface plasmon polaritons
 

Edoardo Vicentini    1, Xabier Arrieta    2,3, Martin Schnell    1,4,5, 
Nicolas Pajusco    1,6, Felix Begemann    1, Maria Barra Burillo1, Maria Ramos    1,2, 
Andrei Bylinkin    1, Ruben Esteban    2,4, Javier Aizpurua    3,4,5 & 
Rainer Hillenbrand    1,3,5 

Strong and ultrastrong coupling are pivotal phenomena in science and 
technology, where light–matter hybridization opens new avenues for 
manipulating quantum states, material properties or chemical reactions. 
Here we use pump–probe nanospectroscopy for real-space mapping of 
vibrational ultrastrong coupling between optical phonons in a thin SiC 
layer and surface plasmon polaritons in a semiconductor (InAs) substrate. 
By adjusting the InAs carrier density through photoexcitation, we align 
the flat dispersion limit of the surface plasmon polaritons to the SiC 
transverse optical phonon, yielding hybridized modes in an intriguingly 
wide wavevector range. This flat-band ultrastrong coupling contrasts 
conventional ultrastrong coupling, where hybridization typically occurs 
in a narrow wavevector range. We further predict flat-band coupling for 
weak oscillators, illustrated by strong coupling of molecular vibrations 
with low-loss surface phonon polaritons at their dispersion limit. Achieving 
strong and ultrastrong coupling over a large wavevector range, and thus 
many hybrid modes, may benefit polariton chemistry and phase transitions 
induced by strong and ultrastrong coupling.

The physical and chemical properties of atoms and molecules are gov-
erned by their energy levels. Tuning these levels can modify material 
properties and drive advancements in materials science, chemistry and 
photonics. A recent approach aims to leverage strong coupling (SC) 
and ultrastrong coupling (USC) between light and matter, where the 
mutual energy exchange (Rabi oscillations) creates hybrid light–matter 
states called polaritons1–8. Various optical matter excitations—including 
excitons, plasmons, phonons and molecular vibrations—can partici-
pate, benefiting applications ranging from ultrasensitive sensing to 

nonlinear optics and quantum technologies9–14. Of particular interest 
for controlling matter properties is vibrational strong coupling (VSC), 
where light couples to molecular or lattice vibrations (phonons). VSC 
has been reported to modify chemical reactivity4,15,16 leading to polari-
tonic chemistry5,6 and predicted to trigger phase transitions17.

Either SC or USC (denoted (U)SC) can be achieved by cou-
pling matter excitations with dispersive photonic modes, yielding 
anti-crossing and hybridization over a narrow wavevector range, that 
is, a limited number of hybrid states1–8. Here we employ nanoscale 
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between infrared SPPs in a semi-infinite InAs substrate and TO phonons 
in a thin SiC layer atop InAs. A near-infrared (near-IR) pump tunes the 
InAs carrier concentration, aligning the SPP frequency with the SiC TO 
phonon. Nano-FTIR spectroscopy of the tip-excited SPP resonance30–33 
coupled to the SiC TO phonon shows nanoscale USC with a polariton 
splitting of about 20% at zero detuning, while momentum-resolved 
spectral nanoimaging reveals hybrid polaritons across a remarkably 
large momentum range. Dispersion calculations and coupled har-
monic oscillator analysis let us explain this finding by the coupling of 
two excitations with flat dispersion—the SiC TO phonon and the InAs 
SPP at its dispersion limit. Finally, we theoretically predict flat-band 
SC with molecular vibrations, which may open new opportunities for 
polariton chemistry.

Results
Figure 1a illustrates the pump–probe nano-FTIR spectroscopy of a 
50-nm-thick SiC layer on an undoped InAs substrate (hereafter SiC/InAs 
sample). An ~100 fs, 1,550 nm, 25 mW pump beam (orange arrow) is 
focused onto an atomic force microscopy (AFM) tip, which photoexcites 
electrons in the undoped InAs and thus creates a transient carrier den-
sity that decays on a picosecond timescale. As a result, the carrier con-
centration, n, temporarily reaches ~1018–1019 cm−3 (and affects the 
plasma frequency νp ∝ √n), sufficient to support mid-infrared SPPs in 
InAs (refs. 30,34). To probe the SPPs and their coupling with the SiC 
phonons, broadband 100 fs mid-IR laser pulses are focussed onto the 
tip at a controllable time delay Δt relative to the pump pulse. The Δt 
value determines a specific plasma frequency νp and damping rate γp 

Fourier transform infrared (nano-FTIR) spectroscopy to demonstrate 
that the number of (ultra)strongly coupled states can be increased by 
coupling optical excitations with surface polaritons that exhibit a flat 
dispersion—a scenario we term flat-band (U)SC. These findings lay 
the groundwork for future studies on how a larger amount of coupled 
states may enhance VSC-related phenomena.

VSC is typically achieved in matter-filled microcavities, but 
their large mode volumes hinder VSC with minute amounts of mat-
ter, crucial for accessing quantum regimes and for comparing with 
first-principles calculations of small systems. This can be overcome 
using ultraconfined propagating or localized plasmon or phonon 
polaritons in thin layers or nanostructures, whose small mode vol-
umes enable VSC at the nanometre scale18–24. However, the wavevector 
mismatch between ultraconfined polaritons and free-space light chal-
lenges the far-field spectroscopy of individual nanoresonators. This 
problem can be circumvented by scattering-type scanning near-field 
optical microscopy (s-SNOM) and nano-FTIR spectroscopy, where the 
strong optical field concentration at the apex of a laser-illuminated 
metallic tip not only enables nanoscale spectroscopy and control 
of the VSC of single nanoresonators25–27 but also spectroscopic 
polariton interferometry23,28,29.

