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Compared to ABO; oxide perovskites, intrinsic ferroelectricity is less studied in ABX; (X = Cl, Br, I) halide
perovskites. Nonetheless, it presents unique opportunities, such as achieving ferroelectric photovoltaics with
band gaps suitable for the solar spectrum. In this work, we focus on the CsGeX; halide perovskites as prototypes

for investigating the origin of their ferroelectricity and its relationship with other properties. We find that the
presence of stereochemically lone pairs on the perovskite B-site is the primary driving force for ferroelectricity,
causing off-center displacements of the Ge ions and enhanced covalency with the halide ligands. This contrasts
with the behavior of typical ferroelectric oxide perovskites. Our calculations confirm that halide perovskites
are intrinsic modest band gap semiconductors. In particular, CsGel; exhibits a very favorable band gap of
1.6 eV for photovoltaic applications. Our findings provide valuable insights into the mechanism underlying
high-temperature ferroelectricity in halide perovskites with potential optoelectronic applications.

DOL: 10.1103/ytr2-c1zh

I. INTRODUCTION

Ferroelectrics are materials with switchable spontaneous
polarization that have numerous applications in electronic,
optoelectronic, and electromechanical devices [1], examples
of which include sensors, energy conversion devices, and non-
volatile memories [2]. More recently, ferroelectrics have also
emerged as a promising avenue for photovoltaics by utilizing
polarization-induced charge separation to enhance photo-
voltaic performance [3-5], showing significant potential for
improving solar energy conversion efficiency [5,6]. However,
materials with room-temperature ferroelectricity are mainly
oxides and have, therefore, band gaps that are too large for
solar-energy applications. While they can be modified to in-
duce below band gap absorption, for example, by alloying [6],
practical applications would greatly benefit from the develop-
ment of intrinsic ferroelectrics with suitable band gaps.

Halide perovskites, ABX3 (where X represents a halide
anion, and A and B are cations), are a potentially promising
avenue, since they show inherently smaller band gaps. This
stems from the lower electronegativity of halogens below
F as compared to O, and the weaker Madelung potentials
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because of the lower charges of ions in X ~-based perovskites
as compared to oxides with O?~. In fact, many halide per-
ovskites are excellent solar absorbers, particularly hybrid
organic-inorganic ones [7,8]. They display a dielectric behav-
ior, which is very close to that of ferroelectrics and could
explain their excellent performance as solar absorbers [9].
However, many challenges remain in elucidating the nature
of the polar order, particularly in dynamically disordered sys-
tems like CH;NH3Pbl; and related materials [10—-15]. Their
polarization arises from the different geometric orientations
of the organic molecules. As such, it typically shows low
values and is generally limited to low temperature. Apart
from this orientational-order variety, robust ferroelectricity
in halide perovskites is quite rare. Therefore, elucidating the
mechanisms underlying the appearance of ferroelectricity is
highly desirable to guide the search for inorganic halide ferro-
electrics.

In this regard, the CsGeX; (X =Cl, Br, I) family is
a class of ferroelectrics [16,17] that has been the sub-
ject of intense scrutiny. Zhang and coworkers successfully
synthesized nanocrystals of CsGeX; and confirmed fer-
roelectricity through piezo-response force microscopy and
second-harmonic generation [16]. They ascribed the ferro-
electricity to rhombohedral off-centering of the Ge atoms
due to stereochemically lone pairs [16]. Chen and cowork-
ers produced high-quality millimeter-sized single crystals of
CsGels and measured P-E hysteresis loops to substantiate
their bulk ferroelectricity [17]. Christensen et al. reported
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on CsGeCl; showing anomalous dielectric constants near the
Curie transition temperature [18]. However, a comprehensive
understanding of the physical and chemical mechanisms driv-
ing ferroelectricity in this context is still lacking. Of particular
interest is the interplay between the ferroelectric instability
and electronic structure of these compounds, as well as their
high ferroelectric Curie temperatures.

