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ABSTRACT

The lead zirconate-bismuth ferrate system was studied
employing x-ray and microscopic analysis. Samples were pre-
pared by sintering stoichiometric mixtures of the corresponding
oxides followed by air quenching. The results of the analyses
show the system to be probably solid solutions over the entire
compositional range, although small amounts of other phases are

present in some regions.

X-ray data indicate a multiple cell, orthorhombic phase,
to exist over the range 100-30 mole percent PbZrO3. From
100-82 mole percent PbZrO;, the addition of BiFeO3 reduces
the distortion of the phase such that a nearly cubic x-ray pattern
is obtained at approximately 80 mole percent PbZrO3. In the
same range dielectric measurements suggest antiferroelectric
properties. The nearly cubic phase is also confirmed by a

minimum in a plot of Curie points versus composition.

From 80-30 mole percent PbZrO; the structure is only
slightly distorted from that at 80 mole percent PbZrO3. In the
range 80-50 mole percent PbZrO3, the system is apparently
ferroelectric. Samples of composition greater than 50 mole
percent BiFeO3 are too conductive for meaningful dielectric

measurements.
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A rhombohedral phase corresponding to that of pure
BiFeO3 is observed from approximately 75-100 mole percent
BiFeO3.

The electrical properties of the solid solutions in the range
from 100-50 mole percent PbZrO; are explained on the basis of a

structural model of crystalline PbZrO3 proposed by previous

investigators.
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I. INTRODUCTION

The purpose of this investigation was to analyze the system
of lead zirconate, PbZrO3, and bismuth ferrate, BiFeO3, for its
phases, structures and lattice parameters.

Until 1961 one of the highest ferroelectric Curie points

reported was 49OOC for lead titanate, PbTiO When BiFeO3 was

3
reported to have a Curie point of approximately 850°C, the
possibility of a solid solutions series containing BiFeO; with a high
transition point was suggested. A high Curie temperature is indica-
tive of a pronounced ferroelectric effect. To illustrate this, the
following data for ferroelectrics show that the greatest distortion

from cubic symmetry occurs for that substance having the highest

Curie point.

Curie Temperature c/a Ratio
PbTiO, 490°C 1.06
BaTiO, 120°C 1.01
SrTiO, 40°C 1.00

The system of PbTiO;5 and BiFeO3 was reported to produce
a solid solution with a Curie point above 490°C. The ionic radii
+4 o +4 o .
of Ti (0.64 A) and Zr (0.77 A) differ by about 17 percent and

the ions are isoelectronic with regard to optical electrons.



Therefore, the possibility of solid solutions between BiFeO3 and

(1)(2)

PbZrO3 exists although some investigators have reported
being unable to prepare solid solution samples. From a study of
the PbZrO3-BiFeO3 system, it should be possible to check the
reported high Curie point . of BiFeO; and its purported
ferroelectricity.

Since PbZrO3; is known to be an antiferroelectric crystal,
it would be of interest to add a ferroelectric such as BiFeO3 and
determine if a continuous solid solution were to form. Furthermore,
a transition from the antiferroelectric to ferroelectric state would
be expected. X-ray and electrical measurements should assist in

relating the structural character of the phases and accompanying

transitions to a theoretical model.



II. REVIEW OF LITERATURE

A. FERROELECTRICITY AND RELATED PHENOMENA

The phenomenon of ferroelectricity was first discovered
by Valsek, while investigating Rochelle salt (sodium potassium
tartrate tetrahydrate) in 1921. Such materials were called ferro-
electrics because of the analogy of the electrical properties to the
magnetic properties of ferromagnetics.(3)

Crystals lacking a center of symmetry may be piezoelectric.
A piezoelectric crystal exhibits a displacement of electrical charge
upon application of an external strain. A crystal whose center of
positive charge does not coincide with its center of negative charge
in the absence of an electric field, exhibits a spontaneous polari-
zation which may be altered by a change in temperature. This
effect is called pyroelectricity. Ferroelectrics are one class of
pyroelectrics, but have the additional property wherein the polari-
zation can be reversed by application of a sufficiently large electric
field. In a strong alternating field such crystals show hysteresis
effects. Barium titanate has been studied extensively, and was the
first dielectric in which the relative displacements of sublattices
due to dielectric polarization could be observed by x-ray diffraction

(see Figures 1-3). Ferroelectrics have a transition temperature,



the Curie above which they are nonpolar and centro-
symmetric in structure; they are then described as being
paraelectric.

Kittel(4) first stated the theory of antiferrocelectricity, and
it was first observed for lead zirconate by Shirane(S) and his co-
workers in 1951. The distinction between ferroelectricity and

6)

antiferroelectricity has been discussed in detail by Kanzig( and

(3)

Megaw, and will be explained later in describing the structure

of lead zirconate.
B. PEROVSKITE STRUCTURE

While there exist a large number of ferroelectric structure
types, the simplest is the perovskite type. The materials with
which we shall be concerned are all perovskites, and we will re-
strict our discussion to this type of ferroelectric.

The term perovskite is derived from the cubic mineral
calcium titanate, CaTiO3. The general structure is shown in
Figures 1 and 2 for Ba".[‘iO3 but can be generalized for ABO3.
Sub-types of the perovskite family will have the general formula

“2 6r F-1), and ABX

BX3 (X=0 3- In the ABX3 structure, A is a
large cation, B is a relatively small or middle sized cation with
octahedral coordination and X corresponds to 0'2, F'l, Cl-1 or

Br-l. The major interest now is in the type ABOj in which A has

a coordination number of 12.



Figure 1. Perovskite crystal structure of barium titanate
referred to cubic lattice. (7)

Figure 2. Perovskite crystal structure of barium titanate
showing octahedra for oxygen atoms about the titanium atoms.

(7)



Figure 3. Comparison of the polarization of A and B ions in
reference to a rigid oxygen network for BaTiO3 and PbTiO3. (1)



Another way of visualizing the structure of ABO3 is to
look upon it as being built by linear chains of BO6 octahedra ex~
tending along every [ 100] direction and sharing all corners.
These octahedra may or may not be distorted depending on the
size and the polarizability of the atoms A and B. Ionic radii and
polarizability of some cations are listed in Table I. Additional
information relating these properties to the structure is presented
in Figures 4-7.

For a perfect fit of the ions into the perovskite structure,

the following equation must hold:
Ra + R&O= N2 (Rg +* Rp)

where

Y
|

= ionic radius of the large cation

~
|

B = jionic radius of the smaller cation

O o]
R, = ionic radius of oxygen ( = 1.40 A, (%) 1.32 4,(10)

1.46 A7)

Since the majority of perovskites do not involve ions which
fit this equation exactly, a tolerance factor, t, was introduced by

Goldschmidt, (8) where



TABLE 1
Ion Radius =| TPolar- Ton Radius s
fzability 4
Divalent ions

Pa# 1444 e %
S ¥ 70. 6 Mn#
Ph*s 1.20 91.8 Fout ot
Eu# b116 | . . Zn+t 74
Sr+s 112 19,1 Co*t .72
Cu* 0.99 34.9 Ni+ A9
Cd+ .o *56.9 Mp+s .66

Bet? .35
Al#s Bi+s
Cr+ Sm+s 1.00
Fo+ Ndh 1.04
i%:: Ce+s 1.07
mn
¥ Tem | 1

Tetravalent fons

C# 0.16 | _.____ Sn+
S+ a2 | 1T Hi* o ;slt
GeH .53 | LIIlTT 7t 79
Mn# I Cett o4
v Y- T U .97
Ti+ .68 | 11111 Th 1.02

Radii and polarizability, where used, of metallic ions pertinent
to Figures 4, 5, 6 and 7. (8)
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e RA + RO

X5

N2 (Rg+RQ).
At room temperature, SrTiO3 has a tolerance factor of 1.0.

++ ++ . ) .
If Ba replaces Sr , a slight shift of the ions occurs
which produces a one percent increase in the parameter, result-
. . . ++
ing in a tetragonal structure. On the other hand if Ca replaces
+ . . . s
Sr , the structure contracts around the calcium ion, since it is
smaller, forming an orthorhombic structure. The substitution of
++ ++ . . . . .
Mg  ° for Sr gives an entirely different structure, the ilmenite
type, named after the mineral FeTiO;. For a tolerance range of
0.80 to 1.10, the perovskite structure is common. If the tolerance
is greater than 1. 10 the ilmenite structure is common. The
. +2 +4 .
perovskite compounds of the A “B O3 have been assigned a
minimum tolerance factor of 0. 77 by Keith and Roy. (8) In general
for ABX3 compounds, the change from the perovskite to the
ilmenite structure reduces the number of X ions surrounding each

A ion from 12 to 6 (see Figure 8). The transition, from perovskite

% The radii must be corrected for the coordination number of the
ABX; perovskite type. For the increased ionic radius resulting
from an increase in coordination number from six to twelve, a
modified equation is suggested. (11)

1.06 (R, * Ry) = W2 [0.95 (Rg + Ry

where t = the tolerance factor
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to ilmenite, should occur when the RA:RX ratio falls below 0. 73. (11)
5 ++ ++ ++ ++
Ionic radii of Mg , Ca , Sr and Ba are listed in Table I.
In Figure 6, there is a three-dimensional graph of the

2 and BHX_4 ions as two coordinates and the

perovskite-type N
. .y +2 . . .
polarizability of the A ™ ions as the third coordinate. As very
little is known quantitatively about the polarizability of the trivalent
ions in perovskite A+3B+303 compounds, (8) this factor has not been
. +3,+3
used to classify these structures from other A B O3 compounds.
It can be seen from Figure 7 that all of the compounds in the upper
. . +3 +3 . .

left of the diagram having large A ~ and B ions form perovskite-

+3B +3 . .
type structures. No A 03 compound is known to have a simple

+3 has a radius of 0. 96 8;

cubic perovskite-type structure. (8) As Bi
+3 +3 . .

(between Y ~ and Sm ~), Figure 7 shows that a possible compounds

of BiFeO; with a perovskite-type structure and low symmetry

could be predicted.

Since lead is an important ion in this study, the tolerance

factors for Pb++ are listed. (12)
Pb++ Pb-H- N N
CNof 6 CNof 12 Ti4t sptt gt z.4
Lonic radii (X) 1.32 1.46 0.64 0.74 0.84 0.87°%
Tolerance factor 0.98 0.93 0.89 0.88
Crystal syste tetra. cubic tetraXortho.
(volume g%)l}% 4.00 4.10 4.12 4.13

¥ This value is quite doubtful. The radius of Zr4+ has been reported
to be 0.77 2 (10), 0.79 2(8) and 0.80 A(9). 1f0.79 & is used, the
tolerance factor of PbZrO5 is 0.92.

¥ From Kanzig,(é) the structure of PbHfO; is pseudotetragonal,
probably orthorhombic, antiferroelectric, multiple cell.
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C. CLASSIFICATION OF PEROVSKITE STRUCTURE

In 1938, Stillwell(ll), suggested a method for classifying

the ABX3 compounds according to crystal structure properties,

such as Ra:Rb ratio, Ra:RX ratio, coordination number of A and

B, and the structure of the BX3 radicals. A summary of these

properties can be seen from Figure 8. Megaw(3) further classi-

fied oxides of the ABO3 formula as follows in 1957:

1.

Cubic perovskite. These have an ideal cubic structure with
a cell edge of about 4 %, one formula-unit per cell, a tolerance
factor t = 0.90 - 1.05 and a very simple x-ray pattern. If no
other structure exists, these are not ferroelectric.
Distorted small-cell perovskite. These are no longer cubic,
but with cell edges still approximately 4 Bx and t nearly unity,
one formula-unit per cell, with each single line of the ideal
cubic structure replaced by a group of lines. These sub-
stances are ferroelectric.
Distorted multiple-cell perovskite. These materials possess
a distorted structure in which adjacent units of a 4 A edge are
not perfectly identical, with the true cell made up of a number
of these sub-cells. The edges are frequently multiples of a

4 2& with N2a being common. The existence of these

multiple cells is recognized by the presence of extra lines on

the x-ray powder patterns.
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4. Other types, including the ilmenite type. These occur when
the factor t falls below a tolerance limit of about 0. 75 for
compounds where A has a T 1 valency, and which increases
with the valency of A. Other structure types, like the
Lap03, T1203, and the YCrO3 types, can also be adapted

by ABO3 compounds with low t values.

