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This paper presents ab initio calculations on stability properties and phase diagrams of Ca- and Cd-related
hybrid improper ferroelectric materials, with the Ruddlesden—Popper (RP) and double perovskite (DP)
structures. The results show that enthalpy relations favor the decomposition of Cd-based RP compounds,
indicating that experimental synthesis may be nontrivial. Thus, pure Cd-related RP compounds are not
stable. The RP CazB,O; (B = Ti, Mn) systems, however, admit the incorporation of certain percentages of Cd
replacing Ca, providing a possible route for tuning ferroelectric properties through chemical substitution.
In addition, the stability results indicate that the Ca,TiO4 RP is not stable, in agreement with previous
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1 Introduction

Hybrid improper ferroelectricity occurs in Ruddlesden-Popper
(RP) and double perovskite (DP) structures." The octahedral
rotations that accompany this kind of ferroelectricity can couple
to magnetic moments,” opening new routes for magneto-electric
control. Although proper ferroelectrics have been used in capaci-
tors and random access memories (RAM),” hybrid improper
ferroelectrics (HIF) have not encountered the same room for
applications. The main reasons are the lack of HIF with high
polarization and the large coercive field for polarization switching,
the latter being critical for memory usages.* Currently, few HIF are
known so that the hunt for adequate new materials for techno-
logical applications is an active topic of research. Caused by a
relative displacement between negative and positive centers,
spontaneous electric polarization requires the break of inversion
symmetry. Because of the small number of space groups that
allow this kind of symmetry breaking, HIF materials are scarce.
Accordingly, the design of new compounds relies on using, as
building blocks, materials at which space group symmetry allows
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DP CaCdTi,Og is dynamically stable, therefore, a possible new hybrid improper ferroelectric.

ferroelectric transition. Known materials inspire the design of
new compounds, and specific chemical modifications can tune
properties such as electric polarization and energy barriers.>”

With the chemical formula A,,;;B,,03,+1, the RP structure is
formed by inserting a rock-salt layer between n stacked per-
ovskite blocks.® Examples of RP with n = 2 (RP2) are the
CazMn,0, and Ca;Ti,0;, compounds, while Ca,MnO, is an
example of a RP with n = 1 (RP1). Not all elements of the RP
series are HIF. Group theoretical methods have shown that
hybrid improper ferroelectricity occurs if n is even, but inhib-
ited if n is odd.’

Previously, we have shown that Cd embeds in the Ca sites of
RP structures.'®'" Using ab initio calculations, we demon-
strated how these substitutions affect the octahedral distortions
and ferroelectric properties of the Ca;Ti,O, and CazMn,0,.”
Furthermore, we showed that a quadratic relationship between
the main component of the electric field gradient tensor holds for
HIF perovskite phase transtions.'”> Nevertheless, an important
question that remained to be answered is how such cation
substitution affects the stability of Ca-based RP1 and RP2 crystals,
issue that is one of the main goals of the current investigation.

Although non-centrosymmetric RP1 structures are scarce,’
properties such as negative thermal expansion have attracted
attention to these materials. The RP1 Ca,MnO, has already been
synthesized, and recent experimental measurements combined
with ab initio calculations have shown its high-temperature
structural phase transitions and enhancement of uniaxial

This journal is © The Royal Society of Chemistry 2021
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negative thermal expansion." Therefore, the search for the ana-
logous RP1 Ca,TiO, should be inspired by the analogy between
CazMn,0; and Ca;Ti,0;, compounds. Still, theoretical studies
have indicated that RP Ca,;Ti,Os,:; are stable only for n > 1.
Predicting correct stability requires accurate knowledge of the
crystal structure, and the Ramadan et al™ investigation used
crystallographic structures based on other known RP1 com-
pounds rather than the analogous Ca,MnO,. Thus, stable crystals
with the chemical formula Ca,TiO, belonging to other space
groups should not be discarded, and we searched for Ti-based
stable compounds having in mind the above statements.

