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ABSTRACT

Members of the solid solutions, R, ,TiO; (R = Nd, Sm) have been prepared for 0.00<
x £0.33 and 0.00 < x< 0.17 for R =Nd and Sm respectively. Three structural types have been
identified for the R=Nd system: Pnma (0.00< x < 0.17), Pban (0.25< x< 0.30) and P4/mmm
(x =0.33). For the R = Sm system, only the Pnma structure type has been identified by x-ray
powder diffraction. D.c. susceptibility measurements reveal canted antiferromagnetic
behaviour for the nominal x = 0.00 and 0.05 compositions in both systems. The observed
Néel temperatures are 100K and 75K respectively for x = 0.00 and 0.05 in the Nd,, , TiO,
system and 50K and 42K for the x = 0.00 and 0.05 compositions in the Sm,, , TiO; system.
The magnetic structures of these phases have been determined using neutron diffraction
methods. Paramagnetic behaviour is observed for x>0.10 in both systems. Four probe van
der Pauw measurements reveal two metal-insulator transitions in the Nd,,.,,TiO; system at
x = 0.10 and x = 0.25 and only one for the Sm,, ,,TiO; system at x = 0.10. In the metallic
regime, the resistivity behaviour indicates these compounds are poor metals with highly
correlated behaviour possibly associated with the Kondo effect and Fermi liquid character.
Further investigation of these “metallic” phases by specific heat measurements reveal a
divergence of the carrier mass as the Mott transition is approached from the itinerant side in
accordance with the Brinkmann-Rice model. Thermopower measurements in both systems
reveal the presence of p-type conduction in the Mott insulator phases, while n-type
conduction is observed for x > 0.10. The thermopower behaviour of the “metallic” phases

can be described using Mott’s law for metals.
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CHAPTER 1

INTRODUCTION

Fifty years ago Mott considered the problem of how a transition from a localized
magnetic insulating state to an itinerant metallic state (also known as the Mott transition) can
proceed. The question grew out of a need to explain the insulating nature of NiO which, as
first pointed out by deBoer and Verwey (deBoer and Verwey, 1937), should be metallic
according to the then successful band theory developed by Bloch and Wilson (Bloch, 1929;
Wilson, 1931). To explain this conundrum, it was first pointed out by Peierls, that one must
consider the importance of Coulombic electron interactions (Mott, 1990). It was later shown
by Mott and Hubbard, that the one electron model fails if the energy needed to place two
electrons on the same site, U, is greater than or equal to the one electron bandwidth, W
(Hubbard, 1963; Hubbard, 1964; Mott, 1949)

Following the discovery of high T, cuprate superconductors, there has been renewed
interest in the investigation of narrow band systems which undergo metal-insulator (M-) transitions
(Imada et al., 1998; Mott, 1990). It has long been established that a close relationship exists
between antiferromagnetism and superconductivity. In systems such as La,, ,,Sr,CuQ,, the
parent compounds are antiferromagnetic insulators (also known as Mott insulators) which,
when doped withholes, become superconducting. Thus, it is believed that one can treat antiferromagnetism,
superconductivity and M-I transitions within the same theoretical framework of correlated

electrons in narrow band systems, that is, those in which strong electron-electron interactions
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are significant. The vacancy doped perovksite systems, R, ,TiO;(R =Nd, Sm), which are expected

to show effects of strong electron correlation are the focus of this thesis.

1.1. THEORETICAL MODELS:

In this section, the development of the theories pertinent to the field of M-I transitions
in narrow d band systems is presented. Generally, three approaches have been taken in order
to understand the Mott transition. The first being developed by Mott and is briefly described
in Section 1.1.a. The second approach was taken by Hubbard who placed Mott’s model on
a quantitative footing that included short range Coulomb interactions. The third approach was
developed by Brinkman and Rice (Brinkman and Rice, 1970; Brinkman and Rice, 1970) based
on a variational method by Gutzwiller (Gutzwiller, 1965), to include long range Coulomb

interactions.

1.1.a. Mott-Hubbard theory: To explain the M-I transition, Mott proposed the idea of minimum
metallic conductivity. He imagined a crystalline array of hydrogen-like atoms with a lattice
constant, @, which could be varied. For large values of a the material was expected to be insulating
while for smaller values it would be metailic. The value at which the M-I transition would
occur was determined to be,

n'?ay =02 (1)
where n is the number of electrons per unit volume and ay, is the hydrogenic radius. Furthermore,

the M-I transition was reasoned to be discontinuous where all the electrons go from being



trapped in the localized state to being free in the metallic state.
Hubbard treated the correlation problem in terms of the parameter U which is the energy

penalty for putting two electrons onto the same site as described by,
ard —»d'd" )

The energy required to do this is essentially equal to the energy needed to transfer an electron
from one atom to another (i.e. ionization energy, I), and the energy to recover this electron,
the electron affinity, A, thus U = I-A. In narrow band systems, the M-I transition can be regarded
as a competition between the kinetic energy favouring delocalization which inevitably leads
to metallic behaviour, and the potential energy favouring localization to give the insulating
state.

The M-I transition can be understood using Fig.1.1. If U > W, the d bands of the transition
metal are split into upper and lower Hubbard bands which creates a band gap. In this limit,
for a half filled band, the model is clearly insulating, while in the small Us W limit it is metallic.

A measure of the correlation strength is generally regarded as the ratio, U/W.

1.1.b. The Zaanen Sawatsky Allen framework:

Despite the apparent success of the Hubbard model, particularly for the early transition
metals (Ti-V), there was growing experimental evidence to suggest that it was not applicable
for the late transition metal compounds (Mn-Cu). Zaanen, Sawatsky and Allen (Zaanen et

al., 1985; Zaanen et al., 1986) considered the nature of the band gap in such systems and showed
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Fig. 1.1. The Hubbard model showing the variation of U with the bandwidth, W.
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that a third energy must also be considered, the charge transfer energy, A. This is the energy

gap between the p-bands of the ligand anions and the unoccupied upper Hubbard band of the
transition metal, see Fig. 1.2b.

The ZSA framework has become a useful scheme for classifying correlated insulators.
In this scheme, insulating transition metal compounds can be classified into two groups depending
on the relative energies, U, W and A. The first group is the Mott Hubbard insulator in which,
as shown before, the d-bands of the transition metal are split into upper and lower Hubbard
bands creating a band gap between the two bands, shown in Fig. 1.2d. The other group is a
charge transfer insulator which has an energy gap, 4, as described above. Metallic conductivity
will be attained if either of these two gaps (U or A) becomes smaller than the bandwidth, W,
as shown in Figs. 1.2a and 1.2e. Early transition metal perovksites (RTiO;, RVO;) generally
fall in the Mott-Hubbard class while the heavier transition metal oxides, in which the high
T, superconductors are found, are placed in the charge transfer class. It is to be noted that the
ZSA framework has also been modified to include transition metal oxides which have strong
covalent bonds, thus leading to a third category of insulators, that is, the covalent insulator

(Sarma, 1990).

1.1.c. Brinkmann-Rice theory:
An alternative approach in understanding the M-I transition was developed by Brinkman
and Rice. They approached the M-I transition using Gutzwiller’s variational method and considered

the case of one electron per atom. Starting with the Hubbard Hamiltonian, Gutzwiller derived
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the general relationships between a variational parameter, 1, the discontinuity in the single
particle occupation number at the Fermi surface, g, and the fraction of doubly occupied sites,
v. By minimizing the energy of the system in terms of these parameters, they were able to
derive the properties of a trial wave function on the metallic side of the transition. This led
to the important result that near the Mott transition, a mass enhancement of the carriers is expected

which is described by,

%* U 2 -
m
Z -l = 3
m |: [U 0) :l @
where U, is the critical interaction strength above which the fraction of doubly occupied sites

goes to zero thus producing the insulating state. Furthermore it was shown that the Pauli susceptibility,

¥, is described by,

1 _1-(U/Uy) 1_[Up(£F)( 1+(U/2U01) @)
X pCER) [1+U/UyY

where p(€;) is the band structure density of states at the Fermi energy. Thus as U = Uy, i.e.
as the M-I boundary is approached, both the effective mass and susceptibility diverge in proportion

to [1-(U/UJT".

1.2. Perovskite Titanate Systems and the M-I Transition:
1.2.a. RTiO, systems: The perovskite family of compounds are represented by the
general formula, ABX;, where A and B are cations and X, anions. Due to the large number

of different ions that can be substituted for A, B or X, compounds of this type have been of
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significant interest for their potentially wide variety of structural and physical properties. One
such class of compounds that has been studied are the rare earth titanates, where A = rare earth
ion, B = titanium and X = oxygen.

The ideal cubic perovksite, SrTiO;, can be described as the A site cation (Sr**) occupying
the body centre of the unit cell, the B cations (Ti*") at the corners of the cube, and the X anions
(O%) at the edge centres, with cell parameter, a,~3.8A, see Fig. 1.3a. Substitution of a smaller
rare earth cation on the A-site causes the structure to distort so as to maximize the R-X bonding.
This results in the orthorhombically distorted GdFeOQ, structure in which the TiO ;framework
is tilted where the new unit cell is related to the cubic cell by the relationship, a~v2a,, b~v2a,
and c~2a,, see Fig. 1.3b. It has been determined that there is an almost linear decrease of the
Ti-O-Ti bond angle as the size of the rare earth cation is decreased from R = La to Lu, see
Fig. 1.4. Since the exchange and conduction pathways are controlled by the overlap of the
Ti3d t,;and O2pm orbitals, a decrease of the Ti-O-Ti bond angle alters the conduction bandwidth,
posing some significant implications for the physical properties of these compounds. The rare
earth titanates all are semiconducting with activation energies that increase by an order of magnitude
from 0.01 eV in Pr,Nd to 0.1eV for R =Gd, Y. Magnetically, these compounds show a remarkable
variation ranging from antiferromagnetic behaviour observed for R =La to Sm to ferro- and
ferri-magnetic behaviour for R =Gd toTm. Torrance and Lacorre have predicted that the RTiO,
members should be Mott insulators based on estimated values of U and A using a simple ionic
model (Torrance and Lacorre, 1991). This was subsequently confirmed with reflectance spectroscopy

results which showed evidence of a Hubbard gap (Crandles et al., 1992).
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1.2.b. R A, TiO, systems: The alkali earth doped system, La,, St TiO;, has been
the main focus of investigation of the M-I transition. Tt is easily seen that introduction of divalent
alkali earth metals onto the A-sites of the perovskite structure introduces holes into the conduction
band thereby inducing a mixed valent Ti¥* (d") / Ti* (d°) system. Consequently, the band
filling can be controlled with the doping content thus allowing for systematic studies into the
physical properties of such systems. At the same time, the band width, W, is also changed
with the incorporation of the alkali earth ions on the A-site. From the specific heat, Pauli susceptibility
and optical measurements it has been determined that the M-I transition in La, St TiO; is
driven by the enhancement of the renormalised electron mass due to electron correlation and
not by a decrease of the carrier density (Fujimori et al.. 1992; Kumagai et al.. 1993). This is
reflected by the parallel increase in the effective mass (specific heat) and Pauli susceptibility
as predicted by the Brinkman-Rice theory presented earlier. Since then, investigations have
been extended to include other R, (ATiO; systems where R = Nd, A = Ca, Sr, Ba and
R, R’ JiO; (R=La, Nd; R’ =Nd, Sm) (Eylem et al., 1992 Eylem etal., 1995; Juetal, 1994,
Yoshii and Nakamura, 1997).

1.2.c. R, TiO; systems: Alternatively, one can introduce vacancies on the A-sites
to bring about a change in the electronic structure and thus induce an M-I transition. As the
end members (x =0.00 and x = 0.33) are both insulators, two M-I transitions are anticipated
in these types of systems. Most recently, the La,,_, TiO; system has been investigated (Crandles
et al., 1994; MacEachemn et al., 1994). Magnetic susceptibility and resistivity measurements

indicated the correlation strength is larger for La,.,TiO; than in the La,,_,,Sr, TiO; system. In
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addition, three structural phase transitions have been determined. The M-I transitions reveal
the effect of decreasing the bandwidth in these systems as well as the increased disorder in
this system. On the antiferromagnetically insulating end of the system (x = 0.00) the M-I transition
involves a change to paramagnetism with the simultaneous onset of metallic behaviour at x
= 0.08. From the other end, (x = 0.33), the M-I transition is associated with the presence of
a high carrier level (%Ti*) and the criteria of eqn. (1) applies. Anderson localization may become

important as a higher concentration of vacancies is involved. This concept will be described

in some detail in Chapter 5, Section 5.1.a.

1.4. Purpose of the thesis.

The purpose of the research undertaken in this thesis is to investigate the structural
and physical properties of the correlated systems Nd,,_,, TiO; and Sm,, ,, TiO; with an emphasis
on M-I transitions. Based on the Ti-O-Ti bond angles observed in the parent titanates, RTiO;,
it is anticipated that the correlation strength will increase as with the decrease of the rare earth
ionic size, the band width, W, decreases. Furthermore, with the progressive introduction of
vacancies as one goes from x = 0.00 to x = 0.33 a higher hole (Ti*") concentration per rare
earth ion is involved. This is expected to result in strong disorder, possibly leading to Anderson
localization within these systems. Structural characterization is achieved by neutron and x-ray
diffraction methods, while the physical properties are probed with magnetic susceptibility,
resistivity, specific heat and thermopower measurements. The results from the present study

are compared with those of the R, ,A, TiO; systems, notably La,, ,,Sr, TiO, and the vacancy
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doped La,_,,TiO; system.

The plan for the remainder of the thesis is as follows: Chapter 2 presents the experimental
details which describes sample preparation and a description of the instruments and techniques
used to characterize the compounds of interest. Structural characterizations are presented in
Chapter 3. The results of the magnetic studies are presented in Chapter 4 followed by the transport
properties in Chapter 5. Within Chapters 2 to 5, a summary of previous results obtained for
the related R, ,A,TiO; and La,  TiO; systems are presented. Finally, a summary and conclusions
drawn from the present study as well as potential avenues for future research involving these

systems are presented in Chapter 6.



CHAPTER 2

EXPERIMENTAL PROCEDURES

2.1. Sample Preparation
2.1.1 Nd,,,,TiO; system.

2.1.1.a. NdTiO;: Polycrystalline neodymium titanate was prepared by arc-melting
together pellets composed of stoichiometric amounts of neodymium oxide, Nd,O;(Research
Chemicals, 99.99%) and titanium (IV) oxide, TiO, (Fisher Scientific, 99.97%) with titanium
metal (99.9%) according to the equation:

Nd,O, + 3/2 TiO, + 1/2Ti — 2 NdTiO,

The oxides were pre-dried previously overnight at 950°C to remove unwanted hydroxides
and carbonates. They were then ground together in acetone and pressed into 3/8" pellets. The
reaction was carried out on a water cooled copper hearth under 0.5atm of prepurified argon
gas (99.998%). The product obtained was black in colour. Approximately, Sgms of material
were prepared by this method.

