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ABSTRACT: Layered metal-halide perovskites (L-MHPs) form T (K)A ‘

self-assembled quantum wells with strongly bound excitons and .
electron—phonon interactions that promote polaron formation. 77
Due to spin—orbit coupling and Rashba-type spin-splitting of the
electronic bands, spin-polarized excitons can be photoexcited

with circularly polarized light, making these materials promising R iﬁ)é, mono-exp

ATIT (%)

in opto-spintronics. Recently, we have shown that photo- 64 .
excitation with excess energy extends spin-lifetimes in bl—eXp
(BA),FAPD,I, by over 2 orders of magnitude compared to :
resonant excitation and attributed this to polaron formation. -
Here, we study spin-lifetimes in L-MHPs with different A-site 48

cations: (Hexa),MAPb,I,, (Hexa),FAPb,I,, (Hexa),CsPb,I,

(Hexa: hexylammonium, MA: methylammonium, FA: formami-

dinium, Cs: cesium). We find that all studied materials exhibit vastly extended spin-lifetimes under excess-energy excitation,
but that the polaron formation barrier is reduced with increasing polarity of the A-site cations. First-principles calculations
show that (Hexa),MAPD,I, has the most stable polarons and (Hexa),CsPb,l,, the least. Our findings demonstrate tuning of

optically controlled exciton spin-lifetimes in L-MHPs through composition engineering, providing a pathway toward
optimized materials for spintronics.
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ayered metal-halide perovskites (L-MHPs) are self- momentum of electronic states. In particular, in bulk MAPbI;

I assembled quasi-2D quantum-well structures charac- SOC splits the conduction band (CB, where L = 1) into a
terized by an alternating sequence of the metal-halide lower (J = 1/2, responsible for the optical band gap of the
octahedra and organic cation molecules.”” They have the material) and an upper (J = 3/2) band, while the valence band
general formula RyA, B, Xj,,;, where R is a large organic (VB) maximum (where L = 0) is unaffected.”’ For near
cation, A is a small monovalent cation, B is a divalent metal bandgap excitation, only the bottom of the CB and the top of
species, X is a halide, and #n is the number of inorganic layers the VB are populated which, in general, are spin-degenerate.
sandwiched between organic layers. The resulting quantum However, in crystal structures lacking an inversion symmetry
confinement leads the charge carriers to form excitons with point SOC lifts the spin degeneracy, causing a shift in

momentum of the electronic bands, a phenomenon known as
Rashba splitting (Figure la). As a result, in MHPs spin-
polarized charge carriers can be generated by illumination with
circularly polarized light (Figure 1a). Interestingly, the spin—
orbit interactions accelerate the relaxation of hot carriers,'* and
the spin-polarization in MHPs reaches values as high as twice
the one observed in conventional III-V and II-VI semi-

binding energies of up to 500 meV, which are tunable by the
thickness and the chemical composition of the inorganic
layer.”® Moreover, the inherently soft and polar nature of the
perovskite lattice is responsible for dynamic disorder and
anharmonicity9 which, in turn, influence interactions between
charge carriers and phonons. This coupling is known to cause
the formation of exciton polarons, i.e., excitons dressed by the
coupling with the lattice, in bulk as well as in layered

perovskites,'*'* making the latter an intriguing platform for Received: April 22, 2025
fundamental studies on the interplay between polaronic and Revised:  June 10, 2025
excitonic features. Accepted: July 14, 2025

