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ABSTRACT:  

In this letter, we investigated the modification of oscillator strength of an asymmetric stretching 

band of CS2 by strong coupling to an infrared cavity photon. This is achieved by placing liquid 

CS2 in a Fabry-Perot resonator and tune the cavity mode position to match with the molecular 

vibrational transition. Ultra-strong coupling improves the self-interaction of transition dipoles of 

asymmetric stretching band of CS2 that resulted in an increase of its own oscillator strength. We 

experimentally proved this by taking the area ratio of asymmetric stretching and combination band 

by selectively coupling the former one. A non-linear increase in the oscillator strength of the 

asymmetric stretching band is observed upon varying the coupling strength. This is explained by 

a quantum mechanical model that predicts quadratic behavior under ultra-strong coupling 
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condition. These findings will set up a new paradigm for understanding chemical reaction 

modification by vacuum field coupling. 
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Vibrational strong coupling (VSC) offers a new way of controlling the chemical and physical 

properties of the molecules and materials.[1,2] It involves the coupling of a selected vibrational 

state to an infrared cavity photon that undergoes photon exchange between the excited state of the 

molecule to the cavity field. This exchange process leads to a strong interaction within the system. 

Depending upon the strength of the interaction, energy levels get reshuffled to an extent that 

physically modifies their properties.[3] These newly formed hybrid states are called vibro-

polaritonic states which have both molecule-like and photon-like behavior.[1,4,5,6] In some cases 

the splitting energy is more than 10% of the fundamental transition, resulting in a dramatic change 

of their chemical and physical behavior.[7,8,9] For example, chemical reactions can be modified by 

coupling to vacuum fluctuations. Recently, there are many attempts to prove this concept by 

placing reacting molecules in an optical resonator and probing their reaction kinetics.[10,11,12,13,14]  

Surprisingly, some of the reactions got deaccelerated and some others catalyzed depending upon 

the reaction conditions.[10, 12,14] Recent experiments suggest that symmetry has a major role in 

controlling chemical reactions under VSC condition.[15,16] Very recently, co-operative VSC was 

also introduced to control chemistry.[12,14] This offers another advantage that solvent can be used 

to activate a chemical reaction pathway if the vibrational level of the solvent overlaps with reactant 

molecules.[12] VSC can be also used as a spectroscopic tool to understand a complicated reaction 

mechanism in some of the (bio)chemical reactions.[14] There are many theoretical approaches 

available in the literature that covers from ON resonance effect to equilibrium theory.[17,18,19,20,21 

,22,23] Many of the experimental and theoretical predictions are so selective and fail to provide a 

clear understanding on the influence of VSC on chemical reaction. Even-though, VSC modifies 

the reaction rates, a universal model is yet to be established to understand the basic mechanism.  
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Small molecule VSC is the only way to solve this conundrum as it can give a simplified approach 

in terms of spectral characterization. In this direction, there are few approaches so far reported in 

the literature.[7] The first attempt was to solve the spectroscopic signature of Fe(CO)5 and CS2 

molecules under ultra-vibrational strong coupling (USC) conditions.[7] There the self-interactions 

perturb the N-dependent collective behavior that normally has been observed in the strongly 

coupled system. Along with this interesting finding, a clear polaritonic band gap opening is also 

seen experimentally that implies a complete modification of the absolute zero-point energy of the 

coupled system. On the theoretical side, a QE-DFT method was proposed by A. Rubio and co-

workers using 1-D hydrogen atom model to predict the complicated polaritonic state potential 

energy surface (PES).[18] Here, calculations show that the ground state energy shift along with a 

collapse of the PES leads to a complete reshuffling of the energy levels. Recent studies show clear 

entropy reordering due to collective interaction in strongly coupled systems.[24] On the other hand, 

A. Nitzan and co-workers proposed an equilibrium consideration based on transition state 

theory.[20, 25] An extended ab-initio method was also introduced to study small molecule reaction 

dynamics.[26] On the experimental side, Huira et.al. demonstrated that VSC of water molecules 

can catalyze chemical reactions.[27] Water strong coupling experiments were also conducted to 

control biomolecular reactions.[28] All the theoretical and experimental findings urge the use of 

small molecule VSC studies to develop a microscopic model for understanding the mechanism of 

polaritonic chemistry. 