2.1.1.b. Doped compositions: For the remaining compositions, x = 0.05, 0.10, 0.15,
0.17, 0.20, 0.25 and 0.30, the reactions were carried out under vacuum in a sealed
molybdenum crucible placed in an induction furnace. This method has the advantage ofa
higher degree of control in arriving at the desired nominal composition. Stoichiometric
amounts of titanium sesquioxide, “Ti,05” (Cerac, 99.9%) and the pre-dried oxides, Nd,O,

and TiO,, were weighed out according to,
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(1-x)/2 Nd,0, + yTiO, + (I-y)/2 Ti,0; — Nd,, ,TiO,

The oxygen content of Ti,O; was checked by thermogravimetric analysis (TGA) and
was shown to be non-stoichiometric in oxygen, see TABLE 2.1. Furthermore, it was
previously found that the residual oxygen in the reaction chamber results in a slightly more
enriched oxygen product than desired. To compensate for this an excess of Ti,O; was added.
The molar amounts used for the preparation of each composition are found in TABLE 2.1.
The oxides, approximately 5 grams in total, were ground together in acetone, made into 3/8"
pellets and then sealed in a 5/8” molybdenum crucible. The crucible was placed into a
graphite susceptor housed in a boron nitride shield. This assembly was then placed in a radio
frequency induction furnace. The reaction conditicns used for the preparations were typically
~1400°C in a vacuum of ~3 x 10™ Torr or better for several hours. The temperature was
monitored using an optical pyrometer with a tolerance of £50°C. To achieve phase purity it
was often necessary to grind the samples after the initial reaction and refire under the same
conditions as before. Phase purity determination was carried out by X-ray powder diffraction
using a Guinier Higg camera. With the exception of the grey colour observed for the x =
0.25 and 0.30 compositions, the remaining compositions were black.

2.1.1.c. Nd,,;TiO, and K,Nd,Ti;0,,: Initial attempts to prepare this phase by firing
stoichiometric amounts of the Nd,0Q, and TiO, oxides in air according to,

1/3Nd,0; + TiO, — Nd,;TiO;
resulted in the formation of Nd,Ti,0, and TiO,. Subsequent attempts to perform the reaction

in a sealed crucible using the induction furnace produced an impure product which included



TABLE 2.1: Molar quantities used for sample preparations.
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Compound Nd,O; TiO, “Ti,0,”
Nd, s TiO,4 0.475 0.0614 0.4693*
Nd, 4, TiO; 0.450 0.2559 0.3720°
Nd, 5 TiO, 0.425 0.3756 0.3122°
Nd, 43 TiO, 0.415 0.4438 0.2781*
Nd, 5 TiO, 0.400 0.5459 0.2270*
Nd, ,sTiO, 0.375 0.7033 0.1484*
Nd, 5 TiO, 0.350 0.8657 0.0672°
Compound Sm,0, TiO, “Ti,0,
Smy 4sTiO, 0.4750 0.0614 0.4693*
Smyg 4, TiO, 0.4500 0.2667 0.3666°
Smy ¢, TiO, 0.4350 0.3610 0.3195°
Smy 4 TiO, 0.4250 0.3643 0.3179°
Smy §;T10, 0.4150 0.4866 0.2567°

- . b .
*Tiy05031 5~ Tiy0y g8



17

the Nd,Ti,0, phase as identified by x-ray powder analysis.

Consequently, an attempt to prepare this phase as single crystals was made using the
flux method. Initially, predried Nd,0, (0.989 g) and TiQ, (1.124g) were mixed with a KF
(8.711g,CERAC, 99.999%) / NaB,0O, (1.662g, Fisher Scientific 99.99%) flux in an inert
atmosphere to avoid absorption of moisture by KF. The mixture was placed into a 20ml
platinum crucible with a tightly fitting lid. The growth conditions involved heating the
crucible to 1100°C, soaking at this temperature for 2 hours, then cooling down to 1000°C
at 1°C/hr. The crucible was then quenched at 1000°C to RT and hot poured in order to
isolate the crystals from the flux. The evaporation losses were high at ~59%. The product
crystallized as transparent light purple blocks varying from ~ 0.25 to 0.75 mm’, each
consisting of very thin plates several microns thick. Elemental analysis by EDX revealed the
presence of Nd, Ti and K, strongly suggesting incorporation of K into the perovksite
structure. Determination of the cell constants of this phase by x-ray powder diffraction was
not possible due to the strong preferred orientation of the plate-like habit of the crystals
which was seen to persist even at the microscopic level as shown by TEM. Subsequent
analysis by single crystal x-ray diffraction revealed that the compound is a layered compound
of the formula K,Nd,Ti,0,,.

As it became apparent that KF is an inappropriate choice as a flux reagent, CsF was
tried instead as it was expected that the larger Cs ion would not be incorporated into the
layered structure. Consequently, 0.7872 g of Nd,0,, 1.1161 g TiO, , 15.039 g CsF and 0.993

g NaB,O, were ground together in an inert atmosphere and similar growth conditions were
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used as before. The crystals that formed were transparent purple-brown in colour and
rectangular in shape with dimensions of ~| mm x 1.5 mm x 0.5 mm. The evaporation loss
was extremely high at ~73%. Energy dispersive x-ray spectroscopy (EDX) analysis revealed

Nd and Ti as the only metal ions present.

2.1.2. Sm,,_,, TiO; system.

2.1.2.a. SmTiO; single crystals: A polycrystalline sample of SmTiO; was prepared
using the induction furnace as described above, following the equation,

0.5 Sm,0, + 0.5662 TiO, 46 + 0.4338 TiO, — SmTiO,

Single crystals of the nominal phase, x = 0.00 were obtained by firing the polycrystalline
sample to just above its melting point (~1800°C) in a sealed molybdenum crucible in the
induction furnace with subsequent quenching to room temperature. The crystals formed as
shiny black blocks with very well defined faces having an average dimension of ~1.5mm x
[.5mm x 1mm.

2.1.2.b. Doped compositions: The doped compositions x = 0.05, 0.10. 0.13, 0.15 and
0.17 were prepared using the induction furnace as described previously for Nd,,.,,TiO;, using
instead samarium oxide, Sm,0O, (Rhone Poulenc, 99.99%).The molar quantities used can also

be found in TABLE 2.1.
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2.2. INSTRUMENTATION:

2.2.1. Thermogravimetric analysis (TGA):

The oxygen content of the nominally prepared compositions was determined by
thermogravimetric analysis using a Netzch STA 409 Thermal Analyser. The method is based
on the weight change observed as a function of temperature or time. In our particular
situation the samples were heated under flowing air at 1000°C so that complete oxidation
to the Nd, Ti,0, phase was obtained. The weight change associated with this oxidation was
then used to determine the amount of oxygen present per formula unit assuming the nominal

rare earth and titanium content. The error in the experimental weight gain is £ 0.05%.

2.2.2. Energy Dispersive X-ray Spectroscopy (EDX):

Analysis of the metal ions in the single crystals of K,Nd,Ti;0,, and Nd,;TiO, were
carried out with this method using a Philips 515 Scanning Electron Microscope with a LaB6
Cathode equipped with a Link QX2000 energy dispersive x-ray analyser at McMaster
University. The basis of the technique lies in the ionization of the atoms when the sample is
exposed to a high energy electron beam. The atoms are ionized ejecting an inner shell
electron. This results in an energetic atom with a vacant electron state. In order to relax to
its ground energy state, an electron from an upper shell falls down to fill this vacancy and in
the process releases an x-ray photon. Consequently, by collecting and analyzing the energy

of these x-rays the constituent elements of the sample can be identified.
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2.2.3. Transmission Electron Microscopy (TEM):

A Philips CM12 transmission electron microscope operating at 120 kV was used for
the electron diffraction study of Nd,,TiO; in the SAED (selected area electron diffraction)
mode, which allows one to obtain a diffraction pattern from a specific region of the sample
under investigation. From the diffraction pattern, d-spacings can be calculated from,

d=AL/R (1)
where A is the wavelength used, L is the camera length and R is the distance between the
transmitted spot to the diffracted spot. To prepare the Nd,;TiO; composition for analysis,
several crystals were finely ground and suspended in butanol. Several droplets of this
suspension were then placed onto the sample holder which consisted of a holey carbon film

supported by a copper grid.

2.2.4. Precession Photography:

Single crystal precession photographs were taken using a Charles Supper Company
precession camera (Model 3310) with Mo Ka radiation (A=0.71069 A). The crystal was
mounted on a glass fibre with epoxy which was subsequently mounted on a goniometer. The
crystal was aligned on the camera such that a major cell axis was parallel to the incident x-
ray beam. The axis was then offset by an angle p and allowed to precess about the beam. By
keeping a piece of film tangential to the sphere of reflection of the moving crystal, the

precession camera allows undistorted images of the reciprocal lattice to be obtained.
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2.2.5. Guinier Hiigg X-Ray Powder Diffraction:

A Guinier-Hédgg camera (IRDAB Model XDC700) with Cu K¢, radiation was used
for phase identification and cell parameter determination. The camera utilizes a curved quartz
crystal as a monochromator to produce a highly monochromatic, intense and convergent x-
ray beam. The basis of operation of the Guinier camera makes use of the theory of a circle,
illustrated in Fig. 2.1. The quartz crystal is oriented such that an incident, divergent beam of
x-ray radiation is monochromated to yield pure Cu Ke, radiation (A= 1.5406A). The
monochromated, convergent beam then passes through the sample, denoted by point X. Any
radiation that is not diffracted on passing through the sample comes to a focus at point A on
the circle and represents the undiffracted beam at 26 = 0° which is used as a reference point.
This reference point is obtained by opening the beam stop for a fraction of a second while
the x-rays are turned on. Similarly, diffracted beams are focussed at various points along the
circumference of the circle, at B, C etc. The diffraction pattern can thus be recorded by
placing a length of film along that part of the circle defined by A, B, C etc. Since the distance
between the reference point A and any other point on the circle, B, C, scales linearly with 26.
the d-spacings of the diffracted lines can thus be obtained easily.

The samples for Guinier analysis (<1 mg) were prepared by grinding and mixing with
high purity silicon, which is used as an internal standard. The internal standard serves to
correct for film shrinkage and stretching during processing of the film. The intensities and
positions of the diffraction lines on the film were digitized using a KEJ Instruments Model

LS20 line scanner. The digitized information was subsequently converted to accurate d-
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Fig. 2.1. a). Arrangement of the crystal monochromator (M), source (S) and

sample (X) in a focusing camera. b). Powder diffraction profile.
Adapted from (West, 1984)
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spacings using the program SCANPI. The unit cell constants were extracted from this data

using the least squares refinement program LSUDF-.

2.2.6. X-Ray Powder Diffraction:

Data were collected for the samarium samples for structural refinement using a
Nicolet [2 automated powder diffractometer with Cu K radiation. The data were collected
over the 20 range of 10° to 90° with a 0.03° step size. Structural refinements were carried
out using the Rietveld analysis program DBWS-9006 on a 486DX-66MHz IBM compatible

computer.

2.2.7. Neutron Powder Diffraction:

Neutron powder data, for the purposes of chemical and magnetic structural
determinations, were obtained at the McMaster Nuclear Reactor. A beam with wavelength
1.3920A was obtained by reflection from a (200) copper monochromator. A position
sensitive detector (PSD) was used to collect the data. Typically, the data were collected over
a 20 range of 25° for a single detector setting so that several settings were required before
a full dataset was obtained. Once obtained, the raw data were corrected for the geometry of
the instrument. The corrected data were then refined using the Rietveld analysis program
DBWS-9006.

For structural characterizations, the samples (typically 4-5 grams) were placed into

a thin walled vanadium can. Data were typically collected over a 20 range of 10° to 120° at
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room temperature. For the purposes of collecting data at low temperatures for magnetic
structural determinations, a thin walled aluminum can filled with He exchange gas and sealed
with an indium gasket was used. Refrigeration control was maintained using a CTI Inc.
Model 21 closed cycle refrigerator with a Cryogenics Inc. Model DRC 80C temperature
controller. Measurements were made over a 20 range of 10° to 40° for a series of
temperatures from room temperature to 20K. An extended data set ranging from 10° to 78°

was collected at 10K for a full magnetic structure refinement.

2.2.8. Single Crystal X-Ray Diffraction:

Data for the nominal SmTiO; was acquired using a Siemens P3 four circle
diffractometer using Ag-Ke radiation (A = 0.56086A). An w-26 scan was used and the semi-
empirical § scan method was used for absorption correction to the data.

In the case of the K,Nd,Ti,0,, and Nd,;TiO, data were collected with a P4 Siemens
diffractometer equipped with a Siemens SMART 1K Charge Coupled Device (CCD) Area
detector and a rotating anode using graphite monochromated Mo-Kea radiation (A =
0.71073A). Due to the plate like habit of both compounds, face indexed absorption
corrections were applied to the datasets. Structural refinements of all datasets were carried

out with the SHELXTL93 software package (Sheldrick, 1993).

2.2.9. Single Crystal Neutron Diffraction:

Neutron data for nominal SmTiO; were collected using the D9 four circle single
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crystal diffractometer at the Institut Laue-Langevin, Grenoble, France. The diffractometer
is equipped with a two dimensional position sensitive detector (PSD) and a wavelength of
~0.4710A, obtained by reflection from a Cu(220) single crystal monochromator, was used.
A Displex cryostat was used for temperature control down to 15K. At 15K, several key
magnetic reflections at low angle were scanned for ~6 hours each using an w-scan. A full
dataset (20 = 5°-35.93°) was also collected at this temperature for the purposes of a
structural refinement. Due to time constraints on the experiment, it was not possible to do
this at room temperature. The integrated intensities were extracted from the raw data using
the program RACER and structural refinement of the dataset collected at 15K was carried

out using the SHELXTL93 software package (Sheldrick, 1993).

2.2.10. Magnetic Susceptibility Measurements:

A Quantum Design SQUID (Superconducting Quantum Interference Device)
magnetometer was used to measure the d.c. susceptibility as a function of temperature in the
range of SK-300K. In a typical experiment the sample was cooled to 5K in zero field (ZFC).
Data were then collected from 5K to 300K with an applied field of ~50 or 100 Oe. The
sample was subsequently cooled in an applied field (FC) of ~50 or 100 Oe and the
measurements were repeated in the same manner as before from 5K to 300K. The samples

used were sintered pellets having typical masses of ~50-100mg.
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2.2.11. Resistivity Measurements:

The temperature dependence of the resistivity was measured using the van der Pauw
four probe method (van der Pauw, 1958). The samples were mounted on the probe using GE
varnish with four Au-0.07%Fe measurement wires attached to the sample using silver paste.
The probe is inserted into a helium Dewar in order to perform the measurements from room
temperature down to SK. The samples used were sintered, polycrystalline blocks ~4mm x

~4mm x 2 mm thick.

2.2.12. Specific Heat Measurements:

The specific heats of the samples were measured using an adiabatic heat pulse
method. In this method the sample temperature, T,, is monitored for a predefined period of
time, t, (seconds), after which a heat pulse of known power, P (typically in pW), is applied
for ¢, seconds. After a decay period, t, (seconds), to allow for internal thermal equilibration
of the sample, the temperature is again monitored. The heat capacity is then obtained from
the relationship,

C= lAlgl Pt/ AT (2)
where ¢, is the duration of the heat pulse and AT is the temperature difference before (T;)
and after (T,) the heat pulse is applied.

The apparatus consisted of an Oxford Instruments Heliox insert which is equipped

with a sorption pumped *He refrigerator capable of reaching temperatures below 1K. An

Oxford Instruments [TC503 temperature controller was used for temperature monitoring and
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variation. The sample is mounted onto a sapphire plate affixed to the Heliox insert and on
this plate are also attached a RuO, temperature sensor and strain gauge heater. The
measurements were carried out on polycrystalline samples that exhibited metallic behaviour.
Typical sample sizes varied from ~125-200 mg and were ~ 1.5-2mm thick. The experiments

were performed at the University of Toronto.

