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Strong and ultrastrong coupling are pivotal phenomenainscience 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 phononsinathin 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
inanarrow 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 polaritons'®, 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 technologies’ . Of particular interest
for controlling matter properties is vibrational strong coupling (VSC),
wherelight couples to molecular or lattice vibrations (phonons). VSC
has been reported to modify chemical reactivity**'° leading to polari-
tonic chemistry*® and predicted to trigger phase transitions".

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 anarrow wavevector range, that
is, a limited number of hybrid states' . Here we employ nanoscale
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Fig.1|Pump-probe nano-FTIR spectroscopy of nanoscale USCbetween
optical phonons and SPPs. a, lllustration of the experiment. Optical phononsina
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 Qy,. This near-field coupling (red shaded area) is
observed by recording the elastically tip-scattered light (outgoing red arrow) with
anasymmetric 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 carriersin the InAs substrate at a time At 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™ when the SPP and TO phonon are ultrastrongly coupled. ¢,e,g, Measured
nano-FTIR phase spectra @,(v) of bare InAs at At = 8.5 ps (blue; ¢), SiC/InAs at

At=8.5ps(red; e) and SiC/InAs without near-IR pump (green; g). Phase spectraare
referenced to the phase spectra of unpumped bare InAs. The blue and green lines
inearethesameasincandg, respectively.d,f h, Imaginary part of the calculated
Fresnel reflection coefficient of the samplesillustrated in ¢, e and g, respectively.
The top showsIm([r,(q,v)]atg,=5x 10*rad cm™ (marked by horizontal dashed
whitelinein bottom panel). The bottom shows Im[r,(g,v)] as a function of real
wavevector g and real frequency v. Vertical dashed orange lines mark the TO and
LO phonon frequencies of SiC. Blue, red and green curves in the bottom graph of
d, fand hshow the real part of the dispersion of modes, v(g), assuming a
complex-valued frequency. Optical material properties are in the Methods.

Ind andf, the plasma frequency and damping of carriersin InAsis v, = 845 cm™
andy, =115 cm™, respectively, obtained by fitting the near-field spectruminc
(Supplementary Note1).Inh, gpas (V) = €56 inas-

Fourier transforminfrared (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 alarger 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 scale'®>*, 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 nanoresonators*™ but also spectroscopic
polariton interferometry®-*%*°,

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-FTIR*®, we study vibrational USC

betweeninfrared SPPsinasemi-infinite InAs substrate and TO phonons
inathin SiC layer atop InAs. A near-infrared (near-IR) pump tunes the
InAs carrier concentration, aligning the SPP frequency with the SiCTO
phonon. Nano-FTIR spectroscopy of the tip-excited SPP resonance®®
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 1aillustrates the pump-probe nano-FTIR spectroscopy of a
50-nm-thick SiC layer on anundoped 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
electronsinthe undoped InAs and thus creates atransient carrier den-
sity that decays on a picosecond timescale. As aresult, the carrier con-
centration, n, temporarily reaches ~10'®-10" cm™ (and affects the
plasmafrequency v, « \/n), sufficient tosupport mid-infrared SPPsin
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 At relative to the pump pulse. The At
value determines a specific plasma frequency v, and damping rate y,
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andisselected toalign the InAs SPP with the SiC TO phonon. Due to the
lightning rod effect, the AFM tip with apex radius (R) = 30 nm concen-
tratesthe mid-IR probe (red arrow) to ananoscale 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-
ples®. 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-
tonlifetime (onthe order of picoseconds) is shorter thanthe timescale
over whichv,andy,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 Q,,, and the mid-IR
detector signal is demodulated at 2Q,;,. Interferograms are obtained
by recording the demodulated detector signal as afunction of the refer-
ence mirror position in the spectrometer. Fourier transforming
these interferograms yields background-free amplitude and phase
spectra, s,(v) and @,(v), where vis 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 SiCTO phonon (797 cm™). To thatend, we record nano-FTIR
spectra of the bare InAs substrate for various probe-pump delays
At (Supplementary Fig. 1). For At=8.5 ps, ¢,(v) shows a peak around
810 cm™ (blue curvein Fig. 1c), aligning with the SiC TO phonon. This
peak corresponds to aSPP resonance excited by the near fields at the
tip apex®****, To study the coupling between the SPP resonance and
the phononsin SiC, we perform pump-probe nano-FTIR spectroscopy
ofthe SiC/InAssample at At = 8.5 ps (Fig. 1e). We observe aremarkably
large splitting (red spectrum) of the SPP resonance (blue spectrum)
of about 180 cm™, which, being >20% of the TO phonon frequency vy,
indicates USC. For comparison, we show @,(v) of the SiC/InAs sample
without photoexcitation (Fig. 1e,g, green curves). We observe one
peakslightly above the TO phononand 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 SrTiO, layers®. 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, whichis typical for nano-FTIR spectroscopy® and not
adisorder effect that can challenge coupling-strength extraction®. In
fact, the optical phonon of our single-crystal SiC is well described by
asingle Lorentz oscillator’®,

