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ABSTRACT

(Ba,Ca)(Ti,Zr)Os3 solid solutions are promising lead-free piezoelectrics near their polymorphic phase boundary, which is believed to be linked
to the interplay between B-site driven ferroelectricity and A-site driven ferroelectricity. Focusing on (Ba,Ca)TiOs, we support this picture
from first-principles calculations. In particular, we show how steric effects related to the partial substitution of Ba by Ca largely enhance the
Ca-driven ferroelectricity, already virtually allowed in the parent CaTiO;. The emergent interplay between the Ca-driven and Ti-driven
mechanisms lowers the energy barrier between different polar states, which eventually results in a quasi-isotropic polarization under substitu-

tion of a small concentration of Ba by Ca. A sizeable enhancement of the piezoelectric response directly results from these features.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5065655

At present, there is a renewed interest in the search of alternative
lead-free piezoelectrics. This has led to the identification of very interest-
ing piezoelectric features in (Ba,Ca)(Ti,Zr)O; (BCTZ) solid solutions."
Similar to Pb(Zr,Ti)O5 (PTZ),” these features are found near a special
point in the temperature-composition phase diagram at which the cubic
paraelectric phase meets the rhombohedral, orthorhombic, and tetrago-
nal ferroelectric ones."* This is the so-called polymorphic phase bound-
ary (PPB),” which is believed to be promoted by the coexistence of the
B-site driven ferroelectricity and A-site driven ferroelectricity.” * In
view of this, the enhanced piezoelectricity in BCTZ is believed to emerge
in relation to a rather flat and nearly isotropic energy landscape in
which the polarization can easily rotate in all spatial directions.”

In this letter, we scrutinize this guiding principle by focusing on
the dynamical and ferroelectric properties of the parent solid solution
(Ba,Ca)TiO; (BCT). By means of first-principles calculations, we show
that the competition between the B-type ferroelectricity and A-type
ferroelectricity promoted by the partial atomic substitution of Ba with
Ca results in the reduction and eventually suppression of the energy
barrier between the different polar phases, yielding enhanced piezo-
electric properties. This confirms that the beneficial overall anisotropy
of the system is essentially controlled by the A-site substitution of

BaTiO;. Moreover, we show that the Ca-driven polar distortion in the
solid solution primarily arises from a negative pressure effect exerted
by the BaTiO; matrix on Ca atoms.

We rely on first-principles calculations based on Density
Functional Theory (DFT) within the generalized gradient approxima-
tion (GGA) using the Wu-Cohen (WC) functional.'’ These calcula-
tions are done using the ABINIT package.'''* We simulate the solid
solutions using 40-atom supercells (2 x 2 X 2 repetition of 5-atom
perovskite unit cell as illustrated in Fig. 1), with 8 x 8 x 8 k-mesh and
45 Ha as energy cutoff for the expansion of the electronic wavefunc-
tions, for which energy is converged below ~0.50meV/fu. (per
5-atom cell). The structural energy minimization of the supercells has
been obtained by fully relaxing lattice vectors and atomic positions
starting with different initial conditions related to phases of different
symmetries with polarization pointing along different directions. The
absolute force tolerance for the structural optimization reached values
of about ~10>eV/A.

Structural distortions of ABO; perovskites can be rationalized in
terms of the Goldschmidt tolerance factor: t = (ro +ra)/[v/2
(ro + rp)], where r,, rp, and ro are the ionic radii of the A, B, and O
ions, respectively.'
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FIG. 1. Schematic representation of the 2 x 2 x 2 supercells for Bag g75Cag 125
TiOs. In the right panel, oxygen labels help the visualization of the Ti-O atomic pairs
in the centro-symmetric structure discussed in the text. Figures have been pro-
duced by using the VESTA package.

In BaTiO; (BTO), t=1.06 > 1 indicates that the Ti ion is too
small for its site so that it can easily off-center. As a result, BaTiO; dis-
plays B-site driven ferroelectricity with the polar distortion pattern con-
sisting of the opposite motion of Ti cations and O anions [see Fig. 2(g)].
The energies of the three polar phases associated with different direc-
tions of polarization are shown in Fig. 2(a), which are in line with the
sequence of phase transitions observed experimentally.'” Specifically,
the ground-state corresponds to the rhombohedral phase since maxi-
mum energy gain is obtained with polar distortions along the [111]
direction.'” " Interestingly, the anisotropy of the energy landscape and
polarization is linked to the corresponding polar mode”’ and remains
qualitatively unaffected by strain relaxation as we show in Figs. 2(a),
2(d), and 3(a), 3(b). This is the signature of a relatively weak
polarization-strain coupling in BaTiOs.'” Accordingly, the calculated
c/a ratio in the tetragonal phase is only ~1.02. Nevertheless, such cou-
pling remains important for the energy balance between the different
polar phases in BCT solid solution, as we will see later.