The CsGeXj3 perovskites undergo a direct transition from
the paraelectric cubic Pm3m structure to the ferroelectric
rhombohedral R3m structure at 455 K for CsGeCls, 540 K
for CsGeBr3, and 577 K for CsGels [19]. This is very dif-
ferent from BaTiO3, KNbQOj3, and related ferroelectric oxide
perovskites, which present a cubic-tetragonal-orthorhombic-
rhombohedral transition sequence [20-22], while having the
same R3m ground state. In these, the phase transitions are
driven by the B-site cation [23], whereas the transition
observed in CsGeX; perovskites might reflect a different
bonding. Nonetheless, the ferroelectric phase transition was
characterized as of order-disorder type based on diffraction
data, similar to KNbO3.

Here, we report on a first-principles study of the ferroelec-
tric and related properties of CsGeX3 perovskites. Consistent
with prior work, we find that the ferroelectric instability
originates from the presence of stereochemically lone pair
electrons associated with Ge*t(II). In fact, this activity is
associated with a hybridization of the halogen p orbitals con-
tributing to the valence bands with the unoccupied Ge 4p
orbitals. Thus, the ferroelectric distortion significantly influ-
ences the electronic structure, resulting in an optimal band
gap suitable for visible-light absorption. Differences in the
ferroelectric behavior from traditional ferroelectric oxide per-
ovskites are discussed in terms of the crystal chemistry.

II. RESULTS AND DISCUSSION

The choice of exchange correlation (XC) functional is
crucial when studying ferroelectrics, especially for accurately
determining lattice parameters, as ferroelectric properties
strongly depend on strain. Here, we test various XC func-
tionals for the cubic and ferroelectric phases of CsGeXj,
focusing on structural parameters, ferroelectric polarization,
band gaps, Born effective charges (BECs), Bader charges,
optical dielectric constants, and the integrated crystal orbital
bond index (ICOBI) values, with computational details in the
Supplemental Material [24] (see also Refs. [25-58]). Both
PBEsol [50] and meta-GGA 1>SCAN [25] functionals are
found to accurately describe the structural properties of these
materials. The r?’SCAN functional produces results that most
closely match experimental data, consistently with findings
from previous studies [59]. Furthermore, it predicts higher
polarization values than PBEsol owin to larger atomic distor-
tions, aligning better with experimental data. Using r>SCAN
-optimized structures, we calculate the band gaps with dif-
ferent XC functionals including spin-orbit coupling, which is
crucial for ferroelectric photovoltaic materials. PBEsol sig-
nificantly underestimates all the band gaps, while r>SCAN
improves the predictions but still presents a deviation of
~1 eV. The other two meta-GGA functionals (HLE17 [39,40]
and MTASK [28,46]) provide closer estimates, except for the
paraelectric phases of CsGeBr; and CsGeCl;, with ~0.3 eV

difference with respect to the experimental values. The hybrid
HSEO06 functional typically produces results 0.1-0.3 eV lower
than those obtained with the meta-GGA functionals. These
findings about the different XC functionals are consistent with
what has been observed in a large variety of semiconductors
and insulators [60].

The calculated phonon spectra of the cubic perovskites
at 0 K are reported in Fig. 1 for CsGeCls, and in Fig. S1
within the Supplemental Material [24] for (a) CsGeBr3 and (b)
CsGels. The different phonon modes are colored according to
the contributions of Cs (red), Ge (green), and halide (blue)
atoms based on the normalized eigenvector of the dynami-
cal matrix, although it should be noted that in general the
modes have mixed character. All three materials show strong
phonon instabilities in the polar transverse optic (TO) branch
at the zone center. This mode shows dominant contributions
from Ge and halogen and, beause of the cubic symmetry, it
is twofold degenerate. The corresponding longitudinal optic
(LO) branch is at high frequency, in the upper part of the
phonon dispersions, reflecting a strong LO-TO splitting that
is also a well-known characteristic of many ferroelectric ox-
ide perovskites [32,61]. This is a consequence of the large
BEC:s for the materials considered in this work, as reported in
Table I. Particularly noteworthy is the very large enhancement
of the BEC of Ge in all the compounds. This is a feature that
arises from the hybridization between Ge and halogen p states
as discussed in previous works for other materials with p
electron orbitals and lone pair active ions [62]. The BEC of Ge
shows a strong increasing trend as the halogen atom changes
from Cl to I. This was expected since the electronegativity of
the halogen decreases going down the series, and the band gap
correspondingly also decreases, as shown in Table 1. These
favor an increased hybridization and thus enhance the BEC.
Interestingly, the Bader charges, which are a decomposition
of the static charge density, do not present any enhancement.

