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Phonons play a central role in fundamental solid-state phenomena, including
superconductivity, Raman scattering, and symmetry-breaking phases. Har-
nessing phonons to control these effects and enable quantum technologies is
therefore of great interest. However, most existing phonon control strategies
rely on external driving fields or anharmonic interactions, limiting their
applicability. Here, we realize multimode ultrastrong light-matter coupling
and theoretically show the modulation of phonon emission. This regime is
realized by coupling two optical phonon modes in lead halide perovskites to a
nanoslot array functioning as a single-mode cavity. The small mode volume of
the nanoslots enables high coupling strengths in the phonon-polariton system.
We show theoretically that the nanoslot resonator mediates an effective
interaction between phonon modes, leading to superthermal phonon
bunching in thermal equilibrium between distinct modes. Our findings are well
described by a multimodal Hopfield model. This work establishes a pathway
for engineering phononic properties for light-harvesting and light-emitting
technologies.

Over the past few decades, metal halide perovskites have gained sig-
nificant attention for potential use in solar cells'”. However, their
carrier mobilities are generally lower than those of conventional
inorganic semiconductors, largely due to strong electron-phonon
interactions*’. This has led to the growing interest in phonon engi-
neering within perovskites, as it can profoundly influence carrier

mobility and, by extension, the energy conversion efficiency of
devices.

The coherent manipulation of phonons using strong external
laser fields has recently sparked considerable interest®°. For instance,
intense terahertz (THz) radiation can modify the band gap® and pho-
toluminescence spectra™ of perovskites. An alternative approach for
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controlling phonon properties involves cavity phonon-polaritons,
which result from the coupling of phonons to the vacuum field of a
cavity resonator'>"”, This method bypasses the need for external light
sources and the challenges associated with phonon anharmonicities.
By exploiting vacuum fluctuations, the phonon properties can be
engineered by adjusting the resonator geometry'. Particularly, deep
subwavelength cavities make it possible to observe phonon-polaritons
in nanoscale samples, with dimensions comparable to the carrier dif-
fusion length, offering a promising strategy for mitigating carrier
recombination in solar cells.

The coupling of phonons to THz subwavelength cavities also
opens the door to the ultrastrong coupling (USC) regime of
light-matter interaction'®*°, where the coupling strength g becomes
comparable to the bare mode frequencies. In this regime, the counter-
rotating terms in the Hamiltonian result in the ground state becoming
a squeezed vacuum®?2, Recent studies have shown that USC can give
rise to intriguing phenomena, such as changes in electronic quantum
transport®, tunable couplings between magnetic excitations*, and
magnonic superradiant phase transitions®. A particularly intriguing
aspect of the USC regime is the appearance of anomalous correlations
in the polaritonic ground state, which contains both photon and
matter excitations?.

A recent study on the impact of phonon-photon coupling on
electron-phonon interactions in perovskites, using ultrafast pump-
probe spectroscopy, showed that the mobility of photoexcited carriers
remained unaffected by light-matter coupling”. This study was con-
ducted in the strong coupling regime, where the ground state is a
standard vacuum. Investigating this behavior under USC conditions
remains an intriguing prospect.

Recent works have reported the observation of a single phonon
mode in lead halide perovskites coupled to a THz resonator'”'*'®, The
possibility of coupling multiple phonon modes ultrastrongly to the
resonator opens up effective avenues for modifying electron-phonon
interactions in the material. In recent years, multimode light-matter
coupling has gained increasing attention across various platforms®®.,
Notably, multimode USC has been shown to induce ground-state
correlations between different cavity modes®. However, the impact of
multimode USC on intensity fluctuations in phonon-polariton systems
has not yet been explored, to the best of our knowledge, despite the
study of thermal photon statistics for a single two-level system in the
USC regime®.

In this work, we report the observation of multimode USC
between two optical phonon modes, with frequencies w; and w,, in 3D
MAPbI; and 2D (BA),MAPb,l; lead halide perovskite crystals embed-
ded in THz nanoslot cavities (Fig. 1a). By leveraging the small mode
volume of the nanoslots, which significantly enhances the coupling
strengths g; and g, of each phonon mode, we achieved normalized
coupling strengths at resonance of gy/w, ~ 0.3 (A =1, 2). By tuning the
nanoslot resonator frequency, we observed three distinct phonon-
polaritons, which exhibited two Rabi splittings in THz time-domain
spectroscopy (THz-TDS) measurements. These experimental results
were consistent with numerical simulations and calculations based on
a Hopfield quantum model. In a polaritonic thermal state at room
temperature, the model predicts the presence of “superthermal”
phonon bunching in the off-resonance regime, where the nanoslot
resonator frequency is much smaller than the bare phonon fre-
quencies. For a resonator frequency w./(2m) = 0.1 THz, the intramode
equal-time second-order correlation function g (z =0), which quan-
tifies the probability of simultaneous phonon emission in mode1=1, 2,
exceeds the value g‘f_}l(O) =2 for bare phonons at thermal equilibrium
and is found to be governed by the USC figure of merit gy/w;. More-
over, while phonon emission in two distinct modes is uncorrelated
without light-matter coupling (i.e., gg)(O):l), we show that multi-
mode USC results in pronounced intermode bunching (gﬁ)(O) ~ 3),
governed by the figure of merit g; g5/w;0,.

