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ABSTRACT: We obtained highly stable polycrystalline thin films of FAPbI3
prepared under air ambient conditions. In these materials, the presence of Pb−O
bonds prevents the propagation of α- to δ-FAPbI3 phase conversion and allowed
addressing the study of the spin coherence and spin relaxation dynamics of the
photogenerated carriers. We studied, at 2 K, the coherent evolution of electronic
spins in FAPbI3 films by measuring the photoinduced Faraday rotation (PFR)
under a transverse magnetic field. We identified two contributions to the measured
signal that we associated with localized electrons and holes. The study of the
Larmor spin precession as a function of magnetic field leads to Lande ́ factors |ge| =
3.447 ± 0.006 for electrons and |gh| = 1.134 ± 0.003 for holes. We measured long
spin coherence times of localized electrons (holes) of 3.3 ns (2.4 ns). PFR measurements in a longitudinal magnetic field yielded a
carrier spin relaxation time of 17 ns at 32 mT. Finally, we were interested in experimentally estimating the value of the Kane energy,
which is the key parameter to determine the band structure and the optical properties of halide perovskites, as well as the interaction
of these materials with a magnetic field. From the experimentally determined hole g-factors and low-temperature absorption
spectrum, we obtain the Kane energy parameter of FAPbI3, EP = 13.1 eV, a value slightly smaller than the calculated one ẼP = 14.7
eV. We, thus, experimentally establish a bridge between the optical and spin properties of halide perovskites.
KEYWORDS: lead halide perovskites, FAPbI3 polycrystalline films, photoinduced Faraday rotation, spin dynamics

■ INTRODUCTION
For more than a decade, solar cells based on halide perovskites
(HP) have been setting new photovoltaic efficiency records.1

As a result, a great interest in these materials, with the aim of
discovering the key to their success, has grown. Indeed, they
have brought to light outstanding optical properties:2 strong
absorption and bright luminescence, a tunable energy gap and
exciton binding energy by adjusting the chemical composition.
Their electronic properties are also very interesting: good
bipolar transport, large carrier diffusion distances, low
formation energies for shallow defect states, and small thermal
conductivity at room temperature. For photovoltaic applica-
tions, CH3NH3PbI3 (MAPbI3) is the flagship material, which
combines a cheap and easy fabrication by a low-temperature
solution process and a theoretical yield of photovoltaic
conversion efficiency of approximately 30%, which is close to
the maximum expected for a single-junction solar cell. MAPbI3
has also very quickly gained an important place in other
applications and scientific fields such as optoelectronics and
spintronics. For example, the long carrier lifetimes and low
nonradiative recombination rates were taken advantage of
when demonstrating optically pumped laser emission in
MAPbI3 nanowires.

3 The first studies on spin relaxation and
decoherence in HP have been performed in MAPbI3 films

4,5

and revisited later.6−9 This opened the field to other studies on
spin dynamics in HP materials10,11 and has revealed interesting
effects12−15 and differences with more conventional semi-
conductors.16

In principle, NH2CH�NH2Pb2I3 (FAPbI3) would be a
better candidate than MAPbI3 for single-junction solar cells
because its band gap has the lowest energy among the Pb-
based HP family. The very promising α-phase (also known as
the black phase) of FAPbI3 is, however, difficult to stabilize at
room temperature. Recently, different groups have imple-
mented a strategy to make it stable, and some of them have
obtained promising results.17,18 The difficulties to stabilize the
material have so far prevented exploring the whole peculiarities
and characteristics of FAPbI3 in photovoltaic and beyond
photovoltaic applications. FAPbI3, as other members of the HP
family, is a highly promising material not only in the
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optoelectronic domain but also in the less explored spintronic
field due to its large spin−orbit coupling and its spin-
dependent optical selection rules.
This work is the result of the collaboration of a team of

