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Ferroelectric order in hybrid organic-inorganic perovskite
NH,4PbI; with non-polar molecules and small tolerance factor

Jia-Bin Li'*37, Zhi-Kang Jiang"*’, Rui Wang (*>*®, Jin-Zhu Zhao "*°™ and Ruigiang Wang'**

The appropriate theoretical picture of describing the ferroelectric order in hybrid organic-inorganic perovskite remains attractive and
under intense debate. We rationalize the interaction between organic molecule sublattice and inorganic frame from first-principles.
Through systematic investigations on the NH,Pbls, we show that the non-polar octahedral rotation dominates the process of stabilizing of
the lattice with small value of tolerance factor. The direct coupling between molecules is negligible. With the help of hydrogen bonding
to the inorganic cage, molecule sublattice will eventually build long-range ferroelectric or anti-ferroelectric order under the constrain of
the inorganic cage and further polarize the inorganic frame as the feedback. These results also clarify that to build ferroelectricity the polar
molecule is helpful but not crucial. As the general rule for hybrid organic-inorganic perovskite, we identified the fundamental mechanism
that can be considered as a critical pre-step forward to further controlling the related physics in functional materials.
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INTRODUCTION

In recently years, hybrid organic-inorganic perovskites (HOIP) are a
group of attractive materials that form a broad subclass of ABX;
perovskites, in which the A- or X-site is occupied by organic
molecules. Since the report of methylammonium lead iodide
(CHsNH3Pbls, or MAPbIs) as one of the most promising materials
for photovoltaic applications'™'3, whether HOIP, for instance the
representative MAPbI;, can be ferroelectric (FE) become a highly
concentrated field. It is believed to be an important factor that can
explain its nice efficiency’*2°. However, although first-principles
results indicated that its tetragonal phase favors a FE state®' 2%,
there still be plenty of debates and controversy results from both
experiments and theory?>=3, For instance, experimental signals of
ferroelectricity are reported based on dielectric3*3*, quasielastic
neutron scattering®® and hysteresis loop measurements3’38,
Besides, it was claimed that the observation of FE/ferroelastic
domains in the polycrystalline films of MAPbI33°=*' The sponta-
neous polarization and its stability are, however, being questioned
and with substantial discussions so far*>=%. To better clarify this
central issue requires not only further experimental measurements
with higher accuracy but also the appropriate theoretical under-
standing of FE behavior in HOIP#742,

Comparing to conventional inorganic perovskites, the potential
FE mechanism in HOIP is more complicated. On the one hand, the
inorganic part is able to present prototypical “displacive” ferro-
electrics. Their ferroelectricity is related to the ionic displacements
while all the local dipoles form a long-range order corresponds to
the condensation of the related polar phonon modes. On the
other hand, molecules in HOIP usually have hydrogen saturated
structures and connects with inorganic frame through hydrogen
bonds. It will therefore introduce the “order-disorder” degree of
freedom similar with the one in polyvinylidene difluoride (PVDF)*°.
In HOIP, it is necessary to consider not only these two degrees of
freedom individually but also the interplaying between them as

one of the central mechanisms in HOIP. Therefore, substantial
efforts have been made on exploring the extensive general rule of
this issue in HOIP®0—>>,

From the view of group theory while the local interaction is
ignored, the sublattice of molecules in HOIP can be treated as an
effective field which introduces additional symmetry comparing with
the parent inorganic ABX; perovskites®®. The ferroelectric order can
be built via improper ferroelectric mechanism, with the help of
which, the phenomenon (usually forbidden in their parent inorganic
ABX3 perovskites.) in several HOIP compounds are well explained
such as [NH4ICd(HCOO)5*7, [Gua]lCu(HCO0)5°%-°, [TrzIMn(H,PO,)5%",
et al. Besides the macroscopic approach, on the one hand, it is
believed that the polarity of molecule plays important role for the
inversion symmetry breaking related behavior in HOIP, e.g. the polar
MA™ molecules in the halide MAPbI;2346°%53, On the other hand, it is
also interesting to notice that the halide N(CH3),Snl; is predicted to
have FE ground state although the A site molecule is a non-polar one
with the octupole moment®?, It presents R3m polar ground state and
the behavior of which is similar to conventional proper ferroelec-
tricity. All these tremendous progresses strongly imply that the
corresponding global picture has not yet been accomplished.

