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We use first-principles density functional theory calculations to investigate the strongly nonlinear
compositional trends in ferroelectric BiBO3-PbTiO3 solid solutions for a variety of cations on the
perovskite B site. We demonstrate that previously tabulated crystal chemical parameters (extracted
from other Pb-based perovskite alloys [Grinberg et al., J. Appl. Phys. 98, 094111 (2005)]) permit
accurate prediction of cation displacements in these new Bi-Pb alloys. We find that observed transition
temperatures in these materials are well correlated with computed polarization magnitudes. The presented
model for coupling between compositional variation and cation displacements explains the highly
nonlinear and often nonmonotonic dependence of the Curie temperature (TC) on composition observed
in these solid solutions.
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Prediction of material properties from composition is a
fundamental goal of materials science and a vital require-
ment for effective computational materials design. Despite
intense theoretical and experimental research [1–8], this
capability has only been partially achieved for the techno-
logically important ferroelectric and piezoelectric perov-
skite solid solutions.

Recently, Bi perovskite alloys with PbTiO3 (PT) have
been shown to be promising candidates for new, lead-free
or lead-reduced piezoelectrics with improved properties
[9–14]. These studies have also revealed an important
and unexpected difference between the classic Pb-based
ferroelectric solutions and the new Bi-containing materi-
als. Contrary to the linear dependence on composition
mostly observed for Pb-based systems, ferroelectric to
paraelectric transition temperatures of all BiBO3-PT solid
solutions exhibit strongly nonlinear and often nonmono-
tonic dependence of TC and c=a on composition. For some
cases, BiBO3 substitution results in continuously increas-
ing or decreasing TC and c=a [11,12]. In others, TC and
c=a show an increase for small BiBO3 fraction (x) and then
decrease [11,13,14]. These observations are completely
inconsistent with the intuitive expectation that the alloy’s
properties should be a mixture of the two end-members.
The microscopic mechanisms behind these effects are
currently poorly understood [15,16], hindering the search
for new materials with enhanced properties.

Here, by analyzing a variety of BiB2�
1=2B4�

1=2O3-PT alloys
with first-principles calculations, we show that their
anomalous compositional trends can all be explained using
simple crystal chemical properties of the constituent atoms
augmented by a surprisingly strong coupling between A
cations and B cations.

To understand the relationships between atomic proper-
ties and overall structure, we study a series of
BiB2�B4�O3-PT (B2� � Mg, Zn; B4� � Zr, Ti) solid
solutions, which span the range of behaviors observed in
BiBO3-PT systems [Fig. 1(a)]. The BiZn1=2Ti1=2O3-PT

(BZT-PT) solid solution exhibits a positive curvature para-
bolic dependence of TC on x, with TC reaching 1000 K at
x � 0:4, the limit of BZT solubility in PT. This is cur-
rently the highest TC observed for any PT solid solution.
On the other hand, BiMg1=2Zr1=2O3-PT (BMZ-PT),
BiMg1=2Ti1=2O3-PT (BMT-PT) and BiZn1=2Zr1=2O3-PT
(BZZ-PT) solid solutions show negative curvature para-
bolic dependence of TC on x. In the case of BMZ-PT, the
initial rise in TC is essentially negligible, while for BMT-
PT and BZZ-PT it is more significant. For BMZ-PT, TC
decreases rapidly, and at 50:50 composition it is � 300 K
lower than the TC of PT. BZZ-PT exhibits a nonmonotonic
dependence, with an initial rise and a drop in TC for
x > 0:15. A similar nonmonotonic trend is observed for
BMT-PT as well, but with a much smaller curvature, with
TC varying by less than 30 K from x � 0 to x � 0:5.

First-principles plane-wave pseudopotential [17–19]
density functional theory (DFT) [20,21] calculations
were performed using 2� 2� 2 40-atom supercells with
periodic boundary conditions at experimental volume
[11,12]. For the BZZ-PT 50:50 composition, no experi-
mental data are available (due to low solubility of BZZ in
PT), so the lattice parameters were extrapolated from BZZ-
PT compositions with lower BZZ content. The computa-
tional approach is the same as in previous work [22]. We
use five different cation arrangements with minimal oxy-
gen over- and underbonding [22–24] to study x � 0:25
and x � 0:5 compositions. Data for BZT-PT are taken from
our previous study [25]. The polarization [26] and struc-
tural data obtained from DFT calculations are presented in
Tables I and II.

