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ABSTRACT

Members of the RE'I‘i'O3 series, RE = La, Ce, Pr, Nd,
Gd, ¥ and LaxYl—ﬁ’ have been prepared and characterized.
Single crystals (or crystals with a small volume of twinned
corponent) of many of these phases have been obtained from
the melt foqhthe first time us%ng Czochralski and Stockbarger

techniques.

Crystal structures of selected members of this

series have heen solved'using single crystal X-ray diffrac-

»

tion data. The solutions were compiicated in some cases by
twinning, but all phases were found to be iscostructural

P

with GdFé03, space group Pbnm. While most aspects of the

structures varied smoothly across:the series, the environ-
3, 7

“e : , o
ment of the Ti'> ion becomes distorted in a tetragonal-

like fashion for RE = Gd and Y.

~

The electronic behaviour of the d-electron associated
.+ R .
with Ti 3 has beer investigated. In transport studies,

metallic behaviour is observed at high temperatures for
. (4

RE = La and Ce, a;compani;é‘by a transition to semiconducting

behaviour at lower temperature. The other RETiO. show

3
semiconducting ‘behaviour over the temperature.range investi-

gated, the activation energies increasihg with decreasing
3 —

RE+ radius. In the magnetic properties,-all'phases show

critical temperatures Wel} above 4.2 K, except for RE = Nd.

v o-
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An attempt is made to account for the observed
properties of the RETiO3 phases in terms of a model pro-

posed by J.B. Goodenough in which the d-electron behaWour

_depends upon the effectiveness of relevant orbital over aps.’
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Chapter 1
INTRODUCTION

1.1 . Scope and Perspective

Transition metal oxides with the perovskite
structure have been studied extensively in recent years
because of their interesting electronic properties.l—s
The‘fascination with these materials arises from the fact
that in some cases they provide an opportunity topin-
vestigate a transition between the two limiting behaviours
of the transition metal d-electrons. 1In one extreme,
the outer d-electrons are localized on atomic sites, and
the theory used to describe their behaviour is the ligand
field theory. In the other limiting case, ;he electrons
are assumed to be colleétive and the description is generally
a one—elecfron band tﬁgory.

In perovskite oxides, the outer s and p orbitals
of okxygen and the transition metal overlap sufficiently
that they are usually described by band theory.3 Electrons
in these -crbitals are responsible for the binding energy
of the crystal. 4f Electrons, on the other hand, are
tightly bound to the atomic nuclei and the ligand field

theory is always used to describe them. It is the outer

d-electrons which are intermediate in character. 1In some



R

~_

crystals, they must be treated on the local model while’

in others on the collective electron model. ,

1.2 Energy Diagram for the RETiO3 Pérovskitea ‘\\,ﬁ
The large electronegativity difference between
the transition metal and oxygen in these compouhdé caﬁses
the outer s and p orbitals to form filled valence bands
and empty conduction bands fhat are separated by a iarge
energy gap (10-20 eV).7 The cafion‘d-orb}tal energies
and the Fermi energy fall within this forbidden enerqy
range.
A schematic one—eléctron energy diagram for the
RETi03 is shown in Figure l1-1 for localized d—electfons.
A éimilar diagram for collective d-electrons would have
some or all of the d-levels broadened into bands. If the
d-orbitals do interact to form a band, i£ is generally nar-
row compared to that in the transition metals since in
the oxides the transition metal ions are further apart and
have smaller spatial extension.6 It is tﬁe d-electrons
in materials like these that are responsible for mahy cf

—

the observed physical properties.

.

1.3 Operational Criteria for Distinguishing Localized ~

from Delocalized Electron Behaviour

The physical properties of collective electrons
can be quite different from those of localized elgctrons

and often serve as a means of distinguishing between
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Figure 1-1. A schematic one-electron energy diagram

»

suggested for the RET103 by Goodenough.l9

It is drawn here for localized ri*3 d-rf
electrons. Degeneracies of levels and bands
.(inéluding spin) are shown in brackets. Each
of the oxygen orbitals at the right must he

multiplied by three.



the two cases. Table 1-1 indicates some physical.pr01<ii

perties that may differ for localized and cellective A

‘electrons in solids: Properties that are invégtigated

in this work are magnetic, transport and o;tical behaviour.
Localized electrons have associated with them

localized magnetic moments . Thege gfye rise to a molar

susceptibility, Xyt that normally obeys a Curie-Weiss

law of the form9~

Xy = Cp/ (T=6) (1-1)

where C is the\Curie constant and 8 is the Weiss constant.
Collective electrons, on the other hand, usually exhibit a
weak, temperature independent magnetic susceptibility,
referred to as Pauli paramagnetism.10 Magnetic measure-
ments can quite often'easily distinguish between localized
and colléctive electreons in solids.

The transport behaviour in many localized d-,

» ;
I

electron systems is believed to occur via small polaron

conduction.ll';2'13

A small polaron is an electron con-

‘fined to a singie‘atom and its nearest neighbours by co-

operative at displacements. There is inherently a
strong eleckron-phonon interaction.

| Two possible mechanisms are proposed for conduc-

tivity in such §ystems.g In one, the electron carries

its local deformation with it and it moves from one site
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"Table 1-1

Operational Criterid that may Help in Distinguishing

Localized from Delocalized Eléctron Behaviour

o~

Property ) Localized ‘ Collective .
Definite Fermi |
Surface Existence ne yes
Optical Reflectance*
Atomic Moment "atomic"? reduced or none
Paramagnetiém
Susceptibility*
Superconductivity no possible
Polarons small laxge
thdugtivity* |

E

See discussion in text.

Crystal field may quench orbital moment.



to a neighbouring one by hopping over the enérgy barrier,
S ~

Ea, associated with the motion of the deformation.  For

this case, the mobility is described by diffusion theory

ahd involves an activation energy14

a exp(-E_/kyT) (1-2)
N .

The alternate mechanism is that the charge carrier may be

Mloc

excited out of its low mdbility small polaran state into
a higher mobility large polaroﬁ state, becoming érappéd
again in a small polaron state ;ﬁter travelling for a
mean free time 1. -In this case, the charge carrier

mobility is of the same form as for collective electrons
=. " . -
Meoll etr/m (1-3)

where m* is the effective mass. " However, in this latter
case, the number of such higher mobility charge carriers

is ‘ -

na exp(~Ep/kBT) . ' (1-4)

whéré"%p is the energy difference between the narrow
small polaron band and the’bottom of the large polaron
band. For both mechanisms, the conductivity will con-
tain an activation energy for localized electrons, even
if the mobility does not. .

For collective electrons in a partially-filled

band, the mobility of the charge carriers has the. form
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given in equation (1-3) while the number of charge carriers
remains essentially constant, s® that there is no activa-
tion energy in the conductivi;y.\\Collective electrons in

L,
a filled band separated from an empty conduction band by

. an energy Eg will, however, show an activategd conductivity

as the number of charge carriers will have the form
- na exp(-Eg/kBT) {1-5)

One must be cautious, then, in the interpretation
of an activated conducﬁivity, as it may arise from either
localized electron (sﬁall polaroﬁ) conductivity or from
collective electron semiconducting behaviour. The absence
of an activated conductivity, however, strongly suggests .
collective electron behﬁviour.

Oﬁtical studies also provide a mechanism for
distinguishing localized from collective,electrons.2 Loca-
'1ized electrons normally absorb light at distinct frequen;
cieg or within narrow frequency ranges. Small polarons =

(mogilé, but Localizgd charge carriers) absorb radiation .
over a wide frequency range at ehergips greater than Ea
of equation (1-2). Collective electrons when occupying
a partially filled band, normally exhibit a reflectivity
which undergoes a sharp cut off at the plasma frequency.
Collective electrons in a filled band normally show trans-

parency at energies below the band gap (Eg in equation ..

. (1-5)) and strong absorption at energies greater than that.



1.4 Goodenough's Model to Account for d-electron

Behaviour in Perovskites

\

Although numerous theories have been proposed
to account for the electronic behaviour of d-electrons
in .oxides,* only one theory has been directly applied
to materials like RETiOé. This is. a model proposed by

Jchn B. Good_enough.?"19

His model is a qualitative
approach which is based upon the principles of chemical
bonding. The essential features of this model are pre-
sented here.

In‘Goodenough’s approach, the cation-cation
(trénsitioﬁ metal-transition metal)} and cation-anion-
cation (transition metal-oxygen-transition metal) inter-
actions are of primary importance in'determiping the d-
electron behaviour. He starts with the localized model
for the transition metal ion and examines how the crystal
field theory breaks down depending upon the extent of
orbital overlap.

The ideal cubic perovskite structure, shown in
Figure l-2{a), is closely related to that of the RETi0,
compounds, and will be referred to in the development of
Goodenough;s arguments. (The details of the strucﬁures

of the RETiO3 are presented in Chapter 3.) ©Note that the

*See, for example, reviews by Adler,l5 Aust%P

and Mott,16 and Van Zandt and Honig.l7’18



Figure 1-2. {a)
{b)

7
o

&) — RARE EARTH

@ - TITANIUM

() — oxYGEN

The ideal cubic perovskite
Thé directiocnality of some relevaﬁt
orbitals in the perovskite structure

(Shown are the dzz, dxz-yz (eg symmetty),
dxy (tzg symmetry) ,.and a p, and P,
on oxygen.) |
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@tranéitioﬁ metal is octahedrally coordinated by oxygen atoms
and is located at .the cube corners, while the rare earth
atom is.iocated‘in the centre of the cube. The rare earﬁh‘
atom donates three valence electrons to the energy bands
formed by the transition metal-oxygen subarray, and is
assumed to have only a minor effect on the results of the
arguménts that follow. .dur attention will now be rfocused
on Fhe ﬁransition metal—okygeﬁ sﬁbarray and the orbitals
therein, £ ' ~

" According to ligand field theory, if the transi-
tioﬂ‘mepal ion is octahedrally coordinated by anions,
the five d. orbitals are split into a fourfold degenerate
set (iqclhding‘spin degeneracy) of eg symmetry and a
sixfold degene;ate set of tzg symmetry. The orbitals of
:eg symﬁefry are directed along the pr;ncipal axes of the
octahedron while those of t2g symmetry are directed bet-
ween them. Figure lv2}b) fafte& reference 5) indicate§
the orientation of some relevant transiticn ﬁetal and B
oxygen orbitals.

The eg orbitals of the transition metal are ortheo-
gonal to the oxygen P, orbitals and can therefore be
modified only by covalent mixing with the oxygen s and P,
orbitals. The orbitals of ‘.:2g symmetry are orthogonal_ﬁo
the oxygen s and P, orbitals and are modified cnly by

mixing with the oxygen P orbitals. The wave functions

.



R

for the eg and tzé crbitals may now be written

-
]

No(fe.+ xcwc) g (1-86)
v, = NW(§£ + A“\bﬂ) - (l—_7)
™\

where Ac ‘and A, are the covalent mixing pgrameFers, fe and
ft are the atomic ofbitals of eg and tzé symmetry, res-
pectiQely; wd and wﬁ'contain.the six near neighbour pxyéen
'orbitals that"a;e‘mixedgsgfough covalence, and N0 and N_

are the normalization constants,

There are three important oVerlaplintegrais that

enter the theory now:S‘sfﬁqe whether the d-electrons are

locélized r ollectivel pends upon the magnitudé\offthe
oveflap in;egrals of d~orbitals‘cn neighbouring cati&ﬁs.
There are two types of integrals that can occur. There
can be cation-cation overlap of tzg‘zrbitals digectly
across ﬁhe éubé face '(i.e., from site 1l to site 3 in

Figure 1-2(b)) ° ’ " )
. ~- :

(1-8)

See T (Yo%)
,iﬁ 3 .
and the;e-can-be cation—aniaa:gation overlap occurring
between transition metal ions that are nearést-neighbours
on the cube edge (i.e., from site 1 to site 2 in Figure
1-2(b)). There are‘twoLcases éf,cation4anion-cation

overlap, one when the eg‘orbitals on opposite sides of an

anion overlap



——

o] _ , _ —
cac ° (Vel,Yez) = N0 kc {(1-9)

and cone when the t2g orbitals on opposite sides of -an

anion overlap

AT = (v

L g2, 2 _
tac . )= wIlal s 2 x (v 0] L {1-10)

'yt "%

. 172 ,
Of the cation-anion-cation overlap integrals, always

T a

Acac < Acac' However, the important overlap integral for
the RE'I‘iO3 is Agac since the Ti+3 d-electron is associated
with orbitals of t2g symmetry. = -

. . =

-

Goodenough now defines a theoretical criterion for
locyTiz versus collective electrons. Since it is known
t wheﬁ the overlab integrals are large enough, it is
necessary to use a collective electron description, and that
whe® they are small, tﬁe localized -electron theory applies,
hé introduces the idea of a critical overlap integral, Ac
Locaiized electron theory applies when 4 < 8. and collective

electron theory is use§\EEEE/A > b

In-the cubic perovskite_structufe, the separation
of two ca?ions across a cube face is ~ 5.5 R. Goodenough .
has heen able to estimate émpirically-the separation at
which significant cation-cation cverlap occurs. This
+3 4

Q
distance is estimated to be 3.0 A for Ti Thus, the

cation-cation interactions across a cube face can be

" assumgd small (i.e., & will have little effect on d-

cc
electron behaviour). Materials with the perovskitelstruc—

a

ture, then, provide an opportunity to study the character

of e overlap integrals, Acac' It should be emphas%zéd

s

A\
‘\ . -
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5 . . 0 . . .
thag cation-anion-cation overlaps will have a great 1in-

-

fluence on deciding whether the ng and &g levels remain

localizedDor become broadened inte bands. If a” < &% <

, T cac cac
4_, all the levels will be localized. If a¥ < Ao < A° ,
c cac c cac

m < g

the tég le;;}s will remain localized but the eg levels will
cac cac’

be broadenfd into a band. Finally, if b, < A

both t2g levels and eg levels will be'broédfned into bands.
Goodeﬁough casts this argument into an equivalent

form which émphasizes the breakdown of the ligand field

theory as orbital overlap increases. The orbitals ¥

and ?t {equations fl—GT and (1-7)) satisfy the Hamiltonian

of a localized electron model for the transition metal

ion "which is

-

N
H=H + V + Vv + VLS + vﬁ + He =7~ (1l-11)

[o] el cf X

-3

Hy is the free ion energy operator giving hydroggn-like

zero-or@gr wave functicns. When there is more than one
d-electron per cation, the Coulomb energy of HO must be
corrected bylthelﬁntra—atomic exchange correlations, Vel'
The perturbation V_g =fvo,+ v, o+ YV, arises because the
cation is~Th a crystal field. vy shifts the.zero of energy,.
Vc is the cubic component of the crfstal field that splits
the energies of the:eg and tZg orbitals, and Ve is any

non-cubic component of the crystal field that may further

remove orbital degeperacies. V arises from the spin-

v
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orbit interaction that occurs within the icon, and the

two remaining terms, vy and H o arise from inter-ion

interactions. vy is the elastic coupling energy asso-

ciated with cooperative local distortions, and Hex is

the superexchange coupling between any spontanecus moments

on neighbouring cations. Hex has the form

ex j 3

ij

where : J.. = bij/U : (1-13)

1]

biﬁ is the one electron transfer integral and U is the
electrostatic energy required to add an electron to an
orbital that is already half-full.