The subgroups of the perovskites mentioned above are
shown by examples in Table II. Some compounds of the perovskite

family are also listed in Table III.
D. PbZrO;, LEAD ZIRCONATE

Lead zirconate was reported by Naray-Szabo(l3) in 1943 as
a monoclinic type. In 1946, Megaw(l4) stated that it was tetragonal
with ag = 4. 15854 and c, = 4. 108 &. Veda and Shirane(3) reported
in 1951 that it was tetragonal with a multiple cell; the parameters
of the sub-cell are ag = 4. 150 Bx, co = 4.099 gx. Sawaguchi(15) and
co-workers reported in 1951 that PbZrO; is actually orthorhombic
with the size of the multiple cell approximately N2 ag x2N2 agxicg,

(16)

with 8 formula units in the cell. Sawaguchi reported again in
1952 cell parameters of a = 4.152 xN2 = 5.872 &, b = 4. 152 x2~2
= 11. 744%, c=4.101 x 2 = 8.202 & at 20°C. Jona(17) and co-

workers also studied PbZrO3 in 1957 by x-ray and neutron diffraction



TABLE II

I. Substances occurring only in
ideal cubic form

StTiO,, S1Zr0,, STHfO,, SrSn0,,
SrFeO,, BaZrQ,, BaHfO,,
BaSnO,, BaCeQ,, EuTiO,,
LaMnO,

11. Substances having at least one
form with a distorted small-
cell structure (C = cubic,

T = tetragonal, O = ortho-
rhombic, R = rhombo-
hedral, ? = doubtful or not
fully investigated)

BaTiO, (C, T, O, R),
KNbO, (C, T, O, R),
KTaOQ, (C, D,
RbTaO, (C, 1),
PbTiO; (C, T)

II1. Substances having distorted
multiple-cell structures

(a) cell size V2a x 2a x V2a
(b) cell size V2a x 4a x V2a
() cell size V2a x 2V2a x2a
(d) cell size 2a x 2a < a

(e) others

{a) CaTiO;, (CaZrO,), (CdTiO,),
(CaSn0,)

() NaNbQ,, (NaTa0O,)

(c) PbZrO,, PbHfO,

(d) WO,

(e) PbTiO, (low-temp.),
WO, (high-temp.),
NaNbO; (high temp.),
NaNbO;, (fow-temp.),
LaCrO,

IV. Substances having structures
based on close-packing
(a) Ilmenite type
(6) LiNbO, type

(a) FeTiO,, CdTiO,
(b) LiNbO,, (LiTaO,)

Substances in brackets have not been investigated in detail and classifica-

tion is partly by analogy.

Classification of substances related to the perovskite structure.(

17
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TABLE III

Compounds of the perovskite family.(lo)

Comi-  |gun. ¢ Celi Com-  lsup- ¢ Celi Com-  |sub- ¢ Cell
pound |jtype edges t pound (type edges | pound |type edges
CaTiOs d | 0,905 | 7,60 CaZrOa d| 0,854 {798 CaThOa | d | 0,720 | 8,74
SrTiOs a | 0,982 1 3899 | SrZrQs d 0936|819 | SyThOs | d | 0,789 | 8,84
BaTiQ3 b | 1,046 3,&)§6 BaZrOs | a | 0,986 | 4.177 | BaThOs | . d | 0,83 | 8,960
4.026
CdTiOs d | 0,903 | 7,50 CdZrOa | d | 0,843 —_ CdThOs | d§ 0,711 | 8,74
PbTiO: 6| 1,015 | 3,69 PbZrOs c | 0,947 | 8,25 PbThOs | 4 | 0,799 | 8,95
4,13 . 18,34
CaCeQa | d {0,762 | 7,10 CaSnO3 | d | 0,856 | 7,84
SrCeOs d | 0,856 | 8,54 SrSnOa2 d | 0,950 |-8,05 SerOs.; d| 0923 | 8,138 ;
BaCeOa*| d | 0,881 | 8,754 | BaSnO3 | a | 1,001 1 4,10" | BaPrOs' | d 0,888 | 8,708 |
CdCeQOs | d | 0,793 | 7,65 CdSnQOs | d{ 0,855 | 7,80 .
PbCeOs | d | 0,846 | 7.62 | PuSnOa | ¢ | 0.961 | 7.86
8,13 .
LaAlOs d | 1,023 | 7,58 LaCrQOs a | 0,997 | 3,88 LaMuOs | a | 0,997 | 3,88
BiAIOs ¢ | 1,015 | 7,61 BiCrOs ¢ | 0988 | 7,77
’ 7,94 8,03
YA1Os d | 0900 7,34 LaGGaOs | a { 0997 | 3,89 l.aFeOs 0,992 | 3,89
CeMpOa! d | 0,835 | 8,54 ThMpgOs| d | 0,864 | — '
NaJOa  |fdype NaNbOs | d | 0,858 | 7,78 | NaTaO3 | d | 0,858 | 7,76
KJOs d | 0,960 | 8,92 KNbLO: a 0,988 | 4,01 KTaOs a | 0,988 | 3,98
NHiJOa | d | 0,996 | 9,18 :
RbJOs d | 1,018 1 9,04
CsjOs | d | 1,075 | 9324
KMgFs d | 0,945 | 8,00 KNiF3 d | 0,945 | 8,02 KZnFa d | 0923 ]| 810
CsCdCla| d | 0,913 (10,40 CsHgCls| d | 0,883 {10,88
CsCdBrs| d | 0,905 |10,70 CsHgBrs| d | 0,879 11,54

-t: Tolerance factor.

Subtype:

a) Cubic, Z =1

b) Tetragonal, Z =1

c) Tetragonal, Z

8

d) Monoclinic, Z =
e) Tetragonal, Z = 16

8

Z: Number of times the formula quoted is repeated
in the unit cell.

18
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to give precise locations for the oxygen ions (see Table IV). The
space group was determined to be Pba2. The orthorhombic para-

o ' P \/. . o
meters given by them are: a = N2 ag = 5.884 A, b= 'J—Z"‘ao = 11.768A

o
and c = Zco = 8.220A.

5':;;_;\—_,\5-“,

N R

In relationship to the tetragonal cell, this orthorhombic cell

can be shown to be a superlattice of size ZaT X é—a;T X ZCT, where
the subscript T indicates the former tetragonal lattice. Figure 9
shows the antiferroelectric structure inside the orthorhombic
superlattice due to antiparallel shifts of the lead atoms along the
former cubic [ 110] direction. Oxygen atoms also suffer anti-
parallel shifts within the (001) plane, and unbalanced antiparallel
shifts along the c direction, these can be seen in Figures 12-15.
From Figure 10, a kind of general type of antiparallel displacement
is shown. Figures 17 and 18 also show the antiferroelectric
properties of PbZrO3. The application of a sufficiently strong
electric field will cause a transition from the antiferroelectric to
the ferroelectric state. This transition means that the relative
position of the atoms inside the cell of PbZrO3 are changed by the
applied field. However, this type of transition is valid only for
some substances. Above about 230°C, the PbZrO,; phase changes
to cubic and is paraelectric (see Figure 11).

(17)

According to Jona and his co-workers, the structure of

PbZrO3 is centrosymmetric only for the Pb and Zr atoms. The
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' t ¢ t ¢ t

a'=b= aisa.u 0% 5357 au
c'= 410 b=11.74

c=* 8.20

Figure 9. Schematic diagram of the structure of PbZrO5
looking down on the (001) plane of the pseudocubic lattice. (19)

{q)

(%)

Figure 10. (a) Section through line of octahedra with parallel
displacements of central atom.

(b) Section through line of octahedra with antiparallel
displacements of central atom.(3)
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Figure 11. Lattice parameters of Figure 12. Schematic pro-
the pseudotetragonal ce611 of PbZrOj jection of the room-tempera-
versus temperature. 16) ture structure of PbZrO, on

the (001) plane. The dotted

lines represent the projection

of the original perovskite unit
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cell. The dashed lines show

the traces of the glide planes.“?)

Figure 13. Schematic view of one layer of ZrOg octahedra of
PbZrO3 as seen along [001] direction. (17)
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ChHpp o0

Figure 14. Schematic view of ZrOQ, octahedra network of PbZrOg
ds seen along [ 100] direction. (17)

Figure 15. Schematic view of Figure 16. Environment of
ZrOyg octahedra network of PbZrOj, Zr in PbZrO3. Interatomic
as seen along [ 010] direction. (17) distance are given in A, 7
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Figure 17. D(iel)ectric constant of polycrystalline PbZrO3 versus
18

temperature.

Figure 18. Hysteresis loop of PbZrO; obtained at a temperature

slightly below the transition with moderately high field strength. 9)
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noncentrosymmetry is due to shifts of oxygen atoms as revealed
by neutron diffraction analysis. This is in accord with the presence
of a small piezoelectric effect as cited by Roberts. (18) The oxygen
octahedra surrounding the Zr atoms appear to be distorted, and it
is possible to explain the sfrong optical anisotropy within the (001)
plane as well as the equality b = 2a. The reasons for these two
properties can be illustrated by Figure 12. An expansion is expected
in the a direction, along which the Pb atoms are displaced antiparal-
lel to each other, and the oxygens O1 and 02 are also found to be
displaced in the b direction, thus equalizing the parameters along
the orthorhombic a and b axis.

As seen from Figures 12-15, it is clear that PbZrO3 is not
an antiferroelectric in the sense first introduced, theoretically, by

4
Kittel.( )

Kittel's hypothetical crystal involves two or more sub-
lattices with equal and opposite polarizations, so that the resulting
structure is centrosymmetric. Accordingly no piezoelectric effect
should be detected, but the facts cited in the last paragraph show
that the structure of PbZrO3 does not follow this description.

PbZrO, is antiferroelectric only in the ab plane, since all the

3
atoms shifts within this plane are antiparallel; but it is definitely
polar along the c direction because of the unbalanced shifts of

oxygen atoms in this direction (see Table IV). PbZrO3 is believed

to be non-ferroelectric along the [001] direction, as the reversal



TABLE IV

x y 2 Perovskite Shift (A)
coordinates
4Pb in 4(c) 0-706 0-127 0-000 3 1 o0 026
4Pb’ in 4(c) = 0706 0127 0-500 3 % 3 0-26
4Zr in 4(c) 0-243 0-124 0-250 } 3 $ 0-04
4Zr in 4(c) 0-243 0-124 [0-750] S S 0-04
40, in 4(c) 0-270 0-150 0-980 i % 0 0-35
40, in 4(c) 0-270 0-100 0-480 SR SR 0-35
40, in 4(c) 0-040 0-270 . 0-300 0 $ 1 0-53
40, in 4(c) 0-040 0-270 0-750 o} 3 0-34
20, in 2(3) 0 3 0-250 0 3 % 0-00
20, in 2(b) 0 3 0-800 0o 3 3 0-41
20, in 2(a) 0 0 0-250 o o i 0-00
20, in 2(a) o 0 0-800 0 o 3 0-41

Interatomic distances
Range of Zr—O distances: 1-92-—-2-25 A.
Shortest Pb—O distances: 2-53, 2-58, 2-58 A.