To validate the experimental results, we compare the nano-FTIR
phase spectra @,(v) with the calculated (Methods) imaginary part
of the samples’ reflection coefficient®?****, Im[r,(q,,v)], where
g, is the dominant in-plane wavevector of the tip’s near field that
probesr, (top of Fig. 1d,f,h). For the standard tips used in our experi-
ments, ¢, =5x10*rad cm™ (ref. 42). While the comparison between
nano-FTIR and reflection spectra is qualitative, it avoids the model-
ling of polariton-resonant near-field interactionsinlayered samples,
which often lacks quantitative accuracy’®. In the top of Fig. 1d, we
showIm[r,(q,,v)] of the photoexcited bare InAs substrate, confirming
that it describes well the SPP peak in ¢,(v) (Fig. 1c). We subsequently
calculate Im[r,(q,,v)] of the photoexcited SiC/InAs sample (top of
Fig. 1f), corroborating the peak splitting observed in ¢,(v) (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 (g)-dependent and frequency-dependent reflection
coefficients, Im[r,(q,v)] (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
(vepp =780 cm™), and for the unpumped SiC/InAs, we observe the
upper and lower SPhP modes of the SiC layer®® 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
Vgpp = V1o, 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
acomparatively narrow range typical for USC.

To verify the unusual USC phenomenon, we probe the hybrid
surface polariton dispersion through real-space polariton
interferometry?®*** (Fig. 2a). Thatis, we record nano-FTIR amplitude
and phase spectra, s,(x,v) and @,(x,v), 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 At =15 ps. This delay differs slightly from Fig. 1e, likely due toa 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
E,) on the photoexcited sample, which reflect at the SiC edge and
interfere at the tip apex withthe incomingelectric field £,,., leading to
avariation ofs,and ¢,. Inthereferenced andfiltered amplitude-resolved
and phase-resolved spectral linescan, s (x, v)and ¢} (x, v) (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-
gatinginthexdirection,and to determine their wavevector, we analyse
s5(x, v) and @3 (x, v) for each frequency (Fig. 2b and Supplementary
Note 3). The corresponding complex-valued near-field profiles,
0 () = 8} () %™ trace spiral paths around acomplex-valued offset
C(dotsinFig.2c), which canbefitted by amodel of radially propagating
damped waves**** (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
polaritondispersion®?**>* Interestingly, the spirals are anticlockwise
below TO and clockwise above, indicating negative and positive phase
velocities, respectively*e.

Fitting 05 (x, v)yields the wavevector §.(v) = q.(v) + ik.(v)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 §..(v) to the calculated hybrid surface polariton disper-
sion, using the InAs plasma frequency v, and damping y, as fitting
parameters (Supplementary Note 4). Forv, =850 cm™andy, =120 cm’,
the calculated (curves) and experimental (dots) dispersionsin 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
g>10*rad cm™. The SPhP dispersion of unpumped SiC/InAsis obtained
from s3 (x, v) and ¢} (x,v) 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 dotsin Fig. 2g,e), which
is confirmed by dispersion calculations (green curve in Fig. 2g).

