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ABSTRACT: The coherent coupling between an optical transition
and a confined optical mode, when sufficiently strong, gives rise to a
new pair of mixed modes separated in frequency by the vacuum Rabi
splitting. Such systems have been widely investigated for electronic-
state transitions such as molecular excitons coupled to surface-
plasmons and optical microcavities. However, only very recently have
vibrational transitions been considered. Here we experimentally
investigate the coupling between a Fabry—Perot cavity and the
carbonyl stretch at an infrared frequency near 1730 cm™" in polymethyl
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methacrylate. As is requisite for the “strong coupling” regime, the

measured vacuum-Rabi-splitting of 132 cm™

is much larger than the full width of either the cavity resonance (34 cm™) or the

inhomogeneously broadened carbonyl-stretch absorption (24 cm™"). With the assistance of quantitative analysis using transfer-
matrix methods, we provide evidence that the mixed-state resonances are relatively immune to inhomogeneous vibrational
broadening and demonstrate the ability to extract splittings by convenient angle tuning of the Fabry—Perot cavity to match the
vibrational frequency. Opening the field of polaritonic coupling to vibrational species promises to be a rich arena amenable to a
wide variety of infrared-active bonds that can be studied both statically (as here) and dynamically with ultrafast methods.
Moreover, microfluidic cavities will permit the study of liquids, greatly expanding the range of assessable molecules.
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hen an optical transition (e.g, a molecular excitonic
absorption) is excited by a confined optical-mode
oscillating at the same frequency (e.g., an optical microcavity),
a strong coupling between the two resonances can occur. This
coupled-oscillator system exhibits a hybridization of the two
resonances to create two new eigenstates of mixed character
that are each shifted from the original resonant frequency by
half the vacuum Rabi splitting, Q. Such coupled systems are
variously referred to as cavity polaritons,' normal coupled
modes,” more specific terms (e.g, plexitons®), or simply
coupled-modes. These coupled-mode systems have received
widespread attention in part because the split states possess
new properties such as immunity to inhomogeneous broad-
ening® or altered relaxation pathways.>® The coupled systems
can have marked implications for emission and relaxation rates
and, accordingly, have found utility in the pursuit of nanoscale
organic lasing materials’ and nearly threshold-less lasers.®’
Cavities strongly coupled to single optical-emitters have also
been considered for use in quantum information systems.'%”"?
To date, a wide variety of strategies spanning microwave to
visible frequencies have been employed or proposed to produce
the confined-mode, including surface-plasmon polaritons
propagating on films'*'®
plasmons,'”'® Fabry—Perot cavities,® whispering gallery cav-
ities,"" photonic crystals,'”"” and microwave cavities. The
species coupled to the confined modes most commonly include
electronic transitions such as the excitonic absorptions in
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molecules, quantum  wells, and semiconduct-
ing13 and colloidal quantum-dots,24 as well as atomic
transitions. Recently, the replacement of electronic transitions
with microfabricated optomechanical oscillators operating at
low temperature has also attracted intense scrutiny.”
Surprisingly, perhaps, there are very few reports utilizing
modes in the infrared,®*’ particularly vibrational modes.”®
Here we report coherent coupling between the carbonyl (-C=
O) stretch in polymethyl methacrylate (PMMA) near 1730
cm™" and the confined standing-wave mode of a Fabry—Perot
(FP) cavity comprising a ~2 pm thick spun-film of PMMA
sandwiched between two Au mirrors 19 nm thick (Figure 1a).
The coherent cycling of energy between these two states
reaches the so-called strong-coupling regime, which is attained
when the coupling strength between the vibrational and cavity
modes exceeds the average of their decay rates, as evidenced by
our measured vacuum Rabi splitting (Q ~ 132 cm™) being
much larger than the full-width-at-half-maximum (fwhm) of
either the cavity (~34 cm™") or inhomogeneously broadened
carbonyl absorption (24 cm™'). Normal-mode coupling
involving vibrational absorptions offers an attractive exper-
imental system amenable to a wide variety of molecular
vibrations. It is possible that the coherently excited population
of vibrations may generate a macroscopic mechanical response.
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Figure 1. (a) Cross section of the Au/PMMA/Au Fabry—Perot cavity
on a silicon substrate, with schematics of the incident and refracted
rays, the m = 1 half-wave resonance field-intensity, and the PMMA
monomeric unit. (b) FTIR transmission spectrum of bare PMMA film
(black curve with negative going valley) and a subset of the
transmission spectra of the full cavity for angles of incidence 6,
from 0° to 60° in steps of 10° from left to right.