Atomic positions in the unit cell of PbZrO;. The corresponding
coordinates in the ideal perovskite structure, and the amounts of
shift from these positions are given in the last two columns. (17)
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of the ¢ axis involves an opposite distortion of the oxygen octahedra,
and the reversal of the polarization of the Pb sublattices within the
(001) plane. It is conceivable that the amount of energy necessary
for such a reversal is very large, and the crystal prefers to assume,
under a strong electric field, and very near to the transition temper-
ature, a completely different type of structure with ferroelectric
properties. (17)

Figure 16 shows the environment of Zr in PbZrO3.
Calculated intensities contributed by oxygen atoms of PbZrO3 at
room temperature structure can be seen in Table V from neutron
diffraction analysis. (17)

The PbZrO3 - PbTiO3 system has been reported by Shirane,
Suzuki and Takeda(ZO) in 1952 and Sawaguchi(zn in 1953 to have
orthorhombic, rhombohedral and tetragonal phase regions as shown
in Figure 19. In Figure 20 a diagram of Curie temperature as a
function of composition is presented. FO! and Fﬁ are ferroelectric,
Aa represents an antiferroelectric and Pa the paraelectric. The
Curie temperature increases nearly linearly as the proportion of
PbTiO; is increased. Figure 20 shows that a structure change
from orthorhombic on the PbZrO; side to rhombohedral causes a
transition from antiferroelectric to ferroelectric. The system

near 100% PbZrO3 is a multiple cell orthorhombic phase with

antiferroelectric properties.
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Comparison between observed and calculated intensities of neutron
powder diffraction lines of PbZrO3. (17)

Line
number

hkl

Observed
intensities,
in counta/min

(a)
First
run

(b)
Second
run

Calculated intensities

Final
model

Oxygen

unshifted unshifted

All
atoms

Oa
1

ia

3a

Sa

10

110

129
002

130
112

200
040
122
210

132
221
141
023

113
202
042
230
212

151
to
241

213
to
143

311
to
321

251
to
134

153
to
243

260
to
115

262
to

045

180
to
361

334
to
273

203
301

256

2672

731

2955

5811

653

544

528

2717

515

4509

1891

1016

Re= (zllule'—tobul)/):[oh- o
for all lines up to angle 2¢=54

190
293

249

2746

718

3097

5640

223
291

256

2681

588

3575

5531

616

452

505

3010

691

4539

1758

952

0.07

70
171

117

2450

4861

6712

112

341

275

1504

178

917

742

0.44

0
150

0

2556

4985

7048

119

1716

6995

1013

0.54

s Not recorded.
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Figure 19. Lattice dimensions of the solid solution series between
PbTiO3 and PbZrO3 at room temperature.(zo)

Pa
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Atomic percent of PbTiO, PbTi03

Figure 20. Phase diagram of the solid solution series between
PbTiO3 and PbZrO3. A, F, P denote antiferroelectric, ferroelectric,
and paraelectric, respectively.(ZI)
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E. BiFeO3, BISMUTH FERRATE

The system Bi;03-Fe, 03 was studied in 1957 by Royen and
Swars(22) from O to 55 mole percent Fe,O45 in Biy,O5 in the temper-
ature range 650-1100°C. Several phases were found and identified
as:

1. 20Bij0O3-Fep03 crystallizing at 835°C is tetragonal.

2. (12-13)BiyO53- Fe;03 crystallizing from melts at 790-810°C,
is tetragonal.

3. Below 765°C, the compounds mentioned in 1 and 2 decompose.
The compound 15Bi03: Fe203, with a limited solid solution
range, forms at this temperature in a body-centered cubic
structure.

4, Bi203- FeZO3obtained at 935OC, is tetragonal, with
a=11.91+124, c=13.73+1 &,

5. Below 8250C, 2Bi303' FepO3 forms in a tetragonal structure,

o o
a=12.102i7A, C=17.865+ 8 A,

24)

Filip'ev(ZB) and co-workers in 1960, Fedulov( and co-

(25) in 1962 have reported

workers in 1961, and Zaslavskii and Tutov
the structure of bismuth ferrate as a rhombohedral distorted pero-
vskite with parameters a = 3.957 + 0.001 KX, o = 89°28' + 2';

a =3.963 fo\., o = 89°24' and a = 3. 952 +0.001 KX, ¢ = 89036'_‘1; 37

respectively. This structure has a tolerance factor of 0. 89, (25)
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with three formula units per hexagonal cell. The relation between
the rhombohedral and hexagonal phases is shown in Figure 21.
Filip'ev(23) reported the samples were prepared from
mixtures of Bi203 and Fe;O5 by double firing at 800°C for 1 hour.
The products were found to be single phase within the accuracy of
his photographic method. Figure 22 shows that the rhombohedral
unit cell parameter, a, varies linearly with temperature from 3. 96
K at 0°C to 4.00 A at 800°C. The rhombohedral angle is constant
over this temperature range.

Filip'ev found the compound starts to form at 600°C and
begins to dissociate to Bi,O3 and FepO3 above 725°C. Fedulov
reports that decomposition starts at 7OOOC, and at 800°C the dis-
sociation is extensive. The decomposition is not reversible.
Crystals of BiFeO3 grow rapidly at 850°C and can be isolated up
to one millimeter in size from excess Fe;03 by using concentrated
nitric acid. The x-ray density of BiFeO5 is 8.37 g/cm3; this differs
from the directly measured density by less than 3% as stated by
Filip'ev.

Differential thermal analysis of BiFeO3, shows in Figure 23
that no phase transition occurs below about 850°C, but endothermic
changes occur at 875-930°C, 970-1030°C, and 1030-1090°C,

accompanied by substantial shrinkage, which is believed by Fedulow?4)

to result from the incongruent melting of the BiFeO3. From these
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Figure 21. Relationship of the rhombohedral unit cell to the
hexagonal for BiFeOs,. (25)
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Figure 22. Results for a and o of the rhombohedral unit cell
of BiFeO3 as functions of temperature. (24)
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Figure 23. Thermal-analysis curves for BiFeO;. D = d. t. a.,
S = shrinkage, W = weight loss, and O = temperature of specimen.(24)

°C ;
1200 e
ai
B
HOO @:D+1:2)
QN1+ ¥BiOs -
s
x . 21rrBi 3
1000 / L +aFe;0s
.f_ 920°
9001 [fL+Dn 88570
oe0h o & B°°
: N
N L
V6. 0.0 0. I
. g0y L=(I:1)
700l J © o o ooloona
¢ i rBi0s(IEl) I'I)o{I'EthElmFezOg
.- o
6000 20 401(1:1) 6001-2) 80O 100

BizO3 Fe O3

——=Fe,05 Mol. %

Figure 24. Phase diagram for the 31203-Fe203 system (various
symbols indicate the results of x-ray diffraction ana.iysis).(27)
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results, the Curie point for BiFe03 should lie above 850°C, making
it useful for the possible preparation of solid solutions with a high
Curie temperature. Fedulov(26) has estimated this temperature to
be approximately 850°C, which is very high compared to other
known ferroelectrics.

-Ceramic samples of the Bi;O03-Fe,05 system were investi-
gated by Koizumi, Niizeki and Ikeda'??) in 1964, as seen in
Figure 24. Two intermediate binary phases, a Bi,Og3:- Fe;053 com-
pound, and a BizO3-2Fe)03 compound, occur in this system.
BiFeO3; was identified to be a pseudo-cubic rhombohedral
perovskite, and Bi;Fe Ogy was reported as an orthorhombic crystal
structure with lattice constants, a = 7.97 + 0.01 &, b = 8.43+ 0.018,

O I
and ¢ = 6.01 ¥ 0.01 A, Detailed indices are given in Appendix 8.C

F. SOLID SOLUTIONS OF BiFeO3

Since BiFeOj; does not reveal a ferroelectric phase transition
up to its incongruent melting point (~850°C), the possibility of high
Curie points for its solid solutions is of great interest. As
BiFeO3 is a substance with both magnetic(zs) and ferroelectric
properties, the study of BiFeO3 and its solid solutions is of interest
for determining the possibility of preparing materials having

magnetic and ferroelectric properties simultaneously.

The BiFeO3-PbTiO; system was first reported by

Fedulov(26)(29) and his co-workers in 1962 and 1964. This system
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is shown in Figures 25-27. A narrow two phase region, with
tetragonal and rhombohedral modifications was observed from
65.3 to 72.4 wt. % BiFeO;. The rhombohedral angle is nearly
constant through the rhombohedral phase region. As PbTiO3 is
added to the pure BiFeO3, the Curie point decreases as the
crystal stability increases. From Figure 27, the Curie point
of pure BiFeO; was estimated by extrapolation to be 850°C. The
data used in this figure were obtained from magnetic measurements
and x-ray analysis, which permitted construction of the detailed
phase diagram of the solid solutions of the PbTiO3-BiFeO3; system.
RoginskayaBO) and co-workers investigated the system
BiFeO3;-LaFeO3 in 1963, in which LaFeO3 is a noncollinear
antiferromagnet (weak ferromagnet) with the perovskite structure.
X-ray data in Figures 28 and 29 show that over the entire range of
concentrations a continuous series of solid solution exists with a
distorted perovskite cell up to 18. 8 mole % LaFeO3 in the rhombo-
hedral modification, from 18.8 to 55 mole % LaFeO3 in the pseudo-
monoclinic I (PM-I), from 55 to 73 mole %LaFeO3 in the pseudo-
monoclinic II (PM-II), higher, 75 mole % LaFeO3 in the pseudo-
monoclinic modification III (PM-III). The character of the splitting
of the main lines in the PM-I region corresponds to a tetragonal
distortion of the cell with ¢/a < 1. However, the superlattice lines

observed on the x-ray patterns of specimens in this region show
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Figure 27. Phase diagram of the system PbTiO,-BiFeO,.(26)
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this modification to be similar to the compound PbZrO3, with anti-

ferroelectric properties.

(31) 2)

Krainik and co-workers, and Zhdanova.(3 reported
simultaneously in 1965 on their work with the BiFeO3-PbFe1/2Nbl/ZO3
system. Krainik's description is shown in Figure 30. The x-ray
analysis shows, within the precision of the measurements, a cubic
phase from 5-60 mole % BiFeO3 and a rhombohedral phase from
70-100%. XKrainik mentioned in his paper that Buhrer(33) reported
superstructure lines in the rhombohedral phase and that these
solutions do not possess ferroelectric properties. But Krainik
reports he found no reliable lines indicating a complication of the
unit cell in the rhombohedral phase. In certain samples of the
system a small amount of the impurity Bi; 05 2 Fe,O05 was found.(3%)
Zhdanova's results are shown in Figure 31. He stated that
adjacent to PbFe) /,Nb, /504, solid solution exists with a pseudo-
cubic structure, and adjacent to BiFeO3, solid solution with a
rhombohedral structure exists. A broad morphotropic boundary
evidently passes through the system near 65 mole % BiFeOj3. In
Figure 31, (H) 1 and (H) 2 are the temperatures of the first and
second phase transitions, respectively.

It has been established by Roginskaya and Venevtsev(35) in

1965 that in the system of BiFeO3—La.CrO3 a continuous series of

solid solution forms, consisting at room temperature of four modifi-

cations (one rhombohedral and three pseadomonoclinic, i.e., PMI,



PMII and PM III) as seen in Figure 32. All of the solid solutions
are antiferromagnetic with weak ferromagnetism. The phase

diagram of this system is similar to that shown in Figure 28.
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III. EXPERIMENTAL PROCEDURE
A. SPECIMEN PREPARATION FOR THE PbZrO3—BiFeO3 SERIES

The starting chemicals were reagent grade lead monoxide,
PbO; zirconium oxide, ZrOz; bismuth trioxide, BiZO3; and technical
grade iron oxide, Fe,O ;.

In this sefies, compositions were arbitrarily selected at five
or ten mole percent intervals between 100 percent lead zirconate
and 100 percent bismuth ferrate. After weighing the reagents on an
analytical balance with an accuracy to 1/10000 gram, the powders
were mixed in an agate mortar and pestle for approximately 15
minutes. Most of these mixtures were then dry mixed using an
automatic mortar and pestle for 4 hours, and a few were ground by
hand for 1.5 to 2 hrs. Some of the mixtures of 100 percent BiFeO5
composition were then pressed in a 0.375 inch pill die at 15000 psi
to form discs of 0.080 to 0. 100 inch thickness. Others were pressed
into discs by hand in the same die.