2.2.13. Thermopower Measurements:

In the determination of Seebeck coefficients two fundamental quantities must be
measured, the temperature gradient across the sample, AT, and the corresponding voltage,
E,, that results. The equipment used for measuring this physical property was built at
McMaster University. As measurements from this instrument are being reported for the first
time in this body of work some detail is warranted in its description. Typically, for low
temperature thermopower measurements, helium dewars are often used into which a sample
probe is inserted. However in the design described here, a CTI Inc. Model 21C closed cycle
refrigerator is used. The advantages of using this type of cooling system lies in the complete
automation of the experiment, zero liquid helium consumption and the provision of a static
environment (vacuum) for measurement conditions. A schematic diagram of the sample
holder is shown in Fig. 2.2. The sample is sandwiched between two copper heads A and B
which are in thermal contact (but electrically isolated) with base stage C, itself being affixed
to the 10K cold stage on the refrigerator. A 6Q ceramic resistor is housed in each of the

copper heads, A and B, which serves as heaters, while the base stage C has a wire wound Ni-
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Fig. 2.2. Schematic diagram of the sample holder for thermopower measurement.
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Cr 25 Watt cartridge heater. The purpose of the base heater is to allow the copper heads to
achieve higher temperatures. In this manner the temperature gradient across the sample can
be controlled by varying the power to the heaters in heads A and B while keeping the
temperature of the base stage C constant. The temperature gradient can thus be reversed
across the sample between A and B. The advantage of doing this is to reduce any systematic
errors presented by the asymmetry of the two copper heads during fabrication.

The temperature gradient of the sample is measured using two chromel vs. Au-0.07%
Fe thermocouples attached to the sample with silver paste. The reference junction of each
thermocouple is placed in an electric ice-point bath. Similarly, the Seebeck voltage is
measured from two copper wires attached to the sample using silver paste. Care must be
taken to ensure that the copper wires are placed at the same points as the thermocouples on
the sample as shown in Fig. 2.3.

The three heaters on the sample holder are controlled by individual Lakeshore Model
321 autotuning silicon diode temperature controllers, while the voltages generated are
measured with a Keithly Model 2000 digital multimeter equipped with a Model 2000 scanner
card. For complete automation of the data collection process each instrument is controlled
via a standard RS232 serial interface using a 486-66 MHz IBM compatible computer. A brief
description of the methodology for the collection and extraction of data is given below.

In order to determine the Seebeck coefficients at various temperatures the sample 1s
allowed to equilibrate at each temperature of interest. At each of these temperatures the base

stage C is held at a constant temperature difference below the two heads A and B. One end
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Fig. 2.3. Top view of sample holder showing the arrangement of electrical
contacts. The copper heads are labelled A and B for easy reference.
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of the sample is held at a constant temperature, T;, while the other end, T, is allowed to vary
in the range of T,+5K in 6T (2K) steps. This effectively reverses the temperature gradient
across the sample and Fig.2.4 illustrates this more clearly. At each 8T step in the temperature
profile, the sample is allowed to reach equilibrium at which point the temperature difference,
AT, across the sample and the resulting voltage, E, are measured several times for statistical
averaging. Once the temperature profile (T, £5K, 8T) has been swept, the sample is heated
to the next temperature of interest and the measurement process is repeated. The Seebeck
coefficient. S’, at each temperature of interest, is then extracted from the gradient of the
averaged voltage (E,) vs. the averaged temperature difference (AT) obtained at each 8T step.
see Fig. 2.5. This method of obtaining the Seebeck coefficient compensates for any
systematic errors present in the experiment such as d.c. offsets. From this value the absolute
thermopower of the sample may be determined by compensating for contributions to the
thermopower by the silver paste and the copper wires , thus leading to the expression,
Sempie =S +Spg +Se (3)

The integrity of the data obtained from this instrument was tested using two standards
measured at Comnell University. The chosen standards were CePd, (provided by Cornell
University) and Nd, 4, TiO,. Very good agreement can be seen for both standards in Figs. 2.6
and 2.7 with no more than 10% variation being observed in the data. Furthermore,
reproducibility of the data for the Nd, ¢ TiO; sample after a separate mounting attests to the
reliability of the instrument, see Fig. 2.7. The measurements were carried out under vacuum

(~107 Torr) using sintered polycrystalline samples which were generally between 5-8mm in
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Fig. 2.4. An example of a temperature profile across the sample during the

thermopower experiment.
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Fig. 2.5. Seebeck voltage, E, vs. temperature gradient, AT. The Seebeck
coefficient is obtained from the slope of the graph.
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length and were constrained to have parallel faces to ensure good thermal contact with the

faces of the copper heads.



CHAPTER 3

STRUCTURAL CHARACTERIZATION

In this chapter the structural aspects of the Nd,_,,TiO; and Smy,,,TiO; systems are
presented and their implications for correlation effects on the physical properties in these
systems are discussed. These results are preceded by a brief outline of diffraction theory and
the use of Rietveld analysis in structural refinements from powder diffraction data, the
principal technique used in this study for structural analysis. This discussion is followed by

a survey of previous work carried out for electronically similar systems.

3.1. Fundamental Diffraction Theory:

Generally, there have been two approaches used in the description of diffraction by
crystals. The first approach is based upon a series of mathematical expressions developed by
Laue (von Laue, 1912). The alternative approach, developed by Bragg (Bragg, 1913), which
is conceptually simpler to understand is presented here.

In Bragg’s development, only coherent scattering is considered in which the
wavelength is conserved during the diffraction process. The crystal is treated as being
composed of layers (or planes) each of which serves as a semi-transparent mirror. [n the
crystalline state the arrangement of these planes is periodic and related to the dimensions of
the unit cell. When x-ray radiation is incident on these planes, some of the x-rays are

reflected from a plane with the angle of reflection equal to the angle of incidence, while the
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rest are transmitted to be subsequently reflected by “deeper lying” planes. This situation is

illustrated in Fig. 3.1, which shows the process using only two planes.

N2 2/ A

d| W ;

Y

Fig.3.1. Nlustration of Bragg's Law.
Adapted from (West, 1984)

In reality, the x-rays are not really reflected by the planes but are scattered in all
directions. As x-rays are electromagnetic in nature, their inherent electric fields interact with
the electrons on any atom causing the electrons to emit wavelets. When these wavelets
interfere constructively, diffraction occurs. This condition is achieved when the extra
distance traveled by x-ray 22' (i.e. Xy + yz) on the diagram is equivalent to an integral
number of wavelengths (nA). Therefore, the angle, 8, (called the Bragg angle) associated with

a particular interplanar spacing,d, can be determined by geometry, that is,

xy =yz =d sinf €y
~ Xy +yz=2d sinf =nA 2
nA = 2d sinf 3

This last expression is known Bragg’s law where n is an integral value which describes the
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the order of the diffraction. In real crystals, there are thousands of planes so that constructive
interference gives rise to a sharp diffraction line and places a stringent condition on the Bragg
angles at which reflections may be observed. If this angle is incorrect by more than a few
tenths of a degree, destructive interference occurs and no diffraction line is observed.

A consequence of eqn.(3) is that if the Bragg angles, 0, are measured then the
interplanar spacing, d, can be determined for a known wavelength. The interplanar distance,
d, gives important structural information regarding the lattice parameters and symmetry of
the unit cell. Furthermore, the intensities of the diffracted beams contain information related
to the arrangement of atoms within the unit cell.

Each atom in the unit cell has an inherent scattering power, f,, which is dependent on
its type and sinf/A, where 6 is the Bragg angle. When sinf = 0°, f, is equal to the atomic
number of the atom, Z. As 6 increases, differences in the path length occur which results in
the reduced amplitude of the scattered wave. The scattering factor of an atom is also
influenced by the thermal motion of the atom about its rest position in the unit cell. The
magnitude of this vibration depends to a large extent on temperature, the atomic mass and
the bonding nature of the atom. The effect of these factors is to spread the electron cloud over
a larger volume causing the scattering power to diminish rapidly. Thus, the scattering power

for a real atom is not f,, but

f;, =‘f;e—28(sin]0/f) (4)

where B is related to the mean square amplitude of atomic vibration.
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The structure factor, F(hkl), represents the summation of N waves scattered in the
direction of the hkl reflection by N atoms in the unit cell. The amplitude of each scattered
wave is proportional to f, the scattering factor of the j-th atom in the unit cell.

Mathematically this is expressed as,
F(hkl) =Y f, exp[27i(hx, +ky, +1z,)] (5)

where hkl represents the Miller indices of the reflecting plane, x;, y;, z; are the atomic
positions. The exponential term takes into account the phase differences of the scattered
waves with respect to a wave scattered at the origin of the unit cell. Thus, eqn.(5)
demonstrates that the structure factor can be derived from a given electron density
distribution. The inverse of this is also true as the Fourier transform of the structure factors

gives the electron density, p(x,y,z), in the unit cell. This is expressed as,
1
p(x,y.2)= ;Z > > F(hkl)exp[2mi(hx + ky+12)]  (6)
h k

where V is the volume of the unit cell. Hence in a single crystal determination, through a
calculation of the structure factors for each observed reflection, the electron density of the
unit cell can be obtained through Fourier synthesis.

In practice, it is the intensities of the diffracted x-rays that are measured and these in
turn are related to the structure factors by,

[ F(hkl)? (T)
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In extracting the structure factors from the intensities several important factors must
be considered. The measured intensities must be corrected for systematic errors owing to the
physics of diffraction. Consequently, Lorentz, polarization and geometric and absorption
corrections are applied. Furthermore, the proper phase of the structure factor must also be
determined and phasing techniques such as direct and Patterson methods have been
developed for this purpose.

Once the observed structure factors, F,, have been obtained, they are compared with
calculated values, F,, which are based on trial solutions of a structural model. Refinement
of the observed and calculated structure factors is accomplished using a least squares

minimization of the function,

D= Z thl(

hkl

F;’

[

F’ )2 ®)

-k

where w,,, is the weight given to the observed reflection and k is a scale factor. The
agreement between the observed and calculated structure factors is measured by the residual
index, wR, and the goodness of fit, S, shown in TABLE 3.1. Note that eqn. (8) is based on
refinement against F2. The residual index, R1, which is based on traditionally refining against

F is also included in TABLE 3.1.

3.2. Profile Analysis: The Rietveld Method.
In cases where single crystals are not available, powder diffraction methods can also

be used for structural analysis. The method however presents a severe limitation as being a



TABLE 3.1: Statistical Indicators for A). Single crystal and B). Rietveld method.
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structure solution method when compared to the single crystal method. This is primarily due
to the problem of severe peak overlap which results in the loss of valuable structural
information and is especially problematic for low symmetry structures.

In the late 1960's, Rietveld developed a profile refinement method which surmounts
this problem (Rietveld, 1969). The method is based on a curve fitting procedure in which
a least squares refinement minimizes the difference between the observed and calculated
profiles rather than individual reflections. For this purpose the method uses each point in the
intensity profile thus leading to greater efficiency in retrieving information from the
superimposed reflections in the diffraction pattern. Mathematically, this minimization is

expressed as,
M=5, wly,(obs)— y,(calc)} (9)

where w, is a weighting factor, y,(obs) is the observed intensity at the i-th step of the profile
which includes a background contribution and y,(calc) is the calculated intensity at the i-th
step.

For a routine structural refinement by the Rietveld method, a starting structural model
is highly desirable. In addition instrument related parameters are also required such as the
zero point of the instrument and the line profile parameters U, V, W which are used to
calculate the full width at half maximum (FWHM), H,, of a reflection at an angle, 0, where,

H2=Utan’0 + Vtan6 + W (10)

The parameter U is dependent on the wavelength resolution, AA/A, while V, which is a
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negative quantity, is dependent on the divergence of the primary beam plus the mosaic spread
of the sample. The parameter W is defined by the cross section of the incident beam or the
diameter of the sample.

Originally, the Rietveld method was developed for the analysis of neutron diffraction
data because the peak shape function (PSF) is described by a simple Gaussian function. Thus.
the profile of a powder diffraction line can be written as,

. 22 41n2028; -2, )°

. 2. 2. .
Ji =t 0 L expy - 7 = tF e L b (1)
Hy Vr Hy

where t = the aperture of the counter

F, = the structure factor of the reflection

j, = the multiplicity of the reflection

L, = the Lorentz factor

0, = the Bragg angle

H, = the full width at half maximum (FWHM) of the reflection

¢’, = the shape function of the profile of the reflection (e.g. Gaussian)

The index k is an abbreviation of the Miller indices hkl.

In the case of high resolution data or x-ray diffraction data, the PSF is not adequately
described by the Gaussian function and several functions have been suggested to fit the
measured profiles accurately in these instances, such as Lorenztian or Cauchy, Pseudo-

Voight, Pearson 7 or Split Pearson.
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Taking all these considerations into account, refinement of the structural mode! can
then proceed. A measure of good fit from the Rietveld method is gauged by several factors.
Most notably is the requirement that no extra peaks are present in the difference intensity plot
between the calculated and observed profiles. In addition, statistical indicators are also used,
similar to those for single crystal structure analyses. These are summarized in TABLE 3.1.
More detailed accounts of single crystal and powder diffraction methods can be obtained in
the following references, (Bacon, 1955; Bish and Post, 1989; Stout and Jensen, 1989;

Warren, 1969; Young, 1993)

3.3. Previous Results:

Since the alkaline earth doped systems, R,.,A,Ti0;, are electronically similar and
relevant to this body of work a briet summary of their structural properties is presented here.
As mentioned in Chapter 1, the crystal structures of the RTiO,, R= La-Lu, compounds are
based on the orthorhombically distorted GdFeO, structure (Greedan, 1985). With the introduction
of alkaline earth metal cations or vacancies on the A-site such as in La,,_,Sr, TiO;, Nd, A TiO;,
A =Ba, Sr, Ca and R, ,,TiO; structural phase changes can be induced. In the La Sr TiO,
system a phase transition is observed from orthorhombic to cubic with similar observations
for the Nd,, /A, TiO, series. For the mixed rare earth series, La,,.,Sm,TiO, and R, \Nd,TiO;
(R=Ce, Pr), no structural phase changes have been observed due to the similarity in size of
the rare earth ions and that the titanium oxidation state is held constant at +3. The results for

such systems are summarized in TABLE 3.2.



TABLE 3.2: Summary of structural phase transitions in related alkaline earth and
vacancy doped systems.

System Structure Range Reference
type
La, S, TiO; Pnma x <0.30 (Sunstrom et. al., 1992)
Imma 0.30 <x<0.80
Pm3m x 2 0.80
R,Ba, ,TiO; (Eylem et. al., 1992)

R=La Pnma 085<x<1.0
Pm3m 0.15<x<0.85

R =Nd Pnma 0.70 < x <0.98
Pm3m 0.10 £x<0.70
P4mm x <0.05
Nd,_ A TiO; (Eylem et. al., 1995)
A=Ca Pnma 0<x<0.80
A=Sr Pnma 0sx<0.30
Pm3m x 2 0.70
La,.,Sm,TiO, Pnma O<xxl (Yoshii and Nakamura,
1997)
Ln, ,Nd,TiO, Pnma O<xx<1 (Yoshii, 1998)
(Ln=Ce, Pr)
La, ,TiO, Pnma 0<sx<0.20 (MacEachern et. al., 1994)

Imma 020<x <0.25
Pban 0.25<x <0.33
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In earlier investigations of the vacancy doped systems, R, ,TiO;, only the cell constants
have been reported (Bazuev et al., 1978; Bazuev et al., 1979; Kirsanov and Bazuev, 1986).
In more recent work the structures of members comprising the La,, ,,TiO, system have been
investigated in detail (MacEachem et al., 1994). In this system three structural phases are encountered
from Pnma to Imma and finally to Pban structure types. The latter being an apparently novel
perovskite whose structure will be described later.

