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We investigate effects of cation �K, Ca, Sr, Ba, La, Bi, Tl, Ag� substitution at Pb-site in PbFe1/2Nb1/2O3

�PFN� on its diffuse ferroelectric phase transition �DPT� through measurements and modeling of the tempera-
ture dependence of its dielectric constant. We find that the chemical trends in experimentally determined rates
of change of transition temperature and diffuseness with substituent concentration are governed by two pa-
rameters, nominal and Born effective charges calculated within first-principles density functional theory. We
introduce “ferroactivity” of an atom using these charges and use it in a generalized Weiss molecular field
theory that accounts for the disorder to explain chemical trends in the DPT found experimentally, suggesting
guidelines to tune properties of ferroelectrics.

DOI: 10.1103/PhysRevB.72.014104 PACS number�s�: 77.80.Bh, 61.43.�j, 77.84.Dy

I. INTRODUCTION

ABO3 ferroelectric perovskites1 form an important class
of materials, rich in their physical properties, of technologi-
cal importance. While the pure compounds typically show
sharp ferroelectric transitions, their solid solutions
�AyA1−y� BxB1−x� O3� often have diffuse transitions2 character-
ized by a broad peak in dielectric constant as a function of
temperature. Relaxors3 form a subclass of such ferroelectrics
with diffuse ferroelectric phase transitions �DPTs� which ex-
hibit interesting dynamical response similar to that of glassy
systems and have very large electromechanical response.
Random local fields and couplings4–6 arising from composi-
tional disorder and their interaction7 with polar soft modes
are considered to be necessary to cause diffuse ferroelectric
transitions. While it is fundamentally interesting to uncover
the mechanisms of DPTs, it is also of technological relevance
to understand the chemical trends in DPTs in the context of
perovskite ABO3 ferroelectrics, as these solutions can be
used in tailoring the properties complex pervoskites used, for
example, in multilayer capacitors.

In the context of Pb�Fe0.5Nb0.5�O3 �PFN�, two models for
DPT were used: �a� Smolenskii’s composition inhomogene-
ity model,8,9 and �b� Bokov’s octahedral distortion
model.10,11 Both the models assume that the fluctuations in
the local Curie temperatures cause the DPT. Smolenskii’s
model8,12 hypothesizes that the disordered distribution of
B-site cations results in the chemically inhomogeneous mi-
croregions with different transition temperatures. In substi-
tuted compounds, this model also predicts a correlation be-
tween the rate of change of temperature TM of dielectric
maximum and that of diffuseness. The model �b�
proposes10,11 that when the B site is occupied by the cations
having large radius difference �r �=rB�−rB��, the octahedra
are distorted. Due to the random distribution of B-site ions,
the distortions of the octahedra are also randomly ordered.
This leads to the distribution of local TC resulting in DPT.
Bokov et al.11 suggested that this model explains observa-
tions on DPT in substituted PbFe1/2Nb1/2O3, namely, �i� the

diffuseness of DPT is uninfluenced by the Pb site substitution
with elements in group II and �ii� the rate of change of TM
with substitution is uncorrelated with the diffuseness of DPT.

The aim of this paper is twofold: �i� to determine how the
chemical nature of the substituent ions influences the TM
�temperature of the dielectric maximum� and the diffuseness
�width of the dielectric peak� of the DPT in PFN and �ii� to
investigate how the diffuseness of transition and TM are cor-
related. These objectives are achieved via detailed experi-
ments in cojunction with theoretical work. In course, we
identify that the chemical factor controlling the transition
temperature and diffuseness can be characterized by a quan-
tity called “ferroactivity” �related to the Born effective
charge of the cation�. The experimental part of this work
consists of systematic investigations of the TM and diffuse-
ness as a function of the substituent concentration. The the-
oretical work consists of two components, viz., the determi-
nation of “ferroactivity” from first-principles electronic
structure calculations and the use of this quantity in a gener-
alized mean field theory to uncover how the chemical factors
and lattice level disorder affect the transition temperature and
diffuseness of the DPT.

The paper is organized as follows. In Sec. II, we describe
first-principles calculations of the Born effective charges
�Z*�. In Sec. III, we present details of systematic experiments
on PFN with different cation substituted at the Pb site, and
discuss how the chemical trends can be understood with only
two parameters, namely the nominal �Z� and Born effective
charges Z*. In Sec. IV, we present quantitative analysis of the
DPT using these parameters in a generalized mean field
theory, and finally conclude in Sec. V.

