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The hysteresis and dynamics of the phase transition of the perovskite salt [Pb(II)I4
2-

(C12H25NH3
+)2]  is shown to be significantly modified when strongly coupled to the 

vacuum field inside a micro-cavity. The transition barrier is increased and the 

hysteresis loop is enlarged, demonstrating the potential of controlling the 

electromagnetic environment of a material. 

 

Hysteresis and energy barrier of a phase transition are shown to be
significantly modified by strong coupling (red curves).   
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 2 

          Hysteresis in phase transitions is a widely observed phenomenon in molecular and 

solid state systems in chemistry, biology and physics.1-10 It is studied both for its 

fundamental features and its technological applications. Most notably, a stable hysteresis in 

phase-transition materials, such as polymer gels, spin-crossover complexes, charge-transfer 

materials and ferroelectric, form the basis for memory and data storage.3-10 The hysteresis in 

molecular materials is very often dynamic, evolving in time depending on the barrier 

between the two phases in the transition. Great efforts have been spent to broaden and 

stabilize such hysteresis by chemical modification.5-6 Here we demonstrate, for the first 

time, that such hysteresis can be also modified and stabilized by strong light-matter 

interactions.  

 Hysteresis always involves cooperative interactions and the formation of metastable 

states.1,2 Light-matter strong coupling may also involve the collective interaction of a large 

number of oscillators N with a single optical resonance inside a cavity11-19 such as that 

formed by two mirrors (Fabry-Perot cavity). As a consequence, coherent states20 are 

generated which results in an enhanced Rabi splitting of magnitude R
N
R N Ω⋅=Ω hh  where 

RΩh is the splitting that would be induced by a single oscillator. Two new hybrid light-

matter states are formed, P+ and P- , as depicted in Figure 1a. The Rabi splitting depends 

on the transition dipole moment d of the oscillator and the electric field E in the cavity as 

given by equation (1) in the absence of dissipation:    

1
2

22
0

+⋅⋅=⋅=Ω phR n
v

dEd
ε
ωh

h    (1) 

where ħω is the cavity resonance or transition energy, ε0 the vacuum permittivity, v the 

mode volume and nph the number of photons present in the system. Even when nph goes to 

zero, RΩh has a finite value due to the vacuum electromagnetic field. All the experiments 

reported here are in this limit. Nevertheless the Rabi splitting can be very large due to the 

large number N of oscillators and the small mode volume of micro-cavities if all the 

parameters are properly tuned.  

The strong modification of the energy levels of a material due to light-matter 

hybridization has been shown to affect relaxation pathways in the coupled system15-16,19, the 

rates of the photochemical reactions16, and to tune the work-function of organic-

semiconductors17. Our recent thermodynamic study demonstrated that the ground states also 

can be engineered under strong coupling regime.18  An important number is the relative 

fraction ωΩ hh /N
R  since it is an indication of the perturbation of the electronic structure of 
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 3 

the material and therefore the shift in the ground state energy Θ∆ CG  as illustrated in Figure 

1a.18  Θ∆ CG  is the change in the standard Gibbs free energy which determines the fraction of 

coupled molecules in the resonant cavity. In the so-called ultra-strong coupling regime 

ωΩ hh /N
R  is typically > 0.1, conditions we will use in this study.  

Perovskites such as the hybrid [Pb(II)I4
2-,(C12H25NH3

+)2] (PbI4(R-NH3)2) salt are 

known to undergo a phase transition near room temperature involving a bond angle 

change21-24, as illustrated in Figure 2a and the corresponding spectra of phase I and phase II 

are given in  Figure 2c. The sharp absorption peaks of the two phases are separated by 21 

nm or 114 meV. The transition temperatures are ~ 50 °C upon warming and ~ 25 °C upon 

cooling (Figure 2b) which define the hysteresis loop to which we will return further down.    