These mixed powders or discs were sintered. Samples for
microscopic analysis were prepared by taking a part of the sintered
products and hot pressing it into discs using a 3/4 inch die at
10000-25000 psi at temperatures from 700-87OOC. Both hot press-
ing and density measurements of some of these discs were performed

by Mr. James P. Canner in the Department of Physics (see Table VII).
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X-ray pure samples of BiFeO3 were prepared by adding an
excess of BiyO; (1.5-2.0 mole Biy03:1.0 mole Fe03). The mixed
specimens were sintered at 800°C for 2 hours and air quenched.
The sintered samples were then ground to fine powders, and excess
Bi O was leached out with warm concentrated nitric acid. The

\ Q My\N)\,{ b

leaching lasted only about +5to-25- Seeonds as BlFeO is slightly
soluble in the warm concentrated nitric acid. After leaching, the
acid was decanted from the sample and the leaching repeated twice

V4 ‘V i'l\ \.l! !\jv
to completely remove all B:r?[_;@>3 from the residue. Then the residue
was rinsed with distilled water several times. The repeated acid
leaching is required, in part, to avoid hydrolysis, i.e., formation
of a white colloid, BiO(NO;), when water is added to rinse the
residue. If some dissolved BipO3 remains in the residue, hydrolysis

will occur when water is added. This work was done cooperatively

with Mr. Charles T. Shih.

B. SINTERING PROCEDURE

After the samples were all mixed or formed into discs, they
were placed in covered platinum-lined alumina {mrarganite) crucibles
about 0. 6 inch in diameter and 3/4 inch in height.

Sintering was accomplished in an electrical platinum resis-
tance-furnace with an automatic temperature control. The temper-

ature scale of this furnace was calibrated twice by a chromel alumel



42

thermocouple and a compact portable potentiometer. The temper-
ature, time and other sintering conditions for the individual firings
are given in Appendix A. Some of the sintered samples were air or
water quenched after sintering. A few samples were weighed before

and after sintering.

C. X-RAY DIFFRACTION ANALYSIS

Each sintered sample was reground into a fine powder and

then analyzed on one or more of the following x-ray diffractometers.

1. Norelco Diffractometer, Type No. 42322. The 26 range
is 0°-90° with rates of 1 or 2 degrees per minute. The
rate of 2°/min was used frequently as the driving motor for
the other rate was out of order. Only one direction, i.e.,

decreasing 28, is possible on this diffractometer.

2. Norelco Diffractometer, Type No. 12045 B/3. The 26
range is 0°-180° and drive rates are 2°9,1°,1/2°,1/4° or
1/8° per minute. 20 can be driven from both directions.
X-ray analyses data listed in Table VI and Appendix C are
taken primarily from this unit at a rate of 1°/min and a

20 range of 10°-95°. Lower rates of this unit were employed
for resolving some particular peaks, especially the main

peaks of the rhombohedral phases of the PbZrOs-BiFeO3

system.



43

3. General Electric Diffractometer, Model BR, Type 1.
The 26 range is from -10°-180° with rates of 2°/min or
0.2°%/min. Samples of the 100, 75,50, 25 and 5 mole percent
PbZrO3 of the PbZrO3—BiFeO3 system were examined by

this unit at a rate of 2°/min and a 2 6 range about 10°-98°,

4. Siemens Diffractometer, Type No. U8-006. The 286
range is 0°-180° at rates of 1°/min and 0. 1°/min.
Examinations of preparations of pure BiFeO3 and 60-50
mole percent PbZrO; samples of the PbZrO3—BiFeO3

system were performed on this unit.

For the two Norelco Diffractometers, alignment was cali-
brated frequently by using a standard quartz sample.

Most of the samples were examined using Cu K¢y radiation
except for a few where iron Ky radiation was employed to reduce
fluorescence. The IBM 1620 digital computer, located in the UMR

Computer Science Center, was used to calculate the values of the

lattice parameters.

D. PREPARATION OF POLISHED SAMPLES

Some of the hot-pressed discs described previously were
mounted in bakelite and then ground on 400 and 600 grit, Automat

abrasive paper. They were polished again on a Buehler low-nap
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Metcloth with alumina-A abrasive. After polishing, the samples
were x-rayed, and then etched by dipping into a solution of 1 per-
cent HNO3, 1 percent HF, and 98 percent (b. w. ) distilled water

for 1/3 to 5 seconds followed immediately by a rinse with tap water.
Only one sample was etched in a solution of 1 percent HNO3, 1 per-
cent HCI1, and 98 percent (b. w. ) distilled water for 30 minutes.
These samples were used for microscopic analysis. Conditions

for hot pressing these samples are listed in Table VII.

E. MICROSCOPIC EXAMINATION

The polished samples were examined and photographed at
500-1000X using both polarized (crossed nicols) and unpolarized
light before and after etching, on a Bausch and Lomb research

metallograph located at the Department of Metallurgical Engineering.
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IV. EXPERIMENTAL RESULTS AND DISCUSSION

A. SINTERING

The determination of the time and temperature of sintering
the mixed oxides for preparing 100 percent PbZrO3 and BiFeO3,
especially for the latter, was a trial process as shown by the data
presented in Appendix A. For the other compositions of the
PbZrO3-—BiFeO3 system, the time and temperature of sintering
were kept constant at 2 hours and 870°C. This temperature is quite

& pag b
close to the melting point of bismuth tribxide, Bi,O 3, (8600(36)),
The firing temperatures indicated in Appendix A vary + 8°C because
the temperature of the automatically controlled furnace has a fluctu-
ation about the set temperature.

The sintered samples were usually air quenched in an
attempt to get single phase products. The results of air quenching
are given in the next section.

The furance was usually closed during sintering. In a closed
system, decomposition and evaporation of the oxides may then be

minimized. For example, FeO3 will be decomposed to a small

extent as indicated by the following reaction,

6Fep03 . 4Fe30y + 0O, {.

At 1200°C, the partial pressure of oxygen of this reaction is of the

order of 10”4 atm. (37) For the PbZrO3—BiFeO3 system, the



46

sintered samples in a closed system usually showed smaller
amounts of foreign phases on the x-ray patterns, than for samples
prepared in an open system. The effect was, however, quite small.
In general, sintered samples prepared in a closed system and
quenched in air give relatively clean and well-defined X-ray patterns.
X-ray data listed in Table VI are taken on samples prepared under
these conditions. After firing, a yellow colored layer was present
inside the crucible. This color indicated evaporation of PbO or
BijO3 or both. After sintering a sample of 90.47 mole percent
PbZr0O;-9.53 mole percent BiFeO; at 870°C in a closed system,
the weight loss was found to be about 3 mole percent. If the weight
loss were attributed solely to evaporation of PbO, this corresponds
to about 4.5 mole percent of PbO. X-ray patterns of this sample
exhibited peaks of ZrO,. The amount percent was estimated to be
about 5 mole percent. This estimation was made by mixing different
amounts of ZrO, powder to the 90.47 mole percent PbZrO3 sample
and to pure PbZrO3, and then examining the intensity change of
their x-ray patterns. This result also proves that some evaporation
of PbO occurs during sintering of some samples in the PbZrO3-BiFeO;
system.

During one investigation a sample of 42. 85 mole percent
PbZrOj3; was melted extensively by sintering at 1200°cC.

The color of PbZrO3 is light cream. As BiFeOgj content is

increased in the samples of the PbZrO3—BiFeO3 system, the color
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of the powders changes gradually from cream (95 mole percent
PbZrO3) to dark brown (5 mole percent PbZrO3). The hardness

and volume shrinkage of this sintered disc generally increases as
the BiFeO3; composition is increased. Hot-pressed samples as
listed in Table VII show the same effect. However, these properties
can only be regarded as relative since no accurate measurements

of hardness and volume shrinkage for the system were made.

For the preparation of 100 percent BiFeO3,mixtures .of equi-
molar BiyO3 and FepO3 were sintered at 725-850°C, but the samples
were always multiphase. However, xX-ray pure BiFeO3 samples
were made by adding excess BiZO3, sintering at 800°C, followed by
leaching with HNO; (see page 41). Two samples of equimolar mix-
tures of Bi;O3 and Fep03, were pressed into discs at 15000 psi and
then sintered at 850°C. One of these two sintered discs was cooled
slowly after firing. The amount of Biy0O3-2Fe,03 present was
larger than found in other samples sintered from the same equi-
molar mixtures. This may be explained in two ways. First, the
sintering temperature of 850°C is higher than in the other cases and
therefore dissociation of BiFeO3 will be greater. Furthermore
rapid quenching usually produces more of the desired phase.

Double firing at suitable temperatures and sintering periods

as well as ather sintering techniques may also be used to prepare

samples of higher purity.
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B. X-RAY DIFFRACTION ANALYSIS

Within the firing temperature range 870°-1200°C, 100 per-
cent PbZrO3 samples were made by sintering equimolar mixtures
of PbO and ZrO,. X-ray patterns of these samples show no
obvious difference, except that the air quenched sample has the
(131) line (26 = 29.10, I/I, = 4) appearing with a higher intensity.
These samples, as verified by x-ray powder diffraction analysis,
are pure PbZrO3 with an orthorhombic multiple cell, containing
eight formula-units and dimensions of approximately N2 aox2'\f2 ao
x 2 c, (see page 16), here a, and c, represent the tetragonal
parameters. This result is in good accordance with Sawaguchi's
lattice constants(lé) and indexing for pure PbZrO3 as given in
Appendix C. This structure can also be indexed as pseudo-
tetragonal. However, the distinction from a real tetragonal structure
is the appearance of superlattice lines such as {110), (112), etc.
Variations of the mole ratio of the PbO and ZrO, mixture from 1:1
were made from 15 mole percent excess PbO to 10 mole percent
excess ZrO,. X-ray analyses of these fired samples show the main
products are still PbZrO3, with the excess phase of PbO or ZrO,
present.

In the PbZrO;-BiFeO; system, the orthorhombic multiple
cell with parameters a, b and ¢ corresponding approximately to

N2 ags 2*\/.23.0 and 2 ¢, respectively exists from 100 to approximately
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30 mole percent PbZrO3. The parameters decrease slightly and
continuously in the range 100-80 mole percent PbZrO3, except
that c increases a little from 85 to 81.81 mole percent PbZrO,
compositions (see Figure 33). Small amounts of ZrO;, (see page
46) may be present as the only other phase in this range, except
for the sample of pure PbZrO3. As the BiFeO; content is increased
in this range, the splitting of some pairs of lines on the individual
patterns, such as (120) and (002), (240) and (004), etc., decreases
until a composition of 80 mole percent PbZrO3 is reached. At the
80 mole percent PbZrO;-BiFeO5 composition, these pairs of lines
superimpose into single peaks and some of the superlattice lines,
e.g., (110) and (041}, disappear, making patterns of this compo-
sition nearly cubic except for two or three very small peaks, barely
visible above the background. Samples in the range from 80 to 30
mole percent PbZrO; show a more pronounced distortion than for
the 80 mole percent PbZrO3 but appear to belong to the same
orthorhombic phase.

