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ABSTRACT. A Rabi splitting of 43.0 £ 1.0 cm™1 (95 % conf.) was determined for the
interaction of the CD3 deformation, the strongest fundamental vibration of the liquid CD;C=N
molecule, and fringe modes of a parallel plate Fabry-Pérot cavity containing this liquid. Note
that vibration-cavity polaritons are also called dressed states, hybrid or mixed states. Since the
experimental configuration has many orders of magnitude more vibrational oscillators than
photons, vibrational oscillators not in dressed states far outnumber the dressed states. This work
is distinguished from related vibration-cavity work by a method to extract the position, width,

phase, and intensity of bulk vibrational signals including reconstruction of the position of the
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fringe without vibrational contributions. It reveals how the bulk vibrational oscillators are
changed by interaction within the cavity even though they are not in dressed states. While the
dressed states are obvious targets for manipulation of chemical response, it is interesting to
consider whether the lesser but more prevalent changes of the bulk vibrations can also be used to

change chemical response.
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INTRODUCTION

Recent experimental studies at the Naval Research Lab!, in Strasbourg®”’, and Israel®!

reveal that simple experimental arrangements enable definitive measurements on Rabi splittings
of vibration-cavity mixed states in condensed phase systems. A standard infrared (IR) liquid
cell with a micrometer-scale spacer has its ZnSe windows coated with 10 nm of Au producing

mirrors and a wavelength-scale parallel plate etalon or Fabry-Pérot cavity which interacts with a



bulk-scale number of vibrational oscillators by means of a standard Fourier Transform Infrared
Spectrometer (FTIR). Fringes are tuned into resonance with vibrations by tuning the angle 6 of
the cavity to the incident beam (see the top left insert of Figure 1). While the literature of cavity-
vibration Rabi splittings is growing'”*1¢, early successful vibrations tended to be triple bond
and coupled double bond systems like -N=C=0, C=0=C, N=N=N, O=C=0, C=0, C=N and

C=0 (including these as ligands) since these are strong and local vibrations with large dipole

derivatives and isolated from solvent density of states.
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Figure 1. IR transmission spectra of ~12 pm spaced etalon filled with d3-acetonitrile with & = 0° to 33° (1°steps). Them =
3 fringe tunes through the strong vibration at 1037.9 cm™

The expression for the Rabi splitting (A, o) is discussed in reviews'”'® and derives from
cavity quantum electrodynamics!® in which we replace the electronic atom transition with a
fundamental molecular vibrational transition, i.e. A g = 2D; o * E g, = 2YD; oE¢qy, Where D

is the matrix element of the fundamental vibrational transition from the ground state to the first



excited state of a chosen vibration, E_,,, is the rms field amplitude of light in the cavity, and y
varies with the orientation averaging associated with particular polarization and experimental
arrangements. We added the factor of two for consistency with the coupling constant of matrix
formulations, i.e. the Rabi splitting is twice the coupling constant in the absence of other
complications like resonance widths. The Rabi splitting in the harmonic approximation for a

vibration and cavity fringe of equal energy and for a large number of vibrational oscillators, N, is
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where u is the reduced mass of the vibrational oscillator, v/ is the index of refraction of the
cavity dielectric, V' is the illuminated volume of the cavity, and the subscript of Er,p; 1 Where
the part of the subscript 1,0 indicates that the expression is only valid for a transition from the

ground state to a fundamental mode of the chosen vibration. Note the dependence on the square

root of concentration, /N /V, and (a_p) L

, which is the dipole derivative in reduced mass-
9Q/ Vi

weighted coordinates. The ab intio program Gaussian® calculates the Cartesian components of

a 1 :
(%) N for a molecule and uses the sum of the squares of Cartesian components?®!-** as the "IR
0

intensity" for each vibration in units of km/mol [1 D?/(A2amu) =42.2561 km/mol]. Rabi
splitting work uses the mass-weighted dipole derivatives without squaring them, i.e. the square
root of the IR intensities provided by Gaussian or other ab initio programs. The Rabi splitting

for a fundamental vibrational transition in cm™! units is

-10
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where n.,,, 1s the index of refraction of the cavity contents, g is the degeneracy of the vibration,