In the ligand field approach, the Hex term is

* small and is treated as a perturbation. The transfer

integrals, bij (hereafter referred to as b), that enter
into Hek are proportiona® to the sgquare of the overlap
integral.5 Corresponding to the overlap integrals,

g ™

Acac’ Acac and Ac are ba' bTr and bc. For the case when

b <b <b_, the H term is small, can be treated as
T g c ex

a perturbation in eguation (1-11), and the d-electrons

are adequately described by the ligand field theory. How-
ever, when bc iS‘apprbximately equal to bTr and bc, the
effect of the term Hex is no longer small, and it cannot

be treated as a perturbation in equation (1-11). The

ligand field theory breaks down as bands form and the

Hy, = —2] J;:5,°S. _ (1-12}

R
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d-electrons beccme collective.
° Goodenough has gone on to construct phenomenclogical

phase diagrams relating b torelectrical and magnetic pro-

perties of oxide systems. The phase diagram considered

appropriate for the RETiO3 is shown in Figure 1-3. 1In

the construction, the effect of the presence of the fare
earth ion and any spontanecus moment it may have, have

been ignored. When b < b,. the system is in the localized

electron regime and superexchange interactions are im-

portant. For bc < b.< bm’ the electrons are in strongly

éorrelated narrow bands, while for b > bm, they are in
wider bands.

- When the work being presented in this thesis was
begqun, it appeared as though the RETi03 series, RE = La,
«-., ¥, may be one in which the d-electrons_were collective
for RE = La and localized for RE = Y. The structures
{discussed more fully in, Chapter 3) are a distortion of
the ideal perovskite structure  shown in Figure 1-2{a),
and the distortion was believed toc increase in the series
in going from LaTiO3 to YTiO3. It seemed péssible that
within the RETiO3 series, the value of b, the transfer

,integral, was scanning the phase diagram shown in Figure 1-3,
caus%ng the!d-electron to be localiged in some RETi03,
delocalized in others. Té investigate whether this is

the case, it was decided to prepare and carefully charac-

-
terize the RETiO3 phases, RE = La, Ce, Pr, Nd, G4, ¥,

/
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Figure 1-3. Schematic phase diagram relating the trénsfer
integral, b, to the magnetic and transport
properties for the RETiO3 (aftif reference 20).
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and the solid solution series LaxYl;xTiO3. The details
of the preparative techniques and chemical analyses are
given in Chapter 2. To ensure that these materiéls form
an isostructural series and to determine whether the

structure& indicate that orbital overlap, and hence b,

is changing across the series, the crystal structures

of sélegted members of this series were solved and are
reported in Chapter 3. Magnftic, transport and optical
studies of the RETi0, were undertaken to establish for
which RETiO3 the Ti+3 d-electron is best described as
localized, and for which it is best described as collec-
tive.' The experimental details are reported in Chapter 4
and the results and some discussion in Chapter 5. In
Chapter 6, the behaviour of the d~electron in this-serieé
is interpreted in terms of Goodenough's approach which-
has been given in this chapter. The appropriateness of
applying Goodenough's ideas to the RETiO3 is considered,

and suggestions for further investigations are made.



Chapter 2
SAMPLE PREPARATION AND ANALYSIS

2.1 Introduction

Although RETiO3 phases have been prepared by
several groups over the past 25 years,zo-26 the remark-
able differences in physical properties, unit cell para-
meters and even in symmetry classification reported for,
presumably, the §ame material indicate that there are
certain difficulties in sample pfeparation and characteri-
zation. |

One known problem is that two of these materials
{RE = La,Ce) exist at gll compositicns R%2/3+xTi03, where

27,28

0 <« x < 1/3. As x decreases from 1/3 in this formula,

3 be converted to Ti+4,

chargye compensation requires that rit
so that many properties, inclgding lattice parameter, may
he affected by a rare earth déficiency;

Figure 2-1 shows the variation of the pseudo-cubic
lattice parameter, a,r over the range x = 0 to x = 1/3
for La2/3»xT103 and cﬁ2)3+xTi°3' It is clear that great
care must be taken to ensure that the RE:Ti ratio in a
RETid3 preparégion is, in fact, l:l:

materials is control of the o

Another problem in the, preparation of these
J;gpn fugacity. At the

- 18 -



s Y

3.97-
o- La

~

3.89- é g

L
L

=l
| == |

—W

l

2 NG
X

Figure 2-1. Variation of the pseudo-—cubic lattice parameter,

O

ao', over the range x = 0 to x = 1/3 for

La@/@ﬁxTi\OB and Ce&/}xTioli .



0o )

elevated temperatures required for their synthesis, the

RETiO3 phases will oxidize rapidly in the presence of

air to the well-known rare earth pyrochlores, REzTi207.29

During the synthesis, precautions ﬁust be taken to ensure
that ne source of oxygen, other than that in the starting
materials, is present. The unit cell parameter‘;aries
dramatically as a function of oxygen nonstoichiometry.

In the case of LaTi03+x, the pseudo-cubic lattice para-

. o -]
meter decreases frgm 3.963 A for x = 0.029 to 3.940 A

for x = 0.20.27

Analysis of these materials is“fukther complicated
by the fact that they are very difficult to dissolve.

Treatment with hot agua regia, HF/HZSO at elevated

4

pressure, and bisulfite fusions have Eroved unsuccessful.
This makés wet chemical analysis for the RE and Ti im-
possible.

- For those materials for which neutron activation
ahalysis is feasible, hE:Ti ratios have been determined.
For all RE'I‘iO3 phases, oxygen content has been deter-
mined by gravimetric oxidation in air at 1000°C to the
REzTi207 pyrochlores. An additional check for excess
RE or Ti in the RF:.TiO3 phase is the pfesenCe cf any re-
Ti,0, in the oxidized

277277
product, as excess RE would produce diffraction peaks

flections other than those of RE

from RE,0; or excess Ti would produce Ti0, reflections:
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No attempt has bean made in previous prepafations
of the RETiO3 phases to produce single crystal samples.
Presumably the reason for this is the difficulty involvei
in ;ttaining and controlling the temperatures required
to grow a crystal from the melt (+ 2000°C). This work
represents the first preﬁaration of crystals of many of
tﬁe RETiO3 phases studied here. Also, in many of the
previously reported preparations, little or no chemical
analysis has been performed on the products. The vari-
ability in stoichiometries that can exist in these materials
necessitates gocd analysis.

The preparation technigues and the results of
~chemical analyses berformed on the products will now be

described for the RETiO. phases RE = La, Ce, Pr, Nd, Sm,

3
Gd, Y, and the so0lid solutions LaxY

-+

1-x

2.2 Sample Preparations

The basic reaction used to prepare all phases
(except CeTiOa) was
RE

203 + Tl203 - 2RET103 (Zfl)
3

Ti203 was prepared by arc melting pellets of Ti sponge
(99.99%, Hruden Scientific) and Ti0, (99.95%, Atomergic
Chemetals) in the appropriate proportions on a water-
cooled copper hearth under 400 torr of prepurified argon.

A sample of the product (~ 0.5 g) was checked for oxygen
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stoichiometry by thermal gravimetric oxidation tp Tioz,
L

and the bulk was adjusted to stoichicmetry by the addi-

tion of Ti or Ti0, and arc melting again. This procedure

2
was repeated until the product was prepared within the
limits T1203.00010.005. Emission spectrographic analysis

of a sample of Ti prepared in this way revealed no

203
impurities at a concentration greater than 100 ﬁpm.‘

b A
CeTiO3 was prepared by the reaction

CeO2 + Ti0 ~ CeTiO3 (2~-2)

Ti0 was prepared from Ti and Ti0, by the samehteéhnique
as T1203.
Rare earth oxidés used in the preparations
(Research Chemicals, 99.95% or better) were prefired in
air at 1000°C before use to remove hydroxide; or “carbonates,
except for Prsoll’ which was heated in hydrogen gas at
900°C for eight hours to produce Pr203.
Carefully Qeighed proportioﬁs cf the rare earth S

oxide and titanium oxide were intimately mjged in acetone

using a mortar and pestal. (For the prepa

tions of
LaxYl_xTLDB, appropriate quantities of La203, Y203 and
Ti203 were weighed and mixed.) When the acetone evaporated,
the mixture was presséd into pellets before reaction.

If tﬁgkpreparation was to be performed in a closed molyb-

denum crucible, the pellets were sealed in the crucible-

under 400 torr of prepurified argon gas.
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Ri‘:TiO3 phases have heen successfully'prepared
in our™laboratory by a variety of technigues, some of
.which have resulted in the production of single crystals.
Figure 2-2 shows some of the best crystals that have
been obtained, ranging in size from 30 mg (YTiOB) to
180 mg (PrTi0,).

Polycrystalline samples have been prepared by
melting the reactants in open molybdenﬁm cruciblés under .
1.7 atmospheres of prepurified argon or in closed molyb-
denum crucibles under vacuum (~ 10—5 torr) followed by
rapid cooling (> 100°/hr).
Single crystals have been obtained using the

30,31

Stockbarger technique in open or closed meclybdenum

crucibles, or by the Czochralski techniqﬁe.3l'32 : /

Closed crucible Stockbarger groﬁﬁhs were efﬁecte //
under 1.7 atmospheres of prepurified argon gas using thel
experimental setup shown in Figure 2-3. Radiofrequency
heating power was increased until the tungsten rod was
seeﬂ tc drop as the expendable pellet of RETiO3 melted.
This was taken to mean that' the contents of the closed
'cruciBle were molten. The power was increased slightly
from this level to ensure melting and then decreased at
the desired rate in an attempt to produce crystals.

Open crucible Stockbarger growths were-ﬁerformed

under 1.7 atmospheres of prepurified argon using an

apparatus similar to that in Figure 2-3. However, no
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Figure 2-2. Photographs of some RETi03 crystals-‘:
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Figure 2-3,

Experimental setup used for closed crucible
Stockbarger preparations., Items indicated in
the figure are 1) tungsten rod; 2) molybdenum
‘foil; 3) Zircay insulation; 4) susceptor cover
{graphite); 5) expendable.peliet of materiql'
being prepared; 6) Mullite tube; 7)'graphite
suscepter; 8) sealed molybdenum tube conﬁaihing
pellets of material being prepared: 9) water-
cooled copper work céil; 10) tungsten rod used

as a stand-off.

AN
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second pellet and tungsten rod were used to determine

-
S

the melting temgeraturg, rather a hole was present in
the susceptor cover allowing direct observation of the
reaCtant

T

YTiO3 crystals were grown by the Czochralski

k] 1] » ] L3 \
technique from a one-inch molybdenum crucible using radic-

frequency heatiné. All othe; Czochralski growths were

performed in a modified Centorr tri-arc crystal growing

apparatus.33 A tungsten seed.rod with.good‘lhermal con-—

tact to a heat pipe was used to pull the crystal. The
'gégphite hearth was modified with a molybdenum inser£.

A .shallow cone was machined onto the surface of the

molybdenum to better support the molten charge

Table 2 1 summarizes the details of the individual

‘preparations. When samples from more than one prepara-

tion were used in different experiments, details for

~ , ' ©
each are included. . . .
2.3 Sample Analysig .

The fi;xf/;nalysis performed on-every prepara-

'tion was an X-ray diffraction powder.pattern?F This would

immediately indicate the presence of any oxidized product
such as the pyrochlore éhaée. ~The powder pattern‘for

'GdTiO3, typical of the RETiO3; is described in Table 2-2.

Thermal gravimetric analysis was performed on all

samples to check the oxygen stoichiometry. Results of
Sl :
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Tl TABLE 2-2

Powder Pattern for GdTitJ3 (with CuKu radiation ta 28 = 70°*)

E) hk1l » 100 1/1 dops. dalec.
110 2%, 3.911 3.915
.00 2 20 ( 3.831 3.832
111 30 3.482 3.486
020 25 2.848 2.846
112 100 2.736 2.738
200 40 2.696 2.697
021 \/// 25 2.669 2.668
211, 2.322

} 10 2.316
103 2.309
022 10 2.288 2.285
202 15 2.203 2.205
113 10 2.136 2.139
220 ' 25 1.956 1.957
004 40 -1.917 1.916
221 . 40 1.895 1.896
301, < 1.750
222 ) 25 1.742 1.743
131 : : 1.743
114 . 5 1.722 1.721
311 5 1.673 1.673
132 10 1.618 ‘1.621
02 4 5 1.591 1.589
12 } is 1.563 1.565
204 - 1.562
3 : : 1.470

} 10 1.466
133 » 1.466

2 2 4 10 1.369 1.369
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these analyses are given in Table 2-3. The mechanism of

nonstoichiometry has not been determined. Many perovskites,

however, do exhibit nonstoichiometry on one or QSIEI‘ub-
19,34 : .

\

Among the possible mechanisms for nonstoichiometry

[

lattices.

of the type ABO as is observed for the RETiOB, are

3+x’
the following. a) Interstitial oxygen may be present

in the lattice. This behaviour is not common in perovski%e
structure oxides, but is found, for example, in fluorite
structure oxides'such as U02+x‘35> b) Vacancies may exist
on both the A ahd B cation sites, leaving a perfect oxygen
sublattice. <¢) The nonstoichiometry may result from A
site vacénc? only. A cation deficiency has been widely
investigated. The ¥case of Re03, for example,lmay be

viewed as a perovskite structure with all of the A sites
vacant. It is because of the stability of the corner-
shared BO, octahedra that it is possible in this case to
remove all of tpeéA_cations without collapsing the sub-
array. As previously mentioned, nonstoichiometry of

the A cation vacancy type is known to exist over the en-
tire range 0 < x < 1/3 for La

03 and C22/3+xT10

2/3+xT:L
the vacancy being compensated by oxidation of Ti+3 to

3l

Ti+4 on the B site.

As is apparent from the analysis reported in

Tabhle 2-3 for the RETiO3, the extent of the nonstoi-
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<

chioﬁetr&vis small. It may be due to one or a combina-
tion of the discussed mechanisms. The small extent to
which it exists would make it extremely difficult to,
determine exactly how it occurs.

RE:Ti ratios determined by neutren activation analvsis
where possible are also reported in Table 2-3, X;ray .
diffraction patterns of the oxidized titanite phasés
showed no diffraction peaks other than t&ose of the
pyrochlore, also indicating that the prgéhcts were heither
rare earth nor titaniuh‘deficient to Qithin tﬁe limits
of detection of the X-ray technique (2-5%). Emission
spectrographic analysis on several RETiO3 preparations
showed no evidence for impurities at levels greater than
100 ppm< ‘ )

Lale photeographs of different areas of larggr
crystals used for optica{_aﬁd transpért studies revealed
no change of crystal orientation throughout the sample.
Precession photographs on. smaller crystals used to deterw
mine structures indicated the presence of twinning in
SmTi03, Nd‘I‘iO3 and LaTiO3. The nature and extent of this
twinning is discussed further ‘in Chapﬁer 3. The ;pproxi-
mately equal volumes of the twin components in all samples
of the same mateﬁ}al examined suggest'that multiple twin-
ning occurs. Thus, all samples used for crystallographic,
optical and transport studies were single crystals or single

crystals containing a small volume of twinned component.
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In order to determine conclusively whether or not
the La ¥, ,Ti0; series constitutes a series of solid
solutions, a détailed study of lattice parameters was
done. The resuits of this study ‘are presented in Figqure

-

2-4. The smooth variation of lattice parametens'and cell

volume across the series indicates that the LaxYl_xTiO3
system does, in fact, form solid sclutions.
G =TT
I/..‘—\ .
’ ) \
\“ |
v
=Y
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volume across the series LaxY

1-x
for x = 0 and x = 1 were obtained frem single

crystal samples, the other data from poly-
crystalline samples.

Data

The error associated
with a jrta point is approximated by its size.



