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Phase transition model of FA cation ordering
in FAPbX3 (X = Br, I) hybrid perovskites

Mantas Šimėnas, *a Sergejus Balči %unas,a Mirosław Mączka b and J %uras Banysa

A proper understanding of structural phase transitions and cation dynamics in hybrid lead halide

perovskites is important for further enhancement of the photovoltaic properties of these materials. Here,

we propose a model describing the FA cation ordering in FAPbX3 (X = Br, I) hybrid perovskites. Our

model is based on the available structural information of these compounds and involves short-range

framework-mediated interactions between the FA cations. We solve the model using Monte Carlo

simulations, which allows us to reproduce the cubic-tetragonal phase transition and the FA cation

arrangement. We show that a spontaneous electric polarization does not appear during this transition,

which is supported by the thermally stimulated depolarization current experiments. We also extend our

model to describe the FA cation ordering and frustration in the mixed FA1�xCsxPbX3 system, which

reveals a frustrated dipole behavior at low temperature.

1 Introduction

Hybrid perovskites attract extraordinary attention from the scien-
tific community due to their potential applications as efficient
and solution-processable photovoltaic materials.1,2 The power
conversion efficiency of solar cells based on methylammonium
(MA, CH3NH3

+) and formamidinium (FA, HC(NH2)2
+) lead halides

experienced a drastic boost in the last decade and currently
exceeds 25%.3–8 An interplay between several key physical factors
such as large absorption coefficient,9 optimal bandgap,10 long
carrier diffusion length,11,12 low exciton binding energy,13 and
defect tolerance14 is responsible for the high performance of these
materials. These properties can be affected by the molecular
cation dynamics and structural phase transitions occurring in
these materials.10,15–19

Currently, the best performing perovskite solar cells are based on
FAPbI3,7,8 which exhibits broad absorption and higher thermal
stability compared to MAPbI3.20 Despite extensive use of FAPbX3

(X = Br, I) in solar cell fabrication, a detailed understanding of the
structural phase transitions and cation dynamics in these com-
pounds is still under intense investigation.19,21–30 FAPbI3 typically
crystallizes into the photoinactive yellow hexagonal phase (d), which
can be converted to a metastable black cubic phase (a) by thermal
annealing.25,31–33 Upon cooling from the cubic phase, FAPbI3 exhi-
bits a phase transition at 285 K to a tetragonal phase (b),
and another phase transition appears below 140 K (g-phase).25,34

The exact symmetry and degree of cation disorder of the latter phase
still remains questionable.12,23,25,34,35

The bromide analogue crystallizes into the cubic perovskite
phase, and the phase transition sequence is similar to the black
phase of FAPbI3. It exhibits two phase transitions at 266 K and
153 K, which correspond to the cubic - tetragonal - orthor-
hombic symmetry lowering.19,27,30,36,37 In addition, this com-
pound also shows three crystallographically unresolvable
transitions at 182, 162, and 118 K that involve subtle changes
of the FA cation dynamics.19,38

The FA cation dynamics and ordering in FAPbX3 were also
investigated using theoretical methods such as density functional
theory (DFT)21,23,39–41 and molecular dynamics (MD).21,25,41,42 The
DFT calculations provide the atomistic picture of the ordering, but
are constrained to small system sizes and poor ability to probe
entropic effects such as phase transitions. The effects of tempera-
ture can be captured using MD, but such simulations may
also suffer from the pronounced finite-size effects, especially if
the ab initio MD is employed.