It is worth noting that while ferroelectricity is a relatively
common phenomenon in oxide perovskites, it might not be
the case in inorganic halide perovskites. In the former, the
lattice vibrational modes are softened and the BECs enhanced
because of the combination of rather strong Coulomb in-
teractions and the hybridization of cation states, particularly
unoccupied cation d states, with the occupied O p states [63].
In the latter, the Coulomb interactions are typically weaker be-
cause of the lower valence, resulting in ferroelectricity being
uncommon in these materials. However, in the CsGeX3 family
under consideration, the weaker Coulomb interactions are ap-
parently compensated by the exceptionally large enhancement
of the BECs.

The ferroelectric state arises from the condensation of the
unstable TO polar modes. Because of the cubic symmetry,
the three Cartesian directions are equivalent, and there-
fore at the lowest order in the displacement, the insta-
bility is isotropic. We calculate the energetics by freez-
ing the soft modes along the [001], [011], and [111]
directions. The largest energy gain is along the [111]
direction, which is consistent with the observed R3m
polar structure. Interestingly, the ground state of the
CsGeX; family has, thus, the same rhombohedral sym-
metry as the low-temperature structures of BaTiOz and
KNbO;. These oxides show a sequence of phase changes
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FIG. 1. (a) Structure of the cubic paraelectric and rhombohedral ferroelectric phases of CsGeXj3. (b) Phonon dispersion of cubic CsGeClj;.
(c) Double-well energy profile and polarization reversal as a function of atomic displacements in ferroelectric phase. (d) Energy profile along
three different directions of cubic CsGeClj associated with the I, soft mode.

TABLE 1. Structural parameters, ferroelectric polarization, band gap, Born effective charges (BECs), Bader charges, optical dielectric
constant, and integrated crystal orbital bond index (ICOBI) of cubic and ferroelectric phases of CsGeX; (X = Cl, Br, I).

Compounds CsGeCl; CsGeCl; CsGeBr; CsGeBr; CsGel; CsGels
Space group Pm3m R3m Pm3m R3m Pm3m R3m
Lattice constants (A) Experiment 5.47% 5.43% 5.69% 5.63% 6.05% 5.98¢%
PBEsol 5.21 5.29 5.47 5.49 5.83 5.83
r’SCAN 5.27 5.43 5.54 5.68 5.94 6.06
Polarization (uC/cm?) Experiment 12-15° 20°, 8¢
PBEsol 18.46 12.28 12.85
r’SCAN 24.33 19.24 17.45
Band gap (eV) Experiment 3.25° 2.38° 1.60%°
PBEsol 0.45 1.20 0.36 1.11 0.26 0.78
r’SCAN 0.66 2.13 0.54 1.40 0.36 0.97
HLE17 0.91 291 1.26 2.09 0.85 1.46
MTASK 1.02 2.03 0.86 2.01 0.51 1.34
HSEO06 0.99 2.51 0.83 1.70 0.61 1.23
DSH 3.54¢ 2.68¢ 1.77¢
Born effective charges (e) Z, 1.33 1.33 1.33 1.29 1.35 1.29
Zg, 4.97 3.79 5.61 4.96 6.59 5.61
Zy -4.96 -3.73 -5.45 —4.57 -6.13 -4.90
A -0.67 -0.70 -0.74 -0.84 -0.90 -1.00
Bader charges (e) Zcs 0.86 0.84 0.82
ZGe 0.95 0.98 0.53
Zx -0.60 -0.61 -0.45
Optical dielectric constant €, 6.38 474 8.00 6.34 10.32 7.92
ICOBI of Ge-X 0.38 0.59 0.39 0.55 0.40 0.53

4Reference [19].
bReference [16].
‘Reference [17].
dReference [64].
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(cubic-tetragonal-orthorhombic-rhombohedral) as the temper-
ature decreases. The phase changes are associated with an
order-disorder transition in which chain-like correlations arise
from TO phonon instabilities in the I'—X —M sheets, but not
away from these sheets (i.e., around R for example) [21,22].
This is also a characteristic of the CsGeX; family, and in
fact, diffraction data do suggest a significant order-disorder
character. Nonetheless, experiments also show a single direct
cubic-rhombohedral ferroelectric transition without other in-
termediate phases.