The presence of heavy atoms endows perovskites with large Published: August 31, 2025

spin—orbit coupling (SOC), ie., a shift in energy of the
electronic bands and coupling between spin and angular
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Figure 1. (a) Schematic representation of the effects of spin—orbit coupling and Rashba splitting on the electronic energy bands of MHPs.
(b) Sketch of the setup used to perform TRFR measurements. (c) Crystal structure of the selected L-MHPs. (d) Photoluminescence spectra

of the investigated samples.
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Figure 2. TRFR decays of (a) (Hexa),MAPb,I,, (b) (Hexa),FAPb,I,, (c) (Hexa),CsPb,I, measured with optical excitation close to resonance
(black curves) and above resonance (red curve) with respect to the excitonic optical bandgap, at the stated photon energies. Measurements
were performed at 77 K. The excitation photon energy was chosen to provide the same amount of excess energy (260 meV) with respect to

the optical bandgap of each

material.
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Figure 3. Temperature dependence of the TRFR signals with pump close to resonance with the optical bandgap, performed on (a)
(Hexa),MAPD,I, (b) (Hexa),FAPb,I,, and (c) (Hexa),CsPb,I,. The black curves highlight the highest temperatures for which the decay is

still monoexponential.

conductors."”~"” Thus, the potential of MHPs as materials for
spintronic applications started being explored,'®™** with
studies spanning phenomena such as chirality-induced spin

selectivity’”> ™ and material properties affecting spin life-

3036
times.
Recently, some of us reported that spin lifetimes of

(BA),FAPb,I, (where BA: butylammonium; FA: formamidi-

4637

nium) can be increased by 2 orders of magnitude upon
photoexcitation with excess energy.”” Time-resolved Faraday
rotation (TRFR) experiments upon resonant excitation of
excitons showed that their spin relaxation is governed by a
motional-narrowing mechanism due to precession around an
effective magnetic field. In this regime spin lifetimes become
shorter at low temperatures, reaching ~0.2 ps at 77 K. At

https://doi.org/10.1021/acsenergylett.5c01236
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Figure 4. Isodensity plot for the three structures representing the charge density difference obtained as the difference between the total
density of the fully relaxed positively charged system and that of the neutral system at the positive charged-state geometry, revealing a
localization of the trapped charge on the inorganic framework. Color scheme: Pb, cyan; I, magenta; C, gray; N, blue; H, white. The isovalue

is set to 0.0002 A? for all the reported isodensities.

Table 1. Calculated Values of Stabilization Energies for
Hole Polaron (AE,,) and Relaxation Energy upon
Emission (AE,,,) for the Three Different Systems at the

PBEO-D3 Level of Theory

energy (meV)

system AE, AE,.,
(Hexa),MAPb,], 44 70
(Hexa),FAPD,1, 29 30
(Hexa),CsPb,1, 16 16

higher temperatures, the lifetimes showed biexponential
kinetics, with the longer component becoming slower as the
temperature was lowered, which hinted at a potential double
relaxation mechanism. This was confirmed by low-temperature
photoexcitation at with excess photon energy, which revealed
progressively longer-lived spin polarization signals as the excess
photon energy of the pump was increased, going from ~0.2 ps
to beyond S0 ps. In all cases, a fast ~0.2 ps component
remained present. Since hot-carrier cooling in L-MHPs takes
place on a similar time scale as spin relaxation of the
excitons,**™* the coexistence of short and long lifetimes at 77
K suggests that this unusual behavior is due to the temperature
dependent formation of a new state with a different spin
relaxation mechanism. We attributed this peculiar behavior to a
thermally activated exciton-polaron formation, whereby the
modified exchange interaction in polarons with respect to
excitons is responsible for the different spin relaxation
mechanism.

Here, we use femtosecond TRFR (Figure 1b) to investigate
the polaron formation mechanism in a family of (n = 2) L-
MHPs by systematically varying the A-site cation from
methylammonium ((Hexa),MAPb,I,) to formamidinium
((Hexa),FAPb,I;) and to the inorganic cation cesium
((Hexa),CsPb,I,), where Hexa is hexylammonium (Figure
1c). In all these systems we observe that optical spin lifetime
control by temperature and excitation photon energy is
possible and identify the barrier for polaron formation by the
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temperature dependence of the spin-depolarization dynam-
ics.”” Moreover, in agreement with first-principles numerical
simulations, we find that the polaron formation barrier follows
an opposite trend to the polarity of the A cation, suggesting
that larger polarities favor polaron stabilization. These findings
demonstrate the ability to control spin depolarization lifetimes
by engineering the chemical composition of L-MHPs, in view
of opto-spintronic applications of these materials.