Another method to study phase transition and ordering phe-
nomena is Monte Carlo (MC) simulations of effective model
Hamiltonians. This technique is capable of simulating many-
particle systems and temperature effects, but usually the atomistic
picture must be simplified to a coarse-grained model. Lahnsteiner
et al. demonstrated that with a proper choice of a model Hamil-
tonian, such an approach is comparable with the machine-
learning force field predictions.43 The effective model Hamilto-
nians were used to successfully reproduce the phase transitions
and related phenomena in MAPbX3

44–47 and other48–50 hybrid
perovskites. However, such an approach for the simulation of
more complicated FAPbX3 perovskites is still absent.
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In this work, we propose a model describing the FA cation
ordering in FAPbX3 (X = Br, I). We construct our model based
on the available structural data of these compounds and solve it
using the MC simulations. Our simulations reproduce the
cubic (a)-tetragonal (b) phase transition and the FA cation
arrangement in both structural phases. We supplement our
simulations by the thermally stimulated depolarization current
experiments, which reveal the absence of the spontaneous
electric polarization in FAPbBr3 and FAPbI3. We also extend
our model to simulate mixed cation systems revealing cation
frustration and dipolar glass signatures in FA1�xCsxPbX3.

2 Model and simulation details

The construction of a microscopic model describing the FA
cation ordering in FAPbX3 requires a detailed analysis of the
available structural data. We base our model on the structure of
FAPbBr3 in the cubic and tetragonal phases determined by
Franz et al. using neutron powder diffraction and synchrotron
X-ray diffraction techniques.27 We also assume that FAPbI3 has
a very similar FA cation arrangement in both phases as revealed
by several other studies.12,21,25,26

The FA cation arrangement in the cubic and tetragonal phases
of FAPbBr3 is presented in Fig. 1. According to the experimental
data, in the cubic phase, the FA cation is dynamically disordered
between 48 states (Fig. 1a), while the disorder is decreased to
4-fold in the tetragonal phase (Fig. 1b–d). The FA cations in this
phase form a checkerboard arrangement in the ab-plane, where
each cation is surrounded by four others having approximately

perpendicular orientation (Fig. 1b and c). To accommodate such a
cation arrangement, the lead bromide cuboids are elongated
along the longer cation axis forming a pattern of alternating
rhombuses, as shown in Fig. 1c. The same framework deforma-
tion is translated along the c-axis forming rhombic channels
such that in each channel the FA cations lie within the same
plane (see Fig. 1b and d).

In our model, we map the experimental structure on a
simple cubic lattice (xyz-coordinate frame), where each lattice
point corresponds to a single FA cation (see Fig. 2a). For
simplicity, we assume that the C2 symmetry axis (electric dipole
moment) of the cation is perpendicular to the cube side
and points into its center. As a result, our model consists of
twelve FA cation states (orientations) denoted as S = 1,� � �,12
(see Fig. 2b). Each state can be defined by the direction of the
electric dipole moment and the plane, in which the cation is
situated. For example, state S = 1 has the dipole moment
pointing along the +z direction, while the cation itself is in
the yz-plane (see Fig. 2a for a reference frame). Our simplifica-
tion results in a 4� and 2� lower degree of a cation disorder in
the cubic (48 vs. 12) and tetragonal (4 vs. 2) phases, respectively,
compared to the experimental data.27 We also form pairs of the
S states that are in the same plane, but have the opposite dipole
moment resulting in six paired states, which we denote by the

Fig. 1 Structure of FAPbBr3 in the (a) cubic and (b–d) tetragonal phases.
There are 48 and 4 equivalent orientations (indicated by transparent
atoms) of FA cation in the cubic and tetragonal phase, respectively. Color
coding in (d) corresponds to the colors of the rhombic channels in (c).
Structural data taken from ref. 27.

Fig. 2 (a) Examples of mapping of the experimental FA cation orientations
to the corresponding model states. (b) Twelve states (S = 1,� � �,12) of FA
cation considered in our model. The electric dipole moment (C2 symmetry
axis) of each state is denoted by the red arrow. The cations situated within
the same plane and having an opposite dipole moment are assigned to the
same s-state enumerated by the Roman numerals (s = I,� � �,VI).
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Roman numerals: s = I,� � �,VI (see Fig. 2b). Note that the
direction of the electric dipole moment is undefined in the
s-representation.