The Pnma perovskite is an important structure used as a
scaffolding to construct new HIF with the DP structure.”"*
In this space group, the A-site cation of the ABO; perovskite
occupies the 4c Wyckoff position. By replacing two of the four
A-atoms in the unit cell, one can break the inversion symmetry.
These atomic substitutions generate the AA'B,0q DP structure
with the space group Pmc2,.>”"** In the Pnma perovskite space
group, the A-site cation possesses anti-polar displacement, and
inversion symmetry ensures that no electric polarization arises.
Conversely, in the DP structure, the anti-displacements are not
equal due to the lack of inversion symmetry, which generates a
spontaneous electric polarization. Good elemental block candi-
dates for building DP materials are the CaTiO; and CaMnO;
perovskites since they stabilize in the suitable Pnma space group.
Indeed, our theoretical calculations for the DP CaCdB,O¢ (B = Ti,
Mn) predicted energy barriers slightly larger than those of the RP2
CazMn,0, compound and electric polarization of the same
order.” However, the thermal and dynamical stabilities of these
DPs remained an open question that we will address here.

This work presents theoretical calculations on the phase
stability of Ti- and Mn-based RP and DP materials. By computing
the relative enthalpy, we provide a concentration range for Cd
atoms in the RP structures. Also, we inspect the dynamical and
thermal stability of compounds with chemical formula A,BO,
(A =Ca, Cd and B = Ti, Mn).

2 Methodology

The ab initio calculations were performed with the Quantum
ESPRESSO computational package'>'® in the framework of the
density functional theory (DFT)."”'® Computational details can be
found in the ESLf} Also, the relation between octahedral rotation
and tilts with the polar structure formation was addressed
elsewhere.”'® For each structure, we calculated the equation of
state (EOS) parameters by optimizing the crystal cell at ten
different pressures using the variable cell shape molecular
dynamics'®?® and fitting the third-order Birch-Murnaghan EOS:*"

3

2
9V K, Vo\3 ,
E(V) = Ey+ ](’6 0 % (70) ~1| K,
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where E,, V,, Ko, and K(; are the energy, volume, bulk modulus,
and bulk modulus pressure derivative, respectively, at null
pressure. Then, the enthalpy H is given by:

H=E+ PV, )

where E is the energy, P the pressure, and V the volume. To
predict the most stable structure, we compute the enthalpy as a
function of pressure for each component present in the possi-
ble dissociation chemical reaction. Because RPn phases are
constructed by a rock-salt layer positioned between n ABO;
perovskite blocks, one possible chemical reaction is the dis-
sociation into their n respective perovskites plus one rock-salt
crystal. In addition, the ABO; single block can decompose into
a rock-salt system plus an oxide of the BO, type. Therefore, for
the RPn compounds, we consider the following chemical

reactions:
Api1B,O3,01 < NABO; + AO; 3)
Ap1ByOsn1 — (1 — 1)ABO; + BO, + 2A0; (4)
Api1ByOsni1 < (1 + 1)AO + nBO,. (5)

Following these reactions schemes, we computed the relative
enthalpies for the RPn perovskites of the type A,+1B;03,41, With
n=1and n = 2, where A = Cd, Ca and B = Ti, Mn. Moreover, we
performed similar calculations considering the RP2 Caz;B,0,
crystals with Cd substituting Ca ions at the rock-salt site only,
i.e., the materials with chemical formula CaCd,B,0.

Regarding the DP structures, they can decompose into two
single perovskite structures. Additionally, each perovskite can be
further decomposed into simpler systems so that the following
four chemical reactions are possible:

AA'B,O¢ <> ABO; + A’BO3; (6)
AA'B,O¢ <> ABO; + A’O + BOy; )
AA'B,O¢ <> A'BO; + AO + BOy; (8)
AA’B,04 <> AO + A'O + 2BO,. (9)

We followed these reactions to compute the relative enthalpies
of the DP structures composed of Ca and Cd ions with chemical
formula CaCdB,0O¢ where B = Ti, Mn.

To describe the RP2 systems, we used the A2,am space group
since this is the known low-temperature structure not only for
CazMn,0,, but also for other known RP2 crystals.***® For
the DP structures, we used the Pmc2, space group, obtained
replacing two A-site atoms in the Pnma structure.

The CaBO; compounds were simulated in the Pnma perovs-
kite structure since this is their ground state phase, while for
CdTiO; compounds the R3 space group was used because they
stabilize in the ilmenite structure.>* The R3 space group was
also used to describe the CdMnO; system.

The MnO, and TiO, oxides have the pyrolusite and the rutile
crystal structures, respectively, both belonging to the P4,/mnm
space group. The TiO, was simulated in both, anatase and
rutile, structures, and the results reported here are for the rutile
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one. The total energy difference between these two phases is
negligible and does not affect our conclusions.