Very limited structural information has been reported for the Nd, ,, TiO; and Sm,, ,TiO,
systems which are summarized in TABLE 3.3. Of particular interest is the Nd,;TiO, phase
and the existence of the samarium titanates in the region 0<x<0.18 (Bazuev et al., 1983). The
Nd,; TiO, phase was reported to be prepared by two methods, by firing the oxides in vacuum
at ~1400°C and by precipitation of the hydroxides (Bazuev et al., 1979; Sych et al., 1976).
From these two reports however, some ambiguity is found regarding the cell constants obtained,
see TABLE 3.3. As single crystals of this phase have been prepared for the first time in this
work some emphasis is placed on a detailed structural study employing a variety of techniques.
Overall, however, it is intended to identify any structural phase transitions that may exist in

these systems as well as the range of stability for the Sm,,_,,TiO; solid solution.

3.4. Present Work:
Once each compound of interest has been prepared it is checked for phase purity by
Guinier x-ray powder diffraction. If phase purity is achieved, the oxygen content of each composition

is determined by thermogravimetric analysis. The results for both the neodymium and samarium



TABLE 3.3: Summary of previous structural work for the Nd,, ,,TiO, system.

Nd,,.,TiO, Symmetry Cell Constants / A
NATIO; o5 Orthorhombic a=5.513(3)
b= 5.636(3)
¢ =7.790(3)
"Ndy 4 TiOs 010 Cubic a=3.890(1)
"™Ndq 55 TiO; 08 Cubsic a=13.872(1)
"Ndy 75TiOs3 15 Orthorhombic a=3.850(1)
b =3.860(1)
¢ =7.7202)
Nd,, TiO; g7 Orthorhombic a=3.844(1)
b=13.866(1)
c=7.732(2)
*Nd,;TiO, Orthorhombic a=3.97
b=4.19
c=8.11

' (Bazuev et. al., 1979) ; *(Sych et. al., 1976)
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systems are summarized in TABLE 3.4. It is found that the oxygen content is within 3% of
the target oxygen content per formula unit based on the nominal rare earth and titanium content.

The structural properties of each system are discussed separately below.

3.4.1.Nd,,,,TiO;: 0< x < 0.30
Guinier x-ray powder diffraction: Guinier analysis identifies three different structural types
in this system, with the Pnma structure observed for 0<x<0.17, an as of yet unidentified structural
type for the x = 0.20 phase and the Pban structure for the 0.25<x<0.30 phases. The indexed
powder diffraction lines are shown in TABLES I'to VIII of APPENDIX Il with the cell constants
of all compositions obtained from the least squares refinement program LSUDF shown in
TABLE 3.5.

Generally, an almost linear decrease is observed when the cell volume is plotted as
a function of the vacancy content, see Fig. 3.2. This is to be expected because of the increased
amount of the smaller Ti(IV) being introduced into the lattice with vacancy doping. As expected
asystematic decrease is also observed in the dependence of the cell constants on vacancy content
as shown in Fig. 3.3. It is to be noted that the a and b cell constants become identical as x increases.
Neutron powder diffraction: Due to the structural ambiguity surrounding the x = 0.20 and
0.33 phases they will be discussed separately in Sections 3.4.2. and 3.4.3.1.a., respectively.
Principal structural characterizations for the 0<x <0.30 phases were carried out at room temperature
with neutron powder diffraction collected at the McMaster Nuclear reactor. For the nominal

compsoitions, x = 0.00, 0.05, 0.10, 0.15 and 0.17, the refinements converged smoothly when
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TABLE 3.4: Oxygen content determination by thermogravimetric analysis for the Nd,, , TiO,
and Sm,,_,, TiO; systems.

Compound Expected Observed Wt. Formula Colour
Wt.Gain (%) Gain (%)

NdTiO, 3.33 3.33 NdTiO; g Black
Nd, 4 TiO, 2.92 2.92 Nd, 4sTiO; 4 Black
Nd, o TiO, 2.48 2.38 Nd, 4 TiO; ¢, Black
Nd, 4 TiO, 2.01 1.99 Nd, 4sTiO; 4 Black
Nd, 5 TiO,4 1.83 1.82 Nd, 3 TiO; g0 Black
Nd, 5 Ti0; 1.51 1.42 Nd, 5 Ti0; Black
Nd, ,TiO, 0.97 0.91 Nd, ;s TiO; o, Black
Nd, ,,TiO, 0.41 0.41 Nd, ;0 T10; 4 Gray
SmTiO, 3.25 3.08 SmTiO; Black
SmTiO, 3.25 3.13 SmTiO,, Black
Smy ¢ TiO, 2.85 2.78 Smy 4sTi0; 45 Black
Sm, ¢, TiO; 242 225 Smg 6 TiO; 4, Black
Sm, 4, TiO; 2.15 1.98 Smy 4,032 Black
Smy, ¢ T10, 1.97 2.00 Smy ¢ TiO; 4, Black
Smy ¢, TiO, 1.78 1.73 Smy 4, Ti0;, Black




TABLE 3.5: Cell Constants Derived From Guinier Hagg X-ray Data.

Compound a/A b/A c/A V/A?
NdTiO, 5.6512(5) 7.7927(8) 5.5228(5) 243.22(3)
Nd, 65 TiO, 5.5520(5) 7.7983(8) 5.5055(4) 240.10(3)
Nd, 4, TiO; 5.5508(3) 7.7958(5) 5.4880(3) 237.48(2)
Nd, s TiO, 5.5207(5) 7.7804(7) 5.4800(4) 235.37(2)
Nd, 4, T1O, 5.5114(7) 7.7752(10) 5.4780(5) 234.75(3)
Nd, &, TiO, 5.471(1) 7.7448(6) 5.479(1) 232.18(4)
Nd, ,,TiO, 5.4530(9) 5.4548(7) 7.7629(11) 230.91(4)
Nd, ,TiO; 5.4410(4) 5.4444(1) 7.7357(8) 229.15(6)
Nd, ,TiO, 5.4373(5) 5.4373(5) 7.6974(7) 227.56(4)
SmTiO; (crystal) 5.6654(3) 7.7298(4) 5.4623(3) 239.21(2)
SmTiO, 5.6671(5) 7.7314(6) 5.4606(4) 239.25(2)
Sty 45 Ti0, 5.6154(6) 7.7416(6) 5.4542(4) 237.11(3)
Sm, ¢ Ti0, 5.5774(7) 7.7450(7) 5.4464(6) 235.27(3)
Sm, 4, TiO, 5.5496(7) 7.7442(8) 5.4355(6) 233.43(3)
Smy, ¢sTiO, 5.5318(5) 7.7454(10) 5.4376(8) 232.98(4)

Smy 4 TiO; 5.5176(2) 7.7345(3) 5.4294(2) 231.70(1)
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the Pnma structural model was used. The refined atomic positions and residuals are summarized
in TABLES 3.6 and 3.7, while the refined diffraction profiles can be seen in Figs. 3.4 to 3.6.
For the x = 0.17 phase, two extra peaks which did not appear in the calculated profile were
observed at 20 ~45.75° (d = 1.7905A) and ~ 66.50° (d = 1.2694A) in the neutron diffraction
profile. These lines were ascribed to an impurity as they were not detected in the Guinier x-ray
diffraction analysis. The lines could not be identified as belonging to any of the precursor materials
nor intermediary compounds of the neodymium and titanium oxides. It is supposed that this
impurity was introduced during the loading of the sample can for data collection. Consequently,
the refinement was performed with the exclusion of these peaks. During the refinement process
negative temperature factors for all atoms were obtained with an apparent correlation to the
full width at half maximum parameters (FWHMs). Consequently, an overall temperature factor
was refined. The refined atomic positions and residuals for this phase can also be found in
TABLE 3.7.

For the x = 0.25 and 0.30 phases, the diffraction profiles were clearly different having
fewer diffraction peaks and the observation of a low angle peak at ~ 10°. These profiles are
similar to the La, ,,TiO;compound and this peak was subsequently assigned as being the ‘001’
reflection in Pban. Consequently, the refinements were carried out using the Pban model, see
Fig. 3.7, with a smooth convergence to the residuals shown in TABLE 3.8. As mentioned earlier,
this is an apparently novel perovskite and is shown in Fig. 3.8. The structural framework consists
of a three dimensional network of TiO, corner shared octahedra with the occurrence of a local

Ti-O, distortion observed for each octahedron. This is attributed to the partial ordering of the
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TABLE 3.6: Refined atomic positions and cell constants from neutron data for nominal x
=0.00, 0.05 and 0.10 in the Nd,, ,,TiO, system.

NdTiO, Nd, ,TiO,* Nd, 5 TiO;
Pnma Pnma Pnma
Nd X 0.0598(8) 0.04379(12) 0.0356(12)
y 0.25 0.25 0.25
z 0.9927(13) 0.9851(22) 0.9918(20)
B(A?) 0.54(7) 0.62(27) 0.0005(4)
Ti X 0.5 0.5 0.5
y 0.0 0.0 0.0
Z 0.0 0.0 0.0
B(A?) 0.77(14) 1.09(43) 0.29(20)
0Ol X 0.4770(11) 0.4736(20) 0.4727(15)
y 0.25 0.25 0.25
z 0.0900(13) 0.0724(23) 0.0604(20)
B(AY) 1.07(13) 2.07(55) 0.67(18)
02 X 0.3005(8) 0.3018(12) 0.2944(12)
y 0.0501(6) 0.0524(9) 0.0447(9)
z 0.6992(7) 0.7072(14) 0.7093(13)
B(A?) 0.127(77) 0.87(33) 1.03(12)
a(d) 5.6471(12) 5.5826(37) 5.5442(17)
b(A) 7.7853(17) 7.7990(55) 7.7990(26)
c(A) 5.5186(12) 5.4936(38) 5.4868(20)
V(AY) 242.6218(41) 239.184(13) 237.2449(63)
R, 6.37 6.16 6.51
S 1.62 1.66 1.85
R1J 5.09 4.81 5.19
Rirg 9.39 5.50 12.56

2 Refinement performed in the 2-theta range 17° to 58°.
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TABLE 3.7: Refined atomic positions and cell constants from neutron data for nominal x

=0.15 and 0.17 in the Nd,, ,,TiO, system.

NdyTiO; Nd,,, TiO,*
Pnma Pnma
Nd X 0.0411(9) 0.0164(22)
y 0.25 0.25
z 0.9938(17) 0.9946(43)
B(A?Y 0.28(8) -
Ti X 0.5 0.5
y 0.0 0.0
z 0.0 0.0
B(A?) 0.145(4) .
0l X 0.4864(14) 0.4897(28)
y 0.25 0.25
z 0.0799(20) 0.0596(28)
B(A? 1.62(6) -
02 X 0.2863(10) 0.2924(16)
y 0.0364(7) 0.0378(13)
z 0.7103(10) 0.7059(18)
B(A?% 0.78(9) -
a(A) 5.5226(17) 5.5140(28)
b (A) 7.7837(22) 7.7792(41)
c (A) 5.4854(16) 5.4755(35)
V(A% 235.7968(55) 234.868(1)
Rup 6.52 9.21
S 1.88 3.32
R, 5.05 6.81
Rirgg 10.51 14.72

? Refined with an overall temperature factor, B,,..,, = 1.91(3)A%
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TABLE 3.8: Refined atomic positions and cell constants from neutron data for nominal x

=0.25 and 0.30 in the Nd,,.,,TiO, system.

Nd, ;s TiO, Nd, ,;TiO,
Pban Pban
Ndl X 0.25 0.25
y 0.25 0.25
z 0.0 0.0
B(AY) 0.74(14) 0.52(14)
Nd2 X 0.25 0.25
y 0.25 0.25
z 0.5 0.5
B(AY) 0.084(0) 0.53(37)
Ti X 0.25 0.25
y 0.75 0.75
z 0.2553(24) 0.2573(24)
B(AY) 0.33(14) 0.90(14)
0l X -0.0379(12) -0.0358(16)
y -0.0392(13) -0.0392(15)
z 0.2390(8) 0.2427(9)
B(AY 0.805(3) 0.97(5)
02 X 0.75 0.75
y 0.25 0.25
z 0.5 0.5
B(A?) 3.23(42) 4.58(44)
03 X 0.75 0.75
y 0.25 0.25
z 0.0 0.0
B(AY) 4.96(56) 2.93(31)
a(A) 5.4252(13) 5.4190(15)
b (A) 5.4662(14) 5.4470(17)
c(A) 7.7476(18) 7.7208(18)
V(A?Y) 229.7568(45) 227.8971(50)
R,, 7.72 7.67
S 2.31 2.55
R, 6.29 6.06
Rorngs 16.08 13.23
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vacancies in the unit cell as the distortion has a tendency towards the z= 0.5 layer, presumably
to compensate for the larger cation deficit in that layer. The result is a tilted framework in the
ab plane with the formation of linear chains parallel to the c-axis composed of alternating pairs
of long and short Ti-O bonds.

The large Ry, factor observed for the x = 0.25 and 0.30 compositions indicates that
the present structural descriptions are not entirely accurate. This is reflected in the large temperature
factors at the O2 and O3 sites which reflect the disorder at the neodymium sites. To improve
on these results, an attempt was made to refine the neodymium site occupancies. With the
Nd2 site occupancy constrained the refined valued at the Nd1 site exceeded the occupancy
at that site. Thus, this was constrained to have 100% site occupancy while the Nd2 site occupancy
was refined freely. The overall neodymium content obtained in this manner was close to the
nominal content and no significant improvement in the Ry, was obtained. Finally, an attempt
was made to split the 02 and O3 sites by moving from the 2c site to 4j in the case of O2 and
from the 2b site to the 4g site for O3, however no significant improvement in the overall refinement
was observed. Thus it appears that in order to get a better structural description for these phases,

single crystal studies would be essential.

3.4.2. x=0.20, Nd,TiO;
The structural refinement of the data collected for this phase is less straightforward than for
those compositions presented in the previous section. Unlike the diffraction patterns obtained

for the x = 0.0 to 0.17 phases, fewer lines are observed for this composition. Despite this apparent
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change in symmetry however, the diffraction lines could be indexed successfully in Pnma,
see TABLE VI in Appendix II. Initial attempts to refine the neutron data using the Pnma model
however, resulted in a poor profile fit, see Fig. 3.9. Similar results were obtained for refinements
carried out with the existing Imma and Pban models observed in the La,, TiO; system thus
leading to ambiguity regarding the structure. The difficulty in arriving at a structural solution
for this phase is hampered by the apparent presence of a second phase which is evident by
the appearance of a broad, diffuse reflection with low intensity observed at 26~11°. This corresponds
roughly to the ‘001" reflection which is characteristic of the Pban model. From the Guinier
data, it is observed that this reflection becomes significantly sharper and more intense as one
goes from the Nd, ,sTiO, to Nd,,,TiO; compositions, which have already been determined
to adopt the Pban structure, see Fig. 3. 10. A similar observation has also been found in the
La,, ,TiO;system. The diffuse nature of this reflection in Nd, 4, TiO; is thought to be due to

the presence of small domains which progressively increase in size as one reaches the x =

0.25 and 0.30 phases.
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3.4.3. Neodymium metatitanate, Nd,;TiO; (x = 0.33).

Several attempts to prepare this phase in the polycrystalline state were unsuccessful
when the starting materials (Nd,0,, TiO,) were fired in air or in vacuum using the induction
furnace. This observation is in accordance with those previously reported suggesting a more
favourable thermodynamic condition for the formation of Nd,Ti,0, under these conditions
than the desired phase (Lejus, 1970 ). Initial attempts to isolate this phase as single crystals
involved the use of a KF/Na,B,0, flux. However this resulted in the formation of the layered
perovskite K,Nd,Ti;0,, . The formation of this compound demonstrates the versatility of the
basic perovskite framework to accommodate various cations to yield interesting layered structures.
As this is the first known case where single crystals ot this compound have been synthesized
a detailed structural study was pertormed, the results of which are included in Appendix I.
The isolation of the Nd,;TiO, phase was subsequently achieved by the flux growth method

using a CsF/Na,B,0, flux.