We anticipate that the large wavelengths involved (~3—17 yum,
accounting for a typical intracavity refractive index of 1.3)
should enable the construction of microfluidic etalons for
examining liquids, especially when higher-order FP modes are
exploited to increase the spacing between mirrors. We also
expect ultrafast vibrational methods*** to offer additional
insights into coupled-state dynamics analogous to studies in
coupled electronic systems.”

Cavities coupled to a two-level absorber are describable with
a quantized photon field for any number of absorbers down to a
single one. However, for our case, where a large number of
carbonyl bonds are involved, a purely classical treatment that
employs transfer-matrix methods>> or the relativel;r simple
expression for the transmission through a FP cavity”*"® are
applicable. We also note that, in this regime (i.e., where many
oscillators are available), the system does not behave in the
markedly quantum-mechanical manner exhibited when a single
cavity-coupled atom responds to a single photon by, for
example, blocking transmission through the cavity, or to two
photons by climbing the Jaynes-Cummings ladder.>'* To
distinguish this highly nonlinear quantum-dominated regime,
the term “true strong-coupling” is sometimes applied, as
detailed in ref 13. Here we adopt the nomenclature employed
by the extensive literature on cavity-coupling to macroscopic
electronic-systems that refer to avoided crossings as the strong-
coupling regime.”>**>3"3

We exploit the classical behavior of macroscopic systems to
design FP cavities that can be angle-tuned through the carbonyl
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absorption band to match the resonant condition and to
provide a comprehensive analysis of the resulting transmission
measurements. Unlike the alternative approach of adjusting the
FP-cavity thickness to match the vibrational frequency,® angle-
tuning only one cavity is experimentally more expedient, while
also ensuring the correct measurement of the vacuum Rabi
splitting as the smallest splitting between the hybridized modes
as angle is tuned. We verify that the classical predictions
compare well to the measured dispersion of the coupled states,
and to the inferred vacuum Rabi splitting. We also confirm the
utility of employing either s- or p-polarized excitation, opening
the way to probe materials that might possess differing in- and
out-of-plane molecular orientations or environments. Finally,
we demonstrate an insensitivity of the hybridized-mode line
widths to the significant inhomogeneous broadening of the
carbonyl resonance, as theoretically expected, and which offers
the prospect of measuring homogeneous vibrational line widths
directly if the “empty cavity” resonant width is known.

B METHODS

As illustrated in Figure la, samples consist of a planar Au/
PMMA/Au Fabry—Perot cavity fabricated via e-beam evapo-
ration of Au mirrors and spinning of PMMA (molecular weight
950 kDa) on an undoped silicon wafer coated with a 3 nm Cr
adhesion layer. The metal thicknesses were based on calibrated
evaporation rates, while the PMMA thickness was measured
with a stylus profilometer on a witness film spun under
conditions identical to the cavity film. Target values were 20
nm for Au and 2120 nm for the PMMA. The PMMA thickness
was chosen so that the cavity resonant frequency would sweep
through the carbonyl absorption at an angle of incidence of
~30°. Based on transfer-matrix modeling of the measured
reflectance from a gold witness film and the measured cavity-
dispersion with angle, the Au and PMMA thicknesses used for
analysis were adjusted to 19 and 2054 nm, well within the
uncertainty of the target thicknesses.