II. FIRST-PRINCIPLES CALCULATIONS OF Z*

AND FERROACTIVITY

Polar soft modes responsible for the ferroelectric ground
state have been shown to be correlated with giant LO-TO
splitting13,14 that arise from anomalously large Born effective
charges Z*:
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Zi,�,�
* = �

�P�

�ui�
,

where P is polarization, � is the unit cell volume, and u is
the atomic displacement. Z*’s determine the strength of di-
polar interactions15 and were found to capture the structural
origin of ferroelectricity in nonperovskite ferroelectric
BaTi2O5.16 Since Z*’s are the couplings of soft mode with
electric field E,

Hcoup = − Zi,�,�
* E�ui�,

influence of random local fields5 on the polar modes is felt
primarily through Z*’s. Z*’s are thus expected to be relevant
to chemical trends in DPT behavior.

We use a standard density functional theory �DFT�
method as implemented in the ABINIT code17 for first-
principles total energy and linear response calculations. We
used Teter pseudopotentials with and an energy cutoff of
80 Ry on the plane-wave basis. Integrations over the Bril-
louin zone �BZ� were performed by sampling the BZ with a
uniform mesh of 6�6�6 k points. Various parameters and
pseudopotentials have been tested to reproduce earlier re-
sults. Z*’s �Table I� have been obtained using DFT linear
response. As these calculations are quite demanding for large
supercells of PFN, we used simpler perovskite compounds
containing each substituted cation. For each case, we used at
least two compounds, making sure that the values of Z* do
not change by more than 10%.18

We define “ferroactivity” �FA� as the tendency of a cation
to be off-centered giving an electric dipole, quantified with
�= �Z*−Z� /Z, which is a measure of the anomalous part of

the Born effective charge Z*. This choice is motivated by the
findings of previous works.13,14

III. EXPERIMENTS ON PFN

A. Experimental methods

PFN is a ferroelectric material that undergoes a DPT be-
tween 383 K and 393 K.19 The dielectric loss of this material
is very high ��50% �.20 To reduce the dielectric loss, gener-
ally 0.15 wt % of Mn is added,21 which brings down the TM
to 373 K.22 In this study, we substitute cation A �A
=K,Ca,Sr,Ba,La,Bi,Tl,Ag� at the Pb site of PFN accord-
ing to the formula Pb�1−x�

2+ Ax
Z+Fe�1−�2−Z�x/2�

3+ Nb�1+�2−Z�x/2�
5+ O3, Z

being the nominal charge and x the concentration of A �0
�x�0.1�. The substitutions are carried out using modified
solid state method.23 The starting materials are taken accord-
ing to the stoichiometric ratio, ground in acetone medium,
and calcined at 973 K for 4 h followed by Mn addition. After
the Mn addition the samples are ground and sintered in the
PbO rich atmosphere. The phase purity of the sintered
samples are studied by powder x-ray diffraction. Except for
Ag1+ and Tl1+ substituted compounds, the rest exhibit pure
perovskite compound formation. In Ag1+ and Tl1+ substituted
compounds, a major concentration of perovskite phase is ob-
served along with a small percentage ��10% � of pyrochlore.

The dielectric properties of the substituted compounds are
measured at 10 KHz as a function temperature at a heating
rate 1 K min−1 and data collection in an interval of 2 K. The
instrumental error in measuring the TM is determined by
three independent runs on a pure PFN sample and found to
be ±2 K. In order to eliminate any discrepancy in measuring
the dielectric constant due to the contribution from the
imaginary part, the dielectric loss of PFN is measured and
observed to be well below the 5% acceptable limit for all the
samples. The width of DPT used to quantify “diffuseness”
�	� is defined24 as the full width at half maximum of nor-
malized peak of dielectric constant vs. �T−TM� /T M

0 . Our ef-
forts to fit a phenomenological theory25 to dielectric behavior
confirmed that PFN is not a relaxor.

B. Experimental results and discussion

The observed effects of substituents on the TM and dif-
fuseness of the substituted compounds are shown in Fig. 1.
TM is found to decrease linearly with x, except in the case of
Tl1+ and Tl3+ substituted samples, for which it marginally
increases with x. The diffuseness of all the samples is ob-
served to increase with x except in the Tl1+ substituted
samples. It is clear that the substitution for Pb in PFN does
strongly influence the diffuseness, irrespective of change or
no change in the chemical composition in the B site, in con-
trast with Ref. 11. In Table I, we present �1/x��TM /T M

0 and
�	 /x for various substitutions along with chemical param-
eters characterizing each substitution.