We believe it is helpful to rationalize the FE or non-FE behavior

. . . _ 63
in HOIP by using Goldschmidt tolerance factor t = \/i/(‘m:m

initially proposed in conventional inorganic perovskites where ry,
rg and ry are the radius of A, B and X atom, respectively. The
tendency of being either ferroelectric or non-polar anti-ferro
distortion can be estimated by the value of t. Generally, t = 1 leads
to the ideal cubic perovskite structure. When t > 1, the A site atom
is relatively large so that the system tends to develop a polar
distortion; when t < 1, the A site atom become relatively small and
the octahedra rotation will be favored. It is surprised to see that
this empirical rule not only compatible with perovskites oxides®*
and halide perovskites®>%® but also can be effectively extended to
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the HOIP. As it is mentioned above, the N(CHs),Snl; show FE
ground state which has larger value of tolerance factor (t=1.13)
due to the larger effective radius of A site N(CH5),%2. When the
effective size of A site is relatively large, it behaves like an
inorganic ion. In this case, the effect of hydrogen bonds, between
molecules and the surrounding inorganic cage, is relatively weak
comparing with the dominating size effect of molecules and ions.
These results clearly suggest that polarity of molecules is not
necessary for ferroelectric in HOIP and the compounds can
behave as a proper ferroelectric perovskite material when t> 1.

In line with the discussions mentioned above, it is interesting to
see what type of additional behavior will appear in HOIP with small
values of tolerance factors. Since the A site molecule is relatively
small that will have more “free” space for its motion in the local
inorganic cage. When the molecule forms hydrogen bonds with its
neighboring inorganic atom, it often displaces away from the
geometric center of the local cage creating an effective local dipole.
The local stable site is constrained by the shape of the inorganic BX;
cage. This type of local dipole will further polarize the inorganic
frame cage as well. Such origin of creating local dipole is not
guaranteed but can be expected to be wildly exist in HOIP with t < 1.
Therefore, which order the lattice shows depends not only on the
configuration of molecule sublattice but also the way by which how
it polarizes the inorganic frame. In other words, since the non-zero
local dipole exist, the long-range FE or AFE order depends on the
preference of the entire lattice. Distinguished with conventional
inorganic perovskites, these mechanisms combine the order-disorder
feature and ionic displacive phase transitions in a single HOIP
materials and, furthermore, provide the opportunity to build a long-
range FE or AFE order in a perovskite with small tolerance factor.

According to the analysis above, building FE order in a HOIP with
small tolerance factor does not rely on the polarity of molecules. To
confirm it, in this work, we will systematically study the behavior of
ammonium lead iodide (NH,4Pbls), choosing the non-polar NH,* to
replace the A site atom and molecule with respect to its counterpart
CsPbl; and MAPbI;, respectively. The effective radius of NH, ™ (146)%7
is smaller than the ones of MA™ (217)%” and Cs™ (178)%° implying it is
more “free” to displace in the inorganic cage having small tolerance
factor (t = 0.76). By employing the first-principles calculations, we will
show that NH4Pbl; presents orthorhombic ground state and
tetragonal phase in the middle temperature range, similar with
MAPbI; and CsPbls. Due to the interaction between NH,™ sublattice
and the inorganic frame, cooperating with the intrinsic
lattice dynamical properties of the inorganic frame, the tetragonal
phase behaves as a FE one while the orthorhombic phase shows AFE
order. Beyond the symmetry arguments, the essential role of the
hydrogen bond will be highlighted in the global picture describing
the behavior of HOIP.

RESULTS
Cubic phase

The NH4Pbls has typical structure of perovskites. As it is shown in
Fig. 1, the NH," occupies the A site and breaks the symmetry of
the convention cubic perovskites. In our calculations, when the
atomic positions of A, B and X site are pre-fixed at high-symmetric
position, this cubic phase show 6.199 A lattice constant. Significant
structural instabilities are shown in its phonon dispersion curves.
Besides the motion of ammonium itself, the ionic polar motion at
Brillion Zone (BZ) center and the octahedral rotation modes at BZ
boundary are unstable as well (the eigenvectors of the octahedral
rotation modes are shown in Supplementary Fig. 1 of the
Supplementary Information). When the position of A site NH,*
is relaxed, this molecule prefers to displace away from the
geometric center of the Pbl; cage and builds hydrogen bonds
with its neighbor | atoms. This off-center motion will create a local
dipole momentum. When all the Pb and | atoms are artificially
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Fig. 1 The atomic structure and related dynamical behaviors of
the cubic phase. The cubic phase of NH,Pbls with inorganic Pb and |
atoms fixed at high-symmetric position and displaced NH,* molecule
along concerned directions which are a <100> and b <110> directions,
respectively. The hydrogen bonds are highlighted by the black dashed
line. ¢ The energy evolution in terms of the transition from <100> to
<111> configuration obtain by CI-NEB calculations. d The phonon
dispersion curves of cubic phase in which the NH, molecule is fixed at
the high-symmetric site. The negative value of frequencies corresponds
to the unstable phonon modes.