chemists and two teams of experimental and theoretical
physicists. We were able to obtain highly stable polycrystalline
thin films of FAPI3 prepared under air ambient conditions. In
these materials, the presence of Pb−O bonds retains the
propagation of α- to δ-FAPbI3 phase conversion18 and allowed
addressing the study of the spin coherence and spin relaxation
dynamics of the photoexcitations. We used time-resolved
pump−probe Faraday rotation spectroscopy at low temper-
ature (2 K) and, by applying a magnetic field perpendicular
(parallel) to the film plane, we measured long living spin
relaxation (spin decoherence) signals, extracting spin lifetimes
similar to other HP single crystals, Lande ́ factors, and their
inhomogeneous broadenings. Under these experimental
conditions, the average lifetime of samples was larger than
seven months. We clearly identified two contributions to the
Larmor spin precession that we associated with localized
electrons and holes. From the measured hole g-factors and low-
temperature absorption spectrum of FAPbI3, we were able to
obtain the Kane energy parameter of FAPbI3, EP = 13.1 eV.
This is a key parameter to define the interaction of HP with
magnetic fields and also describe the band structure and optical
properties in the framework of the k.p theory and effective
mass approximation,19 applicable not only for bulk materials
but also for nanostructures. This experimentally estimated
value in FAPbI3 is very close to the theoretical value calculated
in this work and in our previous work,20 although slightly
smaller. Furthermore, it is in the range of the recently
calculated and experimentally determined values in other Pb-
based HP, between 11 and 20 eV.11,19,20

■ RESULTS AND DISCUSSION
The FAPbI3 films were prepared according to a previously
reported method,18 where the FAPbI3 perovskite solar cells
presented an outstanding stability in air, retaining 80% of their
initial power conversion efficiency after 112 days of storage in
air. In this case, the films were fabricated under ambient air
conditions, which creates a Pb−O bond and, through a deep
study of Raman, XPS, and morphological analyses, indicates
that the presence of Pb−O bonds blocks the expansion of the
δ-FAPI phase, stabilizing the FAPI black phase. These findings
suggested that the fabrication under ambient conditions
intrinsically forms Pb−O bonds, likely PbOx species, which
would improve the air stability. Figure 1a shows a top view
obtained by scanning electron microscopy (SEM) of a 300 nm
thick polycrystalline FAPbI3 film. The grain size distribution is
given in Figure 1b. The mean grain size is located around
400−450 nm. The film fabrication is described in more details
in the Supporting Information S1.
The α-phase of FAPbI3 is a perovskite cubic phase showing a

direct gap located at the R point of the Brillouin zone at room
temperature. FAPbI3 undergoes a structural phase transition
around 100−150 K when cooled down. A signature of this
phase transition is clearly observed in the low-temperature
absorption spectra (see Supporting Information S2 Figure S1).
Below 150 K, the crystal adopts the tetragonal space group P4/
mbm,21 with the D4h point group. Figure 1c shows the
absorption spectrum obtained at 11.5 K and its extrapolation at
2 K, as well as the photoluminescence (PL) spectrum of a
FAPbI3 polycrystalline film obtained at 2 K and excited at
1.512 eV. From the absorption spectrum, the exciton energy
can be experimentally determined (1.482 eV at 11.5 K). In a
previous work, the binding energy for this material was
determined to be equal to 14 meV22 at low temperature. We
can then deduce the energy gap is 1.496 eV. The PL maximum

Figure 1. (a) SEM image of a FAPbI3 film. (b) Grain size distribution in the film. (c) Photoluminescence and absorption spectra of a FAPbI3 film.
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is slightly shifted to lower energies (1.459 eV). The time-
resolved PL detected at 1.5 eV and 4 K is weak and shows two
decay times, 70 and 262 ps, and as we will discuss later, a more
intense PL at lower energies arises very likely from localized
states and defects (see Supporting Information S2 for more
details on experimental methods and complementary experi-
ments).
An efficient spin polarization in HP is obtained via optical

orientation. Indeed, the conduction band minimum is a spin−
orbit split-off band associated with Pb p-orbitals and
characterized by a total angular momentum j = 1/2. At higher
energy, we find the light and heavy electron bands with a total
angular momentum j = 3/2. The valence band maximum with s
symmetry and S = 1/2 is the result of a combination of Pb s-
orbitals and I p-orbitals. The absorption of circularly polarized
photons tuned to the band gap energy allows the selective
pumping of spin-polarized electrons and holes in the HP
material, based on optical selection rules and conservation of
spin angular momentum. Figure 2a presents a schematic view
of the optical selection rules for circularly polarized lights
tuned to the band gap energy in HP. To study the spin
decoherence and relaxation dynamics, we use a degenerated
pump−probe experimental setup that allows the measurement
of the photoinduced Faraday rotation (PFR) (see Supporting
Information, S3, for more experimental details). The circularly
polarized pump is tuned to 1.48 eV, and thanks to the optical
selection rules, we can create circularly polarized excitons. The
presence of spin-polarized carriers or excitons in the sample
induces a rotation of the polarization plane of the linearly
polarized probe beam. We measure this rotation, the PFR
signal, as a function of the pump−probe delay. Figure 2b
shows the PFR signals obtained at 2 K in an external magnetic
field applied in Voigt configuration (perpendicular to the laser
beams), when the energy is tuned to the maximum of the
absorption edge at 1.48 eV. The Fourier transform (FFT) of
the PFR signal for different values of the applied magnetic field
is given in Figure 2c. Two frequencies are clearly identified,
and both increase linearly as the magnetic field increases,
which seems to be a very common feature in HP6,11 (S3 in
Supporting Information contains PFR results when the laser
beams are tuned to 1.47 eV). The PFR signal can be described
as two damped oscillations:

= + + +* *A f t A f te cos(2 ) e cos(2 )t T
h

t T
F e

/
e e

/
h h

2,e 2,h

(1)

where f i (i = e, h) are the two oscillation frequencies identified
in the FFT; the low-frequency amplitude is noted as Ah and the
high-frequency one as Ae, T2,i* (i = e, h) is the dephasing time at
a given magnetic field, and φi is the initial phase. These two
components correspond to the localized carriers, electrons (i =
e) and holes (i = h), and the two frequencies are their
respective Larmor frequencies. We will discuss later why we
assign the high frequency to electrons and the low frequency to
holes. The pump beam creates excitons in FAPbI3, but these
excitons relax via a very fast path to localized centers and
defects. That is why the cw-PL is shifted toward lower energies
with respect to the absorption edge; the PL detected at 1.5 eV,
as we have already written, is weak and shows two decay times,
one equal to 262 ps and one, faster, of 70 ps. This latter faster
decay is very likely associated with the relaxation time of free
exciton to more localized states (see Supporting Information
S2, Figure S3).
Figure 3a shows the PFR signal obtained at 2 K and 1.48 eV

for an applied magnetic field of 1.1 T, fitted by eq 1, with the
two carrier contributions extracted from the numerical fit.
Figure 3b represents the dephasing time for electrons and
holes as a function of magnetic field. They shorten with
increasing magnetic field due to the g-factor inhomogeneities.
Similar results are obtained when pump and probe energy are
tuned to lower energy (see Supporting Information S3 Figure
S4). The g-factor distribution width, Δgi, and the spin
dephasing time extrapolated at zero magnetic field for a single
electron or hole can be determined using the relation:

* = +
T T

g1 1
(0)i i

i

2, 2, (2)

where T2,i(0) is also equal to the longitudinal electron or hole
spin relaxation time at zero magnetic field, μB is the Bohr
magneton, and ℏ is the reduced Planck constant. We
extrapolate, at zero magnetic field and T = 2 K, a value
T2,e(0) = 3.3 ± 0.6 ns for electrons and T2,h(0) = 2.4 ± 0.8 ns
for holes. These values compare well with values found in the
crystal alloy FA0.9Cs0.1PbBr0.2I2.8

23 and other HP crystals (see
Supporting Information S4, Tables S1 and S2 contain a review
of the experimental results known to date) but are much larger
than the value obtained in MA0.3FA0.7PbI3 thin films.

25 We
found Δge = 0.058 (Δgh = 0.087), representing 1.7% (7.7%) of
the experimentally determined value of ge(gh). The relative
dispersion is larger for the hole than for the electron, but both
dispersions are smaller than the dispersions obtained in other

Figure 2. (a) Schematic of the optical selection rules when the laser energy is tuned to the band gap energy of bulk FAPbI3, (b) PFR signal
measured at different magnetic fields in Voigt geometry, and (c) fast Fourier transform of the PFR signals, revealing two frequencies.
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HP films5,6,25 and comparable with values obtained by other
authors in crystals.7,8,23

Figure 3c shows the Larmor frequency:

= =
| |

f
g B

2i i
i B

(3)

where |gi| is the absolute value of the Lande ́ factor of electron
or hole, and B is the applied magnetic field. The results given
in Figure 3c follow a linear behavior that shows no offset at
zero magnetic field, confirming the involvement of a resident
carrier rather than an exciton.5 In the presence of an exciton, a
finite frequency at B = 0 would be expected due to the
electron−hole exchange interaction for carriers bound to an
exciton. |gi| is deduced from the linear fits. They are
comparable with the values obtained by other authors in
MA0.3FA0.7PbI3