Chapter 3
CRYSTALLOGRAPHIC STUDIES

3.1 Intreduction

Of all the ABO3 phéses, compounds of the perov—-
skite fam?ly are probably the most commonly encountered.
The ideal peLOVSkite structure is shown in Figure 1-2(a),
and is typified by SrTiOB, with a, = 3.905 R, 2 =1

i - Pm3m.36 Sr is in position 1lb (1/2,

1y

and space group O
1/2,1/2), Ti is at the origin, position la (0,0,0) and
the oxygen atoms are in position 34 (1/2,0,0). This re-
sults in a network of corner-shared 'I‘iO6 octahedra ex-
tending in three dimensions: In the ideal structure, the'
Ti'06 octahedra aré perfect with six equal Ti—O'bqggs and
each Sr atoh is surrounded by twég;é equidistant oxygen
atomss, _ -

It is interesting to note that CaTiOB, the m%neral
perovskite itself, is not cubic, but orthorhombic (space
ég - Pbnm) with z = 4.37

cubic structure éccur often, and details have only re-

group D Deviations from the ideal’
cently been determined as single crystals became available.
Even’ in distorted perovskites there is often a strong
pseudocubic character. This makes it difficult to deter-

mine the true symmetry and unit cell especially when only

L]

- 34 =~

L=
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f

powder data are available. /g

This work demonstrates that the five RE'I‘iO3 phases
studied here have the distorted perovskite structure, com-.
monly referred to as the GdFe0, structure, shown in Figure

3-1. GdFeO3 is orthorhombic, 2 =74 and space group D16 -

2h
38,39

Pbnm, as in CaTiO3. The rel t;onship between the

t
orthorhembic cell constants and tha f the cubic perov-
K

skite pseudocell a‘/:s
n ' = LI
a % by % /2 a', c 2a

As in the ideal perovskite structure, the GdFe03w
structure is made up of an array of corner shared FeO6 -
octahedra extending in three dimensions. However, the
Feo6 optahedra undergo a codperative buckling and are

tilted, as can be seen in Figure 3-1. 1In GdFe0 the

37
distortion of the Fe06 octahedron is small, however the
Gdoyé’ﬁblyhedron is séverely distorted, and is more com-~
mgfily considered to be a GdO8 polyhedron.

The RETiOS phases provide an example of the dif-
ficulty of determining the true symmetry and unit cell
in distorted perovskite systems when only powder samples g
are available. Table 3-1 gives an historical account of
the crystal chemistry of polycrystalline RETiOB, RE =
La, Nd, ém, Gd and ¥. Confusion has persisted regarding

e -
even the true'crystal system of those compounds for which
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RARE
D — EArTH
P e — TRANSITION
METAL
O — OXYGEN

Figure 3-1, 'The GdFeO3 structure type. A pseudo-

cubic perovskite cell is outlined in the
lewer half of this cell. See Figure 1-2{a)

for comparison.



Crystal Data for RETiO3 - A History
RE = La, Nd, Sm, Gd, Y

37

TABLE 3-1

RE Symmetry Cell Year Reference
' Constants (A°)
\Cubic a=3.92 1954 21
Pseudocubic  a ~ 3.89 1956 40
. = b = 5.596
La Orthorhembic -7 914 1961 22
a =5.54
Orthorhombic b =5.75 1966 23
c = 7.83
Cubic a= 3,92 1976 20
Pseudocubic  a = 3.90 1956 40
. a = 5.48
Nd Orthorhombic b =5.70 1966 23
c=7.76
Cubic a = 3.87 1976 20 -
Pseudocubic  a ¥ 3.88 1956 40
. a = 5,398
Sm Orthorhombic b = 5.568 1969 ) 24
c = 7.651 0
Cubic a = 3.86 1976 20
a =5.44
Orthorhombic b = 5.56 1966 23
c = 7.43
Gd a = 5,353
Orthorhombic b = 5.655 1969 24
c = 7.616
a = 5,340
Orthorhombic b = 5.665 1969 24
c = 7.624
Y -
\ a = 5,327
Orthorhombic b = 5.618 1973 41 -
c = 7.591 .
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RE = La to Sm, for which various authors, working with
powder data, have reported cubic, pseudocubic or ortho-
rhombic céETET/ Also, there is generally poor agreement
between cell constants reported by different authors .pre-
sumably for the same mate;ials.

The structures of selected members of the RETiO3
series (RE = La, Nd, Sm,Gd, Y)-were determined from
automated diffractometef q&&i’gsing crystals obtained by h
the techniques described in the previous chapter. Single
crystals were obtained only for the materials GdTiO3 and
_YTi03. For RE = La, Nd .and Sm, the éry;tals obtained were
twinned, bqt ﬁere suctessfully used in the structural re-

- ¢
finement. It is probable that the existence of twinning
) —

in ‘these phases is due to their highly pseudocubic nature.

3.2 Crystal Daﬁa

Precession photographs of untwinned crystals in
the RET103 series showed that the conditions of systematic
absences were h + 1 # 2n for hOl, k # 2n for Okl, h # 2n -
for h00, k # 2n for 0kO and 1 ¥ 2n for 00l. The centric
orthorhombic space group Dég - Pbnm was chosen for initial
refinement ovef the acentric an2l both from a considera-
tion of the statistical distribution of intensities ob-
tained for'GdTi03, and from the expectation that the RETiO3
would be isostructural withrthe éEFeOB, which are known

to be best déscribed in anm.38 There are four formula
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units per cell. The four réfe earth atoms are in the
special position 4 (c) 5x,y,l/4); the four iron atoms are
in the special poiiﬁff§§ 4(b) (O,%/z,O); four of the
twelve okygen atoms—are in the special position 4 (c)
(x,y,1/4); and, eight are in general positibns. Accurate
unit cell paf%meters, reported in Table 3-2, were cbtained
by a least squares refinement of 28 values (20° < 28 < 35°)

of 15 reflections carefully measured oh the diffractometer.

a
f

3.3 'Intensity Measurements

F collection of intensity data, all crystals
were groui:\:;’;pherical shape. Data were collected on
two Syntex automatic diffractometers, Models PI and P2,
in the 6/28 scan mode using graphite @?nochromatized Moxa
radiation (A = 0.71069 3) and a scintillation detector.
Reflections were scanned at variable rates'from 4.0 to
24.0°/min. in 26 t0 minimize codnting errors for tge weakx
reflections. Reflections for éach crystal were collected
within a sphere defined by 28 given in.Téble 3-3. _Reflec-
tions whose intensity, corrected for background, were less
than three times the standard deviation were considered
uncbserved. Equivalent reflections {after any correction
or émission for twinning, if necessary) were averaged,
and the data were corrected for Lorentz and polarization
effects. Absorbtion corrections were also applied in

each case assuming spherical shape {(radii and linear

-
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. PABLE 3-2
RET;03 Crystal Data®
la Nd Sm 6d Y

a (&) 5.601(2)  5.495(3)  5.454(2)  5.393(2)  5.316(2)
b(A) 5.590(2)  5.589(3) 5.660{2)  5.691(2)  5.679(2)
¢ (&) 7.906(4)  7.779(4) - 7.13;(4) - 7.664(3)  7.611(3)
v (a5 247.5(2)  238.9(2)  238.4(2)  235.2(2)  229.8(2)
W en™h 2055 246.6 279.6 320.5 292.3
Pealed (g/cn®)  6.30 6.68  6.86 s 5.34
Pexptl (g/em”)  6.25 6.65 6.83 7.15 5.31

. .
linear absorption coefficient

a s . .
Standard deviations given in brackets.

™~

\\
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absorption coefficients are given in Tables 3-3 and 3-2,

-

respectively). ' -

3.4 Twinning
Precession photographs showed that the crysﬁals
of SmTiO3 and NdTiQ3 used for data collection were twinned.
" The twinning was found to correspond to a reflection
across the (110) plane. Figure 3-2 illustrates the effect
of the twinning on the hk0 net with axes a* and b*. Twinned
reflections (indicated by crosses) are related to reflec-
tions of the major component which are mirrored across the
(110) plane, as is indicated for two reflections by arrows.
The result is the appegarance of a second hk0 net (with
orthogonal axes a*' and b*') sharing hh0 reflections with
the major component. For SmTiO3, intensity data were col-
lected sepaiately for the two twin components. A plot of
the intensities of the reflections assumed to be related
by this twin law is shown in Figure 3-3. The strong lingar
correlation confirms the twinning model, with the slope
equal to the volume ratio of the major component to the
twiﬁned component, 4.4:1 for SmTiO3. Only the data for
the major component were used in the refinement. The
hhl (h # 0) reflections were not used since they lie on
the twin plane and thus contain the twin component. In-

stead, the equivalent hhl reflections were used as they

are nonsuperimposed. The 001 reflections were reduced
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Figure 3-2,

The appearance of the hk0 net under the twinning

+

found in SmTiO3 and NATiO._.

3 Twinned reflec-

tions (indicated by x) are related to reflec- _ f\

tions of the major component by a mirror

reflection across the twin plane.



Figure 3-3.
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Relationship of the intengities of twinned
reflections to the intensities of the reflections
of. the major component for SmTiO3. Reflection

indices (hkl) are shown above the data points.
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by a factor of (4.4/5.4) before being used in the refine-
ment sinke for these there are no equivalent nonsuperimposed
reflections. For NdTiOB, the volume ratioc was found to be
10.8:1, and the‘data were handled in a manner identical to
that of SmTi03.

The case of LaTiO3 was quite different. Preces-
sion photographs were misleading in that they revealed a
nearly cubic cell, a ~ 7.91 A. Figure 3-4 is a diagram of
the hko0 net for LaTiO, showing the 7.91 A axes and their
relationship to what are, in fact, the true orthorhombic
axes, a ¥ 5.60 ;, b ¥ 5,60 ;. Indexed on an orthorhombic
basis, the h0l and dkl projections show obviogs violations
of the n and b glide plane symmetry cf Pbnm, and still
other refiections appear at half-integral coordinates
with respéct to the orthorhombic éel;. The data for
LaTi03'can b? analyzed in terms of anm,_howéver, By postu-
lating and proving the existence of a'complex twinning.
This twinning can be viewea-as a combination of two basic
operations. \

The first an? most predominant fﬁin in LaTio,
corresponds to a 3-fold rotation about thg body diagonal
of the 7.91 ; pseudo-cube. This twinninq :esuits in
three ‘Fin céﬁponents, whose reflections (indexed in the
orthorhombic cell) are related by the following transfor-

mation matrices:
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Figure 3-4.

Appearanqe of the hk0 net of LaTiO3 showing
the relationship of the true orthorhombic
axes (a*,b*) to the cubic axes (a;',b*').
Reflectiqns at half-integral values with
respect to the orthorhombic axes result from

twinning in the crystal.
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1/2  -1/2 -1/2 k = R"

1 1 0 1 1m

It can be seen that reflections will be superimposed by

this twinning only when h + k + 1 = 2n. When h’+ k + 1 # 2n,
the twinning causes reciprocal lattice points to appear at
half integral coordinates with respect to the orthorhombic
lattice giving rise to the appearance of a 7.91 ; cubic

;ell. Thus, one can use those reflections for’ which

h + k ; 1l # 2n in the s?ffétural refinement as they will

be nonsuperimposed by thls twinning. '

From a data collection on the 7. 9£\Q\cell plots
were made of the intensgities of twin-related reflectigns,
revealing vﬁlumé”ratios of 0.089:0.14:1. Data\xereltheq
collected on the orthorhombic cell of the major twin com-
penent. Of the data collected, two types of reflections
W used in the refinement. - Firstly, as described above,
\;Zj:\zgéiuded those‘rgflectioné for which h + k + 1 # 2n.
Alsc used in the-réfiﬁement were 29 reflections which con-
“ tained intensities from the maﬁor twin‘component and the

smallest twin component only. These reflections were re-

duced by a factor of l/l.OBQ_before being used.

t ’ !
. .
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The second twiz operation present in LaTi0, is

110) plane, as in SmTiQ

ref%Fction'across the and NATi0

3 3
In the cases of SmTiO3 and NdTiOB, the a* and b* axes were
of significantly differenf lengths so that thig twinning
did not ‘cause superpositio; of reflections (other than
hhl). However, in LaT103, the a* and b* axes are essen-
tlally identical in length, and twinning across the (1I0)
plane causes direct superposition of hkl and khl reflec-

tions. This results in the apparent violation of the n

and pyglide extinctions of Pbnm. This aspect of the twin-

42

ning in LaTi0, is the same as that found in LaFe0,.

Intensities were corrected using the formula:

v

i-v meas(khl)

= L 11—
corr(hkl) - I-VImeas(hkl)

where V is the volume ratio determined by measuring the
intensities-of the forbidden reflections on the zone hol
and comparing them with the corresponding éllowed Okl )
ref;ections. For this crystal, the volume ratio was found
“to be 0.090.

| N £ is 'interesting to compare the twinning found

in LaTiO with that for the isostructural LaFeO Both
crystals show evidence for the (1T0) reflection twin but
LaT103, which was grown from the melt, (2000°C) shows a

" three-fold rotétional twin while the flgx grown LaFeO3
(1200°C) does not. This- suggests that LaTi0, undergoes a

high temperature phase transxtlon from a rhombohedral or
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cubic cell to the orthorhombic celi upon cooling.

3.5 Refinements X
A full matrix least sguares program that miﬂimizes
the function Zm([foj - ]E‘C|)2 was used in the refinements.
The weighting fuﬁction used has the form w = [A + B|F0| +
C|F0|?]‘l with thé.coefficiénts chosen in such a way that
averages of m(AF)2 were épproximately ¢onstant when the
data were analyzed into regions of Fo. Atomic scattering
curves for free ions were taken from Cromer and Waber,43
and the real and imaginary anomalous dispersion coefficients

were taken from Cromer.44

The starting values usedrfor
the positional parameters were those of the corresponding
REFe03. During the final stages of refinément, a secon-
dary extinction parameter following Larson77 was also re-
fined in all cases except LaTiOB. The final positioral
and thermal parameters are listed in Table 3-4. Tables

of structuxe amplitudes are included in the Appendix.

3.6 Discussion : ' =
\;hégsfsults of this study of the-RETiO3 phases may

be compared wi;h the very céreful work of Marezio et 35;45

on the isostructural ﬁEFe03 phases. -
Figure 3-5 shows a projection of the LaTiO,

structure on the xy blane. An oxygen-titanium octahedron

and an oxygen-rare earth.polyhedrOn are outlined. The



FINAL POSITIONAL PARAMETERS AND THERMAL PARAMETERS (x10%)*
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TABLE 3-4

-
~

La Nd sm Gd y
X .9949(4) " .98892(5)  .98433(9)  .98103(5) .97925(14)
RE Y .0323(19) .05412(6)  .06444(9)  .06958(5) .07294(12)
z (.25) (.25) (.25) (.25) (.25)
Uyq" 139(4) 113(2) 105(3) 60(2) 63(4)
U35 186(16) 131(2) 86(3) 67(2) 37(4)
Uss 124(4) 101(2) 103(3) 64(2) 64(4)
Uis -15(4) -8(1) 7-5(2) -6(1) -6(3)
Uy (0) (0) (0) (0) (0
Uszg " (0) (0} (0) - (0) (0
X (0.0) (0.0) (0.0) (0.0) (0.0)
Ti Y (0.5) (0.5) (0.5) (0.5) (0.5)
z (0.0} (0.0 (0.0) (0.0) (0.0)
Ups 80(4) 91(7) 51(4) 58(6)
Uso 99(4) 91(7) 64(5) 37(6)
Uss . 69(5) 79(7) 39(5) 30(6)
Uiz (Uygg = 86) 0({3) 1(5) -1(3) 1(5)
Ups _ 0(2) 0(5) -5(3) -10(6)
oy -5(4) 0(6) 7(3) -1(3)
X . 0696 (48) .0902(8) .1019(13)  .1095(8) .1213(10)
01 Y .4912(13) .4801(8) .4735(13)  .4668(8) .4580(9)
z (.25) (.25) (.25) (.25) (.25)
Uy 225(109) 108(17) 105(29) 123(18) 65(24)
U 71(65) 154(17) 96(29) 77(19) 43(26)
Uss - 295(152) 74(16) 115(32) 62(19) 80(26)
U1, -41(25). 2(14) 12(23) 0(l6) 12(21)
U1s (0) (0) (0) (0) (0)
Uzs () (0) o (O (0)
X .7150(22) .7024(5) . .6958(8) .6942(5) .6909(6)
02 Y .2861(22) .2979(5) .3022(8)  .3063(5) .3095(7)
z .0368(15) .0465 (4) .0524(7)  .0541(4) .0579(5)
Ury 199(33) 11%(11) 115(18) 63(12) 72(18)
Usz 182(30) 118(11) 66(18) 86(14) 54(19)
U3z 195(36) 124(12) 104 (20) 82(14) 78(18)
Ulo -58(31) -13(9) -7(15) -24(10) -22(14)
Uiz -36(35) 7(9) 25(16) 4(9) -8(14)
Ugs 34(35) -14(10) -5(16) -8(15)

-21(11)

.
By symmetry, Uj3 = Uzz = 0 for RE and 01.