fixed at ideal high-symmetric positions, the molecule prefers to
move along <100> and <111> direction forms two local stable
configurations. These two motions reduce the total energy of
137 meV and 133 meV per p(1x 1x 1) formula unit, respectively
while the formed hydrogen bonds are highlighted in Fig. 1. As we
reported in Table 1, when all the atomic positions are fully relaxed,
the inorganic Pbl; cage will be further polarized by reducing
additional ~60 meV/f.u. of the total energy, switching the
polarization direction with value of (11.6, 6.7, 0.0) uC/cm?.

The cubic phase has much higher energy than the distorted
tetragonal and orthorhombic phase and therefore to be considered
as the high-temperature phase. it is worth to mention that (1)
according to the cubic symmetry, there are several equivalent sites
that NH,* favors to build hydrogen bonds with Pbl; cage in a
p(1 x 1 x 1) unit cell, which are six sites for <100> direction and eight
sites for <111> directions, respectively. Our DFT results shows that
the switching between them will have < 25 meV for energy barrier,
obtained via CI-NEB method, that can be easily covered by thermal
fluctuation at high temperatures. (2) The ferroelectric order in
calculated p(1x1x 1) unit cell represents the case that the long-
range FE order in the whole lattice in which every unit cell have the
same direction of local dipole. When we optimized the position of
molecules in a p(2x1x1) supercell, the direction of two local
dipoles favor to be perpendicular to each other and reduce the total
energy of 21 meV/f.u. Further testing calculations (see Section Il of
the Supplementary Information) confirm that the direct coupling
between two neighboring local dipoles is very weak and hardly to
build long-range order against finite temperatures in cubic phase.
Therefore, the order of molecule sublattice in cubic phase is not a
stable ideal one under finite temperatures, but the one should be
treated as a dynamical average of each energetical equivalent
configurations. The NH,™ molecule will not stay in a certain site but
continuously jump between each local stable site where the thermal
average of total polarization is estimated to be zero. Thus, the whole
lattice of cubic phase will be in a fully disordered state in which no
stable long-range FE or AFE order can be expected. Here, we suggest
considering this cubic phase as a theoretical model mainly for us to
analyze the physics and hardly to be observed experimentally.
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Table 1. The corresponding energy and polarization of selected phases and configurations.
Energy gain (meV/ Direction of Fixed inorganic frame Relaxed inorganic frame
fu.) local dipole
Polarization Add. energy gain Polarization Add. energy gain
(uC/cm?) (meV/f.u.) (uC/cm?) (meV/f.u.)
Cubic 0 <100> (104, 0.0, 0.0) —137 (11.6, 6.7, 0.0) —-191
<111> (6.5, 6.5, 6.5) —133 (11.6, 6.7, 0.0) —192
Tetragonal —410 T <111> (3.2, 3.2, 3.2) —80 (4.4, 44, 4.4) —-109
T2 <111> (1.6, 1.6, 1.4) —74 (1.5, 3.2, 2.0) —106
T3 <111> (0.0, 0.0, 0.0) —68 (0.0, 0.0, 0.0) —106
T4 <111> (0.0, 0.0, 0.0) —65 (0.0, 0.0, 0.0) —101
5 <111> (0.0, 0.0, 0.0) —80 (0.0, 0.0, 0.0) -91
Orthorhombic —367 <110> (0.0, 0.0, 0.0) —226 (0.0, 0.0, 0.0) —236
The total energy of the related structure where only inorganic octahedral rotation is included are reported in the second column. In these structures, the NH,*
molecules are artificially fixed at the geometric center of the inorganic local cage and the position of H atoms are relaxed. The energy gain (in meV) is the value
by taking the one of the cubic phases as the reference in which all the Pb, | and NH,* molecules are at the high-symmetric sites. The “Add. Energy gain” in the
sixth and eighth columns refer the energy difference by taking the structures in the second column as the reference introduced by the displacement of
molecules and polarizations.

