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Phase Transition of a Perovskite Strongly Coupled to the Vacuum Field

Shaojun Wang,® Arkadiusz Mika,? James A. Hutchison,? Cyriaque Genet,? Abdelaziz
Jouaiti,” Mir Wais Hosseini® and Thomas W. Ebbesen* 2

The hysteresis and dynamics of the phase transition of the perovskite salt [Pb(l1)l,*
(C12H2sNH3"),] 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.
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Hysteresis and energy barrier of a phase transition are shown to be
significantly modified by strong coupling (red curves).
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Hysteresis in phase transitions is a lyiddserved phenomenon in molecular and
solid state systems in chemistry, biology and pts/st° It is studied both for its
fundamental features and its technological apptioat Most notably, a stable hysteresis in
phase-transition materials, such as polymer gple;@ossover complexes, charge-transfer
materials and ferroelectric, form the basis for ragmand data storag@® The hysteresis in
molecular materials is very often dynamic, evolvimgtime depending on the barrier
between the two phases in the transition. Greatrtsffhave been spent to broaden and
stabilize such hysteresis by chemical modificafibrtHere we demonstrate, for the first
time, that such hysteresis can be also modified stadbilized by strong light-matter
interactions.

Hysteresis always involves cooperative interactiand the formation of metastable
states-? Light-matter strong coupling may also involve trwlective interaction of a large
number of oscillators N with a single optical reance inside a cavity*® such as that

formed by two mirrors (Fabry-Perot cavity). As ansequence, coherent stafeare
generated which results in an enhanced Rabi sglittf magnitudgiQy :\/NmQR where

nQgis the splitting that would be induced by a singeillator. Two new hybrid light-
matter states are formed, P+ and P- , as depictEthure 1a. The Rabi splitting depends
on the transition dipole momedtof the oscillator and the electric fiellin the cavity as
given byequation (1) in the absence of dissipation:

hQR:ZdEE:ZdDZhTC;/ Non +1 (1)
wherefw is the cavity resonance or transition energythe vacuum permittivityy the
mode volume and,, the number of photons present in the system. Exreanny, goes to
zero, Qg has a finite value due to the vacuum electromagrirtid. All the experiments

reported here are in this limit. Nevertheless tlabdiRsplitting can be very large due to the
large number N of oscillators and the small mod&uwe of micro-cavities if all the
parameters are properly tuned.

The strong modification of the energy levels of atenial due to light-matter
hybridization has been shown to affect relaxatiathways in the coupled systEm®*? the
rates of the photochemical reactibhsand to tune the work-function of organic-
semiconductorg. Our recent thermodynamic study demonstratedttieaground states also

can be engineered under strong coupling redfmén important number is the relative

fraction 7QY / iw since it is an indication of the perturbation loé telectronic structure of
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the material and therefore the shift in the grostade energyG? as illustrated irFigure

1a.'® AG? is the change in the standard Gibbs free energgtwdetermines the fraction of
coupled molecules in the resonant cavity. In thecated ultra-strong coupling regime
hQY 1 hw is typically > 0.1, conditions we will use in thtudy.

Perovskites such as the hybrid [PbgR)(CioHasNHs")5] (Pbl(R-NHs),) salt are
known to undergo a phase transition near room tesyoe involving a bond angle

changé"?*

as illustrated irFigure 2a and the corresponding spectra of phase | and phase
are given inFigure 2c. The sharp absorption peaks of the two phasesegrarated by 21
nm or 114 meV. The transition temperatures are *G0pon warming and ~ 25 °C upon
cooling Figure 2b) which define the hysteresis loop to which we weliurn further down.

It has been shown that two dimensional layeredvstates can be strongly coupled
to an optical resonan¢&®?° Here we achieve a high&f), and therebyiQN / hiw, by

placing a 25 nm film of P{R-NHj3), at the antinode of / 2 metallic Fabry-Perot cavity
which is resonant with the absorption transitiorthaf perovskite as schematically shown in
Figure 1b. As we have reported elsewhere for another conghblthis gives a stronger
coupling than if the same amount of material isngvdistributed in the cavity. Technically
this was achieved by using a multilayer structiigre 3a and see Sample preparation).
The transmission spectra of the cavity with anchaut the compound are shownRigure
2d. Two new peaks, corresponding to P+ and P-, apfmaboth phases which are
separated by an energy greater than the widtheofdkiity resonance (Q factor ~10-20) and
the molecular absorption, the signature of stramgpting. In other words, phase | and Il are
both coupled to the same optical resonance at tpuple same strength. The angular

optical dispersion shown frigure 2e for phase | confirms the anti-crossing due toRladi

splitting. #QY is found to be as large as ~ 320 meV due theitotaf Pbl(R-NH;), at the

maximum field amplitudé€E (Equation (1)). As a consequendeQy //w ~ 0.13 and this

should be sufficient to perturb the phase transitinich was then investigated. Note that
the peak in the cavity transmission spectra at 826 (Figure 2d) is due to the bulk
plasmon transparency of silver, which overlaps wliigher absorption bands of the
perovskite.

