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30.1. Introduction

The extensive research devoted to the physics and chemistry of solids
during the last quarter of a century has led to great advances in the under-
standing of the properties of solids in general. One area of very active re-
search has been mixed oxide systemsf These have been of particular interest
because of their stabilityiand the.fact that a wide range of properties can-be
obtained by substitution of one ion for another. Two of the most extensively
studied groups of compounds are'the perovskites and garnets.

Ever since the discovery of the ferroelectricAproperties of barium ti-

tanate, perovskite compounds of the type ABO_ have been widely studied. They
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now constitute a large group of materials of great importance in solid state
physics and chemistry. For example, the electrical conductivity of perovskites
varies over many orders of magnitude. Many such as BaTiO3 and SrTiO3 are noted
for thecir high resistlivities, which makes them useful as dielectric materials,
while others such as CaMoO3 and LaTiO3_are fairly good conductors orisémicon—

ductors. Strontium-doped LaCrO,_ is currently a possible candidate for high
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temperature electrodes. A novel property recently reported is the insulator-
metal transition in Sr—doped LaVO3. Lead zirconate-lead titanate solid solu-
tions have been used in solid state devices becapse of their piezoeléctric
properties. Various perovskites have been utilized for thei£ optical proper-
ties such as electro-optic effect, coloration by light, application in laser
host materials, etc. In addition to these applications, certaiﬁ perovskite

oxides have catalytic properties comparable to those of platinum in the oxida-

tion of carbon monoxide and hydrocarbons. This is of obvious significance in



the area of automobile emission control. The catalytic properties have also
been utilized for making ethanol sensors (Obayaski et al, i976).~

The discovery of fefrimagnetisﬁ in yttrium iron garnet has attracted at-
tention to £he use of these materials for microwave de&ice applications. To
date garhets are the most useful matérials in the microwave industry because of
their magnetization, linewidth, Curie temperature and g-factcr properties; wWith
the advent of solid state lasers, yttrium aluminium garnet was soon found to be
an excellent laser host material fpr room temperatﬁre and high power applica-
tions.

Current research on weally forromagnatic materials, such as garnets and
nrthnferrites, for magnetic bubble domain devicés has slimulated further inter-
est in the magnetic properties of these compounds. These devices will be used
for integrated circuit memory and charged coupled devices in the next genera-

tion of computer memory technology.



30.2. Perovskites

30.2.1 Preparation

The perovskite structure is a close-packed lattice with the general for-

mula ABX3. Almost all the known rare-earth perovskites are oxides with the

rare-earth ion occupying the A sites and the present discussion will hence be
restricted to ABO3 type compounds. Since most of the rare-earth ions are stable

. . . . . +
only in the trivalent state the valence relationship is A3 B3

+ .
03. It is much
easier to obtain the compounds in polycrystalline than in single crystal form;

however in some instances crystals have been prepared for special applications.

A. Powder Synthesis

Many of the perovskite compounds can be prepared by high temperatufe
solid state reaction of binary oxides or peroxides. However, some of these
tend to be refractory and hence unreactive. Others have a tendency to hydrate
or oxidise and are inconvenlent to use. Therefore, it is preferable to ﬁse
carbonates, oxalates, or other easily decomposéble compounds, assuming they can
be obtained with suitable.purity. These materials are usually in the form of
fine powders and decompose in the initial stages of the reaction so that faster
reaction ?ates are obtained. 1In some cases fine powders may be obtained by evap-
oration of solutions. The rare-earth raw materials are generally sesquioxides.
Siqce solid state reactions often do not proceed to completion on the first fir-
ing, repe;ted regrinding and reheating is usually necessary; The reaction is
conveniently followed by weight loss measurements and by x-ray analysis. The
reaction is generally carried out in alumina, zirconia or platinum crucibles
which are fairly inert towards these compounds; However, if necessary, reac-
tion of the crucible is avoided by placing the reactants on top of compacts of

the same material.




In a typical preparation of LaCoO3 powdef; an equimolar mixture of
the approériate oxalates was decomposed by slow heating to 600°C. The resul-=
tant material‘was preésed into pelleté and fired at 1000 to 1260°C for two days.
Repeated grinding and firing was necessary to eliminate the unreacted material
(Raccah and Goodencugh, 1967).

If one of the constituent materials is volatile special precautions
qeed to bé taken. Problems pf this nature are frequently encountered in the
synthesislof lead-containing perovskites due to the volatility of lead oxide.
Under these circumstances the reaction is carried out in a lead oxide atmos-
phere, by using excess lead oxide, or in a closed system such as an evacuated
silica tube.

In some instances the valence state of an ion may be different in the
final compound from that in an available raw material. For exampie, in LaVO3
the.vanadium is in the trivalent state whereas it is in a pentavalent state in

4

VZOS' Thus LaVO, was synthesized by reacting La.O, and V in a vacuum of 10
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mm (Shin-ike et al, 1976). In the case of LaNiO the campound was prepared by
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geacting the appropriaté oxalates in oxygen {Goodenough and Raccah, 1965).

In general, conditions which are ideal for the formation of one com-
pound may be unsuitable for another similar ﬁaterial. Hence the proper equilib-
rium conditions for-tﬁe synthesis of each compound under study must be deter-

mined.

B. Crystal Growth

Although single crystals of some perovskite compounds have been grown
in large sizes, those containing rare-earths have>generally been rather small.
This may be because they have high melting points and suitable fluxes are not

known. Furthermore, most of the rare-earth perovskites undergo phase transi-



tions at elevated temperatures which present problems in the preparation of sin-
gle crystals by many of the usual techniques.

