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CHEMISTRY

Nonlinear infrared polaritonic interaction between
cavities mediated by molecular vibrations at

ultrafast time scale

Bo Xiang’, Jiaxi Wang?, Zimo Yang', Wei Xiong"**

Realizing nonlinear interactions between spatially separated particles can advance molecular science and tech-
nology, including remote catalysis of chemical reactions, ultrafast processing of information in infrared (IR) photonic
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circuitry, and advanced platforms for quantum simulations with increased complexity. Here, we achieved nonlin-
ear interactions at ultrafast time scale between polaritons contained in spatially adjacent cavities in the mid-IR
regime, altering polaritons in one cavity by pumping polaritons in an adjacent one. This was done by strong coupling
molecular vibrational modes with photon modes, a process that combines characteristics of both photon delocalization
and molecular nonlinearity. The dual photon/molecule character of polaritons enables delocalized nonlinearity—a

property that neither molecular nor cavity mode would have alone.

INTRODUCTION

Nonlinear interactions between molecular vibrational modes, re-
ferred as molecular vibrational nonlinearity hereafter, are crucial to
distribute energies among chemical groups during reactions. How-
ever, they are localized within Angstroms due to the physical dimen-
sions of molecular potential energy surfaces, e.g., Morse or double
well potentials. Even intermolecular nonlinear interactions through
dipole-dipole interactions are limited to a few nanometers. Because
the molecular vibrational nonlinearity is localized, the reactants
have to be close to each other in liquid phase to react, making many
reactions limited by diffusions. Being able to delocalize nonlinear
interactions across micron-length distances thus has the potential to
trigger certain reactions without the reactants being spaced closely.
Meanwhile, nonlinear interactions of photons are the crucial com-
ponents for photonic circuitry (I, 2), and such interactions in the mid-
IR regime can enable chemical sensing in the molecular fingerprints
region. However, scaling up of these developments is prohibited,
because nonlinear infrared (IR) interactions mediated by molecules
are localized. Thus, delocalized nonlinear interactions in the IR re-
gime could be critical for future photonic applications.

In this work, we report nonlinearity between polaritons in two
adjacent cavities. By exciting polaritons in one cavity, we affect po-
laritons in the neighboring cavity whose geometric centers are tens
of microns away, through strong coupling between the vibrational
and cavity modes (3-13). The strong coupling between molecular
vibrational and cavity modes forms molecular vibrational polari-
tons, which has enabled exotic phenomena such as vibrational ener-
gy transfer between molecules in the liquid phase (14), and modified
chemical reaction selectivity (15). In polariton systems, the molecular
vibrational anharmonicity provides local sources of optical nonlineari-
ty, while photon cavity modes are macroscopic and delocalized but
linear. The strong light-matter coupling then combines photon de-
localization with molecular nonlinearity, which otherwise would
not exist in either mode alone. We note that the idea of combining
material nonlinearity with hybridized cavities was first proposed in
atomic-molecular physics for quantum simulation (16) and recently
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demonstrated in inorganic semiconductor exciton-polaritons (17, 18).
The present work enables intercavity nonlinearity with liquid
phase molecular systems and directly time resolve its dynamics.
We refer to this nonlinearity as intercavity polariton nonlinear
interactions.

RESULTS

To realize intercavity polariton nonlinear interactions, we fabricate
a coupled Fabry-Perot (FP) cavity and conduct linear and nonlinear
IR spectroscopy on coupled cavity polaritons. A checkerboard matrix
is composed of individual FP cavities, where cavities with two thick-
nesses (12.50 and 12.69 pm for cavities A and B, respectively;
Fig. 1, B and C; see Supplementary Methods), and two distinct
transition frequencies (1970 and 2000 cm™; Fig. 1D), alternate.
Here, neighboring cavities can overlap through evanescent waves
along the transverse directions, and the molecular modes in the
overlapping volumes should enable nonlinear interactions (4, 7, 8)
between polaritons in adjacent cavities (Fig. 1A). Experimentally,
we found that the optimal cavity lateral dimension was 50 um. We
believe that at this size, it ensures a sufficient interaction between
neighboring cavities while keeping the two cavity modes distin-
guishable. Furthermore, because the diameter of IR laser beam is
about 100 um, cavities with 50-um lateral dimension avoid spatial
inhomogeneity among multiple cavities. We prepared the polari-
tons by encapsulating a saturated W(CO)g/hexane solution (~40 mM)
in the coupled cavity (see Supplementary Methods) (3, 7). W(CO)s
has a strong asymmetric vibrational stretch mode at 1983 cm ™/,
which is ideal for forming polaritons in the IR regime.