It has been shown that two dimensional layered perovskites can be strongly coupled 

to an optical resonance.11,25-26 Here we achieve a higher N
RΩh , and thereby ωΩ hh /N

R , by 

placing a 25 nm film of PbI4(R-NH3)2 at the antinode of λ / 2 metallic Fabry-Perot cavity 

which is resonant with the absorption transition of the perovskite as schematically shown in 

Figure 1b. As we have reported elsewhere for another compound,19 this gives a stronger 

coupling than if the same amount of material is evenly distributed in the cavity. Technically 

this was achieved by using a multilayer structure (Figure 3a and see Sample preparation). 

The transmission spectra of the cavity with and without the compound are shown in Figure 

2d. Two new peaks, corresponding to P+ and P-, appear for both phases which are 

separated by an energy greater than the width of the cavity resonance (Q factor ~10-20) and 

the molecular absorption, the signature of strong coupling. In other words, phase I and II are 

both coupled to the same optical resonance at roughly the same strength. The angular 

optical dispersion shown in Figure 2e for phase I confirms the anti-crossing due to the Rabi 

splitting. N
RΩh  is found to be as large as ~ 320 meV due the location of PbI4(R-NH3)2 at the 

maximum field amplitude E (Equation (1)).  As a consequence ωΩ hh /N
R  ~ 0.13 and this 

should be sufficient to perturb the phase transition which was then investigated. Note that 

the peak in the cavity transmission spectra at 326 nm (Figure 2d) is due to the bulk 

plasmon transparency of silver, which overlaps with higher absorption bands of the 

perovskite.  

 Figure 3 shows the hysteresis loops between phase I and II recorded optically as a 

function of temperature under different conditions. In order to avoid any variance 

associated with using different samples, the hysteresis loops were always recorded by 
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preparing samples simultaneously in the absence and presence of strong coupling.  The 

mirrors were isolated from the PbI4(R-NH3)2 by a PMMA layer to avoid any chemical 

interference. The compound was transferred by stamping a PDMS block on the bottom 

PMMA layer and then the top half of the cavity, consisting of PMMA/Ag mirror deposited 

on another PDMS block, was gently connected to the first half (the detail is explained by 

the sample preparation). In the non-cavity case, the top did not have the second Ag mirror 

as illustrated in Figure 3a.  

 The change in hysteresis induced by strong coupling can be seen in Figure 3c and d 

as recorded at 490 nm and 511 nm corresponding respectively to phase I and II. It is 

immediately apparent that the hysteresis has broadened by 25% and changed shape. For 

instance on going from phase II to I the onset temperature moves by 10 °C (from 30 to 20 

°C in Figure 3d). The data is plotted as a variation in transmission and normalized to the 

two phases in order to be able to compare the data (see Experimental Methods).  Note that 

we did not observe hysteresis broadening in off-resonance cavities, e.g. when λ / 2 cavity 

mode is shifted to 700 nm. The stabilisation of on-resonance cavity is further confirmed by 

looking at the time evolution of the hysteresis. The dynamics are significantly slowed under 

the strong coupling as shown in Figure 4 where we compare the kinetics in and out of the 

cavity. The kinetics are multi-exponential due to the heterogeneity of the PbI4(R-NH3)2 

phases, nevertheless it is clear that the phase transition is much slower inside the cavity. 

The first half-life increases by a factor ~3 in the strongly coupled system as can be seen in 

Figure 4a and c, where the system reaches pure phase II at 52 °C within two hours. For the 

cooling data at 30 °C (Figure 4b and d), the kinetics are so slow that Phase I is not reached 

in reasonable times for the strongly coupled state.    

 These findings are completely consistent with the lowering of the ground state of the 

coupled perovskites. Thermodynamic studies18 show that the ground state of strongly 

coupled molecules is lowered as the Rabi splitting increases, as predicted by second order 

perturbation theory27. Here both phases are strongly coupled by the same optical mode 

however the barrier between them is not coupled since the transient population on the 

barrier is always negligible. Therefore, only the minima in the potential curves of the phase 

I and II are lowered as illustrated in Figure 2b and the transition barrier increases. A 

change in barrier height of ~30 meV (2.9 kJ/mole) can be estimated from the ratio in the 

half-lifes upon strong coupling using a simple Arrhenius rate dependence 
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( )TkEexp(A/1 B2/1 ∆−≈τ ) and assuming the pre-exponential A-factor to be constant. In 

other words the ground states of the two perovskite phases are stabilized by this amount. 