We consider interactions only between the nearest neighbor
cation states and do not explicitly take into account the lead
halide framework, though its deformation induced by the FA
cations acts as a medium for transfer of the interactions. We
consider two short-range interactions with energies e1 and e2

between the cations. The interaction e1 occurs between the
cations that lie in the orthogonal planes and have parallel C2

symmetry axes (Fig. 3a). This interaction occurs due to the
quadrupolar moment of the FA cations38 and is effectively
responsible for the experimentally observed checkerboard
cation order and framework deformation in the ab-plane. An
example of this interaction is presented in Fig. 3a, where it
involves s = I (S = 1,2) and III (S = 5,6) states in the xy-plane of
our reference system (I2xyIII; here, the subscript denotes the
plane in which the interaction occurs). By symmetry, this
interaction also occurs between other s-states: II2xzV and
IV2yzVI.

The Hamiltonian describing interaction e1 can be expressed
as48,49

H1 ¼
�e1

P
ijh i

dðsi; IÞdðsj ; IIIÞ þ dðsi; IIÞdðsj ;VÞ þ dðsi; IVÞdðsj ;VIÞ
� �

;

(1)

where d(m,n) is the Kronecker delta, which is equal to one for
m = n and zero otherwise. The indices i and j enumerate the
sites on a simple cubic lattice of our model, while the summa-
tion excludes double counting and takes into account only the
nearest neighbor sites. Note that a similar Hamiltonian
was also used to describe the ordering in other hybrid
compounds.48,49 Based on these and other similar models, we
expect that the magnitude of e1 should be close to the cubic-
tetragonal phase transition temperature of FAPbX3. Fabini et al.
obtained that the activation energy of the FA cation reorienta-
tion about the N� � �N axis in FAPbI3 is 21 meV (244 K),23 and we
use this value for the magnitude of e1.

The interaction e2 describes the FA cation ordering along the
c-axis and thus it is responsible for the formation of the ordered
channels and coupling of the ab-planes into a three-
dimensional structure (Fig. 1b). In our model, it occurs between
the same s-states that lie in the same plane and have parallel
symmetry axes as, for example, indicated in Fig. 2b for two s = I
(S = 1,2) states along the z-axis (I2zI). Equivalent interactions
between other s-states can be obtained from symmetry: II2yII,
III2zIII, IV2xIV, V2yV, VI2xVI. The magnitude of this
interaction is obtained by fine tuning of the phase transition
temperature of our model to the experimental data (see results
and discussion).

The Hamiltonian describing this interaction can be
expressed as

H2 ¼ �e2
X
ijh i

dðsi; sjÞ; (2)

where the same notation applies as for eqn (1). Then the full
Hamiltonian of our model is

H ¼ H1 þH2: (3)

The ground state of this Hamiltonian consists of the planes
having a checkerboard cation arrangement (interaction e1) and
coupled via the e2 interaction. Such cation order in the planes
and along the channels resembles the classical antiferromag-
netic and ferromagnetic two-state Potts (Ising) models,51

respectively, although a precise mapping seems not feasible.
We also extend our model to study the mixed FA/Cs perovskites

by including an effective interaction eCs between the FA states and
smaller Cs+ cations. This interaction occurs when the nitrogen
atom (negative charge density) of the FA cation is pointing to the
Cs+ ion as indicated in Fig. 3c. The identical interaction was also
recently used to propose the FA cation frustration in the
FA1�xCsxPbBr3 system.38

Note that some previous studies of hybrid perovskites and
related compounds also included the dipolar interactions
between the molecular cations.39,44,46–48,52,53 For example, we
demonstrated that this interaction is essential to obtain a
complete phase transition sequence in MAPbX3 perovskites.46

In this work, for simplicity, we ignore the dipolar interactions,
as the electric dipole moment of the FA cation (0.21 D) is small
compared to other molecular cations such as MA (2.29 D).10