We now move to the study of ferroelectric polarization.
We use the Berry phase approach to explore the ferroelectric
properties of the three compounds. In Fig. 1(c), polarization
and energy are reported as functions of the polar atomic
distortion. The energy curve corresponds to a double-well
potential typical of ferroelectrics. The associated transition
barrier is 0.055 eV per formula. This suggests that the po-
larization could be switched by applying an external electric
field. With PBEsol, we find spontaneous polarization val-
ues of 18.46 uC/cm?, 12.28 uC/cm?, and 12.85 uC/cm? for
CsGeCls, CsGeBrj;, and CsGels, respectively. We note that
the choice of the XC functional significantly affects these
results due to variations in the atomic positions, as detailed
in Table I.

We now turn to the investigation of the origin of ferro-
electric instability. While the previous section focused on
the analysis of the phase transitions based on the reciprocal
space (the phonon dispersion), we here consider the system’s
structural energetics via the interatomic force constants (IFCs)
in real space. By definition, the IFCs C, g(lx, I'c’) relate the
o component of the force F,(lx) on atom « in cell [, to the
induced displacement tg({’«’) on atom «’ in cell ', accord-
ing to the expression Fy(Ix) = —Cq p(lk, 'k )Ta(l'k") [35].
If the induced force on atom « is opposite to the displace-
ment direction of atom «’, this leads to discordant cooperative
atomic motions, producing a dipole moment. In such a
case, the IFCs is positive and corresponds to a destabilizing
interaction.

According to Cochran’s “soft mode” theory, ferroelectric
phase transitions are attributed to g points with unstable
TO phonons corresponding to polar atomic distortion modes
in the parent paraelectric phase [65,66]. Shell model cal-
culations indicated that this ferroelectric instability results
from a competition between stable short-range (SR) forces
and unstable dipole long-range (LR) Coulomb interactions,
typically in the form of dipole-dipole interactions. Follow-
ing Cochran’s theory, the IFCs can be separated into two
contributions [67]: that resulting from the SR forces and

that originating from the LR Coulomb (dipole-dipole) in-
thus. (D) _ (nIDLRIn> + {nlDsgln)
’ o’ iy SR

the LR and SR parts of the dynamical matrix D, which
is connected to the Fourier transform of the matrix of
IFCs, can be separated. The specific calculation method for
LR’s contribution to the IFCs is as follows: CLR(OK jK') =

Ywp ZEawli ﬂﬂ,(detew)_’( )/ﬂ’ — 3= "A" ), where Z*
and ey, represent the Born effectlve charges and the dlelec—
tric constant, respectively. Ay =} 4 (€ Japdp,d =R; +

T — T, is the vector relating nuclei, and D =+ A -d.

teractions; . In this way,

TABLEII. T'; transverse optical frequencies squared and inter-
atomic force constants (IFCs, in Ha/Bohr?) for CsGeX; (X = CI, Br,
I). The total frequencies squared w? are separated into the short-range
(w¥z) and long-range (w7,) contributions. Selected IFCs between
the Ge-X atomic pairs, where longitudinal (||) refers to the atom
displacements parallel to the Ge-X chains.

CsGeCl; CsGeBr;  CsGel;

? (10* cm™?) w? -0.93 -0.3 -0.24

wle  —14.39 -1.57 -5.27

e 13.46 7.27 5.03
IFCs of Ge-X(||) Total 0.00188  0.00102  0.00082
(Ha/Bohr?)

LR 0.06506  0.06100  0.06661

SR -0.06318  —0.05998  —0.06579

The Ewald summation technique is used to evaluate the
contribution of this dipole-dipole term to the dynamical ma-
trix. Such calculations can be completed using the ABINIT
package.