A majority of the rare-earth perovskiﬁes have been grown from a fluxed
melt. The most commonly used fluxes are.lead oxide and lead fluoride. Boron
oxide is generally added to increase the solubility. Single crystals are grown
by heating the soluteland flux to sufficiently high temperatures fqllowed by
either slow cooling or evaporaﬁion of the flux. A problem commonly encountered
in the use of such a technique is the entrapment of lead into the perovskite

lattice. It has been found that the growth of LaCrO_ crystals by evaporation
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of a PbFz_B203 flux at 1250°C, resulted in the incorporation of about 7 atomic
percent of lead in the compound (Khattak, 1974).

In a fluxed solution there are generally a number of constituents..
Under these circumstances the possibility of a competing phase forming instead
of the perovskite phase must be considered.. For example, it has Been'found that
Lur RA103 (K = Ku to Er) the garnet phase, R3A15012, has an increasing tendency
to form as the radius of the rare earth ion decreases (Wanklyn et al, 1975).
Flicstein and Schieber (1973) found that the ratio of Dy203:A1203:PbF2 was dé;
cisive in the formation of the perovskite, garnet or oxyfluoride phase.

The problems associated with flux growth have been overcome by the
growth from the melt as in the case of LaVO3 (Rogers et al, 1966). Another
method developed recently is the accelefated crucible rotation technique (ACRT)
which greatly reduces the problems of diffusion and homogenization in conven-
tional fluxed melts (Scheel, 1972). In other cases high pressure has been util-

ized for growth of the perovskite phase. Another method developed for ortho-

ferrites for use in bubble domain devices involves the growth of thin films of




these compounds. Shick and Nielsen (1971) have utilized the 1i§uid phase homo-
epitaxial growth technique for this purpose.

Some excellent reviews of single crystal growth techniques have been
given gy Laudise (1970),. Goodenough et al (1972), Wanklyn (1972), ﬁlwell and
_ Scheel (1975). Details of single crystal growth of a number éf rare-earth pe-~

rovskites are given in Table 30.1.



Abbrieviations used:

Table 30.1.

ACRT ~ Accelerated Crucible Rotation Technique

Crystal Growth Details for Some of the Rare-Earth

Perovskite Oxides

CZG - Czochralski Growth

EV - Evaporation

HEG ~ Homo-epitaxial Growth

1IPS -~ High-pressure Solution Growth

HYG - Hydrothermal Growth

LPE -~ Liquid Phase Epitaxy

Approximate
Temp. Range Cooling Rate Dimensions
Crystal Technique Flux (°C) (°c/hr) {rmun) References

LaAlOa(Mn) EV Pb702F10 1200 - 3 x 3 x 0.4 Tsushima (1966)
LaI\lO3 SC PbO-PbF2 1200 - 800 1.5 - 2 10 Zonn & Jaffe (1968)
LaA103(170) EV PbO-PbF2 1280 - 3 Garton et al (1972)
LaAlO3 sC PbO—PbFz—Vzo 1300 - 930 0.5 - 11 x 9 x6 Kjems et al (1973a)
LaCoO3 EV PbO—PbF2 1250 - S 2x1x1 Wanklyn (1972)
LaCrO3 EV PbF2—8203 1240 - 5x 4x 4 Wanklyn (1969)
(La,Pb)MnO3 sC PbFZ—PbO' 1250 1 - Morrish et al (1969)
(La,Pb)Mno3 sc PbFz-Pbo 1150 - 1 -5 Janes and Bodnar (1971)
LaO.GQPbO.3lMHO3 sc PbO-Bzo3 1010 - 850 50 5 Vogel and Fleming (1975)
LaVO3 sC from melt 1280 5 - Rogers et al (1966)
Ba(LaO.STaO.5)03 SC BaE‘2 - -~ 0.5 Galasso et al (1966)
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Table 30.1

(Cont'd)

Rpproximate
Temp. Range Cooling Rate Dimensions
Crystal Technique Flux (°c) (°C/hr) (run) References
Ba(Gd, (Tag . sc BaF, - - 0.5 Galasso et al (1966)
Ba(LQO.STBO.S sC BaF2 - - 0.5 Galasso et al (1966)
BaLaLin6 CzZG - - - 5-:0 mm/hr Brixner (1974)
BaLaLiMoO6 HPS - - - - Brixner (1974)
CeAlOJ sC KF 1300 - 840 4-5 0.05 Zoan (1965)
PrAlO3 SC PbO—PbF2 1285 - 960 3.5 3 Garton and Wanklyn (1967)
PrAlO3 sC PbO—PbF2 1360 - 800 4.5 5 Zonn.and Jaffe (1968)
PrAlO3 Sé Pbo—PbF2_3203, 1300 - 950 0.5 20 x 20 x 10 Bi-geneau et al (1974)
(Pr,Pb)MnO3 SCv PbO—PbF2 1150 - ) Janaes and Bodner (1971)
NdAlO3 SC PbO—PbF2 1300 - 800 4.5 5 Zoan and Jaffe (1968)
NdAlO3 sC PbO—PbF2 1280 -~ 910 0.7 7 Garton and Wanklyn (1967)
(Nd,Pb)MnO3 Sc PbO—PbF2 1150 - 5 Janes and Bodner (1971)
'1‘bA103 sc 1>bO—PblE‘2-}31203 1300 - 900 2 - llalmes et al (1968)
'I‘bAlO3 sc PbO—PbFz—B203 1280 ~ 950 2.5 3x2x 1.5 Wanklyn (1969)
TbI\lo3 led 31203—B203-Tb407 1315 - 815 2 3.5 x 2.5 x 2 Wanklyn (1969)
SmA].O3 sc PbO—PbF2 1290 - 960 2.3 3 Garton and Wanklyn (1967)
SmAlO3 SC PbO—PbF2 1200 - 800 1.5 10 Zcenn and Jaffe (1968)
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Table 33.1 (Cont'd)