Theoretical calculations complemented with experimental
evidence showed that Ca,MnO, may coexist in 14,/acd and Acam
space groups.'’ Thus, RP1 systems were calculated in both
structures and the Acam phase displayed lower total energy
than I4,/acd. Consequently, we used the Acam ground state
phase to study the chemical reactions of the RP1 phases.
Additionally, because the forsterite and RP1 perovskite crystals
have identical chemical formulas, we also investigated the
stability properties taking into account the Pnma space group.
Fig. 1 shows schematic representations of all structures
studied here.

3 Results and discussion

3.1 Ruddlesden-Popper phases

3.1.1 RP2 structures. Table 1 shows the EOS parameters of
the A;B,0; (A = Ca, Cd and B = Mn, Ti) RP2 compounds. The
Mn-based materials are antiferromagnetic, and the table shows
the magnetic space groups corresponding to the magnetic
ground state. The EOS parameters of the respective single

View Article Online
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Table 1 Equation of state parameters for the AsB,O; (A = Ca, Cd and
B = Mn, Ti) RP2 systems. SG is the ground state space group, SG (#) is
the spacial group number? V, is the equilibrium volume (A%, Ko the
bulk modulus (GPa), and K(; the bulk modulus pressure derivative
(dimensionless)

'

System SG SG (#) Vo Ko K,

Ca;Mn,0, A2 ant! 36.174 272.63 146.8 4.44
CaCd,Mn,0, A2, ant 36.174 271.74 158.6 4.30
Cd3;Mn,0, A2,am 36.172 272.22 160.8 4.50
Ca;Ti,0, A2,am 36 294.27 137.4 4.62
CaCd,Ti,0, A2,am 36 291.28 138.4 5.13
CdsTi,0, A2,am 36 291.82 131.2 5.87

“ International tables for crystallography.

perovskites, rock-salt oxides, and BO, systems, necessary to
compute the phase transitions, are depicted in Table S1 of the
ESIL.{ The bulk moduli are in the 105-225 GPa range. In general,
Ti-based structures have larger volumes, resulting in smaller
bulk moduli than the respective Mn-based systems. The larger
atomic radius of Ti, compared to Mn, increases the BOg
octahedra bond distances by around 3.5% and causes the bulk
moduli reduction. As shown in Fig. S1 of the ESI,} the RP2 EOSs

Fig. 1 Schematic representations of the main structures considered in the enthalpy calculations. Orange, yelow, dark blue, and light blue spheres
represent oxygen-site, B-site, A-site, and A’-site, respectively. (a) Acam (RP1); (b) and (c) A2;am (RP2); (d) Pmc2; (DP); (e) Pnma (single perovskite); (f)

Pnma (forsterite).
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divide into two groups: one for Ti-based and another for
Mn-based systems. The Ca by Cd substitution is akin. Since
Cd is slightly smaller than Ca, the Cd-O mean distance is
smaller than the Ca-O. Barely affecting the crystal volumes in
Mn-related systems, this effect is more pronounced in Ti-based
compounds.

Fig. 2a shows the relative enthalpy, per formula unit (f.u.),
for the Mn- and Ti-based RP2 materials, with respect to the
A2,am space group, depicted in the figure by the solid black
line at 0 eV. Only dissociations with the lowest enthalpies are
shown; all possible chemical reactions, as proposed in the
Methodology, are displayed in Fig. S2 of the ESI.{ With the
lowest relative enthalpies at ambient pressure, the Ca-based
RP2 structures are stable against dissociations. The Caz;Mn,0;
compound is stable up to ~11 GPa, dissociating into 2CaMnO; +
CaO at higher pressures. The larger ionic radius of Ti, compared
to Mn, decreases the pressure of the Ca;Ti,O;, — 2CaTiO; + CaO
dissociation reaction to around 0.5 GPa. This low transition
pressure might explain the experimentally observed degradation
of Ca;Ti,0, samples at high temperatures.** All transitions pre-
sent in the Mn-based systems are also present in the Ti-based
ones, but at lower pressures (see Fig. S2 of the ESIT).