Results

We fabricated an array of nanoslots (w = 950 nm) on quartz substrates
with seven different lengths (/= 30, 40, 50, 60, 80, 120, and 160 um) to
tune the cavity mode frequency, given by w./(2m)=c, /(21\/@),
where ¢y is the speed of light in vacuum and €,yg = (€air + €sub)/2
represents the average dielectric constant of air and the quartz sub-
strate (€sup = 2. 1)*; see Methods for sample preparation details. The
resonance frequency is predominantly governed by the geometry of a
single nanoslot rather than that of the periodic array***. Figure 1b
illustrates the structure of our samples, where perovskite films (pur-
ple) are coated both on top of and within the slots.

These films exhibit two distinct optical phonon modes in free space,
labeled as A =1and A =2, corresponding to the rocking and stretching of
Pb-I bonds, respectively. Due to the orientational disorder of methy-
lammonium molecules, which breaks the lattice space-group symmetry,
these phonons acquire a mixed transverse-optical (TO) and longitudinal-
optical (LO) character’®. As a result, they not only exhibit strong infrared
absorption®”” but also interact with lattice electrons, as recently
observed®. Moreover, low-frequency phonons are particularly beneficial
for achieving USC, as the normalized coupling strength g/w increases
with decreasing phonon frequency. This study, therefore, focuses on the
phonons that are most relevant to strong interactions with both pho-
tonic and electronic degrees of freedom. Since electron-phonon inter-
actions dictate charge mobility and recombination through long-range
Coulomb forces, phonon-polariton formation involving low-frequency
hybrid TO/LO phonons could offer effective pathways to engineer
charge transport in lead halide perovskites.

Nanoslot resonators provide significant electric field enhancement
due to strong optical confinement within and around the slots®*’. Since
the phonon-photon coupling strength g o \/N/V, where N is the
number of unit cells in the crystal and V is the resonator mode volume,
the small mode volume of nanoslot resonators enables ultrastrong
light-matter interaction regimes even with small perovskite crystals.

The in-plane spatial distribution of the cavity mode, computed
using COMSOL for a perovskite-filled nanoslot, is shown in Fig. 1c (left
panel). The field profile follows a sinusoidal pattern'® along the y-axis,
with an electric field enhancement factor of 20 relative to transmission
through a bare quartz substrate. The strong confinement of the x-
component of the electric field (£,) along the x- and z-axes results in a
nearly uniform electric field within the perovskite region (Fig. 1c, right
panel). Although the nanoslot thickness is 130 nm, the cavity mode
extends beyond the nanoslot into the surrounding MAPbI; layer, as
depicted in Fig. 1c. The electric field strength above the nanoslot
remains comparable to that inside, indicating that the perovskite film
covering the slot also contributes to light-matter coupling. Notably,
when t becomes comparable to the mode’s spatial extent along z,
where ¢ is the perovskite film thickness, g saturates at its maximum
value; see Supplementary Note 4 and Supplementary Fig. 8.

We characterized the perovskite-nanoslot hybrid system using
THz-TDS at room temperature. A normal-incident THz beam was lin-
early polarized along the x-axis. In free space, a 200-nm-thick MAPbI;
film exhibits transmittance dips at w,/(2m) = 0.96 THz and w,/(2m) =1.9
THz, corresponding to the two phonon modes A =1 and A = 2,
respectively (Fig. 2a). The bare cavity resonance appears as a single
peak in the transmission spectrum. Figure 2b displays the cavity
resonance frequency as a function of cavity length L. By adjusting [, the
cavity mode can be brought into resonance with either the A =1 mode
(we = wy) or the 1 =2 mode (w. = wy).

