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Energy transfer mediated Rabi splitting
in Ag@CsPbCl3 nanohybrids

Abhishek Kumar, Eeshani Bora and Tushar Debnath *

We report a strong exciton (semiconductor)–plasmon (metal) coupling in colloidal Ag@CsPbCl3 nano-

hybrids, leading to the emergence of new hybrid states, known as plexcitons. Here, we systematically

tuned the energy separation between these hybrid states at zero-detuning energy, the so-called Rabi

splitting, apparent from the simultaneous blue and red shift of the exciton and plasmon resonances,

respectively. We observe an extremely large Rabi splitting from the absorption measurement, reaching a

value as high as 316 meV. The plexciton energies are modelled using a dissipative coupled-oscillator

framework, revealing collective coupling strengths that place the system in both the real and strong

coupling regimes. We further establish an active energy transfer process between the CsPbCl3 excitons

and Ag plasmons, which underlies the observed strong coupling. The pronounced Rabi splitting

observed in colloidal metal–semiconductor nanohybrids establishes a foundation for advancing non-

linear plasmonic technologies.

Introduction

The superposition of quantum emitters and surface plasmon
polaritons greatly enhances the electromagnetic field strengths
by concentrating light–matter interaction at the nanoscale.1,2

The coupling between these two modes leads to the emergence
of two distinct regimes. The interaction in the weak coupling
regime partially modifies the radiative decay of the electronic
excitations, while the mode frequencies are slightly altered.3

In contrast, when the interaction between these modes is very
strong, it leads to significant changes in the emission proper-
ties. In the strong coupling regime, the initial wavefunctions of
the excitations and optical modes resonate with one another,
allowing for coherent energy exchange. The interaction is so
intense that it causes mixing and frequency repulsion between
the two states, leading to the formation of two hybrid modes
known as upper and lower polaritons. At zero-detuning energy,
these polaritons are separated in energy by an amount called
the Rabi splitting, which quantifies the strength of the light–
matter interaction.4–7

The polarization induced by the collective electron oscilla-
tions of metal nanostructures leads to the generation of local-
ized surface plasmonic resonances (LSPR).8 Such plasmons
behave like optical resonators and thus may couple with
electronic excitations (i.e. excitons).9,10 Strong exciton–plasmon
coupling can be achieved using various organic molecules,

particularly organic J-aggregates, resulting in the formation of
two hybrid resonances (plexcitons), as discussed earlier.11,12

These plexcitonic states are separated by a large Rabi energy,
which is a hallmark of the strong coupling regime.13 Formation
of plexcitons and subsequent Rabi splitting is also observed
from the interaction of strong excitons from inorganic semi-
conductors, such as MoS2, WSe2, CdSe quantum dots (QDs),
etc., and LSPR of metal nanostructures, although to a lesser
extent.14–16 In most previous studies, the detuning between
exciton and plasmon resonances is varied to observe anti-
crossing and determine the Rabi splitting at zero detuning.
However, the Rabi splitting energy itself is typically fixed by the
intrinsic coupling strength of the system. Systematic control of
the Rabi splitting at zero detuning remains relatively limited
and therefore represents an important direction for engineer-
ing tunable polaritonic systems.

The high absorption cross-section and excellent photolumi-
nescence (PL) properties of QDs make them highly attractive
candidates for a wide range of optoelectronic applications,
particularly in nanoplasmonic devices.17 While halide perov-
skite nanocrystals (NCs) have emerged over the past decade
as promising materials for energy and optoelectronic applica-
tions,18,19 there is still limited literature on their coupling with
plasmonic metals.20–22 Coupling with plasmonic metals may
significantly broaden the application of perovskite NCs in non-
linear plasmonic devices. In our recent study, we explored the
plexciton formation in plasmonic perovskite NC systems;23

however, no Rabi splitting was observed as the detuning energy
was non-zero, indicating that further detailed investigation is
necessary.
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In this study, we experimentally observe a strong exciton–
plasmon coupling, leading to the formation of new hybrid
states (i.e. plexcitons), in the colloidal Ag incorporated CsPbCl3

NCs (named Ag@CPCl nanohybrids). By varying the Ag-to-
CsPbCl3 concentration ratio, we systematically tuned the energy
separation between the two hybrid states at zero-detuning
energy, the so-called Rabi splitting. We model the observed
plexciton energies using a dissipative coupled-oscillator model
to quantify the exciton–plasmon coupling strength. Further-
more, steady-state and time-resolved PL measurements were
employed to investigate the underlying mechanism of the
strong exciton–plasmon coupling, revealing evidence of an
active energy transfer process from CsPbCl3 excitons to Ag
plasmons.