Tetragonal phase

The octahedral rotation will significantly reduce the total energy of
NH4Pbl; and the structure of which will transits to a tetragonal
phase. The out-of-phase rotation emergences in a p(v2 x 2 x 2)
supercell and show the aac¢ configuration(in Glazer notation®®)
with the lattice constant of a=b=28.527 A and ¢ =12.313 A. Due
to its small value of the tolerance factor, the rotation angle of Pbls
octahedral is as large as 10, 10 and 12 degree along x, y, z
directions, respectively, which is comparable with the ones in
CsPbl; and MAPbDI;. Such distortion not only reduce the total
energy by 1.642eV for each p(v2x+2x2) supercell, but also
strongly changes the shape of the local Pbl; cage and therefore
re-evaluate the local stable site of NH,™ molecule. In the a—a~ ¢~
type distortion, the NH," connects with the cage via three
hydrogen bonds and the length of which are 2.52, 2.52 and 2.55 A,
respectively (shown in Fig. 2b, c). Similar with the case of the cubic
cage, the molecular displaces 0.66 A away from the center of the
cage forming a non-zero local dipole with 5.4 uC/cm? along <111>
direction. Such off-center displacement will reduce the total
energy by ~77meV per each single molecule. There are two
energetically equivalent local stable sites for NH,* in a single Pbl;
cage, forming opposite local dipoles along its diagonal <111> and
<111> direction of the local cage, respectively. For the conve-
nience of the following discussions, these two sites are labeled as
T+ and T— for <111> and <111> directions, respectively.

As it is discussed above, how NH,t sublattices polarize the
inorganic frame depends on the way of the arrangement order of
these local dipoles. First, we check the preference order of NH,"
sublattice in the representative p(v2 x v2 x 2) supercell without any
additional distortion of Pbls in central symmetric a”a ¢~ configura-
tion. As it is reported in Table 1 the energetical favorable order is a FE
state, labeled as T1, in which all the NH,* displaces along <111>
direction. Such parallel arrangement of local dipoles will reduce total
energy by ~320meV in the supercell (around 80 meV per each
dipole). There are four other in-equivalent configurations, shown in
Fig. 2d, where local dipoles are in full or partial anti-parallel
alignment. Comparing to the FE type, the rest ones show higher
energy values. Further analysis shows that only the anti-parallel order
alignment along <111> direction will gain the total energy while
each anti-parallel-pairs along <111> will increase the energy by
25-30 meV (estimated in the p(v/2 x 2 x 2) supercell). It can explain
the fact that the T5 configuration has almost the same energy with
the FE one since anti-parallel-pairs in T5 are ordered along both
<001> and <100> directions. Besides the T1, T2 and its equivalent
configurations also present net polarizations.
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Fig. 2 The atomic structure and energy landscape for configura-
tions of tetragonal phase. a The sideview of tetragonal phase of
NH,4Pbl; showing <111> polarization with a~a ¢~ type of octahedral
rotation where the octahedrons are highlighted by green. The two
energetical equivalent two local favorable sites for NH,* molecule in
single cage of tetragonal phase are shown in b with <111> polarization
and ¢ with <TT1> polarization, respectively. The hydrogen bonds are
highlighted by the black dashed line. The highlighted plane with
purple color is through the geometric center of the local cage. d The
in-equivalent five configurations for the different alignment of the local
dipoles where the direction of which is shown by blue and red arrows.
The energy gain of each configuration in supercell are shown, by
taking the one of un-displaced NH," molecule at the geometric center
as the reference. Polar states and non-polar states are differed by the
color of orange and blue, respectively. The top edge of each block
corresponds to the energy value of the case that that NH,™ molecules
are displaced while only a—a ¢~ type of octahedral rotations are
included. When all the inorganic atoms are allowed to relax in each
configuration, the corresponding energy reduction are highlighted by
the arrows. The phase transition path and the corresponding energy
barrier between each two investigated configurations are plotted by
the blue curves between them.