The linear IR spectra of polaritons in the coupled cavity show
four peaks (Fig. 1E, right), which is unexpected and makes the
transfer matrix model (19) challenging to capture the results. From
a naive perspective, if one molecular vibrational mode strongly cou-
ples to the two-cavity modes simultaneously, then three IR peaks
would be expected (see section S3.4 for details), which disagrees
with the observed four-peak feature. An alternative model is that
the molecular vibrations couple to the two cavities separately, each
forming one pair of upper polariton (UP) and lower polariton (LP),
i.e., UP1 and LP1 in cavity A and UP2 and LP2 in cavity B, respec-
tively, composing the total four peaks. To test this idea, we prepared
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Fig. 1. Key idea of intercavity nonlinear interactions between polaritons. (A) lllustration of a coupled cavity and 2D IR pulse sequence. The key to enable intercavity
nonlinear interaction is to have anharmonic molecules (enlarged) in the shared volume between cavities. (B) A proposed mechanism of coupling between cavities. When
a photon enters into cavity A, it hops to cavity B and exits from there (cavity A path). The reversed direction (cavity B path) could happen too. (C) Scanning electron mi-
croscopy of checkerboard-patterned cavity mirror. (D) FTIR of the dual cavity modes (1970 and 2000 cm™). (E) Energy diagram of polariton modes formed by the coupling
of W(CO)e with the coupled cavity. (F to ) Experimental and simulated linear IR transmission of polaritons. (F and G) Polariton tranmission spectra in a regular cavity de-
tuned to match the resonance of cavities A and B, which can be well fitted by model 1. (H) Experimental polariton tranmission spectra of the coupled cavity and the
summed spectra of (F) and (G). (I) Experimental and simulated linear IR of polaritons in the coupled cavity. Using model 2 (see the main text and section S2.2 for details),
the experimental spectra can be well simulated. Additional minor polariton peaks appear due to delocalization to the neighboring modes. (J) Transmission image of
coupled cavity polariton system where LP1/UP1 states (cavity A polaritons) locate at the top part, while the LP2/UP2 states (cavity B polaritons) locate at the bottom part.
The spatial separation between cavity A and B polaritons is 47 um, close to the pattern size of 50 um. There is a substantial overlapping area between the two modes as a
result of mode delocalization, which is highlighted as an orange area on the right panel. See detailed experimental setup in section S3.7.

the two polariton systems, i.e., UP1/LP1 and UP2/LP2, separately,
using regular FP cavities (Fig. 1, F and G), measured their corre-
sponding spectra, and then add them together numerically, to mim-
ic the coupled cavity polaritons. The peak positions of the summed
spectrum match well with the one of the coupled cavities, but the
intensities do not (Fig. 1H). Similarly, while the transfer matrix
method (19) (model 1, see section S2.1) can simulate polariton
spectra of regular FP cavity perfectly (dashed lines in Fig. 1, Fand G),
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it cannot reproduce the spectral intensity of the polaritons in the
coupled cavity (dashed lines in Fig. 1H).

The intensity mismatch suggests that a component is missing
from the transfer matrix model to account for the intensity redistri-
bution among spectral peaks. We extended the transfer matrix
model by including photon hopping [i.e., light lateral transmission
via multireflections on the cavity mirror surfaces (20)] and show
that the missing component is the delocalization of cavity modes:
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Upon entering cavity A, photons can hop to cavity B and subse-
quently interact with molecular vibrations in cavity B, representing
the delocalization between cavities (the cavity A path in Fig. 1B). An
alternative path also exists (cavity B path in Fig. 1B). The expression
of transmission spectra based on the model 2 is summarized in
Eq. 1 (detailed derivation in section S2.2).