Angle- and polarization-dependent transmittance spectra
were obtained in a Fourier-transform infrared (FTIR)
spectrometer (Thermo Scientific) equipped with a wire-grid
polarizer and a home-built sample rotator. Data were taken
with 4 ecm™ resolution, which contributed negligibly (0.5
cm™") to the measured absorption line widths discussed below.
A single background for each polarization was used for
transmission. We operated the FP cavity in first order (the
half-wave resonance) and tuned its resonant wavelength by
adjusting the angle of incidence. Bare PMMA on Si was
characterized with FTIR transmission spectroscopy. Reflection
FTIR spectroscopy characterized the reflectance of a Au
witness film deposited on Si during the same evaporation as
cavity production.

Numerical modeling of the system transmission and
reflectance was accomplished via the transfer matrix approach
within the WVASE software package.”> The set of ellipso-
metrically determined optical-constants (n and k) for PMMA
provided by the software accurately predicted the measured
frequency at minimum transmission for the carbonyl band in a
bare PMMA film (1731 cm™" experiment; 1732 cm™ via n and
k). The transmission spectrum predicted by the optical
constants similarly agreed with the width of the measured
transmission band (29 cm™) to within a wavenumber, and also
predicted a ~Gaussian line shape, as measured.
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B RESULTS AND DISCUSSION

Mode Dispersion. Shown in Figure 1b are representative
transmission spectra taken of the full cavity structure at various
angles as well as a spectrum of the bare PMMA film on
undoped Si (no Au mirrors). The bare transmission spectrum
shows the C=0 stretch to be centered at ~1731 cm™" and to
have a measured Gaussian fwhm of ~24 cm™. The presence of
two peaks in the full-cavity transmission illustrates the modal
splitting due to coupling between the optical cavity and the
C=O0 vibrational stretch. The modal splitting leaves a void in
the spectral response where the uncoupled vibrational band
resides.

Angle-dependent spectra, as in Figure 1b, can be assembled
into intensity-contour plots representing the full dispersion of
the coupled cavity-vibration system, as shown in Figure 2a,b,
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Figure 2. (a) Experimental angular-dispersion of transmission spectra
displayed as an intensitycontour plot for s-polarized excitation.
Horizontal dashed line marks the bare PMMA absorption. Blue and
white curves give the dispersion computed, respectively, with transfer-
matrix methods and the resonance condition for a Fabry—Perot cavity.
Inset: refractive index of PMMA (black curve) and right-hand side of
eq 2 (blue curve). Graphical solution to the coupled-mode resonance
condition is found at the crossing points. (b) Same as (a) for p-
polarized incident radiation.
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for incident s- and p-polarizations. Here, transmission spectra
were recorded as the angle of incidence was stepped every 5°.
The position of the uncoupled C=O stretch mode, which
occurs at a frequency 7, ~ 1731 cm™, is indicated by the
horizontal dashed line. Coupling between the optical cavity
mode and the vibrational mode is seen as an avoided crossing
of two branches. At 0°, the upper branch (UB) near 1760 cm™
is primarily of vibrational character, and the lower branch (LB)
near 1600 cm™ is mainly of cavity character. As the incident
angle is increased, the lower branch tunes through the bare
vibrational absorption frequency, but mode hybridization leads
to an avoided crossing when the cavity becomes resonant with
the C=O absorption, near 30° as designed. By 50° the
character of the two branches has switched, and the UB
disperses rapidly with angle in accord with FP-cavity behavior.
The displacement from the bare C=0 stretch of the LB at 0°
and the UB at 70° indicates some degree of coupling, even
under these nonresonant conditions.