In our examination of the composition-structure rela-
tionships in the BiBO3-PT family, we focus on the dis-
placement magnitude DM of a cation from its ideal
perovskite position. In an ideal perovskite, the center of
the oxygen cage and the metal ion are located at the same
point and polarization is therefore zero. In the actual,
lower-symmetry structure, the displacements of the metal
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ions (with Born effective charge Z�) away from the center
of the oxygen cages generate local polarization and give
rise to ferroelectricity.

From a comparison of the P and TC data [Table I,
Fig. 1(b)] it is clear that relation TC � �P2 derived
from Landau theory [22,28] quantitatively relates theo-
retical polarizations and experimental TC values for
BiB2�

1=2B4�
1=2O3-PT systems. This relationship between P

and TC links changes in local equilibrium structure to
changes in collective response at finite temperature.
Thus, understanding how BiB0B00O3 substitution affects
material polarization is a key to explaining the composi-
tional dependence of ferroelectric TC.

Changes in P are mainly the result of changes in cation
displacements DM, since Z� values are fairly transferable
among ferroelectric perovskites [29]. Examination of
Table II shows that displacement magnitudes for all cations
depend on composition in a systematic way. Displacements
are the largest for compositions with high concentration of
Zn and Ti ions and are the smallest for Mg- and Zr-rich
systems. This means that A-site and B-site displacements
are strongly coupled [4,30]. Such systematic variation also
means that DM values can be predicted from the average

crystal chemical characteristics of the solid solution A- and
B-sites. Ionic size has long been used to explain properties
in perovskites [9,31]. We have shown that displacement
magnitudes of B cations in their O6 cages are also trans-
ferable among PbTiO3 solid solutions [27].

To identify and understand cation displacements in com-
plex alloys, we create a model for ferroelectric displace-
ment coupling. We claim that DM, the displacement
magnitude (averaged over all the M ions in the alloy) for
a particular cation species M, varies in a range around a
reference value for that cation, D0

M, as the alloy composi-
tion is changed. Based on calculations in this and previous
[10,27] work, we have established reference displacement
magnitudes (D0

M) for each cation (Table III), that each
cation species would make in nearly pure PbTiO3. The

TABLE II. Structural data for A- and B-site cations obtained
from analysis of relaxed DFT BiBO3-PT structures. Ground-
state cation displacements from center of oxygen cages in Å. The
first set of data is for total local displacement magnitudes. The
second set is for the (100) component of displacements. �D0

B are
obtained from Eq. (1) using D0

B values taken from Ref. [27].