To gain deeper insight into the coupling mechanism, we analyse
G, (v)(redandblue curvesinFig. 2e), obtained from the experimental
measurements (dots in Fig. 2e), using a coupled classical harmonic
oscillator model describing USC?***%, 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
witha complex-valued frequency and areal-valued wavevector, §..(v)
obtained from Fig. 2e is transformed into V..(g) (red curves in Fig. 3).
One of the bare modes is attributed to the SPP, whose dispersion,
Vspp (@), is calculated from the poles of the reflection coefficient of the
SiC/InAs heterostructure using v,and y, obtained fromthefitin Fig. 2e.
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Fig. 2| Real-space mapping of flat-band USC. a, Illustration of surface polariton
mappingon a50-nm-thick SiC layer on an InAs substrate. E;,. is the incoming
field, E,., the scattered field, and £, the surface polariton field. b, Baseline-
subtracted near-field amplitude and phase signal as function of xatv= 675 cm™
and 860 cm™. ¢, Line profiles of b plotted in the complex plane. Inb and ¢, black
dots and solid lines represent experimental data and fits, respectively.

d, Amplitude and phase spectra of the tip-scatteredfield, s; (x, v) and ¢} (x, v),
recorded as a function of distance from the edge, x, for pump-probe delay of

At =15 ps.Red and blue dashed lines mark the frequencies of the line profiles
showninband c.Inb-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, g.(v), obtained

by complex-valued fitting the spatial line profilesin b at each v value. Red and
blue colours indicate positive and negative signs of g, respectively. Green dots
are the same asin g. Greyscale contour plot shows the calculated Im[r,(g,v)],
using v, = 850 cm™ for InAs. f, Amplitude and phase spectra of the tip-scattered
field 53 (x, v)and ¢ (x, v), recorded as a function of x without the pump beam.
g, Green dots show the real part of the surface polariton wavevector, gspp(V),
obtained by complex-valued fitting the spatial line profiles in fat each v value.
Greyscale contour plot shows the calculated Im[r,(g,v)] (same asin Fig. 1h).In
d-g, orange dashed lines mark the TO phonon frequency of SiC.Ineand g, red,
blue and green curves show the absolute value of the real part of the mode
dispersions, g. and gpy,p, assuming a complex-valued wavevector, corresponding
to the poles of r,(q + ix,v) (Methods and Supplementary Note 4).

Toaccount for dielectric loading caused by the high-frequency permit-
tivity of the SiC layer, €, sic, we set &sic = £, sic. The remaining bare
mode, v, is determined from

1 2
Vv, = —\/V§PP +V2+4g2 \/(V§PP +VE+4g2) —4v2 2 ()

V2

whichrelates bare and hybrid modes through the coupling strengthg.
We note that equation (1) does not consider losses, asthey are negligible
for determining coupling strength and mode frequencies, as verified
by repeating the analysis withlossesincluded (Supplementary Note 8).
Solving equation (1) for vpand gat each g, we obtain vi(q) = v;o(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-
non?, Further, we find that (1) gincreases with g, (2) the SC condition
according to g> (Vspp + V10)/4 is fulfilled for all ¢ > 1x10* rad cm™ and
(3)USCoccursforallg>1x10*rad cm™accordingtog > 0.1vy, (Fig. 3¢).
Ysep and yyo are the damping rates of the SPP and the TO phonon, respec-
tively. We also calculate the relative contribution of the SPP, X, and
that of the TO phonon of SiC, 25,, to the hybrid surface polaritons,
finding that the SPP contributes to the lower polariton (marked v_in
Fig.3a) with Xy, between 50% and 30% in the whole wavevector region
withg>1x10*rad cm™ (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
anunusually large wavevector range. This stems from the relatively
flat SPP dispersion near the SiC TO phonon at large g (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, g., the detuning of the SPP mode
from the TO phononis relatively small compared with the splitting
Qofthe 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, correspondingto anincreased dielectric loading of the SPP.
Figure 3ashows this viathe normalized vertical electric field intensity
profile, |E(g,2)I* (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 g. 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 energy***® (equation (15) and Methods).
Theresult (dotted linein Fig. 3¢c) excellently matches gobtained from
the coupled harmonic oscillator model and corroborates its increase
with g (solid line in Fig. 3c). We note that the drop of gbelow the light
lineisirrelevant, asthe surface polariton modes are not defined there.