In Figure 2a)b, it is evident that the dispersion and branch
splittings are very similar for s- and p-polarized excitation. The
slightly weaker dispersion for p-polarized incidence in the UB
at the largest incidence angles is due simply to the larger phase
shift ¢ upon reflection of p-polarized waves internal to the
cavity (see eqs 1 and 2 below). For incident angles where the
two branches most closely approach vertically (the approximate
vacuum Rabi splitting), s- and p-incidence give nearly identical
results. We emphasize that p-polarization excites both in- and
out-of-plane vibrations, while s-polarized conditions produce
only in-plane motion. This may have implications for the
direction of the resulting mechanical work and modulation of
the cavity’s optical response if one can control the orientation
of the vibrational modes of interest. Furthermore, s- and p-
polarized excitation of the cavity produce different field
distributions: s-polarized excitation yields a field maximum at
the cavity’s center, while p-polarization yields both in-plane and
normal field components with the normal component peaked
at the mirrors (see Supporting Information). Thus, polarization
control may allow one to selectively couple to either in-plane or
out-of-plane oriented dipole-ensembles and constrain the
spatial region within the cavity that is most strongly coupled.

Superposed on Figure 2a,b are curves derived from classical
optical considerations. The solid blue curves, obtained with
transfer-matrix algorithms in the WVASE software package,
give excellent agreement over the entire range. The dashed
white curves give the resonance condition derived from the
transmission function T(v) for a planar FP cavity containing an
absorptive medium:>*">°

It tle "
- 2|r1r2|e7aL cos(4nnL cos(0)U + o+ (pz)

(1)

where t; and r, are, respectively, the transmission and
reflectance amplitudes at mirror i, L is the cavity thickness, a
is the absorption coeflicient, n is the index of refraction, and 8 is
the angle of an incident ray after refraction within the PMMA.
The reflection phase-shifts at each mirror, ¢, account for the
cavity mode penetration into the Au mirrors. All quantities
except L are frequency-dependent. By inspection, if r, ¢, and &
are slowly varying, T(v) peaks near a resonant frequency v,
where the cosine term is zero. This occurs when the argument
of the cosine equals 27m, where m is the mode order, which
can be arranged to give the FP resonance condition:

T(D) =

2 —2aL
1+ Inryle
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n(7) = 2am — ¢,(7) — 0,(7)1/47L cos(0)7 @

To produce the white dashed curves in Figure 2a,b, eq 2 was
solved numerically at each angle of incidence. However, that
there are multiple branches can be readily seen from a graphical
solution, as illustrated in the inset to Figure 2a, where the left
and right sides of eq 2 are plotted versus v at fixed internal
angle of ~17°, near the angle of maximum coupling. It can be
seen that there are three roots, but the center root produces an
almost negligible transmission peak because of strong
absorption. To carry out the numerical solution to eq 2, the
(real) PMMA refractive index n(v) (inset to Figure 2a) was
obtained from the WVASE software package.*® This refractive
index was also used in Snell's law to compute the internal
propagation angle, 6, and in formulas® for the phase shifts
upon reflection from the thin Au mirrors. However, we did not
apply involved corrections to Snell’s law or to the reflectance
phase for an absorptive medium.***>> While the dispersion
given by eq 2 agrees with the measured dispersions in Figure
2a)b less well than does the transfer matrix approach, it is
nevertheless quite satisfactory for designing cavities prior to
fabrication and indicates that one may quickly predict the
approximate vacuum Rabi splitting for a wide range of material
excitations, given the frequency-dependent refractive index of
the material.

In Figure 3a, we display the frequency difference between the
LB and UB for our s-polarized experimental results (symbols)
and for the transfer-matrix simulations (solid curve) that gave
the blue dispersion curves of Figure 2. Similarly, in Figure 3b,
we compare the experimental FWHMs of the two branches to
the FWHMs of the simulation after accounting for instrumental
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Figure 3. (a) Measured dependence on incident angle of the vertical
splitting between the coupled-mode upper and lower branches of
Figure 2a for s-polarized excitation (symbols) and splitting predicted
by transfer-matrix methods (curve). (b) Measured spectral FWHMs of
the branches (symbols) and transfer matrix computations (solid
curves) after broadening to account for the 6° full angular spread of
the FTIR beam. Vertical line is guide to the eye.
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broadening as described below. The strong agreement between
the computations and the experiment for both the dispersion
and the widths lends confidence that the simulations may be
used for further analysis.