Experimental
Materials

Cesium carbonate (CsCO3, 99.9%, Spectrochem), lead bromide
(PbBr2, 99%, Loba Chemie), lead chloride (PbCl2, Z99.9%,
Sigma-Aldrich), silver nitrate (AgNO3, 99.9%, Sigma-Aldrich),
oleylamine (OLA, 98%, Otto Chemie), oleic acid (OA, Sigma-
Aldrich, 90%), octadecene (ODE, 90%, Thermo Scientific), n-
hexane (99%, Finar), and ethanol (Finar) were employed in this
study. All reagents were used as received.

Synthesis of Ag nanoparticles

0.17 g of silver nitrate (1 mmol) was mixed with 0.5 mL of
oleylamine and 4.5 mL of oleic acid. The mixture was heated at
70 1C for 1.5 hours, then further heated to 180 1C at a rate of
2 1C min�1. After cooling, 10 mL of toluene and 50 mL of
ethanol were added to precipitate the nanoparticles. The
solution was centrifuged at 8000 rpm for 10 minutes, the
supernatant was discarded, and the particles were redispersed
in 10 mL hexane.

Synthesis of CsPbCl3 nanoparticles

A stock solution of cesium oleate was prepared by dissolving
0.407 g CsCO3 in 1.25 ml oleic acid (OA) and 20 ml ODE at
120 1C.

Separately, 0.188 mmol PbCl2 was dissolved in 0.5 ml OA,
0.5 ml OLA, and 5 ml ODE at 120 1C for 30 minutes. The
temperature was then increased to 165 1C, and 400 ml of the
Cs-oleate solution was quickly injected, forming CsPbCl3 nano-
crystals. The reaction was immediately quenched using an ice
water bath.

The CsPbCl3 NC mixture was centrifuged at 10 000 rpm for
10 min; the supernatant was discarded. The precipitate was
redispersed in 2 ml hexane and centrifuged again at 5000 rpm
for 5 min. The final supernatant was collected for further use.

Preparation of PbBr2 precursor

0.2 mmol of PbBr2 was dissolved in a mixture of 10 mL hexane,
0.4 mL oleic acid, and 0.4 mL oleylamine by stirring at 100 1C.

Characterization

The morphology of Ag@CsPbCl3 NCs was characterized using
TEM and HRTEM (JEOL JEM 2100F with a maximum accelerat-
ing voltage of 200 kV). A SHIMADZU UV-2600i UV-vis spectro-
photometer was used to measure UV-vis absorption spectra.
An Edinburg FS5 fluorescence spectrofluorometer was used to
measure PL and time-resolved PL spectra.

Results and discussion

CPCl NCs were synthesized by the colloidal hot injection
method and stored in hexane, as reported previously.24 Ag
NPs were synthesized via ligand-assisted thermal reduction in
oleylamine/oleic acid.25 The coupled colloidal Ag@CPCl nano-
hybrids were prepared by mixing Ag NPs and CPCl NCs at
various ratios by vortexing at 3000 rpm for 1 min, as shown in
Fig. 1a. TEM measurement was performed to understand the
morphology of the synthesized CPCl NCs. As shown in Fig. 1b,
cubic NCs of B10–12 nm size are formed. The lattice fringes
are clearly visible in the high-resolution TEM (HRTEM) images
in Fig. 1c, indicating high crystallinity of the materials. Further-
more, TEM characterization confirmed the successful for-
mation of Ag@CPCl nanohybrids, as shown in Fig. 1d, where
the larger cubes represent CPCl NCs and the black spherical
dots on the cubes correspond to Ag NPs. Additionally, the
HRTEM image in Fig. 1e reveals a distinct darker region of
B5–6 nm size corresponding to Ag NPs, along with a clear
interface between the two components. The HRTEM image
depicts the lattice fringes, indicating the formation of a highly
crystalline material.