24 and FA0.9Cs0.1PbI2.8Br0.2.
11 As FAPbI3 has

the lowest energy band gap in the Pb-based HP family, the
quasi-cubic11 and tetragonal k.p models19 predict that the
electron Lande ́ factor in this material should have the highest
value among the Pb-based HP. The hole Lande ́ factor is
predicted to be negative for FAPbI3 and also has the highest
absolute value among Pb-based HP. Figure 3d shows the hole
and electron Lande ́ factor values for Pb-based HP calculated
with 14-band tetragonal model. (see Supporting Information
S5, for more details about the calculations of the Lande ́ factors
values). For holes, in Figure 3d, we provide two lines
representing a universal law of gh∥ and gh⊥ as a function of the
gap energy Eg, and where E2 = 0.45Eg + 2.64 and E3 = 0.45Eg +
2.79 in eq 5 given in S5, and the two Kane parameters are
considered EPdS, ρ

≈ EPdS, z
= EP = 12.4 eV in the whole domain

from 1.5 to 2.5 eV. Unlike the hole Lande ́ factors, the electron

Lande ́ factors are sensitive to the coupling to other bands than
the ones we considered, and for this reason, we provide a guide

for the eyes, considering the arithmetic mean
+g g

2
e e .

Experimental values are also represented and show a very
good agreement with theoretical calculations (see Supporting
Information S4, Tables S1, S2, and S4). In the case of
polycrystalline films, the experimental values should be
compared to an average value of the two Lande ́ factor
components, along (gi∥) and perpendicular (gi⊥) to the c-axis of
the tetragonal structure, gi = (2 gi⊥ + gi∥)/3. For holes, this
expression depends essentially on EPdS, ρ

, EPdS, z
, the band gap

energy Eg, and the transition energies from the maximum of
the valence band s = 1/2 to the two nondegenerate j = 3/2
bands, E2 and E3 (see in Supporting Information S5, Figure
S5). The energy values Eg = 1.49 eV, E2 = 3.23 eV, and E3 =
3.35 eV of FAPbI3 have been experimentally obtained by low-
temperature absorption spectra (see Supporting Information
Figure S2) and, when they are combined with our measured
hole Lande ́ factor, it becomes possible to deduce an average
Kane energy parameter for FAPbI3 of EPdS,ρ

≈ EPdS,z
= EP = 13.1

eV (see S5 I). This value is slightly smaller than the one
calculated in the framework of k.p theory and the tetragonal
model for FAPbI3 in this work (see S5 Table S3,

=
+

E 14.7
E E

P
2

3
PS, PS,z eV), and smaller than the value

calculated in our previous work20 (EPdS,ρ
= 17.97 eV and EPdS,z

= 16.45 eV), but slightly larger than the average value of EP =
12.4 eV obtained for HP with band gap energy between 1.5
and 2.5 eV. This latter value was deduced, as explained above,
from the fit of the hole g-factor expressions given by the
tetragonal model described in S5 (taking the phase angle θ =
40°) and the experimental results for hole g-factors, (see red
lines in Figure 3d).
Finally, we have also measured the PFR signal in the

presence of an applied magnetic field in Faraday configuration
(magnetic field parallel to the beam propagation direction).
Figure 4a shows the PFR signal obtained at 2 K and 1.48 eV
for different longitudinal magnetic fields. These curves follow a
multiexponential decay, as we can see in Figure 4b. The PFR
signal at negative time values corresponds to the signal at the
end of the previous pump/probe pulse, as shown in the
schematic in Figure 4a. The delay between two pulses being
13.2 ns, the values at negative times were shifted by 13.2 ns to
obtain the fits in Figure 4b. At B = 0, the PFR curve is well-
described by two exponentials with characteristic times around
a hundred of picoseconds and one or two nanoseconds. The
shorter time is associated with free or localized excitons, and
the slower one to the spin relaxation time, τ1, of localized
electrons and holes. We underline that the latter value is
comparable to the value obtained for T2,e/h(0). τ1 evolves as a
function of the strength of the applied magnetic field, as shown
in Figure 4c. We estimated its value to 17 ns for a magnetic
field of 32 mT, a value comparable to the relaxation times
obtained in other HP crystals7,10,16 (see Supporting
Information S4, Table S1). We observe that a very small
value of the magnetic field is able to induce an increase of the
relaxation time τ1 by an order of magnitude, which is a
signature of a quenching of relaxation channels, most likely due
to the hyperfine interaction.16 The maximum value of τ1 is
relatively constant from 20 to 200 mT.