Although the FE order configuration presents the lowest energy
among these five, the energy fluctuation of them is limited below
80 meV (in supercell). When the inorganic ions, Pb and |, are allowed
to relax their atomic position in these five configurations, the
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Fig. 3 The atomic structure for orthorhombic phase. a The
sideview of orthorhombic phase of NH4Pbls showing <110> polariza-
tion with a~a ¢ type of octahedral rotation where the octahedrons
are highlighted by green. The alignment of the local dipoles the
direction of which is shown by blue and red arrows. b The energetical
local favorable sites for NH,;* molecule in single cage of orthorhombic
phase with <110> polarization. The hydrogen bonds are highlighted
by the black dashed line. The highlighted plane with purple color is
through the geometric center of the local cage.

inorganic framework will be polarized and therefore the total energy
will be further decreased more than 110 meV in the supercell. The
gain of the total energy due to the ionic relaxation are reported in
Table 1. Again, the FE T1 configuration is the most stable one with
lowest energy. In consistent with the molecular sublattice, the
inorganic cage prefers to be polarized along <111> direction.
Besides, T2 configurations presents lower total energy than those
with full anti-polar ordered configurations as well. As it is highlighted
in Fig. 2d, to switch from the polar T1 phase to T2 phase, a ~70 meV
energy barrier needs to be covered. As the next step, to switch the
lattice from T2 phase to the non-polar T3 or T4 phase, ~50 meV is
required. This energy cost corresponds to flipping the direction of
one local dipole. Therefore, the tetragonal phase is estimated to
present non-zero net polarization under finite temperatures.

Orthorhombic phase

Similar with the out-of-phase octahedral rotations in tetragonal
phase, the in-phase rotation also reduces the total energy from
the cubic phase by 1.466 eV for each p(v2 x V2 x 2) supercell and
drives the lattice to a a~a ¢t phase. This value of energy gain,
which is smaller than the one in tetragonal phase, is obtained by
only considering the inorganic octahedral rotations while the
molecules are artificially fixed at the high-symmetric sites. The
rotation angle of Pbl; octahedral is as large as 10, 10 and 12
degree along x, y, z directions, respectively, while the lattice
constant is changed to a=8.396 A, b=8.401A and c=12.216 A.
Such lattice distortion constrains the local atomic environment in
Pbl; cage making the NH,* displaces away from the symmetric
center of the cage. As we present in Fig. 3, the local stable site of
NH,* is about 0.63 A away from the cage center and provide
5.2 uC/cm? polarization along <110> direction of the local cage.
Further studies show that there is only one favorable site in each
cage for NH, " forming three hydrogen bonds with the length of
2.56, 2.50 and 2.56 A, respectively.

The alignment of the molecule sublattice in orthorhombic phase
prefers a C-type anti-ferro order. As it is shown in Fig. 3a, when
chose the c-axis as the out-of-plane direction, all the molecules
form an in-plane FE order along <110> directions. All the local
dipoles build anti-ferro order along the out-of-plane direction, align
alternatively along <110> and <110> direction respectively. The
formation of such anti-ferro order of molecule sublattice is fully
determined by the local stable site of NH;™ molecules in each cage
and originated from the constrain of the a b ¢" type octahedral
rotation. Comparing to the ideal a b ¢c" phase, the anti-ferro
ordering of molecule sublattice will reduce the total energy of
226 meV/f.u. Similar with the case of tetragonal case, the local
dipole built by the off-center displacement of NH," will further
polarize the inorganic Pbl; frame reduce 10 meV/fu. in total
energy. These additional displacements of Pb and | atom also form
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an anti-ferro order in consistence with the molecule sublattice and
eventually provide the global ground state of the lattice.

DISCUSSIONS

The results shown above indicate that the FE or AFE order in
NH4Pbl; does not from neither the inorganic frame nor the
organic molecule sublattice individually. On the one hand, similar
with its counterparts CsPbl; and MAPbI;, the inorganic frame of
NH4Pbls present Pnma ground state corresponding to the small
tolerance factor. Tracing back to the phonon dispersion curve of
the high-symmetric cubic phase, the octahedral rotations show
strong lattice instabilities at the boundary of the Brillion zone. The
condensation of these modes builds periodic non-polar long-
range order in the lattice and significantly reduce the total energy.
The conventional FE order driven by the phonon instabilities are
suppressed by the octahedral rotations. On the other hand, due to
the weak neighboring coupling between organic molecules, the
arrangement of non-polar NH, " sublattice is not able to build a
stable long-range order individually but tends to be a fully
disordered picture especially under finite temperatures.