T okw

F 2]

Temperature parameters for Ti in LaTiOz were not refined as no reflections
containing information about Ti were included in the refinement.

TCalculated from Bys = 2me bibjUs; where T = exp{-(B13 h2+2 By5 hk+...)] is
the thermal factor” appearing 1n %he structure factor expression and b;'s are
reciprocal lattice vectors.

-

a s . .
Standard deviations given in brackets.
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interatomic distances and angles are 'given in Tables 3-5,

~
3-6 and 3-7. .

~

As in the REFe03, the oxvgen polyhedrgn arcund
the rare‘earth ions is very distorted. Theutweive 0-RE-0
anglesy which in the ideal cubic perovskitei;ré 90°,
vary from 121.7 to 60.7° in YTiO3 and from 1¥1.8 to 75.2°
in LaTiOB, which has the least distortign of the RETiO3;

‘.

The RE-0 distances are plotted in Ff§3ge 3-6

46 of the rare earths. Over™this

against the crystal radii
range of rare-earth radii, the first eight RE-0 distances
increase linearly frﬂm Y to La. This indicates that these
oxygen atoms are nearest neighbours. to the rare earth.
The'{ift four RE-0 Qistances are significantly greater i
and ali decrease as a function of rare earth icnic radigs.
This indicates that these four atoms are second nearest
neighbours. Thus, over this range of rare earth rad%us,

the RETL0, Qavézgﬁx?;ght-cbordinated rare earth ion. ?hese

- results are éig}lar-zh every respect to those for REEéﬁ;T%_/

v A different situation arises when one examines

the transition metal-oxygen oct ron. In the study of
the REFeb3, it was found thaﬁ the didtortion of the Fe-0
Voctahedron~was small and incre¢ased caly slightiy in going
from LaFe03 to LuFe03, the a¥erage Fe-0 and 0-0 distances

being neérly the same. In the RETiO however, a signifi-

3!‘
cant distortion of the Ti-0 octahedron occurs as a func-

/ff\\\\\,;f\_kicn’af the rare earth ion.. 1In Figure 3-7, the standard

i
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TABLE 3-5

INTERATOMIC DISTANCES (A) AND ANGLES (°) IN
RARE EARTH POLYHEDRONZ

RE(2) - OL(L)
- 01(2)
- 01(3)*
- 01(4)
~ 02(1),02(2)
02(3},02(4)
- 02(5),02(6)
- 02(7),02(8)

0L(1)-RE(2)-01(2)
01(2)-RE(2)-01(3)
01(3)-RE(2)-01(4)
01(4)-RE(2)-01(1)
02(1) -RE(2)-02(2)
02(1)-RE{2) ~02(5)
02(2)-RE(2)-02(3)
02(2)-RE(2)-02(7)

02(3)-RE(2)-02(4) W
- 63.6(4)

02(3)-RE(2)-02(6)
02(3) -RE(2)-02(7)

# 02(5)-RE(2)-02(6)
. 02(6)-RE(2)-02(7)
02(7)-RE(2)-02(8)
01(1) -RE(2)-02(6)

CIN N R R RN

La
.450(27)

.170(27)
.399(14)
.474(14)
.704(14)
.773(13)

93.7(6)
103.4(7)
86.1(7)
- 85.9(5)
81.8(4)
65.9(4)
57.8(4)
.77.1(4)

98.0(4)
109.7(4)
54,4(4)
86.5(4)
65.9(3)

01(1)-RE(2)-02(7) - 57.404)

01(2) -RE(2)-02(2)"
01(2)~-RE(2)-02(7)\

01(3)-RE(2)~02
01(3)-RE(2)-0§ﬁ;§7_\\
01(4) -RE(2)-02(3)

01{4)-RE(2)-02(6)

60.9(5)
53.1(4)
59.0(3)
57.3(3)
64.9(6)

O

.054(14) .

.309{13)
- 76.8(6)

Nd

-

.349(4)
.256(4)
.209(4)
.445(4)
.379(3)
.615(3) -
L717(3)
474(3)

70.0(1)
92.4(1)
110.6(1)
 87.0(2)
83.4(1)
79.0(1)
69.2(1)
55.5(1)
74.5(1)
65.6(1)
100.8(1}
116.2(1)
55.0(1)
83.2(1)

G R PR RTRY L L

~ 68.2(1)

54.5(1)
58.8(1)
50.1(1)
59.0(1)

_58.0(1)

68.3(1)
66.8(1)"

I T

. haal -
35tandard deviations given ig/brackets.
b N

Sm

.315(7)
.405(7)
.238(7)
.403(7)
.345(5)
.572(5)
.712(5)
.578(5) .

66.3(2)
91.7(2)
114.6(2)
87.4(3)
81.2(2)
78.1(2)4
71.9(2)
54,0(1)
72.8(2)
66.7(2)
102.4(1)
118.9(1)
52.6(1)
81.5(1)
69.3(1)
52.8(1)
57.1(1)
48.6(1)
59.1(1)

58.6(1)
“}70.§12)
67.6(1)

I3 BN VRN VAR O )

LUZ N GV T N (N ]

Nt B L LR

THE

Gd -~

.284(4)
.499(4)
.238(4)
.365(4)
.322(3)
.542(3)
.693(3)
.616(3)

63.8(1)

(V2]

91.0(1)’

117.4(1)
87.8(2)
80.6(1)
77.5(1)
73.3(1)
53.0(1)
72.4(1)
67.0(1)

103.2(1)

119.9(1)
52.5(1)
80.3(1)
69.8(1)

7 51.7(1)
56.5(1) .
47.5(1)°

58.9(1)
59.8(1)
70.8(1)

67.9(1) ‘*\x&f.z(l)

Y

.27 (5)
3(5)
.v§9(5)
.314(5)
.279(4)
.508(4)
.684(4)
.645(4)

60.7(2)
90.7(1)
120.6(1)
88.0(1)
79.8(1) ™
76.7(1)
T74.6(1)
52.2(1)
71.3(1)
67.3(1)
103.8(1)
121.7(1)
52.1(1)
80.0(2)
70.9(1).
50.6(1)
56.1(1)
46.8(1)
58.7(1)
60.6(1)
72.1(1)

[ SV I ST (I S B T I OS]

[#2]
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‘ TABLE 3-6

. . .
., RARE EARTH-TITANIUM DISTANCES (A} AND Ti-0-Ti
AND RE-0-Ti BOND ANGLES (°)33

La . Nd Sm Gd.b Y
RE(2)-Ti(1), Ti(2) 3.456(2) 3.429(1) ©5.431(0) 5.415(1)  3.385(0)
RE(2)-Ti(3), Ti(4)r 3.572(9) [3.657(1)  3.734(1)  3.767(1) - 3.771%51\

. RE(2)-Ti(5), Ti(6) - 3.277(9) '3.162(1)  3.132(1)  3.112(1)  3.085(1)
RE(2)-Ti(7), Ti(8) 3.409(2) 3.330(1)  3.292(1)  3.249(1)  3.207(1)
Ti(2)-01(1)-Ti(1) 157.5(1.5) -150.7(2)_ 146.8(4)_pI44.1(2)  140.3(3)
Ti(2)-02(7)-Ti(4) 156.9(7) 150.3(2) 147.0(3) ~ 145.7(2)  143.7(4)
Ti(1)-01(d)-RE(2) . . 101.0(8) 103.5(1)  104.6(2) 105.1(1)  105.7(2):

. -Ti(1)-01(1)-RE(1) @ 88.6(3) 89.9(1) - 89.9(2) ~Q0.2(1) - 90.4(2) - .
Ti(4)-02(2)-RE(1) 91.2(5) 90.6(1) a 90.0(2) .88.9(1) , 88.2(1)
Ti(1)~02(5)-RE(2) 91.,0(4) 91.6(1) 91:3(2) 91.6(1) * .91.0(1)
Ti(5)-02(5)-RE(2)" - -  84.7(4) 82.1(1) 80.9(2) 80.3(1)  '79.7(1)
Ti(7)-02(1)-RE(1) 86.7(5) .  85.0(1) 84.7(2) :85.1(1) 85.2(1)
Ti(8)-02(1)-RE(2) 98.3(51\/ﬁ¢g 98.1(13) 97.0(2) 96.5(1) 96.4(3)
Ti(3)-02(1)-RE(2) 104.8(5) 111.7(1)  115.9(2) 117.8(1l)" '119.9(2)
#Standard devia'ti:’ons: given in brackets. R
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INTERATOMIC DISTANCES (A) AND ANGLES (°) IN THE

Ti-01(1)
Ti-02(6)
Ti-02(7)

01(1)-02(6)
01(1)-02(7)
01(1}-02(2)
01(1)-02(3)
02(6)-02(7)
02(6)-02(3)

01(1)-Ti(2)-02(7)
01(1)-Ti(2}-02(1)

02(7)-Ti(2)-02(6).

Average Ti-0

Std. Deviation of Ti-0O

1

[ 4

\
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TABLE 3-7

La

3.015(5)
2,016(12)
2.023(12)

2.854(17Y
2.865(15
2.846(23)

2.846(17)
2.822(17)
2.889(17)

o~
90.4(6)
90.2(7)
88.7(5)

2.018(10)

" .0043

a P . ;
Standard deviations given imbrackets.
: P

[3E I 33 8

Nd

2010(1)
.020(3)
.035(3)

2.856(4)
2.849(4)
2.843(5)
2.
2
2

872(5)

.843(4)
.891 (%)

89.5(2)
90.3(2)
89.0(1)

Sm

.014(2)
.042(5)
L056(5)

[RER S S

.878(7)
.855(7)
.859(8)
.902(8)
.891(6)
.905(7)

[SS IS T S S o8 I ]

89.1(3)
90.4(3)
89.7(2)

'
b —

2.022(3) =»2.037(4)

.0126

.0214

TITANIUM OCTAHEDRONZ

- Gd

.014(1)
.027(3)
.076(3)

b N
.867 T
.839(4)
.847(5)
.942(5)
.908(4)
7.893(4)

NN

(ST S I RN S N ]

87.9(2)
90.4(2)
90.3(1)

[T I o8 i (U N I o8 ]

i

.023(2)
.016(4)
.077.(4)

[ NS LN R g |

.869(5)
.817(5)°
.843(6)
.979(6)
.908(5)
.881(5)

86.8(2)

90.5(2)
90.5(1)

2.039(4)
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Figqure 3-6. RE;Q‘disténceé in the RETiOa. The uncertainty

in the distances is approximated by the length

. of the data points.:
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the three inequivalent M-0 bond lengths in

REMO3, M = Ti and Fe.
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.deviation from the mean for the three inequivalent Ti-b
bond lengths is plotted versus the RE radius in RETi0,
along with those for Fe-0 in REFeO3 for comparison. 1In
contrast to the relatively smooth variation for o(Fe-0), -

o (Ti-0) shows. a sharp increase betweeﬁ RE = Nd and RE =‘Gd;

The data of Table 3-7 show that for RE = Gd and Y, a pro-

nounced tetragonal-like distorticn exists with twoftrans

-

-

Ti-0 bonds Being much longer than the other four. br -
"RE = La, thé octahedron is undistorted while a';ery minor,
poséibly insignificant, distortion.pccurs for RE = Nd.

' The case for RE = Sm is intermediate in character. As
Will be afgued in laterﬁchagters, there appears tc be a
strong coirelation betweern this pseudo-tetragonal distqr—
tioniand the magnetic, optical and electrical propertiés

of these materials.

Ahﬁther structural parameter which may be impoitant
in the'determination of the(;répertiés of the RE'I‘iO3
phases is the Ti-0-Ti bond angle.2 These data are listed
in Table 3-6‘and piotted'in Figure 3-8 for REFe0; and
RETi03. ‘yote the relatively ;mooth inqreasé in average
bond angle from RE = Y.Ho to RE = La for bhoth series,'
there being noidiscontinuous changes between RE = Y,Gg

and RE = La,Nd as was found in the Ti-0 coordination

polyhedron.
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{ EXPERIMENTAL PROCEDURES
) .~
-  As discussédjin Chapter 1, it is of interest to

determine for which RETi0, the d—elecf:on;fggﬁhve in a
localized manner and for which they are best géscribed

as collective. To this ‘end, magnetic, trénsbort and '
optical experiments have been performed on various RETi03.
The' results of these experiments wiéh comparison to re-

- sults found by other workers are presentea in Chapter 5.
This chapger provides detailé of the experimental pro-

cedures used.

\ -

4,1 Magnetic Measurements

a) Sample Preparation

Except for singleiérystal measurements on ¥YTioO.,
sampleé of the RET103 were ground into f;ne powders and
.pressed into pellets for magnetic measureménts. Mass of
the samples ;aried frcm 100-300 mg. For‘sambles with low
mdﬁents, a diamagnetic correction after Selwood47 was -
applied. For measurements of type (b} and (c) below,.thg
pelgets were attached to the end of four millimeter quartz
tubes with gzramic cement (Sauereisen éements.Company,

Pittsburgh). Single crystal Y‘I‘iO3 was attached to the

end of the quartz tube using G.E. 7031 varnish which

- 60 -
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could be dissolved away from the sample in toluene-methanol
(50:50) allowing remounting of the sample for study at

different orientations.

(b} Magnetization Data as a Function of Field (0-1.5 T)

or Temperature (4.2°-300°K)

~@hese data were collecte? using a Princeton Applied
Research vibrating sample magnetometer with a Magnion
water-cooled electromagnet. A temperature of 4.2éK was
obtained using an Andonian Associate§ 1liguid helium dewar,
and was monitored using a_calibraﬁééfcromel vs. gold-0.07
atomic percent iron-t@erﬁocouple.‘The sample temperature
couid'be varied from 4.2°K t§ 300°K using a heater, and
the electromagnet could be ramped up or down in field at
a constant rate. . C i

Voltages proportional to magnetization and applied

field or temperat fe er monitor?d_by a Texas Instru-
‘ments on-line mini-computer which produced a histogrgm
of magnetization vs. field or temperature. The magneto-
meter Qas'calibrated-using a‘pure sickel sphere of
0.07507 grams, and a calibration constant was determined
using the accépted value of 55.11 * 0.06 emu-g * at
4.2°K for the magnetic moment of nickel.43

This system was also used to perform orientatiocnal

studies of a single crystal of YTiO3. The crystal could

3+
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be rotated around one axis while the response of the

magnetization was monitored.

(c)) Magnetization Data as a Function of Field (0-6.0 T)

at 1.2°K.
These data were obtained using a superconducting

solenoid in a Sulfrian Cryogenics liquid helium dewar.

‘A temperature of 1.2°K was obtained by_pumping on liquid

. L .
4He and field sweeps were done at that temperature. For

some experiments, the field was held constant and the
temperature was varied using a heater wound arcund the
sample. This apparatus was calibrated as in (a) and the

same data collection apparatus was used.

(d) Data for Samples with Weak Signals

For some samples, magnetlc data were collected

in the temperature range B80°K-300°K uszng the Faraday
\\/

N
method. These data were supplied through Ewe courtesy

of Dr. A.P.B. Lever at, York University. //
& fi 7
| f -
4.2 " Transport Measurements - 7~

Samples used for transport measurements were
crystéls which were grown as described in Chapter 2.