DBi DPb DB0 DB00 DTi
�D0
B

PT 0.45 0.28 0.250

25:75 BZT-PT 0.82 0.49 0.38 0.32 0.32 0.250
50:50 BZT-PT 0.90 0.56 0.50 0.34 0.34 0.250

25:75 BZZ-PT 0.79 0.47 0.34 0.21 0.27 0.235
50:50 BZZ-PT 0.84 0.48 0.48 0.20 0.19 0.220

25:75 BMT-PT 0.80 0.44 0.17 0.27 0.27 0.230
50:50 BMT-PT 0.77 0.42 0.20 0.26 0.26 0.208

25:75 BMZ-PT 0.79 0.42 0.20 0.17 0.25 0.214
50:50 BMZ-PT 0.77 0.39 0.16 0.14 0.21 0.178

PT 0.45 0.28 0.250

25:75 BZT-PT 0.79 0.47 0.38 0.31 0.31 0.250
50:50 BZT-PT 0.81 0.54 0.50 0.36 0.32 0.250

25:75 BZZ-PT 0.74 0.43 0.34 0.20 0.26 0.235
50:50 BZZ-PT 0.66 0.42 0.36 0.16 0.19 0.220

25:75 BMT-PT 0.76 0.42 0.17 0.27 0.27 0.230
50:50 BMT-PT 0.66 0.37 0.20 0.20 0.20 0.208

25:75 BMZ-PT 0.74 0.39 0.18 0.17 0.23 0.214
50:50 BMZ-PT 0.62 0.30 0.12 0.04 0.15 0.178

TABLE I. Comparison of DFT polarization (P) calculations
and experimental TC results [11,12]. From the scatter in P values
among the DFT supercells, we estimate the error in P values to
be �0:02 C=m2 and �0:06 C=m2 for x � 0:25 and x � 0:50
compositions, respectively. T signifies experimentally tetragonal
system, and R marks compositions experimentally found to be
rhombohedral. P values are in C=m2, TC in K. Polarization
magnitudes along the (100) direction are presented for all
tetragonal compositions. For the rhombohedral BMZ-PT 50:50
system, P magnitude along the (111) direction is shown.

Phase Pavg TC

PT T 0.87 765
25:75 BZT-PT T 1.04 875
50:50 BZT-PT T 1.17 1100
25:75 BZZ-PT T 0.93 740
50:50 BZZ-PT T 0.83
25:75 BMT-PT T 0.93 803
50:50 BMT-PT T 0.88 733
25:75 BMZ-PT T 0.86 721
50:50 BMZ-PT R 0.74 461
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FIG. 1 (color online). (a) Experimental
variation in TC for BZT-PT, BZZ-PT,
BMT-PT, and BMZ-PT solid solutions.
Experimental data points shown by sym-
bols. TC of PT shown by dashed line.
(b) Correlation between theoretical P
values and experimentally observed TC
values. The dotted line shows a fit of
experimental TC data to theoretical P
data, using TC � �P2.
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deviation �DM � DM �D
0
M from the reference displace-

ment will be linearly proportional to ferroelectric environ-
ment changes away from that of PbTiO3.

We describe the environment that the cations experience
in a BiB2�

1=2B4�
1=2O3-PT alloy with site-averaged reference

displacement magnitudes:
 

�D0
A � xD0

Bi � 	1� x
D
0
Pb

�D0
B �

x
2
	D0

B2� �D0
B4�
 � 	1� x
D0

Ti:
(1)

To quantify changes in environments, we define the refer-
ence displacement change �D0

A and �D0
B as one Pb or Ti

ion is replaced by the A or B cations of the dopant:

 �D0
A � D0

Bi �D
0
Pb; �D0

B �
1

2
D0

B2� �
1

2
D0

B4� �D0
Ti:

(2)

The site-averaged displacement magnitude change �D0
A

and �D0
B gives the change in average site displacement

(from PbTiO3) due to alloying fraction x:
 

�D0
A � x�D0

A � x	D0
Bi �D

0
Pb


�D0
B � x�D0

B � x
�
1

2
D0

B2� �
1

2
D0

B4� �D0
Ti

�
:

(3)

TheDM displacements in many alloys are well described
as a linear function of �D0

A and �D0
B. As an example, DTi

data are fit in Fig. 2(a). We note that the data for x � 0:25
and x � 0:50 compositions fall into two distinct groups
with similar slope bTi. The 0.5 BiBO3 data in Fig. 2(a) are
shifted upward from the 0.25 BiBO3 data by a constant
amount. This reflects the dependence of �DTi on �D0

A,
which is larger for x � 0:5 than for x � 0:25, due to the
increase in Bi content. The change in the average cation
displacement (�DM) from its PT value due to substitution
of x BiB01=2B001=2O3 is modeled by

 �DM�aM�D0
A�bM�D0

B�x	aM�D0
A�bM�D0

B
: (4)

Quantifying the trends presented above, we fit Pb, Bi, Ti,
Zr, Mg, and Zn displacements to Eq. (4) and plot the cation
displacement DM magnitudes from the model versus the
actual DFT calculated values for all eight compositions
studied [Fig. 2(b)]. The correlation is quite good, with all
of the data points falling near the y � x line. The aM and
bM coupling constants are presented in Table III. All the
cations, except Zn, are more sensitive to B-site changes
than to A-site changes. The coupling constants for the x
component of cation distortion are also larger than those
for the total displacement.