Figure 3 shows the hysteresis loops between phase | amtdrded optically as a
function of temperature under different conditioris. order to avoid any variance

associated with using different samples, the hgsterloops were always recorded by
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preparing samples simultaneously in the absencepasgkbnce of strong coupling. The
mirrors were isolated from the R{@R-NHs3), by a PMMA layer to avoid any chemical
interference. Theompound was transferred by stamping a PDMS blatkhe bottom
PMMA layer and then the top half of the cavity, smting of PMMA/Ag mirror deposited
on another PDMS block, was gently connected tdfitse half (the detail is explained by
the sample preparation). In the non-cavity casetap did not have the second Ag mirror
as illustrated irFigure 3a.

The change in hysteresis induced by strong cogilam be seen iRigure 3c andd
as recorded at 490 nm and 511 nm correspondingcteply to phase | and Il. It is
immediately apparent that the hysteresis has breatdey 25% and changed shape. For
instance on going from phase Il to | the onset &nagpire moves by 10 °C (from 30 to 20
°C in Figure 3d). The data is plotted as a variation in transmissind normalized to the
two phases in order to be able to compare the (da@Experimental Methods). Note that
we did not observe hysteresis broadening in offsmaace cavities, e.g. when/ 2 cavity
mode is shifted to 700 nm. The stabilisation ofresenance cavity is further confirmed by
looking at the time evolution of the hysteresiseTdynamics are significantly slowed under
the strong coupling as shown kingure 4 where we compare the kinetics in and out of the
cavity. The kinetics are multi-exponential due e theterogeneity of the RER-NHs3),
phases, nevertheless it is clear that the phassiticm is much slower inside the cavity.
The first half-life increases by a factor ~3 in #teongly coupled system as can be seen in
Figure 4a andc, where the system reaches pure phase Il at 52ittthwwo hours. For the
cooling data at 30 °G~{gure 4b andd), the kinetics are so slow that Phase | is natired
in reasonable times for the strongly coupled state.

These findings are completely consistent withldiweering of the ground state of the
coupled perovskites. Thermodynamic stutfiehiow that the ground state of strongly
coupled molecules is lowered as the Rabi splitihnageases, as predicted by second order
perturbation theofy. Here both phases are strongly coupled by the sastieab mode
however the barrier between them is not coupledesiime transient population on the
barrier is always negligible. Therefore, only theima in the potential curves of the phase
| and Il are lowered as illustrated Figure 2b and the transition barrier increases. A
change in barrier height of ~30 meV (2.9 kdJ/mola) be estimated from the ratio in the
half-lifes upon strong coupling using a simple Ammius rate dependence
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(1/1,, = AexpEAE/k;T)) and assuming the pre-exponential A-factor to destant. In

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

Although light-matter strong coupling is assoaiateth splitting excited states, it
can also be used to modify the ground state edargiscape such as demonstrated here for
the first time in the case of a phase transitioigrdasing the Rabi splitting will enhance
such effects in two ways, first by the direct pdvation of the ground state and secondly by
increasing the fraction of coupled oscillators e tcavity'® Here the optical resonances
was provided by metallic cavities which have theds# of having small mode volumes but
variety of other structures are also possible déijpgnon the application, such as
propagating and localized surface plasmon resos&fite and distributed feedback
cavities™. These results demonstrate that a molecular phassition can be engineered by
controlling the electromagnetic environment proddey the vacuum field, with both
fundamental and technological implications.

Experimental M ethods

Perovskite synthesis: [Pb(I1)14%,(C12H2sNHs™),] was synthesized by a modified procedure
inspired by a literature contributidfi?® Pbl, was dissolved in a 2:1 acetonitrile: methanol
solution at 60 °C. To the clear solution thus aiadi HI (57 wt.% in water) was added
drop-wise. To the mixture, a stoichiometric amoahtodecylamine (GH2sNH) in a 2:1

acetonitrile: methanol was added. The mixture wahér stirred at 60 °C for 1 hour. The
desired [Pb(l1)4%,(C1oH2sNHs")] salt precipitated from solution upon slow evapiora of

solvents. No further purification was necessary ti#¢ inorganic, organic salts and solvents

were commercially available by Sigma-Aldrich.