The transport studies of NdTiO, and GdTi0; were

3
kindly performed by Dr. R.D. Shannon at the Dupont
Laboratories in Wilmington, Delaware. The crystals were

cut into bars 2.25 x 1.50 x 0.58 mm (Gario,) and
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2.20 x 1.00 x 0.43 mm (NdTiQ3) and the resistivity was
measured as a function of temPerature using the four probe
technique with indium contacts on the sampies.
Studies of LaTin, CeTiO3 and PrTiO3 were done
by the author. Crystals of these maté&ials were cut
into discs of arbitrary shape and polished on bnth sides.
Disc thiéknesses ranged from 0.18 mm (LaTiOB) to 0.26 mm
(PrTi0,) and the maximum disc diameter was always less
than 3 mm. Indium contacts were plaéed on samples by
masking the entire diéc with paraffin and cutting four
holes through the cecating around the circumference. The
‘metal was then evapcrated cnto the ﬁasked disc, leaving
four contacts on the circumference when the wax was re-
moved. The sample was then mounted on an I;C. header
as shown in.Figure 4-1, and silver paste was used to
‘make contact between the indium and four I.C. pins. The
héader was placed in a holder which was then used in the
fransport experiments, The téchnique used to determine
the resistivity was that developed by L.J. van der Péuw.49
A‘schematic of thé apparatus used to measure the
d.c. resistivity of LaTiO3,-CeTi03 and Pr’rio3 is shown
in Figure 4-2. The current direction was reversed at ten
second intervals and the voltage signal was rectified
and fi;tered to eliminate thermocoﬁple effects at the

sampla voltage contacts. Sample temperature was varied

slowly between 4.2° and 300°K in a Sulfrian Cryogenics

~
™ \

N
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Figure 4-1.
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Technique of mounting crystals for transport

" studies, Items indicated in the diagfams are

1) the crystal; 2) mica; 3) I.C. header;

4) silver leads; 5) holder,

,
io
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Figure 4-2. Schematic of the. apparatus used to measure ' .
transport properties. : f
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Inc. liquié helium dewar while the temperature was moni-
tored with a calibrated cromel-gold-0.07 atomic percent
;ron thermbcoupfe. Current and voltage leads could be

$otated for alternate configuration measurements_without

‘iemoving the sample from the dewar.

4.3 Optical Measurements @

Samples used for optical studi!% were single
crysﬁals which were obta;as? as described in Chapter 2.
They were dut into thin’gamplés,lwhich were then polished
untii they were as thin =% p&fssible and could s£ill be
handled. The final crystal thicknesses are given in

Table 4-1,

e
. ﬂ‘(
* TABLE 4-1 . e » ' -
RETiD3 Coystal Thicknesses

RE Thickness (um) !

= W,
La ‘ 83

t - ‘ :
Nd 309 A
Gd 109

Y : , 10

Masks were made for-the sam%i93~bx;§tching é;;;;izmages
on 25 um brass foil, The samples were then mounted
in the foil andlgﬁlver paste waé<;:ed to’filL&in any
discrépancies between the sample and mask shapes.

+Two distinct types of optical experiments were

-

Ml .

. D



performed. On LaTi0, and NdTi0j, where théﬁéypected —_—
. : R A .

activation energies, based upon transport work, were

0.008 eV and 0.03 eV, respectively, low temperature

(1.2°K) experiments were performed using Fourier trans-
form spectr?sgopy in the spectral range 0.005 eV to

0.087 eV, ' These experimen 550 were done using a Michelson
interferometer (ﬁ&IC FS 720), a SM35 (American Ultra=-’

violet Co.) mercurz\igp/igaﬁffand a doped g;;ﬁanlum

bolometer maintained at 0.3%K in a 3He system as a de-

tector. Black polyethylene was used td filtef out radia-
tion of frequency over 0.087 eV. Appro;T;ately five
square m;lllmeters ogﬁﬁgmple were exposed to the radiation.
+ For fhe_materléls-GdT103 and YTi0,, the estimated
(%Etivétion enérgies based upon transport studies were
~ 0.17 eV so that iﬁfrafeé;gxperiments cbuld be performed
at room temperature {where ET;~'0.025 @V}~ These samples,
after_mounting!&n brass foil, were qente}ea in the beam
of ; Nxcoiét Fourier transform infrared spectrometer.
Approximatel; five square millimeters of sample were
exposed to radiation. Transmission spegtra in the fre-
quency range 4000--4‘1.00.cm—l were obtained using a Globar
source and a TGS detectﬁr'at'room\ﬁemperatﬁre. Each
spedf}um was an averagefo_SOO scags. Transmission spectra

- iy . ° .
were also obtained in thg fag’infrabed at low temperatures

. 1
using the Michelson apparatus deseribed above.

.
[

)
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Chapter 5

MAGNETIC, TRANSPdRT AND OPTICAL STUDIES

) *
In this chapter, the results of magnetic,. trans-

ggrt and optical studies of various RET}O3 phases are
presentea._ In the first section, the finaings of pre—lt
vious workers are presented. Sections 2 to 5 contain the
experimental results obtained from this work. Those

i3

RETiOB-which show roughly similar behavior are grouped

‘together in sections 2 to 4, and section 5 presents

the experimental behavior of the La Y;  Ti0, series.

>'4 3

i

5.1 Previous Work

_i)€§Magnetic Studies

Table 5-1 summarizes the previous magnetic re-
sults for the RETiOB, RE = La, Ce, Pr, Nd, Gd and Y.
While some workers have investigated magnetic properties
of_these materials at high temperatures (300 K), ﬁew még—
netic measurements have been made below 80 K. 'Inferences
of magpetic structure and low temperature behavior have

often been made from high temperature data.

. .

It is apparent from Table 5-1 that agreemen£<%etween

-
Kl
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Previous Magnetic Results for RE TiOJ. RE = La,Ce,Pr.Nd,Cd.Y

Table 5-.

,Paramagnetic Data

1

-

RE Temparature Curie-Weiss CH(cm]-K-mole-l) GC[K) Long Range TC(TNJ(K)
Range Behaviour? Order?
Investigated(K)
La ? No - - No -
80 - 300 " Ne - - o . -
80 - 350 No - - Yes 130
Ce 90 - 300 tTes .98 + 8 No -
80 - 350 fes ' l.02 =72 Yea 124
Pr. 90 ~ 30O tes 1.58 +19 No -
80 « 350 Teg. 1.92 =55 Yes 90
nd 1.2- 20 Yes .80 -2 ta -
. .
%0 - 300 Yes 1.60 0 No -
80 - 200 Yeas 1.60 e No -
B0 - 300 Yes 1.59 -7 o -
Gd 1.3« 70 . Yes . A 90 o] Yes 21
90 - 300 Yes . 7.51 o No -
Y 80 - 650 Yes .31 h1:} to -
4.2« 300 Yas »J6 3. Yes 29
-.\ -
[.{r . . {
. . g
L 4';‘9
e - -\

continued

A
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Table 5.1 (continued)

RE usm:l..'..l.'m:ion“’E;))/ Commants Reference
 Temp (K}
La - Claim Paull paramagnetism, no 3,8,51
magnitude glven, referance
made to unpublished work by
S. Kern and D. B. Rogers
- Xy, varies from 2500 to 1250x10~5 20
em® -mole™l from 80Kk to Jook,
claim exchange enhanced Pauli
- paramagnetism
.003/80 Report Paull paramagnetism, L 25
- -6 omd -
Xpauli S60 x 107° cm’-mole
Ce - - - 53 \
v : .
.22/80 . Claim canted antiferromagnetic
ordering of Ti*3 sublattice. 5S4
- pr - - 53
.17/80 Claim canted antiferromagnetic
ordering of ti*3 sublattice 54
) nd L= - 55
- - S3
- - 20
.' -~
- - 26
cd .54/1.2 Suggests ferromagnetic ordering 55
of Ti*3 sublattice
- - 53
R ]
) Y - ' Predicts ferrcmagnetism at lower 25
tamperatures
i . .8/4.2 {w 56 .
‘. . el __\-\ . /
_‘ b \—-—_F’
i v -
i ' & v
;: - .
T .
- "l '
. * b .



10

workers is not gooed in most cases for presumably the same

materials. The reason for this is not c¢lear, but is most

likely due to differing quality and composition of samples

used in these studies. Clearly, there is a need for in-
vestigations’with samples of known purity and'composition,
and to temperatures below the lower limit of 80 K achieved
by most workers. The magnetic studies reported in this
chapter fulfill these needs by.employing samples of known
quality and by extending the inye§tigated temperature

range down to 4.2 K and in some cases, 1.2 K.

ii) Transport Studies ‘ 1

4

The results of pfevious transport studieshof the
RETiOB, RE = La, Ce, Pr, Nd, Gd ahd Y are given in |
Table 5-2.

Again, the agreement betwéden différeﬁt groaps
working on the same matéxials is not good in many cases.

In fact, the last two reporys on YTi03, which differ re-

markably in the observed acti\ation energy, .are from the

same group of workers using po‘ c¢rystalline samples that

were prepared on different occasions. Differences such as
these are not‘uncommon when transgport measuremeQEi_are .
performed on polycrystallinelsample§. In a controlled

sfudy by‘Shannon et g&L,57'58'59 it was found that resis-

tivity measurements on polycrystal;ine Sintered pellets

of Lilssi3POl6 were two ﬁoC§}§€ times higher than measurements
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performed on a single crystal. Presumably the higher re-
sistivity comes about because of the resistances which
occur at grain boundaries in the sample.

What is also remarkable about the data in Table
5-2 is that while it is generally accepted that LaTiO3
is métallic, the heavier RETiO3 are claimed to have acti-
vated resistivities. Such a change in ﬂhe elect?onic
behavior of the d-electrons of a transition element is
unprecedented in REM03 series, where M is a transition
element, as the rare earth ion varies across the lanthanide

w

series,.

Certainly, thg’;;}initive.transport experiments
are those done on single crystal samplés, and it is_.those
. - K
experiments which are reported in thisg chapter for the

RETiOB, RE = La, Ce, Pr, Nd and Gdf. These experiments

i
also extend to lower temperatures-the range over which

most of”these materials have been studied (down to 4:2 K

in some cases).

iii) oOptical Studies . J.‘ " -
. The optical‘prépeffies of ‘materials structurally
similar'tgzthe RETi03 have been extensively ihvesﬁigated.

The electronic and infrared spectra of the rare earth

perovskite orthochromites, manganites and ferrites in

general are ‘characteristic of the parent transition metal

twinned crystals in the case of RE = La, C», Pr, Nd.
: + -

%" : .
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e
oxides slightly modified by the presence of the rare earth

6,8

ion. Detailed studies of the infrared absorption of

60

BaTiO3 and the REM03, M = aAl, Cr, Fe and Co,sl show

that the infrared-active M-0 and RE-0 vibrations occur

.in the energy region 800 c:m'_l and below.

.

The only optical studies that have been reported

for the RETiO3 phases have been’ by Bazuev and Sh;»reikin.62

From room temperature measurements on RE'I'iO3 powders,
»

RE = Nd, G4 and ¥, they report no absorption peaks in the

1 1 1

range 800 cm In the region 400 cm —_ to

700 cm_l, they report the presence of two intense broad

to 2000 cm”

bands, the lower one being split into two or three com-
ponents. As in the REMO36 M = al, Cr, Fg and Co, these
absorptions are assigned to Ti-Q and RE-0 vibraticns. 2
group theoretical analysis of the space group Pbnm to
which these materials bélong predicts six infrared-active
vibratic‘:ns.61 Some cof these, however, may occur beldw
400 cm;l. ) ’

ﬁazuev ané/Shveikin report that La’I‘iO3 is opacgue
over the frequency rangé studied,‘and conclude that
this material is a metal. For such a"case, the presence
of eé’iy states at the Fermi level would cause intense
ab;orption of radiation over a wide frequency range, in-
cluding the infrared. They go on to conclude that ;n-ggf/
RETiO3 which were nof opaque and for which infrared absorp-
ltion peaks could be obhserved, the d—électrons are localized

Lo a
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in the t2g levels of the 'I‘i+3 ion.
The optical work being reported in this chapter is
the result gf an infrared investigation of single crystal

RETi0 RE = La, Nd, G4 and ¥. The aim was not to study

3l
the Ti-0 and RE-0 vibrations at enefqies‘aoo cm—l and below,
but rather to investigate regions where evidence for elec-

tronic transiticns would be expected. - ;o

]
5.2 LaTiO3 and CeTiO3

The temperature dependence of the molar susceptibility

of LaTi03'is-shown in Figure 5-1. In the temperature range

300 X to 130 X, the molar susceptibility,,Corrgptéd for dia-

magnetism, is essentia{Z;ermperature independent at a
6 3 -1 . .
cm” mole . This magnetic be-
’ . -
haviour is characteristic of Pauli paramagnets, although

value Xy = 800 + 20 x 10

the magnitude of the susceptibility is higher than that .

found for most metals;hhich exhibit Pauli pararnagnetism9 .

6 1

(Nb) = 190 x 10°° cm® mole” (W) =

1
' Xpauli

However, the cubic perovskite, SrCrOB, which has a metallic

(i.e., * Xpauli

(V) = 250 x 10—6 cm% molefl).

Xpauli
-§ 3 -
590 x 10 cm”. mole

conductivity exhibits Pauli paramaqhetism with a suscep- —
tibility of '1750'x,1.v:)"6 cm® mole .93 as the Pauli suscep-

<

tibility is of the ‘®rm

o Y 2
Xpauli - B g(EF) ) C (5-1)

where u, is the Bohr magnetoﬂ‘and g(Ep) is the density of
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states at the Fermi level, the high value of Xy £Or LaTiO3 N
may suggest that the density of states at the Fermi level is

higher in this case than in most Pauli paramagnets. When

-

transition metal-oxide systems like fhe R.E‘I‘io3 do behave as
metals, the bands are generally narrow and a high density
of states would be expected at the Fermi level;7

. Below 130 K, the susceptibility rises rapidly, in-
dicating the onset of magnetic orderiné. Figure 5-2 shows
the field dependence of the magnetization at 4.2 K. These
data show a hysterefsis, suggesting ferromagnetism. Note'
the low saturati moment obgerved, ~ L 007 Mg mole_l.

The tran rt behaviour of La’I‘iO3 is shown in

t
~

Figure 5-3. The resistivity decreases gradually ffom 300 K
to 130 K. This behaviour is characteristic of metals, and
is at least qualitatively consistent with that reported by
-Bazuev et 954?6 and Ganéuly et gé;zf Below 130 K, the ‘resis-
‘tivity increases as the temperature is lowered; Sfeating
a resistivity_minimum. t

Clearly the magnetic'and.transport data for LaTio,
indi#ate that the d—electr;né are delocaiiied above 130 X.
Both the témperature-indepehdent Pauli susceptibility and
the increasing resistivity with increasing temperature call
- for this conclusion. The low temperature data are not so
easily in'terpre‘tednl Mowever.

Consider the minimum in the resis;éffgé curve.

Some materials which show resist}vity minima do so because

-
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‘0f the Xondo effect. This effect exists in some materials

as a result of the scattering 6f:¢onduction electrons at-
-

low’pemperAtures by impurities with localized magnetic
moments. This gives rise to an increase in the_resistiyity
at low temperatures and creates a resisti&ity.minimum.
However, the Kondo effect can be ruled out as a possibility
for LaTiO3 for several reasons. Materials which show the

Xondo effect typically have minima below 10'k,2%63

some cases as high as 30 K.GG . At temperatures higher than

but 4n

this, the phonon contribut%gg to the resistivity of metals

dominates§7

and Xondo minima are not observed; yore impor-
tant than the position of the minimum for the LaTi03, however,
is the experimental observation that.there is some magnetic

—_—
order in the sample'beldw 130 K. This eliminates the pos-

sibility of a Kondo effect, as-magnetic. ordering and the
64,67

l%onﬁé?bffect cannot simultaneously exist in a material.