According to Fig. 2, starting from the Cd;B,0, dissociation
reaction to the Ca;B,0; one, passing through CaCd,B,0, the
enthalpy difference w.r.t. the RP2 structure decreases. Whence,
the higher concentration of calcium favors the formation of
these compounds, meaning that Ca atoms assist in stabilizing
Cd-related RP2 structures. As a result, even thought pure
Cd-based compounds dissociate, the Ca-based RP2 materials
might incorporate a certain amount of Cd ions replacing Ca in
the crystal structure. Showing that Cd impurities occupy the

— RP2
1.0 1 == casMn,0; & 2CaMn0; + Ca0 (a)
<+ Cd3Mny0; & 2CdMnO; + CdO
CaCd;Mn,07 & CdMnO;3; + CaMnO3 + CdO
S\ 0.5
()]
~— 0.0
£ 1 e
< 051" e
-1.0¢1"""
1.0 1 == C&:1i,0, o 2CaTi0s + Ca0 (b)
. CdsTi,07 o 2CdTiO, + CdO
CaCd;Tiz0; © CdTiOs + CaTiOs + CdO
; 0.5
(V)
r | e N
T 0.5
-1.0

-4 -2 0 2 4 6 8 10 12 14
P (GPa)

Fig. 2 RP2 relative enthalpy AH for the dissociation reactions of (a)
Mn-based systems and (b) Ti-based systems, per f.u., w.r.t. the ground
state A2;am space group, represented by the solid black lines at 0 eV.
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rock-salt site of Ca;Mn,0,, PAC experiments support this
conclusion.’ Controlling Cd concentration may be a route to
tailor ferroelectric properties through chemical substitution;
however, a question arises: what is the maximum Cd concen-
tration at which the structure is still stable? To provide an
answer, we proceed in two steps: firstly, we interpret the RP2
structures as solid solutions of the type Caz;_Cd;3xB,0, so
that if x = 1 (x = 0) the structure corresponds to Cd;B,0-
(Ca3B,05); secondly, we compute the enthalpy difference between
the RP2 compound and the respective dissociation in simpler
crystals as a function of the Cd concentration x. The structures
studied here, namely Ca;B,0,, CaCd,B,0, and Cd;B,0;, corre-
spond to x = 0.00, 0.67, and 1.00, respectively. Fig. 3 shows that, as
x increases, the difference decreases, with the RP2 being stable up
to x = 0.20 when B =Mn and up to x = 0.07 when B = Ti. To further
confirm the adopted model to obtain the Cd doping limitation
into the RP2 structures, Fig. S3 of the ESI} displays a comparison
of the fitting procedure with ab initio calculations results,
obtained by replacing the Ca by Cd in all possible positions of
the Ca;Ti,O;, primitive cell.

Our results indicate that Mn-based Ca-Cd compounds
should be easier to be synthesized than those based on Ti.
Moreover, these results provide what would be the favorable
conditions to grow these RP2 materials. Using the supercell
scheme, we simulate the Ti-based system with a Cd concen-
tration x ~ 0.067, i.e., the Ca,gyCdg0Ti,O; compound, we
obtained a standard enthalpy of formation A¢H® = —2.76 Ry.
Comparing this value with A¢H° = —2.78 Ry, the standard
enthalpy of formation acquired for the Ca;Ti,O; system, we
can perceive a higher A¢H° when Cd is in the structure,
indicating that the incorporation of Cd decreases the overall
stability, as predicted by our dissociation model, and that the
formation of these compounds is exothermic.

3.1.2 RP1 structures. The RP1 Ca,MnO, has already been
synthesized, and PAC experiments have probed its local order
via EFG measurements.’’ Because of the similarities between
CazMn,0, and Ca;Ti,O; RP2 structures, the existence of

—06] —— Mn
— Ti

0.0 0.2 0.4 0.6 0.8 1.0
Xcd (%)
Fig. 3 Enthalpy difference, per f.u., between the RP2 structures (solid
black line at 0 eV) and the result of their dissociation into simpler crystals,

for the reaction with the lowest enthalpy at 0 GPa, as a function of the
percentage of cadmium concentration, for Mn- and Ti-based compounds.
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Ca,MnO, motivates the search for similar Ti-based RP1 com-
pounds. Ca,TiO,4, however, has not been stabilized yet. Previous
theoretical calculations have shown that Ti-based RP structures
could be stable only for n > 1, showing that Ca,TiO, is not
stable."® These calculations constructed crystal structures for
Ca-Ti-O systems based on Sr-Ti-O RP ones. Here, we follow a
different approach to simulate the properties of Ca,TiO,, using
the experimental crystalline structures at which Ca,MnO, sta-
bilizes at ambient pressure.