The measured minimal splitting in Figure 3a has a value Q =
140 cm™'; the results for p-polarized excitation give an almost
identical splitting of 141 cm™ (see Supporting Information).
While this smallest value for the energy separation is nearly
equal to the vacuum Rabi splitting, it must be corrected for (i)
having been measured in a transmission experiment,”” as
discussed below, and (ii) for having been derived from an off-
normal measurement, where the cavity was angle-tuned to the
absorber frequency. In this case, one must be mindful that the
two hybridized modes assume different internal wavevectors for
any particular angle of incidence, a consequence of the strong
frequency dependence of the refractive index (inset to Figure
2a). To reflect the coherence giving rise to the hybridization,
angular-dispersion curves such as displayed in Figure 2 can be
replotted versus the in-plane component of the wavevector.'
The in-plane component is the same both inside and outside
the PMMA cavity, and is given by k; = k, sin(6), where @ is the
angle of incidence and k, is the free space wavevector 27zv. (For
each of the hybridized modes on-resonance, the perpendicular
component is automatically matched by the geometrical half-
wave resonance condition of the FP cavity.)

Instead of plotting the experimental data of Figure 2 versus
ky, it is more informative to use the higher point density
available from the transfer-matrix simulation, which accurately
represent experiment (see agreement in Figures 2 and 3).
Figure 4a shows the resulting k; dispersion, and Figure 4b
shows the vertical splitting between upper and lower branches.
Here the minimum splitting is Q1 = 132 cm™ & €, measurably
smaller than the vertical splitting of 140 cm™" found in an
angular dispersion plot (Figures 2 and 3a). This splitting of 132
ecm™' is consistent with theoretical predictions, as we discuss
below after estimating quantities needed by the theory, namely,
the homogeneous absorption line width I'y, the cavity line
width, and the central absorption coeflicient . Similar analysis
applied to data acquired with p-polarized incident light also
finds Qr = 132 cm™’, the same value as for s-polarized (see
Supporting Information).

Rather than angle tuning the cavity, one may instead excite at
normal incidence and vary the cavity thickness to match its
resonance frequency to the absorber frequency.*® This
approach is less convenient, requiring multiple fabrications to
find the minimum splitting, but it automatically achieves phase
matching between the hybridized modes on-resonance. The
inset to Figure 4b displays the splitting computed with the
transfer-matrix code for normal incidence as cavity thickness is
varied, reaching a minimum value of 132 cm™}, in agreement
with the splitting of 132 cm™ derived from the angle-tuned
simulation when plotted versus k. It is interesting to note that
this vacuum Rabi splitting for the carbonyl stretch in PMMA is
considerably less than the value of 167 cm™ reported by
Ebbeson et al. measured at normal incidence for the same bond
in another ester-based material, polyvinyl acetate.

Resonance Widths. Figure 3b plots the measured fwhm of
the upper and lower branches excited with s-polarized radiation.
The two branch-widths vary with angle but assume very similar
values near the angle of minimal branch splitting (i.e,, where
the carbonyl and cavity are fully coupled). To compare to
transfer-matrix computations, we must account for instrumental
broadening due to an angular spread in the weakly focused
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Figure 4. (a) Cavity dispersion plotted vs in-plane wavevector. (b)
Vertical splitting between branches in (a), giving a Rabi vacuum
splitting of 132 cm™. Inset: dispersion of the branch splitting with
cavity thickness.

FTIR beam interrogating the sample, which we measured with
a scanned knife-edge to be ~6° (full angle). The solid curves in
Figure 3b plot the fwhm derived from computations that have
been broadened by the 6° spread. The agreement is quite good;
in particular, near the incident angle giving a minimum splitting
between branches at 27.5°, the broadened transfer-matrix
simulations of the two branch widths average to 29.9 cm™, very
near the measured line width of ~31.2 cm™. (For p-polarized
measurements and computations, the branch widths are,
respectively, 32.6 and 29.9 cm™".)