In CaTiO; (CTO), on the contrary, t=0.97 <1 because of the
relative small size of Ca. Consequently, the ferroelectric distortion is
replaced by tilts and rotations of the TiOg octahedra that preserve
inversion symmetry. However, CaTiOj still hosts ferroelectric instabil-
ities in the cubic phase (see Refs. 21-23) and it is known to be an
incipient ferroelectric.”*** As expected from its ¢ value, these ferroelec-
tric instabilities are dominated by the opposite motion of Ca and oxy-
gens, while Ti off-centering is drastically reduced, resulting in A-site
driven ferroelectricity as illustrated in Fig. 2(i). Unlike in BaTiOs, the
tetragonal structure of CaTiO; is much lower in energy than the
orthorhombic and rhombohedral ones. However, we note that the ini-
tial instability is relatively isotropic*’ and the strain coupling is now
crucial to obtain the eventual anisotropy as we show in Figs. 2(c) and
2(f). Accordingly, the calculated c/a ratio in the tetragonal phase
becomes ~1.06. The amplification of Ca-displacements obtained by
taking the polarization-strain coupling into account is another mani-
festation of the importance of such coupling in CaTiO3, as shown in
Figs. 3(d) and 3(e).

Such large strain coupling was previously reported in compounds
with a stereochemically active lone pair at the A-site like PbTiO;™"'

scitation.org/journal/apl

and BiFeO3.27’28 However, the above fact indicates that it is a more
generic feature of A-type ferroelectrics. In fact, a similar behavior
also affects CaZrOs,”"” with a calculated ¢/a~1.07 in the P4mm
structure.

In view of the above fact, it can be anticipated that the partial
substitution of Ba by Ca in BaTiO; can promote the coexistence of
competing Ti-driven ferroelectricity and Ca-driven ferroelectricity and
thus affect the polarization anisotropy. Calculations on Ba, _,Ca, TiO;
confirm this expectation. The three distinct ferroelectric states of
BaTiO; (x=0) become quasi-degenerate in energy for x=0.125, as
illustrated in Fig. 2(b). On average, the energy lowering with respect to
the paraelectric cubic structure is about ~—20 meV/f.u. in both cases.
However, the energy dispersion between the different polar phases is
reduced from 5meV/fu. for x=0 to below 0.5meV/fu. for
x=0.125."" In particular, the energy of the tetragonal phase is lower
than in BaTiO;. This is because of the large A-site character of the
polar distortion brought by the Ca substitution. Interestingly, this
quasi-degeneracy can be reproduced via a simple heuristic model in
which the relative energy of each ferroelectric phase (E') and its spon-
taneous polarization (P') are expressed as a linear combination of the
corresponding quantities of the parent compounds

El(x) =(1- X)EETO + xEéZTO’ (1)

1 1 1
where x is the C4. égl)lc?n{}at_iojrcgp'ﬂﬁ)sti’rcrll)ﬁ@) ‘model exploits ‘Sﬁg
reversed sequence of ferroelectric states displayed by the two parent
compounds. Noteworthy, the strain effect has to be included to prop-
erly reproduce the quasi-degeneracy of phases. The obtained from this
model is shown in Figs. 2(b) and 2(e).

Going back to the specific results from supercell calculations for
x=0.125, it is noteworthy that the quasi-degeneracy in energy of the
tetragonal, orthorhombic, and rhombohedral phases allows the emer-
gence of other competing polarization states. In particular, we find a
new metastable triclinic-P1(C;) phase with polarization P, nearly
between the [001]-[111] directions of the original cubic structure
(P/P. ~ 0.53, P,/P, ~ 0.48) and a monoclinic-Pm(C;) phase with
polarization Py, in between the [001]-[011] directions (P, /P, ~ 0.53)
[Figs. 2(b) and 2(e)]. Furthermore, the spontaneous polarization and
related atomic distortions are essentially the same for all the ferroelec-
tric phases as we show in Figs. 2(e) and 2(h) [P ~ 39 uClem? (Ref. 23)
as computed via the Berry phase™]. Together with the quasi-
degeneracy of the energies, these results disclose a remarkably isotro-
pic energy landscape.