Approximate
Temp. Range Cooling Rate Dimensions
Crystal Technique Flux (°C) (°C/hr) {mm) References

4SmFe03 5C PbO—PbF2 1280 - 900 - = Schieber (1964)
(Sm,Tb)FeO3 sC PbO-PbF2—3203 1300 -~ 900 0.5 15 Van Uitert et al (1970a)
(smO.SSTb0.45FeO3 NEG Pb0—8203 990 - 875 2 - 20 1 Shick and Nielsen (1971)
smO.SSTb0.4SFeO3 SC/EV PbO—PbFz-BZO3 1300 - 970 0.5 - Quon et al k197l)
Sm0.55Tb0.45Fe03 sC PbO—PbF2~B203 1280 - 950 1.25 10 x 10 plate Nakada et al (1972)
(Sm,Dy)Fe03 SC PbO—PbFz—B203. 1300 - 900 0.5 - Pierce et al (1969)
EuAlO3 sc PbO—PbFZ—Dzoa—MoO3 1295 - 900 1 2 Wanklyn et al (1975)
EuFeo3 sC PbO 1250 ~ 1000 6 5x5x1 Drofenik et al (1973)
GdI\lO3 SC PbO—PbF2~8203 1290 - 800 2 6 Wanklyn (1969)

GdI\lO3 ACRT PbO—PbF2-3203 1300 - 900 0.3 - 0.6 35 x 30 x 25 Scheel and Schulz-Dubois

(1971); Scheel (1972)

GdMnO3 sc PbF2 1280 - 900 1 3 x3 x2 Wanklyn (1972)

Tbl\lO3 EV PbO—PbFz 1207 . - 3 Garton and Wanklyn (1967)
TbAlO3 sC PbO—PbFZ-Bzoa—MoO3 1295 - 900 1 -2 4,5 x 2.5 x 2 Wanklyn et al (1975)
TbFeO3 HEG Pb0-8203 990 - 875 2 - 20 1 Schick and Nielsen (1971)
TbFéO3(Cr) EY PbFZ-BZOJ 1300 - 5 Van Uitert et al (1970b)
DyI\lO3 EV PbO 126C - 3 Garton and Wanklyn (1967)
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Table 30.1 (Cont'd)

3 2 273 2

. ) Approximate
Temp. Range Cooling Raze Dimensions

Crystal Technique Flux (°c) (°C/hr) (mm) References
DyAlO3 v EV ) PbO—PbF2—8203 1220 - 7x 3 x 2 Wanklyn (1969)
DyAlO3 HPS Naol 1200 - - Dernier and Maines (1971)
DyAlO sC PbO-PbF 1290 ~ - Flicstein and Schieber

3 . 2

(1973)
DyAlO3 sC PbO—PbOZ—B2OJ-MOO3 1245 - 900 1 -2 " 3.5x 2 x 1.5 Wanklyn et al (1975)
DyFeO3 SC PbO—PbF2-8203-MOO3 " 1240 - 900 1 - 1.5 - Wanklyn et al (1975)
HoAlO3 : HPS NaoOlt 1200 - - Dernier and Maines (1971)
qulO3 sc PbO—PbFz-—BzOJ-Moo3 1290 - 900 3 4 x 2 x .5 Wanklyn et al (1975)
HoFeOa(Cr) sc PbO—PbFz-B203 1300 -~ 900 1 S Van Uitert et al (1970b)
ErAlO3 HPS Naol 1200 - - Dernier and Maines (1971)
ErAl03 SsC PbFz-PbO—Bzoa—MoO3 1290 -~ 900 1 - 1.3 2 Wanklyn et al (1975)
. ExMno, sc . PbF ,-PbO-B,0, 1280 - 900 1 - Wanklyn (1972)

qmm103 HPS NaOH 1200 - - Dernier and Maines (1971)
Thﬁeoa HYG KOl . 385 - 390 - - - Kolb and Laudise (1971)
TmFeO SC Bi_ O 1300 - 950 0.5 -1 3 x 12 Gendelev and Titova

3 273 .

. (1971)

YbAlO3 » HPS HaOH 1200 - ’ - Dernier and Maines (1971)
YbCrO EV PbF_-B,_0O_-PbO 1260 . - 3 x3x 2 Wanklyn (1972)
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Table 30.1 (Cont'd)

Approximate
Temp. Range Cooling Rate Dimensions

Crystal Technique Flux (°c: (°C/hrx) (mm) References
YbFeO3 SC/EV PbO—PbF2~B203 1300 - 950 0.5 - Quon et al (1971)
vaé03 HEG ]PbO—Bzo3 900 - 875 2 - 20 1 Shick and Nielsen (1971)
\leeO3 sc PbFZ-PbO-B203 1300 - 1100 3 12 x 9 Damen and Robertson

(1972)

LuI\lO3 Hes NaOH 120C - - Dernier and Maines (1971)
LuCz‘O3 EV I’bl=‘2-Pb02—13203 126G - 3 x2x 2 Wanklyn (1972)
LuMnO, s¢ Bi 0 1200 50 - 100 . 1 Yakel et al {1963)
R}’\IO3 SC PbO 1300 - BSO 30 . - Remeika (1956)
R}\lo3 sC szoF‘2 1260 - 1000 3 6 X 6 x 3 I;inares (1962)
l’(I\,'lO3 sSC PbO—PbFZ--BZO3 1290 - 800 2 3 ~-6 Wanklyn (1969)
RAIOJ sc Bi203- 8203 1315 - 315 2 3-6 Wanklyn f1969)
RCoO3 SC Pbo 1300 - 350 30 1 Remeika (1956)
RC):O3 SC 13i203 1300 - 350 30 - Remeika (1956)
RCrO3 EV Pbl?‘z—Bzo3 1240 - 5 Wanklyn (1969) .
RCI.'O3 EV PbE‘Z-BiZO3 1230 - - Subba Rao et al (1971)
R.F‘eO3 sC PbO 1300 - 850 30 - - Remeika (1956)
RI?‘eO3 SC PISO—Ban 1300 - 950 2 10 x 5 x 2 Remeika and Kometani