Figure 2 ¢ presents the transmission spectra of MAPblz-nanoslot
structures for different [ values. As the nanoslots predominantly reflect
incoming radiation, the observed polariton modes appear as trans-
mission peaks. The spectra exhibit three distinct polariton branches:
lower (LP), middle (MP), and upper (UP) polartions. These branches are
separated by the uncoupled phonon modes A =1 and A = 2 (dashed
lines). As [ decreases, the LP branch shifts toward 1 =1, the MP branch
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Fig. 1| The perovskite-nanoslot hybrid system in the ultrastrong coupling
regime. a Hybridization between a nanoslot-cavity mode, with frequency w., and
two transverse optical phonon modes in perovskite materials, with frequencies w;
and w;, in the far-detuned, low-cavity-frequency regime, w. <« wy (A =1, 2). The
coupling strengths of these phonon modes are denoted as g; and g5, respectively.
Anomalous correlations between phonons are mediated by the cavity mode and
governed by the coupling ratios gy/w,. b lllustration of the perovskite-nanoslot
hybrid system under illumination by terahertz light. Seven nanoslots of different
lengths (/ = 30-160 um) were fabricated to tune the cavity resonance frequency.
The inset shows a scanning electron microscope image showing a bare nanoslot
(top view); Scale bar: 20 um. ¢, Numerical simulation (COMSOL) showing an
enhancement of the x component of the electric field (E,) at resonance (0.77 THz)
in a nanoslot filled with MAPbI; perovskite. Left: top view (z = O plane); Right: cross-
section (y = 0 plane). The white dotted lines outline the area filled with MAPbI;. The
white solid lines outline the nanoslot area.

moves away from A =1and approaches A =2, while the UP branch shifts
away from A = 2. Two anticrossings are observed at [ = 80 um and
[ =50 um, corresponding to w. = @; and w. = w,, respectively (Fig. 2b).
Due to the larger oscillator strength of the A = 2 mode (Fig. 2a), the
second Rabi splitting at [ = 50 um exceeds the first at [ = 80 um.

We carried out finite element simulations (COMSOL) to validate
our experimental results, using conductivity values extracted from
THz-TDS measurements (Supplementary Fig. 1) as input parameters.

The simulated transmission spectra (Fig. 2d, colormap) closely match
the experimental data, with black solid circles marking the resonance
frequencies obtained from Fig. 2c via Lorentzian fitting. Minor dis-
crepancies in the UP frequencies are attributed to slight shifts in the
bare cavity mode (dashed green line, Fig. 2a) and additional coupling
with a 3.8 THz phonon mode in the z-cut quartz substrate.

We also investigated a 2D perovskite material composed of metal
halide layers separated by organic molecules, which enhances stability
compared to 3D perovskites**** and holds promise for solar cell
applications. Unlike 3D MAPbI; (Fig. 3a), the presence of BA cations
(CH3(CH,)3NHj3) reduces the number of Pb-I bonds per unit volume,
weakening the phonon mode oscillator strength. The layered struc-
ture, (BA)2(MA),—1Pb,l3,.; (with n = 2)*, is shown in Fig. 3b. Here, n
denotes the number of Pblg octahedral layers between the BA spacer
layers. The phonon modes A = 1 and A = 2 are slightly blueshifted
compared to MAPbI;, with dips in the transmittance of a bare
(BA);MAPb,l; 200-nm-thick film at w;/(2m) = 1.09 THz and w,/(2m) =2
THz, respectively (Supplementary Fig. 2). The transmission spectra of
2D perovskites embedded in nanoslot resonators resemble those of
their 3D counterparts, with a larger Rabi splitting for A = 2 due to its
higher oscillator strength.

While classical electrodynamics simulations accurately reproduce
the transmission spectra, we now adopt a complementary approach by
utilizing a multimode Hopfield model* to gain a deeper understanding
of the ultrastrong light-matter coupling in our system and investigate
its potential implications. The microscopic Hamiltonian is given by
(see “Methods”)

H=hoa'a+ ZfzwAbjiaA —i> g, (13} ~by)(a+a")
A

o3 (o),

@

‘hl\)

where d' (@) represents the creation (annihilation) operator of a cavity

photon, while BA' (13,1) denotes the creation (annihilation) operator of a
phonon in the mode A. The first two terms correspond to the bare
photon and phonon Hamiltonians, respectively. The third term
describes the Iightfmatter interaction, with a coupling strength given

12

by g,=%
quency V,. The fourth term, known as the A*-term, induces a blueshift
in the cavity mode frequency. The effective ion plasma frequency is
determined by the effective charges associated with Pb* and I ions;
see “Methods” and Supplementary Note 2 for details.

“4_which is proportional to the effective ion plasma fre-

The eigenfrequencies and eigenvectors of the Hamiltonian Eq. (1)
are obtained viQ the Hopfield transformation:

=2 Xy, ab,ﬁZAXA uby+ Y a+Y,a', where p, is the annihilation
operator of a polariton in the mode a = LP, MP, UP, with frequency w,.
Up to a constant term, Eq. (1) can then be expressed in its diagonal
form as H=Y",hw.p.p,. The system enters the USC regime when the
normalized coupling strength at resonance satisfies gyw, = vy/
2wy 2, 01 In this regime, the counter-rotating terms
104 b,la b,la in the Hamiltonian Eq. (1), along with the anomalous
Hopfield coefficients Y and X 1.« Play a significant role.