N /V is the number density of molecules calculated from the density and molecular weight, and /



is the IR intensity as calculated by ab initio methods (units of km/mol). Most common absolute
IR absorption arrangements using a narrow beam of light have an orientation factor of y = 1/3
which is ((cos6)?), the average value of the square of the dot product between the light’s
electric field and dipole derivative on a unit sphere. Since a Rabi splitting has the same
interaction except for not being squared, we have chosen y = 1/2 which is (|cosf|), the average
value of the dot product interaction angle ignoring phase. The subject vibration of this work is
the CD3 deformation of fully deuterated acetonitrile (CD3C=N) which was calculated at the
MP2/cc-pVDZ level of theory to have ¥ = 1060 cm™1, u = 2.117 Daltons, k =

1.403 mDyne/A, and “IR Inten”= 4.766 km/mol. Use of the dipole derivative with y = 0.5,
g=2,n, =1368, p=0.844 g/cm3, MW = 44.07g/mol, predicts a Rabi splitting of

38.7 cm™! with gas phase values which is near to the value measured for the liquid in this work.
EXPERIMENTAL

A Harrick liquid IR cell (DLC-S13, 13 mm diam. ZnSe windows, Swagelock fittings)
was acquired for this experiment. Mirrors were made by evaporating a 2 nm coating of Ti as an
adhesion layer, followed by 10 nm of Au on the ZnSe (1/4, Crystan UK) windows at the OSU

Nanotech West Lab. A drop of ds-acetonitrile (CD3C=N, Sigma, Lot # 112F-0541, MW =
44.07 g/mol,n, = 1.341 invis,, p = 0.8446;%3 at 25 C, 99%) was placed on one mirror with a

nominally 12 um PTFE spacer and then the whole assembly was hand-tightened leaving a
microcell filled with liquid. It appears easier to start with a filled cell and evacuate it, rather than
the other way around. IR spectra were recorded in a Perkin Elmer Spectrum 100 FTIR (4 cm’!
resolution, 1 cm! steps, from 500-6000 cm™, 128 scans) at 1° steps from 8 = 0° to 33°

(Edmund Optics #53-026 rotary mount) as shown in Figure 1. The vibration with the strongest



dipole derivative is the CD3 asymmetric deformation at ~1037.9 cm™! (the C=N stretch seems
stronger because it is so narrow). The spectra are uncorrected for reduced transmission with
higher angle 8. Note how the m = 3 fringe tunes through the 1037.9 cm™ vibration. After the
cavity experiment, the liquid cell was constructed without mirrors, just ZnSe windows and the

same spacer, in order to provide a calibrating standard IR absorption spectrum.

RESULTS

A set of transmission maximum positions was extracted for each spectrum of angle 8
using the data in Figure 1 with a Matlab template (Matlab function “findpeaks” with settings
such as “MinPeakDistance” = 10, “MinPeakHeight” = 0.1, and “MinPeakProminence” = ~0.06).
The transmission maxima are plotted using cyan symbols vs k, in Figure 2 where k, =
2nvsinf. Noticing that the fringe labeled m = 4 in Figure 1 has no strong vibrational peaks,
data was extracted from the regions of fringes m = 4 and 5 and a nonlinear least squares fit was
applied to the parallel plate cavity dispersion equation:

Veawity = = (2) J(22) 112 . @)
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where n, is the refractive index of the dielectric in the cavity, n,, is the refractive index outside
of the cavity (air, note that the etalon may be mounted on a substrate or submerged in a different
dielectric), m is the mode of the cavity fringe, d is the thickness of the cavity, and k, =
2nvsing, where 6 is angle between the surface normal and incoming light wavevector (see
Figure 1 inset). The input of V4, and 6 for each transmission max position of fringes m =

4 and 5 was used with Matlab’s “fitnlm” toolbox function to obtain optimized fit parameters of



n, = 1.368(7) and d = 10.57(6) um with errors in parenthesis in the least significant digit.
These constants are used to predict the position of the m = 3 fringe in the absence of interaction
with the vibration.

The position of the vibration in the absence of cavity modes is shown with a solid red line
and the predicted position of the cavity fringe is shown with a solid green line. There is a
crossover at k,~230 cm™! or 8 = 2° at which point the Rabi splitting can be observed to be

~40 cm™1.