With the successful synthesis and characterization of
Ag@CPCl nanohybrids, we then examined their optical proper-
ties using UV-vis absorption, PL and time-resolved PL spectro-
scopy. The UV-vis optical absorption measurements revealed
that the pure CPCl NCs show a sharp excitonic resonance at
B405 nm, typical for these NCs (Fig. 2a). The pure Ag NPs
exhibit a broad absorption resonance between 300 and 500 nm
with a maximum at B410 nm, arising from LSPR (Fig. 2a). The
absorption spectrum of Ag@CPCl nanohybrids exhibits char-
acteristic features of both CPCl NCs and Ag NPs, indicating the
coexistence of both components, as shown in Fig. S1. While the
position of the exciton resonance of CPCl NCs remains
unchanged, interestingly, the LSPR peak position of the Ag
NPs redshifts to 443 nm, resulting in overall broadening of the
absorption spectrum (Fig. S1).

To understand if the shift in the plasmon peak position
from 410 nm to 443 nm (DE = 225 meV) is instant or gradual,
we further varied the CPCl-to-Ag concentration ratio during the
preparation of Ag@CPCl nanohybrids, which may provide
important insight into the extent of exciton-to-plasmon inter-
action. First, we increased the Ag NP concentration in CPCl NCs
to decrease the CPCl/Ag ratio. However, the absorption peak
positions of excitons and plasmons in different Ag@CPCl
nanohybrids remained unchanged, although the absorbance
due to plasmon resonance gradually increased, suggesting an
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increase in the exciton-to-plasmon coupling. Then we increased
the CPCl/Ag ratio by increasing the proportion of CPCl NCs
while the amount of Ag NPs constant (as in Fig. 2a) to prepare a
series of Ag@CPCl nanohybrids (see Fig. 2b). To our surprise,
increasing the CPCl/Ag ratio by increasing the concentration of
CPCl NCs resulted in splitting of the plasmon resonance into
two peaks (inset of Fig. 2a). At a low CPCl concentration of
B6.9 nM, where the exciton interaction is less, the plasmon
resonance at 410 nm split into one red-shifted peak at 438 nm
and one blue-shifted peak at 405 nm. Upon increasing the
concentration of CPCl NCs, the red and blue shifts of the
respective peaks continued up to 11.4 nM CPCl concentration,
where the plasmon-dominated red-shifted peak settled at
443 nm and the exciton-dominated blue-shifted peak settled
at 400 nm due to enhanced exciton–plasmon interaction. No
further shift in the respective peaks was observed upon further
increasing the CPCl/Ag ratio. It can be seen that the shift of the
high energy peak (exciton dominated) to the blue region occurs
to a lesser extent compared to the plasmon red shift.

The excitonic resonance of CPCl NCs gradually shifts to
shorter (blue) wavelengths, whereas the plasmonic resonance
of Ag NPs shifts to longer (red) wavelengths, reflecting their
opposite responses in the Ag@CPCl nanohybrids is further
depicted in Fig. 2c (and Fig. S2) via probing the spectral
evolution of excitonic and plasmonic dominated resonances.
A maximum energy splitting of 316 meV is observed between
the CPCl exciton and Ag plasmons at zero detuning energy
(i.e. at 410 nm) between the two resonances. Interestingly, the
splitting decreases sharply with increasing Ag–CsPbCl3

separation, underscoring the strong distance dependence of
exciton–plasmon coupling. While an instantaneous plasmon
shift is observed upon the formation of Ag@CsPbCl3 prior to
dilution as depicted in Fig. 2b, a delayed (B50 min) shift is
observed when Ag is added after dilution of CsPbCl3, as shown
in Fig. S3. This is attributed to slow diffusion and gradual
reduction of separation, highlighting the critical role of inter-
facial chemistry in enabling close proximity and hybrid struc-
ture formation.