Figure 3c presents the polariton dispersion for the
MAPbI;-nanoslots system. The coupling strengths g, are extracted by
fitting the peak frequencies (solid circles) of the transmission spectra
to the calculated eigenfrequencies w, (solid lines). When the nanoslot
resonator is resonant with the phonon modes A=1and1=2, we obtain
normalized coupling strengths of gi/w; = 0.28 (w. = ;) and g»/w;, =
(we = w,), respectively. These values confirm that both phonon modes
are in the USC regime with the nanoslot resonator. The corresponding
Rabi splittings at the two resonances are 0.45 THz and 1.13 THz.
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Fig. 2 | Terahertz transmission spectra. a Transmission spectra for bare cavities
(nanoslots) with different lengths [ (green curves) showing a single cavity mode.
The green dashed line shows the simulated transmittance through the nanoslot
(I = 80 um). Transmission spectrum for a 200-nm-thick bare MAPbI; film (black
curve) showing two transmission dips due to the two optical phonon modes (1 =1
and A = 2) with angular frequencies w; and w,, respectively. b The bare cavity
resonance frequency as a function of nanoslot length /in the reciprocal axis (green
circles). The linear fit (green dashed line) shows good agreement with the experi-
mental data. The A =1-cavity and A = 2-cavity resonances occur with an 80-um-long

slot and with a 50-um-long slot, respectively, when the cavity mode frequency
coincides with the phonon frequencies (red and blue dashed lines). ¢ Transmission
spectra for the MAPbI;-nanoslots hybrid system showing three polariton branches.
UP upper polariton, MP middle polariton, and LP lower polariton. The dashed lines
indicate the two phonon frequencies. The spectra are vertically offset by 0.2 for
clarity. d Numerical simulation (COMSOL) of the transmission as a function of
cavity frequency (color map). Each spectrum has been normalized by its maximum
transmittance to clearly show the three polariton branches; the black solid circles
are the experimental results.

Notably, while the Rabi splitting equals exactly 2g for a single matter
and cavity mode in the strong coupling regime, this relation breaks
down in the USC regime due to counter-rotating terms. In our case, the
inclusion of two phonon modes leads to further deviations from the 2g
value. Importantly, the polariton dispersion should be understood as
the result of the simultaneous coupling of both phonon modes to the
cavity mode, with all three degrees of freedom treated on equal
footing. This becomes evident when examining the contribution of the
two phonon modes to the MP mode at around the resonance between
the A = 1 phonon and the cavity mode. As shown in Supplementary
Fig. 4b, the contribution WY =X, \p|? — X wp|? Of the two phonon
modes (A =1, 2) to the MP mode is indeed of comparable magnitude,
indicating that the MP branch involves significant hybridization with
both phonon modes.

In the USC regime, distinctive features appear not only near
resonance, but also when the resonator frequency is much lower than
the phonon frequencies, w. < w,. Unlike in the strong coupling regime,
the polariton modes do not converge to the uncoupled mode fre-
quencies when w. < w;. This behavior defines the so-called polariton
gaps”*, given by A; =lim,, _ qwyp — @; and A, =lim,, _ qwyp — @,, as
shown in Fig. 3c. As detailed in Supplementary Note 3, the frequencies
of the MP and UP modes, wyp and wyp, asymptotically approach

@, =y/w?+12 and @, =,/w3+13, respectively, in the low-resonator

frequency limit w. > 0.

This unconventional behavior is linked to strong light-matter
hybridization, which persists even in this far-detuned, low-resonator-
frequency regime. This is reflected in the divergence of the
light-matter coupling strength, g, « v/1/w@,, and the A*term, which
scales as g3, as w. > 0. In this regime, the MP (UP) mode is mainly a
hybrid of the phonon mode A =1 (A = 2) and cavity photons. The
corresponding normal (Y,) and anomalous ()70,) Hopfield coefficients

become large and comparable, scaling as Yyp ~ Yyp ~ v1/+/®.@; and

Yup ~ Yup ~ 12//@c@,. In contrast, the LP mode mixes the cavity
field with both phonon modes. The phonon contributions to this

polariton, quantified by the coefficients X; ; p and X A,Lp» also grow large

and comparable, with X, |p ~ X ALp ~ Va//0:0;. These coefficients
are shown in Fig. 3d, while the other Hopfield coefficients are provided
in Supplementary Figs. 3 and 5.

Due to the large anomalous Hopfield coefficients, the polaritonic
ground state |G), defined by [],p,|G) =0, takes the form of a multi-
mode squeezed vacuum in the low resonator frequency regime. This
state contains correlated photon pairs, contributed by the MP and UP,
as well as intermode and intramode phonon pairs originating from the
LP. This multimode squeezed vacuum exhibits strong entanglement
between the two phonon modes, as discussed below.