(1968)
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Table 30.1

(Cont'd)

Approximate
Temp. Range Cooling Rite .Dimensions

Crystal Technijue Flux (c°) (°C/hx) (mm) References
RFeOa HYG KOH 375 - 10 Kolb et al (1968)
Rl?eO3 Sc PbO—PbF2-5203 1290 - 850 2 5 Wanklyn (1969)
RE‘eO3 sC l>bO—PlJF2-13203 1300 - 850 2 -4 10 Giess et al (1970)
Rl-‘e03 sC PbO—PbFz-BzO 1300 - 950 0.5 -1 18 Gerdelév and Titova (1971)
Rl“eO3 LPE/SC Pb()--llzo3 1150 - 1100 2 - 26 - Shick and Nielsen (1971)
Rl'-‘eO3 sC Pb0-8203 1300 - 1000 2 Sx5x5 I. Mikami (1973);

I. Mikami et al (1973)

RFe0 sc PbO—PbF2—8203 1280 - 950 1.25 - § - Akaba (1974) -
RFe03(Bi) SC Pb0—8i203-13203 1300 - 950 1 -4 10 Remeika et al (1969)
RFe03(Ni,Cr, Mn) EV PbO—PbFz—BZO 1300 - - Van Uitert et al (1970b)
RFeOa(Ni,Cr,Mn) sC PbO—PbF2-820 900 - - Van Uiter?: et al (1970b)
RGaO3 SC PbO 1300 - 850 30 - Remeika (1956)
RGaO3 Hps NaOH 1000 - - Marezio et al (1966)
RG:-:O3 HPS NaOH 1000 - - Marezio et al (1968)
RGa\O3 sC PbO—B2O3 1300 1-5 - Marezio et al (1968)
RMnO, sc Bi,0, 1400 - 1000 - plate Bertaut et al (1963)
RMnO3 EV Bi‘ﬁo3 1450 - plate Bertaut et al (1963) -



Table 30.1 (Cont'd)

Approximate
Temp. Range Cooling Rate Dimensions
Crystal Technique Flux (°c) (°C/hr) (mm) References
R2/3Pb1/3Mn03 SC szoF2 1150 - 5 Janes and Bgdnar (1971)
RScO3 sC PbO 1300 - 850 30 - Remeika (1956)




30.2.2 Crystal Chemistry

The perovskite family of compounds is one of the most widely studied
groups of materials and some of the earliest concepts of modern crystal chem-
istry Qere developed in the study of these compounds. The group derives its
name from thg atomic arrangement first found in the raré mineral perovskite,
CaTiOB. The structure was originally thought to be c¢ubic but the trﬁe symmetry
was later shown to be orthorhombic (Megaw, 1946). However, the name "perévskite"
;as retained for the structure type. The truly cubic structure is reterred to
as "ideal pérovskite", and has a unit cell edge of about 42 containing one ABO3

formula unit. In this structure the B ion is in octahedral coordination and

the A cation in twelvefold coordination with the oxygen iong. The simple cubic

structure is shown in Fig. 30.1la. Alternatively, the A cation may be thought
of aé being in the body center position and the B cation at the corners, in
which case oxygens would occupy the center of the edges'of the cube, as shown
in Fig. 30.1lb. The basic building blocks of the perovskite structure are the
oxygen octahedra. When these octrahedra share corners cubic stacking is ob-
tained, while the sharing of faces leads to hexagonal stacking. Thus the pre-
b : .
requisites for a perovskite structure are corner-shared octahedra containing a
sméll B cation in octahedrai coordination with a relatively large A cation in
the interstices of the framework of octahedra. The stability of the structure
arises mainly from the electrostatic (Madelung) energy, so that the rélative
sizes of the A and B cations are important. In order to have contact between
the ions, (RA + RO) should equal /2(RB + RO), where €RA’ RB and RO are the re-

spective ionic radii. Goldschmidt (1926) defined a tolerance factor, t, to

define the limits of stability of the structure:

16



t = (RA + RO)//z‘ (Ry + R (30.1)

The perovskite structure is stable within the range 0.75 < t < 1.00 with t 1ly-
ing between 0.8 and 0.9 in most cases. The necessi£y for octahedral coordina=-
tion sets a lower limit of 0.51 ; on the size of the B cation in oxide systems,
since an ion smaller than this does not achieve optimum B-O éepafation and sta-
bilizes a structure with lower coordination. The tolerance factor and the mini-
mum size of the B ion set a lower bound on the size of the A cation of 0.90 ;,
An alternative way of viewing the perovskite structure is as a close-

'packing of oxygen anions, one'quarter'of which have been replaced by a large A

cation, or as a close-packing of ordered AO_ layers as illustrated in Fig. 30.2.

3
The A cation may be thought of as lying at the corners of the basal plane of a

hexagonal cell with oxygens at the edge-centers and the face-centered position.
Close-packed stacking of these layers leads to the formation of one octahedron

of oxygens for each AO3 unit.

In the rare earth perovskite oxides, the rare-earth ion, R, is a rela-
r

tively large ion and is hence generally the A ion in the ABO_ structure. Most

3
of the examples in the literature. are RBO3 type compounds but compounds of the
type ARO3 are also known and some examples of these are listed later. In some

instances the rare-earth ion may substitute for some fraction of the A or B ions

leading to the formation of systems of the type (R,A)BO_ or A(R,B)O3 respec-

3
tively.