As a result, the piezoelectric response for this composition is
significantly enhanced compared to the parent BaTiO;. Specifically, if
we consider the rhombohedral phase, there is a substantial enhance-
ment of the transversal components that become up to 5 times larger.
Values were already published in Ref. 23.

We note also in Fig. 2(h) that, in the solid solution at x=0.125,
both the displacements of Ti and O atoms and the relative (Ti-O)
motion remain almost the same as in the parent BaTiO; phase, while
the displacement of Ca is much larger than that of Ba, thus enhancing
the average A-site contribution to the polar distortion, in agreement
with experimental observations reported in Refs. 29, 34, and 35. As it
will be further discussed later, the Ca motion is related to local steric
effects and appears to be even larger in the solid solution than in the
parent CaTiO; phase. Nevertheless, the average displacement of
O atoms is now reduced if compared to CaTiOs due to the fact that O

Appl. Phys. Lett. 114, 092902 (2019); doi: 10.1063/1.5065655
Published under license by AIP Publishing

114, 092902-2


https://scitation.org/journal/apl

Applied Physics Letters ARTICLE scitation.org/journal/apl

Pm-3m P4mm  Amm2 R3m Pm-3m P4mm Pm Amm2 R3m P1 Pm-3m  P4mm  Amm2 R3m
ole BaTiO; (a) ol Bag.g75Ca0.125Ti0;  (b) ole - CaT|03 77777777777 (C)i
- -20
S (0]
o -10 -10 (0] o
£ -40 (0] °
O
Y o
b o)
-60
-20 [ ] -20 ® [ J ® [ J o | @
| | ] ™
-80
40 . . b4 40 £ ¢ & 4 ¢ g ¢
5 o 60 o b4 s
0 o
Q 20 20 40
o 20 H
o e (d) ols (e) ol e (f)
0.080 | [wga = ca 0.080 0.080
0.064 | |¢Ti ® O 0.064 0.064
0.048 0.048 0.048
0.032 0.032 0.032
0.016 > — ® 006 /| & & & & & 0015
'Z o000 @ H B B 0000(@ —® E  E-EH 0000
-0.016 -0.016| -0.016
o .
-0.032 -0.032 ¢ o o & O
—-0.048 -0.048 —0.048
-0.064 (g) | -0.064 (h) | -0.064
Pooo Poo1 Po11 P11 Pooo Poo1 Pobc Poir P11 Panc Pooo Poo1 Po11 P11

FIG. 2. Comparison of the energetics, spontaneous polarization, and atomic displacements for (a), (d), and (g) BaTiOs, (b), (e), and (h) Bag g75Cap.125TiO3, and (c), (f), and (i)
CaTiOs. (Top) Energy gain (in meV/f.u.) relative to the cubic reference for states with different orientations of polarization. Closed circles represent structures relaxed both in
the atomic positions and volume. In (a) and (c), open circles reproduce the energy-lowering associated with the polar distortion within the fixed cubic unit cell (i.e., no strain
relaxation) for BaTiO3 and CaTiOs, respectively. For Bag g7sCap.125TiO3, (b) closed squares reproduce the energetics as obtained from Eq. (1). (Center) Trend of spontaneous
polarization (in 1Clem?) calculated by means of computed atomic displacements and Born effective charges, [Phe = ;—} okplk apArk,ﬂ,” for different polar states. In (d) and
(f), open rhombi reproduce polarization constrained to the cubic unit cell for BaTiO5 and CaTiOs, respectively. For Bag g75Ca 1251103, (€) closed triangles reproduce the polari-
zation as obtained from Eq. (2). (Bottom) Evolution of average atomic displacements (in internal coordinates) relative to the center of mass of corresponding cells. Values are
scaled to the 5-atom cell to allow comparison. The reported sign for t helps the visualization of the opposite cation-anion motion.