 Although light-matter strong coupling is associated with splitting excited states, it 

can also be used to modify the ground state energy landscape such as demonstrated here for 

the first time in the case of a phase transition. Increasing the Rabi splitting will enhance 

such effects in two ways, first by the direct perturbation of the ground state and secondly by 

increasing the fraction of coupled oscillators in the cavity.18 Here the optical resonances 

was provided by metallic cavities which have the benefit of having small mode volumes but 

variety of other structures are also possible depending on the application, such as 

propagating and localized surface plasmon resonances28-35, and distributed feedback 

cavities11. These results demonstrate that a molecular phase transition can be engineered by 

controlling the electromagnetic environment provided by the vacuum field, with both 

fundamental and technological implications. 

  

Experimental Methods 
 

Perovskite synthesis: [Pb(II)I4
2-,(C12H25NH3

+)2] was synthesized by a modified procedure 

inspired by a literature contribution.21-23 PbI2 was dissolved in a 2:1 acetonitrile: methanol 

solution at 60 °C. To the clear solution thus obtained, HI (57 wt.% in water) was added 

drop-wise. To the mixture, a stoichiometric amount of dodecylamine (C12H25NH2) in a 2:1 

acetonitrile: methanol was added. The mixture was further stirred at 60 °C for 1 hour. The 

desired [Pb(II)I4
2-,(C12H25NH3

+)2] salt precipitated from solution upon slow evaporation of 

solvents. No further purification was necessary. All the inorganic, organic salts and solvents 

were commercially available by Sigma-Aldrich. 

 

Sample preparation: We used a bonding technique15,19,29 for the precise deposition of 

[Pb(II)I4
2-,(C12H25NH3

+)2]  films in the center of metallic micro-cavities. Briefly, a 30 nm-

thick silver film was sputtered on a clean glass substrate, upon which was spin-coated a 40 

nm film of poly(methyl methacrylate) (PMMA) (labeled slab A). Slab A was annealed at 70 

°C on a hotplate for 15 minutes. A 25 nm thick [Pb(II)I 4
2-,(C12H25NH3

+)2] film was spun 

onto a separate block of poly(dimethylsiloxane) (PDMS), the surface of which had been 

rendered hydrophilic by oxygen plasma treatment. The [Pb(II)I4
2-,(C12H25NH3

+)2]film on 

the PDMS block was kept at 5 °C for 30 minutes. Then the dried film was transferred onto 

slab A by stamping the PDMS block. Meanwhile, a 30 nm-thick silver film and ~40 nm 
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 6 

layer of PMMA were successively deposited on another 1.0 mm thick PDMS substrate by 

electron evaporation and spin coating (labeled slab B). Slab B was annealed at 70 °C on a 

hotplate for 15 minutes. Then 0.3% by weight PDMS (poly(dimethylsiloxane), hydroxyl-

terminated, MW = 110 000, Aldrich) dissolved in tert-butanol was spin cast at 6500 rpm on 

the slab B, forming a very thin layer (~ 2 nm) to increase adherence in the next step. 

Finally, the polymer face of slab B was gently pressed onto [Pb(II)I4
2-,(C12H25NH3

+)2] 

surface of slab A to form a low Q factor cavity (~10-20). Simultaneously, a non-cavity 

sample was prepared by the same procedure without 30 nm silver film on slab B. This 

whole procedure with the two slabs was developed to avoid any possible perturbation of 

[Pb(II)I4
2-,(C12H25NH3

+)2] and its phase transition properties. 