All investigated thin film samples are prepared by spin-
coating (see Supporting Information for an in-depth discussion
of the protocol employed) and show a good phase purity, as
evidenced by their photoluminescence (Figure 1d) and
transient absorption characterizations (Figure S1). The spin-
polarization lifetime was studied with TRFR (Figure 1b), a
technique in which ultrashort circularly polarized excitation
pulses are used to generate a spin polarized carrier population,
which causes a transient chiro-optical refractive index differ-
ence between left and right-handed circularly polarized light.
Changes in the imaginary part of the refractive index cause a
difference in absorption between light of opposite helicities
(circular dichroism) leading to elliptical polarization. On the
other hand, changes in the real part correspond to a difference
in the phase delay between light of opposite helicities (optical
rotatory dispersion), resulting in a rotation of the axis of a
linearly polarized probe pulse (Faraday rotation), with the
rotation angle proportional to the net spin polarization in the
sample. TRFR efliciently measures the latter by using a
Wollaston prism to project the orthogonal polarization
components of the probe pulse onto a pair of balanced
photodiodes followed by a differential amplifier. If a polar-
ization rotation due to a chiral change of the refractive index
occurs, the light intensity impinging on the photodiodes is
unbalanced, and the differential signal measures the Faraday
rotation. The TRFR measurements (Figure 1b) were
performed using circularly polarized 100 fs tunable pump
pulses with a full-width-at-half-maximum bandwidth of ~40
meV, while the probe pulses were tuned to 2.07 eV, well below
the bandgap, where the dispersive TRER line shape extends.*!

https://doi.org/10.1021/acsenergylett.5c01236
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Figure 5. (a) Oscillatory components of the TA map of (Hexa),FAPb,I,. (b) Representative coherent oscillations observed in
(Hexa),FAPD,I,, obtained by subtracting the fitted slowly varying component of the signal from the TA map. (c) Comparison of the power
spectra maps obtained from the residuals of (Hexa),MAPb,I, (top), (Hexa),FAPb,I, (middle), and (Hexa),CsPb,I, (bottom). Data for
(Hexa),MAPb,I, and (Hexa),CsPb,I, are multiplied by 1.33 and 4, respectively, to account for the differences in maximum TA signal. (d)
Comparison of the power spectra of the investigated materials. Measurements were performed at 77 K and with excitation in resonance with

the optical bandgaps of the samples.

Table 2. Integral of the Power Spectra of the Investigated
Samples over the Main Raman Bands

system 18—40 cm™* 40—60 cm™
(Hexa),MAPb,], 0.0178 0.0105
(Hexa),FAPb,I, 0.0255 0.0070
(Hexa),CsPb,1, 0.0043 0.0051

For all the measurements, we conducted a pump fluence
dependence, to exclude exciton—exciton annihilation, and
selected only low fluence data where nonlinear kinetics are
negligible (Figures S2 and S3 in the Supporting Information
show the data from the main text at two different fluences).
Figure 2 shows the comparison between the TRFR
dynamics measured at 77 K of (Hexa),MAPb,I, (Figure 2a),
(Hexa),FAPb,1, (Figure 2b), and (Hexa),CsPb,I, (Figure 2c)

4639

following excitation in resonance (black curve) and with excess
photon energy (red curve) with respect to their optical
bandgaps. All samples exhibit spin depolarization dynamics
that are faster following resonant excitation and slower when
pumped with excess photon energy, which we attribute, in
agreement with our previous study,’’ to the formation of
polaronic states. We note that following 2.43 eV excitation, the
Faraday signal shows a rising component in the first few
hundred femtoseconds in Figure 2c. This component reflects
the cooling of the hot carriers toward the bandgap promoted
by carrier-phonon scattering, which is much less prominent in
(Hexa),CsPb,I, (see discussion of Figure 5 below). Interest-
ingly, for resonant excitation, we observe that the TRFR
dynamics in (Hexa),MAPb,I, and (Hexa),FAPb,I, follow a
biexponential trend, consisting of a strong decay on ~200 fs
time scales followed by a small signal that fully decays after