CS2 in the liquid state is a well-studied system by spectroscopists. [29,30,31] It contains 4 normal 

modes of vibrations in which the bending mode (010) is doubly degenerate.[29] Other important 

vibrational states are asymmetric stretching (001) and symmetric stretching (100) bands as shown 

in Figure 1a. Out of these two, (001) is IR active and has very high oscillator strength.[29,31] For 
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pure CS2, various combination and difference bands are observed with a reasonably good 

population.[31] In the solution phase, (101) is one of the highly populated combination bands and 

an area ratio of 45 is observed between (001) and (101). Here, these bands are fitted to multi-

Lorentzian envelope and compared in each experimental case (figure S2). The area ratio is a 

constant value with respect to CS2 concentration in any of the solvent system. (001) is normally 

very strong and appears at 1510 cm-1, whereas, (101) is at 2155 cm-1 with a structured feature as 

shown in figure 1c. The structuring of (101) is specifically due to C32S34S isotopes and hot band 

transitions.[31] 

Fabry-Perot (FP) cavities are fabricated by placing two parallel mirrors separated by a mylar 

spacer. Au mirrors (10 nm) are sputtered onto IR transparent BaF2 windows which serve as 

components of the flow cell cavity as shown in figure 1b. Here, in the present study, CS2 is injected 

(45 v% in CCl4) in an FP cavity and the position of the mirrors are adjusted to fine-tune the ON 

resonance condition for coupling (001). This resulted in the splitting of (001) into two vibro-

polaritonic states with Rabi splitting energy of ~180 cm-1 (figure 1c). The full width-half maximum 

(FWHM) of the (001) band and the empty cavity mode is 43 cm-1 (m) and 23 cm-1 (c), 

respectively. It is clear that vibro-polaritonic states formed at ON resonance condition have 

FWHM (p+ and p-; 12 cm-1 and 14 cm-1, respectively) much smaller than the empty cavity mode 

and the bare molecule (figure 1c). At the same time, (101) is weakly coupled to one of the higher-

order cavity modes, allowing us to trace its identity. Very interestingly, USC of (001) causes a 

reasonable increase in the area ratio of asymmetric to combination bands at ON resonance 

condition. 
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Further, strong coupling experiments are conducted by injecting a neat solution of CS2 coupled to 

10th mode of the cavity and the original (001) transition is now split into multiple vibro-polaritonic 

states as shown in figure 2a. Mode folding occurs due to large refractive index modulation around 

(001) that brings the nearby cavity modes to couple OFF resonantly to the fundamental 

transition.[7] The splitting energy of the ON resonant states (denoted as P+
n(001) and  P

-
n(001)) is ~280 

cm-1 suggesting that the system is in USC condition. Here, the fundamental (001) transition is split 

more than 18 %, cause a large perturbation in the coupled system. At the same time, p+ and p- 

are 10 and 12 cm-1, respectively, creating a much more stable vibro-polaritonic envelope (figure 

2a). Under USC of (001), Rabi splitting energy is higher than predicted by TMM simulation. 

Hence, TMM fitting is done carefully to match the experimental data for (001) transition. This is 

arbitrarily achieved by varying the oscillator strength of the (001) transition on a multi-Lorentzian 

envelope of the uncoupled molecules (Section S3; figure S1). We used the same oscillator strength 

correction for (101) carefully analyzing the variation, assuming that the combination band strength 

is not affected under weak coupling regime (figure S2). This serves as a good internal reference to 

understand the physical effect of USC on (001) transition. Please note that (001) band position 

saturates in higher concentration of CS2 for our experimental condition (pathlength of 18 m). 