In the range from 80-30 mole percent PbZrO3, one weak
line with d &% 3. 162 is present on all patterns and dces not vary
its d value with composition. It doubtless corresponds to the major
peak of ZrO;,. This peak with d==3. 163 appears at the same d
value as found on the patterns of the samples in the range from

95-81.81 mole percent PbZrO; (see also page 46). The other two
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peaks can be indexed in the orthorhombic system. Using the best
resolving power of the Siemens Diffractometer, a 0. 1 “e;lit and a
rate scan of O. lo/min, the peak between 44° and 45° (28) on the
patterns of fhe 60 mole percent PbZrO3 sample, which formerly
was resolved clearly as two lines {200, 002) (tetragonal indexing)
on the patterns of the 81.81 mole percent PbZrO3 can not be
resolved into more than one peak. This precludes tetragonal
indexing for samples in the range of 80-30 mole percent PbZrO5.
Dielectrical measurements* of samples of pure PbZrO3 to 81.81
mole percent PbZrO3 suggest antiferroelectric behavior, and
from 80-50 mole percent PbZrO3 ferroelectric behavior. Samples
with a composition higher than 50 mole percent BiFeO3 are too
conductive for meaningful dielectric measurements. At a compo-
sition of 80 mole percent PbZrO3, a minimum in the Curie point
is found, Figure 34. This may be explained on the basis that the
structure is nearly cubic resulting in minimum distortion and
accordingly a lower Curie point. However, the electrical
properties and the non-cubic x-ray peaks for samples in the range
from 80-50 mole percent PbZrO; suggest these materials are not
cubic. Calculations show that samples in this range can be indexed

on an orthorhombic multiple cell basis with the relations between

* Electrical measurements were performed in the Department
of Physics by coworkgrs
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the parameters only slightly different from the samples in the
range of 100-81.81 mole percent PbZrO3. In the composition
range from 100-81.81 mole percent PbZrO3, the tetragonal
parameter a, is only slightly different from c_ (cg/ag = 0.9904)
and c=x2c for each composition in the range, but in the range
and

from 80-50 mole percent PbZrO5, a_ is equal to ¢

(o] o

c&lc, = 2a, (see also Table VI). The x-ray patterns of the
samples in the range of 50-30 mole percent PbZrO; are essen-
tially the same as that of 80-50 mole percent PbZrO3. This
structural arrangement explains the ferroelectric properties and
the superlattice lines of the samples in this range.

As BiFeO3 is added to PbZrO3, distortion of the PbZrO3 Lo
structure is reduced gradually. This can be seen from the tendency
of some of the double peaks to coalesce by the decrease in the Curie
point, Figure 34, in the range from 100-81.81 mole percent
PbZrO3. From 80-30 mole percent PbZrO3, the Pb and Zr atoms
together with Bi and Fe are occupying positions not too far removed
from their original positions in the cubic perovskite lattice and the
Zr06 octahedra is possibly less distorted. This may explain why
the x-ray patterns of samples in the range are close to cubic.
Furthermore the energy of the switching field required to reverse
the polarization along the [ 001] direction would be reduced con-

siderably, due to the decreased shift of the Pb and Bi atoms of the
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sublattices in the (001) plane. Additionally as the distortion of

the oxygen octahedra is diminished, a reversal of polarization is
further enhanced. The hysteresis loop obtained on a sample of 70
mole percent PbZrO3 by the Physics group confirms this model.
However, oxygen contributions to x-ray scattering are so small as
compared to that of the heavy atoms, that there is no hope of con-
firming the oxygen shifts by conventional x-ray methods. Therefore,
neutron diffraction analysis will be necessary to determine the extent
of shift of all atoms from a cubic arrangement. Optical studies of
single crystals would also prove helpful inasmuch as the model
proposed, herein, would require a large optical anisotropy within
the ab plane if the orthorhombic phase persists over such a large
compositional range. Piezoelectric measurements would also
provide a means of determining whether or not a non-centrosymmetric
space group is also required over the range mentioned.

X-ray patterns of air-quenched samples suggest a transition
in the region of approximately 30-25 mole percent PbZrOj3 to
rhombohedral, though the splitting of the peak at 31.62° (2 6) on
patterns of the 30 mole percent samples into two lines can not be
seen until the composition of 15 mole percent PbZrOj in the rhombo-
hedral phase is reached as examined by the Norelco Diffractometer.
The Siemens Diffractometer, with a much higher resolving power,

may be more helpful for an observation of this splitting. It is
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interesting to note that the transition for non-quenched samples
occurs in the range 35-30 mole percent PbZrOj, indicating the
importance of a knowledge of the thermal history of the samples
when stating phase widths and transitions. From 30 to 0 mole
percent PbZrO3, the structure is rhombohedral with parameters

a and a changing only slightly, Figure 33. Excess Y-BiO; is
present in the sintered samples. The Bi;03-2Fe,0O3 phase appears
when the BiFe03 composition reaches 95 mole percent and it in-
creases in amount for 100 percent BiFeO3 samples prepared from
equimolar mixtures of Bi,O3 and Fe,053. Rhombohedral x-ray

patterns of BiFeO; and orthorhombic patterns of BipO3: 2Fe303 are

in good accord with the reports of Filip'ev(zz) and Hideo Koizumil27)

(see Appendices B and C). Resolution for the two strongest rhombo-
hedral lines on patterns of the samples in the range from 85-100
mole percent BiFeO; was achieved by using the Norelco Diffractom-
eter at a scanning rate of 0.125°/min. A two-phase region is
suggested in the region 30-25 mole percent PbZrO;, similar to

(29)

that reported for the PbTiO3-BiFeO3 system. Further study is

required in this compositional range.
In preparing x-ray pure BiFeO3 samples, increasing the

Bi,O5 to Fe,O3 mole ratio from equimolar to 1.10:1.00 greatly

decreased the proportion of the Bi;O3- 2Fe0O3 phase. As the mole



54

ratio of BipO 3 to Fe;03 reached 1.50 to 1. 00 and 2.00 to 1. 00,

the BiO3° 2Fe 03 phase completely disappeared and the excess
y-Bi203 in the sintered samples was removed by warm concentrated
nitric acid, since the solution rate of BiFeO3 in this acid is con-
siderably lower than that of Bi203' 2Fe203.

Phases present in each composition of the PbZrO3-BiFeO3
system are listed in Table VI. Since impurities may affect dielectric
measurements considerable, pure samples of the system are, there-
fore, necessary. As discussed in the last section, evaporation of
PbO from samples containing BiFeO3; may lead to incomplete
reactions. Closing the tube containing the samples during sintering
had no obvious effect in reducing PbO losses. Therefore, excess
PbO was added to several of the mixed oxides. When 5 mole percent
excess PbO was added to the mixed oxides in preparing a 60 mole
percent PbZrO3 sample, ZrOZ lines on the x-ray patterns of the
sample decreased. However, the weight loss of PbO in the mixed
oxides during sintering was found to be only one fifth of the excess
PbO originally added, and neither the excess PbO left in the sample
nor any new phase was found on the x-ray patterns. Amounts of
5-50 mole percent excess PbO were added in preparing 50 mole
percent PbZrO; samples but the intensity of the ZrO, lines in the
x~-ray patterns was still found to be quite considerably. Therefore,

preparation of pure samples employing mixtures of pure PbZrOj
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and pure BiFeO3 powders rather than the four oxides might be
quite useful.

High temperature x-ray analysis will be necessary to
establish a phase diagram for the system. This analysis would be
useful for investigating the dielectric properties of the system and
for determination of the Curie point of BiFeO5.

A plot of volume of one unit cell versus composition of this
system is shown in Figure 35. Abrupt changes of the slopes of the
curves in this figure, as seen from the points on the curves at the
81.81 and 80 mole percent PbZrO3 as well as the 30 and 25 mole
percent compositions, also give more evidence for the phase changes
of the PbZrO3-BiFeO3 system. For the samples in the range of
100-81. 81 mole percent of PbZrOj3 of the system, a suggested
orthorhombic multiple cell structure with a= 2b is deduced reasonably

17
from the proposed model confirmed by Jana et al. (17) for PbZrO4

(see page 24 and Figure 12). From x-ray analysis, the a = 2b
relation of the multiple cell is also employed inthe structure deter-
mination for the samples in the 80-30 mole percent I—"’bZrO3 range.
The equality, a = 2b, in this compositional range may be explained
on the basis that the metal atoms, Pb, and Bi, as well as the oxygen
octahedra may all shift back approximately to the positions of an

ideal cubic perovskite lattice. However, a detailed study of the

shift of all the atoms will require neutron diffraction analysis of the

system.
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C. MICROSCOPIC ANALYSIS

The photomicrographs of the PbZrO3-BiFeO3 system, are
shown in Figures 36-49. The dark microporosity accounts for
the failure to obtain theoretical densities for the hot-pressed
samples, listed in Table VIL. Some gray grains can be seen clearly
in most of the photomicrographs, especially those of the unetched
samples. These gray gains may be caused by microporosity
just below the surface of the polished samples. Photomicrographs
of unetched samples are used for comparison with those of the
same samples after etching.

In Figure 37, the small grain size of the 80 mole percent
P‘bZrO3 sample is clearly visible and it appears to be homogeneous
in line with the x-ray patterns. For the 63 mole percent PbZrO3
sample, as seen in Figure 39, the small grains are almost the
same size as shown in Figure 37, but the sample appears to be non-
homogeneous. This is probably due to the presence of ZrO, as
evidenced by x-ray analysis. In the photomicrograph of a 50 mole
percent PbZrO3 sample, Figure 41, the boundaries between two
different kinds of grains, one white and one gray, are very clear.
This lends some support to the results of x-ray analysis of the
sample that there are at least two phases present. In Figure 43, a
25 mole percent PbZrO3 sample exhibits two different types of

grains, one gray in color, of generally small size, and one white



TABLE V1

X-ray data on the PbZrO;-BiFeO; system

Sample Mole % o Pagameterg Vol. of On
No.  PbZrO; a(A) b(A) c(A) o (°) Unit Cellt (A?) Phases Present

A-3 100 5.873 11.746 8.228 70.950 Orthorhombic I.

C-2 95 5.869 11,738 8.223 70.810 Orthorhombic I with one or
possibly two weak lines of ZrQO,.

C-4 90. 47 5.864 11.728 8.216 70. 629 Same as 95% composition.

C-5 85 5.850 11.700 8.212 70. 258 Orthorhombic I with two weak
lines of Zr0,;.

C-7 81.81 5.842 11.684 8.214 70.083 Same as 85% composition.

C-8 80 5.830 11.660 8.246 70.068 Orthorhombic II* or pseudocubic

perovskite with one weak line of ZrOj3.

t The volume of this unit cell of the orthorhombic phases is one eighth the volume of the multiple cell
as calculated from the product of the parameters a, b and c.

* The relationship beween the parameters of the orthorhombic II phase is slightly different from that
of the orthorhombic I phase {see page 51).

LS



TABLE VI (Cont'd)

Sample Mole % Parameters Vol. of On

o 9
No. PbZrO5 a (A] b (2} c (4] a (°]  Unit Cellt (A3) Phases Present

C-10 75 5.820 11.640 8.230 69. 692 Same as 80% composition except
with one additional weak line of
Z1'02.

C-12 70 5.808 11.616 8.214 69.270 Same as 75% composition.

C-16 60 5.781 11.562 8.175 68.302 Same as 75% composition,

C-18 50 5.751 11,502 8.133 67.248 Same as 75% composition, with

' stronger ZrO2 lines and possiblé

small amounts of other phases.

C-23 35 5.679 11.358 8.029 64. 736 Same as 50% composition.

C-25 30 5. 655 11.310 7.990 63.876

Same as 50% composition except
that the line corresponding to the
main ZrO, line is shifted about 0. 18
degree (2 8).

T See page 57.

@ These other phases are not identified clearly yet,

8¢



TABLE VI (Cont'd)

Sample Mole % o Parameters Vol. of One3 )
No. PbZrO, a (A) b (9&) c {A) a (°) Unit Cellf (?X ) Phases Present

C-27 25 3.985 o Rhebohedral with y-Bi;O3 and
ZrO, lines.

C-29 20 3,981 89. 290 63.037 Same as 25% composition with
stronger y-Bi;O3 and weaker

‘ ZrO; lines.

C-31 15 3.976 89.283 62.847 Same as 20% composition with
stronger Y-Bi;O5 and weaker
ZrO; lines.