1
Tl e -0l

( _ Rn —nal+inAg,
iAp—al,
1-R;e

T = e )+

o 2
VTITZe R n-1 _—(n-1)aL+i(n—1)A¢, —oLy+iA@, 1
1 R eiA(PZ’ULZ( 1 e Rze ) ( )
-2

where Ty, Ry, Ly, and Ag,, are transmission, reflection, cavity
thickness, and phase shift of cavity m, respectively, o is the absorp-
tive coefficient of molecules, and n represents the number of round
trips before photon hopping to the adjacent cavity. Results from
model 2 reproduced both the peak position and intensities from
the experimental measurements (Fig. 11, detailed model in section
S2.3 and fitting parameters in section S3.2). The model 2 result
shows that the linear IR spectra are a combination of two sets of
polaritons from the cavity A and B paths, respectively (orange and
cyan traces in Fig. 1I). Thus, molecular modes in each cavity strongly
couple to the cavity mode that they reside in and weakly couple to
the adjacent cavity mode (Fig. 1E). We note that the intermolecular
interaction is negligible to contribute to the linear IR of coupled
cavity polaritons (see section S3.4).

This photon hopping picture is further supported by an IR hyper-
spectral image of the coupled cavity polaritons (Fig. 1J). This image
is composed of a series of spectra of a vertical slice of the coupled
cavity polariton image, taken by a focal plane array (FPA) mercury-
cadmium-telluride (MCT) detector (detailed description of the set-
up in section $3.7). Thus, the vertical axis of the image represents the
location of the polaritons, and the horizontal axis corresponds to
the frequency of the polariton features. We can identify the UP1
and LP1 from cavity A at 116 um and UP2 and LP2 from cavity B at
69 um. The two pairs of polaritons are spatially displaced along the
vertical by 47 pm, agreeing with the scanning electron microscopy
image (Fig. 1C). However, vertical cuts show polaritons in each cav-
ity leak into their neighboring cavity, as the width of polaritons are 59
and 64 pm, larger than the 50-um dimension of the cavity. This
result suggests that cavity mode delocalization exists, which is a
critical component for intercavity polariton nonlinear interactions
(16). However, we have not yet demonstrated that the delocaliza-
tion leads to nonlinear interactions across cavities, in which excited
polaritons influence those in an adjacent cavity, occurred.

To examine intercavity polariton nonlinear interactions, we
conduct two-dimensional (2D) IR spectroscopy (7, 10, 21-25). 2D
IR measures the third-order nonlinear response of the systems. The
pulse sequence described in Fig. 1A excites two vibrational coher-
ences at various time incidences and tracks the interaction and dy-
namics of quantum states. For example, when two modes interact
with each other, e.g., exciting one mode can affect the other mode,
cross-peaks appear at the corner defined by the resonance frequen-
cies of the two coupled modes.

2D IR spectra of the coupled cavity polaritons at t, = 20 ps show
clear cross-peaks (shaded green areas in Fig. 2A). In the following,
we perform detailed spectral analysis to show that these cross-peaks
are signatures of intercavity polariton nonlinear interactions. On
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Fig. 2. 2D IR spectra to show intercavity nonlinear interactions between po-
laritons. (A) 2D IR of W(CO)¢/hexane in coupled dual cavity. Cross-peaks between
polaritons from different cavities are observed (in shaded green areas). The 2D IR
peaks that are solely from cavity A are at the corner of blue square and that of
cavity B are at the corners of black square. The spectrum was taken with the IR inci-
dence angle (the angle between IR beam and the cavity plane normal, ®, as shown
in fig. S1) to be 11.3°. (B) Pump spectral cuts of 2D IR in (A) at wpymp=wyp; (blue),
wyp; (red), w.pr (yellow), and wyp; (purple) also show cross-peak features. The green
and black arrows in (B) to (E) highlight the cross-peaks due to intercavity nonlinear
interactions. (C and D) Experimental (blue dots) and simulated (yellow) spectral cut
at wpymp = Wypr and at wyump = wyp; and the corresponding simulated contributions
from cavities A (purple) and B (green). (E) Experimental (blue dots) spectral cut at
Wpump = Wyp7 and simulated cut spectrum with nonlinearity off (sky blue), with de-
localization off (red), and delocalization and molecular nonlinearity together
(yellow). (F) 2D IR dynamics at @pump = uyp;.