3.4.3.1. Structural Determination of Nd,;TiO;.

3.4.3.1.a. Guinier analysis: Several crystals obtained from a CsF/NaB,0, flux were ground
for Guinier analysis. Data were also collected using a Nicolet powder diffractometer for the
purposes of structural refinement as sufficient quantities were not available for analysis by
neutron powder diffraction. The diffraction pattern obtained by the Guinier camera indicated
that a different structural phase had been obtained as it was similar in appearance to the diffraction

pattern of La,;TiO; having fewer observed lines including the characteristic ‘001’ reflection
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of the Pban structure. Of particular note in the diffraction pattern is the presence of superstructure
lines which, interestingly are broad, belonging to the general class 00! (I=2n+1). This observation
has also been reported for a variety of A-site doped perovskite systems and is usually attributed
to the presence of antidomain phase boundanes which arise trom the ordering ot A-site cations
for example, La,,Li,,TiO; (Varezet. al, 1995) and Na 5., La 5.3, Th,, TiO; (Mitchell and
Chakhmouradian, 1998).

For the Nd,;TiO, crystals which were prepared, the relative domain size was observed
to increase on annealing. The resuits obtained from annealing several crystals at 800°C for
one week and at 1000°C for several days are shown in Fig.3.11 which illustrates an increasingly
sharpened intensity of the 00/ class of reflections. Annealing for longer periods of time resulted
in the formation of a thin layer on the surface of the crystals which was later identified as the
Nd,Ti,0, phase. Interestingly, the sharpening of these lines on annealing has not been observed
in the other A-site doped systems mentioned previously.

The indexing of the diffraction pattern presented a considerable challenge due to the
increased pseudocubic nature with higher vacancy doping. Initially it was thought that the
structure possessed cubic symmetry owing to the presence of so few diffraction lines and the
lack of any discernible peak splitting. Consequently, the diffraction lines in principle could
be indexed as either belonging to the ideal cubic perovskite, with cell parameter a, (~3.84),
with the broad 00! class of reflections indexed as superstructural lines having half integral
indices or as a doubled cubic perovskite cell (2a, x 2a, % 2a,). However, a unit cell with cubic

symmetry was ruled out due to the physical observation that the crystals rotate plane polarized
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light which suggests lower symmetry, see Fig. 3.12. Alternatively, other possibilities for the
unit cell included a ‘diagonal cell’ with cell parameters ~2’ ’a, x ~2'%a, x 2a, as found in
La,;TiO; (MacEachern et al., 1994) or the smaller @, x @, x 2a, cell which was originally
proposed to account for the ordering of the vacancies on the A-sites in La,;TiO, (Abe and
Uchino, 1974). Preliminary investigations by electron diffraction in this study suggested that
the smaller cell may have been the correct choice. However attempts to fit the data with these
parameters could not fit the diffraction line with d-spacing 2.3180A. To index this line successfully
the larger diagonal cell was used.

Having derived the appropriate unit cell constants for Nd,;TiO;, the symmetry determination
of the unit cell presented a more complex challenge. As one goes from the x =0.0 to x = 0.30
phase there is an obvious tendency towards tetragonal behaviour due to the increased coincidence
of the a ~2' *a, and c (or b) ~2'*a, cell constants, while the long b(or c) =2a, axis remains
fairly constant. Recall that the long 2a,axis corresponds to the b-axis in Pnma and the c-axis
in Pban respectively. The ratio of the a ~2' ’a, and ¢ (or b) ~2' ‘a, cell constants have been
plotted to illustrate this, see Fig. 3.13. The results obtained from indexing the Guinier x-ray
diffraction pattern using orthorhombic and tetragonal symmetry are shown in Tables 3.9 and
3.10 respectiveiy. The small difference in the errors of the cell constants between the two cases
does not allow a clear distinction between the two symmetry types. Thus, based on the diffraction
pattern alone, the unit cell symmetry is ambiguous again owing to the lack of any discernible
peak splitting.

3.4.3.1.b. Single crystal x-ray diffraction: In order to resolve this problem, a single crystal
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TABLE 3.9: Diffraction lines obtained for Nd,;TiO; single crystals from Guinier-Hégg
camera indexed using orthorhombic symmetry. [a = 5.4419(5)A, b = 5.4354(9)A,

c=17.70433)A, V= 227.88(7)A%)

bkt dous(A) d_(A) ey
001* 7.7111 7.7043 4.09
110 3.8481 3.8457 4.00
111+ 3.4406 3.4408 10.61
200 2.7202 2.7209 100.00
021* 2.5630 2.5626 2.59
121* 2.3180 2.3186 1.60
022 2.2205 2.2207 22.30
21+ 1.8650 1.8656 5.04
310 1.7209 1.7207 2.31
131* 1.6778 1.6778 2.45
132 1.5700 1.5698 51.91
400 1.3600 1.3605 27.44
134 1.2824 1.2825 1.60
420 1.2167 1.2165 30.65
422 1.1603 1.1601 5.10

*[ndicates a broad diffuse reflection.
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TABLE 3.10: Diffraction lines obtained for Nd,;TiO; single crystals from Guinier-Hagg
camera indexed with tetragonal symmetry. [a=b = 5.4373(5)A, c = 7.6974(T)A,
V =227.56(4)A]

hok I d(A) deylA) Ty
001* 7.7111 7.6974 4.09
002 3.8481 3.8487 4.00
L1 3.4406 3.4395 10.61
112 2.7202 2.7200 100.00
201* 2.5630 2.5634 2.59
211* 2.3180 23187 1.60
202 2.2205 2.2205 22.30
21* 1.8650 1.8651 5.04
114 1.7209 1.7208 231
311+ 1.6778 1.6781 2.45
312 1.5700 1.5699 51.91
224 1.3600 1.3600 27.44
314 1.2824 1.2821 1.60
116 1.2167 1.2169 30.65
206 1.1603 1.1602 5.10

*[ndicates a broad diffuse reflection.
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of Nd,;TiO, grown from the same batch was mounted on a glass pin and single crystal x-ray
data were collected. In the preliminary stages of the data collection a doubled (2a,) cubic unit
cell was found. Attempts to find the diagonal cell were unsuccessful and the data were consequently
collected on a doubled primitive cubic cell. A possible explanation for the presence of the
doubled cubic cell can be drawn from structural studies of LaTiO; and CaTiO, in which twinning
of the orthorhombic lattice gives rise to fictitious cubic symmetry (MacLean et. al., 1979;(Kay
and Bailey, 1957). In these cases the twin law has been described as a three fold rotation about
the body diagonal of the cubic cell or altematively as a 90° rotation about an axis perpendicular
to the [110] direction with respect to the orthorhombic cell. Due to the severe conditions under
which the Nd,; TiO, crystals were grown with high evaporation losses, it is likely that the presence

of twinning is responsible for the appearance of the cubic cell.

3.4.3.1.c. Electron diffraction: To investigate further the possibility of twinning electron
diffraction was employed. The samples were investigated with transmission electron microscopy
in the SAED mode for which both electron diffraction patterns and bright field images were
obtained, see Figs. 3.14 and 3.15. The electron diffraction pattern shows the presence of superstructure
reflections whose d-spacings correspond to the doubled cubic perovskite unit cell. It should
be noted that [100]. = [110],where the subscripts ‘c’ and ‘o’ refer to the cubic and orthorhombic
cell respectively. Furthermore the 00! reflections are streaked along the ¢ * direction suggesting
the presence of microdomains or disorder and is agreement with the broad diffuse nature of

the 00 (I = 2n +1) lines observed in the Guinier diffraction pattern. Most critical, however,
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Fig.3.14. Electron diffraction pattern showing the view down the [110]
zone axis of the diagonal cell. The fictitious double cubic cell
due to twinning can be seen. The streaking in the spots along
the c*axis reveals the short range order of the microdomains.



Fig.3.15. Electron micrograph showing the presence of micodomains which are
oriented 90° to each other.
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in rationalizing the appearance of the doubled unit cell in the electron diffraction pattern and
the single crystal data is the physical observation of the domains in the bright field images,
see Fig. 3.15. These domains, which have a spacing of ~7.694, are of short range order extending
over just several unit cells (~15-21 A). Their relative orientation to each other by 90° gives
rise to a patchwork appearance. While this image is only a representation in two dimensions
it can be imagined to also extend in three dimensions, resulting in the apparent and misleading
doubled cubic unit cell. The literature cites several examples in which similar observations
have been made, such as La, ,Li,,TiO; (Varez et al., 1995), CaTiO, (Kay and Bailey, 1957),
Layy oLis 5207105 (Fourquet et al,, 1996) and Na ;5. La (1n34Th 5, 1105 (Mitchell and
Chakhmouradian, 1998).

The results from this study thus support the presence of the twin law described previously
in which each twin component is oriented 90° to each other such that the ~2a, axis is oriented
along each of the x, y and z directions in real space to give rise to the apparent cubic unit cell.
With this description, it is easy to see how the electron diffraction pattern is generated, see
Fig. 3.16. This illustration shows a non-mehrohedral twin since some of these intensities of

all three twin components do not superimpose each other.

3.4.3.1.d. Precession photography: While evidence of twinning has been established from
single crystal x-ray and electron diffraction studies, very little information regarding the symmetry
of the unit cell was obtained from these methods. Thus, precession photography was employed

for this purpose. The information obtained from this technique is essentially the same as that
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from electron diffraction however it allows us to gain additional insight by being able to choose
which part of reciprocal space we wish investigate. Initially, the x-ray beam was placed normal
to a major face of the mounted crystal. The resulting precession pattern is shown in Fig. 3.17
which corresponds to the view generally obtained from the electron diffraction study, that
is the [110], plane of the diagonal cell. Consequently, the crystal was rotated 45° about the
¢* axis in order to obtain the a*c* (h0/) plane of the diagonal cell and from this position the
crystal was rotated once more by 90° in order to get the b*c* (0k/) plane, see Fig. 3.18. Since
the patterns of the a*c* and b *c* reciprocal nets were identical it indicated the presence of
a four fold axis along c* leading to the conclusion that the unit cell has tetragonal symmetry.
Thus. the true unit cell constants obtained by Guinier x-ray powder diffraction are. a = 5.4373(5)A

and ¢ = 7.6974(7) A.

3.4.3.1.e. Single crystal data revisited: The single crystal data were revisited with knowledge
of the appropriate unit cell constants and symmetry. Hence, the data collected previously on
the doubled cubic unit cell were integrated based on tetragonal symmetry and reindexed on
the diagonal cell. In doing so, any reflections which were not superimposed with the prime
component, as shown in Fig. 3.16, were removed from the dataset. Using this reindexed dataset
a structure solution was obtained in P4/mmm. The refinement of the anisotropic model against
F-squared proceeded smoothly, however resulting in high indices, wR(F?*) = 0.1657 for all
429 reflections and R(F) = 0.0548 for 362 observed data. These relatively high values indicate

that the structure is not being accurately described and this is reflected by the large peaks and
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Fig.3.17. Precession photograph of the [110] plane of the diagonal unit cell of
Nd,,; TiO;. Note the extra weak spots marked by arrows which is a result

of twinning. These are responsible for the fictitious doubled cubic unit
cell.



Fig. 3.18. Precession photograph of the a*c* plane of the diagonal unit cell of
Nd,;TiO; showing the ~2'%q, axis. Rotation by 90° about the ¢* axis
produces the same diffraction pattern for the b*c* plane.

79
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holes in the electron density map. The highest peak, Ap,.., = 3.58¢A”, is located 0.31 A from

03 and the deepest hole, Ap_,, = -2.59A is at the O2 site. This is attributed to the unresolved
twin components within the dataset. With the current software available resolving the contributions
from each twin component cannot be easily accomplished, however it is speculated that even
so, given the extemely fine scale on which the domains exist a better structural refinement
may not at all be possible. Details of the crystal data, data collection and structure refinement
can be found in TABLE 3.11. The atomic and displacement parameters are shown in TABLES
3.12 and 3.13 respectively.

The P4/mmm structure of Nd,;TiO,is shown in Fig. 3.19 and bears some resemblance
to the Pban model observed for La,,TiO; in that it consists of a 3D-network of corner shared
octahedra with linear chains of alternating pairs of long and short Ti-O bonds along the c-axis.
Unlike the Pban model however, the P4/mmm structure exhibits no octahedral tilting in the
ab plane. In addition, there are also four distinct neodymium sites which are preferentially
ordered with the refined occupancies as follows: 79.6(5)% at the Nd1 site, 88.9(6)% at the
Nd2 site, 60.6(5)% at the Nd3 site and 37.8(7)% at the Nd4 site.

This preferential ordering of vacancies is mirrored in the local distortion observed
in the Ti-O octahedron. To compensate for the large charge deficit at the Nd4 site, the Ti(TV)
ion moves off centre towards the z = 0.5 layer producing a long Ti-O1 bond and a relatively
shorter Ti-O2 bond. The strong charge deficit at the Nd4 site is also reflected by the large U,
anisotropic temperature factor of the O2. On the other hand, as the O1 atom is furthest away

from this site it is only influenced by the charge deficit at the Nd1 and Nd2 sites as shown



TABLE 3.11: Single cyrstal data, data collection and refinement results for Nd,;TiO,.

Crystal data

Nd,;TiO,
M, =192.18
Tetragonal

P4/mmm
a=5.4381(18) A
¢ =7.6940(38) A
V =2275Q2) A’
Z=4

D, =5.610 Mgm”
D,, not measured

Data Collection

Siemens P4 diffractometer
with a Siemens SMART
1 K CCD area detector
Area detector scans
Absorption correction:
SADABS (Sheldrick, 1996)
T =0.529, Tpe = 1.000
7868 measured reflections

Refinement on F*

Refinement on F?

R[F? > 20(F%] = 0.0548

wR(F?) = 0.1657

429 reflections

30 parameters

S=1.112

w = 1/[a(F?,)+(0.0903P)*+3.2576P]
where P = (F,2+2F 2)/3

Mo Ko radiation
A=0.71073 A

Cell parameters from 7868
reflections
8=5.67°-38.56°
p=18.344mm"
T=3002)K

Thin plate

0.064mm x 0.014mm x 0.006mm

Colourless

429 independent reflections
362 reflections with I >2 o(I)
R, =0.04

0 e = 38.56°

9<shs7

9<k<9

-13<i<12

Intensity decay: none

(A/ G) e = 0.0000
Ap,.=3.58¢ A?
Ap,.=-2.59¢ A?
Ap.,,=051e A3

Extinction correction: 0.0025
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Scattering factors from (Hahn, 1983)
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TABLE 3.12: Refined atomic positions and overall isotropic temperature factors for
Nd,,TiO; obtained from single crystal x-ray diffraction.