It is important to highlight that while both the normal and
anomalous Hopfield coefficients diverge in the limit w. > 0, the total
phonon and photon weights remain finite due to the normalization of
the Hopfield coefficients (see Supplementary Figs. 4 and 6). Moreover,
we stress that the low-resonator-frequency regime (long cavity) does
not imply the absence of a cavity, as its transverse confinement
remains deeply subwavelength.

A distinctive feature of the multimode USC regime is the pre-
sence of anomalous correlations between the phonon modes. By
inverting the Hopfield transformation, one obtains the correlation
functions:
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Fig. 3 | Phonon-polariton properties in perovskite-nanoslot hybrid systems.
Top: MAPDI; films (3D perovskite). Bottom: (BA),MAPb;l; (2D perovskite) films.
a, b Crystal structures of MAPbI; and (BA),MAPD,l,. BA: CH;(CH,);NH; , MA:
CH5NH; . ¢, f Polariton dispersion as a function of cavity frequency; UP upper
polariton, MP middle polariton, LP lower polariton. Solid circles: Peak frequencies
extracted from the experimental transmission spectra. Solid lines: Fit of the
extracted peak frequencies using the microscopic Hopfield model. The dashed
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lines indicate the A =1 and A = 2 phonon modes and the cavity resonance. The two
polariton gaps (see text) are denoted as A; and A,. d, g Phonon Hopfield coefficients
(H.C.) of the LP as a function of cavity frequency, showing a divergence in the low
cavity frequency limit. e, h Theoretical predictions: Equal-time second-order
phonon-phonon correlation functions gf)l(t =0) for a polariton thermal state at
room temperature as a function of cavity frequency. The inset in (e) shows g‘f;,(O)
as a function of temperature T for a cavity frequency of 0.1 THz.

Here, n, = (ﬁlﬁa) represents the population in the polariton mode a. In
the polaritonic ground state (n, = 0), Egs. (2) and (3) show that such
correlations arise only when the anomalous Hopfield coefficients )~(§
are nonzero. Moreover, these correlations are further enhanced in
excited polariton states where n, # 0. To explore the impact of mul-
timode USC on correlated phonon emission, we consider the second-
order correlation function*’, which quantifies the joint probability of a
phonon being emitted in the mode A’ at time ¢ + 7 given that a phonon
was emitted in the mode A at time ¢

(by (¢ + DbAOBOb(E+ D)
(by(OYby(O) by (£ + Dby (¢ +T))

“4)

Although classical wave-based methods could, in principle, be used to
study intensity correlations, such calculations are technically challen-
ging and non-trivial to implement. For this reason, we focus in this
work on quantum predictions for the second-order correlation

functions. Assuming a thermal polariton state at temperature 7, with
Ny = (€"@/%sT —1)"" and kg the Boltzmann constant, the equal-time
intramode (A=1") and intermode (1#A’) correlation functions are
given by

o it
b,by)(b,b
g,(0)=2+ 220 B0, 5)
(bb))
baby)byby) . (buby)ibyb,
¢2,0)-1+ PODBLY |, b1y ©

(byby)byby)  (byby)(byby)

respectively. For vanishing anomalous Hopfield coefficients ()7: =0VvA)
or in the absence of phonon-photon coupling (v; = 0), Eq. (5) simplifies
to g{}(0)=2, which corresponds to intramode phonon bunching-a
hallmark of thermal states. In contrast, the intermode correlation
function satisfies g, (0)=1 for A#A’, indicating that intermode

Nature Communications | (2025)16:8658


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-63810-7

phonon emission remains uncorrelated and follows Poissonian
statistics*’.

In the multimode USC regime, we predict a significant modifica-
tion of equal-time phonon-phonon second-order correlations. As
shown in Fig. 3e, the various contributions g(z) (0) to avalue of 3 in the
limit of a vanishing resonator frequency (ooC > 0). As w. increases,
gf; (0) decreases monotonically, approaching 2 for intramode corre-
lations (A=2") and 1 for intermode correlations (Az1'). These limiting
values correspond to the correlations expected for bare phonons,
which are recovered in the high resonator frequency regime (w. > w,),
where the LP and MP asymptotically approach the uncoupled phonon
frequencies w; and w,, respectively.

For a detuned cavity with w./(2m) = 0.1 THz at room temperature
(T = 300 K), our theoretical model predicts g(z)(O) 2.86,
825(0) ~ 2.96, and g{%(0) ~ 2.82. These results indicate that multi-
mode USC should lead to strong phonon bunching in both intramode
and intermode correlations. This effect primarily arises from the LP,
which eXhlbltS large normal and anomalous phonon Hopfield coeffi-
cients (X%, X /1) as discussed earlier, along with a significant population
in the low resonator frequency regime (n.p = 80 for w./(2m) = 0.1 THz
and T = 300 K). The inset of Fig. 3e illustrates the temperature
dependence of the calculated second-order phonon correlations,
showing that at T = O K, intramode and intermode correlations are
enhanced by approximately 10% and 40%, respectively, compared to
the bare phonon case. Notably, at room temperature, gf)ﬁ,(O) remains
in the saturation regime.