Non-zero local dipole comes from the off-center displacement of
NH," in each local cage. The energetically favored site of molecules
relies on the shape of inorganic Pbl; cage through the hydrogen
bonds and often have several certain choices. The stability of such
local dipole strongly depends on the constrain effects of the
inorganic cage. For instance, due to the octahedral rotation the T+
and T— site for NH," in tetragonal is much more stable than the
ones in cubic case. As the consequence, the inorganic local cage
will be polarized along some certain directions. Thanks to the long-
range ordered inorganic frame, by constraining the molecules the
arrangement of the non-zero local dipole is able to build relative
stable long-range FE or AFE order in lattice. The preference of
inorganic frame eventually dominates the FE or AFE order for the
whole lattice. For instance, as it is reported in Fig. 2d, although the
T1 and T5 configuration for the molecule alignments presents
similar energy gain, the a~a ¢~ type of octahedron rotation prefers
FE type polarization rather than the AFE type. Therefore, the
additional energy gain due to the displacement of inorganic atoms
of T1 is much larger than the one of T5.

According to the analysis above, the FE phase in HOIP materials
does not relies on the polarity of the molecules at the A site. In
consistent with previous reports, polar molecule at A site in HOIP
is not crucial but helpful that will support the existence of FE
phase and further stabilize the polar order. This is a quite general
mechanism for the HOIP materials since the hydrogen bond effect
is wildly exist in these group of materials. For instance, it is nicely
compatible with the case of the MAPbIs, in line with several
previous report?*>3, Besides, our additional studies on the
tetragonal structure of CsPbl; and dipole inter-molecular interac-
tions of NH4Pbl; are reported in the Sections Il and IV,
respectively, of Supplementary Information further confirm that
the hydrogen bond is the origin of the local dipole. According to
the intrinsic nature of the hydrogen bond, the FE or AFE order in
HOIP with small tolerance factor may not be stable at high
temperatures since the hydrogen bond can be easily broken so
that the sublattice will switch to a disordered state. We can also
estimate that it will be easier to polarize the molecule sublattice or
even the whole lattice of HOIP that is helpful for relating
applications. Indeed, with the small tolerance factor, the stable
perovskite structure of NH4Pbl; has not been experimentally
observed up to now. The non-polar feature of its A site NH, "
molecule is a nice example and at least can be a representative
theoretical model that avoid the intrinsic polarity of the molecules.

In conclusion, by showing the FE and the AFE phase of HOIP
NH4Pbl; with non-polar A site molecule, we clarify the subtle and
crucial role of the hydrogen bond between organic molecule and
inorganic frame of the lattice. Our results confirmed that the
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condensation of the long-range periodic phonon modes dom-
inates the lattice distortion and strongly constrain the local cage
of Pbls. It therefore decides the local stable site of organic
molecule through the optimizing of the hydrogen bond and build
long-range order for the sublattice of A site molecules. The local
dipole introduced by the off-center-displacement of the molecule
will further polarize the lattice and produce the ground state of
the lattice with the preference FE or AFE distortion of the
inorganic frame. As we discussed, the proposed mechanism not
only nicely works for the studied NH,4Pbls, but also compatible
with the case like the counterpart MAPDbI;. The general mechanism
of the interplaying between organic sublattice and inorganic
frame through hydrogen bonds as the media is built from
viewpoint beyond the symmetry arguments and can be extended
to broader field of organic-inorganic materials.

METHOD

In our investigations, we perform density functional theory (DFT)%%7°
calculations by employing the Vienna ab initio Simulation Package
(VASP)”'72, in which a plane wave basis set is used to expand the
wave functions with a cut-off energy of 500eV. The interactions
between nuclei and the valence electrons are described by the
projector augmented wave (PAW) method”3”. Interactions between
valence electrons are counted by the generalized gradient
approximation (GGA) with the PBEsol formalism’>~”7. The 6 x 6 x 6
k-point mesh in Brillion Zone for formula unit cell and equivalent
density for supercell is used. The crystal structures are fully relaxed
until the residual force on each atom is below 10~3eV/A. The
vibrational spectra are simulated through the phonopy code
package’®”® with inter-atomic forces calculated from VASP to
evaluate its dynamical stability. The macroscopic polarization is
calculated using the Berry phase method®°#'. To study the reaction
path between phases, the climbing image nudged elastic band (CI-
NEB) method is used to investigate the minimum reaction
pathways®. The so-called D3 correction method is applied as the
approximation of van der Waals interactions®>.
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