T§ The transport data for LaTi03'cag be successfully
analyzeﬁd}n ge;ys of a semicolguctor which has a narrow
bandgap. For such a material, at low temperatures where
KT is less than the bandgap (kj = Boltzmann's éonsﬁant),'
the resistivity should increasg with &ecreasing temperature
in the manner of a "normal" semiconductor, as it appears to
do for LaTi03.—>§3 the temperature increases and kpT be-
comes comparable‘to or greater than the bandgap, the con-
ceﬁtration of electrons in the conduction  band’ becomes

,,.greatef. 'A semiconductor is said to beccme.degeﬁerate at

£

-
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temperatures where the Fermi level lies above the bottom

d_GS

of the conduction ban .The carrier concentration then

' becomes essentially independent of temperature, and conduc-

69

tion iﬁzmuch like that of a metal. ~, This behaviour is

observed in LaTi0, for temperatures above 130 K. Resistivity
versus temperature curves for degenerate semiconductors look

remarkably similar to that fdngaTioj.' The -undoped Bi-Sb.
., ¢ .
alloy containing 1l8% Sb for gxample, is a very narrow band-

gap semiccnductor (Eg = 0. OOS(eV3 w;th a res;st;vxty curve

which can be nearly super-imposed on that of LaT103 70

r ———

The magnitude of the Pandgep in such mate;IEI; is best

estimated by assuming that the resistivity in the low tem-

peraﬁpre region follows an exponential law:

4

< o =;u°exp[Eg/.2)¢B?]] (5-2)_

. . . ¢ . )

where Po is a constant and Eg iz the bandgap. Figure 5-4
j v .

shows a graph of the leogarithm of the rksistivity versus

reciprocal temperatureffor the LaTiO3 daﬁa‘below 130 K.

The linear relationship over much of the témperatu}e range

strongly sugggéts that LaTiO, is a semiconductor. The

linear data, ;nalyzed.after equation (5= 2) reveal'that’ g
Eg = .008 eV, Notlce that the, data points at low L.
temperatures fall away from the llnear‘extrapolaﬁiqn.

This may result from impurity band conduction, b’ #hich

occurs at low temperatures when electrons QEgndl_grom

one impurity site to another. This can occur, because

the wave functions of electﬁgns (or holes) bound to

e . A . L

impurity sites have considerable spatial extent,
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and the cverlap of wave functicns at different.impurity'.
sites is possible even at fairly!iow concentrations. Recall
that the concentration of foieign impuritieé in these
‘:paterials was found to be quite low by emissjon spectro- ,
“scopy (< 100 ppm). However, other.impurity sites may
v exist as defects introduced via non-stoichiometry. For
example, to account for the thermal gravimetric analysis
data,:it w&s postulated that Ti+4 ions may exist in the
samples. These can act as electron acceptors, and may be
present at the level of ~ 1%.
One can well ask the question at this point,
"How can LaTi03 be a semiconductor?" This material has .
only one Ti+3 d-electron per formula unit, yhile, according
to band theory, an even number of electrons are required in
order t;éhave a semicoﬁductor. The reason th LaTi03 could
.be a semiconductor is that one must consider not- just the
number of electrons per formula unit, rather the number of
electrons per unit celi. Recall from Chaptér 3 E;atrLaTiOB
belongs to space group Phnm, for which there are four -
formula units per unit cell. This means that for the band
structure of LaTiOB, there are fou'r|Ti+3 d-electrons to be
considered, and it is possible tha? a filled band (semi-
conductor) situation could result.
This model, then, successfully accounts for the

low temperature semiconducting behaviour of LaTi0., and

3
the presence of a resistivity minimum as the material

%
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. : .
assumes a metallic conductivity for kBT > Eg. It also pre-
dicts Pauli paramagnetic behaviour at those temperatures

where the material shows a metallic condubtivity.,-xt is

more-difficuLt, though, to account for the onset of ferro- '

magnetism at 130 K.
The low moment observed for the weak ferromagnetism

-

in LaTiO3 may lead one to suspect impuﬁities'in the_sampf;.
Recall, however, Fhat the starting materials were of high
purity (La,0;, 99.99%; Ti0,, 99.95%) and that emission
spectrographic analysis revealed no foreign impurities at
goncentrations greater than one hundred parts per million.
As well, the possibility of heavy rare earth impu;ities
being responsible for this magpetic ordering at 130 K is
excludéd as receﬁt\efudies7l have shown that they ordér at
.tempefatures below 65 K. Also recall that Baéeuv et al.
reg?rt'the onset of weak ferromagnetism at approximately
the same temperatufe for a sample of LaTi03,prepared,in
the Ural Mountains of Russia. It is also not uncommon to
observe weék ferromagnetism in compounds very similar .to

L]

LaTiO3.' For example, the cubic ébrovskité SrbOS, which
is a dl system, shows a weak ferromagnetism (T_ = 85 K)
giving a saturation moment of .007 wg- mc>.lecule_l at 4.2 K.
The pegovskite CaCr0g,, isostructural with LaTiO3, shows a
transition fj uli paramagnetism to weak ferromagnetism
(Tc = 90 K) which gives rise to a saturation moment of

-1 73.

.007 By~ molecule . Thq latter case is reported to be

72
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- an example of an itinerent electron antiferromagnet in
which-the weak ferromagnefism results from antiéymmetric
exchange intgractions. 1In the former case,.the ferro-
magneﬁism is ascribed to a ferromagnetic spin density wave.

If LaTi03-is a narrow bandgap semiconductor, then
the fact that the onset of magnet ordering occurs at abhout
the same temperature as the‘ﬁinimum in the resistivity
curve is accidental. An altgrnate possibility that should
be considered is that at ~ 130 3, a metal—ﬁemiconductor
transiticn takes place as a consequence of antiferromagnetic

3

. o ' .+ '
ordering of the itinerant Ti d-electrons. rc

How this can occur is most easily understood in

one dimension. * If antiﬁgrromagnetism occyrs in a one di-
AN : -

mensional chain, the periodicity of the overall potential

4

is now doubled.  This resu¥ts in any given band being split

in half, with the | being proportional to the

- : h .
strength of_' e magnetic interaction. is shown sche-

would ed in this model if

gh to alter significantly the energy %Evel
structure\ from that of the cubic analogue. Under this
e single delocalized d-electron per Ti+3

number of electrons
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required to fill a band is two. At high temperatures

{> 130 X}, LaTiO3 would b§ a-metal. Antiferrbmagnetic
ordering at ~ 130 K_could then split that hﬁ%f—filled

band, as in Figure 5-5, causing the material to become

a gemiconductor at iower temperatures. Such a model for
La'I'iO3 accounts for the fact that the appearance of magnetjic
ordering;and sémiconducting resistivity occur at the same
temperature. The weak ferromagﬁetism would -have to result

from a mechanism such as antisymmétric'exchapgé in the
' 73
. 3‘
The results of the infrared investigation of single
- . _
crystal LaTiO3 are consistent with the observation of semi-

itinerant antiferromagnetism, as is postulated in CaCr0

conducting behaviour for haTiO3 below 130 K. For that ex-
periment (done at 1.2 K), no radiation was transmitted to

the detector. The minimum energy of the incident radiation’

‘{~ .005 eV) is quite close to the estimated semiconductor

bandgap (~ .008 eV), so ;hat.transmiﬁted radiation}h}f any;
would have to come from only the lowest energy fraction of .
the incident beam. The presence of any imputity levels in\\ﬁ-
thg’bandgap region can then absorb éven these low energy
phofdns. : - _ ) .
Thé‘magnetic and transport propertied of CeTiO3
are in manv ways simllar toc those of LaTi03. Figure 5-6
shows the transport behaviour of CeTiO3 as a function of

temperature. For . temperatures above ~ 60 K, the resis-

. tivity increases with increasing temperature, indicating
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metallic behaviour. For temperatures below ~ 60 K, the
resistivity inc¢reases with decreasing temperature, creating
'; resistivity minimum. The data below 60 XK may be analyzed
in terms of a semicondﬁctor model as was done for LaTiOB.
Figure 5-7 shows a plot of the logarithm of the resistivity
versus'rééiprocal temperature for these data. Thg linear
portion of this curve is analyzed according to equation

(5-2) and gives an activation energy of ' .001 eV. The

very low temperaturé data falling ;way from the linear
extrapolation may be accounted for by impurity band conduc-
tion, as in Lamio3. Thus, the behaviour of thelresistiv;ty
over the entire temperature iange investigated may be des-
cribed by a degenerate semiconductor model, as was thi

case for LaTiOB. Thése transport data, then, suggest
delocalized d-electron behaviour for CeTi03.

The magnetic behaviour of CeTiO3 is equally
fascinating as that for LaTiO31v Figure 5-8 includbs both
raw an& anaiyzed susceptibiLity data for CeTi03, for tem-
peratures aboye 115 K, plotted as reciprocal sdgceptibility
versus teﬁperature. Noﬁice that the raw data (Figqure 5~8(a))
are notr linear, that is, they do not show a Curie-Weiss law

dependence!

Xy T Cy/ (T-8_). (5-3)
» ’ T~
However, the data do show a susceptibility-temperature

E
dependence of the form
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Xy = G/ (T-92) + xq 1 5. (5-4)

where Xp . T P' is a temperature independent term. The best
. . =1 . '
//llnear fit of (xM) vs T where Xy = Xy~ Xp_1.p. is shown

in Figure 5-8(p) for which x, ; p =(860 % 10)x10 Scm’® mole™!

Cy = 0.55 + 0.03 cm’-K-mole™', and 8_ = -5.% 3 K (yielding
, L2 .
a correlation coefficient of 0.99994). These findings

differ from the work of Bazuev et al.,54 who~report a. linear

x_l-T dependence and a larger CM‘

The magnitude of the temperature{independent te;q)
is quite close’ to that foupd for the Pauli susceptibil;égr\
of .LaTi0, (800 * 20)glﬂ_°cm3 mole“!), and together. with the
resistivity data in this temperature range, the tempera-

P . * o
ture independent term may be attributed to a Pauli siscep-

tibility for delocalized d-electrons in CeTida. The re-

maining Curie-Weiss susceptibility then is due to the

3

, . 1
localized f-electrons of Ce’>. The observed molar Curie

;
constant, CM' is reduced from the free ion Curie constant

of 0.80 cm° mole * K-l, as is gbserved“4in other perovskite-

75,76 : .

LN

type cerium oxides.
| The magnefic behaviour of CeTiO3 at lower Eempera—
tures is shown in Figures 5-9 and 5-10. In Figure 5-9, &
the response of the magnetiﬁation to éfplied field {s shown

at various temperatures. The-data for T = 4.2 K to T # 90 K

indicate that the material is magnetically ordered at ‘those

- -
temperatures, while the data for T = le K show* paramagne&ic
. \\ -

~

\ .

b

-~

A

\,
N

)\“.
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behaviour. F;gure 5-10 shows the response of the magneti-
zation to temperature at anfépplied field of 0.0045 T.
The slove of this curve is complicated, certainly not
Brillbuinflike. The uﬁdulations.may indicate. changes °in
magnetic structure with temperature in the range 50 K to
100 K. There is clearly an ordering temperature at 116 % 2 K.
Note that the temperatﬁre at which the minimum in the ‘
resistivity occurs (60 K%Qﬁoes not coincide with the tem:
peréture of the_high tempefatﬁré“magﬁetic txansitioﬁ in
CeTiOB, unlike the casé“for LaTi03. It is.of interest to
note that a close examination of the susceétibility data
for CeTi0, in Figure 5-10 does suggest that there may be

. an inflection around 60 K.
The nature of ‘the magnetic ordering in CeTi03 is

3

unclear. The ce*? f-electrons may be ordering by an in-

diflect exchange mechanism, that is, involving the itinerant

-

Ti+3 d-electrons. There may also be spontaneocus magnetism

in the Ti*t?

d~band. The saturation magnetiiation of ~ 0.6
up~ molecule T at 4.2 k suggests that the magnetic struc-
ture may'be éomplicated, as ﬁhg fe;romagnetic>saturation

'/m“\moment'for the Ce+3 f-electron is 2.1 uB;’while simple
4ntiferromagnetic ordéring of the ce™? ions would- show no
magnetiéatioﬁ and one would expect to obse?ve only a small
moment-from the T}+3 d-electrons as in LaTi03. A saturation

1 is thus not easily explained.

moment of 0.6 ug- mole
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These magnetic data observed for CeTi0, are in rea-

5

- 54 |
sonable agreement with those reported by Bazuev et al. in

their studies down to 8¢ K. Their explanation, based on
canted antiferromégnetic ordering of localized d-electrons
giving rise to the weak ferrdmagnetism, is not consistent

with the transport behaviour reported herein, -which indi-

+3

cates that the Ti d-electrons are deiocalized above 116 K.

The transport data reported here for CeTiO3 are not in
agreement with those of Bazuev et al.,26 who report that the
resiétiv;ty is independent of temperature;

4
5.3 Pr7il. and NdTiO3

3

& .
Figure 5-11 shows the response of the molar sus-
' ~
ceptibility to temperature for PrTil, at t8mperatures above

100 K. These data can be analyzed acceording to the Curie-
Weiss law (equation (5-3)) with CM =1.73 Cm3'K—mOle_l and
9 = -49 K. There is no evidéﬁ@e for a temperature indepen-
dent paramagnetic term in the susceptibility, as was found
. for LaTiO3 and CeTiO3. The observed Curie constant is
greater than that expected for free ion Prf3-on1yril.60
cm?—K—mole-l) and suggests that there is a contribution
from Ti+3. This, in turn, suggests that the d-electrons

of Ti+3 are localized on atomic sites giving rise to local

moments ‘and a contribution to the Curie constant (the

spin-only Curie constant for'Ti+3.is 0.37 cm3—K—mole_l).
The Curige constant for Pr+3 in’PrTiTaOG, in which the

) - 4 .

— ’
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environment around the rare earth is similar to that in the
titanites, is 1.28 cm3—K-mole_l.78 Assuming a similar re-
dudtion from the free ion Curie constant of Pr+3 in the
titanites, there would have to be a significant contribution
to the observed Curie constant from mit3.

The lowest curve of Figure 5-12 shows the response
of the magnetization to temperature for PrTiG3 at an applied
field of 0.0045 T. It is clear that magnetic ordering of
some kind occurs at a critical temperature 'I‘c = 96 + 2 K.
The nature of this magnetic ordering is unclear. Figure
5-13 shows the magnetization versus field data for.PrTiO3
ét 4.2 K. The data indicate that the magnetization saturates
to ~ 0.5 Mg molecule, but there appears to be Qome field
dependence to the saturation moment, perhaps due to a para-
magnetic contribution. The data in Figure 5-12 show the
remarkable response of the magnetization to temperature at
various applied fields; Notice that as the'applied fiz}d
increases, a "hump" appears in the data, its position 7
shifting to lower temperatures. The cause of this effect
is unclear. It may be that the application of a magnetic
field is causing a change in the magnetic structure of
Pr‘I‘iO3 and consequently, different responses of the magne-
tization to temperature.