     

Measurements: Steady-state transmission and absorption spectra were taken on a Shimadzu 

UV3101 spectrometer throughout the range of 300 – 700 nm. The angular dispersion of 

transmission spectra were measured with an optical set-up. The temperature was controlled 

from 5 °C to 66 °C by a precise thermoregulation (Huber). Before recording a spectrum, 

temperature setting was kept as long as 5 minutes to ensure thermal equilibrium.  Generally, 

phase transitions of molecular materials are measured by monitoring the change in 

absorbance (∆A) as a function of temperature. Since we are dealing here with cavities, it is 

difficult to extract the absorbance from the Fabry-Perot transmission data without inducing 

additional errors. For this reason, the change of transmission ∆T%, normalized by the 

differential transmission of pure phase I and phase II, is plotted as a function of temperature.  

The error induced by ∆T as compared to ∆A is small because the values of  ∆A are typically 

less than 0.1.  
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Figure 1. (a) The strong coupling between molecules resonant with a cavity mode ħω, 

generating two new eigen hybrid light-matter states P+ and P- separated by the Rabi-

splitting energy N
RΩh . The ground-state energy of the coupled or dressed molecules is 

modified as compare to the bare molecules by the standard Gibbs free energy Θ∆ CG . (b) 

Schematic representation of two-dimensional layered perovskite [Pb(II)I4
2-,(C12H25NH3

+)2] 

(PbI4(R-NH3)2) salt deposited at the anti-node of half-wavelength cavity. Optical 

spectroscopy was used to analysis PbI4(R-NH3)2’s thermal phase transition property. 
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Figure 2. (a)  PbI4(R-NH3)2 bond angle change during the transition between phase I and II.22-

24 (b) Diagram of the Gibbs free energy with minima corresponding to states in phase I and II 

at different temperatures in the hysteresis. The dotted lines indicated ground state shift due to 

strong coupling. (c) The ground state absorption spectra of bare PbI4(R-NH3)2 film in phase I 

and II, separated by 21 nm (114 meV). (d) Transmission spectra of cavity alone and with 

PbI4(R-NH3)2 in phase I and II. (e) Angular dispersion of the cavity with PbI4(R-NH3)2 in 

phase I (and II), the absorption peak of which is indicated by black (and blue) dashed line. In 

both cases, N
RΩh is ~ 320 meV.    
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Figure 3. (a) The structure of cavity and its reference (non-cavity). Note that the two samples 

were made simultaneously by the same procedure, only difference being the presence of the 

top mirror in the cavity. (b) Examples of the evolution of transmission spectrum of the cavity 

and non-cavity as a function of temperature. (c) and (d) Graph of ∆T % (transmission 

intensity change at 490 nm (c) and 511 nm (d)) versus temperature for PbI4(R-NH3)2 in cavity 

and non-cavity, the arrows show the direction of the temperature change. The dashed zones 

mark the enlargement of the hysteresis loop in the coupled system.  

 

Page 11 of 12 Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t



 12 

Kinetics at 52 ℃ Kinetics at 30 ℃

0 20 40 60 80 100 120

0.0

0.2

0.4

0.6

1.0
1.1

 

 

 non cavity_ 511 nm
 cavity_ 511 nm

∆ 
T

 %
 / 

no
rm

.

Decay time (min)

Phase II

Phase I

0 20 40 60 80 100 120

0.0

0.1

0.2

0.3

1.0
1.1

 

 

 non cavity_ 511 nm
 cavity_ 511 nm∆ 

T
 %

 / 
no

rm
.

Decay time (min)

Phase II

Phase I
(a) (b)

(c) (d)

0 20 40 60 80 100 120
-0.01

0.4

0.6

0.8

1.0

 

 

 non cavity_ 490 nm
 cavity_ 490 nm

∆ 
T

 %
 / 

no
rm

.

Decay time (min)

Phase I

Phase II

0 20 40 60 80 100 120
-0.01

0.6

0.7

0.8

0.9

1.0

 

 

 non cavity_ 490 nm
 cavity_ 490 nm

∆ 
T

 %
 / 

no
rm

.

Decay time (min)

Phase I

Phase II

 Figure 4. Kinetics of the evolution between phase I and II (indicated by violet dashed line) at 

52 °C (a) and (c) in the warming cycle and at 30°C (b) and (d) in the cooling cycle, monitored 

by transmission intensity change at 490 nm for (c) and (d) and at 511 nm for (a) and (b).  
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