To verify the flat-band USC phenomenon in a simplified system
that avoids SPP detuning at large g, we repeat the theoretical analysis
of Fig.3a-cforaSiChalf-spaceinstead of a50-nm-thinlayer (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. 3| Theoretical analysis of flat-band USC between SPPs and TO phonons.

a, lllustration of a 50-nm-thick SiC layer on an InAs substrate with v, =850 cm™,
¥,=120 cm™and ¢..,,, = 11.8. Blue areas show calculated electric field profiles
|E(q,2)|? of the bare SPP modes at 4 x 10* and 10 x 10* rad cm™ when the SiC layer is
substituted by a layer of the same thickness and permittivity .. . d, lllustration
of fully SiC-filled upper half-space above InAs substrate with v, =995 cm™,
¥»=120 cm™and ¢.. 4 =11.8. Blue areas show calculated electric field profiles
|E(g,2)1> of the bare SPP modes at ¢ =4 x 10*and 10 x 10*rad cm™ for upper half-
space permittivity €., 5;c. &, lllustration of fully SiC-filled upper half-space above
InAs substrate with v,=3,000 cm™, y, =120 cm™and €., s, = 11.8. Blue areas show
calculated electric field profiles of the bare SPP mode at ¢ = 1.3 x10* rad cm™

for an upper half-space permittivity .. ;.. Ina,d and g, the red curves show the
dispersion of upper and lower hybrid modes, v.(g) and v_(q). Reddish areas

Igl (x10* rad cm™) lgl (x10* rad cm™)

indicate damping of the hybrid modes, v.(q) + y.(q)/2and v_(q) + y-(q)/2.Blue
curves show bare SPP dispersion when the SiC is substituted by a material with
permittivity €., ;. Black lines show v, 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 v_(q)
shownina,dandg, respectively.c,f,i, Coupling strength, g(q), obtained from a,
dand 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 > (Yspp + ¥10)/4, where ;o= 6 cm™and
Ysep is determined experimentally as described in Supplementary Note 6. Vertical
dashed black lines mark wavevector where bare modes cross, g..

Analysis using the coupled harmonic oscillator model reveals that
the SPP and TO phonon each contribute equally (-50%) to the hybrid
modes for allwavevectors larger than -3 x 10* rad cm™ (Fig. 3e). Further,
2=170 cm™ remains constant (solid line in Fig. 3f), as confirmed by
calculating gviaequation (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 g.. To that end, the InAs plasma frequency is
shiftedtov, =3,000 cm™. We observe that the SPPand TO phononare
ultrastrongly coupled, but the v, and v_modes anti-cross over only a
narrow wavevector range around q,, reverting to uncoupled modes
for g > g.. 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 g, with both the SPPand 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
athinorganiclayer with dielectric function &y (v)(Fig.4a). We consider
SPhPs on SiC (25 times lower damping than InAs SPPs) and set the
molecular resonance M1to vy, = 921.3 cm ™ near the SiC surface-phonon
frequency vsp, = 921.9 cm™. To assume realistic values for the oscillator
strength, damping and high-frequency permittivity ¢..,, (Methods),

we use those values corresponding to pentacene molecules®. To pre-
vent aredshift of the SPhP withincreasing g, we set the permittivity of
the upper half-space to €. ;. The hybrid modes, v.(g) (red solid lines,
Fig. 4a), are nearly horizontal and parallel to the SPhP dispersion for
g>3x10*rad cm™, with~50/50 contributions (Fig. 4b) and g fulfilling
the SCcriterion (Fig. 4c). By comparison, Fig. 4d-f shows conventional
anti-crossing after shifting the molecular vibrationM2tov,,, =880 cm™.
The hybrid modes anti-cross only near g, and turn to the uncoupled
modes at larger g (Fig. 4e). Inthis 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 alarge 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 themincreasingly matter-like.
Consequently, our findings might beinterpreted as (ultra-)strong mat-
ter-matter coupling, rather than conventional light-matter couplingin
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. 4| Theoretical analysis of flat-band SC between SPhPs and molecular
vibrations. a,d, Sketches in upper row illustrate the heterostructures analysed
inthe corresponding columns. a, A150-nm-thick layer of molecules with