In order to uncover the factors that influence the TM and
diffuseness, we have categorized the substituent ions into
four different groups: �a� Z=2, the same nominal charge of
Pb, but different sizes and relatively lower ferroactivity

TABLE I. The properties �nominal ionic charge �Z�, ionic radius
�r� �Ref. 26�, and ferroactivity �� of the substituted cations and their
effect on �1/x��TM /TM

0 and �	 /x. TM
0 is the transition temperature

of unsubstituted PFN.

Atom
ra

�Å� Z*

�

=
Z*−Z

Z

�F

x
b 1

x

�TM

TM
0

�	

x

K1+ 1.64�XII� 1.07 0.07 −0.455 −0.017 43 0.0156

Ca2+ 1.34�XII� 2.54 0.27 −0.68 −0.026 81 0.0292

Sr2+ 1.44�XII� 2.55 0.275 −0.675 −0.026 81 0.0267

Ba2+ 1.61�XII� 2.74 0.37 −0.58 −0.029 49 0.0278

La3+ 1.36�XII� 4.42 0.48 −0.895 −0.04 83 0.0412

Bi3+ 1.17�VIII� 6.63 1.21 −0.165 −0.00 94 0.0108

Tl3+ 1.12�VIII� ¯ ¯ ¯ ¯ ¯

Ag1+ 1.42�VIII� 1.63 0.63 0.105 −0.00 27 0.0068

Tl1+ 1.84�XII� 1.84 1.05 0.525 0.0054 −0.0056

Pb2+ 1.49�XII� 3.9 0.95 ¯ ¯ ¯

Fe3+ 0.55�VI� 3.5 0.167 ¯ ¯ ¯

Nb5+ 0.64�VI� 9.24 0.85 ¯ ¯ ¯

aRadius of substituents in the corresponding coordination site men-
tioned in the bracket.
b�F /x= ��A−�Pb�+�Nb�2−Z /2� ��F is the change of ferroactivity
with A site substitution�
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�Ba2+, Sr2+, and Ca2+�; �b� different nominal charges and
comparable sizes �La3+, Ba2+, and K1+�, with low ferroactiv-
ity; �c� varied ferroactivity, trivalent ions of comparable sizes
�La3+, Bi3+, and Tl3+�; and �d� varied ferroactivity, monova-
lent ions of different sizes �K1+, Ag1+, and Tl1+�.

Figure 1�a� shows the effect of ferroinactive ions with the
same nominal charge as that of Pb2+ but different sizes. The
substituents Ba2+, Sr2+, and Ca2+, despite having different
sizes, decrease the TM and increase the diffuseness by the
same magnitude at any given x. This is clearly seen from
Table I. It is, therefore, evident that the size of the Pb-site
substituent does not influence the TM or the diffuseness of
PFN-based materials. Henceforth, any influence on TM and
diffuseness due to the variation in the ionic size of group �b�,
�c�, and �d� substituents are ignored.

The effect of ferroinactive ions with different nominal
charge Z �La3+, Ba2+, and K1+� is shown in Fig. 1�b�. This
figure and data in Table I demonstrate that the nominal
charge Z has a strong influence on �1/x��TM /T M

0 and the
�	 /x of DPT. The �1/x��TM /T M

0 decreases and the �	 /x
increases with increasing Z. The effect of ferroactive tri- and
monovalent ion substitutions are compared with ferroinac-
tive ions in Fig. 1�c� and Fig. 1�d�, respectively. The figures
�also see Table I� show that the ferroactive ion substitution
�Tl3+ and Bi3+ in Fig. 1�c� and Tl1+ and Ag1+ in Fig. 1�d��
vary the TM and diffuseness of PFN by lower magnitude
compared to ferroinactive ions �La3+ in Fig. 1�c� and K1+ in
Fig. 1�d��. In other words, for trivalent ions
��1/x��TM /T M

0 �La3+ 
 ��1/x��TM /T M
0 �Bi3+ and ��1/x��TM /

T M
0 �Tl3+, and ��	 /x�La3+ � ��	 /x�Bi3+ and ��	 /x�Tl3+. Simi-

larly for monovalent ions, ��1/x��TM /T M
0 �K1+


 ��1/x��TM /T M
0 �Ag1+ and ��1/x��TM /T M

0 �Tl1+, and
��	 /x�K1+ � ��	 /x�Ag1+ and ��	 /x�Tl1+.