Hence, we fitted the bare absorption of CS2 in 2 m pathlength to extract the area ratio (figure S1 

and table S1). The area ratio of CS2 is ~44.5 in all the concentrations indicating the system obeys 

Beer’s law throughout the non-cavity condition (figure S5). At ON resonance condition, TMM 

results suggest a deviation of more than 10 % of splitting energy as compared to experimental data 

(blue trace; figure 2a). This observation is supported by the tuning experiments with respect to 

USC of the (001) transition. Changing the cavity mode resonance at (001) by slowly varying the 

pathlength leads to less deviation and eventually the same signature for weakly coupled (101) as 
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OFF resonance situation is achieved (figure 2b). Here, all the other parameters are fixed except the 

pathlength of the cavity mode so that the 10th mode undergoes USC with (001). Overall, USC of 

(001) causes a modification of its own oscillator strength that can be assessed through (101) of the 

CS2 molecule at ON resonance condition.   

In the next step, we varied the concentration of the CS2 molecule and observed the effect of USC 

of (001) on the combination bands. Here, we used CCl4 as the co-solvent for dilution as the latter 

is transparent in the IR optical window. To understand the effect of coupling strength, CCl4 

(refractive index; n= 1.45) is added into CS2 (n= 1.60) in a proportion to match the criteria of 

having two different cavity modes couple to (001) and (101) simultaneously. Other than pure CS2, 

85 v%, 45 v%, and 25 v% are chosen for this experiment and the corresponding results are plotted 

in figure 3. There is no variation in the area ratio is observed for the non-cavity condition. Whereas, 

the system shows a clear variation in the area ratio as its coupling strength changes from low to 

high concentration of CS2 molecules. For the coupled system the area ratio changes non-linearly, 

at the same time, the Rabi splitting of (001) and (101) follows linearly with the square root of 

concentration (inset of figure 3). This shows that some non-linear interactions are taking place 

while coupling the (001) band to the cavity field. 

For understanding this we used a simple quantum mechanical model considering CS2 molecules 

whose axis is perpendicular to the axis of the cavity and can only couple to the transverse 

oscillations of the cavity field. The asymmetric stretching mode for each molecule is characterized 

by the dimensionless coordinate,  

𝜉 = √
𝜇𝜔3

ℏ
𝑧;   where  𝑧 =  𝑧3 −

𝑧1 + 𝑧2

2
.  
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In the equation above, 𝑧1, 𝑧2 and 𝑧3 are the coordinates along the molecular axis of the two sulfur 

and one carbon atom respectively measured relative to the center of mass of the two sulfur 

atoms.[32,33] Corresponding to an asymmetric displacement z of the carbon atom along the 

molecular axis, the dipole moment operator of the molecule is, 

𝑝⃗(0) =  [
𝑑〈𝑝⃗〉

𝑑𝑧
]

𝑧0

𝑧 =  [
𝑑〈𝑝⃗〉

𝑑𝑧
]

𝑧0

√
ℏ

𝜇𝜔3
𝜉 = [

𝑑〈𝑝⃗〉

𝑑𝑧
]

𝑧0

√
ℏ

2𝜇𝜔3
 (𝑎𝜉 + 𝑎𝜉

† ), 

where 𝑎𝜉 and 𝑎𝜉
† 

 are the annihilation and creation operators corresponding to the asymmetric 

stretching mode oscillations. The collective polarization of the n molecules is, 

𝑃⃗⃗(0) = ∑ 𝑝⃗(0) = 

𝑛

𝑗=1

[
𝑑〈𝑝⃗〉

𝑑𝑧
]

𝑧0

√
ℏ

2𝜇𝜔3
 ∑(𝑎𝜉𝑗 + 𝑎𝜉𝑗

† )

𝑛

𝑗=1

 