We used the single-flip Metropolis MC algorithm54 to solve
our model Hamiltonian. All calculations started from a ran-
domly generated lattice configuration, and the algorithm was
implemented by randomly choosing a cation in the lattice and
calculating its initial interaction energy Ei using the full Hamil-
tonian of our system. Then the chosen state was randomly
changed to one of the remaining states, and the final energy Ef

was evaluated. The cation state was changed with a probability
min(1, e�DE/kBT), where DE = Ef� Ei is the energy difference, T is
the temperature, and kB denotes the Boltzmann constant.
Afterwards, a new lattice site was randomly selected, and the
Metropolis procedure was repeated. The simulations were
performed on a simple cubic lattice with the implemented
periodic boundary conditions. The lattice size was L � L � L,

Fig. 3 Examples of the nearest neighbor interactions (indicated by the red
arrows) between the cation states considered in our model. (a) Interaction
e1 occurs between the different s-states (here, I2xyIII) and ensures the
ordering within the ab-plane. (b) The e2 interaction arises between the
same s-states and creates the ordering along the c-axis. (c) Interaction eCs

between the FA and Cs+ cations occurs when the long axis of the FA cation
is pointing to the Cs+ ion. Equivalent interactions involving other cation
states can be obtained from symmetry.
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where L = 10–20 (in terms of the lattice constant). At each tempera-
ture, we discarded the initial 5 � 105 MC steps and then used up to
106 steps for the calculation of the thermodynamic averages.

To study the phase transition properties of our model, we
calculated the heat capacity at constant volume using the
following equation:54

CV ¼
H2
� �

� Hh i2

kBT2V
; (4)

where the angle brackets denote the MC average, and V = L3 is
the volume (number of cations) of the system. We also calcu-
lated the normalized electric polarization

-

P = (Px, Py, Pz) by
averaging the total electric dipole moment of the cation system:

~P ¼

P
i

~pi

� �

p0V
: (5)

Here, ~pi ¼ p0p̂i denotes a dipole moment of a cation state at
lattice site i. We assume that all states have the same magni-
tude p0, but the direction p̂ may differ as indicated in Fig. 2b.

3 Sample preparation and
experimental details

Single crystals of FAPbBr3 were grown using antisolvent vapor-
assisted crystallization. In the typical synthesis, 2 mmol of
formamidinium acetate (99%, Sigma-Aldrich) was added to a
mixture containing 2 mmol of PbBr2 (98%, Sigma-Aldrich),
10 mmol of hydrobromic acid (48 wt% in H2O, Sigma-
Aldrich) and 5 mL of acetonitrile (Sigma-Aldrich). Then
dimethyl sulfoxide (DMSO, Sigma-Aldrich) was added to the
prepared solution under stirring until complete dissolution of
the orange precipitate (B1 mL). The clear solution was trans-
ferred into a glass vial, and this vial was placed in a second
larger glass vial containing methyl acetate. The lid of the outer
vial was thoroughly sealed, but the lid of the inner vial was
loosened to allow diffusion of the methyl acetate into the
precursor solution. Orange crystals were harvested after 5 days
and dried at room temperature.

Single crystals of FAPbI3 (yellow d-phase) were grown in a
similar way as recently proposed by Fateev et al. for crystal-
lization of MAPbI3 and a number of two-dimensional iodides.55

In our synthesis, a mixture of propylene carbonate (PC, 99.7%,
Sigma-Aldrich) and HI (57 wt% in H2O, stabilized with H3PO2,
Sigma-Aldrich) was added to 4 mmol of formamidinium acetate
and 4 mmol of PbI2 under stirring until complete dissolution of
the solids (B6 mL). The PC:HI volume ratio was 2.5 : 1. The
clear solution was transferred into a glass vial with the lid
slightly loosened. Then the vial was kept at 40 1C for 2 days, and
the grown yellow needle-like crystals were separated from the
liquid and dried at room temperature.