The results of Bazuev et E&;?4 are in reasonable

agreement with this work, as they report a magnetic ordering

at 90 XK. Their interpretation in terms of canted anti-
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ferromagnetic ordering of the Ti+3 sublattice is suspicious
in light of the high saturation momént at. 4.2 K reported in
this work. Canted antiferromagnetic ordering of the tran-
sition metal sublattice, such as is found in the isostructural

3,79'80 gives rise to a very weak ferromagnetism on’

1

REFe0
the order of 0.05 uy- mole”
The transpor; behaviocur of PrTi03 is shown in
Figure 5-14, presented as the natural logarithm of the
resistivity versus reciprocal temperature. The linear
sections of these data suggest that transport occurs via

an activated mechanism. Assuming that the resistivity

follows an exponential law of the form
p = p exp[E_ /k,T] {5~5)

the data for‘PrTiO3 vyield the activation energies E .= .04 ev
- (high temperature) and ,03 eV (low temperature}. These
findings differ from those of Bazuev et gl;zs who report a
resistivity that is independent of t erature (i.e.,
Ea = 0 ev). : § ‘

These transport data for PrTiD3 can be explained
by assuming that the m;terial is a "normal" band semiconductor
like silicon or germanium. However, in light of the pre=-
ceding magnetic data, it is more probable that the 7it3
d-electron is localized on atomic sités; If this is the

case, a band picture should not be used to account for the

activated transport behaviour. Rather, one should consider the
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activated transport to be a consequence of small pd*afon
conduction. Some aspects of this conduction process have
been discussed in Chapter 1. Small polaron theory has beern

extensively applied to semiconducting transition metal

13,81 where the d-electrons are thought to "hop"

from one metal ion to another via the 2p orhitals of the
oxygen ions. Examples are the movement of Ni+3 centres
3 g2
-
As discussed in Chapter 1, the small polaron model predicts

through Nig, Ti*? through Tio, ana ce*? through ceo
an activated resistivity. At very low temperatures, the{e
is also the possibility of bangd gonduction via quantum
mechanical tunnelling through the potential wells between
metal ions.2 This should not be a significant prdblem over
the- temperature range studied for PrTi03. The activated
transport observed for PrTiO3, then, is consistent with
localized d-electrons on Ti*B and small polaron conduction.

PrTi0, shows a higher E_ at temperatures above
75 K than it does below that temperagure. This behaviour
is not uncommon in systems which undergo transport by a
small polaron ﬁechanism, and is seen, for example, in the
reduced Cel, phaseg.s-2 Ea's observed at low temperatures
are often due to impurity levels in the sample.

The inverse mo}ar susceptibility of NciTiO3 as a

function of temperature is shown in Figure 5-15. Thé data

show a Curie-Weiss behaviour, and analysis after equation- (5-3)
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vields a Curie constant, Cy = 1.77 cmB—Kﬁmple—l and 8 = -35 K.

Data collected down to 1.2 K showed no evidence for magnetic
ordering. The negative value for 6 presumably arises from
crystal field effects, as 8's of a comparable value are

. +3 . . . .
_found for paramagnetic Nd ions in similar environments

(i.e., NATiTaO_, & = -30 K).’8

The Curie constant observed for NdTiO3 is higher

3 1

. . ‘ _
than that expected for free ion Nd+3 only (1.62 cm™-K-mele 7).

In fact, the value of CM reported for Nd+3 in similar oxide

systems is substantially reduced from the free ion value.
3) in N4TiTa0, is 1.36 cma—K-mole—l,78

6 ‘
and CM(Nd+3} in Na,Ti,0, is 1.22 cmo-K-mole +.%% so one

3 in NdTi0, to the o

Curie congtant to be less than the free ion value. This

For example, CM(Nd+
might expect the contribution of na*

suggests that there may be a significant contribution from
Ti+3_ions of the Curie-Weiss type,kﬁhich in turn suggests
localized d-electron behaviour in NdTiOB. These magnetic
data are in reasonable agreement with the findings of
Bazuev et El;?s and Ganguly et ELLZO in their studies down
to 80 X. ‘ ‘

There ;s a difficulty in the interpretation of
the paramagnetic data of PrTiO3 and NdTiOB. That is thatl

the measured Curie constant is contributea to by both

‘I‘i+3 and the rare earth, and both ions may deviate from

the spin~only or free-ion value. It is, therefore, dif-

. .+
cult to derive a value for the Ti 3 moment.

P
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The transport behaviour of NdTiO3 is shown in
Figure 5-16 as the natural logarithm of the resistivity
versus reciprocal temperature. The linear relationship
may be analyzed in terms of an activated resistivity after
equation (5-5} giving E, = 0.030 eV. Bazuev et 35;26 and
Ganguly et 35;20 report behavior similar to this, the
former group finding Ea = 0.06 eV and the latter group
finding Ea = 0.02 eV. As was‘the‘case for PrTiOB, the
magnetié evidence for localized électgon behaviour suggests
that Ea could bé interpreted as an activationténergy for
small polaron conduction.’
J The fesult of the low temperature (1.2 X) infrared
investigation of a single crystal of Nd’I‘iO3 was that no
radiation wasbdetected as being transmitted through the

sample. This result may at first appear to be a disappoint-

2Ty

ment as one might expect to find some transparency in the K

infrared below 0.030 eV, the activation energy found f¥om

transport studies. Hdwever, the observed opacity is con-

éistent with the hypothesis that transport in NdTi03 : {j\\*
M%ccurs_via a small polaro? mechanism. At loy temperatures,

where kéT << Ea’ transport in such systems is no longer

activated but may occur via quantum mechanical tﬁnnelling

through the potential barriers between ions.“’as'86

The
existence of this tunnelling is coincident with band-like

behaviour, and gives rise to a source of optical absorption.
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This absorption at low temperatures has been studied in the

perovskites BaTinﬂ87 and LaCoO3,88 whi&h—pndergo tranéport

by small poiarun conduction. The minimum-absérption‘coef--‘

ficient, a, in the infrared for LaCoO3 duekto this ban&-
like absorption is ~ 200 cﬁ_l; If one assumes that the
relationship

I = Icexp[-ud] . ' (5-6)

\

is valid for absorption in NdTi0;, where I is the int;hﬁity

of the incident radiation, I.is the intensity of the trans-
: 7 . ;
mitted radiation, ¢ is the absorption coefficient_anq\dﬁ}s

the sample thickness, then for the sample used in this. ex-

’

periment (d 0.0309 cm) one can estimate the fractlon of
incident radlatlon transmitted if absorptlon occurs due to
polaron band formatlon. Using a = 200 cm -1 from the iso-

i
37 the result is ~

' a

structural LaCo0
.I/Io % 0.002

The equipment used in this experiment can detect a signal.

89 . This means.g-

only for I/I >~ 0.01 in the géométry used
that1;ne would not expect to detect a szgnal for this sample

at low temperatures if a sﬁ—il polarcn mechanlsm is operative.
The fact that the sample do highly absorb at these temperaJ
tures, then, is consistent with the model offlocalized"l’i*:3

d-electrons and transport via a small polaron mechanism.

7
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5.4 Gd’I‘J.O3 and YT103

The reciprocal susceptibility of GdTiO3 is shown as a

function of tempera;ure in Figure 5-17, and thg molar magnetization
as;a function of temperature -(at an applied field of 0.0400 T) in
Figuré‘s-ls. This magnetic behaviour is typical of a ferrimagnet.go'9
The'data of Figure 5-18 indicate a ferrimagnetic ordering tempera-

.-

ture of 34 + 2 X.

‘ " Néel has shown ? that for a two-sublattice fetrimggnet,
the high temperature susceéftibility, analyzed as x-l, is a
hyperbola and has éxpressed it in the form

The high temperature susceptibii&;xcpf GdT;03, analyzed after
equation (5-7), yields C = 8.12, 6 = -4.7 K, ¢t = 48.1 and 8' =
40.1 K. The molecular fieid cqeffié?ents, derived froa these
parameters, are Yoi-i = 10.6, Yea-Ggd = 3.2 and Yed-Ti = -8.1.
The constant C is determined from the Curie-Weiss part pf the
curve and should be equai'to Cgg*t3d * Cpj+3 = 8.25. The(hg:_u/
served value is slightly reduced from this value, as is also
found for GdCr03.93 Yoi-ri
considerably larger than the Gd-Gd interaction. Ypp_ my is

ig positive (ferromagnetic) and is

w

intermediate in magnitude and is antiferromagnetic.
Figure'5-19 shows the saturation moment of GdTiO3 as
a function of applied field at 1.2 K. These data suggest that

" the magnetization of G%}ieg/;pproacheq,saturation at a value

1

of 6.0 £ 0.1 uB—mole- . As the free ion value for the satura-

3

tion moment pf Gd+ (a 4f7 ion) is 7.0“uB-10n-l and épin-

only value for Tif3 (a 31 ion) is 1po ug“ion ", the data
suggest an antiparallel coupling of £hg_Gd+3 and Ti+3 moments.

/\-
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This conclusion implies the existence of a.full local
moment on Ti+3 and thus indicates localized d-electrons in
GdTi03. These magnetic data are in poor agreement with
the early low-temperature work of'Bozorth et Ei;,ss who
reported on brdering temperature of 21 K and a much lower
saturation moment.

The temperature dependence of the resistivity of
.GdTiO3 is shown in Figure 5-20. The strong magnetic evi-

3

dence for localized Ti' d-electrons suggests that the

observed activated resistivity should be interpreted as ~
being a consgeuence of gmall polafon transport as was the
case for PrTi0; and NdTi0,. The data, analyzed after
equation (5-5}, in&icate E, = 0.18 eV (high temperature)

and 0.10 eV (low temperature). As for PrTiO,, the lower

3¢
temperature activation energy may be accounted for by the
presence of impurity sites in the sample. These transport
data are in good agreement with the high temperature work of
Bozuev et glL,zs who report an activation energy of 0.19 eV.
The results of the room temperature transmission
infrared investigation of a single crystal of GATi0, are
shown in Figure 5-21, and of a low temperature (1.4 K)
far-infrared investigation in Figure 5-22. Features of
these spectra will be discussed later in this section,
together with the optical results for YTiOa.
The response of the magnetization of peolycrystalline

)
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YTiO3 to temperature in an applied field of 0.0800 T is
shown in Figure 5-23. These data indicate that ferromagnetic.
ordering occurs at Tc = 29 * 1 K, The magnetic moment as a

function of applied field at 4.2 K-is shown in Figure 5-24.

The magnetizati&n data appear to saturate at ~ 0.85 kg~ mole_l,
although a gradual increase is noted with increasing field. N
As the Y3 ion has no moment associated with it, the mag-
netic ordering must correspond to a ferromagnetic ordering
of the Ti+3 d—electro?s. These magnafic data are in ex-

: 56

cellent agreement with the low temperature work of Johnston.
A single qrystal of YTi03 (§0n0 mg) of roughly

ellipsoidal shape was used for orientational magnetic studies

at low temperature (4.2 X). TFigure 5-25 shows the magneti-

zation as a function of crystal orientation in the a-c¢ plane

at an appiied field of 0.1500 T. Figure 5-26 shows the

field dependence of the magnetization for two crystal orien-

tations. Figure 5-26(a) corresponds to the c-axis of the

crystal being parallel to the pole axis of the magnet while

Figure 5-26(b) corresponds to the a-axis being parallel

to the peole axis. The facile magnetization in Figure 5-26(a)
indicates that the c-axis is the easy direction for magne-
tization in the a-c plane of the crystal, while Figure 5-26 (b}
indicates that the a-axis is the hard'diﬁection for magneti--
zation. Anisotropy of this kind exists in some materials
?ecause the electron spins are coupled to the orbital angular

momentum through spin-orbit coupling, of the form AL-S.
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The orbital part of the ground state wave function is
‘acted upontby the crystal fieid ,, and determines a . o
preferred direction fdr the total magnetlc meoment. The
anisotropy energy is the energy required to move the
total moment from its preferred direction to the»directlon
of the applied field. ‘

A similar study was conducted looking at the. a-b
plane of the erystal. Tﬁe anisetropy curve, shown in
Figure 5-27, was obtdined at an applied field of 0.2000 T.
The magﬁetization eérsus field data at orientations of
0° and 90° (referred to the orientation axis of Figure 5- 27)
are shown in Figures 5-28 (a) and (b), respectively.
These data indicate that the easy direction in the a-b
plane of YTiO, ;‘is along the b-axis, and that the hard
direction is along the a-axis. Note thaﬁ curve "b" of
Figure. 5-265 corresponds to the same crystal orientation as
curve "b" of Figure 5-28. The fact that these curves have
different shapes presumably arises frem a slight
misorientation from the a-axis of the c;ystal being parallel
to the pole axis of the magnet when these data were obtained.

Flgure 5-27 1llustrates that the value of the magnetlzatlon

changes quickly for a small change of orientation for

orientations near the hard axis dlrectlon (90° in Figures 5-27).

l.__,4

Note for the hard direction in the a- b plane that
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the magnetization has not saﬂgféted at 1.5 T. This is pre-
sumably responsible for the gradual increase,in the satura-
tion moment ofﬂggiycrystalline YTiO3 Qith increasing field
observed in Figure 5-24. »

The rcom temperaturé infrared spectrum obtained fér
YTi0, is shown in Figure 5-29, and a low temperature (1.4 K)
far-infrared sngtrum_in Figure 5-30. ‘These spectra have a
number of features in common with those of GdTi03, Figures
5-21 and 5-22. ’ \,//

Both rocm temperature spectra shgy étrong absorption
from ~ 1000 cm™* to lower enérgy. This corresponds to Ti-0
and RE-0 vibrations reported by Bazuev et ié;ez Both spectra
also show a marked decrease in the absorption coefficient as

1

the frequency decreases to ~» 1400 cm - (0.17 eV) for GATiO

3

to ~ 1300 cm—l;(0.16 eV) for YTiO This suggests that

3-
there may be weak absorption edges for these materials at
approximétely those energies. The transport data of Gd'I‘iO3
indicate that the activation energy fof conduction near room
temperature is ~ 0.18 eV. This suggests a connection between
thF weak absorption edge and the‘conduction mechanism in
this crystal. |

Another feature which is common to both room-tempera-
ture spectra is the presence of weak abscrption bands occurring
just before the onset of strong lattice vibrations. For
YTi0,, there are two distinct absorptions, one at 1195 % 20 cm~

(28

the other at 1315 % 20 em™.  For GATi0,, the absorption

1

r
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band is broader, perhaps containing more than one peak,

but only the centre of the absorption band can be located,

occurring at ~ 1200 cm T.

The low temperature spectra of GdTi0. and YTiO

3 3
both show transparency below A~ 80 cm—l, indicating that

there is no delocalized electron behaviour in these materials.

There is a weak absorption for YTiO3 at ~ 120 c:m_l and one

for GATi0, at ~ 155 cm T, o
The molar ex%}nction coefficients for these absorp-

tion peaks (v 400-600 cm—lk are similar to those of the

//!\f—weak peaks observed at 1200-1300 cm_l. It is possible that

the absorptions at 120-150 cm-l, along with those observed

1

in GdTi03 and YTiOB, are due to d-d tran-

sitions within the Ti'? ion. This possgbility will now be

at 1200-1300 cm_

considered further.

Recall that the solution of the crvstal structureg
of GdTiO3 iﬁg YTiO3 in Chapter 3 revealed a distortion of
the TiO6 octahedron for-both these compounds. (Details of
the environment of the'TiO6 octahedron are given in Table
3-7.) The nature of this distortion is a Eetragonal—like
‘elongation of ~ 3% along one of the Ti-0 axes. This kind

of distortion has an effect upon the d-energy levels of

transition metal ions and has been considered bprrton94

and Ballhausen.95 The results for a tetragonally distorted

TiO6 octahedron will be presented in a qualitative way.
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Figure 5-31 shows the qualitative splitting of the

34 enerqgy levels of a dl ion by the successive application

' . . . 1.
of various perturbations. The free ion term for a 47 ion

is 2D. In an octahedral crystal field, the levels are

split into a l%yer set of T2 symmetry and an upper sét of
E symmetry, separated by an energy AO, as shown in Figure
5—31(&). Figd{;\5—3l(b) shows the effect.of a tetragonal

elongation, likex that observed in Gde‘iO3 and YTiO3, giving -

i

rise to the spliﬁtiné $ in the T2 multiplet. The effect of
spin-orbit coupling, described by the“spin—orbit coupling
constant ¢, is included in Fiqure 5-31(c).

The energy level scheme that results has two levels
separateé‘by an energy on the order of the spin-orbit
coupling constant as iowest in energy. The next level is
at an energy ~ é above these, the magnitude of § depending
upon the extent and effecZ"of the tetragonal elongation.