Early exploratory studies (Wood, 1951; Roy, 1954; Keith and Roy, 1954;
Yakel, 1955; Roth, 1957) involved a search for perovskite phases in a number of

metal oxide systems. Later, more systematic investigations were carried out in

a series of compounds in which one of the cations was kept the same and the

17




other varied (Brousbet al, 1953; Geller and Wood, 1956; Geller and Bala, 1956;
Gilleo, 1957; Koehler and Wollan, 1957; Geller 1957a; Yakel et al, 1963; Eib-
schiitz, 1965). Meanwhile the correlation of the relative ionié radii (Geller,
1957b) and covalent character (Dalziel, 1959) with the crystallography of pe-
rovskite compounds was studied. Recently a number of studies have treated pe-
rovskite oxides in terms of the basic building blocks of the structure. Some
of these studies have discussed perovskite compounds in terms of the displace-
ment parameters'from an idealized model’(Megaw, 1Y68a) and changées in the shape
and size of the octahedra (Megaw, 1968b, 1968c; Marezio et al, 1970; Glazer,
1972). Review articles dealing with these factors aimed at an understanding of
the perovskite structure (Megaw, 1972; Megyaw and Darlington, 1975) are of par-
ticular interest. Fukunaga and Fujita (1973) have developed a‘relation between
the ionic radii and cell volumes in perovskite compounds by using values for
over 200 oxides. This equation of state is useful in predicting the molar Qol—
ume of a perovskite obtained from a particular combination of elements. Sék—
hnenko et al (1972) have developed a method of calculating the interatomic dis-
tance in crystals, based on the idea of deformation of the unstressed lengths
of cation-anion bonds. These procedures wére adopted by Fesenko.and Geguzina
(1973) to compare the calculated mean unit cell size of 675 compounds with the
experimentally observed value. They found that agreement was within 1% in 646
of these compounds. McCarthy and Greedan (1975) and Greedan et al (1975) have
suggested guidelines to predict new phases of compounds containing Eu. Glazer
(1975) has described simple ways of determining the symmetry of perovskite
structure, using trial models based on tilting of rigid octrahedra.
Crystallographic details for some of the rare-earth perovskites are listed

in Table 30.2. Wherever possible the data are taken from the same source for a

18



particular series of compounds such as manganites, vanadites, etc. Structural
details of other perovskites can be found in the literature (Galasso, 1969;

Goodenough and Longo, 1970; Miller and Roy, 1974).
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30.2.3 Crystal Structure

Although many of the crystal chemistry concepts developed in the early
days can be understood in terms of the ideal cubic structure, investigations in
the past two decades have shown a variety of deviations frqm cubic symmetry, es-
pecially in rare-earth.perovskite oxides. Even though distortions from the sim-
ple cubic structure are.very frequently observed, such compounds nevertheless
exhibit a strong pseudocubic nature. In many previous studies the distortions
were very small and the truelsymmetry was not determined at that time. In such
cases the'descript;ons of the structure were given in terms of a pseudocell.

The discussion of perovskite sfstems in the literature involves many assump-
tions, revisions, redeterminations and controversies, some of which have not
‘been resolved to dgte. Even though the distorted structure may exist at room
temperature it may transform to the ideal perovskite structure at high tempera-
ture. This transition may proceed in several stagés via other distorted phases.
Reviations from the ideal perovskite structure may occur as a simple distortion
of the primitive unit celi, or an enlargement of the primitive cell, or a com-
bination of both.

-

The space group of the simple cubic structure is Pm3m—b; with atoms in the
following.positions (Fig. 30.1): A in 1(b) sites at (1/2, 1/2, 1/2); B in 1l(a)
sites at (0, O, O)‘and O in 3(d) sites at (1/2, 0, 0). There is one formula
unit per unit cell. An example of such an arrangement is provided by EuTiO3.

AIhis compound was first reported by Brous et al (1953) and recently studied by
McCarthy and Greedan (1975) . |
A modification of the simple perovskite structure is obtained when two

types of B ions with suitably different ionization and size are incorporated.

In the case of equiatomic proportions of the two types, the general formula of
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the perovskite is now A(B B'0-5)03 or A_BB'O_. It was postulated (Galasso

0+5 2 6

et al, 1959) that an ordered distribution of the two types of B ions along al-
ternate (11l1l) planes is most probable when a large difference exists in either
thei? charges or ibnic radii. A completely ordered structure of such a perov-
skite is shown in Fig. 30.3. It can bé seen that the unit cell is doubled along
all three axes, compared to a primitive unit cellr In khe ordered structure the
oxygens are slightly shifted towards the more highly charged éatioﬁ but the octa-
hedral symmetry of the B and B' cations is retained (Steward and Rooksby, 1951;
Cox et al, 1967; Khattak, et al, 1973, 1975, 1976). The symmetry now becomes

face-centered cubic and the space group Fm3m—-O5 with A in 8(c) sites at (1/4,

h
1/4, 1/4); B in 4(a) sites at (0, 0, 0); B' in 4(b) sites at (1/2, 1/2, 1/2);
and O in 24(e) sites at (1/4, 0, 0). There are four formul; units of A2BB‘66
per unit cell.

Distortions from the ideal ABO3 cubic symmetry occur fréquently and struc-
tures with tetragonal, orthorhombic, rhombohedral, monoclinic and triélinic sym-
metry are known. The number of compounds reported to have tetragonal, mono-
clinic or triclinic structures is few and detailed structural characterizations
have not been carried out in most of these cases. On thé other hand, examples
of the orthqrhombic and rhombohedral structures are numerous.