IV. MEAN FIELD THEORY ANALYSIS

We now present a simple model based on the Weiss mo-
lecular field theory �WMFT� �Ref. 27� that develops the

ideas of Smolenskii8,9 and Bokov10 and is similar to the Lan-
dau theory for inhomogeneous systems worked out by Li et
al.28 �see also Ref. 29�. The parameters input to this analysis
are based on the “ferroactivity” defined earlier and the nomi-
nal charge of the substituted ion. This allows us to connect
the microscopic parameters determined from first-principles
calculations to chemical trends in the DPTs.

Within WMFT of systems with no chemical disorder, the
average polarization p at a temperature T is obtained self-
consistently as arising from an effective field of dipoles with
dipole moment p0 in a lattice �in the limit of zero externally
applied field�:

p = p0 tanh� Jep0p

kBT
� = p0 tanh�Tc

T

p

p0
� , �1�

where Je is an effective coupling �which depends both on the
short range and dipole-dipole coupling, and the number of
neighbors� and kB is the Boltzmann constant. The theory pre-
dicts a sharp phase transition at kBTc=Jep0

2; the main point to
be noted is that the transition temperature is governed by the
effective coupling constant.

We develop a generalization of WMFT to the case of a
diffuse transition �DWMFT�. Developing from the
Smolenskii-Bokov argument, we begin with a premise that
the lattice has microdomains that have different local
transition28 temperatures due to different effective coupling
Je. The effective coupling depends on the details of the mi-
croregion such as arrangement of ferroactive ions, etc., and
varies randomly from one microdomain to another. In this
sense, coupling constant J in a microdomain may be thought
of as being sampled from a probability distribution P�J�. The
main idea of the model is that spatial averaging �over micro-
domains� of the polarization is equivalent to averaging over
the probability distribution P�J�. This is physically plausible,
since, on averaging over a large number N→� of micro-
domains, the entire distribution of the coupling constants J
will be sampled. The main assumption of the model is that
we neglect correlations between microregions with different
coupling constants. This is expected to be quite accurate
when the substituent atom concentration is small �
10% �,
especially since our aim is to understand the chemical trends.
The average polarization can now be written as

�p	�T� =
1

N



i

pi �� dJ P�J�p�T,J,E� , �2�

where p�T ,J ,E� is the polarization in a microdomain with
coupling constant J at temperature T and external field E
obtained through self-consistency condition �1�. This ap-
proach is similar in spirit to the generalized mean field
theory of spin glasses proposed by Thouless, Anderson, and
Palmer, Binder Young30 who suggested a relation similar to
Eq. �1�, but with a crucial additional term in the argument of
the tanh function in Eq. �1� called the “reaction field term.”
However, as shown by,31 this term is negligible in the ferro-
magnetic case with long-range interactions �see Ref. 31, Sec.
IV C, p. 876� and, thus, equivalently, in the present ferroelec-
tric case especially since the dipole-dipole interactions are
long ranged. Thus, Eq. �2� is expected to describe the diffuse

FIG. 1. The variation of diffuseness and TM as a function of
substituent concentration showing the effect of �a� size �ionic ra-
dius�, �b� valence, �c� trivalent cations, and �d� monovalent cations
of substituent ion.
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ferroelectric transition quite accurately even without the re-
action field term.

We assume that the coupling constants are Gaussian dis-
tributed with a mean Jm and variance SJ

2. Mean field results
of such a model are illustrated in Fig. 2; it is evident that the
model captures the essence of diffuse phase transitions. Our
calculations indicate that the TM of the dielectric peak is the
same as mean-field Tc determined by the mean �and most
probable� coupling constant Jm. Further, the diffuseness 	 is
linearly related to SJ.