Here we report the nano-FTIR spectroscopy of optically tuned 
surface plasmon polaritons (SPPs) coupled to transverse optical (TO) 
phonons, demonstrating flat-band USC. We observe hybrid surface 
polaritons over an unusually large wavevector range, contrasting 
conventional (U)SC, where hybridization spans only a narrow range. 
Specifically, using pump–probe nano-FTIR30, we study vibrational USC 
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Fig. 1 | Pump–probe nano-FTIR spectroscopy of nanoscale USC between 
optical phonons and SPPs. a, Illustration of the experiment. Optical phonons in a 
50-nm-thick SiC layer coupled with SPPs in a semi-infinite InAs substrate are 
excited by the near field of a mid-IR illuminated (incoming red arrow) metal tip 
oscillating at a frequency Ωtip. This near-field coupling (red shaded area) is 
observed by recording the elastically tip-scattered light (outgoing red arrow) with 
an asymmetric Fourier transform spectrometer, yielding amplitude and 
phase-resolved spectra. For tuning the SPP resonance in InAs to match the TO 
phonon of SiC, a near-IR pump pulse (yellow arrow) is focused onto the sample to 
photoexcite carriers in the InAs substrate at a time Δt before the probe pulse. The 
near-IR pulse has 100 fs duration and a central wavelength of 1,550 nm.  
b, Numerical simulation showing the near-field distribution around the tip apex at 
900 cm−1 when the SPP and TO phonon are ultrastrongly coupled. c,e,g, Measured 
nano-FTIR phase spectra φ2(ν) of bare InAs at Δt = 8.5 ps (blue; c), SiC/InAs at 

Δt = 8.5 ps (red; e) and SiC/InAs without near-IR pump (green; g). Phase spectra are 
referenced to the phase spectra of unpumped bare InAs. The blue and green lines 
in e are the same as in c and g, respectively. d,f,h, Imaginary part of the calculated 
Fresnel reflection coefficient of the samples illustrated in c, e and g, respectively. 
The top shows Im[rp(qt,ν)] at qt = 5 × 104 rad cm−1 (marked by horizontal dashed 
white line in bottom panel). The bottom shows Im[rp(q,ν)] as a function of real 
wavevector q and real frequency ν. Vertical dashed orange lines mark the TO and 
LO phonon frequencies of SiC. Blue, red and green curves in the bottom graph of 
d, f and h show the real part of the dispersion of modes, ν(q), assuming a 
complex-valued frequency. Optical material properties are in the Methods.  
In d and f, the plasma frequency and damping of carriers in InAs is vp = 845 cm−1 
and γp = 115 cm−1, respectively, obtained by fitting the near-field spectrum in c 
(Supplementary Note 1). In h, εInAs (ν) = ε∞,InAs.
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and is selected to align the InAs SPP with the SiC TO phonon. Due to the 
lightning rod effect, the AFM tip with apex radius (R) ≈ 30 nm concen-
trates the mid-IR probe (red arrow) to a nanoscale near-field spot at its 
apex, as illustrated by the numerical simulation shown in Fig. 1b. This 
near field enables the excitation of surface polaritons at momenta far 
beyond the reach of the far-field spectroscopy of unstructured sam-
ples35. For probing the SPPs and their coupling with the SiC phonons, 
the elastically scattered mid-IR radiation from the tip (red arrow) is 
recorded by Fourier transform spectroscopy. Since the surface polari-
ton lifetime (on the order of picoseconds) is shorter than the timescale 
over which νp and γp vary (Supplementary Fig. 1c), both parameters can 
be considered as constant during the phonon lifetime. To suppress the 
background, the tip is oscillated at a frequency of Ωtip, and the mid-IR 
detector signal is demodulated at 2Ωtip. Interferograms are obtained 
by recording the demodulated detector signal as a function of the refer-
ence mirror position in the spectrometer. Fourier transforming  
these interferograms yields background-free amplitude and phase 
spectra, s2(ν) and φ2(ν), where ν is the frequency in wavenumbers and 
the subscript 2 denotes the demodulation order. In Fig. 1 we analyse 
phase spectra, as they resemble extinction spectra and can be 
interpreted accordingly.

We first characterize the InAs SPPs to establish a SPP resonance 
around the SiC TO phonon (797 cm−1). To that end, we record nano-FTIR 
spectra of the bare InAs substrate for various probe–pump delays 
Δt (Supplementary Fig. 1). For Δt = 8.5 ps, φ2(ν) shows a peak around 
810 cm−1 (blue curve in Fig. 1c), aligning with the SiC TO phonon. This 
peak corresponds to a SPP resonance excited by the near fields at the 
tip apex30,33,35. To study the coupling between the SPP resonance and 
the phonons in SiC, we perform pump–probe nano-FTIR spectroscopy 
of the SiC/InAs sample at Δt = 8.5 ps (Fig. 1e). We observe a remarkably 
large splitting (red spectrum) of the SPP resonance (blue spectrum) 
of about 180 cm−1, which, being >20% of the TO phonon frequency νTO, 
indicates USC. For comparison, we show φ2(ν) of the SiC/InAs sample 
without photoexcitation (Fig. 1e,g, green curves). We observe one 
peak slightly above the TO phonon and another near the longitudinal 
optical (LO) phonon of SiC, which we attribute to the surface phonon 
polariton (SPhP) resonances of the thin SiC layer in the absence of 
InAs SPPs, similar to observations in SrTiO3 layers36. We note that the 
peak near LO also appears in the red spectrum shown in Fig. 1e, but 
its coupling with the InAs SPP is negligible. Further, the peaks are 
non-Lorentzian, which is typical for nano-FTIR spectroscopy35 and not 
a disorder effect that can challenge coupling-strength extraction37. In 
fact, the optical phonon of our single-crystal SiC is well described by 
a single Lorentz oscillator38.

To validate the experimental results, we compare the nano-FTIR 
phase spectra φ2(ν) with the calculated (Methods) imaginary part 
of the samples’ reflection coefficient23,36,39–41, Im[rp(qt,ν)], where 
qt is the dominant in-plane wavevector of the tip’s near field that 
probes rp (top of Fig. 1d,f,h). For the standard tips used in our experi-
ments, qt ≈ 5 × 104 rad cm−1 (ref. 42). While the comparison between 
nano-FTIR and reflection spectra is qualitative, it avoids the model-
ling of polariton-resonant near-field interactions in layered samples, 
which often lacks quantitative accuracy36. In the top of Fig. 1d, we 
show Im[rp(qt,ν)] of the photoexcited bare InAs substrate, confirming 
that it describes well the SPP peak in φ2(ν) (Fig. 1c). We subsequently 
calculate Im[rp(qt,ν)] of the photoexcited SiC/InAs sample (top of 
Fig. 1f), corroborating the peak splitting observed in φ2(ν) (Fig. 1e). 
Analogue calculations in Fig. 1h confirm the SPhP peaks when InAs 
is not photoexcited. The calculations also confirm that the peak 
near LO is minimally affected by the SPP, and therefore it will not be 
considered further.