In the rare earth perovskites, compounds with an orthorhombic distortion
are the most common. This structure‘was first observed in a single crystal of
GdFeO3 (Geller,»}956) and later by Coppens and Eibschiitz (1965) and is hence

sometimes typified as the GdFeO3 structure. The cell constants of the distorted

perovskite are related to the cubic pseudocell, aé, as follows:

n V2 a

n,
aortho v bortho N o
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N2
and . cOrtho ~ ao
In many ‘early publications this cell was indexed in terms of a monoclinic pseu-
docell with a = b NeCy ao and B Ay 90° to emphasize the distortion from the

ideal perovskite cell. The true orthorhombic space group Pbnm - D16

>h has,fogr

formula units per unit cell with atoms in the following positions: A in 4(c)
sites at *(x, vy, 1/4; 1/2 - x, 1/2 +y, 1/4); B in 4(b) sites at (1/2, 0, 0;
/2, 0, 1/2; 0, 1/2, 0; O, /2, 1/2) and O in 8(d) sites at *(x, v, z; 1/2 - x,
1/2 +y, 1/2 - 2z; x, ¥, 1/2 + 2; 1/2 + x, 1/2 -y, z) and 4(c) sites. This. dis-
torted perovskite form, shown in Fig. 30.4, is obtained by tilting of the oxygen
octahedra in such a'way‘that the A atoms are displaced along <110> pseudocubic
directions, or <010> directions in the orthorhombic cell (Glazer, 1975).

The Pbnm space group is a centric one. In some materials, such as LaYbO3,
non-centric symmetry has been found, described by the space group anzl - sz
(Miiller-Buschbaum and Teske, 1968). However, the deviations from the centric
structure are very small.

An interesting feature of the RBO, type compounds with an orthorhombic

3

structure is the variation of the cell parameters with the raré earth ionic ra-
dius. It has been found that while the lattice parameters a and ¢, and volume
of the cell, V, decrease smoothly with the radius of the rare earth ion, the
lattice parameter b increases and sometimes goes through a méximﬁm. Such be-

havior has been reported for RAlO_ (Dernier and Maines, 1971), RTiO {McCarthy

3
(McCarthy et al, 1974),'RCrO3 (Quezel-Ambrunaz and Mareschal,

3

et al, 1969), RVO3

1963), RMnO3 (McCarthy et al, 1973), RFeO, (Eibschiitz, 1965), RCoO_ (Demazeau

3
(Geller et al, 1974).

3

et al, 1974) and RGéO3
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In early work, rhombohedral distortions were considered in terms of devia-
tions from the primitive cell, ao, so that a rhombohedral cell was specified
with one formula unit per cell. Subsequent investigations showed that in many
cases the anions were displaced so as to require a larger unit cell, and a face-
centered rhombohedral cell containing eight formula units with a cell size
ag ~ 2ao and o A 90° was used. Another way of describing such a rhombohedral
cell is with a primitive céll containing two formula units with cell edge ap N

/an and o n 60°. The relations (Geller and Bala, 1956) between the féce-

centered and primitive rhombohedral cells are as follows:

a, = 1/2 ag V[2(1 + cos ag)] (30.2)

+ -
3cos af 1

cos Ol.p = 1/2 m (30.3)
or a_.=a /(3 -2 cos a) (30.4)
: £ p p .
2cos a - 1
cos @, = ——2 e
£ 3 - 2cos up (30.5)

Figure 30.5a shows the primitive rhombohedral cell and its relation to the ideal
cubic structure. Figure 30.5b indicates how the primitive unit cell is derived
from the face-centered rhombohedrallcell. Megaw and Darlington.(l975) have dis-
cussed the geometrical and strqctural relationship between the various space
groups in such distorted perovskites.

The rhombohedral structure is sometimes typified as the LaAlO_ structure.

3

Although in early investigations LalAlO_ was described as monoclinic (Ruggiero

3
and Ferro, 1955) and tetragonal (Bertaut and Forrat, 1956) it was finally estab-

lished to have a rhombohedral structure (Geller and Bala, 1956). However, they
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. ‘ = 5
described it with the space group R3m - D

33 It was later found to have R3c -

D3d symmetry (Derighetti et al, 1965; Rango et al, 1966), and this assignment

was confirmed by detailed neutron scattering data (Kjems et al, 1973a).
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Table 30.2. Crystallogfaphic Properties of Some Rare-Earth
Perovskite Oxides

Abbreviations used for Symmetry:

C - Cubic
H - Hexagonal
M - Monoclinic
O - Orthorhombic
R - Rhombohedral
T - Tetragonal
a b c
o o o
Compound Sym. A A A Angle Space Group Remarks References
Lal\lo3 R 5.357 a=60°06" R§m Geller and Bala (1956)
R 3.790 a=90°05" R3m
H . 5.365 13.11 ] R3m
C ' 3.818 Pm3m T = 650°C,
Cubic T >
435°C
R R3c Derighetti et al (1965);
Rango et al (1966)
Pm3m T > 489°C Kjems et al (1973a)
Cel\lo3 R 3.716 «=90°12' Roth (1957)
R 5.327 a=60°15" Kim (1968)
Prl\lo3 R 5.327 a=60°22" R3m Geller and Bala (1956)
R 7.539 «=90°21" F§2/c T = 239 K Burbank (1970)
R 3.76 a=90, 25° R3c 205<T<1320 K Birgeneau et al (1974)
o] 5.347 7.481 : 5.322 T I112/m T =172 K Burbank (1970)