Atom  Site’ X y z sof U, (AH"
Nd1 la 0 0 0 0.04796(31) 0.00830(38)
Nd2 lc 0.5 0.5 0 0.05358(36) 0.00869(35)
Nd3 1b 0 0 0.5 0.03652(30) 0.01434(57)
Nd4 1d 0.5 0.5 0.5 0.02279(43) 0.01765(99)
Til 4i 0.5 0 0.25448(15) 0.2500 0.00684(45)
ol 2f 0.5 0 0 0.1250 0.0676(85)
02 2e 0.5 0 0.5 0.1250 0.0633(79)
03 8r 0.24909(86)  0.24909(86) 0.2404(13) 0.5000 0.0559(37)

"Pd4/mmm; U, = 1/3 LZ; U'a'? a.a

TABLE 3.13: Anisotropic displacement parameters (A?) for Nd,; TiO,
Atom U, Uz Uss Uy, U, Us,
Ndl 0.0083(4) 0.0083(4) 0.0084(5) 0.00 0.00 0.00
Nd2 0.0095(4) 0.0095(3) 0.0072(4) 0.00 0.00 0.00
Nd3 0.0154(7) 0.0154(6) 0.01218(8) 0.00 0.00 0.00
Nd4 0.0213(11) 0.0214(11)  0.0102(13)  0.00 0.00 0.00
Til 0.0074(6) 0.0069(6) 0.0062(7) 0.00 0.00 0.00
Ol 0.1264(207) 0.0732(128) 0.0033(40)  0.00 0.00 0.00
02 0.0209(52) 0.1667(239) 0.0039(38) 0.00 0.00 0.00
03 0.0362(36) 0.0362(36) 0.0954(97)  0.0290(35) 0.02902(35) 0.0309(40)
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Fig. 3.19. The P4/mmm structure for Nd,;TiO;. View along a). a-axis and b). c-axis.
Thermal ellipsoids are drawn at a 50% probability level.
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by its large U,, and U,, parameters while its z-component, Us,, remains relatively small.
The large anisotropic displacement parameters for O1 and O2 suggests that these sites
may be split into two half occupied sites each. By moving from the 2f to 4l site for Ol and
from the 2e to 4o site for the O2 site the new residuals obtained were wR(F?) =0.1584 for
all 429 data and R(F) = 0.0532 for the 362 observed data. In conjunction with the residuals
from the previous model the Hamilton significance test was performed (Hamilton, 1964). This
test was developed in order to assess whether or not changes in the R-indices obtained when
the structural model is altered are meaningful. The result of our test indicated that no significant
gain is obtained by splitting these sites, thus indicating that the original model is an adequate

structural description of Nd,;TiO, based on the current data.

3.4.4. Geometrical trends in the Nd,, , TiO; system : Since it is known that a strong correlation
exists between the structural features of the titanates and their physical properties, a study
of the bond angle and bond distance trends in the Nd,, ,, TiO; system is presented here. The
disorder arising from the systematic increase of the vacancies in this family of compounds
is reflected by the increasingly larger thermal parameters as one moves from x = 0.00 to 0.30
at the neodymium and oxygen sites. Selected bond distances and angles can be found in TABLES
3.14 to 3.17. The average Ti-O-Ti bond angles and Ti-O bond distances are plotted in Figs.
3.20 and 3.21 respectively. It was shown previously that the cell volume decreases almost
linearly with decreasing neodymium content due to the introduction of the smaller Ti(TV) ions

introduced in the lattice. Following this trend is the observed decrease in the average Ti-O



TABLE 3.14: Selected bond distances (A) and angles (°) for x = 0.00, 0.05 and 0.10
phases in Nd,, ,,TiO, system obtained from neutron diffraction study.

M NdTiO, Nd, s TiO, Nd, 0 TiO;
Nd-O1 x1 2.42(4) 2.447(13) 2.452(11)
Nd-O1 x1 3.33(5) 3.219(13) 3.143(11)
Nd-O1 x1 2.350(130) 2.462(17) 2.482(15)
Nd-O1 x1 3.250(12) 3.088(18) 3.050(16)
Nd-02 x2 2.625(24) 2.604(11) 2.650(10)
Nd-02 X2 3.53(3) 3.484(10) 3.364(10)
Nd-02 x2 2.717(14) 2.792(9) 2.756(9)
Nd-02 x2 2.38(3) 2.305(10) 2.360(9)
Ti-Ol x2 2.0129(19) 1.995(3) 1.984(20)
Ti-02 x2 2.044(4) 1.995(7) 1.991(7)
Ti-02 x2 2.059(4) 2.074(7) 2.026(7)
01-Ti-01 180.0 180.0 180.0
02Ti-02 180.0 180.0 180.0
02Ti-02 90.89(17) 91.9(3) 91.3(3)
89.11(17) 88.1(3) 88.7(3)
01-Ti-02 88.87(23) 85.4(4) 85.3(4)
91.13(23) 94.6(4) 94.7(4)
89.90(22) 91.3(4) 90.7(3)
90.10(22) 88.7(4) 89.3(3)
Ti-O1-Ti 150.4(4) 155.5(7) 158.8(6)
Ti-02-Ti 148.40(24) 148.5(4) 152.3(4)

"Multiplicity
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TABLE 3.15: Selected bond distances (A) and angles (°) for x =0.15 and 0.17 phases in
the Nd,. , TiO; system obtained from neutron diffraction study.

Mt Nd, 4 TiO, Nd, ,, TiO;
Nd-O1 xi 2.502(13) 2.634(20)
Nd-O1 x1 3.098(13) 2.926(20)
Nd-O1 x1 2.369(17) 2.45(3)
Nd-O1 x1 3.150(17) 3.04(3)
Nd-02 x2 2.649(11) 2.746(18)
Nd-02 x2 3.297(10) 3.256(17)
Nd-02 x2 2.700(9) 2.732(15)
Nd-02 X2 2.449(10) 2.336(16)
Ti-O1 x2 1.994(3) 1.973(3)
Ti-02 x2 2.000(7) 1.998(10)
Ti-02 X2 1.978(7) 1.989(9)
01-Ti-Ol 180.0 180.0
02Ti-02 180.0 180.0
02Ti-02 90.7(3) 90.8(2)
89.3(3) 89.2(4)
01-Ti-02 90.6(4) 88.4(5)
89.4(4) 91.6(5)
89.1(4) 88.4(5)
90.9(4) 91.6(5)
Ti-O1-Ti 154.9(7) 160.7(9)
Ti-02-Ti 156.2(4) 154.1(5)

Multiplicity
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TABLE 3.16: Selected bond distances (A) and angles (°) for x = 0.25 and 0.30 phases in

Nd,,_,, TiO; system obtained from neutron diffraction study.

M Nd, - TiO, Ndq 1 TiO;
Nd1-01 x4 2.893(7) 2.897(8)
Nd1-01 x4 2.466(6) 2.485(8)
Nd1-03 X2 2.7126(6) 2.7095(8)
Nd1-03 X2 2.7331(7) 2.7235(8)
Nd2-01 x4 3.005(7) 2.971(8)
Nd2-01 x4 2.596(6) 2.571(8)
Nd2-02 X2 2.7126(6) 2.7095(9)
Nd2-02 X2 2.7331(7) 2.7235(8)
Ti-Ol X2 1.945(7) 1.931(9)
Ti-Ol X2 1.959(7) 1.960(8)
Ti-02 x1 1.896(19) 1.873(19)
Ti-03 xl 1.978(19) 1.987(19)
01-Ti-Ol 90.1(3) 90.0(4)
01-Ti-Ol 89.4(3) 89.6(4)
01-Ti-Ol 172.6(11) 173.3(11)
O1Ti-02 93.7(6) 93.4(6)
O1Ti-03 86.3(6) 86.6(6)
02-Ti-03 180.0 180.0
Ti-O1-Ti 161.0(5) 161.7(6)
Ti-02-Ti 180.0 180.0
Ti-03-Ti 180.0 180.0

* Multiplicity



TABLE 3.17: Selected bond distances (A) and angles (°) for the Nd,;TiO,
phase as determined by single crystal x-ray diffraction.

Bond type m' Bond Distance (A)
Ndi-01 x4 2.7191(9)
Nd1-0O3 x8 2.6631(97)
Nd2-01 x4 2.7191(9)
Nd2-03 x8 2.6732(74)
Nd3-02 x4 2.7191(9)
Nd3-03 x8 2.7673(75)
Nd4-02 x4 2.7191(9)
Nd4-03 x8 2.7770(98)
Til-0O1 xl 1.9580(15)
Ti1-02 xl 1.8890(15)
Til-03 x4 1.9257(9)

01-Ti-02 180.00

02-Ti-O3 93.20(33)

O1-Ti-O3 86.80(33)

03-Ti-0O3 89.48(43)

03-Ti-03 90.16(41)

03-Ti-03 173.55(63)

' Multiplicity
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bond distance, shown in Fig. 3.21, coupled with an almost linear increase in the average Ti-O-Ti
bond angle, shown in Fig. 3.20. The bars in these figures represent the deviation about the
average values in the Ti-O bond distances and Ti-O-Ti bond angles plotted. From the relative
magnitudes of these bars, it can be inferred that on traversing the series from x = 0.00 to 0.30
the distortions in the local Ti-O octahedron in the Pban structure become very large when compared
to those in the Pnma structure and reflect the partial ordering of vacancies in the lattice. Furthermore,
the trends observed in Figs. 3.20 and 3.21 suggest a shrinking of the d' electron bandwidth
as x decreases consequently setting the stage for increased electron correlation effects in these

compounds.

3.4.5. Sm,; ,,TiO;(0< x < 0.17)

Through x-ray powder Guinier diffraction data, it was determined that this solid solution
exists only in the range 0 < x < 0.17. Several attempts to prepare more highly doped samples
resulted in the formation of multiphase mixtures. This observation is in accordance with that
reported earlier (Bazuev et al., 1983). Thermogravimetric analysis results are shown in TABLE
3.4. The oxygen contents are within 3 % of the target oxygen content per formula unit based
on the nominal samarium and titanium content. A survey of the diffraction profiles obtained
by the Guinier camera show that these compounds are of the same structure type.

Generally, the cell volumes of each composition are smaller than their neodymium
counterparts reported earlier and reflect the influence of the smaller sized Sm(III) ion. Similar

to the observations made for the neodymium system, a linear decrease is observed when the
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Fig. 3.20. Average Ti-O-Ti bond angle vs. vacancy content for 0.00 <x < 0.30
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Fig. 3.21. Average Ti-O bond distance vs. vacancy content for0.00<x< 0.30
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cell volume is plotted versus the samarium content, see Figs. 3.22 and 3.23. The shift in the
diffraction lines to higher 26 angles from the nominal x = 0.00 to x = 0.17 compositions reflects
the decreasing unit cell size as the Ti*" content is increased with increasing samarium vacancy
doping. Indeed the diffraction data for all phases could be indexed successfully using a Pnma
model and these are summarized in TABLES IX to XIV (APPENDIX II). For this system,
single crystals were prepared only for the nominal SmTiO; phase. Structural characterization
for this phase was subsequently carried out using room temperature single crystal x-ray and
short wavelength single crystal neutron diffraction. The details of these refinements are not
presented in this section as they are already included in the paper on the determination of the
magnetic structure of this phase presented in Chapter 4, Section 4.4.2.

Due to the enormously large absorption cross section for thermal neutrons by samarium
these phases were not suitable candidates for structural characterization by conventional wavelength
neutron powder diffraction. Consequently, the polycrystalline phases were investigated with
x-ray powder diffraction albeit with limited results. As the diffraction lines obtained from
the Guinier camera could be indexed reasonably well in Pnma, this model was used for the
structural refinements using the x-ray powder obtained from the Nicolet diffractometer. With
the exception of the Smy ;s TiO; sample, there were major complications with the refinements
of the remaining samples as reflected by the poor residuals obtained. The refined atomic positions
and residuals for Smy ¢, TiO, can be found in TABLE 3.18 with the profile fit shown in Fig.
3.24.a. Selected bond angles and distances are shown in TABLE 3.19. Indeed it was surprising

to find such poor residuals for a polycrystalline sample of nominal SmTiO, which is known
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Fig. 3.23. Cell constants vs. vacancy doping, X, in the Sm(l.x)TiO3 system.
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TABLE 3.18: Refined atomic positions and cell constants from x-ray data for nominal x
= 0.15 in the Sm,_,, TiO; system.

Sty g5 T10;
Pnma
Sm X 0.0471(5)
y 0.25
z 0.9931(16)
B(AY) 1.09(9)
Ti X 0.5
y 0.0
z 0.0
B(AY) 1.89(18)
01 X 0.4830(43)
y 0.25
z 0.0763(58)
B(A?) 1.00
02 X 0.3038(41)
y 0.0452(36)
z 0.7080(46)
B(A?) 1.00
a (A) 5.5423(5)
b (A) 7.7498(9)
c (A) 5.4401(5)
V(AY) 233.6616(19)
R,, 12.10
S 1.69
R, 9.34
R 11.19
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Fig. 3.24. Refined x-ray powder diffraction profiles for a). x =0.15 and b). x = 0.00
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TABLE 3.19: Selected bond distances (A) and angles (°) for x = 0.15 in the Sm, ,TiO,
system as determined from powder x-ray diffraction.

M’ Smy 4 TiO,
Sm-0Ol1 x1 2.458(24)
Sm-O1 x1 3.159(24)
Sm-Ol x1 2.37(3)
Sm-O1 x1 3.12(3)
Sm-02 x2 2.64(3)
Sm-02 X2 3.41(1)
Sm-02 x2 2.70(3)
Sm-02 x2 2.35(3)
Ti-Ol x2 1.984(7)
Ti-O2 x2 1.957(24)
Ti-02 X2 2.059(24)
O1-Ti-Ol 180.0
02Ti-02 180.0
02Ti-02 91.3(10)
88.7(10)
01-Ti-02 88.2(12)
91.8(12)
90.7(11)
89.3(11)
Ti-O1-Ti 155.2(18)
Ti-02-Ti 150.5(14)

"Multiplicity
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to possess the Pnma structure type (MacLean et. al., 1979) This disagreement can be best rationalized

by the data collection process itself. While the x-ray powder diffraction method is susceptible
to exhibit preferred orientation effects due to sample preparation, it appears that there are additional
instrumental sources of errors which may contribute to the poor refinements. This is seen in
the data collected for SmTiO, where unusually large spikes in the diffraction peaks are observed,
possibly due to voltage irregularities on the power lines, see Fig. 3.24.b and 3.25 to 3.26. Unfortunately,
it is difficult to extract anything meaningful in terms of an analysis of the bond distance and
angles with the current data and this should be investigated at a later date when more reliable
means of intensity measurement are available. However, based on the systematic decrease
in the cell volume. it is expected that such studies would reveal a similar trend as observed
in the Nd,,_, TiO; system reflecting a decrease of the d' electron bandwidth, W, with smaller

vacancy content.
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Fig. 3.25. Refined x-ray powder diffraction profiles for a). x =0.05 and b). x = 0.10
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Fig. 3.26. Refined x-ray powder diffraction profile for a). x = 0.13 and b). x = 0.17.



CHAPTER 4

MAGNETIC PROPERTIES.

In this chapter the results of the magnetic studies carried out for the R, TiO;,R =
Nd. Sm are presented. Discussions on the use of neutron diffraction as a tool for magnetic
structure determinations and allowed magnetic structures in the RTiO; system are given in
Sections 4.1. and 4.2., respectively. This is followed by an outline of previous work carried
out for the RTiO, system including the doped systems Nd, ,, TiO; and Nd,, A, TiO; (A=
Ca, Sr. Ba) in Section 4.3. Finally. the results of the current work are presented in Section

4.4

4.1. Determination of magnetic structures using neutron diffraction.

The discussion here outlines the general concepts associated with the use of neutron
diffraction in magnetic studies. The reader is referred to several sources for further details
(Bacon. 1955; [zyumov and Ozerov, 1970; Rossat-Mignod, ). Once it has been established
that a material undergoes a transition to a magnetically ordered state, neutron diffraction
techniques can be applied to probe this behaviour further. This technique remains today as
the primary tool for routine magnetic structural determinations. Its suitability in this area
takes advantage of the inherent magnetic moment of the neutron arising from its spin. It is
known that the scattering of neutrons by nuclei can be used to obtain crystallographic

information. In a similar fashion the magnetic scattering of neutrons, which originate from
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the dipole-dipole interaction between the magnetic moment of the neutron and the localized
atomic moment, can be used to obtain information about the arrangement of localized
moments in a material. For a magnetically ordered material this interaction will give rise to
coherent diffraction peaks and it is the measurement of these reflections together with a
knowledge of the crystal structure that leads to a description of the magnetic structure. that
is the magnitude and orientation of the moments with respect to the crystallographic unit cell.