C-33 11,11 3.974 89.276 62,767 Same as 15% composition.

C-35 5 3.965 89. 266 62.326 Same as 15% composition
except ZrO‘2 disappeared and
weak Bi;05:2Fe;04 phase can
be seen.

B-6 0 3.951 89. 265 61.668 Same as 5% composition with
stronger Y-Bi;03 and Biz04:2Fe 03
lines.

T See page 57.

** Because there is no clearly divided pair of lines such as dy g and dhkT on the x-ray patterns of the
samples of this composition, the value of Qphomb €an not be calculated,
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in color of larger size. They are poorly defined but are still
observable. Perhaps a longer etching time is necessary for this
composition. X-ray patterns of the 25 mole percent PbZr03
samples also show quite large amounts of a second phase,

Y-BiyO3. It was difficult to analyze the photomicrographs of the
BiFeO; samples sintered from equimolar mixtures of Bi,O5 and
FepO03. However, from the obviously non-homogeneous appearance
of the pictures of these B:’LZE‘eO3 samples, it is impossible to inter-
prete the samples as single phase. The x-ray evidence conclusively
shows them to be multiphase.

Observations for the determination of both the number of
phases and of ferroelectric domains for the samples of the PbZrO5-
BiFeOj3; system is important. Therefore, electron microscopic
and electron microprobe analysis of powders and crystals would be

of great value for further study.



Sample

C-8-1
C-14-1
C-18-1

C-27-1

B-4-2
D-1%

B-11-1

TABLE VII

Samples of the PbZrO;-BiFeO; system, hot pressed for microscopic study. *

Sample No.

before Hot
Pressing

B-4

B-11

Composition
(Mole % PbZrO5)
80
63
50
25

25

*  See page 40.

Time

(hrs.)

0.50

Temperature
(°c)
870
793
745
750
740
720

740
750

745

Pressure*
(psi)
15000
10000
10000
25000
15000
15000

17000
15000

10000

Density@
g/Cmg

8.00

7.64

** During hot pressing, each sample was surrounded by MgO powder; therefore the pressure listed
is not very accurate.

See page 40,

T  This sample was originally made by Mr. Gary D. Achenbach who removed the Y-Bi, O, from the
sample by using concentrated hydrochloric acid and nitric acid.

¥9
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Figure 36. Photomicrograph of 80% PbZrO;-20% BiFeO; Sample
C-8-1, not etched, viewed in reflected light. 500x.

Figure 37. Photomicrograph of 80% PbZrO3-20% BiFeO,
Sample C-8-1, etched 1/3 second, viewed in reflected light
using a blue filter. 1000x.



Figure 38. Photomicrograph of 63% PbZrO;-37% BiFeO
sample C-14-1, not etched, viewed in reflected light. 508::.

Figure 39. Photomicrograph of 63% PbZrO3-37% BiFeO,
sample C-14-1, etched 1 second, viewed in reflected light.
1000x.
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Figure 40. Photomicrograph of 50% PbZrO3-50% BiFeO3
sample C-18-1, not etched, viewed in reflected light. 500x.

Photomicrograph of 50% PbZrO3;-50% BiFeO,
sample C-18-1, etched 2 seconds, viewed in reflected light.

1000x.

Figure 41.
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Figure 42 Photomicrograph of 25% PbZrO4-25% BiFeO3; sample
C-27-1, not etched, viewed in reflected light. 500x.

Figure 43. Photomicrograph of 25% PbZrO3-25% BiFeO3
sample C-27-1, etched 5 seconds, viewed in reflected light.
1000x.
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Figufe 44, Photomicrogr\aph of 100% BiFeOg4
etehed, viewed in reflected light. 500x.

' -
sample B-4-1, not

Figure 45.

etched 4 seconds, viewed in reflected light.

Photomicrograph of 100% BiFeO5
1000x.

sample B-4-1,
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Figure 46. Photomicrograph of 100% BiFeO, sample B-4-1,
etched 4 seconds, viewed in polarized light. 1000x.

Figure 47. Photomicrograph of 100% BiFeO, sample B-4-1,
etthed 30 seconds in 1% HC1 and 1% HNO; (by weight), viewed
in reflected light. 1000x.
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Figure 48. Photomicrograph of 100% BiFeO5; sample D-1, not
etched, viewed in reflected light. 1000x.

Figure 49. Photomicrograph of 100% BiFeO3 sample D-1, etched
4 seconds, viewed in reflected light. 1000x.
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V. SUMMARY AND CONCLUSIONS

For the system of lead zirconate-bismuth ferrate several
conclusions were reached.
1. The samples prepared for this system appear to be solid solu-
tions over the entire compositional range except for small amounts
of impurity phases in some regions and possibly a small two-phase
region in the area of the orthorhombic to rhombohedral transition.
From 100 to approximately 30 mole percent PbZrO3, an orthorhom-
bic multiple cell structure (see Table VI) is proposed with a rhom-
bohedral arrangement from 25 to 0 mole percent PbZrO5, as
determined by x-ray analysis and microscopic observation. A two
phase region similar to the case reported for the PbTiO;-BiFeO5

system(zg) may exist between the compositions of 30 and 25 mole

percent PbZrO5.

2. Antiferroelectric and ferroelectric properties are suggested
from electrical measurements™ over the regions 100-81. 81 and
80-50 mole percent PbZrO3 respectively. A minimum in the Curie
point occurs at approximately 80 mole percent PbZrO;, Figure
34, Consistent with these results is the presence of a nearly cubic

structure at the same composition on the x-ray patterns. Samples

* see page 50.
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with BiFeO; composition of more than 50 mole percent are too con-
ductive for meaningful dielectric measurements.

The electrical properties of these compositions can be
explained on the basis of the structural model proposed by Jona
et al. (16) for pure PbZrOj;.
3. An additional orthorhombic phase of Bi,03- 2Fe,O5 was found
in the samples of BiFeO; prepared from equimolar mixtures of
BipO3 and FepO 3. X-ray pure BiFeO; samples can be made by
using excess Bi,O; (1.50 mole Bi,O3:1. 00 mole Fe,03), sintering,
followed by subsequent leaching of the excess Bi,O3 in concentrated
nitric acid.
4., As the use of x-ray analysis for light atoms is limited, neutron
diffraction analysis will be necessary to determine the extent of shift
of all atoms from a cubic arrangement. High temperature x-ray
analysis would be useful in construction of a phase diagram for the
system. Electron microscopic and microprobe studies would be
helpful for determining the number of phases present in each sample
of the system as well as ferroelectric domains in some of the
samples of the system. For the samples with high BiFeO3; compo-
sition, neutron diffraction studies should reveal any magnetic
structure present. If single crystals of the system could be prepared,
optical measurements would be useful for structural analysis of the
crystals. All of the experimental methods described should provide

an insight into the nature of the chemical bonding in these systems.
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APPENDIX A
Sintering Data

A. SINTERING DATA FOR THE PbZrO3 SAMPLES

78

Sample Composition of Time Temp. Sintering Remarks™
No. Mixed Oxides (hrs) (°c) System
(MmPL,O+tnZ . O3)
A-1 1.00 + 1.00 2 870 Open
A-2 1.00 + 1.00 2 870 Closed
A-3 1.00 + 1.00 6 870 Closed Air quenched
A-4 1.00 + 1.00 2 920 Open
A-5 1.00 + 1.00 2 1200 Closed
A-6 1.02 + 1.00 2 920 Closed
A-7 1.02 + 1.00 2 1100 Closed
A-8 1.06 + 1.00 2 1100 Closed
A-9 1.15 + 1.00 {2 1200
4 470 Open
A-10 1.00 + 1.10 2 1200 Closed

B. SINTERING DATA FOR THE BiFeO; SAMPLES

Sample Composition of Time Temp. Sintering Remarks*

No. Mixed Oxides (hrs) (°C) System ’
(mBiz0O3tnFe303)

B-1 1.00 + 1. 00 9 725 Closed

B-2 1.00 + 1.00 3 750 Open

B-3 1.00 + 1.00 6 750 Closed Water quenched

B-4 1.00 + 1.00 2 800 Open

B-5 1.00 + 1.00 2 810 Open

B-6 1.00 ¥ 1.00 2 850 Closed

B-7 1.00 ¥ 1.00 2.2 845 Closed Air quenched

B-8 1.00 + 1.00 2.5 850 Closed Mixed oxides

pressed at
15000 psi

% The samples which are not noted as air or water quenched were
left in the furnace to cool slowly to room temperature at the

furnace cooling rate.
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B. (Cont'd)

Sample Composition of Time Temp. Sintering Remarks*
No. Mixed Oxides (hrs) (£C) System

mBipO3+nFez03

B-9 1.00 + 1.12 2 800 Closed

B-101 1.00 + 2.00 2 800 Closed

B-11 1.10 + 1.00 2 800 Open

B-12 1.50 + 1.00 2 800 Closed

C. SINTERING DATA FOR THE SAMPLES OF THE PbZrO;-BiFeO3

SYSTEM.

Sample Composition®* Time Temp. Sintering Remarks¥*

No. (mole% PbZrO3) (hrs) (°c) System
C-1 98.01 2 870 Open ~
C-2 95 6 870 Closed Air quenched
C-3 90.47 2 870 Open
C-4 90.47 6 870 Closed Air gquenched
C-5 85 6 870 Closed Air quenched
C-6 81.81 2 870 Open
C-7 81.81 6 870 Closed Air guenched
C-8 80 6 870 Closed Air quenched
C-9 75 2 870 Open
C-10 75 6 870 Closed Air quenched
C-11 70 2 870 Closed
C-12 70 6 870 Closed Air quenched
C-13 66. 66 2 870 Open
C-14 63 2 870 Closed
C-15 60 2 870 Closed
C-16 60 6 870 Closed Air gquenched
C-17 50 2 870 Open

* See page 78.
+ The major phase present in this sintered sample is
Bi203' 2F6203.

%% The samples of the PbZrO3-BiFeO3 system were prepared by
sintering stoichiometric mixtures of corresponding oxides
except those indicated specifically in the Remarks column.
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C. (Cont'd)
Sample Composition¥* Time Temp. Sintering Remarks*
No. (mole % PbZrO3) {(hrs) (°C) System

C-18 50 6 870 Closed Air guenched

C-19 42.85 2 870  Open

C-20 40 6.5 870 Closed Air quenched

C-21 39.91 2 870 Open Small amount

' of ZrO, added

in excess

C-22 35 2 870 Closed

Cc-23 35 6 870 Closed Air quenched

C-24 30 2 870 Open

C-25 30 6 870 Closed Air quenched

C-26 25 2 870 Closed

C-27 25 6 870 Closed Air quenched

Cc-28 20 2 870 Closed

C-29 20 6 870 Closed Air quenched

C-30 15 2 870 Closed

C-31 15 6 870 Closed Air quenched

C-32 11.11 2 870 Closed

C-33 11.11 6 870 Closed Air quenched

C-34 5 2 870 Closed

C-35 55 6 870 Closed Air quenched

C-36 60 2 870 Closed Air quenched
and 5 mole %
PbO added in
excess.

#*% See page 79.

% See page 78,
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APPENDIX B.

CALCULATED VALUES OF d and hkl FOR THE ORTHORHOMBIC
MULTIPLE CELL OF PbZrO,

With parameters, a = 4. 152x~N2 = 5.872 (&), b = 4. 152 x 2~2
= 11.744 (&) and ¢ = 4.101x2 = 8. 202 (&), reported by Etsuro
Sawaguchi(lé) at 20°C for CuK¢y radiation.

d hkl
5.2521 _ 110
4.1521 120
4.1010 002
3.2572 130
3.2323 112
3.0272 131
2.9360 200, 040
2.8483 210
2.7642 041, 201
2.5506 132
2.3873 042, 202
2.3488 050, 230
2.0761 240
2.0505 004
1.9307 310
1. 8569 320
1.8385 124
1.7507 330
1.6916 322
1.6811 204, 044
1.6641 214
1.6101 332
1.5037 350
1.4680 400
1.4651 135
1.4589 244
1.4118 352
1.3726 412
1.3314 026
1.3130 440
1.3033 432

1.2449 450
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A. (Cont'd)

d hkl
1.1970 335
1.1815 236
1.1417 434
1.1249 530
1.1144 531
1.1087 522
1.1057 444
1. 1009 326

B. X-RAY DATA FOR RHOMBOHEDRAIL DISTORTED PEROVSKITE
LATTICE OF BJ’.FeO3

Reported by:

Zaslavskii{25) for CuKy Radiation.
Filip'ev(23) for FeKy Radiation.