Aiming for a more comprehensiveunderstanding of the 
near-field spectra, we show in Fig. 1d,f,h the calculated (Methods) 
wavevector (q)-dependent and frequency-dependent reflection 
coefficients, Im[rp(q,ν)] (greyscale map) and surface polariton 

dispersions (solid lines on greyscale map). For the photoexcited 
bare InAs (Fig. 1d), we observe the SPP mode at its dispersion limit 
(νSPP = 780 cm−1), and for the unpumped SiC/InAs, we observe the 
upper and lower SPhP modes of the SiC layer38 on undoped InAs 
(Fig. 1h, bottom). For the photoexcited SiC/InAs sample (Fig. 1f, 
bottom), we find two modes that are largely shifted below and above 
νSPP ≈ νTO, indicating USC between the TO phonon and SPP. Intrigu-
ingly, the anti-crossing of these two hybrid surface polariton modes 
appears over an unusually wide wavevector range, rather than over 
a comparatively narrow range typical for USC.

To verify the unusual USC phenomenon, we probe the hybrid 
surface polariton dispersion through real-space polariton 
interferometry28,34,43 (Fig. 2a). That is, we record nano-FTIR amplitude 
and phase spectra, s2(x,ν) and φ2(x,ν), while scanning the photoexcited 
sample perpendicular to the SiC edge (x direction). The SPP resonance 
is tuned to the SiC TO phonon frequency by adjusting the time delay 
to Δt = 15 ps. This delay differs slightly from Fig. 1e, likely due to a pump 
intensity variation caused by scattering of the pump beam at the SiC 
edge. As illustrated in Fig. 2a, the mid-IR near fields at the tip apex 
launch hybrid surface polaritons (red horizontal arrow; electric field 
Ep) on the photoexcited sample, which reflect at the SiC edge and 
interfere at the tip apex with the incoming electric field Einc, leading to 
a variation of s2 and φ2. In the referenced and filtered amplitude-resolved 
and phase-resolved spectral line scan, s∗

2
(x, ν) and φ∗

2
(x, ν) (Fig. 2d and 

Supplementary Note 2), we observe intensity maxima and minima near 
the SiC edge (x = 0), which vanish far from the edge. To corroborate 
that these signal variations originate from damped polaritons propa-
gating in the x direction, and to determine their wavevector, we analyse 
s∗
2
(x, ν) and φ∗

2
(x, ν) for each frequency (Fig. 2b and Supplementary 

Note 3). The corresponding complex-valued near-field profiles, 
σ∗
2
(x) = s∗

2
(x) eiφ∗2 (x), trace spiral paths around a complex-valued offset 

C (dots in Fig. 2c), which can be fitted by a model of radially propagating 
damped waves44,45 (Methods and solid lines in Fig. 2b,c), confirming 
tip-launched surface polaritons. The short propagation lengths arise 
from the dissipation and low group velocities associated with the flat 
polariton dispersion33,38,40,45. Interestingly, the spirals are anticlockwise 
below TO and clockwise above, indicating negative and positive phase 
velocities, respectively46.

Fitting σ∗
2
(x, ν) yields the wavevector q̃±(ν) = q±(ν) + iκ±(ν) of the 

hybrid surface polaritons (Methods and Supplementary Note 3), whose 
real part reveals the polariton dispersion (red and blue dots indicate 
positive and negative phase velocity, respectively). To compare with 
theory, we fit q̃±(ν) to the calculated hybrid surface polariton disper-
sion, using the InAs plasma frequency νp and damping γp as fitting 
parameters (Supplementary Note 4). For νp = 850 cm−1 and γp = 120 cm−1, 
the calculated (curves) and experimental (dots) dispersions in Fig. 2e 
match well, confirming upper and lower polariton branches. These 
branches cross neither the SiC TO phonon (horizontal dashed line) nor 
the SPhP dispersion of unpumped SiC/InAs (green dots in Fig. 2e,g) for 
q > 104 rad cm−1. The SPhP dispersion of unpumped SiC/InAs is obtained 
from s∗

2
(x, ν) and φ∗

2
(x, ν) maps without the near-IR pump (Fig. 2f), 

showing polariton fringes only above TO. Analysis of complex-valued 
line profiles yields the SPhP dispersion (green dots in Fig. 2g,e), which 
is confirmed by dispersion calculations (green curve in Fig. 2g).

To gain deeper insight into the coupling mechanism, we analyse 
̃q±(ν) (red and blue curves in Fig. 2e), obtained from the experimental 

measurements (dots in Fig. 2e), using a coupled classical harmonic 
oscillator model describing USC22,47,48. This model relates the hybrid 
modes with the two bare (uncoupled) modes, each represented by a 
harmonic oscillator. Since, within the model, all modes are described 
with a complex-valued frequency and a real-valued wavevector, q̃±(ν) 
obtained from Fig. 2e is transformed into ν̃±(q) (red curves in Fig. 3). 
One of the bare modes is attributed to the SPP, whose dispersion, 
ν̃SPP (q), is calculated from the poles of the reflection coefficient of the 
SiC/InAs heterostructure using νp and γp obtained from the fit in Fig. 2e. 
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To account for dielectric loading caused by the high-frequency permit-
tivity of the SiC layer, ε∞,SiC, we set εSiC = ε∞,SiC. The remaining bare 
mode, νE, is determined from

ν± = 1

√2
√ν2

SPP
+ ν2

E
+ 4g2 ±√(ν2

SPP
+ ν2

E
+ 4g2)

2
− 4ν2

SPP
ν2
E
, (1)

which relates bare and hybrid modes through the coupling strength g. 
We note that equation (1) does not consider losses, as they are negligible 
for determining coupling strength and mode frequencies, as verified 
by repeating the analysis with losses included (Supplementary Note 8). 
Solving equation (1) for νE and g at each q, we obtain νE(q) ≈ νTO(q) (black 
curve in Fig. 3a), showing that the hybrid modes can be understood 
as the result of coupling between the InAs SPP and the SiC TO pho-
non22. Further, we find that (1) g increases with q, (2) the SC condition 
according to g > (γSPP + γTO)/4 is fulfilled for all q > 1 × 104 rad cm−1 and 
(3) USC occurs for all q > 1 × 104 rad cm−1 according to g > 0.1νTO (Fig. 3c). 
γSPP and γTO are the damping rates of the SPP and the TO phonon, respec-
tively. We also calculate the relative contribution of the SPP, ΣSPP, and 
that of the TO phonon of SiC, ΣTO, to the hybrid surface polaritons, 
finding that the SPP contributes to the lower polariton (marked ν− in 
Fig. 3a) with ΣSPP between 50% and 30% in the whole wavevector region 
with q > 1 × 104 rad cm−1 (Fig. 3b and Supplementary Note 7). Our analysis 
thus corroborates the vibrational USC between SPPs and TO phonons.