atoms belong to the overall BTO-matrix. Therefore, the relative Ca-O polarization interpolates linearly with x according to Eq. (2).
motion remains comparable to the one in CaTiO;, thus making the Furthermore, the Ca-Ca interatomic interaction in CaTiO; has been
Ca-O total contribution to the spontaneous polarization almost similar shown to be rather weak,” so that Ca displacement does not require
to that in CaTiO;. This explains qualitatively why the spontaneous long-range cooperative motions in real space, thus making this
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FIG. 3. Atomic displacements (in internal coordinates) and energetics as a function of the volume of the unit cell. (a) and (b) Ba, Ti, and O displacements in T-tetragonal and
R-rhombohedral BaTiOs. (d) and (e) Ca displacement in T- and R-CaTiOs. Closed (open) symbols refer to constant-volume optimization with (without) internal strain relaxation.
(c) Averaged volume as a function of the composition x for the cubic and polar phases. Closed symbols represent the calculated volumes, while open symbols are extrapolated
according to Vegard's law. (f) Relative energy difference between the R and T phases in BaTiO; and CaTiO5 as a function of the volume (AER-T = Eg — Er). The internal
strain relaxation is considered for BaTiO5 but not for CaTiOj (so that only the effect of the isotropic tensile expansion is considered in the latter case). Open rhombi correspond
to the average (1 — x)AEgro + XAEcro according to Vergard's law in (c), with the equivalent %-composition indicated in the figure.
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mechanism already operative at small Ca concentrations and indepen-
dent of order/disorder effects.

The specific dynamics in Bag g;5Cag 125TiO5 is thus a clear mani-
festation of the interplay between the B-site and A-site driven charac-
ters of the polar distortion.

As we show in the following, these features can be understood
microscopically due to steric effects related to the different sizes of
barium and calcium cations.

The ionic radii of Ba and Ca are 1.61 A and 1.34 A, respectively,“’
and the calculated volume of BaTiOj; in the high-reference cubic phase
is more than 10% larger than that of CaTiOj, ie., 62.784 A’ for
BaTiO; and 56.623 A’ for CaTiOs. In agreement with experimental
data reported by Levin et al. in Ref. 34, we find that the volume of
BCT monotonically decreases with the Ca-concentration following
Vegard’s law [Fig. 3(c)]. In particular, the calculated volume of cubic
Bag g75Ca, 125 TiO; is 62.028 A%/fu. From one hand, this corresponds
to an overall ~1.2% contraction of the BaTiO; volume, although the
local strain effect on the Ti-O distances is anisotropic being alternately
tensile and compressive, i.e., Ti-O; >~ 1.994 A and Ti-O, ~ 1.965 A,
where labels refer to Fig. 1. On the other hand, it corresponds to a
virtually ~9.5% expansion of the CaTiO; volume. In particular, to
accommodate the difference in size introduced by the substitution of
one Ba with one Ca, a structural relaxation takes place around the sin-
gle Ca-impurity, corresponding now to isotropic tensile stress being
Ca-Ba distances ~3.9585 A and Ca-O distances ~2.7504 A in all direc-
tions. This, in turn, strongly affects the contribution of Ca-motion to
the polar distortion and to the energy balance between the polar
phases in the solid solution.

Accordingly, we studied the evolution of the displacements of Ti
and O atoms in BaTiO; and of Ca in CaTiO; as a function of volume
and of the difference of energy between tetragonal and rhombohedral
polar phases. In detail, we fixed the volume to the expected average vol-
umes associated with polar phases at different Ca-concentrations, follow-
ing Vegard’s law (Fig. 3). Then, in order to disentangle the effect of the
external isotropic stress induced by the atomic substitution from that of
the polarization-strain coupling internal to each system, we performed
atomic relaxation at constant volume and cubic cell geometry for the first
case (ie., no internal strain relaxation), with additional unit cell shape
relaxation for the second case (i.e., with internal strain relaxation).

The Ti-O polar motion smoothly tends to zero as a function of
contracted volumes in BaTiOs, as shown in Figs. 3(a) and 3(b). This
corresponds in fact to the known suppression of ferroelectricity in
BaTiO; by compressive stress via modification of the Ti-O interatomic
interactions.”””” Nevertheless, at the volume size corresponding to the
one from x = 0.125, the relative Ti-O displacements are still very close
to those in pure BaTiO; and reproduce the displacements as obtained
in the supercell [compare Figs. 3(a) and 3(b) to Fig. 2(h)].