Fig. 1 (a) Schematic illustration of the synthetic procedure of Ag@CPCl NCs. (b) TEM and (c) HRTEM images of CPCl NCs. (d) TEM and (e) HRTEM images
of Ag@CPCl NCs.
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Fig. 2d presents the observed optical properties in terms of
the energy diagram of Ag@CPCl nanohybrids at various CPCl/
Ag ratios by increasing the CPCl NC concentration. With
increasing CPCl NC concentration, the excitonic energy gradu-
ally shifts toward higher energies (shown by the blue arrow),
while the plasmonic energy moves toward lower energies
(depicted with the red arrow). In effect, the energy splitting
between the exciton and plasmon increases systematically,
depicted by orange arrows. The opposite shifts of the excitonic
and plasmonic resonances were observed in the earlier studies,
revealing the modification of the energy states due to the
formation of plexcitons via exciton–plasmon coupling through
charge-transfer and local-field effects.26 In most previous stu-
dies, plexcitons are formed when excitons from organic
J-aggregates interact with the collective electron oscillations
in metallic nanostructures.12 The presence of very high cou-
pling strength in such molecular aggregates enables efficient
hybridization between exciton and plasmon resonances, which
manifests as an energy splitting between the resulting hybrid
states and is commonly referred to as Rabi splitting at zero-
detuning energy. While Rabi splitting as large as 450 meV has
been experimentally observed in plexcitons formed between

organic molecules and plasmonic nanostructures,27 those
involving inorganic semiconductors and plasmonic materials
typically exhibit lower splitting, ranging from 100 to 300 meV.16,28

Our observations of simultaneous blue and red shifts of exciton
and plasmon resonances in Ag@CPCl nanohybrids at zero-
detuning energy indicate the existence of a strong coupling regime,
evidenced by large Rabi splitting into upper and lower polaritonic
states, and show a strong CPCl/Ag ratio dependence (Fig. 3a). The
maximum splitting observed (O = 316 meV) in the developed
plasmonic perovskite nanohybrids is thus one of the highest
experimental Rabi splittings involving inorganic semiconductor
NCs and plasmonic nanomaterials.

To model the observed exciton–plasmon interaction, we
consider a dissipative coupled-oscillator model to describe
the strong nature of the exciton–plasmon coupling in the
Ag@CPCl system. The dependence of the collective exciton–
plasmon coupling strength on the number of excitons was
theoretically predicted by Rossi et al. using excitonic benzene
and plasmonic Al particles.29 The collective coupling strength
follows the equation:

gc ¼
ffiffiffiffi
N
p

mEvac (1)

Fig. 2 (a) UV-vis absorption spectra of CPCl NCs and Ag NPs. Inset: UV-vis absorption spectrum of Ag@CPCl NCs for [CPCl] = 6.9 nM and [Ag] = 6.2 nM,
i.e. [CPCl]/[Ag] = 1.112, along with absorption spectrum of Ag NPs. (b) Magnified view of the UV-vis absorption spectrum of several Ag@CPCl NCs with
increasing CPCl concentration at a constant concentration of Ag NPs (i.e. varying CPCl-to-Ag ratios). (c) The shift in the upper (E+) and lower
(E�) plexciton peak positions as a function of the CPCl-to-Ag concentration ratio. The ’star’ symbol represents the zero-detuning energy. (d) The
energetics of exciton–plasmon interaction in Ag@CPCl NCs with varying CPCl-to-Ag ratios.
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Here, N is the effective number of excitons coupled to the
plasmon mode, m is the transition dipole moment and Evac

signifies the vacuum electric field. Eqn (1) immediately follows

gc /
ffiffiffiffi
C
p

, where C is the concentration of the CPCl solution.
Eqn (1) further provides the single exciton (N = 1) coupling
strength, which can be written as g0 = mEvac. Furthermore, the
system is governed by a non-Hermitian (open) Hamiltonian
operator, whose diagonal elements correspond to the damped
energies of the uncoupled exciton (Ex) and plasmon (Ep) modes,
while the off-diagonal elements represent the coupling strength
gc between them, as shown below:

Ĥ ¼
Ex �

iGX

2
gc

gc Ep �
iGP

2

0B@
1CA ¼ fEx gc

gc fEp

 !
(2)

This Hamiltonian acts on a superposition state of the
plasmon and exciton modes:

|ci = a|xi + b|pi (3)

The resulting hybrid eigenstates (plexcitons) are charac-
terized by the Hopfield coefficients a and b, which quantify
the excitonic and plasmonic fractions of the plexciton,

respectively, and satisfy the normalization condition |a2| +
|b2| = 1.30,31 The energy of each of the coupled eigenstates
(plexcitons) is then followed by solving the Schrodinger equa-
tion that can be expressed as follows, where E+ and E� corre-
spond to the upper and lower plexcitons, respectively:

E� ¼
fEx þfEp

2
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gc2 þ

fEx �fEp

� �2
4

vuut
(4)

The experimental lower plexciton (E�) can be best fitted
using the above energy expression by considering the single
exciton coupling strength (normalized with respect to the

added CPCl concentration) of g0 ¼ 0:084 eV
ffiffiffiffiffiffiffiffi
nM
p �1. The

corresponding collective coupling strength at different CPCl
NC concentrations is shown in Fig. 3b, which shows an increase
in the gc value with increasing CPCl concentration. Here, the

observed splitting scales as O /
ffiffiffiffi
N
p

(Fig. 3a and b), which is
a signature of the Rabi splitting phenomenon. Using the gc

values, we calculated the lower plexciton energies (theoretical)
using eqn (4), which matches the experimental lower plexciton
energies up to the first decimal place at all concentration ratios,
as depicted in Fig. 3c. Here, we probed the lower plexciton only,

Fig. 3 (a) The plot of experimental Rabi splitting (in meV) with respect to the [CPCl]/[Ag] ratio. (b) The plot of collective coherent coupling strength
(in meV) with respect to the concentration of CPCl NCs. (c) Comparison of the theoretical and experimental lower plexciton energies with respect to
collective coupling strengths (in eV). (d) Plot showing the two threshold criteria for the real and strong coupling conditions.
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as the upper plexciton branch overlaps strongly with the
CsPbCl3 exciton resonance and thus exhibits a deviation from
the coupled oscillator model, as reported previously.31

Now, we aim to understand whether the observed collective
coupling strength gc is real and/or strong. To this end, we need
to quantify two threshold criteria. The first criterion arises from
the reduced form of the Rabi splitting, which is defined as

O ¼ Eþ � E�

O ¼ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gc2 �

GP � GXð Þ2

16

s
(5)

Eqn (5) immediately follows the existence of real hybrid
eigenmodes, which must satisfy the inequality:

gc
2 4

GP � GXð Þ2

16
¼ A (6)

The second threshold criterion corresponds to the strong-
coupling regime, which must satisfy the following inequality:

gc
2 4

GP þ GXð Þ2

16
¼ B (7)

which means that the coherent plasmon–exciton exchange rate
surpasses the damping rate of bare plasmons and excitons.30

Fig. 3d shows that the calculated collective coupling strengths
at all studied sample concentrations lie above both threshold
criteria, indicating that the system operates in the real and
strong coupling regimes across the entire investigated con-
centration range, thus confirming true plexciton behaviour.
This accounts for the observation of an exceptionally large Rabi
splitting of O = 316 meV in the Ag@CPCl system.

The polaritonic nature of the splitting was further confirmed
by the anti-crossing phenomenon. By tuning the bandgap of
CsPbX3 NCs (X = Cl, Br), we varied the plasmon–exciton detuning
and observed clear anti-crossing behaviour (Fig. S4), a hallmark
of polaritonic splitting.31 Moreover, the plasmon response of
Ag@CsPb(Cl:Br)3 shows a negligible spectral shift relative to bare
Ag nanoparticles (Fig. S5), consistent with the negligible exciton–
plasmon overlap. As both Ag@CsPbCl3 and Ag@CsPb(Cl:Br)3

samples were prepared similarly, their dielectric environments
were comparable. Therefore, the pronounced spectral shift in
Ag@CsPbCl3 (Fig. 2) arises from its polaritonic nature rather than
changes in the local environments (such as the refractive index).