Figure 3f presents the extracted peak frequencies for the 2D
perovskite (BA),MAPb,l;—nanoslots system, alongside theoretical
predictions (solid lines). In this case, the 1 = 1 mode exhibits a very
small polaritonic gap, which is consistent with the normalized coupling
strength g} /w; =0.13 extracted from the fit. This value suggests that
A =11is on the verge of the USC regime, leading to reduced Hopfield
coefficients X, p and X 1Lp compared to the MAPbI;-nanoslots system
(see Fig. 3g). Conversely, the polaritonic gap of the 1 =2 mode remains
similar to that observed in the MAPbl;—nanoslots system, consistent
with the large coupling ratio g} /w, =0.23 extracted from the fit.

At w/(2m) = 0.1 THz and room temperature, the calculated
phonon-phonon correlations for A1=A'=1 and A=1,A'=2 are sig-
nificantly lower than in the MAPbIls-nanoslots system (g‘l‘zi(O) ~ 2.61,
g2,(0) ~ 2.52), in line with the weaker coupling strength of A = 1.
However, g7,(0) ~ 2.94 remains nearly unchanged compared to the
3D perovsklte system, as shown in Fig. 3h.

Using a perturbative expansion valid for w./w) <« 1 and vy/w; < 1,
we show in Supplementary Note 3 that the second-order correlation
functions can be approximated as

4 2
2101 20 (61" (1420 7
g11(0)~2+<w1> <1+nMP> 72

4 2
20y 2 (B2 (1200 7
gzz(o)”2+<w2> <1+nUP> .

2 2 2
@ 81\ (8" (A+2n,) 7
g12(0)“1+2<w1> <("2> (A +nyp)A+nyp) o

These results show that the intramode correlation functions are pri-
marily controlled by the standard USC figure of merit, gy/w;. In con-
trast, intermode correlations are governed by the product gig,/w,w-,
which becomes an important figure of merit for multimode USC. For
instance, we find gig>/w,w, = 0.084 in the 3D perovskite-nanoslot
system and g18,/@1w;, = 0.03 in the 2D system. The specific form g5/
w1, suggests that intermode correlations arise from the effective
coupling between phonons mediated by the far-detuned cavity,
where w. < w,.

Discussion

We report the observation of cavity phonon-polaritons in the multi-
mode USC regime. The light-matter coupling strength was controlled
by tuning the number of Pblg octahedral layers between the BA spacer
layers of the perovskite, directly influencing the phonon oscillator
strengths. Unlike recent studies on multimode USC, which have pri-
marily focused on engineering photonic properties in THz cavities
through coupling with inorganic semiconductor (e.g., GaAs) quantum
wells®®, our complementary approach leverages a deep-
subwavelength cavity resonator to mediate effective coupling
between matter excitations. This approach has the potential to modify
fundamental material properties, such as charge carrier mobilities.
Given the relevance to solar cell applications, we focus on multimode
USC of phonons in lead halide perovskite thin films, which are known
to exhibit strong electron-phonon interactions™’*5, Our cavity-
mediated phonon-phonon coupling mechanism provides an effec-
tive route for controlling phonon-phonon correlations at thermal
equilibrium, without requiring external driving fields or phonon
anharmonicities.

The small mode volume of the nanoslots enabled USC with the
highest resonant coupling strengths reported in cavity phonon-
polariton systems. The use of deep-subwavelength resonators filled
with lead halide perovskite films of a few hundred nanometers in
thickness—comparable to the carrier diffusion length—is fully compa-
tible with solar cell applications*. In the off-resonance regime, where
the cavity frequency is much lower than the phonon frequencies, the
coupling strength scales as g, o« 1/,/@,, allowing access to a unique
regime where counter-rotating terms in the Hamiltonian become as
significant as the rotating-wave terms. This leads to anomalous cor-
relations governed by the USC figure of merit gy/w, at thermal equili-
brium, even in the absence of nonlinear interactions. We demonstrate
theoretically that in this regime, the cavity mode mediates an effective
interaction between the two phonon modes A and A, resulting in
superthermal intermode phonon bunching « g,gy /./@,@, . This cor-
responds to the correlated emission of phonons, characterized by an
equal-time second-order phonon-phonon correlation function
gﬁ (0)>2. In contrast, for bare phonons in thin films without a cavity,
phonon emission in different modes remains uncorrelated,
ie., gf; (0)=1.