For magnetic scattering, two situations are considered. scattering by paramagnetic
materials in which the moments are randomly oriented and scattering in the magnetically
ordered state, such as in ferro- and antiferromagnetic materials, in which the moments are
aligned. For paramagnetic scattering, the differential cross section is described by (Halpern
and Johnson. 1939),

do,,, = 2/3.S(S+1)[e*y/mc?]* f* (1)

where S = spin quantum number, v is the neutron magnetic moment and / is the form factor
which describes the spatial distribution of the unpaired electrons. Generally. the
paramagnetic scattering manifests itself as a diffuse contribution to the background scattering
of the diffraction pattern.

For the scattering of magnetically ordered materials, the differential cross section is
modified to,

do,,,, =q°S* (e*/mc?).y f* ()

where S is the spin quantum number of the atom, and q is the magnetic interaction vector

defined as,
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q =€(e.K)-K 3)

where K is a unit vector in the direction of the atomic moment (a.k.a the magnetization
vector) and € is a unit vector in the direction perpendicular to the reflection plane. see Fig.
4.1. The numerical value of g based on the above equation is,

I7°| = 1-(e.K)* = sin’a (4)
where « is the angle between the scattering vector, €, and the magnetization vector, K.
Consequently, the orientation of the spins relative to the crystallographic axes can be

determined from the dependence of the magnetic scattering vector on q.

Reflection plane

Polarization
TR
| ——

mm; K \

Magnetization Vector

Fig. 4.1. Identification of the unit vectors €, K and A (Adapted from Bacon, 1955).

Halpern and Johnson (1939) have shown that the overall differential scattering cross section
allowing for both magnetic and nuclear scattering can be expressed as.

do = b’ + 2bp.qA + p'q° (5)
where A is a unit vector in the direction of polarization of the neutrons and p refers to the
magnetic scattering amplitude of the atom. p is the magnetic analog of the nuclear scattering

amplitude, b, and is defined as,



p=(e/mc?).y.S.f (6)
For an unpolarized beam, eqn. (5) reduces to.
do=b"+pq (7)
which implies that the intensities from the nuclear and magnetic scattering are additive.
Consequently, it can be written that.
[=Foa= FPu + @F™) (8

where F?, is the structure factor for the chemical cell defined by.

Fiu =Zb, exp[2ri(hx, +ky +1z )Je=" )

where b is the neutron scattering length, which unlike the atomic scattering factor
encountered in x-ray scattering has no angular dependence and F,,,™ is the magnetic
structure factor. Since the magnetic structure can be considered as being composed of a
regular array of spin arrangements, the magnetic structure factor is expressed as.
Fu™® = Zp.exp[2mi(hx, + ky, + Iz)]e" (10
Consequently. eqn. (8) is reduced to.
[=[Z b, exp(id)]* + [Zq.p, exp(id)]’ (1)
where ¢ represents 2n(hx, + ky, + lz])e:‘ZW from eqn. (10).
Having defined this last expression, it is now possible to determine the magnetic
structure from a measure of the intensities by neutron diffraction. It follows that in a typical
experiment, the measured intensities can have contributions from both magnetic and nuclear

scattering. In order to determine the magnetic structure from the collected data three basic
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steps must be taken, a) identification of the propagation vector, k, b) determination of the
spin orientation and c) evaluation of the magnitude of the moment. The first generally
requires a knowledge of the crystal structure beforehand. The propagation vector, k. defines
the periodicity of the magnetic unit cell and is usually found by determining the positions of
the magnetic Bragg reflections and deriving a vector which best describes these positions.
In simple cases the value of k may be (0,0,0) which indicates that the nuclear and magnetic
unit cells are identical. This is typical for ferromagnetic materials. In the case of
antiferromagnetic or ferrimagnetic materials. however, this may or may not be the case and
a new periodicity may be introduced due to the antiparallel spin arrangement. An example
of this is MnO in which the magnetic cell is doubled along the three axes of the chemical cell
resulting in a wave vector k= (1/2, 1/2, 1/2) (Schull and Smart, 1949). There are also cases
where the determination of the wave vector is not as simple and can sometimes be found to
be incommensurate with the chemical nuclear cell, for example. TbRuSi, where the k is (
0.232. 0, 0) (Chevalier et al., 1985).

Once the propagation vector is found it is then necessary to determine the orientation
and magnitude of the spins in order to obtain a complete description of the magnetic
structure. This is usually obtained by deriving a model for the spin configurations on the
magnetic sublattices which is consistent with the observed magnetic intensities. Generally,
this may be achieved by trial and error methods or systematically by the use of Shubnikov
groups or representation analysis. The latter method is discussed in some detail in Section

4.2. with regard to the titanate systems.



104

In practice, most routine magnetic structural determinations are carried out with the
use of powdered materials due to their ease of preparation. However, due to the random
nature of polycrystalline samples it is often difficult to get an exact description of the spin
directions. This is because in such samples, each magnetic peak obtained from a powder
pattern represents the superposition of intensities scattered by a number of equivalent planes
such that an independent measurement of the intensity of each reflection is sometimes
difficult or impossible to obtain. This shall be demonstrated most convincingly in the
determination of the magnetic structures of NdTiO;, Ndg4T10; and Sm,,TiO; presented in

Section 4.4.2.

4.2. Introduction to Bertaut’s notation: Allowed spin configurations in the RTiO,
system.

As mentioned in the previous section, obtaining a magnetic structure that is consistent
with the intensity data collected can be achieved either by trial and error methods or by
systematic approaches. One systematic approach is the use of Shubnikov groups. which is
based on symmetry invariance, where one determines a set of symmetry operations that leave
the magnetic structure invariant (Belov et al., 1975; Donnay et al.. 1958). An alternative
approach is taken by Bertaut whose method is based on representation analysis. The method
investigates the transformation properties of the magnetic structure under the symmetry
operations of the known 230 crystallographic space groups and in some cases is shown to be

superior to the use of Shubnikov groups. The general features of Bertaut's method are
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outlined here with an emphasis on the determination of the allowed magnetic structures in
the RTiO, system. For very detailed accounts of the theory, the reader is referred to Bertaut's
original work (Bertaut, 1963; Bertaut, 1968). In these references. the space group Pbnm was
used which is the non-standard setting of the space group Pnma. This nomenclature is
retained in this discussion so as to avoid confusion with the original treatment. However. in
the discussion of magnetic structures in Sections 4.4.2 the standard Pnma setting is utilized.
This transformation simply requires a permutation of the axes xyz in Pbnm to yxz in Pnma
(Hahn. 1983). The Pbnm unit cell used for the analysis is shown in Fig.4.2 with the atomic
positions below,

Ti4b)200;%0%:0%"%:0'%0
R@Ec)xy,1/4;:x,y,3/4;%+x,a-y. 34, a-X, Vaty, 1/4
OBd)£[xy,z;%-xYaty, oz X, V. atz;a+X. Y2~y 2]

The theory assumes a bilinear exchange Hamiltonian of order two. which is commonly used

to describe the spin interactions on a given magnetic sublattice.
H=-22,7,55 (12
y

where J, is the exchange integral and S,  is the spin on the i-th and j-th atoms respectively.
To arrive at the possible magnetic structures four essential steps are performed which involve
the determination of the independent symmetry elements, the basis of the irreducible
representation, the transformation properties and the invariants.

The independent symmetry elements are determined from an inspection of the
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Pbnm
(xy2) 2,
»
QO Ti
4‘2 QOr

Fig. 4.2. RTiO; unit cell in the Pbnm setting. The oxygen
atoms have been left out for clarity.
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crystallographic space group and are essentially those operations which generate all
equivalent positions defined by the general positions of the space group. For simplicity. these
were chosen to be the 2, screw axes along X and y denoted by 2,,, 2, respectively and an
inversion centre at the 4b site, i, shown in Fig. 4.2. So, 2, takes 1 to 4 and 2 to 3 whereas S,
takes 4 to 2 and 3 to 1. Having chosen these elements it is necessary to determine how the
spin vectors, S,, where i = 1, 2, 3....8 transform under these operations. For illustrative
purposes the Ti(III) sublattice is used. A simplified approach to this determination is to take
the linear combinations of the components which transform into themselves under these
operations. [n this manner, the following linear combinations are obtained.

F=S§,+S,+S;+ S,

G=§,-§5,+§5,-8§,;

C=§,+S,-S;-8§,

A=§,-§,-5;+§;
These are the vectors which form the basis of the irreducible representation and they describe
the possible spin configurations on the magnetic sublattice. The "+ and - signs indicate
opposite spin directions, S, on the Ti(IIl) ions i = 1, 2, 3, 4. Consequently. it is possible to
have a ferromagnetic sublattice denoted by F, in which all the spins are aligned in one
direction or an antiferromagnetic sublattice with opposite spins having different spin
arrangements described by G, C and A. This analysis applies to the rare earth sublattice as
well where atoms 5,6,7 and 8 are used instead. As an aside, if each of these various spin

arrangements were substituted into the magnetic structure factor, eqn. (10), the reflection
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conditions for the observance of magnetic intensities can be derived. These correspond to,

F: h+k =2n, 1=2n (k+1 =2n, h = 2n)
G: h+k = 2n+1. [=2n+1 (k+l = 2n+1, h=2n)
C: h+k =2n+1, |1=2n (k+l =2n+1, h=2n)
A: h+k = 2n, [=2n+1 (k+l =2n, h=2n+1)

The conditions in the Pnma setting are shown in italic. The transformation properties of the
separate X.,y.z components of these linear combinations are then determined under the
independent symmetry elements. For example,
2 F = 21816+ Sac + S5 7S50 = Sy + S5+ 8y + 5

TABLE 4.1 summarizes the transformation properties of both sublattices under the 2,.. 2,,
and i independent symmetry elements. All that remains is to construct the invariants by
taking bilinear combinations (since the Hamiltonian is of order 2) of components that belong
to the same representation. These invariants represent the allowed magnetic couplings that
are likely. For example, the possible spin configurations for the Ti(IlI) moments using I'; in
TABLE 4.1.are G, AL F.’. GA,, AF, and F,G,. The notation F,G, indicates that
a ferromagnetic component along the z-direction can only be coupled with a G-type mode
that is oriented along the x-axis. The invariants derived for the remaining representations are
listed in TABLE 4.2.

One of the important implications of Bertaut's theory is that. based on symmetry
arguments, not only can one predict which spin configurations may couple to each other on

a given sublattice but also how two different sublattices may couple to each other. Generally,
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TABLE 4.1: Transformation Properties in space group Pbnm for the RTiO, system.

Representation Generators Transition metal in | Rare Earth in 4c site
2. ; 4b site
T, + + A, G, C, . . C,
T, - + F, C, G, . C, .
I + + C, F, A, C, y .
L, - + G, A, F, . . F,
T, + - . . . G, A, .
T, . - . . . . . A,
I, + - . . . . . G,
T, . - . . . A, G, .

TABLE 4.2: Invariants constructed from the base vectors of the irreducible representation.

Representation T(III) R(III)
L, Al G2 CALAG, GC, CA, o

| F2 C G FEC, CG, GF, FZ, CFC,
3 CALFLALCE, FA,AC, C’ FLCF,
r, Gl Al F GA, AF, FG, F/

| . G2 A/ GA,
Ty . A

I . G,

I . Al G AG,
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the spin modes on the rare earth and titanium sublattices are expected to couple with each
other if they belong to the same representations. For example, the spin structures belonging
to T, on the Ti(III) sublattice would be expected to couple to the I, spin structures on the
rare earth sublattice. This theory has been applied successtully to various RTiO, systems.
such as LaMO, where M = Mn, Cr and Fe and RFeO; where R = Nd, Ho. In these systems.
good agreement is found with experimental results (Koehler and Wollan, 1957; Koehler et

al., 1960).

4.3, Previous Work:

As mentioned previously in Chapter 1, the parent titanates. RTiO;, exhibit a rich
variety in magnetic properties which range from Ti-Ti antiferromagnetic coupling observed
in the lighter rare earth compounds (R = La, Ce, Pr. Nd. Sm) to ferro-magnetic Ti-Ti
coupling observed for the heavier rare earth titanates, R = Gd-Lu. Y (Goral and Greedan.
1983 Greedan, 1984; MacLean and Greedan, 1981; Turner and Greedan, 1983). In addition
to these observations made about the nature of the magnetism in these compounds, their
magnetic structures were also determined where possible using powder neutron diffraction.
The magnetic properties of these compounds and their magnetic structures are summarized
in TABLE 4.3

Interestingly, the discovery of magnetic ordering behaviour in the neodymium and
samarium titanates have only recently been reported. Despite their unique positions in the

series, juxtaposed between the antiferromagnetic PrTiO, and the ferrimagnetic GdTiO; .
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evidence for magnetic ordering in these compounds went unobserved for at least four
decades since initial investigations began in 1956 (Bozorth et al., 1956). Several studies on
NdTiO, have reported only paramagnetic behaviour for measurements performed in the range
4.2K to 450K (Bazuev and Shveikin, 1976; Ganguly et al., 1976; MacLean et al.. 1981). In
addition, a low temperature neutron powder diffraction study (Greedan. 1984) of this
compound appeared to provide the most compelling evidence for the absence of magnetic
ordering behaviour as measurements taken down to 7K revealed no evidence of magnetic
behaviour. Recently. however, in an investigation of the Nd, A JiO, (A = Ca. Sr. Ba)
system (Eylem et al., 1995) results obtained from low field susceptibility and remanent
moment measurements implied magnetic ordering behaviour in NdTiO; at ~90K. In
conjunction with the previous neutron diffraction study (Greedan, 1984), the observations
were interpreted by attributing the ordering behaviour to canted antiferromagnetism on the
titanium sublattice, with the assumption that the neodymium sublattice remains paramagnetic
even down to low temperatures forming a spin glass.

In the case of SmTiO;, the investigation of this property has not been as extensive
with only paramagnetic behaviour reported initially in the temperature range of 77K - RT
(Ganguly et al., 1976) . The first report of any magnetic ordering behaviour was reported
recently during investigation of the La,, ,,Sm,TiO; system (Yoshii and Nakamura, 1997).
While it was reported in this study that some type of magnetic phenomenon was observed
at ~50K, investigations of the magnetic structure were not pursued. Given these recent

reports of ordering behaviour for these compounds as well as from our own findings, further
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investigations into their magnetic behaviour and the determination of their magnetic
structures by neutron diffraction techniques were undertaken.

With regard to previous work carried out on vacancy doped systems. in which the
Ti(III) concentration is systematically changed, magnetic susceptibility data were reported
for the vacancy doped Nd,,.,,TiO;system for x = 0.00, 0.10, 0.20. 0.30 and 0.33 which
initially appeared to obey Curie-Weiss paramagnetism (Bazuev and Shveikin. 1986).
However. a closer inspection of the data revealed a subtle departure from this law and was
explained by pronounced crystal field effects. Additionally, it was shown that the overall
susceptibility was comprised of contributions from both Nd(IIl). which has a strong
temperature dependence while Ti(IIT) exhibits a weak temperature dependence.

In contrast to this, the work done on the alkali earth doped system. Nd,, , A TiO; (A
= Ca, Sr. Ba) revealed antiferromagnetic behaviour which disappears with the onset of the
metallic regime, i.e. x 20.20 for A = Ca and x 2 0.10 for A = Ba. Interestingly. the data in
the paramagnetic regime was fit to a Curie-Weiss plus a temperature independent term which

was assumed to consist of only a Ti(IIl) contribution.