The states arising from the E multiplet are higher in energy,
the amocunt determined by Ao' |

The value of the spin-orbit coupling constant for
free ion Ti+3 is 154 cm"l,96 although, for an ion in a
crystal, ¢ is usually 20-30% below the free ion valueiif
The value of 84 found for Ti+3 in oxide environments

similar to these in GdTiO3 and YTiO3kgs ~ 19,000 cm-l.97

The value of §, however, can be quite small for Ti+3 in

some cases (v 110 em ™t for Ti*3 in Al,0, ?8) ana considerably

larger in others (~ 7,500 cm_l for Tit3 in titanium triacetyl-
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acetonategg).

If the weak absorption bands in GATi0., and YTiO

3 3

at ~ 120-150 cm—l and ~ 1200-1300 cm‘l are due to d-d tfén—

sitions, the low energy transitions would be occurring be-

_—tween the lowest two energy levels of Figure.5-32(c) and
would be of energy ~ . The transitions at ~ 1200-1300 cm +
.clearl§ will not correspond to Ao' but are more likely to
arise from transitions between the T2 multiplet levels which
are separated by an energy of ~ §. One would. expect to see

(

one transi;}on at low energy (~ ) and two transitions at

an energy ~ § \égarated by ~ ¢. This is exactly the pattern
thag\IB~éb§§§;qufor the weak absorptions in YTiOB.

Orton has done. a mor® quantitative treatment ¢f the
effect of tetragonal elongations iﬁcluding spin-orbit coupling
on the.energy levels within a Ti+3‘ion. The way in which the
energies of'thé three levels arising from tLe T-multiplet shift
as a fuﬁction of increasing elongatiah is shown in Figure 5-32,
In YTiO3 and GdTiO3, for which é§/¢ appears to be ~ 8, an energy
1;;el scheme like the lower portion of Figure 5-31(c) is pre-
dicted. However, the wave functions of the groupd state doublet
Eo are non-magnetic, as the orbital and spin contributions to
the magnetic moment exactly cancel.94 Nonetheless, YTiO3 and
GdT;p3 do order magnetically at 29 K and 34 K, respectively. 1If
the ground state in ;hese systems is Ed’ then magnetic ordering
may be occurring by an exchange induced moment mechanism as is
proposed for rare earth ions with singlet ground states that

order magnetically (i.e., HoP, ErN).100'101'102
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E, doublet wave functions - [Y > = |-1,+}>
I?_> = l+l,—%>
E_ doublet wave functions - |¥ > = apl-1,-%> + azlg,+%>
I\’_> = all.lr;i> - azlgl‘;’:'
where |g> = 1//2(|2> - |-2%4

Figure 5-32. Splitting of the energy states arising from
the T multiplet of the Ti+3
field as a function of increasing tetragonal

ion in an eoctahedral

elongation.. Wave funfﬁ}oys for the lowest two
doublets atre shown.
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One should alsc consider that the actual distortion of the
TiO6 octahedron in YTiO3 and GdTi03 is not purely tetra-
gonal (note the bond angles and distances in Téble 3-7),
so that the energy levels of Figure 5-32 may be. shifted
enough in G&Tio3 andd§;103 to result in the ground state

being E_, which is magnetic.

3
may be due to d-d transitions in Ti+3. This implies
localized d=fFlectron behavighr for these compounds, and
/ .
is consistent with the magnetic and transport data for
) B -

. Thus, the weak absorption bands in. GATiO0. a d-YTiO3

these materials which suggest the same conclusion.

5.5 ngzl—xTIOB Series

1-xT203
are of interest as they span the unit cell parameters and
+3

Compounds in the series of solid solutions LaxY
-

d-electron behaviour of the RETi03
series from LaTiO3 to YTiOB. As both La+3 and Y+3 are

closed shell icns, the only magnetic species.in these
3 .

presumably the Ti+

materials is Ti*?. an advantage in studyihg members of

this series, then, is that one is observing the behaviour
of the Ti+3 d-electron only, with no "interference" from
the’presence of local moments on the rare earth ion.

The magnetic properties of two end-members of this
series, La’l‘io3 and YTi03, have been discussed earlier in

this chapter. 5$sults from those studies will be reproduce&

in this section where appropriate.

A

o | e

L s ———— e —
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The mclar susceptibility, corrected for diamagnetism,
has been measured as a function of temperature in the range

80 K to 300 K for polycrystalline LaXY TiO3, x = 0.1,

l-x
0.2, 0.4 and 0.7. These data, presented as reciprocal sus-

ceptibility versus temperature, are shown in Figure 5-33.
Non-linear behaviour is evident, and deviations from linearity

occcur in the same way as for CeTiO3. These LaxY Ti0., data

were analyzed in the same way as the CeTiO

1-x 3
3 data, i.e., they
were fittsd to equation (5-4). The parameters of these fits
are given in Table 5-3, and the inverse susceptibility,

(xrj,)'l, where x, = x

= Xp.I.p.* is shown as a function of
temperature in Figﬁr 5-34. .Of ﬁarticulér interest is the
variagbhg of Ahe magnitude of the temperature-independent
term in the é&fcéptibility, Xp.1.p,+ With x. The relation-
ship, shown_ in Figure 5-35, revifls a roughly linear de-
pendence.Z(;f, as in LaTiO3 and CeTi03, this term corres-
ponds to a delocalized electron Pauli susceptibility, these
data suggest that there may be two "kinds" of d-electrons

in these phases. Some of the d-electrons may be delocalized,
giving rise to the Pauli term, while others may be localized
on Ti+3 sites, giving rise to a Curie-Weiss term in the
sdsceptibility. The Curie-Weiss contribution does not
gppear to be near the épin—only value. Notice in Table 5-3
that as x incregses;\the value of &, tends to become in-

creasingly wmegative. This may reflect the importance of

negative exchange interactions or crystal field effects or Both.
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- The resulfs of low temperature (4.2 K) magngtic
studies of various members of the solid sclution La ¥, ,TiO,
are shown in Figures 5-36 and 5-37, and the results are
summarized in Figqure 5-38, where both the saturation moment
and the Curie temperature are plotted as a function of

- unit cell yolume in order to facilitate comparison with
other RE'I'iO3 phases. Notice'the sharp drop in saturation
~moment for small values.of X, reaching the small saturation

moment of ~ 0.02 u_, for x ~ 0.5. The ordering temperature

B
also decreases with increasing x, but in a less dramatic
way. Abové x = 0.4, the magnetization—teﬁperature curves
are very similar and the Curie temperature is aifficuLt

to locate but does not appear to change very much. The
composition for which all signs of magnetic order disappear
is difficult to locate exactly as sample signals become
quite small, but appears to be about x = 0.7.

The cell volume of GdTiO3 is shown along the volume
axis of Figure 5-38, If the saturation moment of Ti+3
is a functioP of cel} volume only, one would expect to ob-
serve a saturatioﬁ moment of ~ 0.2 QB foé Ti+3 in GdTi03.
‘Recall, however, that GdTiO3 aépears to be a collinear

ferrimagnet, with a value of about 1.0 g for the Ti+3

. L4+3 .
moment. Thus, the saturation moment on Ti 3 in the RE’I‘:.O3

phase® seems to be dependent not only on the size of the

- RE ion but also upon its magnetic moment.
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Figure 5-36. Magnetization as a function of applied field

at 4.2 K for various La ¥, , Ti0,. The value

of x is indicated in brackets beside the

appropriate curve.
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A more detailed study of the La ¥, _,Ti0, series is
being conducted by another member of our group* at this -
timé. . That study involves .the preparation of single crystal
samples of various members of the series along with magnetic

and transport measurements in an attempt to gain-a fuller

‘understanding of the properties of this series.

* J.P. Goral..
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"across the RETi0. series, RE = La, ..., Y.

Chapter 6
CONCLUSIONS

0.1 The Present

Table 6-1 briefly summarizes scme of the properties .
observed for the RETiO3, RE = La, ..., Y. PFor RE = La, Ce,
the Ti'h3 d—eiectron appears to be best described on the
delocalized elect;pn model. "For RE'= Gd, ¥, a local model
seems more approprlate. The case for RE = Pr, Nd is more
intermediate in nature, but appears to call for the local
model. These findings suggesﬁ, then, that a change in

+3

the electronic behaviour of the Ti d-electron occurs

&,
3
The crystallographic studies of the RETiO3 that

have been reported in Chapter 3 provide a means of deter-

: mznlng whether these findings agree qualltatlvely with the

phenomenological phase diagram proposed for the RET103

by Goodenough and shown in Figure 1-3. As discussed in
section 1.4, the phase dé;;;;:irelated physical properties
in dlfferent temperature regim\ he magnitude of the
transfer lntegrél b. The magn;tude of is a measure of
the strength of the interaction between nelghbouring Ti +3
;ons. The collect;ve d-electron'behav1our in LaT:.O3 and

CeTiO3 suggests that b is large (b > bm in Figure 1-3},

" e %
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while the localized d-electron behaviour in the‘RETiOB,
RE = Gd and Y, suggests that b < bé for tpose compounds.
The case for RE = Pr, Nd is less clear as the magnetic
evidence for localized electron behaviour in these compounds
is not unambiguou

As discussed in fhapter 1, the strength.of the
interaction between 'I‘i+3 ian (and hence the magnitude of
b) will depend upon the effectiveness of the overlap of‘the
Ti+3 d-orb;Jals with the p-orbitals of the neighbouring
oxygen atoems. This, in turn, will’@epend upon the ang;e
subtended at the oxygen by the two neighbduring Ti+3 ions,
since the Ti-atoms must intefact via that intervening oxygen
ion. - When the Ti-O-fi bond angle is 180°, as in the ideal
perovskite structure, the ovérlap of the Ti-orbitals with
the oxygen orbitals is maximal. If the Ti-0-Ti bond angle
is decreased from i80°.(as-it is in the orthorhombically
distorted perovskites), the-overlap is less effective and
" hence the magnitude of b is lower. The Tis0-Ti bond angle
as a function of.rare earth radius in the RETi0; is shown
in figure 3-8. .In going fro ”RE = La to RE = Y, the
avefage Ti-0-Ti bond angle decreases from 155° to 143°,
so that thelﬁalue of the transfer integral, b, is pregumably
also decreasing. Based upon these qualitative arguments,
it is possible that the values of b scan part of the ?hase

diagram of FPigure 1-3 from right to left as the rare

earth changes from La to Y and in accord with the gross

»
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IS
features of Figure‘l-B one observes a transition from
collective to localized behaviour for the d-electrons.

The phgge diagram predicts that thé first ordered
phase encountered upon decreasing b will be an antiferro-
magnetic spiral. One interp;etatiqp of the properties of
LaTiO3 invokes an itinerant antiferromagnetic model. The
phase diagrém also predicts ferromagnetic ordering as b
decreases, and this is found, unequivocally, for RE = Gd
to Lu, |

There are a number of observations, however, that
are not predicted in detail by Figure 1-3. The variation
- of the critical temperatures across the RETiO3 séries; re-
ported inxTabIe 6-2, bears little resemb;ance te the be-
ﬁaviour predicted by the phase diagram. For example, Tc
decreases from.La to Pr rather than the. predicted increase,

“

. There is also no way té understand a T, ¥ 0K for RE = Nd

or the considerable scatter from RE = Gd to Lu., The La Y TiO

X 1l-x 3

series, which, in principle, should be well represented by
the phase diagram as théere are no “interfering" momentﬁ'on
the rare earth atoms, shown an initial rapid decrease in
Tc with increasing x, (increasing$b), rather-than the ex-
pected increase.

Interactions of the titanium d-electrons with the
rare earth ions are outside the scope of Goodenocugh's model,

in that it applies only to the d-electrons. These inter-
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Table 6-2

*
Magnetic Critical Temperatures for the RET:'.O3

-
ggTig3 Tc(K) ’ggTigB Tc(K)
La 130 La, o%0.0 130

Ce < 116 LaO.SYO.S
Pr 96 . Lao.4Y0.6 1z
Nd < 1.2 Lay ;¥4 5 11
Gd 34 Lag ¥ 75 11
b 49 La; ,¥, g 14
oy 64 Lag 1¥g o 18
Ho | 26 Lag 05¥0.95 24
Y 29 Lao_éYl-o 29
Er " 39
Tm 58

N

Lu 30

Critical temperatures for those RETi03 not studied

in this work taken from reference 71,

r
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actions are c¢learly important in GdTiO3. where ferrimagnetic

ordering occurs, and may be important in CeTi0, and PrTi0

3 3
where complicated magnetic behaviour is observed.

As has been mentioned briefly in section 5.2, the
number of titanium d-electrons per uni; cell for the RETiD3
is four, not just ene_as wouid 5; the case for a cubic-perov-
skite cell.‘ This means that for the case of delccalized
d-electron behaviour, it may be possible to have a band
semiconductor. K This possibility does not exist in Goodenough's
approaqh, which focuses upon a single pseudo-~perovskite cell
and'predicts\?nly metallic behaviour for delocalized electrons.
If the change from meta;iic to semiconducting resistivity
in haTiO3 and CeTil, results&ffem a metal-collectivé-electron

, , ~
semiconductor. transition, this, too, is neither predicted

I

nor explhinable on the basis of Goodenough's medel.

It is Jinteresting to note the cotrelation between
the standard deV1ationrof the Ti-0 bond ragﬁpég\xh the
: RETiO3 (see Flg. 3-7) w1th certaih phy31cal ;;;\e:tles.

" For RE = La (collective d-elebtrons), ¢ {(Ti-0}) ~ 0. For

RE = Gd and Y, where localized d-electron behaviour is ob-
served o (Ti~0) i_
for RE = Pr, Nd, /;
for a full/I’Eal moment on titanium. It is also interesting

that_when[RE = Pr, Nd (small o(Ti-0)) activation energies

for conduction are gmall, while for RE = Gd, Y (large o¢(Ti-0)},

‘
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the activationlenergies are significantly larger.

The findings of this work havé differed significantly
in a number of details freom the previo?s¥y reported results
of other workers (i.e., Bazuev et al. and Ganguly et gl;).

Many of the experiments repoéggd in this work were performed

~

for the first time on single crystals of the hETi03, @nd
are more likely to reflect the true properties of these-
materials better than measurements on polycryétalline
samplés. As we;i; many of thése experiments have extended
“to_lower temperature the fangefover which these maﬁerials
have bgen‘studied, and, in doing so, have revkaled many
unusual low temperatﬁ:glpgpperties which could not have
been predicted fromAdata_obtéined at higher temperatures.

— »

—_— I

6.2 The Future
This work has opened numerous foteéntial avenues
for further examination. |
All of the materials studied in this thbsis are
candidates for Hall effect experiments. Such studies %

-

'should reveal the sign and concentration of the chggga
carriers, aﬂa in conjunction with resistié&ty data, can
bé used to determine charge carrier mébflities. The

temperature depeﬁdence of the Hall mobility provides a
critical experiment to distinguish the collective from

the lbcalized electron regime.

. Diffuse reflectance studies of the‘RETioa,

Ll
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RE = Pr, Nd, Gd and Y, may reveal absorptions at ~ 19,000 cm
/ . .
due to d-d transitions between levels of T2 symmetry and E

symmetry in the ti*3 ion.

Neutron diffraction studies of the materials CeTil4

. - &
and PrTiO3 may reveal fascinating magnetic structures. It

will be of interest to examine the magnetic structures at

different temperatures,'as the undulations in the low field

magnetization versus temperature plots for'thesQ)comébunds

‘suggest changes in the magnetic strXucture with temperature. .

The interesting propértiéé of the Lale_xTiO3

warrant further study. The first step should involve‘thﬁé'

preparation of single crygtal samples swhich could then be

used for transport and optical studies.

“~

1

series
.

It should be possible to 'put the delocalized-loé‘lized

electron transition on a more quantitative footing. The
interatomic distances and angles in the RETiO3 are no wé;l
knoyn from this work. Band calculations on LaTiO, and
CeTiO3 would be valuable, the resglts of which may clear_
up some of the éonfusioa regarding‘these’gaterials. ~It
may also be possible to calculati the rglevant overlap in-\

tegrals, and perhaps estimate values for the transfer inte-

grals for the individual RETiO3.'

“~
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