CuK Radiation FeK Radiation
hkl Intensity d value hkl Intensity d value
100 140 3.946 100 4 3.96
110 171 2.809 110 10 2.82
103 161 2.782 110 10 2.79
111 23 2.308 111 1 2.31
101 65 2.273 (111
200 100 1.976 {1T1 3 2.28
210 72 1.775 11T
201 37 1.761 200 4 1.98
211 45 1.626 210 5 1. 78
217 83 1.613 210 5 1. 76
117 42 1.607 211 3 1.62
220 24 1.405 211
202 23 1.390 {211 8 1.61
221 7 1.330 211
300 6 1.319 220 2 1.406
212 36 1.314 220 2 1.392
310 29 1.254 221 4 1.329



B. (Cont'd)

CuK Radiation FeK Radiation
hkl Intensity d value hkl Intensity d value
301 28 1.248 {zZT
311 9 1.200 300 4 1.317
311 18 1.191 221
222 14 1.138 221 4 1.312
320 13 1.102 310 4 1.253
302 13 1.092 310 4 1. 245
321 22 1. 066 311 1 1.214
321 22 1.058 311
312 22 1.053 317 2 1.200
311 2 1.192
222 1 1. 155
222
{222 3 1.138
222
220 5 1.103
320 4 1.092
321 4 1.066
321 4 1. 060
32l 7 1.053
321
400 2 0.989

C. X-RAY POWDER DIFFRACTION DATA OF BiO3*2Fe;05

Reported by:

27
Hideo Koizumi, Nobukazu Niizeki and Takuro Ikeda( ) for
CuKqy Radiation.

(e} O
d p,s. (A) Iops. dear. (A) hkl
6. 005 53 6.005 001
4,215 15 4,214 020
3.975 11 3.975 200
3.725 23 3,724 120
3,595 14 3,595 210
3.445 22 3.451 021



C.

(Cont'd)
o)

dOb s. (A) Iobs .
3.312 30
3.160 100
3.085 89
2.995 35
2.890 31
2.650 32
2.608 5
2.531 16
2.443 18
2.425 6
2.395 27
2.335 12
2.304 27
2.246 3
2.141 22
2.039 17
1.997 6
1.987 8
Note: dcal.

o) o o
constants; a = 7.950 A, b = 8.428 A, and c = 6.005 A,

dca, (A) hkl
3.315 201
3.166 121
3.085 211
3.003 002
2.892 220
2. 650 130
2.606 221
2.527 310
2.446 022
2.425 131
2.396 202
{2.338 122
2.329 311
2.305 212
2.243 320
2. 144 231
2.037 140
2.002 003
1.989 041
{1.987 400
1.987 132

84

values are computed with the orthorhombic lattice
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APPENDIX C

X-ray Powder Diffraction Data of the PbZrO3-BiFeO; System

Notes:

1.

All x-ray patterns are based on copper K¢ radiation
with a wavelength of 1.542 ?X.

The indices of the x-ray patterns of each composition
include only the main phase (see Table VI); the structure
is indicated in each table.

In each composition of the system, from 100 to 30 mole
percent PbZrO3, a is primarily calculated from the d
value of the (400) line, b = 2a and ¢ is determined from
the (004) line: from 25 to 0 mole percent PbZrO3, a

is calculated primarily from the (300) line.

The rhombohedral angle ¢ is calculated from the
equation(l4)

_ 2.2 4 2
_ Y%haa " 9p BT YETAL

Cos @ =

2d39 (h + k)1

The pair of lines, dhkl and dhkl’ used for each com-

position in the rhombohedral phase is indicated in the
respective tables.

The samples used here for each composition are the

same as in Table VI.



A. COMPOSITION: 100% 'PbZrO3
Structure: Orthorhombig 1.
Parameters: a = 5.873 A, b= 11.746 2;, c =
o

286 d (A) I/Io hkl
16. 86 5.254 4 110
21.37 4.154 10. 4 120
21.57 4.116 6 002
27.36 3.262 5 130
27.45 3.257 5 112
29.10 3.067 4 131
30.50 2.928 100 200, 040
31.37 2.849 5 210
32.57 2.747 2 041, 201
35.05 2.558 2 132
37.60 2.390 14 042, 202
38.41 2.341 4 050, 230
43,52 2.078 26 240
43.98 2.057 15 004
46.98 1.932 3 310
48.97 1. 858 3 320
49. 40 1.843 3 124
52.22 1.750 6 330
54.08 1.694 34 322
54.42 1.685 23 204, 044
55.00 1. 668 3 214
57.10 1.612 4 332
59. 60 1.550 1 -
61.56 1. 505 2 350
63.28 1.468 7 400
63.56 1.463 13 135
63.74 1.459 9 244
66.15 1.4114 2 352
68. 14 1.3749 3 412
70. 60 1.3329 1 026
71.79 1.3137 9 440
72.52 1.3025 8 432
76.57 1.2432 1 450
78. 60 1.2171 1 -
80. 09 1.1972 5 335
80.32 1.1943 4 236
84. 70 1. 1434 2 434
86. 34 1.1258 3 530

8.228 &.
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A. (Cont'd)

Q
26 d (A) 1/1, hkl
87. 70 1.1118 5 531
88. 00 1.1088 8 522
88.47 1.1041 7 444
88. 78 1.1011 4 326

B. COMPOSITION: 95% PbZrO3-5% BiFeO4

Structure: Orthorhombic I.
Parameters: a =5.869 &, b= 11.738 &, c = 8,223 &.

20 a (A) /1, hil
16. 88 5.248 2 110
21.38 4.152 12 120
21. 59 4.113 7 002
27.53 3.237 4 112
28. 20 3. 162 2 (ZrO,)
30.52 2.927 100 200, 040
31.42 2. 845 4 210
32. 60 2. 744 1 201, 041
35. 14 2.552 1 132
37. 62 2.389 13 202, 042
38. 46 2.339 2 230, 050
43.58 2.075 22 240
44.01 2.056 12 004
47.02 1.931 2 310
49.09 1. 854 2 320
49. 46 1. 841 2 124
52.27 1. 749 4 330
54. 14 1.693 25 322
54.41 1. 685 18 204, 044
55. 00 1. 668 2 214
57.27 1.607 2 332
61. 65 1.503 1 350
63.33 1.4673 5 400
63. 62 1.4613 9 135
63.78 1.4580 8 244
68. 29 1.3723 2 412
71. 89 1.3121 6 440



B. (Cont'd)

O

26 d (A) /1, hkl
72.58 1.3014 4 432
76. 64 1.2422 1 450
80. 31 1.1944 2 335
80. 55 1.1915 2 236
84.70 1. 1434 1 434
86. 60 1.1231 1 530
88. 05 1.1083 4 531
88.21 1.1067 5 522
88.61 1.1028 5 444
88.93 1.0996 3 326

C. COMPOSITION: 90.47% PbZr0O3-9.53% BiFeO,

Structure: Orthorhombic 1
Parameters: a = 5.864 K, b= 11.728 X, c = 8.216 X

26 a (&) 1/1, hkl
16.90 5.241 3 110
21.42 4.145 13 120
21. 60 4.111 9 002
27.56 3.234 4 112
28. 19 3.163 2 (ZrO,)
30. 54 2.925 100 200, 040
31. 46 2. 839 4 210,(Zr0,)
35. 20 2.554 2 132
37.65 2.387 14 202,042
38. 49 2.337 3 230, 050
43. 62 2.073 21 240
44.06 2.054 11 004
47.16 1.928 4 310
49.15 1.852 7 320
49.50 1.840 6 124
52.32 1. 747 8 330
54.18 1.691 60 322
54. 39 1. 685 54 204, 044
55. 06 1. 666 7 214
57.18 1. 610 6 332



/1, hkl
2 350
10 400
22 135
4 412
14 440
10 432
2 450
7 335
7 236
4 530
9 531
13 522
13 444
6 326

COMPOSITION: 85% PbZrO3-15% BiFeO,

C. (Cont'd)
26 a (&)
61.90 1.4977
63.39 1.4660
63.67 1.4602
68. 40 1.3703
72. 04 1.3098
72. 68 1.2998
76. 73 1.2410
80. 45 1.1927
80. 60 1.1909
86. 72 1.1219
88. 10 1.1078
88.32 1.1056
88. 68 1.1021
89.01 1.0988
D.

Structure:
20 a (R)
17.00 5.211
21.48 4.133
21.62 4.107
27.59 3.230
28. 19 3.163
30. 59 2.920
31.46 2.841
37.72 2.383
43.73 2.068
44.08 2.053
49.18 1.851
52.55 1. 740
54,34 1.687
54.50 1. 682
63.56 1.4625
63.77 1.4582
63.98 1.4537
68. 50 1.3686

Orthorhombic I.
Parameters: a = 5.850 &, b= 11.700 &, c = 8.212 K.

/1, hkl

3 110

15 120

9 002

5 112

4 (ZrO,)
100 200, 040

5 (ZrO,)
13 202, 042
22 240

10 004

4 320

3 330

26 322

19 204, 044
15 400

27 135

16 135

6 412
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o]
20 d (A) /1, hkl

72.19 1.3074 16 440
72.78 1.2983 11 432
80. 64 1.1904 10 335
88.48 1.1040 12 522
88. 82 1.1017 12 444

E. COMPOSITION: 81.81% PbZrO3—18. 19% BiFeO3

Structure: Orthorhombic I.
Parameters: a =5.842 &, b=11.684 3, c =8.214

20 a A) /1, hkl
17. 08 5.248 2 110
21.48 4.133 14 120
21. 61 4.109 13 002
27. 60 3,229 3 112
18. 19 3.163 4 (2r0,)
30. 60 2.919 100 040, 200
31. 46 2.841 5 (ZrO,)
37.77 2. 380 14 202, 042
43.79 2. 066 20 240
44.04 2.054 10 004
49.30 1.847 3 320
52. 60 1. 738 ] 330
54.46 1.683 23 332
54.55 1. 681 20 204, 044
63. 66 1.4605 5 400
63. 85 1.4566 9 135
64.02 1.4531 6 244
72.28 1. 3060 5 440
62.91 1.2962 4 432
80. 68 1.1989 3 335
88. 72 1.1017 5 522



COMPOSITION: 80% PbZr0O3-20% BiFeO3

Orthorhombi

II.

Parameters: a = 5.830 &, b = 11. 660 &, c = 8. 246 X.

F.

Structure:
2 0 d (R)
21,53 4,124
27.60 3.229
28.18 3.173
30.62 2.917
37.70 2.384
43, 88 2.062
49.31 1.847
54.52 1.682
63.80 1.4576
72.50 1.3026
80. 80 1.1884
88. 82 1.1007
G. COMPOSITION:

Structure:

Parameters:
28 da (&)
21.59 4,113
27. 64 3.225
28.18 3.1639
30.68 2.912
31.52 2.8359
37.77 2.380
43.97 2.058
47. 63 1.908
49. 33 1.846
54.52 1. 682
63.93 1.4549
72.55 1.3018
80.90 1.1872
89.02 1.0987

a=5.820

N WO

Orthorhombic II. o
R, b=11.640 A, ¢

/1,

20
4
4

100

12
22

w0\

hkl

002,120
130
(ZrO,)
200, 040
042, 202
004, 240
124
322, 044, 204
400

422

404

444

8.230
hkl

002,120
130
(ZrOyp)
200, 040
(ZrOy)
042,202
004, 240
124
322,044, 204
400

422

404

444

o)
A,
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H. COMPOSITION: 70% PbZrO3-30% BiFeO;

Structure: Orthorhombic II. °
Parameters: a = 5.808 A, b=11.616 A, c=28.214 ?&.

