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From the high vibrational dipolar strength offered by molecular liquids, we demonstrate that a molecular
vibration can be ultrastrongly coupled to multiple IR cavity modes, with Rabi splittings reaching 24%
of the vibration frequencies. As a proof of the ultrastrong coupling regime, our experimental data
unambiguously reveal the contributions to the polaritonic dynamics coming from the antiresonant terms
in the interaction energy and from the dipolar self-energy of the molecular vibrations themselves. In
particular, we measure the opening of a genuine vibrational polaritonic band gap of ca. 60 meV. We also
demonstrate that the multimode splitting effect defines a whole vibrational ladder of heavy polaritonic
states perfectly resolved. These findings reveal the broad possibilities in the vibrational ultrastrong
coupling regime which impact both the optical and the molecular properties of such coupled systems, in

particular, in the context of mode-selective chemistry.
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Light-matter interactions in the strong coupling regime
offer exciting possibilities for exploring quantum coherent
effects from both a physical and a chemical perspective.
This regime can be reached when a confined electromag-
netic field interacts coherently with an electronic transition
of an embedded material, leading to the formation of
polaritonic states [1]. Many realizations of this effect have
been demonstrated, ranging from single atoms [2], quan-
tum wells [3,4], superconducting ¢ bits [5] to molecular
systems [6—13]. Recently, we demonstrated that molecular
vibrations can be strongly coupled to an optical mode of a
Fabry-Pérot (FP) cavity in the infrared (IR) region [14,15].
Such coupling is attracting more and more attention
[16-18], since molecular vibrations play a key role in
chemistry. Therefore, vibrational strong coupling could
potentially be used to control chemical reactions in the same
way as it has been demonstrated for electronic strong
coupling [19]. Lately, a whole field of research has been
opened with the prediction and demonstration of an ultra-
strong coupling (USC) regime [20]. The USC regime indeed
leads to the possibility of probing fascinating properties of
the coupled states such as nonclassical ground-state behav-
ior, squeezed vacuum, and polaritonic band gaps [21-25].

In this Letter, we demonstrate that USC can also be
reached, at room temperature, with ground-state molecular
vibrations coupled to an optical mode. Inherent features of
the USC regime, antiresonant and self-energy contributions
to the coupling, are measured on vibrational polaritonic
states. These results reveal totally different dynamics than
the one we previously reported for vibrational strong
coupling [14]. To reach this vibrational USC regime, we
exploit unique features of molecular liquids with a high
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vibrational dipolar strength. Such liquids resemble assem-
blies of individual ground-state mechanical oscillators
where one is able to reach dipolar strength densities far
beyond the quenching densities in the solid phase. These
combined features naturally set the conditions for collective
coupling strengths up to the USC regime. Remarkably,
with Rabi splitting practically matching the free spectral
range (FSR) of the IR cavity, the coupling process involves
multiple orders of the FP cavity modes and leads to a
genuine ladder of polaritonic states. We show multimode
splitting with up to ten polaritonic peaks. The new vibra-
tional spectrum associated with this polaritonic ladder
differs radically from the vibrational spectrum of the bare
molecules. While USC has been recognized as a new
playground for electronic polaritonic physics, the USC
features that we now observe on vibrations are expected to
also have a strong impact on the chemistry of vibrational
polaritonic states that remains so far unexplored.

Our system consists of a microfluidic FP flow cell
which can be filled with any given molecular liquid (see
Supplemental Material, Sec. A [26-32]). It is made of two
ZnSe windows coated with 13 nm thick Au films to form
the FP mirrors and closing them with a Mylar spacer of
the appropriate thickness produces a microcavity with IR
modes of quality factors Q ~ 50 [15]. By varying the spacer
thickness, one of the optical modes is brought into
resonance with the targeted molecular vibration. Different
concentrations of molecules are injected in the cell, and
the system is spectroscopically characterized using a
commercial Fourier transform IR spectrophotometer
(Nicolet-6700). The two molecules chosen for this study
are the iron pentacarbonyl Fe(CO); (see Fig. 1) and carbon
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FIG. 1.