] 151<T<205 K Birgeneau et al (1974)
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Table 30.2 (Cont'd)
Compound Sym, a b 2 Angle’ Space Group Ramarks References
M 5.335 7.477 5.317 8=90°40" I;L8 T = 135 K Burbank (1970)
M 3.74 3.74 3.99 Bf=90.07° D4h T=4,2 K, Al-
mast tetra-
gcnal Birgeneau et al (1974)
NdA103 R 5.286 B=60°25" R§m Geller and Bala (1956)
R 3.750 B=90°22"*- R3m
SrnZ\lo3 o] 5.285 5.290 7.173 Fbnn Geller and Bala (1956)
o] 5.2912 5.2904 7.3740 Pbnm High. Pres-
. sure: prep- i
_ aration Dernier and Maines (1971)
R 5.316 a=60°19"* R3m T=85)°C, Geller (1957a)
_ rhomoohedral
R 3.768 a=90°16"* R3m T>802°C
EuA103 [0} 5.271 5.292 7.358 Pbnm Geller and Bala (1956)
o] 5.267 5.294 7.459 Pbnm High Pres-
sure: Prep-
aration Dernier and Maines (1971)
Gdlxlo3 o] 5.247 5.304 7.447 Pbnm Geller and Bala (1956)
(o} 5.250 5.302 7.447 Pbnm High: Pres- :
sure: Prep-
aration Dernier and Maines (1971)
’l‘bA103 (¢} 5.22 5.28 7.41 Phnn Garton and Wanklyn (1967)
o] 5.2317 5.3097 - 7.4196 Pbnm High: Pres-
sure Prep- . .
aratian Dernier and Maines (1971)°
Dyl\lo3 [¢] .5.23 5.31 7.40 Pbnm Gilleo (1956)
o 5.2053 5.3172 7.3950 Pbnn High Pres-
sure Prep-
aration Dernier and Maines (1971)
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Table 30.2 (Cont'd)
Compound Sym. a b c Angle Space Group Remarks R=ferences
HoAlO3 (o] 5.18 5.33 7.36 Pbnm Schneider et al (1961)
o 5.1811 5.3229 7.3741 Pbnm High Pres-
sure Preép-
aration Dernier and Maines (1971)
ErAl0, ' ) 5.16 5.32 7.33 Pbnm Schneider et al (1961)
[o] 5.1595 5.3271 7.3539 Pbnn High Pres-
sure Prep-
aration Dernier and Maines (1971)
1mm103 o) 5.15 5.33 '7.29 - Pbnm Schneider et al (1961)
(o] 5.1435 5.3277 7.3335 Pbnm High Pres-
sure Prep—
aration Dernier and Maines (1971)
Ybl\lO3 o 5.12 5.33 7.31 Pbnm Garton and Wanklyn (1967)
[o] 5.1251 5.3310 7.3146 Pbnm "High Pres-
sure Prep-
aration Dernier and Maines (1971)
Lunlo3 o] 5.1012 5.3317 7.3000 Pbnm High Pres-
sure Prep-
aration Dernier and Maines (1971)
YAlOJ (o] 5.179 5.329 7.370 Pbnm . Geller and Wood (1956)
LaScO3 ] 5.678 5,787 8.098 Pbnm Geller (19357a)
CeScO3 0 No lattice
. parameter
given Keith and Roy (1954)
PrScO3 o) 5.615 5.776 8.027 Pbnm Geller (1957a)
NdSco o] 5.574 5.771 7.998 Pbhnm Geller (1957a)
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Table 30.2 (Cont'd)

Compound Sym., a b c Angle Space érmp Remarks Referepces
SmSCD3 . o ‘5.53 5.76 . 7.:95 » Pbrm Schneider et al (1961}
EuSC03 4 o 5,502 5.752 7.954 Pbran Faucher and Caro (1975)
GdScO3 . . o 5.487 5.756 7.925 Pbnm Geller (1957a)
DyScO3 o] 5.43 5.71 7.89 . Porm Schneider et al (1961)
I!oScO3 ' o} 5.42 5.71 7.87 - Pbom Schnfzider et al (1961)\
YScO3 (o] 5.431 5.712 7.894 Pbnm Geller (1957a)
Sm'l‘iO3 0 5.468 5.665 7.737 Pbrim McCarthy et al , (1969)
E:uTiO3 : [} 3.904 » Pm3m » McCarthy and Greedan (1975)
Gd'I‘iO3 o 5.407 5.667 . 7.692 : Fbam : . McCarthy et al (1969)
'I‘bTAiO3 . o 5.388 5.648 7.676 ' Fbam . . McCarthy et al (1969)
Dy'I‘iO3 ' a 5.361 5.659 7.647. i Pbam McCarthy et al (1969)
Ho'I‘i(')3 a - 5.339 5.665 7.626 Pbmm McCarthy et al (1969)
Er'l‘i.03 G 5.340 " 5.665 7.624 ) Pknm : McCarthy et al (1969)
'I‘mT.i.03 c 5.318 5.657 7.613 ' Ptnm McCarthy et al (1969)
\{b’I‘io3 C 5.306 5.647 7.607 ’ Phnm McCarthy et al (1969)
Lu'ri.o3 G 5.293 5.633 7.598 Pbnm McCarthy et al (1969)
\{Tio3 [d] 5.274 5.633 7.580 Pbnm ) McCarthy et al (1969)
Lavo € 5.535 7.830 Pbnm McCarthy et al (1974)

3



62

Table 30.2 (Cont'd)