Aithough directly measuring phonon-phonon correlations
remains challenging, indirect evidence can be obtained through
quantum optics techniques that measure the second-order
photon-photon correlation function. As mentioned earlier, this func-
tion also exhibits superthermal bunching and can be directly measured
using femtosecond noise correlation spectroscopy, a method pre-
viously used to study mode fluctuations in quantum fields®. Addi-
tionally, a recent study on magnons demonstrated that statistical
correlations between two probe pulses can be used to extract fluc-
tuations of collective excitations®, a technique that can be adapted to
phonons. Finally, nonlinear spectroscopic techniques, such as two-
dimensional THz spectroscopy, can provide further indirect insights
into phonon-phonon correlations.

Compared to recent studies on single-mode phonon-polaritons in
similar systems'>*', our multimode scenario presents opportunities
for controlling electron-phonon interactions in lead halide per-
ovskites, with implications for light-harvesting and light-emitting
devices. This advantage stems from the unique nature of the pho-
nons studied here: they are strongly coupled both to the cavity and to
charge carriers due to their mixed TO/LO character. Furthermore, we
show that by employing sufficiently long resonators, it is possible to
achieve a high phonon-to-cavity frequency ratio, w/w., which effec-
tively compensates for the small coupling ratio, v/w, of higher-energy
phonons with a predominantly LO character and consequently low
oscillator strength. Previous studies have demonstrated that charge
carrier scattering, mediated by the Frohlich interaction with LO
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phonons near 3 THz, dominates electron-phonon coupling in these
materials at room temperature®. In long nanoslots, this compensation
effect would enhance the coupling strength of these LO phonons,
g/w=(v/w)\/w/w,, potentially yielding a large multimode USC figure
of merit and, therefore, strong intermode phonon bunching with the
low-frequency phonons A =1, 2.

Our approach thus enables control over high-frequency LO pho-
nons via USC coupling to low-frequency IR-active phonons in long
cavities, potentially leading to substantial modifications in
electron-phonon scattering. This motivates further pump-probe
photoconductivity experiments under multimode USC conditions to
explore the modulation of photoexcited carrier mobility through
electron-phonon interactions in perovskite solar cells.

More broadly, our findings open effective directions for phonon-
based quantum technologies®*™* in nonequilibrium scenarios, with
applications ranging from the control of superconductivity> and
multimode entanglement®® to the generation of coherent THz
sources”’ and enhanced energy transfer®® in solid-state systems.
Notably, while optical phonons typically do not contribute to heat
transfer due to their vanishing group velocity, in our system, the LP
acquires a finite group velocity and retains a substantial (-20%) phonon
weight in the low-cavity-frequency regime. This suggests the intriguing
possibility that superthermal phonon bunching in the multimode USC
regime may influence heat transport in perovskite materials.

Methods

Sample preparation

Dimethyl Formamide (DMF), Dimethyl Sulfoxide (DMSO), Lead Oxide
(PbO), Butylamine (BA), Hydriodic acid (HI), Hypophosphorous acid
(H3PO,), and Diethyl Ether were purchased from Sigma Aldrich and
used without any further treatment. Methylammonium lodide (MAI)
and Methylammonium Chloride (MACI) were purchased from Great-
cell Solar. Lead lodide (Pbl,) was purchased from TCI Chemicals.

For the synthesis of MAPbI; (3D) films, the precursor solution was
made by dissolving 95.4 mg MAI, 276.6 mg Pbl, in 638 ul DMF and 71 ul
DMSO, and stirred on the hotplate at 70 °C for 3 hours. 4 mg MACl was
added to improve the film crystallinity. 70 ul solution was then spin-
coated on the nanoslots at 5000 rpm and 3500 rpm/s acceleration for
30 seconds. 600 ul of Diethyl ether was dripped at 10 seconds from the
start. The films were then annealed at 100 °C for 10 minutes.

(BA),MAPD,I; (2D) crystals (in the form of small plates) were
prepared by the following procedure®’. The parent crystals were dis-
solved in DMF at a concentration of 0.2 M (30 mg/100 ul) and stirred
on the hotplate at 70 °C for 2 hours in an argon glovebox.
(BA),MAPb,l, (2D) films were made with the phase-selective method®’.
The solution was then transferred to a different glovebox where it was
spin-coated on the nanoslots at 5000 rpm with 3500 rpm/s accelera-
tion for 30 seconds. The films turn red-brown during the spin-coating
process and are annealed at 100 °C for 5 minutes.

To fabricate the nanoslots, we utilized a standard photo-
lithography technique to pattern photoresists to form an array of rods
(950 nm by /), followed by Au deposition (150 nm) by an electron beam
evaporator. Then, we performed an Ar beam ion milling on the sam-
ples to facilitate a lift-off process. In this process, the thickness of the
Au films decreased to 130 nm by the ion milling. After the lift-off
process with acetone, we obtained an array of nanoslots. An array of
fabricated bare nanoslots is presented in a scanning electron micro-
scope image (top view) in the inset of Fig. 1b. Then, perovskite poly-
crystalline films ( - 200 nm thick) were coated on the nanoslots.