V= 9213 cm™, py = 3.5 cm™and €., = 2.98 on SiC substrate. The permittivity of
the upper half-space s €.. ;. Blue areas show calculated electric field profiles
|E(q,2)I* of the bare SPhP modes at g =4 x 10*and 10 x 10*rad cm™ when the
molecular layer is substituted by a layer of the same thickness and permittivity
£..w1-d, A150-nm-thick layer of molecules with vy, =880 cm™, y,, =3.5cm™and
£..m2=2.98 ona SiCsubstrate. The permittivity of the upper half-space s £.. .
Blue areas show calculated electric field profiles of the bare SPhP modes at
q=1.2x10*rad cm™ for alayer permittivity ¢..,. Inaand d, red curves show
dispersion of upper and lower hybrid modes, v.(g) and v_(q). Reddish areas
indicate damping of the hybrid modes, v.(q) + y.(¢g)/2 and v_(q) + y_(g)/2. Blue
curves show the dispersion of SPhPs on SiC substrate in the presence of a
150-nm-thick layer with permittivity €., ,. Black lines show vg, matching the
molecular vibrational frequencies vy,;. Grey lines indicate the light line inside the
upper half-space with g = ko/+\/€x mi, Where k, is the free-space wavevector of
light. b,e, Contribution of SPhPs (blue curve) and of molecular vibrations (black
curves) to the hybrid mode v_(g) shown inaand d, respectively. ¢,f, Coupling
strength, g(g), obtained fromaand d, respectively. Solid lines show the results
obtained from the harmonic oscillator model. Dotted lines show the results
obtained from equation (15). Grey and white areas indicate weak and strong
coupling regimes, respectively. The strong coupling regime is determined by
2> (Vsprp + Ymi)/4 Where yy, = vp = 3.5 cm™ and pgpy,p is determined according to
ref.38.Ind, eandf, the vertical dashed black lines indicate the wavevector where
bare modes cross, g..

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 doping*® or photoexcita-
tion®. Insuch materials, flat-band USC may be achieved too, potentially
modifying electron-phonon scattering®. By contrast, our approach
ismore versatile, as surface plasmons and phonons reside in separate
materials and couple across theirinterface. 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.

Insummary, we use pump-probe nano-FTIR spectroscopy to study
the coupling between TO phononsinathin SiClayer and SPPsinabulk
InAs substrate. By tuning the SPP dispersion limit through photoexcita-
tion of carriersinInAs 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 properties* ", 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 substrate*, our
study shows that USC can largely enhance the modulation of polariton
wavevectors. Inour experiments, hybrid surface polariton wavevectors
change by over an order of magnitude (Supplementary Note 9), far
exceeding the 20% reportedintheliterature®, opening new opportuni-
ties for ultrafast polaritonic sensing and circuitry.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
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Methods

Sample preparation

A commercially available 50-nm-thick 3C-phase SiC membrane
(Norcada) is controllably fractured fromits 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 onthe
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 Q, =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 um, ~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™). The time delay Atbetween the probe and pump
pulsesisadjusted viaan optical delay line. Bothbeams 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.
Tosuppress background scattering from the tip shaft and the sample,
the detector signal is demodulated at frequency nQy;,. Recording of
the demodulated detector signal as a function of the reference mir-
ror position yields interferograms, which are Fourier transformed to
obtain amplitude s,(v) and phase ¢,(v) spectra. To filter the near-IR
pump laser, along-wavelength pass filter is placed in front of the MCT
detector. The signal-to-noiseratio of the commercial set-up isimproved
viaabalanced detection scheme®,

The interferograms (signal demodulation at 2Q,;,) yielding the
phase spectra in Fig. 1c,e,g are recorded with 1,024 sampling points,
20 msintegration time and aspectral resolution of 7.14 cm™. 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 2Q,,) yielding the
spectrainFig.2d,fare recorded with 1,024 sampling points, 5 ms inte-
grationtime and aspectral resolution of 6.25 cm™. The complex-valued
spectra, g,(x,v), are obtained by Fourier transform of the zero-padded
interferograms extended to 4,028 points, without applying an apodiza-
tionwindow. The line scans are acquired with a spatial step size (pixel
size) of 33 nm, covering atotal scan length of 5 umwith 150 pixels. Each
linescanis repeated 12 times and averaged after realignment of the tip
positionrelative 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
tothe procedure described in Supplementary Note 2, yielding o} (x, v).