Neutron diffraction data® indicates that Ca,MnO, exhibits
two related structural phases: the I4,/acd and the Acam space
groups. Therefore, one could extrapolate that Ca,TiO, would
also stabilize, for instance, in the RP1 Acam structure. We chose
to use the Acam space group instead of the I4,/acd because of
the former’s lower total energy. Nevertheless, the total energy
difference between these phases is minimal so that this choice
does not affect our main conclusions. Other crystalline structures,
however, are also possible. Indeed, RP1 materials have the same
stoichiometry as the Mg,SiO, forsterite crystal. Forsterite is the
stable structure of the magnesium silicate at ambient pressure
and dissociates into MgSiO; + MgO above 20 GPa. Because
MgSiO; and CaTiO; are similar systems, with similar structures,
it is natural to expect analogous transitions in systems of the type
A,BO, (A = Ca, Mg and B = Si, Ti). To investigate this issue, we also
computed the EOS of Ca,TiO, with the forsterite crystalline
structure, which belongs to the space group Pnma but is not
related to the single perovskite structure. While the Pnma per-
ovskite is built through rotations of the BOg octahedra of the
Pm3m (#221) cubic perovskite, the B-site cation in forsterite
occupies a tetrahedral BO4 site, as shown in Fig. 1(f).

Table 2 shows the EOS parameters for A,BO, (A = Ca, Cd and
B = Ti, Mn) compounds in the Acam (RP1) and Pnma (forsterite)
space groups (see Fig. S4 of the ESIt). The crystal volumes are
larger for the forsterite phase than for the RP1 structure;
consequently, forsterite has smaller bulk moduli. Fig. 4 displays
the enthalpies of A,BO, compounds, relative to the enthalpy of the
Acam structure. As expected, Ca,MnO, in the Acam space group is
more favorable than in the Pnma phase for the entire pressure
range. Conversely, Ca,TiO, with the forsterite Pnma space group is
the most stable structure up to ~5 GPa, compared to the Acam

Table 2 Equation of state parameters for the A,BO,4 (A = Ca, Cd and B =
Mn, Ti) systems with the RP1 (Acam) and forsterite (Pnma) phases. SG is the
space group, Vg is the equilibrium volume (A%), Ko the bulk modulus (GPa),
and K(; the bulk modulus pressure derivative (dimensionless)

’

System SG SG (#) Vo Ko K,
Ca,MnO, Acam 64.469 329.88 141.2 4.42
Pn'ma 62.443 414.72 54.0 4.00
Ccd,MnO, Pc'ma’® 55.537 327.03 153.0 4.82
Pn'ma 62.443 417.37 39.5 5.81
Ca,TiO, Acam 64 353.31 133.7 4.22
Pnma 62 428.65 61.3 3.05
Cd,Tio, Acam 64 349.34 131.6 5.17
Pnma 62 415.50 75.9 2.43

“ The antiferromagnetic order breaks the spatial symmetry and trans-
forms the system into the Pcma space group.
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phase. To our knowledge, no previous reports of the Ca,TiO,
stability properties with the forsterite crystalline structure exist.
Table S2 in the ESIf contains the crystallographic data obtained
here for Ca,TiO, in the forsterite structure, and Fig. S5 (ESIT)
shows its bandstructure.

Fig. 4(a and b) also show the relative enthalpy between Mn-
based and Ti-based structures, respectively, for the A,BO,
systems (A = Ca, Cd and B = Ti, Mn), as well as the result
of their dissociation into simpler crystals, according to the
equations described in the Methodology section. Cd-Based
RP1 systems are not favorable against dissociation into CdBO; +
BO,, as observed by comparing the solid black line and the dark
green dotted line in Fig. 4(a and b). The dissociation pressure of
Cd,TiO, is around 0 GPa, given by the crossing between the
orange and dark green dotted lines in Fig. 4(b), suggesting that it
could be thermodynamically stable; however, the phonon disper-
sion spectrum presents imaginary frequencies in some branches,
indicating that Cd,TiO, is dynamically unstable (see Fig. S6 of the
ESIT). Regarding Ca-based materials, Ca,MnO, in the Acam (RP1)
structure does not dissociate, as evidenced by the blue and red
lines that are above the black one in Fig. 4(a), in agreement with
experiments. For Ti-based materials, our results show that
Ca,TiO, does not dissociate, and that the forsterite (Pnma) crystal
structure presents the lowest enthalpy up to ~3 GPa, noticed by
the red line in Fig. 4(b). Fig. S7 of the ESIt displays the phonon
dispersion curve of the forsterite Ca,TiO, at null pressure, imply-
ing that this structure is dynamically stable. Therefore, our results
demonstrate a possible stable structure for Ca,TiO,.