https://doi.org/10.1021/acsenergylett.5c01236
ACS Energy Lett. 2025, 10, 4636—4643
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several picoseconds. On the other hand, the signal in the
(Hexa),CsPb,1, sample displays a purely monoexponential
behavior, fully decaying in the first picosecond. This suggests
that, under these conditions, formation of polaronic states in
(Hexa),CsPb,I, is slower than the exciton spin lifetime,
whereas in (Hexa),MAPb,I, and (Hexa),FAPb,I, some
polaron formation can take place before all exciton spin
polarization is lost.

To further understand spin depolarization processes in these
materials, we performed temperature-dependent TRFR meas-
urements in the range 4—300 K using resonant bandgap
excitation (Figure 3). All investigated samples show longer
spin lifetimes as the temperature is increased. Moreover, we
note that in the very low temperature range all samples present
a monoexponential spin decay with lifetime of the order of 0.2
ps, whereas at higher temperatures a multiexponential decay is
observed. The fast component at low temperatures is
consistent with the motional narrowing spin relaxation
mechanism previously described in similar materials, which
we attribute to the excitonic species. At higher temperatures,
on the other hand, the polaron formation rate is increased,
eventually becoming comparable to the exciton spin
depolarization rate. At this point, polaron formation can take
place before spin relaxation is complete, so that the TRFR
kinetics are a result of both exciton and polaron spin relaxation
processes as well as the equilibration time between the two
species.

In this context, the threshold temperature between the
mono- and the biexponential spin relaxation regimes can be
associated with the polaron formation barrier for each sample:
the higher this temperature, the more energy is required to
form polarons before the exciton spin polarization is lost.
Figure 3 reveals that this critical temperature is lowest for MA
(~48 K) and highest for Cs (~130 K), while FA shows an
intermediate value (~64 K). Interestingly, these values display
an opposite trend with respect to the expected dipole moment
trend of the involved A-site cations, with MA more polar than
FA and Cs.

Our TRFR experiments confirm that the spin depolarization
dynamics changes when samples are pumped with excess
photon energy, producing lattice heating from carrier cooling,
and/or at sample temperatures higher than a specific threshold.
We associate the origin of this phenomenon to the formation
of polarons in L-MHPs that shield excitons from spin-
depolarization processes. Indeed, since L-MHPs are polar
materials, the Frohlich interaction is the most effective carrier-
phonon coupling pathway. Yet, since optical phonons are
mostly not dispersive, their population strongly depends on
temperature; ie., below a threshold temperature there is
insufficient energy to effectively generate such vibrational
quanta.

To elucidate the mechanisms underlying the localization and
stabilization of hole polarons in the studied systems, we
conducted structural relaxation calculations in the presence of
an additional positive charge, as reported in our previous
work.*” We chose to focus on hole polarons mainly because
previous studies have shown that electron polaron stabilization
energies in these materials are much smaller in magnitude than
hole polarons.* For each system, the stabilization energy is
calculated as AE,,; = E, — E,, where E, is the total energy of
the supercell after the vertical injection of a positive charge into
the neutral system and E, is the total energy of the charged
supercell after structural relaxation (Figure S4 shows a
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schematic representation of these quantities). In addition, we
also evaluate the relaxation energy of the neutral system, E,,,
which represents the energy required to bring the neutral
system from the geometry optimized in the positively charged
state to its true ground-state geometry, ie., the geometry
optimized in the neutral charge state. This quantity provides
insight into the structural differences induced by the presence
of a localized hole and allows us to quantify the structural
response across different A-site cations. Electrostatic finite-size
effects in charged periodic supercell calculations are neglected
due to the large dielectric constant of the system.”* The
calculated values are reported in Table 1, while Figure 4
illustrates the charge density difference between neutral and
charged system.