the basis of knowledge from previous publications (4, 6-8, 21), we
focus on analyzing 2D IR signal at #, that is longer than polariton
lifetime, e.g., t; = 20 ps, where the physics is well understood: The
source of nonlinear signals is a nonequilibrium population of dark
states of the W(CO)s asymmetric modes in the cavities. At the long-
time limit, polaritons decay and excite dark modes, leading to the
derivative signals near UP due to Rabi splitting contraction, and
overtone absorptions for the strong absorptive feature at the LP side
(detailed explanation in section S3.1) (4, 7, 8).
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To quantitatively understand the spectra, we take cuts of the 2D
spectra at several ®pump, corresponding to pump-probe spectra by
exciting specific polariton states, and simulate them using model 2
where the absorptive coefficients of molecules are altered by the
pump-induced population change in both cavities (see Methods and
section 2.3 for details). Figure 2C (a spectral cut at @pymp = Oyp; =
2010 cm™") shows that the simulated spectra match with the exper-
imental results very well, capturing the derivative features on the UP
side and the double absorptive features on the LP side (simulations
of other spectral cuts are in section S3.2). The only mismatch is a
small positive feature near 1940 cm ™", which could be due to higher
order excited state absorptions of the reservoir mode—a term that
was not included in the simulation.

Further physical insights of the intercavity nonlinear signal are
obtained by decomposing the simulated spectra into contributions
from cavities A and B. A representative result shows that both the
cross-peaks of the spectral cut at UP1 of cavity A—a noticeable
derivative feature near pope = 1995 cm™! and a large absorptive
peak at wpop. = 1955 cm™ are derived from the nonlinear respons-
es from cavity B (the green trace in Fig. 2C). In contrast, the non-
linear signal of cavity A shows a tiny peak at wyrope = 1995 cm™
(the purple trace in Fig. 2C). Because this spectral cut is obtained
by pumping UP1 of cavity A, it confirms that exciting cavity A can
affect polaritons in cavity B—a nonlinear interaction delocalized
between cavities (similar results are shown when pumping LP1 in
fig. S4A).

Because the simulation shows that it is necessary to change the
reservoir ground and excited state population in both cavities to
reproduce the experimental results (simulation based on eq. S18 in
section S2.3 and see simulation results in table S1), it suggests that
the changes of reservoir population lead to the observed nonlinear
signals. Thus, the source of intercavity nonlinear interaction is
polariton-reservoir mode interactions [similar to those observed in
exciton polaritons (26)]: The excited polaritons in cavity A relax to
dark reservoir modes, a portion of which is shared with cavity
B. The shared excited reservoir modes reduce the Rabi splitting of
polaritons in cavity B and introduce absorptions of the excited dark
modes, thereby generating nonlinear signals.

We note that such a nonlinear interaction is not detected in spectral
cuts of exciting UP2 (Fig. 2D) or LP2 (fig. S4B), as the cavity B con-
tribution can well simulate these spectral cuts. Further study on the
2D IR spectra suggest that the intercavity interaction cross-peaks
are highly sensitive to the incident angle (section $3.6): At certain
angle, the interactions are mutual between two cavities, i.e., cross-
peaks exist when either cavity is excited; whereas at other angles, inter-
actions are optimized in one direction, i.e., only cross-peaks due to
exciting either cavity A or B exist. The angular sensitivity further
demonstrates that the intercavity polariton nonlinear interaction is
originated from photon hopping, which highly depends on beam
angles. The physical origin of this dependence is beyond model 2,
which warrants momentum imaging experiments and more compre-
hensive theoretical studies in the future. Without further notification,
all 2D IR studies are done at angle = 11.3°, where the cavity A to B
interactions are favorable.