3.1.3 Relative enthalpy between A;B,0, and A,BO,
compounds. An important reaction from the experimental

m— RPL Cd>BO, (Acam) & 2CdO + BO,
2 e Ca,B0,4 (Acam) « CaBO3 + CaO e Ca,B04 (Acam) ¢ Ca,BO4 (Pnma)
CazB0,4 (Acam) « 2Ca0 + BO, Cd,BO4 (Acam) & Cd,BO4 (Pnma)
== Cd;BO4 (Acam) & CdBO; + CdO

>
~—
>
~

-4 -2 0 2 4 6 8 10 12 14

Fig. 4 Relative enthalpies AH, per f.u., for the dissociation reactions of
CayBO,4 and Cd,BO,. (@) B = Mn, (b) B = Ti. AH is calculated with respect to
the Acam phase, represented by the solid black lines at O eV. The color
conventions are the same for both figures.

This journal is © The Royal Society of Chemistry 2021
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perspective not commented so far is the dissociation of the RP2
phase into a RP1 one plus a single perovskite structure:

A;B,0, < A,BO, + ABO;. (10)

As shown in Fig. 5(a), the small relative enthalpy between
Caz;Mn,0, material and the dissociated compounds (solid red
lines) indicates that RP2 and RP1 structures may coexist. This
result agrees with the experimental observation that the usual
synthesis of Ca;Mn,0, by solid state reaction processes, for
instance, follows the formation of secondary phases of
Ca,MnO, RP1 and CaMnO; perovskite, and several consecutive
grinding and annealing processes are required to achieve a
pure Ca;Mn,0, RP2 sample.'® In addition, the results for Ti-
based materials displayed in Fig. 5(b) show a lower enthalpy
for the dissociation into forsterite plus perovskite structures
(solid red line).

3.2 Double perovskites

The DP is an interesting structure to build novel HIF since it
has a similar ferroelectricity mechanism as the RP materials.
In single perovskites of the ABO3 type, rotations of the BO6
octahedra allows a displacement of the A-site cations, generating
an in-layer polarization. However, the system is centrosymmetric
and adjacent layers have opposite displacements, hence the
in-layer polarization cancels out. The chemical modification in
building the DP structures breaks the inversion symmetry, allow-
ing different displacement magnitudes of these layers, and the
system is ferroelectric. This process is similar to that of RP2
systems. Here, the centrosymmetric structure belongs to the space

0.4

— RP2
—— Ca3B;0; « Ca;BO, + CaBO;

= Cd3B,0; & Cd;BO, + CdBO;
—— - CaCd;B,0; & Cd,B0, + CaBO3

0.2

0.0

AH (eV)

-0.2

1.0

0.5

0.0

AH (eV)

-0.5

-1.0
-4 -2 0 2 4 6 8 10 12 14

P (GPa)

Fig. 5 Relative enthalpies AH, per f.u., for the dissociation reactions of
RP2 compounds into A;,BO,4 plus ABOs, A = Ca, Cd. (a) B = Mn; (b) B = Ti.
For A,BO,4, we used the space groups Acam and Pnma, respectively, for
B = Mn and B = Ti. AH is calculated w.r.t. the RP2 phase represented by
the solid black lines at 0 eV. The color conventions are the same for both
figures.
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group Pmc2,. Two irreducible representations, corresponding to
octahedral distortions, break the inversion symmetry and allows
an anti-displacement of the A-site cations, configuring a trilinear
coupling.”**

Table 3 shows the EOS parameters for the AA’B,0¢ (A = Ca,
Cd and B = Ti, Mn) DP structures. Although the primitive cell of
the DP structures have fewer atoms—smaller volumes—than
the RP, ones, a similar relation between the B-site cation
and the crystal volume occurs. The smaller ionic radius of
Mn makes the CaCdMn,0Og cell smaller than the CaCdTi,Og
one, consequently, here again the bulk modulus of the former
is larger than the latter.