We used these samples with the applied silver paste electro-
des to perform the thermally stimulated depolarization current
measurements. A single crystal of FAPbBr3 (thickness 0.99 mm,
electrode area 8.46 mm2) was used for these experiments,

while, due to a small size of the crystals, we had to press FAPbI3

into a pellet (thickness 2.00 mm, electrode area 50.26 mm2)
using 0.1 GPa axial pressure. Afterwards, the FAPbI3 pellet was
heated to 420 K to ensure conversion to the black phase, which
was monitored using dielectric spectroscopy.33 The FAPbBr3

and FAPbI3 samples were cooled down to 125 K with the
applied electric field of 2 and 0.25 kV cm�1, respectively. After
cooling, the poling voltage was removed and a 10 kO resistor
was used to short the samples. The current was measured
using a Keithley 6514 electrometer during heating at a rate of
3 K min�1. The depolarization current was separated from the
measured data by subtracting the exponential increase of
current with increasing temperature.

4 Results and discussion

First, we investigated the phase transition behavior of our
model by calculating the temperature dependence of the heat
capacity CV of our model (see Fig. 4). For e1 = 21 meV and e2 = 0,
the phase transition anomaly of CV occurs at T0 = 210 K, which
is lower than the cubic-tetragonal phase transition temperature
of 280 K of FAPbI3.23,25,26 In addition, as expected from the
ground state analysis, for e2 = 0, the low temperature phase
corresponds to the uncoupled two-dimensional layers having a
checkerboard cation order. The layers become coupled for e2

40, and the phase transition temperature shows a linear
increase with increasing e2 (see inset in Fig. 4). The experi-
mental value of 280 K is reached for e2 = 12.6 meV. For FAPbBr3,
the value of this parameter is 8.4 meV due to a slightly smaller
phase transition temperature of about 260 K.30,36,37 For the
subsequent simulations, we fixed e2 to 12.6 meV.

Fig. 5 shows snapshots of the cation arrangement in the
disordered (330 K) and ordered (200 K) phases of our model. In
the s-representation (Fig. 5a), the cations are disordered in the
cubic phase, while in the tetragonal phase the expected long-range

Fig. 4 Temperature dependence of the heat capacity of our model for
e2 = 0 and 12.6 meV. The anomalies mark the phase transition temperature
T0. The inset shows T0 vs. e2 dependence. Other simulation parameters:
e1 = 21 meV, L = 10.
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order of the coupled planes is observed. In the S-representation
(Fig. 5b), the ordering is not complete, as the degeneracy related to
the paired S-states creates a two-fold disorder (cations with opposite
dipole moments) in close agreement with recent studies23–25,27,30

(also see Fig. 1b and d).
Fig. 6a shows the simulated temperature dependence of the

total electric polarization of the FA cations revealing no sponta-
neous polarization in the tetragonal phase. In the cubic phase, the
polarization averages out due to the thermal fluctuations between
the cation states, while its absence in the tetragonal phase results
from the degeneracy of the cation states with opposite dipole
moments (see inset in Fig. 6a).

To support our simulations, we performed thermally stimu-
lated depolarization current experiments of FAPbBr3 and
FAPbI3 samples. The FAPbI3 sample was first converted from
the hexagonal d-phase to the cubic a-phase by heating of the
sample (see sample preparation and experimental details). The
obtained experimental results for both compounds are pre-
sented in Fig. 6b revealing broad weak anomalies of the current
density compared to ferroelectric or pyroelectric materials.56,57

By integrating the current density, we obtained a negligible
spontaneous electric polarization of less than about 0.15 mC cm�2.
We tentatively assign the observed anomalies to the release
of charged defects and ferroelastic domains.19 Our results
are in agreement with the electric polarization loop measure-
ments, which revealed no ferroelectric response in these
compounds.58