In order to understand the underlying mechanism of exciton–
plasmon coupling in the Ag incorporated perovskite nanohybrids,

Fig. 4 (a) PL emission spectra of Ag@CPCl NCs with varying CPCl-to-Ag ratios. The PL spectrum of pure CPCl NCs is shown by a dotted line; (b) spectral
overlap between the absorption spectrum of Ag NPs and the PL emission spectrum of CsPb(Cl/Br)3 NCs; (c) PL emission spectra of CsPb(Cl/Br)3 NCs
without and with Ag NPs.
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we performed PL and time-resolved PL measurements on CPCl
NCs with increasing Ag NP concentrations to vary the CPCl/Ag
ratio. The PL maximum of the pure CPCl NCs appears at 410 nm
as shown in Fig. 4a. Upon increasing the Ag NP concentration in
order to decrease the CPCl/Ag ratio from 1.85 to 0.99, the PL
intensity of the CPCl NCs decreases gradually. A maximum of
B90% PL quenching is observed for the CPCl/Ag ratio of 0.99.
We then performed time-resolved PL decay measurement on the
CPCl NCs with increasing Ag NP concentrations (Fig. S6). Although
the faster lifetime component is limited by the instrument
response function (IRF), we observed a progressive decrease in
the lifetime of the longer component with decreasing CPCl/Ag
ratio. We attribute such a reduction in the PL intensity and lifetime
to the CPCl exciton energy transfer to Ag NPs. A strong spectral
overlap (see Fig. 4b) between the PL spectrum of CPCl NCs (donor)
and the absorption spectrum of the Ag NPs (acceptor) allows an
efficient energy transfer between the two components. This can be
further evidenced by the controlled PL measurements using Ag
incorporated CsPb(Cl/Br)3 with different Cl/Br ratios, resulting in a
progressive reduction in the donor–acceptor spectral overlap
(due to exciton–plasmon detuning; see Fig. S7a), as shown in
Fig. 4b. While the Ag@CPCl nanohybrids show the strongest PL
quenching, as the PL of the CPCl NCs shifts to the red region via Br
exchange, the extent of PL quenching reduces gradually (Fig. 4c
and Fig. S7b), supporting the energy transfer mechanism.

It is important to note that PL quenching may also arise
from charge transfer and surface trapping, which are very
common in these nanocrystals. We noticed that when CsPbCl3

NCs were treated with oleyl ammonium chloride (OAmHCl),
a significant PL enhancement via surface passivation occurs
(Fig. S8a and b).32 However, Ag@CsPbCl3 prepared from these
passivated NCs still showed pronounced PL quenching (Fig. S8c),
excluding surface trapping as the primary mechanism for PL
quenching. Furthermore, band alignment analysis indicates that
electron transfer from photoexcited CsPbX3 (for X = Cl and Br) to
Ag is thermodynamically feasible (Fig. S9).33 Nevertheless, the
negligible PL quenching observed for CsPb(Cl:Br)3 in the presence
of Ag suggests that charge (electron) transfer is not the dominant
mechanism, although a minor contribution from electron transfer
cannot be neglected. The above result supports the energy transfer
from the perovskite NCs to the Ag NPs as the primary underlying
mechanism for PL quenching, resulting in strong plexciton
formation via exciton–plasmon coupling.

Conclusions

Overall, we demonstrate the existence of strong exciton–plasmon
coupling in colloidal Ag@CPCl nanohybrids, producing a new
hybrid state (plexcitons). By varying the CPCl-to-Ag ratio, we
were able to systematically tune the energy separation between
the two hybrid states, i.e. the Rabi splitting, reaching a value as
large as 316 meV. This tuning of the Rabi splitting is evidenced
by the simultaneous blue and red shifts of the exciton and
plasmon resonances in the optical absorption spectra, respec-
tively. Analysis of the plexciton energies with a dissipative

coupled-oscillator model indicates that the collective coupling
strengths lie within the real and strong coupling regimes. Using
steady-state and time-resolved PL experiments, we demonstrate
the energy transfer from the CPCl exciton to the Ag plasmon,
enabling the observation of strong exciton–plasmon coupling.
The detuning of the donor–acceptor spectral overlap via Br
exchange to produce Ag@CP(Cl/Br)3 nanohybrids leads to a
reduction in PL quenching, supporting the energy transfer
mechanism as the underlying mechanism for efficient exciton–
plasmon coupling.

Using simple optical absorption spectroscopy, we observed
giant Rabi splitting by systematically controlling the system
at zero detuning. The measured value represents one of the
highest experimental values reported for plasmonic metal–
inorganic semiconductor nanohybrids.32 Furthermore, the Rabi
splitting follows the ideal coupled-oscillator model. This work,
therefore, establishes a key framework for nanoplasmonic and
related nonlinear applications in perovskite systems.
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