Fe(CO); data are shown in columns for clarity, starting with the IR spectrum of 10 wt. % Fe(CO)s in toluene, the transmission

spectrum of the FP cavity filled with the same solution (blue curve) with a Rabi splitting Q;4¢ ~ 135 cm™!, followed by the mode
diagram of the system under the corresponding coupling. The middle column shows the empty cavity modes with, on the right-hand
side, the coupled diagram of the multiple polaritonic states when the cavity is filled with 100 wt. % Fe(CO)s. The last column to the right
shows the corresponding experimental IR spectrum of the filled cavity with a resonant Rabi splitting Q,g0s, ~ 480 cm™'.

disulphide CS,. Fe(CO); liquid has a very strong oscillator
strength with three equatorial and two axial CO-stretching
degenerate modes having a fundamental frequency w,
corresponding to a wave number of ~2000 cm~! [33].
The IR absorption band of a dilute Fe(CO)s solution
(10 wt. % in toluene) is shown in Fig. 1. We inject the
same solution into a FP cavity tuned to have its fourth-order
longitudinal mode resonant with the CO-stretching band.
This resonant coupling splits the fundamental vibrational
mode into an upper and lower mode separated by 7LQgq, ~
135 cm™! (Fig. 1, second column). Importantly, this mode
splitting is larger than the width both of the cavity mode
and of the vibrational peak; i.e., it corresponds to a genuine
Rabi splitting.

Using pure Fe(CO)s liquid under the same resonant
conditions expectedly leads to an increase in the mode
splitting up to 7Q;0s ~480 cm™!, as shown in Fig. 1
(fourth column). In these conditions, the vibrational spec-
trum of the coupled Fe(CO)s liquid also displays a series
of sharp resonances that stem from the coupling of the
CO-stretching band with successive longitudinal modes of
the FP cavity. We report in Supplemental Material (Sec. B
[26]) similar spectral evolutions for CS,. This multimode
splitting theoretically predicted by Meiser and Meystre [34]
is similar to that reported in the case of electronic strong
coupling [35,36].

In order to understand the multipeaked structure of the
spectrum, we perform a transfer matrix simulation on a
cavity filled with pure Fe(CO)s liquid. Solving the

multilayered structure consisting of the ZnSe flow cell
windows, the Au cavity mirrors, and the embedded
absorbing medium, the calculated cavity transmission
spectrum is shown together with the measured spectrum
in Fig. 2(a). A detailed description of the modeling of our
system is given in Supplemental Material, Sec. A [26]. The
electric field distribution inside the cavity was computed
using the same parameters and is shown in Fig. 2(b). As can
be seen from the field distributions, the CO-stretching
mode of Fe(CO)s, when resonantly coupled to the fourth-
order mode of the FP cavity, gives rise to an upper and a
lower mode, at 2245 and 1756 cm™', respectively. The
other four new resonances on either sides of the funda-
mental CO-stretching mode are at 2110, 2071, 1938, and
1898 cm™! (the other peaks outside this spectral window
can be seen in Fig. 1). The field distributions enable us to
identify the modes at higher energy as originating from the
coupling between the vibrational band and lower optical
modes of the cavity and vice versa for the modes at lower
energy.

The positions of these modes is directly given by
computing the round-trip phase accumulation o¢ =
2Lwn/c + 2¢, for the electromagnetic field in the cavity,
where L is the cavity length, @ is the vacuum frequency
of light, c is the speed of light, n is the real part of the
refractive index, and ¢, is the reflection phase due to
the finite metal skin depth [37]. As shown in Fig. 2(c), the
dispersive character of the pure molecular liquid is so
strong that optical modes of different mth orders can satisfy

153601-2



PRL 117, 153601 (2016)

PHYSICAL REVIEW LETTERS

week ending
7 OCTOBER 2016

Absorption [a.u.]

B
&

Round trip phase [27]
o

J — = ——]
4 — S
=" !
N W
n
O 1 1 1 "' 1 ‘\ 1 1
1600 2000 2400

Wave number [ecm™!]