Importantly, the analysis confirms hybrid polariton modes over 
an unusually large wavevector range. This stems from the relatively 
flat SPP dispersion near the SiC TO phonon at large q (blue curve 

in Fig. 3a). We thus refer to the observed phenomenon as flat-band 
vibrational USC. Although perfect matching with the TO phonon 
occurs only at one wavevector, qc, the detuning of the SPP mode 
from the TO phonon is relatively small compared with the splitting 
Ω of the hybrid modes. Thus, coupling with nearly 30 to 70% contri-
bution from the SPP and the TO phonon is maintained over a large 
wavevector range.

The slight redshift of the SPP mode with increasing wavevector 
q arises from its growing confinement to the InAs surface, and thus 
inside SiC, corresponding to an increased dielectric loading of the SPP. 
Figure 3a shows this via the normalized vertical electric field intensity 
profile, |E(q,z)|2 (Methods), of the bare SPP mode.

The increasing spatial overlap between the bare SPP field and 
the SiC layer also accounts for the rise in coupling strength g with 
increasing q. We quantify this effect by calculating g from the ratio 
of the electric field energy of the bare SPP mode within the SiC layer 
to its total electromagnetic energy47,48 (equation (15) and Methods). 
The result (dotted line in Fig. 3c) excellently matches g obtained from 
the coupled harmonic oscillator model and corroborates its increase 
with q (solid line in Fig. 3c). We note that the drop of g below the light 
line is irrelevant, as the surface polariton modes are not defined there.

To verify the flat-band USC phenomenon in a simplified system 
that avoids SPP detuning at large q, we repeat the theoretical analysis 
of Fig. 3a–c for a SiC half-space instead of a 50-nm-thin layer (Fig. 3d–f). 
Because the SPP field above the InAs is, for all wavevectors, fully con-
fined within the SiC, the SPP mode (blue curve in Fig. 3d) exhibits a 
nearly horizontal dispersion at large wavevectors. Consequently, the 
hybrid modes (red curves in Fig. 3d) exhibit a horizontal dispersion. 
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Fig. 2 | Real-space mapping of flat-band USC. a, Illustration of surface polariton 
mapping on a 50-nm-thick SiC layer on an InAs substrate. Einc is the incoming 
field, Esca the scattered field, and Ep the surface polariton field. b, Baseline-
subtracted near-field amplitude and phase signal as function of x at ν = 675 cm−1 
and 860 cm−1. c, Line profiles of b plotted in the complex plane. In b and c, black 
dots and solid lines represent experimental data and fits, respectively.  
d, Amplitude and phase spectra of the tip-scattered field, s∗

2
(x, ν) and φ∗

2
(x, ν), 

recorded as a function of distance from the edge, x, for pump–probe delay of 
Δt = 15 ps. Red and blue dashed lines mark the frequencies of the line profiles 
shown in b and c. In b–d, spatial filtering is applied for better visibility of the 
polariton fringes (Supplementary Note 2). e, Red and blue dots show the absolute 
value of the real part of the hybrid surface polariton wavevector, q±(ν), obtained 

by complex-valued fitting the spatial line profiles in b at each ν value. Red and 
blue colours indicate positive and negative signs of q, respectively. Green dots 
are the same as in g. Greyscale contour plot shows the calculated Im[rp(q,ν)], 
using νp = 850 cm−1 for InAs. f, Amplitude and phase spectra of the tip-scattered 
field s∗

2
(x, ν) and φ∗

2
(x, ν), recorded as a function of x without the pump beam.  

g, Green dots show the real part of the surface polariton wavevector, qSPhP(ν), 
obtained by complex-valued fitting the spatial line profiles in f at each ν value. 
Greyscale contour plot shows the calculated Im[rp(q,ν)] (same as in Fig. 1h). In 
d–g, orange dashed lines mark the TO phonon frequency of SiC. In e and g, red, 
blue and green curves show the absolute value of the real part of the mode 
dispersions, q± and qSPhP, assuming a complex-valued wavevector, corresponding 
to the poles of rp(q + iκ,ν) (Methods and Supplementary Note 4).
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Analysis using the coupled harmonic oscillator model reveals that 
the SPP and TO phonon each contribute equally (~50%) to the hybrid 
modes for all wavevectors larger than ~3 × 104 rad cm−1 (Fig. 3e). Further, 
g = 170 cm−1 remains constant (solid line in Fig. 3f), as confirmed by 
calculating g via equation (15) (dotted line in Fig. 3f).

To better appreciate the unique features of the flat-band USC, 
Fig. 3g−i compares the conventional anti-crossing of hybrid modes 
(red) when the uncoupled bare modes (blue and black) cross at an 
individual wavevector qc. To that end, the InAs plasma frequency is 
shifted to νp = 3,000 cm−1. We observe that the SPP and TO phonon are 
ultrastrongly coupled, but the ν+ and ν− modes anti-cross over only a 
narrow wavevector range around qc, reverting to uncoupled modes 
for q > qc. Coupled harmonic oscillator analysis reveals nearly equal 
SPP and TO phonon contributions to the hybrid modes only within 
the narrow anti-crossing region (Fig. 3h). By contrast, for flat-band 
vibrational USC (Fig. 3d,e), the hybrid modes remain strongly shifted 
from the uncoupled modes even for large q, with both the SPP and TO 
phonon contributing substantially to the hybrid modes.

We finally predict flat-band VSC with organic molecules by cou-
pling low-loss substrate surface polaritons to molecular vibrations in 
a thin organic layer with dielectric function εM1 (ν̃) (Fig. 4a). We consider 
SPhPs on SiC (25 times lower damping than InAs SPPs) and set the 
molecular resonance M1 to νM1 = 921.3 cm−1 near the SiC surface-phonon 
frequency νSPh = 921.9 cm−1. To assume realistic values for the oscillator 
strength, damping and high-frequency permittivity ε∞,M1 (Methods), 

we use those values corresponding to pentacene molecules49. To pre-
vent a redshift of the SPhP with increasing q, we set the permittivity of 
the upper half-space to ε∞,M1. The hybrid modes, ν±(q) (red solid lines, 
Fig. 4a), are nearly horizontal and parallel to the SPhP dispersion for 
q > 3 × 104 rad cm−1, with ~50/50 contributions (Fig. 4b) and g fulfilling 
the SC criterion (Fig. 4c). By comparison, Fig. 4d–f shows conventional 
anti-crossing after shifting the molecular vibration M2 to νM2 = 880 cm−1. 
The hybrid modes anti-cross only near qc and turn to the uncoupled 
modes at larger q (Fig. 4e). In this scenario, nearly equal contributions 
from SPhPs and molecular vibrations occur only within the narrow 
anti-crossing region, unlike in flat-band VSC, where both contribute 
strongly across a large wavevector range.