Compound Sym. a b c Angle Space Group Remarks References
cevo, T 5.519 7.809 Pbnm McCarthy et al (1974)
N o 5.472 5.529 7.774 Pbam McCarthy et al (1974)
Ndvo3 [} 5.451 5.575 7.740 Pbnm McCarthy et al (1974)
SmVO3 (o] 5.394 5.581 7.684 Pbnm McCartllly et al (1974)
EuvO, o] 5.362 5.599 7.651 Pbnm McCarthy et al (1974)
GdVO3 0 5.342 5.604 7.637 Pbnm McCarthy et al (1974)
'I‘bvo3 (o] 5.325 5.606 7.614 Pbnm McCarthy et al (1974)
D)(VO3 o] 5.299 5.594 7.593 Pbnm McCarthy et al (1974)
Novo, [¢] 5.276 5.592 7.576 Pbnm McCarthy et al (1974).
Exrvo3 o) 5.256 5.581 7.559 Pbnm McCarthy et al (1974)
VO (o] 5.237 5.573 7.545 Pbnm McCarthy et al (1974)
va03 [o] 5.223 5.564 7.534 Pbnm McCarthy et al (1974)
LuVO3 (o} 5.214 5.561 7.530 Pbnm McCarthy et al (1974)
Yvo, [o] 5.274 5.590 7.574 Pbnm McCarthy et al (1974)
LaCro o 5.477 5.514 7.755 Pbnm Geller (1957a)
H 5.51 13.34 )

T=550 K,

Rhombohedral

550<T<1300 K Ruiz et al (1967}

C 3.92 T=1500 K
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Table 30.2 (Cont'd)

Compound Sym. a b c Angle Spacze Group Remarks References

LaCtO3 [o] 5.515 5.479 7.753 Ponm Quezel-Ambrunaz and
Mareschal (1963)

CeCrO3 0 5.475 5.475 7.740 Ponm Quezel-Ambrunaz and
Mareschal (1963)

Prero, ) 5.448 5.479 7.718 Pbnm Quezel-Ambrunaz and
Mareschal (1963).

NdCrO3 o] 5.425 5.478 7.694 Pbnm Quezel-Ambrunaz and
Mareschal (1963)

SmCrO3 o] 5.367 5.508 7.643 Pbnm Quezel-Ambrunaz and
- Mareschal (1963)

EuCrO3 o] 5.340 5.515 7.622 Pbnm Quezel-Ambrunaz and
Mareschal (1963)

GdCtO3 o] 5.312 5.525 7.606 Pbnm Quezel-Ambrunaz and
Mareschal (1963)

TbCrO3 o] 5.291 5.618 7.576 Fbnm Quezel-Ambrunaz and
: Mareschal (1963)

DyCrO3 [o] 5.263 5.520 7.552 Pbnm Quezel-Ambrunaz and
Mareschal (1963)

lloCtO3 [0} 5.243 5.519 7.538 Fbnm Quezel~Ambrunaz and
N Mareschal (1963)

ErCrO3 o 5.223 5.516 7.519 Fbnm Quezel-Ambrunaz and
Mareschal (1963)

'I‘mCrO3 (o] 5.209 5.508 7.500 Fhnn Quezel-Ambrunaz and

Mareschal (1963)



Table 30.2 (Cont'd)
Compound Sym. a b c Angle Space Group Remarks References
YbCrO3 (o} 5.195 5.510 7.490 Pbnm Quezel-Ambrunaz and
Mareschal (1963)
LuCrO3 o 5.176 5.497 7.475 Pbnm Quezel~Ambrunaz and
Mareschal (1963)
YCrOj o] 5.241 5.521 7.532 Pbnm Quezel-Ambrunaz and
Mareschal (1963)
LaMn03‘ [o] 5.536 5.726 7.697 - Pbnm 2%%2 is as Voorhoeve et al (1975b)
Mn
CeMnO3 (o} 5.537 5.557 7.812 Pbnm Quezel-Ambrunaz (1968)
w
Lo PrMno3 (o] 5.545 5.787 7.575 Pbnm Quezel-Ambrunaz (1968)
NdMnO3 [o] 5.380 5.854 7.557 Pbnm Quezel-Ambrunaz (1968)
SmMnO3 o ' 5.359 5.843 7.482 Pbnm Quezel-Ambrunaz (1968)
EuMnO, o 5.338 5.842 7.453 Pbnm Quezel-pmbrunaz (1968)
GdMno3 o 5.313 5.853 7.432 Pbnm Quezel~Ambrunaz (1968)
TanO3 (o] 5.297 5.831 7.403 . Pbnm Quezel-Ambrunaz (1968)
DyMnO3 (o] 5.275 5.828 7.375 ° Pbim Quezel~Ambrunaz (1968)
lloMno3 o 5.27 5.84 7.36 Pbnm High Pres-
sure and High
Temperature
Preparation Waintal et al (1966)
ErMnQ3 o 5.26 5.84 7.35 High Pres-
sure Prep- -
aration Waintal and Chenavas (1967)
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Table 30.2. (Cont'd)

Compound Sym. a b’ c ' Angle - Space Grcup Remarks References

'l‘mMnO3 [¢] 5.24 5.82 7.335 High Pres-

sure Prep-

aration Waintal and Chenavas (1967)
YanO3 s} 5.23 5.81 7.32 High Pres-

. sure Prep-

aration Waintal and Chenavas (1967)
LuMnO3 0. 5.22 5.80 7.30 High Pres-

sure Prep-

aration - Waintal and Chenavas (1967)
an03 (o] 5.205 5.79 7.31 High Pres-

sure Prep-

aration Waintal and Chenavas (1967)
Lal?eo3 [o] 5.556 5.565 .7.862 Pbnm Rhombohedral Geller and Wood (1956);

above 980°C Dalziel (1959)
CeFeO3 (o] 5.541 5.577 7.809 Robbins et al (1969)
Prl"e03 [o] 5.482 5.578 7.786 Pbnm Marezio et al (1970)
NdFe03 o 5.453 5.584 7.768 Pbnm Marezio et al (1970)
SmE‘e:O3 (e] 5.400 5.597 7.711 Pbnm Marezio et al (1970)
EuFeO3' [¢] 5.372 5.606 7.685 Pbnm Marezio et al (1970)
Gdi“eo3 [o] 5.3249 5.611 7..669 Pbam Ma