FIG. 2. (a) Experimental (red line) and transfer matrix simu-
lated (black line) IR transmission spectra of pure Fe(CO)s
coupled to the fourth-order mode of a flow cell FP cavity; black
dashed line is the simulated absorbance of CO stretching mode of
pure Fe(CO)s. (b) T-matrix simulation of the electric field
distribution inside the FP cavity. Asymmetric field distribution
on either side of the vibrational band is an indication of higher
and lower mode folding effects due to a strongly dispersive
refractive index. (c) Round-trip phase accumulation of the
electromagnetic field in the cavity with (red line) and without
(red dashed line) an absorber. Optical resonances occur for phase
accumulation equal to integer multiples of 2z (horizontal black
lines). The dispersion of the refractive index of the intracavity
medium allows multiple solutions for various mode indices
(vertical dashed lines, the same color code as in Fig. 1). The
fitted absorption line shape of Fe(CO)s is also shown in a black
dashed line. The resonances lying in the strong absorption region
are overdamped solutions and do not appear in the transmission
spectra.

simultaneously the resonant phase condition 6¢p = 2zm,
with two solutions P;},, P;, for each mode m. The observed
vibrational ladder is characterized by very large multimode
splittings, with Q¢ reaching ca. 24% of the vibrational
mode energy. Such a high ratio is often encountered in
ultrastrongly coupled systems, and, in order to confirm that
our molecular liquid has entered into the USC regime, we
now show that the spectral structure of the coupled
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FIG. 3. Polaritonic dispersion diagram as a function of the
cavity thickness. Experimental transmission peak positions are
reported as blue dots. The exact cavity thickness is determined
from the free spectral range of the cavity—see Supplemental
Material (Sec. A [26]). The solid lines are the best fit to the data
using the full Hamiltonian model that accounts for the dipolar
self-energy and the contributions beyond the rotating wave
approximation (RWA), while the dashed lines are solutions of
the simple RWA model—see Supplemental Material (Sec. D
[26]) for the fitting procedure. The color code is the same as in
Fig. 1. The vibrational polaritonic band gap AE, appears only in
the full Hamiltonian model.

vibrational ladder cannot be described outside the frame-
work of an ultrastrong light-matter interaction.

The involvement of specific features of the USC regime
can be revealed most directly at the level of polaritonic
dispersion diagrams. We have measured the dispersions of
our coupled vibrational modes as a function of the cavity
thickness (i.e., as a function of the detuning). This is done
by varying the cavity thickness around a fixed value
determined by the spacer inserted in our flow cell. The
results are gathered in Fig. 3. Using a thicker spacer, we
obtain the asymptotic positions of the coupled modes.
These experimental data are compared to polaritonic
dispersions that are calculated from a coupled oscillator
model that takes explicitly into account the contributions of
the vibrational dipolar self-energy in the molecular liquid
and the antiresonant coupling terms which are specific to
the USC regime (see Supplemental Material [26], Sec. C,
for a detailed presentation of the model). We emphasize
that, in our model, there is only one free parameter which
corresponds to the Rabi splitting Q5.

As discussed in Supplemental Material (Sec. D [26]), a
coupled oscillator model keeping only the resonant inter-
action terms at O(Qg/w, ) order, and therefore neglecting
the dipolar self-energy of the vibration (Jaynes-Cumming-
type Hamiltonian), is unable to fit accurately the experi-
ment close to the bare vibrational mode energy, as shown in
Fig. 3 (enlargement) and in full scale in Supplemental
Material [26]. This mismatch proves that our system is truly
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in the USC regime. Remarkably, the asymptotic values of the
model yield a vibrational polaritonic band gap of ~60cm™!,
as shown in Fig. 3. The opening of such a band gap is an
indisputable signature of the USC regime, as pointed out in
the context of intersubband electronic transition systems
[23,24]. Here, we emphasize again that such a signature is
observed for molecular vibrational transitions. More inter-
estingly, the USC regime also implies that the vibrational
ground state must shift to lower energies while acquiring a
photonic admixture. Such modifications are analogous to
those described at the level of electronic transitions, except
that, in our case, they imply a deep modification of the whole
vibronic landscape of the dressed molecules.