Due to substitution at the Pb site in PFN, chemical disor-
der arises at both A and B sites. To quantify effects of this
disorder on the DWMFT parameters Jm and SJ, we note three
points: �1� Long range dipolar coupling depends quadrati-
cally on the Born-effective charges and changes in the inter-
site coupling are reflected in the on-site quadratic
interaction.32 This, correlates with ferro-activity of an atom
�. �2� Coupling between the local random field and dipole
depends linearly on the effective charge. �3� Change in Nb
concentration depends linearly on the nominal charge of the
substituted A cation. The effective coupling constant of the
substituted compound can be taken, in a first approximation,
as a linear sum of Pb-site coupling constant and the B-site
coupling constant. On Pb substitution with A the change in
Jm and SJ can be calculated as

�3�

�SJ � ��
�A − �Pb
��x + �� �Nb

8
��Z − 2�x �4�

where � and � are positive constants �not determined here�.
The above two relations are determined by assuming that Pb
and A are distributed uniformly �without short-range order�
in the sample, with a similar assumption for Nb and Fe.
Taking � and � to be of equal order of magnitude, we see

that �Jm��F, where �F is the effective change in ferroac-
tivity �see Table I�. The DWMFT developed above suggests
that �TM ��Jm and predicts �1/x��TM /T M

0 ��F /x. Simi-
larly, �	 /x is predicted to fall �although not linearly� with
increasing �F /x. Relations �3� and �4� provide a causal con-
nection between a microscopic property ��� and the param-
eters of the diffuse phase transition.

Figure 3 shows the correlation of �1/x��TM /T M
0 and

�	 /x with �F /x. It is seen that the trends are in close agree-
ment with predictions of DWMFT with input from density
functional calculations. The theory also provides additional
insights that explain several experimental observations. It ar-
gues that there is a DPT in pure PFN because of the chemical
disorder among ferroactive Nb and ferroinactive Fe. At the
same time, it also predicts that PbZr1−xTixO3 �PZT� would
not have a DPT as both Ti and Zr ferroactive ions �with a
small relative difference� as is seen experimentally.33 In the
main, it suggests that it is hetero-ferroactive substitution
(rather than heterovalent substitution) that controls the DPT
in ferroelectric perovskites.

V. SUMMARY AND CONCLUSION

In the case of divalent ferroinactive ions �group �a��, it is
evident that the coupling constant Jm falls and the standard
deviation SJ increases with x. This is well in agreement with
the experimental results �Fig. 1�a� and Table I�. In the case
where the substituent is ferroinactive �group �b��, the fall in
the coupling constant is largest in the case where Z=3 and so
is the increase in SJ, as is evident from Eqs. �3� and �4�. This
is also in agreement with experiment �Fig. 1�b��. In the case
of ferroactive ions ��Pb−�A�0�, when Z=1, the Nb concen-
tration increases, increasing Jm and decreasing SJ, leading to
DPT with higher Tm and lower 	. On the other hand, for
cases with Z=3, Jm decreases and SJ increases due to reduc-
tion in Nb concentration, resulting in a broader transition at a
lower TM. These inferences from Eqs. �3� and �4� are consis-
tent with the experimental observations.

We have investigated phase transitions in substituted PFN
with the aim of understanding the factors that affect DPT.
The experimental component of this work consists of con-

FIG. 2. �Color online� The polarization and dielectric constant
as a function of temperature obtained from the diffuse Weiss mo-
lecular field theory. The coupling constant is distributed as P�J�
=exp�−�J−Jm�2 / �2SJ

2�� / ��2�SJ�. The result shown is for SJ

=0.2Jm.

FIG. 3. The variation of �1/x��TM /T M
0 and �	 /x as a function

of �F /x. For the data points, �1/x��TM /TM
0 and �	 /x are deter-

mined from experimental data, while �F /x is from Table. I. Solid
lines are linear fits suggested by Eqs. �3� and �4�.
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trolled Pb-site substitutions to PFN with different size, nomi-
nal charge, and ferroactivity. We explain the results of the
experiments based on a diffuse Weiss molecular field theory
�DWMFT�. Our main conclusion is that the distribution of
coupling constants brought about by substitution is the pri-
mary governing factor in determining the nature of DPT. In
particular, Pb substitution with trivalent ferroinactive sub-
stituent produces the highest reduction in TM accompanied

by the broadest transition. In contrast, a sharper transition at
a higher TM can be achieved using monovalent ferroactive
substituents. Our results can also explain the reason for a
sharp transition in PZT �Pb�Zr1−xTix�O3� where both Zr and
Ti are ferroactive. This work provides evidence that a few
parameters can describe the chemical trends in DPT behav-
ior, and gives clues to the design of ferroelectric materials
with desired dielectric properties.
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