Complex-valued fitting of nano-FTIR line profiles

To determine the complex-valued hybrid surface polariton wavevector,
q.(v) = g+ (v) + ik (v), we construct complex-valued line profiles,
a5 (x,v) = s (x,v) e, from the filtered (Supplementary Note 2) ref-
erenced amplitude-resolved and phase-resolved spectral line scans,
s; (x,v) and ¢} (x,v), and fit them for each frequency using the
following equation:

Eoo) = A ei@uricon ¢ B giagrin 4 1 @
Vax Vax

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 layer***>**, The first term describes the hybrid surface
polariton withwavevector g, +ik.. The second term, characterized by
awavevector gy, + ik, isreferred to as baseline (bl). Itis constrained to
Gy < 2k,, Where k,is the photon wavevector infree space. Theinclusion
ofthesecond termisjustified by the spatial Fourier transform of theline
scan (Supplementary Note 2), whichreveals spectral intensity near the
light line. The third term (offset of 1) accounts for the near-field signal
far away from the SiC edge.

Aand Bare complex-valued fit parameters, whereas g, k., g, and
Ky, 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-

i2(qo +iKp )X
mental data, o* (x) —B/\/2xe o (black dots), together with the fit,
AN 2xe2@=+ix 4 1 (solid lines). The |g(v)| is shown by the dots in
Fig. 2e,g. The fitting procedure is demonstrated in Supplementary

Note 3.

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

Io12 (@, V) + 1y 23 (g, v) e2kea@vd

L+ rp12 (G, V) 1p 23 (g, v) eFkea(@vd

©)

rp(q’v)=

where r, 4 (g, v) is the Fresnel reflection coefficient between layers j
and/given by

e Wk (q,v)— &M ky(q,v)

= 4
g Wk.j (@ V) +& Wk (q,v) @

rp,i (q,V)

with g being the in-plane wavevector, v the frequency expressed as
NEIGLAGET
&; (v)the complex-valued permittivity of the materialj, d the thickness
oflayer 2, and k, 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). Theindicesjand /in this
case stand for air and InAs, respectively; £;=1and £,= ;,,5(v).

Asummary of allthe parameters used in the reflection coefficient
calculation of Figs. 1-4 is provided in Supplementary Tables 1and 2.

wavenumber, k, ;the out-of-planewavevector k,; (g, v)=

Dispersion calculations

To calculate the dispersion of the surface polariton modes (solid linesin
Figs.1f,h, 2e,g,3aand 4a,d) inalayer 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:

L+ 112 (@. V) 1p 23 (G, V) €2ke2@V4 = 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,Z (f], ‘7)
& (V)

ks @V)
50

(6)

We note that both equations (5) and (6) are expressed ina general
form with complex-valued wavevectors defined as § = g + ix and
complex-valued frequencies defined as v = v — iy/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 acomparison with spectroscopy experi-
ments that correspond to measurements of polaritons oscillating and
decayingintime. To that end, we assume complex-valued frequencies
andreal-valued wavevectors, v - iy/2and g, respectively. The dispersion
curves display the real part of the solution g(v - iy/2).

The dispersion curves shown in Fig. 2e,g are obtained by solving
equations (5) and (6) numerically for spatially decaying modes, as we
aimforacomparisonwith polaritoninterferometry experiments where
we observe and analyse propagating and spatially decaying polaritons.
For that end, we assume real-valued frequencies and complex-valued
wavevectors, vand g + ik, respectively. The dispersion curves display
thereal part of the solution, g(v).