Both cavity delocalization and molecular nonlinearity are criti-
cal for intercavity polariton nonlinear interactions, as shown by
turning off either factor. When delocalization is turned off, a simu-
lated spectrum is similar to the ones of single cavity polaritons (the
red trace in Fig. 2E). When molecular nonlinearity is turned off by
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Fig. 3. 2D IR spectrum of dual cavity polaritons at small Rabi splitting. (A) 2D IR
of W(CO)¢/hexane in coupled dual cavity with 26 mM molecular concentration; the
2D IR peaks that are solely from cavity A are at the corner of blue square and that of
cavity B are at the corners of black square. (B) Pump spectral cuts of 2D IR at
®pump = ®yp1 and mipq (blue/red traces for polariton system with 26/40 mM molec-
ular concentration, both are at t, = 20 ps) confirm the decrease of cross-peaks with
smaller molecular concentration. All data were collected with the incidence IR beam
to be 11.3° (C) Schematic illustration of the intercavity coupling enabled/disabled
in coupled cavity systems with high/low molecular concentration (top/bottom),
|0>,]1>, |2 > are the ground, first, and second excited states of the reservoir modes;
gray levels indicate the modes are optically dark. (D) Percentage of excited vib-B
among the total excited vibrational modes in cavity A as a function of molecular
concentration, extracted from the spectral fitting results.

setting anharmonicity to zero, there are simply no signals (the light
blue trace in Fig. 2E).

The crucial roles of cavity delocalization and molecular non-
linearity can be viewed from the theoretical aspect. In the polariton
system, the nonlinear interactions are a result of molecular anhar-
monicity, which can be written as

Hint — Va+a+aa — VzUPI,UPZ,LPl,LP2 *

* + +
Kukoksks Cky ks Cks Cky Ok, O, Ak; Ak, (2)

Hiy is the interaction term of the full polariton Hamiltonian (4),
where a* and a are the creation and annihilation operators of the
molecular vibrational modes in a cavity, and the interaction is local.
To derive the second part of the equation, we rewrite a* = ¢{jp, ajp; +
Cip1 91 p1 + Copa@ipy + €l pa @1 py» Where ¢ can be derived from Hop-
field coefficient. Terms like | cip1|?| cup: | zazpl arLp1 Aip, dups €Xist
in the second part of Eq. 2, which leads to the nonlinear interaction
between LP1 and UP2. The strength of this intercavity polaritonic
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interaction depends on the coefficient | cpp; | 2| cup2 | ? and therefore
delocalization. For example, if the molecular modes are localized in
cavity A, which makes cyp; = 0, such an interaction disappears. It is
the strong light-matter coupling and photon hopping that render the
local molecular mode a linear combination of polaritons in different
cavities and thereby delocalize the nonlinearity.

The role of mixing Hopfield coefficient is verified by manipulat-
ing the intercavity polariton nonlinear interactions through chang-
ing molecular concentration and thereby the collective coupling
strength. Spectral cuts at ®; = wyp; and orp; (Fig. 3B) suggest that
no apparent 2D IR cross-peaks at 03 = @yp; at lower concentrations
(26 mM; Fig. 3A). The cross-peaks at 3 = oy p; still appear, suggest-
ing that the interactivity interaction exists. However, by quantita-
tively extracting the relative population of excited dark modes in
cavity B after polaritons in A being excited, we found that the rela-
tive population decreases from 24.0 to 3.5%, as the molecular concen-
tration declines from 40 to 26 mM (Fig. 3D and section S3.3). These
results qualitatively agree with the four-by-four Hamiltonian ma-
trix model that describes the coupled cavity polaritons (section
S3.4). Lowering the concentration results in fewer shared vibrational
modes between the two cavities. As summarized in Fig 3C, large
Rabi-splitting leads to that a nonnegligible amount of vibrational
modes in cavity B (vib-B) participates in the formation of LP1 and UP1
states, and a portion of vib-A composes LP2 and UP2. Upon pumping
LP1 and UP1, it excites the shared vib-A and vib-B populations, per-
turbing the energy levels of LP2 and UP2. With small concentration,
such a state mixing between cavities reduces, causing intercavity po-
lariton nonlinear interaction to be weakened. We note that this re-
sult also serves as a control experiment to show that the observed
cross-peaks are not due to spectral filter effects.