Discussion
The flat dispersion of the hybrid modes arises because the substrate 
surface polaritons coupling with TO phonons or molecular vibrations 
approach their dispersion limit, making them increasingly matter-like. 
Consequently, our findings might be interpreted as (ultra-)strong mat-
ter–matter coupling, rather than conventional light–matter coupling in 
microcavities or systems with substantial photon contribution. Further, 
flat-band SC and USC feature small group velocities, limiting polariton 
transport. However, the enhanced number of coupled polariton states 
may benefit applications aimed at modifying material properties via 
VSC. Note that aligning the SPP dispersion limit with the TO phonon 
may also be achieved through substrate doping.
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Fig. 3 | Theoretical analysis of flat-band USC between SPPs and TO phonons. 
a, Illustration of a 50-nm-thick SiC layer on an InAs substrate with νp = 850 cm−1, 
γp = 120 cm−1 and ε∞,InAs = 11.8. Blue areas show calculated electric field profiles 
|E(q,z)|2 of the bare SPP modes at 4 × 104 and 10 × 104 rad cm−1 when the SiC layer is 
substituted by a layer of the same thickness and permittivity ε∞,SiC. d, Illustration 
of fully SiC-filled upper half-space above InAs substrate with νp = 995 cm−1, 
γp = 120 cm−1 and ε∞,InAs = 11.8. Blue areas show calculated electric field profiles 
|E(q,z)|2 of the bare SPP modes at q = 4 × 104 and 10 × 104 rad cm−1 for upper half-
space permittivity ε∞,SiC. g, Illustration of fully SiC-filled upper half-space above 
InAs substrate with νp = 3,000 cm−1, γp = 120 cm−1 and ε∞,InAs = 11.8. Blue areas show 
calculated electric field profiles of the bare SPP mode at q = 1.3 ×104 rad cm−1 
for an upper half-space permittivity ε∞,SiC. In a, d and g, the red curves show the 
dispersion of upper and lower hybrid modes, ν+(q) and ν−(q). Reddish areas 

indicate damping of the hybrid modes, ν+(q) ± γ+(q)/2 and ν−(q) ± γ−(q)/2. Blue 
curves show bare SPP dispersion when the SiC is substituted by a material with 
permittivity ε∞,SiC. Black lines show νE, matching the TO phonon frequency (grey 
horizontal line) of SiC. Grey solid lines show the light line. b,e,h, Contribution of 
SPPs (blue curves) and of TO phonons (black curves) to the hybrid modes ν−(q) 
shown in a, d and g, respectively. c,f,i, Coupling strength, g(q), obtained from a, 
d and g, respectively. Solid lines show results obtained from coupled harmonic 
oscillator model. Dotted lines show results obtained from equation (15). Grey 
and white areas indicate weak and strong coupling regimes, respectively. The 
strong coupling regime is determined by g > (γSPP + γTO)/4, where γTO = 6 cm−1 and 
γSPP is determined experimentally as described in Supplementary Note 6. Vertical 
dashed black lines mark wavevector where bare modes cross, qc.
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Our results resemble plasmon–phonon coupling in polar semi-
conductors, where plasmons and optical phonons coexist within the 
same material and coupling can be tuned via doping50 or photoexcita-
tion51. In such materials, flat-band USC may be achieved too, potentially 
modifying electron–phonon scattering52. By contrast, our approach 
is more versatile, as surface plasmons and phonons reside in separate 
materials and couple across their interface. This enables flat-band USC 
of phonons in materials that do not support plasmon polaritons or 
where variation of carrier concentration cannot tune the SPP disper-
sion limit to the phonon frequency.

In summary, we use pump–probe nano-FTIR spectroscopy to study 
the coupling between TO phonons in a thin SiC layer and SPPs in a bulk 
InAs substrate. By tuning the SPP dispersion limit through photoexcita-
tion of carriers in InAs to align with the TO phonon, we observe hybrid 
polaritons emerging from USC (mode splitting > 20%). Remarkably, 
the hybrid modes span an extraordinarily broad momentum range, 
introducing the concept of flat-band USC. We predict that flat-band 
VSC could also be achieved with molecular vibrations.

Flat-band vibrational SC and USC could be relevant to emerging 
research exploring strong coupling to modify chemical and physical 
material properties4–6,15,16. Unlike conventional SC, which involves few 
hybrid states, flat-band SC and USC feature many hybrid polaritons, 
potentially amplifying polariton chemistry. In the context of ultrafast 
SPhP control via femtosecond laser excitation of the substrate34, our 
study shows that USC can largely enhance the modulation of polariton 
wavevectors. In our experiments, hybrid surface polariton wavevectors 
change by over an order of magnitude (Supplementary Note 9), far 
exceeding the 20% reported in the literature34, opening new opportuni-
ties for ultrafast polaritonic sensing and circuitry.
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Methods
Sample preparation
A commercially available 50-nm-thick 3C-phase SiC membrane  
(Norcada) is controllably fractured from its frame using a viscoelastic 
polydimethyl-siloxane (PDMS) stamp, by placing the stamp over the 
whole membrane and steadily pulling it away. The resulting pieces 
typically have lateral sizes of tens of micrometres. They remain on the 
PDMS stamp surface, from which they are transferred onto an undoped 
InAs substrate (dry-transfer method).

Pump–probe nano-FTIR spectroscopy
We use a commercial s-SNOM set-up equipped with a pump–probe 
module (neaSNOM, Attocube Systems), in which the oscillating (at a 
frequency Ωtip ≈ 270 kHz with 75 nm tapping amplitude) metal-coated 
(Pt/Ir) AFM tip (nano-FTIR tips from Attocube Systems) is illuminated 
by focused p-polarized near-IR pump pulses (central wavelength 
1.55 μm, ~100 fs pulse duration, average power of about 25 mW) and 
p-polarized broadband mid-IR probe pulses (supercontinuum laser 
with ~100 fs pulse duration, average power of about 0.5 mW, frequency 
range 600–1,200 cm−1). The time delay Δt between the probe and pump 
pulses is adjusted via an optical delay line. Both beams are focused onto 
the tip apex with a parabolic mirror. The tip-scattered mid-IR probe 
radiation is collected with the same parabolic mirror and recorded 
with an asymmetric Fourier transform spectrometer comprising a 
liquid-nitrogen-cooled mercury–cadmium–telluride (MCT) detector. 
To suppress background scattering from the tip shaft and the sample, 
the detector signal is demodulated at frequency nΩtip. Recording of 
the demodulated detector signal as a function of the reference mir-
ror position yields interferograms, which are Fourier transformed to 
obtain amplitude sn(ν) and phase φn(ν) spectra. To filter the near-IR 
pump laser, a long-wavelength pass filter is placed in front of the MCT 
detector. The signal-to-noise ratio of the commercial set-up is improved 
via a balanced detection scheme53.