To calculate the hybrid surface polariton modes, v, (q) — iy+ (¢) /2,
shown in Fig. 3a (red solid lines), we solve equation (5) for ¢, =1,
& = g5 (V) and &5 = g5 (7). To calculate the bare SPP mode, vspp (9)
—iyspp (¢) /2, shownin Fig. 3a (blue solid line), we solve equation (5) for
&=1&=¢.5cand & = gnas (V).

To calculate the hybrid surface polariton mode, v.. (¢) — iy (¢) /2,
showninFig.3d,g (red solidlines), we solve equation (6) for €, = &g (V)
and &; = g (7). To calculate the bare SPP mode, vspp () —iyspr (@) /2,
shown in Fig. 3d,g (blue solid line), we solve equation (6) for &, = €.. 5;c
and &5 = gipas (V).

To calculate the hybrid surface polariton mode, v, (q) — iy+ (9) /2,
shown in Fig. 4a,d (red solid lines), we solve equation (5) for &= €., \1;,
& =¢&y;(V) and & =gy (V). To calculate the bare SPhP mode,
Vsphp (@) — ivsprp (@) /2,showninFig. 3d,g (blue solid line), we solve equa-
tion (6) for g, = €., ;and &5 = g (V).

Asummary of all the parameters used in the dispersion calculation
of Figs.1-4 is provided in Supplementary Tables1and 2.

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

P S
V2=V, +iyroV

)

&sic (V) = €xsic 2
V2 =Vig + V1oV

where v;o =797 cm™ and v, =973 cm™ are the TO and LO phonon
frequencies, y;o = 6 cm™ the damping constants and .. ;c = 6.6
the high-frequency permittivity®. The thickness of the SiC layer is
d=50nm.

The permittivity of the InAsis described by a Drude model:

2
i ) ®

€lnAs (‘7) = €co,InAs (1 - m
where v, is the plasma frequency, y, is the damping constant and
£.1mas = 11.8 the high-frequency permittivity™.

For the undoped InAs in Figs. 1h and 2g, we set gj,xs (V) = € 1nas-

For the photoexcited InAs in Fig. 1d,f, we set v, = 845 cm™ and
¥, =125 cm™. Both plasmafrequency and damping were determined from
the experimental measurements described in Supplementary Note 1.

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

ForthelnAsinFig.3d, wesetv,=995cm™andy, =120 cm™, while
for the InAs in Fig. 3g, we set v, =3,000 cm™and y,=120 cm™

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

_ A/ Ecomi ) ©)

emi(V) = Eomi| 1 - —F———
V2 — vy, +ivmiv

where €., = €. = 2.98 is the high-frequency permittivity, vy, =
921.3 cm™ and vy, = 880 cm™ the molecular vibrational frequencies,
Y = Va2 = 3.5 cm™ the damping constants and A,; = Ay, =91.5cm™
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 (C,,H,,) at 905.5 cm™ (Table 1in 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), Xspp and 25, respectively, are obtained
according to*®

2
Xspp(Va)

Wspp (V)1 )
spp (Vs Xro(V
Zsep (V) = 3 5= —
PXspp (V)I” + Ixro (Vo) XoreQa) 7 4
Xto(Vs)
prro (Va)I° 1
10 (Vs
2o (Va) = > 7 = 3 (10)
[Xspp (V.)I” + IXro (Vo) Ko@) 7 g
X70(Vs)

where xgpp and x are the oscillator amplitudes associated with the bare
SPP and TO phonon modes, and

Xopp ___ 2. an

X 2 2
To (VSPP - V:)
InSupplementary 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

Toanalyse how the hybrid surface polaritonmodes v, and v_(red curves,
solutions of equation (5) in Fig. 4a,d) emerge fromthe 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 vgpyp
and the other onerepresents the molecular vibration with eigenmode
frequency vy,;. Therelative contribution of SPhPs and molecular vibra-
tions (showninFig. 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 foratransverse magnetic electromagnetic wave propagating
along the surface (geometry defined by Supplementary Fig. 5a). The
magneticfield, H=(0,H,,0), is expressed by