The cavity-molecule coupling is described by the Hamiltonian,  

𝐻𝐶𝑀 =  𝐸⃗⃗ ⋅ 𝑃⃗⃗ = ℏΩ ∑(𝑎𝑐 + 𝑎𝑐
† )(𝑎𝜉𝑗 + 𝑎𝜉𝑗

† );           Ω = [
𝑑〈𝑝⃗〉

𝑑𝑧
]

𝑧0

1

√2 𝜖0𝑉
 

𝑛

𝑗=1

 

Where 𝑎𝑐 and  𝑎𝑐
† 

 are the annihilation and creation operators of the relevant cavity mode, 𝜖0 is the 

permittivity of free space and V is the mode volume within which the molecules interacting with 

the mode are located.  

In the USC regime, this interaction between the cavity and the molecules cannot be treated 

perturbatively. Powerful numerical approaches have been developed to compute the spectra and 

other relevant parameters in the presence of very strong coupling including the QE-DFT 
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method.[18] However here we can take a much more direct and elementary approach since we are 

interested only in the vibrational motion of the molecules.  

The 𝐸⃗⃗ ⋅ 𝑃⃗⃗ (light-matter) interaction term is proportional to 𝜉. If a term that is linear in the 

coordinate is added to the quantum harmonic oscillator Hamiltonian, the problem can still be 

solved exactly by transforming the Hamiltonian into one for an oscillator with a shifted equilibrium 

position plus a constant energy shift. The shifted equilibrium of the asymmetric stretching mode 

indicates the induced dipole moment of the molecule due to the presence of the cavity. The induced 

dipoles of the n molecules that oscillate resonantly and coherently with the oscillations of the 

cavity field, interact with each other. For weak coupling this interaction is an insignificant higher-

order effect. However, for USC, the dipole-dipole interactions lead to significant collective, 

nonlinear effects. The Hamiltonian for this interaction is,  

𝐻𝑀𝑀 =
1

2 𝜖0𝑉
  𝑃⃗⃗ ⋅ 𝑃⃗⃗ = ℏ

Ω2

𝜔3
 ∑(𝑎𝜉𝑗 + 𝑎𝜉𝑗

† )(𝑎𝜉𝑘 + 𝑎𝜉𝑘
† ),

𝑗.𝑘

 

where 𝜔3 is the natural frequency of the asymmetric stretching mode.  

In the USC regime, the dipole-dipole coupling also has to be treated non-perturbatively. The 

corresponding Hamiltonian, 𝐻𝑀𝑀 is quadratic in 𝜉. Therefore, the dipole-dipole interaction can be 

incorporated into the harmonic oscillator Hamiltonian as a simple shift in the frequency. Adding a 

term to the harmonic oscillator Hamiltonian of the form 
1

2
ℏ𝐾𝜉2, with 𝐾 being a constant, 

effectively shifts the frequency of the oscillator by 𝐾. Finding the strengths of the collective dipole-

cavity coupling 𝐻𝐶𝑀 and the dipole-dipole coupling 𝐻𝑀𝑀will therefore allow us to identify the 
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shift in the equilibrium position as well as the shift in frequency of the asymmetric stretching 

mode.     

A detailed analysis of the molecule-cavity system shows that the effective coupling constant in 

𝐻𝐶𝑀 (Rabi splitting) is given by ℏΩR where the Rabi frequency is given by Ω𝑅 = √𝑛Ω. The 

effective strength of the dipole-dipole coupling is given by 
ℏΩ𝑅

2

𝜔3
= 2𝑛ℏΩ2/𝜔3.[34] Assuming that 

the number of molecules n oriented perpendicular to the cavity axis and located within the mode 

volume of the resonant vacuum mode of the cavity is proportional to the concentration, C, of CS2 

within the cavity, we expect two detectable collective effects in the USC regime. The first is a 

concentration dependent Rabi shift which is proportional to √𝑛 ∼ √𝐶 and the second is the shift 

in the frequency of the asymmetric stretching mode which is proportional to C. It is not easy to 

detect the shift in the bare frequency 𝜔3 because of the Rabi splitting that is larger than the shift 

by a factor of 𝜔3.  