To compare the measured widths to the theoretical
expectation for coupled modes, we must first transform
angular-dispersion results to k-dispersion as we did earlier to
find the proper splitting between branches. To this end, we
again employ the finer resolution available from the
computations of Figure 4a. The average width of the two
branches in Figure 4a at the value of kj, where the branch
splitting is minimum is found to be 21.4 cm™. This is to be
co4rnpared to the theoretical width for the coupled modes, given
as

IﬁlCM = (FH + Iﬂcav)/z (3)

which requires that we estimate I'y, the homogeneous width of
the interacting absorbent species (the carbonyl stretch), and
I'.,, the width of the “empty cavity” resonance, that is, the
width of the FP cavity unperturbed by the presence of the
absorbent species.”’ These widths are also of interest because
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they appear in standard predictions for the vacuum Rabi
splitting €, and in and corrections to €2 when measured in
transmission treated below.”> More importantly, because we
find the carbonyl absorption to exhibit a clear Gaussian line
shape, indicative of significant inhomogeneous broadening, the
widths of the hybridized modes are of interest to affirm the
prediction of their relative immunity to inhomogeneity.***

The homogeneous vibrational width I'y in eq 3 is not
directly available because the absorptivity ¢y (v) derived from
the transmission through a 2 ym PMMA film spun on Sj,
Figure 1b, displays a nearly Gaussian line shape for the carbonyl
band with FHWM I'¢g = 23.6 cm ™, rather than the Lorentzian
line shape of a homogeneously broadened absorber. Similarly, a
Gaussian line shape with fwhm of 24.0 cm™ is found for the
absorptivity @ (v) obtained from the ellipsometrically deter-
mined extinction coefficient k(v) of PMMA.*® To estimate I'yy,
we fit these two absorptivities with a “Voigt” function®
generated by numerically broadening a Lorentzian-based
homogeneous model-absorptivity with a Gaussian distribution
of resonant frequencies (see Supporting Information). The
resultant Lorentzian contribution, 2 cm™, is too small to
materially affect the nonlinear least-squares fit, but indicates a
homogeneous contribution much less than the overall fwhm of
~24 cm™". To set bounds on I'y, we inspected Voigt lineshapes
fitted to aexpt(lj) and o(v), while fixing I'y; to increasingly large
values, and based on the deterioration of the fit, place an upper
limit on Ty of 5—10 cm™. These values are consistent with
Lorentzian widths measured for the carbonyl band in PMMA
by near-field scattering,”’

We also cannot measure the empty-cavity width I, directly,
because it is not possible to remove the carbonyl moiety from
PMMA. However, an estimate can be obtained from the width
of the second-order cavity resonance (m = 2; v, ~ 3180 cm™")
where perturbations due to vibrational absorptions are
insignificant. The second-order transmission line shape
conformed very accurately to a Lorentzian line shape (fwhm
', ~ 52 cm™'; Gaussian contribution only ~11 cm™ fwhm via
fitting a Voigt function). This is consistent with eq 1, which
predicts a Lorentzian shape for the resonance spectrum when
the mirror reflectances are high, with a width proportional to (1
— Irry)/Irr,). 2% The width T, of the first-order cavity
mode will be smaller because the Au optical conductivity and,
hence, the r, is larger at lower frequency. After making this
correction using optical constants for Au,33 we estimate [, ~
34 cm™'. Further details are found in the Supporting
Information.

Using the above estimates (I';,, = 34 cm™ and I'y < 10
cm™'), eq 3 predicts branch line widths on resonance to be ['cy
=22 cm™' or less. This is entirely consistent with the average of
the branch widths, 21.4 cm™}, computed with the transfer-
matrix code as noted above. Hence, present data, pertinent to
the relatively new regime of cavity/vibrational-mode coupling,
support the expectation that strong coupling yields hybridized
modes that are relatively immune to the inhomogeneous
broadening that is universally encountered in solid materials.