The mixed states, E;, were measured as maxima in the transmission and are
presented as cyan symbols in Figure 2. Both the upper and lower branches were fit together with

the real part of the eigenvalues, R(A1), of a 2x2 model Hamiltonian*-**
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where a Matlab program decided the appropriate eigenvalue for the upper and lower branches
using a flag for the branch. The diagonal elements were V,;, — i¥,;, = 1037.9 cm™1 —

i11.2 cm™?! from the vibration not in a cavity and ¥4, — i¥,4, With V.4, from the m = 3 fringe
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Figure 2. Rabi splitting measurement for CD3 deformation vibration of CD;C=N interacting with them = 3 fringe of the cavity.
Thelarger cyan symbols show the measured peak positions of the mixed states and the cyan curves are a fitted model of the cavity-
vibration interaction. The solid red and greencurves show the noninteracting positions of the vibration (red),from a measured
spectrum of CD;C=N and the fringe (green), from equation 3 using fit values for n and d. The recovered bulk vibration and
fringe positions are shown with red and green symbols, respectively, which show discernible shifts.

1

position of equation 3 and .4, = 21.9 cm™* where the V are peak positions and the ¥ are half-

width-at-half-maxima (HWHM). The off-diagonal cavity-vibration coupling element is /. The
best fit value of V was used to obtain the cyan solid lines in Figure 2. A standard deviation oy, =

1

1.2 cm™! of comparison between the fitted eigenvalues and E; transmission maxima in Figure 2

was used to estimate the errors in the  coupling parameter as



, 1
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where (AE /AV); was determined numerically at each point with +0.5% deviations from the best
fit value of V. The run in Figure 2 yielded V = 21.54 4+ 0.20 cm™! (esd) using n, = 1.3675
and d = 10.572 um. Two other runs with different nominally 12 pm spacers obtained V =
21.3+0.5cm™ ! (esd) and V = 21.7 + 0.4 cm™?! (esd) . Assuming V is constant in this
momentum space, our averaged resultis ¥ = 21.5 + 0.7 cm™! (95% confidence, N = 3).
Fringe widths are known!" to affect the “observed” Rabi splitting at the crossover approximately

as

Tolem™) = 2,72 - (Latem)’ ()
If (Fyip — Peav)/2 = 0 cm™2, then the Rabi splitting is just 7, o(cm™) = 2V = 43.0 +
1.4 cm™1. However, in the case of Figure 2, (¥yip — Veav)/2 = 5.4 cm™! and a value of
V1 0(cm™) = 41.6 cm™! was observed. Clearly, it is desirable to have the fringe width match

the vibration width'®.

The next results involve fitting the bulk vibrational features. Since the fringe is about a
factor of 2 wider than the vibration, the fringe was reconstructed using regions away from the
narrower vibration at each and every angle 8. Measured transmission spectra, s;, are shown with
symbols in Figure 3a at six selected angles. The heavier symbols at each end of the range were
fit to a quartic polynomial using Matlab’s “polyfit” function as shown with solid lines in Figure
3a, i.e. avoiding the vibrational feature. The max position of the fringe was inferred from the
max of the fitted polynomial as shown with an open red symbol in Figure 3a revealing that the

fringe is being angle-tuned through the vibration. Finally, the fitted fringe polynomial was used



as a transmission background, b;, for the measured vibrational transmission data, s;, to obtain an
extinction vibrational lineshape, i.e. —log(s;/b;) as shown in Figure 3b with symbols. The
lineshapes were all dominated by absorption and close to Lorentzian shapes, but there can also
be dispersive characteristics in thin film spectra®®, so each was fit to an absorption/dispersion

lineshape*-?” (solid lines in Figure 3b) as

Seosp-()sng)

~ o~ (2
V=V
()

where ¢ is the phase shift, S is the linestrength, 7, is the transition position (1/4), and I' is the

1(V) = +c, (8)
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Figure 3. a) Reconstruction of fringe (solid line, b;) with quartic a 500 13 1500 2000
polynomial fit using regions away from vibration (larger k (cm')

symbols). Red circles show the fringe maximum in the absence

of avibration. Colored points, s;, are measured data.Offsets were
Figure 4. Plot of bulk vibrational lineshape parameters S