Our model can also be easily modified to simulate mixed
cation hybrid perovskites. Here, we study the FA1�xCsxPbX3

system, where the effective interaction eCs between the FA and
Cs+ cations is defined in Fig. 3c. We observed that introduction
of Cs+ in our model causes the formation of the FA domain
structures in the ordered phase for x 40.1 and eCs = 31.5 meV
as revealed in Fig. 7. For x \ 0.3, the ordered phase has a
multidomain character, although the FA cation order is still
preserved in the medium range. We did not consider very high
values of x, as the solubility limit of Cs in FAPbBr3 is about
40%.38 Note that a similar disruption of the long-range cation
order by charged defects was also simulated in the MAPbX3

system.47

We also calculated the temperature dependence of the heat
capacity of FA1�xCsxPbX3 to investigate how mixing affects the
structural phase transition. The obtained CV curves are pre-
sented in Fig. 8a revealing a significant broadening of the
phase transition anomaly with an increasing level of mixing
in agreement with recent experimental studies of this26

and related30,53,59 systems. As shown by our simulations,
the broadening occurs due to the disruption of the long-
range FA cation order.

We also observed that introduction of Cs+ causes frustration
of the neighboring FA cations in the low temperature phase.
Here, we define frustration, when at least two s-states of a given
FA cation have the same interaction energy. The obtained

Fig. 5 Snapshots of simulations of our model performed at 330 K (cubic
phase) and 200 K (tetragonal phase). The cation states are represented in
the (a) s- and (b) S-representations. The long-range order is clearly
observed in the tetragonal phase (s = II (S = 3,4) and s = V (S = 9,10)
states). Simulation parameters: e1 = 21 meV, e2 = 12.6 meV, L = 20.

Fig. 6 (a) Temperature dependence of the calculated electric polarization of
our model. No spontaneous electric polarization is formed in the tetragonal
phase due to the partial disorder caused by the degeneracy of the states having
opposite dipole moments (see inset). Simulation parameters: e1 = 21 meV,
e2 = 12.6 meV, L = 10. (b) Temperature dependence of the thermally stimulated
depolarization current of FAPbBr3 and FAPbI3 measured on heating after the
poling electric field was removed.

Fig. 7 Snapshots of simulations of our model for different Cs+ ion con-
centrations. The FA cation states are represented in the s-representations.
Simulations are performed by starting from the disordered phase and
gradually lowering the temperature significantly below T0. A multidomain
structure is observed at the higher mixing levels. Simulation parameters:
e1 = 21 meV, e2 = 12.6 meV, eCs = 31.5 meV, L = 16.
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fraction of the frustrated FA cations as a function of x
is presented in Fig. 8b revealing a gradual increase of frustra-
tion up to 13% with increasing mixing at the highest value of
eCs = 63 meV considered in this work. Note that Mozur et al.
invoked FA cation frustration to explain the disappearance of
the crystallographically unresolvable phase transitions in
FAPbBr3 upon mixing with Cs+ cations.38

The frustration phenomenon is also tightly related to the
formation of a dipolar (orientational) glass phase,60,61 signatures
of which were recently observed in mixed hybrid perovskites.30,53,59

Typically, such a phase reveals itself as a peak in the CV/T3 vs. T
representation.60 Our simulations indeed show such an anomaly
for x 4 0 indicating the onset of the dipolar glass formation
(see inset in Fig. 8a), which we also relate to the formation of the
multidomain structure for higher values of x.