Comparison of Rabi Splitting to Analytical Approx-
imation. With the widths of the unperturbed cavity and
vibrational mode known, one may predict the vacuum Rabi
splitting, €, the key parameter describing the coupling strength
between the cavity and the carbonyl stretching mode. Standard
expressions approximating Q" when expressed in wave-
numbers, give
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Q= aply (G - L)
27ng 2 4)

where « is the maximal absorbance of the active species (here,
the carbonyl stretch) and ny is the “background” refractive
index. Savona et al, have emphasized that a transmission
experiment measures a slightly different splitting given by

2
QT — (@) +

27ng

aOFH I—‘H(I—‘H + I—‘cav) - IﬁHz
ing (5)
For systems as strongly coupled as ours, the splitting is strongly
dominated by the first term on the right-hand side of eqs 4 and
S; substituting the widths derived in the previous section finds
that the other terms affect both splittings by less than 1 cm™.
However, the first term is sensitive to the value of I'y and to the
value of a, that corresponds to this homogeneous width. An
estimate of @ is provided automatically when one estimates I'y
by fitting & (v) or Quy(v) with the well-accepted model-
function for a homogeneously broadened absorption,® as
carried out in the previous section and detailed in Supporting
Information. For homogeneous widths S < I'y < 10 cm™, we
find the corresponding central absorptivity is bounded as 5 X
10* > @y > 2.7 X 10* cm™" when fitting the absorptivity (),
the peak value of which we deem to be quantitatively more
reliable than our FTIR determination. The corresponding
theoretical range for the Rabi splitting from eq 4 is 122 < Q
<132 ecm™". The corresponding range for the splitting in a
transmission experiment predicted by eq 5 is barely larger, 123
< Qp < 132 cm™, showing that the splitting of 132 cm™
determined from our transmission experiments reliably
estimates the Rabi splitting.

Equation 4 or 5 provides a useful guide for selecting
molecular vibrations to target in cavity-coupling studies. One
generally has some knowledge of the absorptivity and width of
the vibration of interest through standard absorbance measure-
ments, which allows estimating the first term under the radicals.
If this term is much greater than the expected widths of the
cavity and vibrational modes, the strong coupling regime
should pertain. Otherwise, weak coupling is expected, which
can lead to an interference between the cavity and the
absorptive mode, giving rise to a Fano line shape.39 Similar
weak coupling can be expected for weaker vibrations near the
target absorption, a situation we intentionally avoided to
simplify the analysis of these data.

B CONCLUSION

We have brought strong polaritonic coupling from the visible
regime, where coupling to electronic transitions have been
investigated for two decades, into the infrared where a new
range of static and dynamic vibrational processes await
investigation. Strong polaritonic coupling between an optical
cavity and a carbonyl vibrational-transition was demonstrated
using an angle-tuned Fabry—Perot microcavity. We have shown
how to correct for phase-mismatch in an angle-tuned
experiment and, once applied, determined a vacuum Rabi
splitting of 132 cm™'. This splitting is ~4X larger than the
cavity mode width and >5X the unperturbed vibrational mode
width qualifying this response as strong coupling. This response
is in excellent agreement with transfer-matrix predictions and
with standard analytical expressions approximating the Rabi
splitting. Further quantitative analysis finds that the widths of
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the hybridized modes are relatively unaffected by inhomoge-
neous broadening, in accord with theoretical expectations.
Extending the strong polaritonic-coupling, long known for
electronic transitions to infrared vibrational states, should open
a range of new possibilities, including a wide array of molecular
vibrations; static as well as ultrafast studies of the dynamics of
strongly coupled systems under various degrees of inhomoge-
neous broadening; and research venues greatly expanded from
solids to liquids.

B ASSOCIATED CONTENT

© Supporting Information
Additional experimental details and figures. This material is
available free of charge via the Internet at http://pubs.acs.org.
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