Fig. 6 presents the relative enthalpy for the DP structures
chemical reactions. Mn-Based DP dissociates into CaMnO; and
CdMnO; single compounds, i.e., CaCdMn,0, could be stable
only at high pressures, above 12 GPa, as evidenced by the
crossing between the red and black lines in Fig. 6(a). With
decreasing pressure, the CaCdMn,0O¢ DP dissociation into
CaMnO; + CdO + MnO, also has lower enthalpy than the DP
phase, as noticed by the crossing between the light blue line
with the black one. Therefore, Mn-based DP structures are
unlikely to be even metastable at 0 GPa and are not good
ferroelectric candidates. Although the Ti-based DP also tends to
dissociate into ABOj; single systems, the DP structure is stable
above ~5.2 GPa, given by the crossing between the red and
black lines in Fig. 6(b). Therefore, Ti-based DP crystals might
be metastable at ambient pressure and could stabilize via high-
pressure synthesis routes.

As indicated in Fig. S8 of the ESI,{ while Ca-based systems
have a strong tendency to stabilize in the Pnma perovskite
structure, CdBO3 materials stabilize in the R3 space group.
Our results show that the DP can stabilize even if one of the
ABO; systems is not a perovskite structure, in agreement with
the guidelines of Rondinelli and Fennie.>® We have previously
shown that CaCdTi,O¢ compound has spontaneous electric
polarization and polarization switch energy barriers of the
same order of the RP2 Ca;Ti,O, system,” thus in the range of
experimental observation.”® Fig. 6 shows that CaCdTi,Oy is
thermally stable. To confirm the dynamical stability, Fig. S9
of the ESI{ shows the phonon dispersion curves along high-
symmetry directions of the CaCdTi,Os first Brillouin zone (BZ).
The frequencies are positive along all paths, showing that this
structure is also dynamically stable. Our results demonstrate
CaCdTi,O0s as a possible new hybrid improper ferroelectric.
The formation enthalpy calculations show that from solid
state reaction route, this structure should only be formed at
high-pressure. Still, one of the experimental difficulties in

Table 3 Equation of state parameters for the DP structures. SG is the
ground state space group, V, is the equilibrium volume (A%), Ko the bulk
modulus  (GPa), and K(; the bulk modulus pressure derivative
(dimensionless)

’

System SG SG (#) Vo Ko K,
CaCdMn,Oq¢ pm/cz; 26.68 211.13 181.7 4.49
CaCdTi, 04 Pmc24 26 231.65 124.0 6.77
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Fig. 6 DP relative enthalpy AH, per f.u., for the dissociation reactions,
w.r.t. the ground state Pmc2; space group, represented by the solid black
lines at 0 eV, as a function of pressure. (@) B = Mn; (b) B = Ti. The color
conventions are the same for both figures.

Fig. 7 A-site ordering configurations for DP structures with chemical
formula AA’B,Os. Orange, yellow, dark blue, and light blue spheres
represent oxygen-site, B-site, A-site, and A’-site, respectively. (a) Rocksalt
ordering; (b) columnar ordering; (c) layered ordering.

synthesizing HIF DP phases is to realize the A-site ordering
since some configurations are possible, as shown in Fig. 7,
besides the layered structure considered and analyzed so far.
Therefore, we also carried out simulations for the rocksalt
and columnar ordering structures. At 0 GPa, rocksalt and
columnar ordering have enthalpies 0.17 eV and 0.06 eV above
that of layered DP, respectively. Increasing to 0.36 eV (rocksalt)
and 0.27 eV (columnar) at 5 GPa, these differences further
demonstrate that high pressures favor the layered ordering in
these DP structures. Consequently, since the phonon dispersion
curves show that CaCdTi,O¢ should be dynamically stable at
ambient pressure, such A-site layered perovskite may eventually
be synthesized as thin film structures, where sequential deposi-
tion of CaTiO; and CdTiO; layers can be performed, in a similar
manner as the experimental PbTiO;:SrTiO; supperlattices example,
that triggered the discussion of the hybrid improper ferroelectric
materials.>”*® What our results demonstrated is CaCdTi,O¢ as a
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possible new hybrid improper ferroelectric with the DP structure
that could be stabilized via high-pressure routes. Table S3 in the
ESIf shows the crystal structure data obtained here for the CaCd-
Ti,O compound in the Pmc2, space group.