Table 1 shows a systematic trend in the stabilization
energies. In particular, the stabilization energy decreases as we
move from (HexA),MAPb,I, to (HexA),FAPb,I, and to
(HexA),CsPb,I,. This trend is particularly interesting as it
correlates with the polarity of the cation residing within the 3D
cage of the perovskite structure. The higher stabilization
energy observed for (HexA),MAPb,], can be attributed to the
higher polarity of the MA cation, which enhances the
interaction with the localized charge (hole polaron). In
contrast, the lower values of the stabilization energies for
(HexA),FAPb,I, and (HexA),CsPb,I, reflect the reduced
polarity of FA and Cs, respectively. This correlation suggests
that the polarity of the cation plays a critical role in modulating
the energetics of charge localization and stabilization in these
layered perovskite systems.*>*>~*

Additional information about the coupling between charges
and phonons can be obtained from transient absorption (TA)
measurements via the observation of impulsive stimulated
Raman scattering, which causes periodic oscillations of the
transmitted probe light intensity due to modulation of the
sample transmission by photoinduced coherent lattice
vibrations."® Figure S4 shows the differential transmission
(AT/T) maps, as a function of probe photon energy and delay,
of the three investigated samples measured at 77 K under
resonant excitation conditions, using a broadband probe
(1.653—2.755 €V). The data show the typical contributions
observed in the TA spectra of MHPs: a positive signal at the
excitonic peak, associated with the photobleaching of the
excitonic transition, and the two negative bands on its sides
associated with shift and broadening of the excitonic transition.

A global analysis of these data sets allows to fit the slowly
varying contribution to the measured TA maps which, once
subtracted from the data, yields a residual oscillatory signal,
indicative of impulsive stimulated Raman scattering. Figure Sa
shows the signal for (Hexa),FAPb,I,, while the data for
(Hexa),MAPb,1, and (Hexa),CsPb,], are presented in Figure
SS. Figure Sb shows oscillatory kinetics at two representative
wavelengths for the case of (Hexa),FAPb,1,: we observe a clear
7 phase flip of the oscillatory pattern between 2.145 and 2.175
eV probe energies which are, respectively, red- and blue-shifted
with respect to the excitonic peak. This indicates that the
coherent phonons are strongly coupled to the excitonic
transition. To get more insight into the phonon modes
modulating the excitonic transition, we computed the Fourier
transform of the data shown in Figure Sa and Figure S6. The
power spectra of the oscillatory signal component are reported
in Figure Sc for the three samples as a function of the probe
photon energy (the results are normalized with respect to the
maximum of the TA traces of the corresponding material). We

https://doi.org/10.1021/acsenergylett.5c01236
ACS Energy Lett. 2025, 10, 4636—4643


https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.5c01236/suppl_file/nz5c01236_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.5c01236/suppl_file/nz5c01236_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.5c01236/suppl_file/nz5c01236_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.5c01236/suppl_file/nz5c01236_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.5c01236/suppl_file/nz5c01236_si_001.pdf
http://pubs.acs.org/journal/aelccp?ref=pdf
https://doi.org/10.1021/acsenergylett.5c01236?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Energy Letters

http://pubs.acs.org/journal/aelccp

observe that the power spectra have a lower intensity in
(Hexa),MAPb,I, (data multiplied by a factor 1.33) and
(Hexa),CsPb,I, (data multiplied by a factor 4) relative to
(Hexa),FAPb,1, suggesting that the hybrid compositions
experience a stronger exciton—phonon coupling than the
inorganic counterpart. A more quantitative comparison
between the different chemical compositions is provided by
integrating the power spectra over probe photon energy and
wavenumber, obtaining a quantity that is proportional to the
energy of the coupled vibrational modes. Since we observe
contributions distributed in two main regions (18—40 cm™
and 40—60 cm™"), we separate the calculations of the integral
of these areas (the exact range is shown and reported in Figure
S7). The results are given in Table 2.