In Table II, we decompose the I'; TO mode frequen-
cies squared and the IFCs for CsGeXj3 into their short-range
and long-range contributions. We observe that 3z > 0 and
w}z <0 in all the cubic compounds, with the LR forces
dominating to induce a net phonon instability and ferroelec-
tric polarization [33]. As mentioned above, the SR repulsive
forces tend to counteract the displacements within the sys-
tem, favoring the remanence of high symmetry. In contrast,
the LR Coulomb forces tend to displace the cations and an-
ions, thereby distorting the high symmetry and facilitating
the phase transition. The magnitude of the latter forces is
related to the ratio of Z! and e.,. In this context, anoma-
lously large BECs, which are significantly greater than their
nominal charges, are the primary reason for the strong LR
Coulomb forces, such as those found in CsGeXj3, particularly
for Ge?*. This is related to the covalent bonds between Ge and
X halides, which will be explained in detail later. Moreover,
we can see that the IFCs for these materials are positive,
indicating instability primarily caused by LR dipole-dipole
interactions between Ge-X bonds.

In Fig. 2(a), we report the normalized trace of IFC ten-
sors for CsGeCl; as a function of the atomic distance,
which characterizes how the effective interatomic coupling
strength varies with atomic separation. To obtain a coordinate-
invariant scalar measure of stiffness, we take the tensor trace,
Tr[C(lk, 'k )] = )", Caa(lk,l'k’). Then to compare mate-
rials with different absolute bond strengths, we normalize it
by the on-site self-interaction term, C(Ix, I'k’) = W
[68]. This dimensionless ratio represents the relative intershell
coupling strength, which is independent of the overall lattice
hardness. Positive normalized traces therefore denote in-phase
(antispring) long-range couplings that weaken the restoring
force and soften the TO mode, thus promoting polar corre-
lations, whereas negative values correspond to conventional
restoring interactions.
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FIG. 2. (a) Normalized trace of the interatomic force constant
tensors in CsGeClj; as a function of the atomic distance. (b) Change
in the electron density distribution in the {(001) plane because of the
displacement of the Ge atom. Each black dot represents an atom.

As shown in Fig. 2(a), the interaction between the fourth-
nearest-neighbor at 5.2 A is stronger than that of the first-
neighbor Ge—Cl bond at ~2.6 A and much stronger than the
second- and third-neighbor couplings. The eighth-neighbor
at ~7.8 A exhibits positive normalized IFCs, indicating the
presence of such in-phase (anti-spring) long-range couplings
associated with a resonant-bond-driven polarization, while
the fourteenth-neighbor beyond 10 A still maintains a non-
negligible interaction. Figure 2(b) illustrates the microscopic
origin of these long-range and nonmonotonic IFCs through
the charge-density-difference map An(r), defined as An(r) =
Ngisplaced (') — Mequilibrium ('), Obtained by displacing the Ge*t
cation by 0.001 A along (001).

The resulting An(r) shows alternating charge polarization
that extends up to ~10 A along the same direction—well
beyond the first coordination shell—demonstrating that the
resonant-bond network mediates a long-range electronic re-
sponse. This real-space polarization pattern directly confirms
the IFC analysis in Fig. 2(a): the long-range, in-phase (“anti-
spring”) couplings, particularly the positive eighth-neighbor
term, arise from the displacement-induced polarization of the
p-electron states of Ge?*. Similar behavior was found in TV—
VI resonant-bonded systems, where the highly polarizable p
electrons of group-IV cations produce comparable long-range
charge-density variations [68]. This mechanism resembles
that of lone-pair-active ions in classic ferroelectrics, such as
PbTiO3, which likewise drive polar distortions through asym-
metric p-orbital hybridization.

To demonstrate this point, we also conduct a detailed anal-
ysis of the electronic structure and chemical bonding for cubic
CsGeCls. We compute the element-projected band electronic
structure (so-called fat band plots), the projected density of
states (PDOS), and the projector crystal orbital Hamilton