Sample preparation: We used a bonding technidté®?® for the precise deposition of
[Pb(I1)14%,(CroHasNH31)] films in the center of metallic micro-cavities. 8y, a 30 nm-
thick silver film was sputtered on a clean gladssstate, upon which was spin-coated a 40
nm film of poly(methyl methacrylate) (PMMA) (labeleslab A). Slab A was annealed at 70
°C on a hotplate for 15 minutes. A 25 nm thick [Bb{",(Ci2H2sNHs"),] film was spun
onto a separate block of poly(dimethylsiloxane) %), the surface of which had been
rendered hydrophilic by oxygen plasma treatmene TPb(I1)l*,(Ci2H25NHs"),]film on

the PDMS block was kept at 5 °C for 30 minutes.rirthe dried film was transferred onto
slab A by stamping the PDMS block. Meanwhile, an®@-thick silver film and ~40 nm
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layer of PMMA were successively deposited on anoih@ mm thick PDMS substrate by
electron evaporation and spin coating (labeled BlalSlab B was annealed at 70 °C on a
hotplate for 15 minutes. Then 0.3% by weight PDN8I\{(dimethylsiloxane), hydroxyl-
terminated, MW = 110 000, Aldrich) dissolvedtert-butanol was spin cast at 6500 rpm on
the slab B, forming a very thin layer (~ 2 nm) twrease adherence in the next step.
Finally, the polymer face of slab B was gently pezb onto [Pb(IIW*,(CioHasNHs")]
surface of slab A to form a low Q factor cavity (~20). Simultaneously, a non-cavity
sample was prepared by the same procedure witl®urn3 silver film on slab B. This
whole procedure with the two slabs was developedvtmd any possible perturbation of

[Pb(I1)1.%,(C12H2sNH3"),] and its phase transition properties.

Measurements. Steady-state transmission and absorption speetra taken on a Shimadzu
UV3101 spectrometer throughout the range of 30M6 Mm. The angular dispersion of
transmission spectra were measured with an ogetalp. The temperature was controlled
from 5 °C to 66 °C by a precise thermoregulatiomlfer). Before recording a spectrum,
temperature setting was kept as long as 5 minatesdure thermal equilibrium. Generally,
phase transitions of molecular materials are measidry monitoring the change in
absorbanceAA) as a function of temperature. Since we are dgdlare with cavities, it is
difficult to extract the absorbance from the FaBgrot transmission data without inducing
additional errors. For this reason, the changerarfisimissionAT%, normalized by the
differential transmission of pure phase | and pHiss plotted as a function of temperature.
The error induced bXT as compared taA is small because the values &R are typically

less than 0.1.
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Figure 1. (a) The strong coupling between molecules resonatht a cavity modeiw,

generating two new eigen hybrid light-matter sta®as andP- separated by the Rabi-
splitting energy:QY . The ground-state energy of the coupled or dressetkcules is
modified as compare to the bare molecules by thedsird Gibbs free energ@?. (b)

Schematic representation of two-dimensional laygrewvskite [Pb(I1*,(C12H2sNH3")]
(PbL(R-NH3),) salt deposited at the anti-node of half-wavelengiavity. Optical

spectroscopy was used to analysis;f3NH3),’s thermal phase transition property.
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Figure 2. (a) Pbi(R-NHs), bond angle change during the transition betweas@hand If*
24(b) Diagram of the Gibbs free energy with minimaresponding to states in phase | and |
at different temperatures in the hysteresis. Theeddines indicated ground state shift due to
strong coupling. (c) The ground state absorptia@csp of bare PRIR-NH3), film in phase |
and Il, separated by 21 nm (114 meV). (d) Transmsspectra of cavity alone and with
PbL(R-NHs), in phase | and Il. (e) Angular dispersion of ttavity with Pbh(R-NHz3), in
phase | (and Il), the absorption peak of whichidated by black (and blue) dashed line. In
both casesiQ} is ~ 320 meV.
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Kinetics at 52 °C Kinetics at 30 °C

A\

=
0 20 40 60 80 100 120
Decay time (min)

o o TIE——
0 20 40 60 80 100 120
Decay time (min)

I
i
!
a (b
@ 11 pr———rasel i (b) 11 yrrpiiasel
K R s A i 10f=-- ==
) i 0.3 ‘ ‘
% non cavity_511 nm : g '...-ll""
S cavity_51lnm \ ., f-"
~ | | | an
S S PO nating
(=} i ' |
= ! > o1kl = ‘non cavity 511 nm
g ! == e !cavity 511nm !
I < I
Phase Il | 0.0 Phasell |
———————T
0 20 40 60 80 100 120 i 0 20 40 60 80 100 120
Decay time (min) i Decay time (min)
|
|
(© Phase Il \ (d) Phase ||
PO 0 A P ) L0 0 .
: - g i . e e e ———
|_geest®
3 | | v
. i > 0.9 ® non cangy_g};QOnn
£ g f ‘ g o ® cavity 490 nm
= - i e
S i - -k\ .
- ; : ~ 08 e’ | |
S '®non cavity 490 nm i N ’o..‘ L
> cavity 490 nm i — i : .°".‘!‘ ;
= : 07 1 : '...-&-l!.“
< ‘ T ey 1
| : "l.... :
& Phase | L i 06 Phasel p
0.0 P e \ _0.01-___...__.__%.____..__.1
|
|
|
|

Page 12 of 12

Figure 4. Kinetics of the evolution between phase | an@nidiicated by violet dashed line) at
52 °C (a) and (c) in the warming cycle and at 3(5Cand (d) in the cooling cycle, monitored
by transmission intensity change at 490 nm foa(g) (d) and at 511 nm for (a) and (b).
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