Hy (@.%.2) = A@e @ lein 25 dp

Hy 2(4,%,2) = B(@)e"= @[3 leax
(12)

+C(q)e*@ [=+5 ] giox , —d2>z>d]2

Hy,3(q,X,Z) _ D(q)ekz,z(q)[2+g]eiqx’ 7z < —d/2,

wheredisthethickness of thelayer (indexj = 2) ontop of the substrate
(indexj =3), k,,is the out-of-planewavevector k,; (q) = 1/ 2 — & () k3 (V),

Nature Materials


http://www.nature.com/naturematerials

Article

https://doi.org/10.1038/s41563-025-02412-6

& (W(q)) is the complex-valued permittivity, k,(¥(¢)) is the photon
wavevector in free space and v(q) is the complex-valued frequency of
the calculated mode at g.Indexj =1indicates 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, Cand D can be mutually
related. In particular, we write A, Band Cas afunction of Daccordingto

2 k2 ok, pd
€
A=D 2
Iﬁ + Iﬁ + (_Iﬁ + Iﬁ)e_Zkz,zd
& & & &
(_IE + ,ﬁ)e— 2d
& £
B= 1 2
ka1 + ka2 + <_Iﬂ + Iﬂ)e—Zkz,zd
& & & &
(,ﬂ + Iﬁ)
& £
C=D L 13)

ket + ka2 + (_’ﬂ + lﬁ)e—y‘z,zd
B & & &

We subsequently obtain the electric field, E = (£,,0,E,), according
to £.(q.x2) = %éddizy and E,,(q.x,2) = ééddi; where g, is the
vacuum permittivity.

The electric field profiles |E ;(q,2) = |E. (g, 0,2 + |E: (¢, 0,2)| of
the bare SPPs in Fig. 3a are calculated using &, (v) = 1, &, (V) = €, sic»
&5 (V) = &nas () and d =50 nm. The complex-valued frequencies
v(q) = vspp () — iyspp (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 asH = (0,H,,0), with

Hy5(q.x,2) = Ae%2@2ei® 75 0

Hy5(q,x,2) = Betka@zeiex, 7 < 0. (14)

Applying boundary conditions, we find that the field amplitudes
Aand Bmust satisfy A =B.

The electric field profiles |Ej(q,z)l2 = |Exj(q, O,z)|2 + |E; (g, 0,z)|2 of
the bare SPPs shown in Fig. 3d,g are calculated using ¢, ()= ¢, sicand
& (V) = &nas (). The bare SPhP is calculated using & (V) = e
and & (;) = &sic (;) in Fig. 4a, and using ¢, (V) = &, and &) = £5c(V)

in Fig. 4d. The complex-valued frequencies ¥(q) = Vspp/sphp (¢)
—iyspp/sprp () /2 are calculated according to equation (6).

To facilitate visualization and comparison, the surface polariton
field intensities, |E(g,z)[% are normalized to the maximum value of
lineach 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. 3¢, f,i)

according to*’*®
2M/SPP,]ayer(q)
8(q) = Bmaxy | Uspp(@)

where Wepp 1ayer is the SPP electric field energy per unit area in the SiC
layer (Fig. 3¢c) or SiC half-space (Fig. 3f,i) when the SiC permittivity is
replaced by .. . Itisgiven by

(15)

&
Wspp ayer () = f ewsic (@2 + Eq.2]")dz. (16)
SiC

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

£ d(Rele(v,2))

User @) = /722 ( o SR (@2 +1E:@.2)")

Re[vepp(@)] (17)

Ho 2
+221H,@.2) )dz,

where £(v,z) represents the dielectric function of each material, speci-
fically =1, &, = €..5ic and €; = 4(v) in Fig. 3c and &, = €. and
&5 = Ems(v) in Fig. 3f,i. The maximum coupling strength,

gmax =/ (Vo — V3,) /4, corresponds to that of light-matter coupling
in infinite-size bulk* SiC. The coupling strength between the bare

SPhPs and molecular vibrations, showninFig. 4cf, is calculated analo-

gously, but with gpay = 1/ (42,/€0m)/4-

Data availability

The data, plotting scripts and complementary description of the cal-
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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