The interferograms (signal demodulation at 2Ωtip) yielding the 
phase spectra in Fig. 1c,e,g are recorded with 1,024 sampling points, 
20 ms integration time and a spectral resolution of 7.14 cm−1. The spectra 
are obtained by Fourier transform of the zero-padded interferograms 
extended to 4,028 points, without applying an apodization window.

The interferograms (signal demodulation at 2Ωtip) yielding the 
spectra in Fig. 2d,f are recorded with 1,024 sampling points, 5 ms inte-
gration time and a spectral resolution of 6.25 cm−1. The complex-valued 
spectra, σ2(x,ν), are obtained by Fourier transform of the zero-padded 
interferograms extended to 4,028 points, without applying an apodiza-
tion window. The line scans are acquired with a spatial step size (pixel 
size) of 33 nm, covering a total scan length of 5 μm with 150 pixels. Each 
line scan is repeated 12 times and averaged after realignment of the tip 
position relative to the SiC edge, which is determined from the simul-
taneously recorded topography signal. The complex-valued near-field 
spectra are referenced to the complex-valued near-field spectrum of 
the SiC/InAs sample far away from the SiC edge and filtered according 
to the procedure described in Supplementary Note 2, yielding σ∗

2
(x, ν).

Complex-valued fitting of nano-FTIR line profiles
To determine the complex-valued hybrid surface polariton wavevector, 
q̃±(ν) = q±(ν) + iκ±(ν) , we construct complex-valued line profiles, 
σ∗
2
(x, ν) = s∗

2
(x, ν) eiφ∗2 (x,ν), from the filtered (Supplementary Note 2) ref-

erenced amplitude-resolved and phase-resolved spectral line scans, 
s∗
2
(x, ν)  and φ∗

2
(x, ν) , and fit them for each frequency using the 

following equation:

E (x) = A

√2x
ei2(q±+iκ±)x + B

√2x
ei2(qbl+iκbl)x + 1. (2)

Equation (2) describes the field of two radially propagating 
damped waves launched at the tip apex, which are reflected at the 

edge of the SiC layer44,45,54. The first term describes the hybrid surface 
polariton with wavevector q± + iκ±. The second term, characterized by 
a wavevector qbl + iκbl, is referred to as baseline (bl). It is constrained to 
qbl < 2k0, where k0 is the photon wavevector in free space. The inclusion 
of the second term is justified by the spatial Fourier transform of the line 
scan (Supplementary Note 2), which reveals spectral intensity near the 
light line. The third term (offset of 1) accounts for the near-field signal 
far away from the SiC edge.

A and B are complex-valued fit parameters, whereas q±, κ±, qbl and 
κbl are real-valued fit parameters. To mitigate potential parameter 
interdependence, we apply a sequential fitting strategy (Supplemen-
tary Note 3).

In Fig. 2b,c of the main text, we show baseline-corrected experi-

mental data, σ∗
2
(x) −B/√2xe

i2(qbl+iκbl)x
 (black dots), together with the fit, 

A/√2xei2(q±+iκ±)x + 1  (solid lines). The |q(ν)| is shown by the dots in 
Fig. 2e,g. The fitting procedure is demonstrated in Supplementary 
Note 3.

Calculation of reflection coefficients
The reflection coefficient (p polarization) for layered samples (Figs. 1f,h 
and 2e,g) is calculated according to

rp (q, ν) =
rp,12 (q, ν) + rp,23 (q, ν) e2ikz,2(q,ν)d

1 + rp,12 (q, ν) rp,23 (q, ν) e2ikz,2(q,ν)d
(3)

where rp,ab (q, ν) is the Fresnel reflection coefficient between layers j 
and l given by

rp,jl (q, ν) =
εl (ν) kz, j (q, ν) − εj (ν) kz,l (q, ν)
εl (ν) kz, j (q, ν) + εj (ν) kz,l (q, ν)

(4)

with q being the in-plane wavevector, ν the frequency expressed as 

wavenumber, kz,j the out-of-plane wavevector kz,j (q, ν)= √εj (ν) k20 (ν) − q2, 

εj (ν) the complex-valued permittivity of the material j, d the thickness 
of layer 2, and k0 the photon wavevector in free space. The indices 1, 2 
and 3 indicate upper half-space, layer and substrate, respectively, as 
illustrated in Supplementary Fig. 5a.

The reflection coefficient (p polarization) for the bare InAs sub-
strate (Fig. 1d) is calculated with equation (4). The indices j and l in this 
case stand for air and InAs, respectively; εj = 1 and εl = εInAs(ν).

A summary of all the parameters used in the reflection coefficient 
calculation of Figs. 1–4 is provided in Supplementary Tables 1 and 2.

Dispersion calculations
To calculate the dispersion of the surface polariton modes (solid lines in 
Figs. 1f,h, 2e,g, 3a and 4a,d) in a layer on a semi-infinite substrate (illus-
trated in Supplementary Fig. 5a), we find numerically the poles of the 
reflection coefficient by setting the denominator of equation (3) to zero:

1 + rp,12 (q̃, ν̃) rp,23 (q̃, ν̃) e2ikz,2(q̃,ν̃)d = 0. (5)

To calculate the dispersion of the surface polariton modes (blue 
solid lines in Figs. 1d, 3d,g and 4a,d and red solid lines in Fig. 3d,g) on 
the semi-infinite substrates (illustrated in Supplementary Fig. 5b), we 
find numerically the poles of the reflection coefficient by setting the 
denominator of equation (4) to zero:

kz,2 (q̃, ν̃)
ε2 (ν̃)

+
kz,3 (q̃, ν̃)
ε3 (ν̃)

= 0. (6)

We note that both equations (5) and (6) are expressed in a general 
form with complex-valued wavevectors defined as q̃ = q + iκ  and 
complex-valued frequencies defined as ν̃ = ν − iγ/2, but they are numeri-
cally solved by assuming either real-valued wavevectors or real- 
valued frequencies.
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The dispersion curves shown in Figs. 1d,f,h, 3a,d,g and 4a,d are 
obtained by solving equations (5) and (6) numerically for temporally 
decaying modes, as we aim for a comparison with spectroscopy experi-
ments that correspond to measurements of polaritons oscillating and 
decaying in time. To that end, we assume complex-valued frequencies 
and real-valued wavevectors, ν – iγ/2 and q, respectively. The dispersion 
curves display the real part of the solution q(ν – iγ/2).