Using perturbation theory to find the transition rate for the normally dipole forbidden transition to 

the combination band, made possible by the anharmonicity of the molecular potential (See 

Supporting information for details), yields an expression for the measured area ratio as,   

𝐴 = Γ
𝜔3

𝜔1 +  𝜔3
, 

Where Γ is effectively a constant despite a very weak dependence on 𝜔1 and 𝜔3. We have extracted 

out of the expression for A, the dominant dependence on 𝜔3.  

In the USC regime, we expect 𝜔3 → 𝜔3 + 2𝑛 
Ω2

𝜔3
, which we approximate as 𝜔3 + 𝜅𝑛. The 𝜔3 

appearing in the numerator of the expression for A corresponds to the (000) to (001) transition 
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while that appearing in the denominator corresponds to the (000) to (101) transition. Since the 

change in the denominator also depends on the admixture of (001) in the combination band, we 

write the dependence on the denominator on the concentration with an additional constant factor 

as 𝜔1 +  𝜔3 → 𝜔1 + 𝜔3 + 𝜂𝜅𝑛. Assuming that n is proportional to the concentration, C, of CS2 

as 𝑛 = 𝛾𝐶 we obtain the following form for the expected relation between the measured area ratio 

and the concentration under USC conditions,  

𝐴 = 𝐴 
𝜔3

𝜔1 +  𝜔3
×

1 + 𝐶𝛾𝜅/𝜔3

1 + 𝐶𝛾𝜂𝜅/(𝜔1 + 𝜔3)
= 𝐴0

1 + 𝑘1𝐶

1 + 𝑘2𝐶
, 

where 𝐴0 is the area ratio in the absence of cavity coupling. Figure 3 shows a two-parameter fit 

(QM fitting) of the expression above for the observed changes in the area ratio. The fitted values 

of the parameters are 𝑘1 = 0.0185673 and 𝑘2 = 0.00638233 giving 𝜂 ∼ 1/3, indicating that 

there is approximately 33% admixture of the (001) band in the (101) combination band. We 

observe that the expression for the area ratio and the measured data are in very good agreement 

indicating that the system is indeed in the USC regime and the simple model phrased in terms of 

a quantum harmonic oscillator not only gives a clear picture of the nature of the interaction between 

the cavity and the molecules, it also yields a quantitative understanding of the same.  

In conclusion, a clear boost in the self-interaction of vibrational transition dipole in CS2 molecules 

is observed under USC condition. Here, the non-linear change in the self-interaction is proved both 

experimentally and theoretically. Recent experiments on the non-linear behavior in the rate 

enhancement mediated through the polaritonic state may be triggered through this mechanism.[10, 

12] However, the complexity of organic chemical reactions won’t allow us to measure the relation 

between the rate enhancement and cavity mediated self-interaction in strongly coupled systems. 
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Figures: 

 

 

Figure 1. (a) Schematic illustration of VSC of CS2 molecule and (b) a Fabry-Perot cavity. (b) 

Infrared transmission spectra of non-cavity (2 µm; red) and cavity (18 µm; blue) by coupling of 

(001) band of CS2 (45 v%) in CCl4 solution and the corresponding TMM simulation (dotted lines). 
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Figure 2. (a) IR transmission spectra of USC of pure CS2 (red) to 10th mode of an FP cavity and 

the corresponding TMM (dotted red line) simulation; (b) experimental splitting energy of (101) 

band (red) and the corresponding deviation in TMM simulation (blue) [dotted lines are guide to 

eye]. 
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Figure 3. Plot of area ratio as a function of CS2 concentration in a non-cavity (blue) and under 

USC at ON resonance (red) and the corresponding TMM fitting (green). Black line is the quantum 

harmonic oscillator 2-parameter fitting (QM fitting).  
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