We lastly measure the dynamics of the cross-peaks (Fig. 2F), by
scanning the waiting time #, of the 2D IR spectra. The spectral cut
dynamic around o; = 0wyp;=1995 cm™ (Fig. 2F, 2D IR cut at UP1 in
the white dashed box) shows that (wyp;, wyp,) cross-peak appears
within the polariton lifetime (<3 ps, a similar trend can be observed
when cutting at ®; = ozp;; see section S3.6). This result agrees with
the mechanism that the evanescent wave of cavity mode leads to the
intercavity polariton nonlinear interactions, because the photon
hopping can only happen before it leaks out of the cavity.

DISCUSSION

The intercavity polariton nonlinear interaction is exclusively a re-
sult of the joint merits of the evanescent wave of cavity modes and
molecular nonlinearity. By combining them, a unique property is
created, which does not exist in either mode. Achieving the strong
coupling regime, which would be the key to the intercavity nonlin-
ear interactions, depends on the selection of molecular and the
photonic systems. Overall, the coupling strength (energy exchange
rate between matters and photons) should be larger than the spectral
linewidth (coherent lifetime) of either mode. Thus, for molecules that
have broader linewidth (shorter lifetime), methods that can strengthen
coupling, such as enhanced electric fields or higher concentration,
are helpful to achieve strong coupling. Once the strong coupling
condition is fulfilled, this demonstration could enable polaritonic
photonic circuitry in the molecular fingerprint IR regime for low-
concentration, compact chemical sensing. The micron-range non-
linear interaction can be further extended to even longer distances
when combined with polariton propagation. This experiment also
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lays a foundation for remote chemistry (27), enabling chemistry in
one cavity by manipulation of molecules (e.g., as catalysts) in the
other cavity. By selectively pumping using a pulse shaper (28), the
coupled cavity can be an advanced platform for entangled polari-
tonic qubits.

METHODS

Fabrication of coupled cavity optical mirror

To generate two cavity modes with specific frequency, two different
path lengths need to be achieved within one pair of cavity mirrors.
A checkerboard pattern is designed and fabricated on the CaF, win-
dow using photolithography, followed by sputtering deposition of a
layer of ZnO and lift-off of ZnO deposited on photoresist, thus leaving
behind a checkerboard patterned layer of ZnO on CaF,. Dielectric
coatings (Thin Film Corp.) are deposited on both the flat CaF,
window and the CaF, window with patterned ZnO layer to obtain
~96% reflectivity at around 5-um wavelength. In this work, a dielectric-
coated flat CaF, and a dielectric-coated CaF, with patterned ZnO
(~200-nm thickness) are used in tandem to generate dual cavity
modes separated by ~30 cm ™' at 5 um. The frequency separation
between the two cavity modes can be tuned by controlling the thick-
ness of the ZnO layer.

Sample preparation

The W(CO)s (Sigma-Aldrich)/coupled cavity system is prepared in
an IR spectral cell (Harrick) containing one flat dielectric CaF, mirror
and one checkerboard-patterned dielectric CaF, mirror, separated
by a 12.5-pum Teflon spacer and filled with W(CO)g¢/hexane solution
with various concentrations [40 (saturated concentration), 32, and
26 mM]. The regular W(CO)¢/cavity system is prepared in the same
way in an IR spectral cell with two flat dielectric CaF, mirrors. The
cavity mode finesse is around 14 with Apsp/AA,, where Aggy is the
free spectral range and AA, is the full width at half maximum of the
resonance.

2D IR spectroscopy

2D IR spectroscopy (23) is applied to investigate the light-matter
interaction of a W(CO)e/microcavity system (detailed 2D IR setup
and data acquisition are described in section S1.2). Briefly, a pump-
probe geometry is adopted where three IR pulses (Fig. 1A) interact
with sample systems. The first IR pump pulse and probe pulse gen-
erate two coherent states in the system in f; and f3, respectively,
which will later be Fourier transformed to the frequency domain as
®; (pump frequency) and w; (probe frequency). The second IR
pump pulse puts the system in a population state during t,. All 2D
IR spectra in this work are taken at #, = 20 ps to avoid interference
between pump and probe pulses.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/19/eabf6397/DC1
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