4 Conclusions

In the search for new stable ferroelectric compounds, we have
probed Ca substituted by Cd in RP1, RP2, and DP structures via
theoretical ab initio simulations. Our results indicate that
the CaCdMn,04 DP compound is not stable at low pressures.
Although the Mn-based DP could stabilize at pressures above
12 GPa, the dissociation into CaBO; + CdO + BO, has lower
enthalpy. Therefore, it is unlikely that the DP will be metastable
at ambient pressure. On the other hand, although the CaCd-
Ti,O¢ DP compound also tends to dissociate into single per-
ovskites, our results have shown that this DP is stable above
~5.2 GPa, a much lower transition pressure than that for
CaCdMn,0. Additionally, the phonon dispersion results con-
firm that CaCdTi,O¢ is dynamically stable at 0 GPa. Therefore,
high-pressure synthesis routes could stabilize this DP system.
Consequently, these finds, along with our results on sponta-
neous electrical polarization and polarization switch energy
barriers,” suggest that the CaCdTi,Os DP might be metastable
and a possible new hybrid improper ferroelectric material.

Rondinelli and Fennie guidelines for constructing new DP
structures state that at least one of the perovskite building
blocks should have a strong tendency towards the Pnma space
group.”® Conversely, the stability properties found in this
investigation show that the CaCdMn,O¢ DP is thermodynami-
cally unstable, even though CaMnO; stabilizes in the Pnma
space group. In other words, the thermal stability of the DP
structures depends on the balance between the relative
enthalpy of both ABO; blocks used in their construction. For
example, CdTiO; is not stable in the Pnma space group, and if
one computes the thermal stability with this phase, the DP
CaCdTi,0 is thermodynamically stable. However, the results
show the dissociation of the DP structure when the R3 space
group is used to simulate the CdTiO; system. Therefore, we
found that if both building blocks of the DP material have a
strong tendency to crystallize in the Pnma space group, the DP
might dissociate into the single perovskites.

Cd-Based RP structures are not thermodynamically stable.
The relative enthalpy of the dissociation components in the
chemical reactions: Cd,+1B;O3,+1 — (7 +1)CdO + nBOy(n =1, 2)
indicate that the reason for the instability lies in the enthalpy
relations of the CdBO; (B = Mn, Ti) systems that present lower
enthalpy difference w.r.t. the dissociation into simpler oxides.
For n = 2, the lowest relative enthalpy always relates to the
dissociation of RP2 into single perovskites plus rock-salt com-
pounds. Substituting part of the Cd by Ca, as in CaCd,B,0-,
favors the formation of Ca perovskites and decreases the
enthalpy difference to the RP2 structures. Therefore, the for-
mation of the ABO; perovskites might indicate that the RP2
A;B,0; are stable. Indeed, substituting Cd by Ca in Cd;B,0-
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systems tends to decrease the enthalpy difference between the
dissociated compounds and the RP2 structures. Conversely,
solid solutions of the type Caz;_Cd;,B,0; are stable for x
values up to 0.20 for B = Mn and 0.07 for B = Ti. The stability
properties of Ca-based compounds by Cd substitution provide
chemical routes to control the spontaneous electric polariza-
tion of Ca;B,0, structures.’

RP1 compounds have the same stoichiometry as the forsterite
mineral. Comparison between the enthalpies of Ca,MnO, in
these two types of structures showed that the ground state is the
RP1 with space group Acam, in agreement with experimental
results. However, for Ca,TiO, the forsterite structure with space
group Pnma has the lowest enthalpy, as shown by our theoretical
results. This result may explain why RP1 Ca,TiO, has not yet
been synthesized. The phonon spectrum revealed that Ca,TiO, is
dynamically stable in the forsterite structure, and the enthalpy
relations showed that Ca,TiO, is thermally stable up to ~3 GPa.
At higher pressures, Ca,TiO, dissociates into CaTiO; + CaO, in
the same way as forsterite Mg,SiO, dissociates into MgSiO; +
MgO around 20 GPa.?® The lower dissociation pressure could
make Ca,TiO, useful in high-pressure studies as a high pressure
analogous of Mg,SiO,.
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