The dispersion curves shown in Fig. 2e,g are obtained by solving 
equations (5) and (6) numerically for spatially decaying modes, as we 
aim for a comparison with polariton interferometry experiments where 
we observe and analyse propagating and spatially decaying polaritons. 
For that end, we assume real-valued frequencies and complex-valued 
wavevectors, ν and q + iκ, respectively. The dispersion curves display 
the real part of the solution, q(ν).

To calculate the hybrid surface polariton modes, ν± (q) − iγ± (q) /2, 
shown in Fig. 3a (red solid lines), we solve equation (5) for ε1 = 1, 
ε2 = εSiC (ν̃)  and ε3 = εInAs (ν̃) . To calculate the bare SPP mode, νSPP (q)
−iγSPP (q) /2, shown in Fig. 3a (blue solid line), we solve equation (5) for 
ε1 = 1, ε2 = ε∞,SiC and ε3 = εInAs (ν̃).

To calculate the hybrid surface polariton mode, ν± (q) − iγ± (q) /2, 
shown in Fig. 3d,g (red solid lines), we solve equation (6) for ε2 = εSiC (ν̃) 
and ε3 = εInAs (ν̃). To calculate the bare SPP mode, νSPP (q)−iγSPP (q) /2 , 
shown in Fig. 3d,g (blue solid line), we solve equation (6) for ε2 = ε∞,SiC 
and ε3 = εInAs (ν̃).

To calculate the hybrid surface polariton mode, ν± (q) − iγ± (q) /2, 
shown in Fig. 4a,d (red solid lines), we solve equation (5) for ε1 = ε∞,Mi, 
ε2 = εMi (ν̃)  and ε3 = εSiC (ν̃) . To calculate the bare SPhP mode, 
νSPhP (q) − iγSPhP (q) /2, shown in Fig. 3d,g (blue solid line), we solve equa-
tion (6) for ε2 = ε∞,Mi and ε3 = εSiC (ν̃).

A summary of all the parameters used in the dispersion calculation 
of Figs. 1–4 is provided in Supplementary Tables 1 and 2.

Material parameters
The permittivity of the 3C-SiC layer is described by a Drude–
Lorentz model:

εSiC (ν̃) = ε∞,SiC
ν̃2 − ν2

LO
+ iγTOν̃

ν̃2 − ν2
TO

+ iγTOν̃
(7)

where νTO = 797 cm−1 and νLO = 973 cm−1 are the TO and LO phonon 
frequencies, γTO = 6 cm−1 the damping constants and ε∞,SiC = 6.6 
the high-frequency permittivity38. The thickness of the SiC layer is 
d = 50 nm.

The permittivity of the InAs is described by a Drude model:

εInAs (ν̃) = ε∞,InAs (1 −
ν2p

ν̃2 + iν̃γp
) (8)

where νp is the plasma frequency, γp is the damping constant and 
ε∞,InAs = 11.8 the high-frequency permittivity55.

For the undoped InAs in Figs. 1h and 2g, we set εInAs (ν̃) = ε∞,InAs.
For the photoexcited InAs in Fig. 1d,f, we set νp = 845 cm−1 and 

γp = 125 cm−1. Both plasma frequency and damping were determined from 
the experimental measurements described in Supplementary Note 1.

For the photoexcited InAs in Figs. 2e and 3a, we set νp = 850 cm−1 
and γp = 120 cm−1. Both plasma frequency and damping were deter-
mined from the experimental measurements described in Supple-
mentary Note 4.

For the InAs in Fig. 3d, we set νp = 995 cm−1 and γp = 120 cm−1, while 
for the InAs in Fig. 3g, we set νp = 3,000 cm−1 and γp = 120 cm−1.

The permittivity values of the molecular layers, εM1 in Fig. 4a and 
εM2 in Fig. 4d, are described by

εMi (ν̃) = ε∞,Mi (1 −
A2
Mi
/ε∞,Mi

ν̃2 − ν2
Mi
+ iγMiν̃

) (9)

where ε∞,M1 = ε∞,M2 = 2.98 is the high-frequency permittivity, νM1 =  
921.3 cm−1 and νM2 = 880 cm−1 the molecular vibrational frequencies, 
γM1 = γM2 = 3.5 cm−1 the damping constants and AM1 = AM2 = 91.5 cm−1 
the oscillator strengths. The thickness of the molecular layers is 
d = 150 nm. To assume realistic values for oscillator strength, damp-
ing and high-frequency permittivity, we use those corresponding to 
pentacene molecules (C22H14) at 905.5 cm−1 (Table 1 in ref. 49).

A summary of all the material parameters is provided in 
Supplementary Table 2.

Relative contributions of SPP and TO phonon to hybrid surface 
polariton modes
The relative contributions of the SPP and TO phonon to the hybrid 
modes (shown in Fig. 3b,e,h), ΣSPP and ΣTO, respectively, are obtained 
according to48

ΣSPP (ν±) =
|xSPP (ν±)|

2

|xSPP (ν±)|
2 + |xTO (ν±)|

2
=

|||
xSPP(ν±)
xTO(ν±)

|||
2

|||
xSPP(ν±)
xTO(ν±)

|||
2

+ 1

ΣTO (ν±) =
|xTO (ν±)|

2

|xSPP (ν±)|
2 + |xTO (ν±)|

2
= 1

|||
xSPP(ν±)
xTO(ν±)

|||
2

+ 1

(10)

where xSPP and xTO are the oscillator amplitudes associated with the bare 
SPP and TO phonon modes, and

xSPP
xTO

= − 2giν±

(ν2
SPP

− ν2±)
. (11)

In Supplementary Note 7, we compare the results of classical and 
quantum mechanical harmonic oscillator calculations.