The linear dependence of the cation displacement on
BiB01=2B001=2O3 fraction x gives rise to a quadratic depen-
dence of P on x and nonmonotonic dependence of TC on
composition. The fraction of a given cation in solution is
linear in x and each ion’s displacement also exhibits a
linear dependence on x [Eq. (4)]. The material polarization
then has both linear and quadratic dependence on x.

 Ptot �
X
M

xM	P
0
M � Z

�
M�DM
; (5)

 Ptot �
X
M

�xMP
0
M � x

2
MZ
�
M	aM�D0

A � bM�D0
B
�; (6)

where P0
M is the polarization obtained by displacing ion M

by its typical displacement (D0
M) and Z�M is the Born

effective charge. Since the Z� tensors are isotropic for the
cations, we omit the i and j subscripts. For the materials in
our study, the use of displacement-independent Z� is ac-
curate (see supplementary material) and P0

M are just
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FIG. 2 (color online). (a) Total Ti displacement magnitude DTi versus the average B-site reference displacement value �D0
B. Data for

x � 0:25 BiB0B00O3 and 0.50 BiB0B00O3 compositions shown by circles and squares, respectively. (b) Correlation between average
cation displacement magnitudes calculated by DFT and predicted from fits of DFT data to Eq. (4). Data for all eight compositions and
for both x-component and total displacement magnitude are presented. The largest deviations from the line are observed for Bi data.

TABLE III. Reference displacement values D0
M [27] and cou-

pling constants aM and bM for x-component and total cation
displacement magnitudes. D0

M in Angstroms, aM and bM are
dimensionless.

D0
M aM	tot
 bM	tot
 aM	xdir
 bM	xdir


Bi 0.80 1.03 2.50 0.23 2.73
Pb 0.45 0.51 2.33 0.57 3.22
Ti 0.25 0.34 1.74 0.11 2.46
Zr 0.13 �0:23 1.50 �0:23 2.50
Mg 0.08 0.46 1.27 0.69 2.30
Zn 0.25 1.56 1.03 1.14 4.24
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Z�MD
0
M. In cases where the dependence of Z� on ionic

displacement is important [32,33] P0
M values can be ob-

tained by integrating Z�	z
 from 0 to D0
M.

For the A site, the replacement of Pb (D0
Pb � 0:45 �A) by

Bi (D0
Bi � 0:8 �A) increases the �D0

A, promoting larger po-
larization. On the other hand, the large Ti displacement
(0.28 Å) means that BiB01=2B001=2O3 substitution into PbTiO3

produces a negative �D0
B, except in the case of BZT

substitution. This gives rise to a negative quadratic depen-
dence of P on x. The combination of a positive linear
dependence on x and a negative quadratic dependence on
x is the origin of the nonmonotonic changes in P and TC.

The range of TC behavior observed in BiB01=2B001=2O3-PT
solutions is due to the interplay between the linear and the
quadratic terms in Eq. (6). In BZT-PT, the strong Zn off-
centering does not inhibit A-site displacements (�D0

B �
0), leading to a steady increase in P and TC. At the other
extreme, in BMZ-PT the negative quadratic effect of A-B
coupling is very strong (�D0

B � �0:15 �A) due to inclusion
of Mg and Zr ions. This overpowers the favorable effect of
greater Bi content and leads to a small initial decrease in P
and TC at x � 0:25 and then a much larger drop at x � 0:5.

The intermediate cases, BMT-PT and BZZ-PT solid so-
lutions, show an initial rise in P due to the presence of Bi
ions and moderate negative change in �D0

B (�D0
B��0:09 �A

for BMT and �D0
B � �0:06 �A for BMZ). However, as

BiB01=2B001=2O3 concentration is increased, the quadratic
term dominates, leading to a turnover in P and TC behavior
with composition, and lower P and TC values at x � 0:50.

In conclusion, we have shown that the nonmonotonic TC
trends in BiBO3-PT solutions arise from the microscopic
coupling between A-site and B-site displacements. The re-
lationships between cation distortion and composition can
be quantified in terms of average crystal chemical proper-
ties of the A and B sites, with the strongest effect given by
compositional variation in the �D0

B parameter characterizing
the off-centering ability of the B cation.
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