Finally, we address the shortcomings of our model, which
arise from the simplifications we had to introduce to make the
MC simulations feasible. Our model has twelve available cation
orientations, while in the real materials this number is higher
as is evident from the 48-fold disorder of the cations in the
cubic phase of FAPbBr3.27 Such a coarse-graining is sufficient to
reproduce the essential elements of the long-range cation order
as was also demonstrated for MAPbX3 perovskites,43,46 but fine
details of the cation arrangement (e.g. crystallographically
unresolvable phase transitions in FAPbBr3

19,38) are obscured.
Additional states may also affect the temperature of the phase
transition, which is also related to the magnitude of the
interaction energies. We also do not explicitly take into account
the deformation of the lead halide framework, and thus our
model cannot be used to study the related phenomena such as
lattice polarizability invoked by the lone-pair electrons and
associated off-centering of the lead cations.62 Lastly, in our
simulations of the mixed FA/Cs system, we ignore interactions
between Cs+ cations, which results in a decrease of the transi-
tion temperature upon mixing in contrast to the experimental
observations.26,38 This discrepancy can be overcome by taking
into account interactions between the Cs+ ions or effectively
tuning the interactions between the FA cations.

5 Summary and conclusions

In this study, guided by the available structural data, we
constructed and numerically solved the phase transition model
describing the FA cation ordering in FAPbX3 (X = Br, I) hybrid
perovskites. Our model involves twelve FA cation states (orien-
tations), which interact via short-range strain-mediated inter-
actions. It correctly described the cubic (a)–tetragonal (b) phase
transition and cation arrangement in both structural phases of
these compounds. Our simulations revealed no net macro-
scopic electric polarization in the tetragonal phase, which was
supported by the thermally stimulated depolarization current
experiments of FAPbI3 and FAPbBr3.

We also extended our model by including the effective
interactions between the FA and Cs+ cations, which allowed
us to probe the mixed FA1�xCsxPbX3 system. We observed that a
substantial fraction of cesium-neighboring FA cations may
become frustrated upon mixing resulting in the multidomain
structure and signatures of the dipolar glass phase.

Our model is easily modifiable and thus it can be used to
study more intricate aspects of the FA cation ordering in these
and related compounds including mixed perovskites. It can
also serve as a basis for the construction of the tetragonal-
orthorhombic phase transition model of FAPbX3 once the
reliable structural data is available. The model can also be
extended to probe other important phenomena such as cation
frustration in non-mixed FAPbX3 compounds, which could help
to further understand the relationship between the FA cations
and peculiar properties of these hybrid perovskites.
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R. Küchler, H. Yuan, E. Debroye, J. A. Steele, J. Martens,
N. E. Hussey, M. Bremholm, M. B. J. Roeffaers and
J. Hofkens, Adv. Mater., 2019, 31, 1900521.

38 E. M. Mozur, M. A. Hope, J. C. Trowbridge, D. M.
Halat, L. L. Daemen, A. E. Maughan, T. R. Prisk,
C. P. Grey and J. R. Neilson, Chem. Mater., 2020, 32,
6266–6277.

39 C. Motta, F. El-Mellouhi and S. Sanvito, Phys. Rev. B, 2016,
93, 235412.

40 W. Sukmas, U. Pinsook, P. Tsuppayakorn-aek, T.
Pakornchote, A. Sukserm and T. Bovornratanaraks, J. Phys.
Chem. C, 2019, 123, 16508–16515.

41 K. Druzbicki, R. Laven, J. Armstrong, L. Malavasi,
F. Fernandez-Alonso and M. Karlsson, J. Phys. Chem. Lett.,
2021, 12, 3503–3508.

42 M. A. Carignano, Y. Saeed, S. A. Aravindh, I. S. Roqan,
J. Even and C. Katan, Phys. Chem. Chem. Phys., 2016, 18,
27109–27118.

43 J. Lahnsteiner, R. Jinnouchi and M. Bokdam, Phys. Rev. B,
2019, 100, 094106.

44 A. M. A. Leguy, J. M. Frost, A. P. McMahon, V. G. Sakai,
W. Kochelmann, C. Law, X. Li, F. Foglia, A. Walsh,
B. C. O’Regan, J. Nelson, J. T. Cabral and P. R. F. Barnes,
Nat. Commun., 2015, 6, 7124.

45 L. Z. Tan, F. Zheng and A. M. Rappe, ACS Energy Lett., 2017,
2, 937–942.
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