Differently, the polar motion of Ca is strongly enhanced due to
volume expansion when compared to the unstrained parent CaTiO3
[compare Figs. 3(d) and 3(e) to Fig. 2(i)]. In fact, the Ca-O interatomic
interaction, which sustains the A-site driven polar distortion in
CaTiOs,” turns out to be strengthened by increasing volume (not
shown here). Moreover, the displacement of Ca as obtained in the
supercell for x = 0.125 is well reproduced by simulating CaTiO3 under
isotropic tensile stress. The inclusion of the internal polarization-strain
coupling remarkably increases the Ca-motion, confirming a strong
polarization-strain coupling in CaTiOs.

ARTICLE scitation.org/journal/apl

This study thus reveals how the volume expansion strongly
enhances the polar motion of Ca at the A-site, thus making the
Ca-driven polar distortion competing with the Ti-driven one in BCT
and in BCTZ solid solutions.

We can now consider the effect of these features on the energetics
associated with the tetragonal and rhombohedral phases. The trend of
the relative energy gain between the two polar phases in Fig. 3(f) and
its comparison with the energetics in Figs. 2(a) and 2(c) point out that
volume contraction smoothly reduces the energy difference between
the tetragonal and rhombohedral phases in BaTiOs, while volume
expansion largely favors the tetragonal phase over the rhombohedral
one in CaTiO;. Then, by combining linearly the relative energy gain of
BaTiO; and of CaTiO;, we see that this difference in energy goes
nearly to zero for x ~ 0.125, thus reproducing the quasi-degeneracy of
polar phases obtained in Bagg;5Cag 1251105 by means of supercell
calculations, as shown in Fig. 3(f). In particular, this is true if we take
into account the contribution of both external induced volume effects
and internal polarization-strain relaxation for BaTiO3 and the contri-
bution of external isotropic volume expansion alone for CaTiOs. This
means that our specific calculations for x~ 0.125 performed on 2 x 2
x 2 supercells are well reproduced, modeling the system as a BTO-
matrix which exerts a negative hydrostatic pressure on Ca. More gen-
erally, the usual polarization-strain coupling of CaTiOs; is not playing
any significant role at small Ca-substitution concentrations. Then, the
agreement for x =~ 0.50 is only qualitative if we compare the obtained
energetics with the one reported for Bag 50Cag 50TiO3 solid solutions in
Ref. 23 [Fig. 8(c)]. This is due to the fact that the higher the calcium
concentration, the more all the strain-relaxation effects are intercon-
nected and not negligible.

This simple study reveals how volume expansion has a strong
effect on the CaTiO; energetics and is responsible for the stabilization
of the tetragonal phase in the BCT phase diagram already for x
= 0.23.”7° In addition to the latter, all our calculations also reveal that
the inversion of the energy sequence of ferroelectric states, which char-
acterizes the end members BaTiO; and CaTiO;, occurs in BCT
through a quasi-degeneracy in energy of the polar phases for small
Ca-concentration x. This, in turn, produces a minimal anisotropy con-
dition with respect to different polarization states, eventually allowing
for the enhancement of the piezoelectric response.

Despite being based on specific ordered systems, our whole anal-
ysis thus provides a reliable microscopic understanding of the mecha-
nisms behind the interplay between the Ti-driven ferroelectricity and
Ca-driven ferroelectricity and the related effect on the overall anisot-
ropy in BCT. This also provides then an insight into some of the
mechanisms playing a role in Ba-rich BCTZ solid solutions.

In summary, we have performed a first-principles study of
(Ba,Ca)TiO; that sheds light on the relationships between coexistent
(Ti,Ca)-driven ferroelectricity and energy competition between differ-
ent polar phases, at the basis of the polymorphic phase boundary of
the (Ba,Ca)(Ti,Zr)Oj5 solid solutions. Our study reveals that the com-
peting interplay between the two mechanisms driving ferroelectricity
is promoted by steric effects: the volume expansion experienced by Ca
inside the solid solution largely enhances the Ca-driven contribution
to the polar distortion, favoring the tetragonal phase and destabilizing
the rhombohedral one. An energy competition between various polari-
zation states thus occurs for small substitution concentrations of Ca,
yielding a quasi-isotropic energy landscape. Therefore, solid solutions
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with possible mixing of B-type ferroelectricity and A-type ferroelectric-
ity seem to be a promising guideline in designing high-performing
lead-free piezoelectrics.
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