population (-pCOHP), as shown in Figs. 3(a) and 3(b). The
analysis of the band structure reveals that CsGeCl; is a semi-
conductor characterized by a high dispersion, with a band
gap occurring at the R point, estimated to be approximately
1 eV (using the HSEO6 functional). This band gap is about
0.1 eV and 0.3 eV larger than those of CsGeBr; and CsGels,
respectively. From the fat bands and PDOS, we observe that
the conduction band minimum is primarily related to the hy-
bridized Ge p and Cl p orbitals, whereas the valence band
is predominantly associated to the Cl p, Ge s, with a minor
contribution from the Ge p orbitals. The CI p contributions
to the conduction band and the Ge p character of the valence
bands reflect the hybridization. Note that the main Ge s states
are located at lower energies below the main Cl p derived
valence bands. Therefore, the Ge s character appearing in
the upper part of the valence band is of antibonding nature.
This is confirmed by the -pCOHP analysis. The Cs orbitals
(shown in blue) are located further away in energy and are
not considered further in our study. Based on the -pCOHP
analysis, the valence band states can be divided into three
regions: Region I (from -3.9 to 0 eV) corresponding to Ge
s - CI p antibonding states, Region II (from —6.8 to -3.9 eV)
associated with Ge p - Cl p bonding states, and Region III
(from —11 to —6.8 eV) connected with Ge s - Cl p bonding
states. The crystal symmetry is broken by atomic distortions,
mixing the Ge and X orbitals with empty Ge p orbitals. This
reduces the antibonding states below the Fermi level and thus
lowers the energy through the second-order Jahn-Teller
(SOJT) effect [69,70], In this regard, Cl p — Ge p hybridization
is particularly important, as this is a hybridization between
a nominally occupied orbital on the anion and a nominally
unoccupied orbital on the cation. Hybridization between occu-
pied and unoccupied orbitals is generally the most important
type of hybridization for bonding. Furthermore, since these
are on different sites, it provides a direct mechanism for
enhancing the BECs. It is important to observe that there is
a very large increase of the band gap with the ferroelectric
distortion, as seen in Table I. This shows the strong interaction
between the structure and the electronic structure, as also
reflected in the large enhancement of the BECs.

Figures 3(c)-3(g) illustrate the hybridization process in the
cubic phase. Region IIT at the bottom of the valence band
consists of a o bond between Ge s and Cl p, as also shown
in the maximally localized Wannier functions (MLWFs) (e)
and (g). Region I at the top of the valence band is associated
to an antibonding state o* between Ge s and Cl p electrons.
These are localized on the corresponding atoms and present
spherical symmetry, with no overlap of the MLWFs (d). This
is typical of high-energy antibonding states. Such antibonding
states at the top of the valence band are generally regarded
as favorable for optoelectronic materials, since they increase
band dispersions and thus the carrier mobility [71,72]. Note
that both the bonding ¢ and antibonding o* states between
Ge s and Cl p electrons are among the occupied bands.
Region II contains o bonding states from empty Ge p and
Cl p, along with secondary bonds from Region I antibond-
ing state and conduction band Ge p, crucial for ferroelectric
distortions.

We also evaluate the covalent bond strength by means
of the integral ICOHP values. In the cubic phase, the
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FIG. 3. Electronic structure of cubic paraelectric CsGeCls. (a) Fat electronic band structure projected onto three different elements (Cs,
Ge, Cl). (b) Projected density of states (PDOS) and -pCOHP analysis of the Ge?>* atom with nearest neighbors CI~. Positive and negative
-pCOHPs indicate bonding and antibonding states, respectively. (c) Schematic molecular orbital diagram and corresponding partial charge
density of Ge-Cl. (d)—(g) MLWFs illustrating o bonding (the isosurfaces are illustrated for 1.08 x 107% a.u.).

antibonding state (Region I) presents an [COHP value of —0.4,
which decreases to —0.3 in the ferroelectric R3m structure.
This suggests weakened antibonding states and strengthened
p — p o bonds. This is supported by higher ICOBI values
and charge population analysis indicating stronger covalent
bonding between Ge and halides in the ferroelectric phase.
Moreover, the charge population analysis (BECs and Bader
charges) reveals o covalent bonds between Ge and halides,
with Z§, and Z§,, being larger than their nominal charges,
hence indicating a partial electron transfer. Finally, we dis-
cuss the effect of different halogen ligands on ferroelectric
distortions. Substituting Cl with Br and I theoretically should