Harmonic oscillator modelling of the coupling between 
molecular vibrations and SPhPs
To analyse how the hybrid surface polariton modes ν+ and ν− (red curves, 
solutions of equation (5) in Fig. 4a,d) emerge from the coupling between 
the SPhPs of the SiC substrate and the molecular vibrations of the 
organic layer, we applied the classical model of two coupled harmonic 
oscillators as described in the main text (Supplementary Note 7). One 
harmonic oscillator represents the SPhP with eigenmode frequency νSPhP 
and the other one represents the molecular vibration with eigenmode 
frequency νMi. The relative contribution of SPhPs and molecular vibra-
tions (shown in Fig. 4b,e) is calculated analogously to equation (10).

Calculation of the surface polariton field profiles
To calculate the spatial electric field distribution of the bare sur-
face polaritons in Figs. 3a and 4a,d, we use the solution of Maxwell’s 
equations for a transverse magnetic electromagnetic wave propagating 
along the surface (geometry defined by Supplementary Fig. 5a). The 
magnetic field, H = (0,Hy,0), is expressed by

Hy,1 (q, x, z) = A(q)e−kz,1(q)[z−
d

2
]eiqx, z > d/2

Hy,2(q, x, z) = B(q)ekz,2(q)[z−
d

2
]eiqx

+C(q)e−kz,2(q)[z+
d

2
]
eiqx, −d/2 > z > d/2

(12)

Hy,3(q, x, z) = D(q)ekz,3(q)[z+
d

2
]eiqx, z < −d/2,

where d is the thickness of the layer (index j = 2) on top of the substrate 

(index j = 3), kz,j is the out-of-plane wavevector kz,j (q) = √q2 − εj (ν̃) k20 (ν̃), 
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εj (ν̃(q))  is the complex-valued permittivity, k0(ν̃(q))  is the photon 
wavevector in free space and ν̃(q) is the complex-valued frequency of 
the calculated mode at q. Index j = 1 indicates the half-space above the 
layer. To remain consistent with the analysis of Figs. 3 and 4, we adopt 
complex-valued frequencies and real-valued wavevectors. Applying 
boundary conditions, the field amplitudes A, B, C and D can be mutually 
related. In particular, we write A, B and C as a function of D according to

A = D
2
kz,2

ε2
e−kz,2d

kz,1

ε1
+ kz,2

ε2
+ (− kz,1

ε1
+ kz,2

ε2
) e−2kz,2d

B = D
(− kz,1

ε1
+ kz,2

ε2
) e−kz,2d

kz,1

ε1
+ kz,2

ε2
+ (− kz,1

ε1
+ kz,2

ε2
) e−2kz,2d

C = D
( kz,1
ε1
+ kz,2

ε2
)

kz,1

ε1
+ kz,2

ε2
+ (− kz,1

ε1
+ kz,2

ε2
) e−2kz,2d

(13)

We subsequently obtain the electric field, E = (Ex,0,Ez), according  
to Ex, j(q, x, z) =

−i
ν̃ε0

1

εj

dHy

dz
 and Ez, j(q, x, z) =

i

ν̃ε0

1

εj

dHy

dx
, where ε0 is the 

vacuum permittivity.
The electric field profiles ||E j(q, z)||

2 = ||Ex, j(q,0, z)||
2 + ||Ez, j(q,0, z)||

2 of 
the bare SPPs in Fig. 3a are calculated using ε1 (ν̃) = 1 , ε2 (ν̃) = ε∞,SiC , 
ε3 (ν̃) = εInAs (ν̃)  and d = 50 nm. The complex-valued frequencies 
ν̃ (q) = νSPP (q) − iγSPP (q) /2 are calculated according to equation (5).

Similarly, to calculate the surface polariton fields shown in 
Fig. 3d,g, we express the magnetic field as H = (0,Hy,0), with

Hy,2(q, x, z) = Ae−kz,2(q)zeiqx, z > 0

Hy,3(q, x, z) = Be+kz,3(q)zeiqx, z < 0. (14)

Applying boundary conditions, we find that the field amplitudes 
A and B must satisfy A = B.

The electric field profiles ||E j(q, z)||
2 = ||Ex,j(q,0, z)||

2 + ||Ez,j(q,0, z)||
2 of 

the bare SPPs shown in Fig. 3d,g are calculated using ε2 (ν̃)= ε∞,SiC and 
ε3 (ν̃) = εInAs (ν̃) . The bare SPhP is calculated using ε2 (ν̃) = ε∞,M1

and ε3 (
∼
ν) = εSiC (

∼
ν) in Fig. 4a, and using ε2 (ν̃) = ε∞,M2 and ε3(

∼
ν) = εSiC(

∼
ν)  

in Fig. 4d. The complex-valued frequencies ν̃ (q) = νSPP/SPhP (q)
−iγSPP/SPhP (q) /2 are calculated according to equation (6).

To facilitate visualization and comparison, the surface polariton 
field intensities, |E(q,z)|2, are normalized to the maximum value of  
1 in each panel.

Calculation of coupling strength g based on energy ratios
We calculate the coupling strength between the bare SPPs of the 
InAs substrate and the TO phonons in SiC (black dots in Fig. 3c,f,i) 
according to47,56

g (q) = gmax√
2WSPP,layer(q)
USPP(q)

, (15)

where WSPP,layer is the SPP electric field energy per unit area in the SiC 
layer (Fig. 3c) or SiC half-space (Fig. 3f,i) when the SiC permittivity is 
replaced by ε∞,SiC. It is given by

WSPP,layer(q) = ∫
SiC

ε0
4
ε∞,SiC (|Ex(q, z)|

2 + |Ez(q, z)|
2)dz. (16)

USPP is the total electromagnetic energy per unit area of the SPP 
field given by

USPP (q) = ∫+∞
−∞ ( ε0

4

d(νRe[ε(ν,z)])
dν

||
Re[νSPP(q)]

(|Ex (q, z)|
2 + |Ez (q, z)|

2)

+μ0
4
||Hy (q, z)||

2)dz,
(17)

where ε(ν,z) represents the dielectric function of each material, speci
fically ε1 = 1, ε2 = ε∞,SiC and ε3 = εInAs(ν) in Fig. 3c and ε2 = ε∞,SiC and 
ε3 = ε InAs(ν) in Fig. 3f,i. The maximum coupling strength, 

gmax = √(ν2
LO
− ν2

TO
) /4, corresponds to that of light–matter coupling 

in infinite-size bulk47 SiC. The coupling strength between the bare 
SPhPs and molecular vibrations, shown in Fig. 4c,f, is calculated analo-

gously, but with gmax = √(A2
Mi
/ε∞,Mi)/4.
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culations used in this study are openly available via Zenodo at https://
doi.org/10.5281/zenodo.17233543 (ref. 57). Source data are provided 
with this paper.
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