The second remarkable feature of the vibrational dressed
states under USC is related to the presence of a genuine
ladder of vibrational polaritonic states. To get further
insight into the nature of these multiple polaritonic states,
we perform angle-dependent experiments. The dispersion
diagram shown in Fig. 4(a) clearly demonstrates the
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FIG. 4. (a) Polaritonic dispersion diagram measured by angle-

dependent IR transmission spectroscopy (unpolarized, 0°-28°).
The solid lines are the solutions of the full Hamiltonian model,
using the same parameters and color code as in Fig. 3. The
vibrational polaritonic band gap is again clearly observed
(blue horizontal band). (b) Photonic and vibrational fractions
of the P, polaritonic branch (blue and red curves, respectively)
and of the Py polaritonic branch (green and yellow curves,
respectively). The photon-vibration energy detuning for the
fourth cavity mode is shown in black dashes (right axis).

dispersive behavior of the different polaritonic states.
This behavior is inherited from the photonic component
of the polaritonic states and is the signature of their hybrid
light-matter nature. Taking the Rabi frequency parameter
extracted from the best fit of the polaritonic thickness-
dependent dispersions of Fig. 3, our USC oscillator model
perfectly matches these experimental angular dispersion
data. Again, the polaritonic band gap is clearly seen,
demonstrating that this forbidden energy band exists for
any cavity thickness and at any angle. We stress that our
model assumes no interaction between the polaritonic
branches associated with different (orthogonal) cavity
modes. However, nontrivial cross talk between the
different polaritonic branches should be expected when
accounting for the non-Markovian behavior of our system
(Q00% = 2kpT [38]). This analysis, however, goes beyond
the scope of this work. The results of our fit are shown in
Fig. 4(a), and the extracted Hopfield coefficients for the
polaritonic states P, and P; are shown in Fig. 4(b). As
expected, the vibrational content of the states increases as
they approach the energy of the bare vibrational mode. It is
interesting to note the nontrivial evolution of the Hopfield
coefficients calculated for the lower P; polaritonic states
which becomes more photonlike at resonance. This unbal-
anced matter- vs photonlike mixing fraction is another
remarkable feature of the USC regime that comes in clear
contrast with the usual regime of strong coupling. Between
P} and Py, the ladder consists of heavy (i.e., large
vibrational content) polaritonic states. Surprisingly, those
heavy polaritonic states display linewidths up to 5 times
narrower than the width of the bare cavity mode and up to 6
times smaller than the linewidth of the bare (inhomoge-
neously broadened) molecular vibration. Because of the
opening of the vibrational polaritonic band gap, these
heavy polaritonic states are pushed away from the dis-
sipative region of the bare vibration, therefore remaining
perfectly resolved with their narrow linewidths. The con-
comitance of multimode and ultrastrong coupling of vibra-
tional modes can hence be seen as an interesting way to
overcome a major hurdle encountered in the physics of
electronic strong coupling [39].

In summary, we have demonstrated that it is possible to
reach the regime of USC in the vibrational realm. This is
done using high oscillator strength molecular liquids. We
have revealed indisputable signatures of the USC regime,
showing how the features inherent to the USC regime can
be also found at the level of molecular vibrational modes.
Remarkably, the molecular polaritonic multimode folding
shown here is a practical way for generating heavy
polaritonic states with smaller linewidths than both the
optical transition and the molecular vibration, leading to an
enhanced coherence time [40]. Perhaps more importantly,
these results point to the potential impact of the USC
regime in the context of bond-selective chemistry. As we
already proposed [14,19], the dynamics of bond breaking in
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the ground state could be significantly modified by vibra-
tional strong coupling and even more under the USC regime
where the whole vibrational ladder dressed by the IR cavity
field is redefined. All these features will no doubt impact the
optical, the molecular, and the material properties of these
ultrastrongly coupled systems [41], enriching the possibil-
ities offered by such light-matter interactions.
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