increase ferroelectric instability, but our results show that
CsGeClj has the highest ICOHP (-0.4), followed by CsGeBr3
(—0.36) and CsGel; (-0.31), as shown in Table 1. Nonetheless,
in spite of the weakening ICOHP going from Cl to I, the
ferroelectric instabilities remain strong as seen in the phonon
dispersion curves and also in the enhancement of the BECs.
We now briefly turn to crystal chemistry in the CsGeX3
family in relation to ABO; oxide perovskites. As already men-
tioned, high BECs associated with metal-ligand hybridization
are important for ferroelectricity in the oxide perovskites.
These are also found in the considered halide perovskites.
Perovskites are also often characterized by their Goldsmith
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perovskite tolerance factor [73] t = (ra + rx)/~/2(rg + rx),
where ry, rg, and ry are the ionic radii of the A-site and B-
site cations, and of the X anions. Oxide perovskites (X = O)
that have ¢ > 1, such as KNbO3; and BaTiOs3, present ferro-
electricity. The latter is mostly driven by the displacement
of the B-site cation within its O cage. This has been under-
stood in terms of the B-site cation being too small for its
site in the ideal cubic lattice. Most oxide perovskites have,
however, ¢t < 1 and are nonferroelectric. They have struc-
tures such as CaTiO3; where the BOg octahedra rotate. There
are a few exceptions where ferroelectricity does occur even
with # < 1. These materials display either a stereochemically
active A-site ion, such as BiFeO3; and Pb(Zr,Ti)Os, or dis-
order on the A-site. Those A-site driven ferroelectrics are
characterized by off-centering of the A-site cation competing
with rotations of the octahedra. In the CsGeX; family, the
A-site is occupied by Cs atoms and the B-site by Ge atoms.
Based on the Shannon crystal radii [74], the Goldsmith per-
ovskite tolerance factors are thus 1.027, 1.009, and 0.985
for CsGeCl3, CsGeBrs and CsGels, respectively. Thus, this
family spans the full range of possibilities in terms of the ¢
value: from ¢ > 1 as in BaTiOs, a classic ferroelectric with a
rhombohedral ground state; to ¢ near 1 as in SrTiO3, which
approaches ferroelectricity at low temperature, but is not fer-
roelectric; and ¢ < 1 as in CaTiOs, a structure with strong
octahedral rotation and no ferroelectricity. In contrast with
BaTiOs3, SrTiO3, and CaTiOs3, the three CsGeX; compounds
are, however, all ferroelectric with similar Curie temperatures
and rather similar patterns of unstable modes. There is a
relative softening of the lowest phonon branch approaching
the R point in CsGels, which has # < 1 indicating that this
material does have a tendency towards rotation of the oc-
tahedra compared to the other two materials; however, this
is much weaker than, for example, in CaTiOs. Thus, these
CsGeXj; ferroelectrics are very different from the oxides in
terms of the underlying mechanisms at play. In particular, the
p — p hybridization and lone pair physics involving the Ge>*
cations and the halogens play a key role, and the ferroelectric-
ity cannot be rationalized simply by ionic radii and tolerance
factors.

Our study reveals that stereochemically active 4s> lone
pairs and enhanced M—-X covalency drive ferroelectric dis-
tortion in CsGeXs; [75]. This principle extends to other
IVA-group cations (Sn’>*, Pb?*) [76,77] and provides a basis
for future design strategies. By employing solid solutions,
mixed-halide compositions, and chemical pressure through
A- or X-site substitution, lattice distortion, band gap, and

stability can be systematically tuned. These guidelines offer a
concise roadmap for developing next-generation ferroelectric
halide perovskites.

III. CONCLUSIONS

In this study, we have investigated the ferroelectric proper-
ties and phase transitions of CsGeX3 halide perovskites using
density functional theory. Various XC functionals including
meta-GGAs were tested and found to provide a very good
description of the structural parameters and band gaps. We
have conducted a detailed analysis of the phonon dispersion,
the ferroelectric polarization, the interatomic force constants,
the electronic band structure, and the bonding mechanisms
in these halides. The phonon spectra reveal that the polar
soft modes, predominantly involving Ge?>* and halide ions,
are responsible for the onset of ferroelectricity. A significant
LO-TO splitting has been observed in all three perovskites
because of the large BECs, resulting in a substantial polar-
ization. The stereochemical activity of Ge?* was found to be
crucial for ferroelectricity, including p electron hybridization
and a SOJT effect. This process breaks the halogen octahedral
symmetry. Furthermore, our analysis of real-space IFCs has
revealed that the global ferroelectric phase transition is driven
by strong long-range interactions between local dipole mo-
ments, contributing to its robustness and resulting in high tran-
sition temperatures. This study offers critical insights into the
ferroelectric and semiconductor properties of CsGeX3, em-
phasizing their potential for advanced materials applications.
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