28 a (4) 1/1, hkl
21.62 4.107 18 002, 120
27.80 3.206 4 130
28.18 3.164 4 (ZrO,)
30. 72 2.908 100 200, 040
31.52 2.836 3 (ZrO3)
31.79 2.812 2 210
37.83 2.376 13 040, 202
44.06 2.054 24 004, 240
49.55 1.838 3 124

54. 68 1. 677 26 322,044, 204
64.07 1.4521 8 400
62.68 1.2998 6 422
80.00 1.1983 2 404
89.11 1.0979 4 444

I. COMPOSITION: 60% PbZrO3-4O% BiFeO3

Structure: Orthorhombic II.
Parameters: 2 =5.781 &, b =11.562 &, c = 8.175 A,

20 a (&) /1, hkl
21.73 4.086 19 002, 120
27. 82 3.206 6 130

28. 20 3. 162 7 (Zr0,)
30.91 2.891 100 200, 040
31.54 2.834 7 (ZrO,)
31.82 2.810 2 210
38.08 2.361 13 042, 202
44,28 2. 044 23 004, 240
49.90 1.826 4 124
54.98 1. 669 24 322, 044, 204
64.41 1.4453 8 400

71. 14 1.3241 5 422

81. 62 1.1786 7 404

89. 60 1. 0931 10 444



J. COMPOSITION 50% PbZr0O3-50% Bi]:“eO3

Structure: Orthorhombig IT.
Parameters: a = 5.751 A, b= 11.502 A, c =8.133 &.

20 a (3) /1, hkl
21.83 4.068 23 002, 120
27.84 3.202 7 130

28. 19 3. 165 9 (ZrO,)
31.07 2.876 100 200, 040
31.75 2.816 9 _
32.38 2.763 2 210
34.19 2. 620 1 -

38. 21 2.353 14 _
44.52 2.033 23 004, 240
45.58 1.989 1 -
47.717 1.923 1 -

50. 04 1.821 4 124
53.98 1.697 2 -

55. 24 1. 661 23 322, 044, 204
64. 79 1.4377 7 400

73. 56 1.2864 5 422
81.91 1.1751 2 404

90. 22 1.0872 4 444

K. COMPOSITION: 35% PbZrO3-65% BiFeOj3

Structure: Orthorhombig IIL. o
Paramoters: a = 5.679 A, b= 11.358 &, ¢ = 8.029 A.

28 d () /1, hkl
22.14 4.012 26 002, 120
27.94 3,191 8 130
28. 20 3.162 17 (ZrO,)
31. 48 2.839 100 200, 040
32.57 2. 747 2 210
38. 76 2.321 14 _
45.12 2.008 19 004, 240
48. 24 1. 885 1 -
50.06 1.821 3 -

50. 80 1. 796 5 124

53. 78 1. 703 2 -

56.04 1. 640 21 322,044, 204
65. 72 1.4197 4 400

74. 78 1.2681 4 422



L. COMPOSITION: 30% PbZrO3-70% BiFeO3

Structure:

2 6 a (&)
22.25 3.993
28.07 3.176
28.37 3.143
31.62 2.827
32.59 2.745
38.99 2.308
45.32 1.999
46. 00 1.971
48. 24 1.885
50.05 1.820
51.02 1.822
53.70 1.7054
54. 68 1.6771
56.28 1.633
66.03 1.4137
75.13 1.4133
83.55 1. 1562
92.21 1.0689

Orthorhombic II.
Parameters: a = 5.655 &, b =11.3102%, c = 7.990 A.

/1,

30
7
14
100
3
21

[
®

N =R = NWOe NN

hkl

002,120
130
200, 040
210
042, 202
004, 240

124

322,040, 204
400
422
404
444

M. COMPOSITION: 25% PbZrO3-75% BiFeO3

Structure: Rhombohedraol

Parameters: a = 3.985 A, g% = 7?
26 d () /1
22.29 3.985 27
27.88 3.197 9
28.20 3.162 10
28.78 3.099 3
31.69 2.821 100
33.01 2.975 2
38.27 2.411 2
39.12 2.301 19

% See Table VI.

hkl

100
(Y—Bi203)
(ZrO3)

110, 103
(vy-BipO3)
111

101

94



M. (Cont'd)

26 d (X) I/1, hkl
45, 46 1.994 19 200
46.28 1.960 4 140
48, 60 1.872 2 -
51.15 1.784 6 201
54, 79 1.674 2 -
56.48 1.628 21 112,217
66.26 1.4093 3 202
70. 88 1.3284 1 300
75.25 1.2617 3 301
84. 23%% 1. 1486 1 -
92. 64 1. 0650 2 312

*% This peak is broad and its 2 8 value can not be determined
accurately.

N. COMPOSITION: 20% PbZrO3-80% BiFeOj;

Structure: Rhombohedral.
Parameters: a = 3.981 3., o = 89. 290° (calculated from the
lines of 211, 211).

20 d (&) I/1, hkl
22.32 3.980 31 100
27.89 3.196 11 (Y-Biy03)
28.19 3.163 8 (ZrO3)
28. 77 3. 100 3 - _
31.75 2.816 100 110, 103
32.80 2.733 5 -
37.37 2.404 1 -

38. 80 2.319 3 111

39. 15 2.299 17 101
45.55 1.990 20 200
46.25 1.961 6 140

50. 66 1. 800 4 -
51.29 1.780 6 201
54,78 1.674 4

55.99 1.641 6 1

56. 54 1. 626 16 2,211
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N. (Cont'd)

20

61.93
66.45
70.98
75.35

O
d (A)
1.4970
1.4058
1.3267
1.2899

/1,

B W W

hkl

202
300
301

O. COMPOSITION: 15% PbZr03-85% BiFeO3

Structure: Rhombohedra

Parameters:
lines of 211,211).

2 6 a (R) /1,
21.30 4.168 3
22.34 3.976 41
24.11 3.688 3
27.88 3.197 17
28.19 3.163 6
29.09 3.065 4
30.98 2.884 7
31.79 2.812 100
38.82 2.318 7
39.22 2.295 17
45.61 1.987 17
46. 28 1.960 10
51.05 1.785 9
51.35 1.778 11
54.93 1.670 5
56.18 1.636 10
56.77 1.621 20
57.48 1.602 8
66. 68 1.4127 6
70.56 1.3254 4
75.56 1.2573 5
79.78 1.2010 3

hkl

100
(v-BiO3)
(ZrO5y)

110, 103
111
101
200
104
210
201
211
211,112

202
300
30T

311
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P. COMPOSITION: 11.11% PbZr03-88.89% BiFeO3

Structure: Rhombohedral
Parameters: a = 3.974 ?\, o = 89.276° (calculated from the

lines of 211, 211).

20 d (A) /1,
22.34 3.973 45
24.81 3.586 2
27.90 3.195 9
28.19 3.162 4
29.90 2.986 2
31.71 2.819 64
31.90 2.803 100
33.04 2.708 2
35.30 2.540 4
38.87 2.315 6
39,33 2.289 22
45. 64 1.986 20
46.33 1.958 7
51.16 1. 784 13
51.45 1.775 11
55.07 1. 666 5
56,22 1.635 10
56. 80 1.620 25
61. 88 1.4981 2
66.83 1.3987 7
70.56 1.3336 5
71.10 1.3248 6
75.59 1.2568 6
75.78 1.2542 5
79. 35 1.2064 3
80.07 1.1974 3

hkl

100

(y-Biz03)
110
103
(vy-Biy03)
111
101
200
104
210
201

211 _
211,112

202
221
300
310
301
311
311

Q. COMPOSITION: 5% PbZrO3-95% BiFeO;

Structure: Rhombohedr%l
Parameters: a = 3.965 A, o = 89. 266° (calculated from the

20

22.49

24,82
27.88

lines of 321, 321).

d (&) /1, hkl

3.950 53 110

3. 584 3 -

3.197 11 (Y-Biz03)
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Q. (Cont'd)

29 d (A) /1, hkl

28.22 3. 160 6 BizO3+ 2Fe03
28.98 3.079 4 Bi;O3- 2Fe03
29.77 2.999 2 Bip0O3:2Fe203
31.82 2.810 96 110
32.09 2. 787 100 103

33. 04 2.709 6 (Y-Biy03)
39. 00 2.308 16 111
39.48 2.281 29 101

45. 78 1.980 39 200
47.03 1.931 3 " 104
51.32 1.779 32 210

51. 74 1.765 17 201
52.42 1. 744 2 -

56.37 1.631 27 211

56. 80 1. 620 23 211
56.99 1.615 46 112
57.02 1.614 1 -

61. 84 1.521 2 -

66. 24 1.4097 7 220
66.97 1.3961 12 202

70. 60 1.3329 10 221

71. 30 1.3216 10 300

73. 75 1. 2835 1 -

75. 65 1. 2560 12 310

75. 89 1. 2560 12 301

79. 65 1.2027 5 311

80. 24 1.1953 7 311
83.55 1.1562 1 -

84. 80 1.1432 4 222

88. 36 1.1052 6 320
89.37 1.0953 3 302
92.31 1. 0680 7 321

93. 15 1. 0606 10 321

93. 60 1.0566 12 312



COMPOSITION: 100% BiFeO;

Rhombohedrabl

99

Parameters: a = 3.951 A, ¢ = 89.265° (calculated from the

lines of 321, 32T).

R.
Structure:

20 d (A)
14. 74 6.005
22.52 3.945
24.91 3.571
27.92 3.193
28. 24 3.157
28.98 3.078
30. 54 2.925
31.00 2.882
31.92 2.801
32.16 2.779
33.06 2.707
33.76 2.653
37.00 2.428
37.70 2.384
39.11 2.301
39. 60 2.274
42.02 2.148
43. 85 2.063
45,96 1.973
47.23 1.923
49, 70 1.833
51.52 1.773
51.78 1. 764
52.59 1.739
54.33 1. 687
55.99 1.641
56.55 1.626
57.00 1. 614
57.18 1.610
62.26 1.4899
66. 48 1.4052
67.17 1.3924
70. 67 1.3318
71.58 1.3171
71.91 1.3119
73.80 1.2829
75.73 1.2548

1/1,

6
76
9
26
26
17
4
6
100
86
25
16
5
7
17
36
5
4
46
14
K
39
36
12
6
9
29
38
50
6
10
16
10
16
12
5
17

hkl

(Bi2O3: 2Fe203)
100

(Y-Biz0O3)
(v-Bi203)
(BipO3- 2Fe203)
(BizO3- 2Fe203)
(v-Bi203)
(BipO3- 2Fe03)
110

103

(Y-BizO3)
(BipO3-2Fep03)
{BipO3-2Fe203)
(Biz03-2Fe203), (v-Biz203)
111

101

(v-BipO3)
(vy-Bi203)

200

104, (Bi20O3- 2Bi203)
(Bi2O3-2Fe203)
210

201
(Y-Biz03)
(Y-Bi203)
(Y—BizO:})

211, (BipO3- 2Biz203)
211

112
(v-Biz0O3)

220

202

221

300

212

310



R. (Cont'd)

20 a (&)
76. 22 1. 2480
79.92 1.9993
80. 54 1.1916
85. 20 1.1379
86.93 1.1197
88. 78 1.1011
89.53 1.0938
92.58 1. 0656
93.42 1.0582
93.95 1.0536

/15 hkl
23 301
9 311
12 311
10 222
7 -
19 320
12 302
8 321
14 321
25 312

100
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