THz time-domain spectroscopy

We performed THz-TDS transmission measurements in a dry air
environment at room temperature. The total measurement time for
each sample was less than 15 minutes to avoid the degradation of
perovskite films. To access high-frequency THz emission (up to 3 THz),

we utilized InGaAs photoconductive antennas for both emitter and
detector, which are fiber-coupled with an Er-fiber laser (80 MHz, 1.5
pm). Electric field amplitudes were low enough to avoid any field
strength-dependent nonlinear effects. The emitted THz waves are
guided to be sequentially focused on the samples and the detector by
four 90°-off off-axis parabolic mirrors. The THz beam size at the focal
point was about 1 mm. To obtain transmission spectra of samples
T= |Esamp|e(w)/Eref(w)|2, we first measured transmitted electric fields
Esampie(t) of a sample and those of a bare quartz substrate E,(t) as a
reference, where t is a delay time. Then, we performed the Fourier
transformation to obtain Egmpie(w) and Eredw).

Microscopic model

The microscopic phonon-polariton model is an extension of the
Hopfield model to the multimode regime. Its physical validity is sup-
ported by a rigorous comparison between two equivalent formula-
tions of cavity quantum electrodynamics, as detailed below.

The ionic vibrations within a unit cell of the perovskite material
are modeled as effective spherical ions, each characterized
by a reduced mass M; and an effective charge Z;, where j =1, 2,---
labels the effective ions in the unit cell of volume a@®. The reduced
mass M; captures the relative motion of all atoms involved inagiven
optical phonon mode, thus forming the effective ion j°. The per-
ovskite is assumed to occupy a volume V = w(h + t)l. The electro-
magnetic field confined within the nanoslots is considered to be
spatially uniform along the x and z directions, resulting in a mode
volume equal to V.

Within the minimal coupling framework, the system Hamiltonian
is expressed as

H= 70/ dr{eﬁz(r)+cz(v><fk(r))2]
. ZZM /dr z

_ZM drp(r) A(r)+ ZZM/drAZ()

Restricting the model to the fundamental cavity mode, the vector
potential operator can be written as

0 g () a0

with an analogous expansion for the electric field E. Here, €, is the
vacuum permittivity, € the background dielectric constant of the per-
ovskite, . the frequency of the fundamental cavity mode, and v the
unit polarization vector. The field is quantized via the bosonic opera-
torsaand a'.

Imposing strict boundary conditions in all spatial directions, the
displacement and momentum fields of ion j, Qj(r) and 75j(r), are
expanded in Fourier series as follows:

dr -
rQZ( r) 8)

A 4ha3 Al P
Q;(n= Z W Pp, 4(¥) (bnq,/l + bnq,/l) uy,j 10)
Anq J

4hM; a),la an

Pn=i

nq /1) u/lj'
An,q

¢n q( )( ng,A —

where @, ,(r)= sin (%) sin(*?) sin (%), and n,q € N. The operators
bpg 2 and by, ; annihilate and create a TO phonon in branch 4, of fre-
quency w,. The polarization vectors u,; are real, mode-independent,
and the phonons are considered dispersionless.
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Introducing collective phonon operators b, and b, as coherent
superpositions of phonon modes (see Supplementary Note 2), the
minimal-coupling Hamiltonian in Eq. (8) is obtained as:

wheref; =, /ij /(€0€M;a3) denotes the ionic plasma frequency of ion j.
The coefficient of the A>-term can be directly related to the effective
plasma frequency v, that governs the light-matter coupling strength.
This relation is obtained by reformulating the Hamiltonian in the
Power-Zienau-Woolley (PZW) gauge and comparing it with the
transformed minimal coupling Hamiltonian, as described in the Sup-
plementary Note 2. The equivalence ij ="y results from this
procedure. Substituting this identity into Eq. (12) yields Hamiltonian in
Eq. (1), which is diagonalized using a Hopfield-Bogoliubov transfor-
mation, as explained in the main text.

The approximate second-order correlation functions defined in
Eq. (7) are computed by applying a Schrieffer-Wolff transformation to
the PZW Hamiltonian, which enables the adiabatic elimination of the
cavity field. This yields an effective phonon-phonon interaction
mediated by virtual photons. The derivation is presented in detail in
the Supplementary Note 3.

Data availability

The experimental data (Fig. 2c and Supplementary Fig. 2b) and theo-
retical calculation results (Fig. 3¢ and f) generated in this study are
provided in the Source Data file. All other data that support the find-
ings of this study are available from the corresponding authors upon
request.

Code availability
Codes supporting this study’s findings are available from the corre-
sponding author upon request.
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