(linestrength), ¥ (peak position), I' (half-width-at-half-max),

and ¢ (phase in radians) vs wavevector as affected by being in a

used to visually separate transmission spectra. b) Use of the
reconstructed fringe as a background for an extinction
lineshapeof bulk vibrations which make small but statistically

meaningful changes. Solid curves are equation 8 and points are cavity. The vibrational parameters without a cavity are shown in

—log(s;/b;). black. Errorbars are the standard errors upon fitting to eq. (5).
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phase shift is zero, then only the cos ¢ term survives and the form is pure Lorentzian for
absorption. Thin films are notorious for such phase changes and this form was essential for the
extraction of meaningful results. Many of the absorption/dispersion lineshape fit parameters of
the bulk vibrations are shown in Figure 4 which includes error bars to show that the changes are
significant relative to random errors. The phase ¢ in Equation 8 has fitted values in a range from
0 to -0.1 radians (0 to -6°), so the lineshapes are not pure absorption, but close, i.e. dominated by
absorption. Dispersion was small but detectable by non-zero values of ¢. There are dramatic
differences from measurement without a cavity and changes as the system departs from the
cavity-vibration crossover point. The bulk vibrational linestrength starts at 5 and increases to ~8,
the bulk vibrational frequency changes from 1038 to 1044 cm™, and the bulk linewidths increase
from 12 to 17 cm™ over the wavevector range. Such changes in the bulk vibrational frequency
imply that there was a ~1% increase in the vibrational force constant due to being inside the
cavity. The increase in bulk vibrational width may indicate a shortening of bulk vibrational

lifetime in the resonant cavity.

CONCLUSIONS

It is interesting to consider these results in terms of the photon (n) and vibrational
oscillator (N) numbers within the cavity?®. Assuming 5 W of power inside the cavity with
multipassing (an overestimate) leads to n < 107 photons. Likewise, a crude estimate of the
number of vibrational oscillators assuming a 3 mm effective spot radius for the Gaussian
illuminated cavity is ~4x108. There are something like 11 orders of magnitude more
vibrational oscillators than photons in the experimental cavity. If it takes one photon and one

vibration to make a dressed state, the dressed states are a negligible fraction of the vibrational

11



oscillators within the cavity. In spite of this, the major conclusion is that the bulk vibrational

signals are affected as shown in Figure 4.

There is the question of whether our results pertain to the “dark” states of cavity-vibration
coupling!”- 23!, but there seem to be different meanings for dark states. Some describe dark
states as weakly absorbing polaritons or collective states with harmonically forbidden intensity

17.29-30 and these are likely obscured in our results. However, others?!

from the ground state
discuss an incoherent manifold and effects of inhomogeneity®' and there may be a connection to
our results from this perspective. To avoid this confusion, “bulk vibrational states” is used in
this work. The method displayed in Figure 3 is one that a molecular spectroscopist would use to
detect a spectral signature using enhancement by multipassing in an etalon. Spectroscopists
would start with the assumption that the interaction with light inside the cavity is weak and that
the lineshape is unperturbed from that outside of a cavity. Our assumption is that experimental
conditions of this work reside in a region where strong coupling begins, but is not strong enough

to wipe out all transmission in the region of the bulk vibrational absorption. Hence, the

beginning of strong coupling effects are observed in the bulk vibrational lineshapes.

3334 interactions can slow the

It is now known that cavity-vibration®? and cavity-electronic
rate of chemical reactions. The question arises as to the role of dressed states vs bulk vibrations
in these kinetics. It will be interesting to track and correlate the bulk vibrational changes with

kinetic results in cavities, as well as to change the experimental configurations to make dressed

states more prominent.

Finally, the comparison of traditional IR intensity measurements to theory is difficult

because it involves integrating or summing transition intensities over carefully controlled

12



conditions and well-understood partition functions and the use of highly correlated wave
functions® on the theory side. Since cavity-vibration Rabi splittings lie in frequency space, there
may be advantages in measuring energy splittings regarding the comparison to fundamental
properties like mass weighted dipole derivatives (see Equation 2) facilitating easier comparison

between experiment and theory.
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