We observe that (Hexa),MAPb,I, and (Hexa),FAPb,I,
show stronger contributions, respectively, in the range 40—
60 and 18—40 cm™!, while (Hexa),CsPb,I, exhibits lower
values in both regions. This outcome further suggests that the
hybrid compositions experience a stronger exciton—phonon
coupling with respect to (Hexa),CsPb,L,. Finally, with the aim
to get insight into the frequencies of the vibrational modes
discussed, we integrate the power spectra reported in Figure Sc
over the probe photon energy (2.119-2.198 eV for
(Hexa),MAPD,I, and (Hexa),FAPb,I,; 2.156—2.230 eV for
(Hexa),CsPb,1,). Figure 5d compares the integrated PS for the
three materials, normalized with respect to the maximum of
the corresponding TA maps.

In MHPs, in particular, in the prototypical MAPbDI,
perovskite, it has been shown that below 200 cm™ the
vibrational density of states consists of 80% contributions from
internal vibrations of the inorganic network (Pbl;), while the
remainder is associated with spinning, translations and
librations of the MA" cation.*”*" This is due to the heavy
masses of the atoms which constitute the inorganic network
(lead/tin and halogens) which result in oscillators whose
normal modes have a low frequency. Thus, since L-MHPs have
an inorganic framework like that of their bulk counterparts, the
low-frequency region is characterized by similar phonon
modes, although some shifts are expected because of the
different chemical environment. In the range 40—60 cm™" we
observe similar vibrational features in both (Hexa),MAPb,l,
and (Hexa),FAPb,I,, while those in (Hexa),CsPb,I, differ
both in intensity and frequency. Finally, the range 18—40 cm™
shows starker differences among the three samples: the
intensity, frequency, and number of modes are strongly
dependent on the chemical composition. We suggest that
these modes are due to translations and librations of the cage
cations (MA', FA', Cs*). Irrespective of the exact
identification of the involved vibrational modes, it is clear
that (Hexa),MAPb,l, and (Hexa),FAPb,I, experience stron-
ger exciton—phonon coupling with respect to (Hexa),CsPb,[,,
consistent with the stabilization energy trend of the excitonic
polarons.

We have used femtosecond TRFR to experimentally
investigate the spin depolarization mechanism in a series of
L-MHPs with different A-site cations: (Hexa),MAPb,I,,
(Hexa),FAPb,I, and (Hexa),CsPb,L,. All samples show a
peculiar trend of longer spin lifetime at low temperatures for
excitation with excess photon energy. Moreover, upon
resonant excitation at low temperatures, all samples show a
monoexponential spin lifetime of ~200 fs, that we attribute to
pure exciton spin relaxation. However, this monoexponential
regime persists up to different temperatures for each
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composition: ~64 K for MA*, ~77 K for FA", and ~130 K
for Cs*. We assign the onset of a biexponential regime to the
formation of exciton polarons with distinct spin relaxation
dynamics and take the threshold temperature for this regime as
a measure of the polaron formation barrier. These temperature
thresholds follow the opposite trend of the polarities of MA”,
FA" and Cs*, suggesting that the larger the polarity of the
cation, the lower the barrier for polaron formation, indicating
that the larger dipole moment helps stabilize the Ilattice
distortion associated with polaron formation. These exper-
imental findings agree with first-principles numerical calcu-
lations, which indicate a higher polaron stabilization barrier
with increasing dipole moment of the cation. Although A-site
cations indirectly affect the electronic structure of lead-halide
perovskites by modulating the extent of octahedra tilting in
relation to their increasing size,”' thus affecting the band gap
and carrier effective masses, it is the polarity that fully
correlates with our experimental observations. MA is indeed
expected to be more polar than FA and Cs. So, both effects,
structural/electronic and electrostatic, are expected to interplay
in defining the fate of charge carriers. Our results show how
both material composition and excitation wavelength can be
exploited for tuning the spin lifetime in L-MHPs, which offers
a general handle for the realization of optimized materials for
opto-spintronic devices.
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