Figure 3. (a) PFR signal of FAPbI3 thin film at B = 1.1 T, fit to
expression 1. The electron and hole components are represented
separately. (b) Evolution of spin dephasing times of charge carriers
with the magnetic field. (c) Electron and hole Larmor frequencies as a
function of magnetic field. (d) Red (blue) circles: theoretical hole
(electron) g-factors for FAPbI3, MAPbI3, and CsPbBr3. Black symbols:
experimentally measured g-factors (see in S4 Tables S1 and S2).
Empty (full) black symbols are for the minimum (maximum) g-values.
Theoretical lines: blue line is a guide for the eyes corresponding to

+g g

2
e e . Red lines represent gh∥ and gh⊥
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■ CONCLUSIONS
In summary, we studied the spin dynamics of resident
electrons and holes in FAPbI3 films that show high stability
with time (no signatures of PFR signal degradation were
observed for times longer than 7 months). The spin dephasing
times, 3.3 ns for electrons and 2.4 ns for holes, are comparable
with dephasing times measured in other Pb-based HP crystals
and, in general, larger than the time measured in polycrystalline
films. The longitudinal spin relaxation time of carriers increases
from 2 ns at zero magnetic field to more or less 17 ns at 32 mT
and stays constant until approximately 200 mT. The observed
increase at very low longitudinal magnetic fields is very likely,
as demonstrated in other Pb-based HP materials, due to the
quenching of the hyperfine interaction. As predicted by cubic
and tetragonal k.p models, the absolute values of Lande ́ factors
in FAPbI3 are among the highest in the Pb-based HP family.
We showed, in particular, that a 14-band tetragonal k.p model
could describe the anisotropy of the hole g factors in the whole
range of the Pb-based HP, which is in agreement with the
ensemble of the experimental results known to date. By
completing the range of studied materials, this work
contributes to draw a general picture of spin dynamics in
Pb-based HP.
From the measured hole Lande ́ factors and experimental

ellipsometry results found in the literature, we obtained an
average Kane energy value EP = 13.1 eV, slightly smaller than
the one calculated. This is a key parameter to determine the
optical properties of FAPbI3 material and its magnetic
interactions. All these results, making a connection between
spin properties and optoelectronic properties, are of prime
importance to evaluate the potentialities of FAPbI3 as a future
actor in engineered HP spin-optronic devices.
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Jesús Sánchez-Diaz − Institute of Advanced Materials
(INAM), Universitat Jaume I, Castelló de la Plana 12071,
Spain

Sergio Galve-Lahoz − Institute of Advanced Materials
(INAM), Universitat Jaume I, Castelló de la Plana 12071,
Spain

Imen Saïdi − Université de Carthage, Faculté des Sciences de
Bizerte, LR01ES15 Laboratoire de Physique des Matériaux:
Structure et Properties, 7021 Bizerte, Tunisia

Kais Boujdaria − Université de Carthage, Faculté des Sciences
de Bizerte, LR01ES15 Laboratoire de Physique des
Matériaux: Structure et Properties, 7021 Bizerte, Tunisia

Juan P. Martinez-Pastor − UMDO, Instituto de Ciencia de los
Materiales, Universidad de Valencia, Paterna 46980
Valencia, Spain

Christophe Testelin − Sorbonne Université, CNRS, Institut
des Nanosciences, Paris 75005, France

Iván Mora-Seró − Institute of Advanced Materials (INAM),
Universitat Jaume I, Castelló de la Plana 12071, Spain;
orcid.org/0000-0003-2508-0994

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsphotonics.4c00632

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This work was supported by the French National Research
Agency (ANR IPER-Nano2, ANR-18-CE30-0023) and the
French Ministry of Foreign Affairs for funding through the
project PHC-Utique (CMCU 22G1305). F.B., M.C., and G.L.

Figure 4. PFR signal in the presence of an applied magnetic field in
Faraday geometry. (a) PFR signal at different magnetic fields. Inset:
periodic PFR signal with period equal to 13,2 ns. The red square
provides the window of the measured signal. (b) PFR signal at B = 0
and B = 32 mT, fitted with three exponential decays. (c) Field
dependence of the longest decaying time τ1
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