4.4. Present Work
4.4.1. D.c. magnetic susceptibility:

a). Nd,, ,TiO; system: The susceptibility data for all the compositions studied in this
series can be seen in Figs. 4.3 to 4.7. For the nominal x = 0.0 and 0.05 compositions,

paramagnetic behaviour is observed above ~100K and the data could be fit, after making
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diamagnetic corrections, to the Curie-Weiss law,
x =C/(T-8) (13)

where C is the Curie constant and 9 is the Weiss constant. The experimentally determined
values of C and 6 can be found in TABLE 4.4. The observation of Curie constants larger
than the expected value, based on the Nd* free ion value, strongly suggests individual
contributions from both Nd(III) and Ti(IIl) ions and compare favourably with those published
previously (MacLean et al., [981). From this same study it was shown that by comparing the
observed Curie constant of NdTiO, with the isostructural NdScO;. it is possible to estimate
the individual contributions from each ion. Since in NdScO;, the diamagnetic Sc(III) ion
replaces Ti(III), the observed Curie constant is solely due to a Nd(III) contribution and was
found to be 1.51(3) emu.mol/K. This value is significantly smaller than the free ion value of
1.64 emu.mol/K and has been ascribed to crystal field effects. Using this experimental value
for Nd(III), the Curie constant obtained for Ti(IIl) in NdTiO; was found to be 0.30(6)
emu.mol/K. This compares reasonably with the expected free ion value of 0.37 emu.mol/K.
This suggests a localized electron model and is in agreement with the semiconducting
behaviour of this phase which is reported in Chapter 3.

At temperatures below 100K, a distinct divergence is observed between the zero field
cooled (ZFC) and field cooled (FC) data for the x = 0.0 and 0.05 compositions at ~90K and
75K. respectively. The divergence signals some type of magnetic phenomenon at these
temperatures resulting in a weak ferromagnetic component. In light of the previous results

obtained for RTiO;, R = La, Ce and Pr, this observation is attributed to moment canting on
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TABLE 4.4: Summary of Curie and Weiss constants from magnetic susceptibility fits.

Compound C(emu.mol/K) 8(K) Expected C(Nd*")
value®
NdSecO, 151(3) 1.64
NdTiO; 1.71(1) -45(1) 1.64
Nd, +sTiO; 1.49(2) -54(3) 1.56
Nd, o, TiO, 1.50(2) -63(3) 1.46
Nd, s TiO; 1.42(1) -56(2) 1.38
Nd, ,TiO; L47(1) -58(2) 1.35
Nd, 4, TiO; 1.19(1) 7102) 1.30
Nd, 5 TiO, 1.31(1) 67(2) 1.22
Nd, ;o TiO, 131Q2) 72(3) 115
Nd, ,,TiO, 0.92(1) -67(2) 1.10
SmTiO, 1.07(1) -229(3) -
Sty o, TiO; 1.20(1) ~414(10) -

* Based on the Nd(II]) free ion value of 1.64 emu.K/mol
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the magnetic sublattices.

For the remaining compositions in this series, 0.10<x<0.33, the magnetic anomaly
disappears abruptly at x = 0.10 revealing only paramagnetic behaviour over the entire
temperature range investigated. As will be seen later in Chapter 35, this disappearance of
magnetic behaviour coincides with a point where a metal-insulating transition occurs in the
series. At higher temperatures, the data appears to exhibit temperature independent behaviour
which is usually associated with Pauli paramagnetism in these types of systems.
Consequently. after correcting for core diamagnetism. an attempt was made to fit the data
over the entire temperature range to the Curie-Weiss law plus a temperature independent
term, Y. according to,

x=C/(T-0) + X (14)
where ¥p comprises of four components a). core diamagnetism. b). Van Vleck
paramagnetism, c). a diamagnetic contribution from the conduction electrons and d). a
paramagnetic contribution from the conduction electrons (a.k.a. Pauli paramagnetism). The
inverse susceptibility versus 1/T can be seen in Figs. 4.3 and 4.4. This description assumes
that the Ti(Ill) contributes only to the temperature independent term, so that the Curie
constant consists solely of a Nd(III) contribution. Using this model, the experimentally
determined value of the Curie constants for these compositions were found to be quite
unreasonable tending to be significantly smaller than the expected value. For example, for
the x = 0.10 phase, the experimentally determined value of the Curie constant was found to

be 0.99(1) emu.mol/K which is significantly smaller than the expected value of 1.46
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emu.mol/K. Futhermore, it was observed that below ~100K, the data deviated significantly
from linear behaviour. This deviation can be ascribed to the crystal field splitting of the 10-
fold degenerate ground state of the Nd(III) ion. This produces a series ot multiplets whose
energies are comparable to kT so that the temperature dependence of y is ditferent from that
of the free ion.

A more reasonable fit could be found by fitting the data above ~100K using the Curie
Weiss law described by eqn.(13), with the experimentally determined values also shown in
TABLE 4.4, Overall. the Curie constants are larger than that predicted by the tree ion value
and reflects the likely contribution of Ti(IIl) to the overall paramagnetism. The Curie
constants generally decrease as expected as one goes from a large Ti(Ill) content as in
NdTiO; to low Ti(IIl) content as in Nd,;TiO; . However, no obvious trend is noted from
compound to compound. Since for x > 0.10 only paramagnetic behaviour is observed down
to 5K it is apparent that the Weiss constant is dominated by crystal field effects as the values
are significantly large. Note that the experimentally determined value of the Curie constant
for Nd,;TiO;, 0.93emu.K/mol, is smaller than the expected value of 1.08 emu.K/mol, see
Fig. 4.7. Again, as in NdScO;, this is a result of crystal field effects as there are no Ti(III)
ions present. While the Curie-Weiss model appears to be reasonable, it must be noted that
it is not an ideal one as closer inspection of the data above 100K reveals a subtle deviation
from the 1/T linear dependence and points to the need of finding a more thorough description
as afforded by Van Vleck's equation. In general, the paramagnetic susceptibility may be

calculated according to eqn. (15), (Carlin and van Duyneveldt, 1977; van Vleck, 1932),
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Zexp(—E,’,) / kT)

7= (15)

where E, is the energy of the n-th level and E " and E * are the energies of the
first and second order Zeeman terms. The solution to this equation requires knowledge of the
energies and wavefunctions of each level and this information is not currently available.

b). Sm,,,,TiO; system: The magnetic susceptibility behaviour over the temperature
range of 5K to 298K for x = 0.03 and 0.05 can be seen in Fig. 4.8. Above 100K it was found
that Curie-Weiss paramagnetism exists and the data could be fitted to eqn. (13). The data
were corrected for core diamagnetism and experimentally determined values are summarized
in Table 4.4. Below 100K, similar divergences between the ZFC and FC data are observed
as in the neodymium system, however occurring at lower temperatures, specifically ~52K
and ~48K for x =0.03 and 0.05 respectively. When plotted on a larger scale the susceptibility
data for the x =0.03 composition shows a small maxima at ~40K which may be associated
with a spin reordering process on the samarium sublattice. These observations are attributed
to a canting of the moments on the magnetic sublattices.

For the remaining compositions, x > 0.10. the magnetic behaviour is again observed
to disappear, as in the neodymium system, coinciding with a metal-insulating boundary.
Interestingly, in the x = 0.10 phase. there is a very subtle broad maximum over the range

~100K-200K which disappears for the remaining doped compositions and is thought to arise
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from some type of short range magnetic behaviour. For these compositions, the paramagnetic
behaviour is complex as attempts to fit the data to either to eqns. (13) or (14) were
unsuccessful, see Figs.4.9 to 4.10. These observations point to the difticulty in extracting
meaningful values of the Curie and Weiss constants from samarium compounds. It is known
that unlike the other rare earth ions. with the exception of Eu™", the separation of the ground
state multiplet levels of samarium is comparable to kT and the problem is again reduced to

solving eqn. (15).

4.4.2. Magnetic structure determination NdTiO;, Nd,,TiO; and Sm,,,TiO,.

The following papers report the magnetic structure determinations of NdTiO; and
Nd, 4sTiO; by powder neutron diffraction at the McMaster Nuclear Reactor. The magnetic
structure determination of Smg,,TiO; was performed with short wavelength single crystal

neutron diffraction at the Institut Laue Langevin. Grenoble, France.
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The structural and magnetic properties of members belong-
ing to the perovskite family, Nd,..TiO; for x = 0, 0.05, and
0.10, have been investigated. It is found that these compounds
adopt the GdFeO;-type structure belonging to the space group
Pnma. Magnetic susceptibility measurements indicate para-
magnetic Curie~-Weiss behavior at temperatures typicaily
above 100 K. Antiferromagnetic ordering of the titanium sublat-
tice is observed at Ty of 90 and 75 K for x = 0 and 0.05,
respectively. Investigation by low-temperature neutron diffrac-
tion reveals evidence for magnetic ordering on both the titanium
and neodymium sublattices. The magnetic structure is found
to be consistent with that of PrTiO, and CeTiO;, having an
F.C, configuration on the Nd** sublattice and a G,F, configura-
tion for the moments on the Ti’* sublattice. At 10 K, the refined
magnetic moments on the Nd** sublattice are determined to
be 1.11(5) and 0.99(5) us and on the Ti'* sublattice, 0.87(8)
and 0.74(9) ps, for x = 0 and 0.05, respectively. The antiferro-
magnetic behavior vanishes at the x = 0.10 composition. e
Academic Press, Inc

INTRODUCTION

It is well known that the rare carth titanates, RTiO;,
form an isostructural series of compounds whose physical
properties are infiuenced by the size and electronegativity
of the rare earth ions (1). Members belonging to this family
of compounds possess the orthorhombically distorted
GdFeOs-type structure belonging to the space group
Pnma. In general, these compounds are semiconducting
and exhibit an impressive variety of magnetic behavior (2,
3). It has been found that LaTiO; is antiferromagnetic
below 125 K, and using Bertaut's notation (4), is described
as having a G F, spin configuration on the titanium sublat-
tice. Similar but more complex are CeTiO; and PrTiO,,
which are both antiferromagnetic below 125 K, with a
magnetic structure composed of a G, F, spin configuration
on the titanium sublattice and an F,C, spin configuration
on the rare earth sublattice (5, 6). The weak ferromagnetic
component in these magnetic structures presumably arises
from a canting of the antiferromagnetic mements. For the

remaining rare carth titanates, R = Gd to Tm, ferri- and
ferromagnetic behavior is observed (3).

Interestingly, with such a rich variation in the magnetic
properties across the titanate series, evidence for magnetic
behavior and the determination of the magnetic structure
of neodymium titanate, NdTiO,, remained elusive. The
magnetic properties of this compound were first investi-
gated by Bazuev and Shveikin (7), who found it to be
paramagnetic in the temperature range 77-450 K. Similar
observations were reported by Ganguly ez al. (8) and Ma-
clean er al (9). In addition, a low-temperature neutron
study by Greedan (6) seemed to provide the most conclu-
sive evidence for paramagnetic behavior, since measure-
ments revealed no evidence of any magnetic ordering down
to 7 K. Only recently, however, Eylem et al. (10) reported
low field susceptibility and remanent moment measure-
ments, which indicate that NdTiO; orders antiferromag-
netically at a temperature of 90 K. Their observations were
interpreted by attributing the ordering behavior toa canted
antiferromagnetism on the titanium sublattice, with the
assumption that the neodymium sublattice remains para-
magnetic even at low temperatures. They also reported
similar behavior for the calcium-doped system, Nd; ,Ca,
TiO, for 0 = x < 0.2. These observations provide the first
evidence for any type of magnetic order for NdTiO,, and
based on this some parallels may be inferred for the
Nd,_,TiO, system, using the highly correlated La,.,TiO,
series of compounds. This system was investigated by Cran-
dles etal. (11) and MacEachern et al. (12), whose investiga-
tions encompassed the composition range 0 < x = 0.33.
It was found that there exists a strong correlation between
the structural and physical properties of the system. With
regard to magnetic properties, the antiferromagnetic be-
havior observed for the x = 0 composition vanishes at
x = 008, where paramagnetic behavior is reported. In-
terestingly, at this composition, the system undergoes
a metal-insulating transition from the semiconducting
LaTiO; to the metallic Lag,TiOs and reflects the high
degree of correlation in this system.

In light of the aforementioned resuits, the magnetic be-
havior of compounds belonging to the Nd,_,TiO; system

0022-4596/96 $18.00
Copynight © 1996 by Academic Press. Inc.
Al nghts of reproduction in any form rescrved.
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TABLE 1
Oxygen Content as Determined by
Thermogravimetric Analysis

Target Expected Theoretical Actual
composition gain gain composition

NATIO, 333 333 NdTiOs0
NdassTiOs pA:7] 29 NdgesTiOym
Nd; T 248 1R Ndy e TiOvem

is worth reinvestigation with low-temperature neutron dif-
fraction. It is also interesting to determine whether or not
there exists a correlation between the magnetic and electri-
cal properties of the compositions studied.

EXPERIMENTAL PROCEDURE
Preparation of Samples

NdTiO;. This composition was prepared by arc-melt-
ing stoichiometric amounts of predried Nd,O5 (Research
Chemicals, 99.99%), TiO2 (Fisher Scientific, 99.97%), and
Ti metal, according to the equation

Nd,0; + 1 TiO; + §Ti — 2NdTiO;.

The powders were mixed in acetone, made into 5/8" pellets
and arc-melted together with Ti metal on a water-cooled
copper hearth under 1/2 atm prepurified argon gas
(99.998%).

NdysTiO; and Ndy o TiO5.  Stoichiometric amounts of
Ti,05 (Cerac, 99.9%) and predried Nd,05 and TiO; were
ground in acetone and made into 5/8” pellets. The reac-
tion is

Q%“lr‘:dzo3 + 3xTiO, + Ql—'z—:‘-’flmo, — Nd,_,TiO;

The pellets were scaled in a molybdenum crucible, which
was placed in a tungsten induction coil, and the crucible
was placed in an rf induction furnace. Preparation condi-
tions for both compositions involved heating to 1400°C in
a vacuum of approximately 10~ Torr for an average of 8

TABLE 2
Unit Cell Parameters from X-Ray Powder Diffraction
Compound a(A) b (A) ¢ (A) Volume (AY)
NdTiO, 5.561(5) 7.793(8) 5.522(5) 243.22(3)
NdoosTiOy 5592(5)  1.798(8)  S5.506(4) 240.10(4)
NdawTiOs 5551(3)  7.796(S)  5.488(3) 237.48(2)
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FIG. 1. Refined neutron powder profile of NdTiO,.

to 12 hours. Phase purity determination was carried out
by X-ray diffraction and on occasion the samples were
reground and refired under the initial conditions to pro-
duce single-phase materials. For all three compositions,
the products were black in color.

X-Ray Powder Diffraction

Phase purity determination and initial structural charac-
terization of the samples were carried out using a Guinier-
Haag camera (IRDAB Model XDC700) with CuKe; radia-

TABLE 3
Conditions for Neutron Data Collection and Profile
Refinement for Structural Determination

NdATiOy NdqesTi0, NdqeTiOs
26 Range () 15.0-117.0 15.0-118.0 175-117.5
Step size (*) 0.10 0.10 0.10
No. of profile points 1021 1021 982
No. of independent 254 253 251
reflections
Noa. of refined 24 24 plod
parameters
Rep 637 5.69 6.53
R, 5.09 438 5.16
Resp 194 2.95 324
Rogs 939 7.96 16.15
Goodness of fit 1.62 193 202

* Manual background used in refinement. Ry = 100 {Z W(yon = Yau!
UZ wytal. Ry = 100 Z | yom = Yearl€ VZ | Yyorul- Rexp = 100 {(N =
PYE wylol'®. Roceg = 100 2 My — [/ [, Goodness of it = Rup/Rexp-
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TABLE 4
Atomic Positions and Cell Parameters from the Profile Refinement of Neutron Powder
Data Collected at Room Temperature

NdTiO; NdqgssTiOs NdqeTiOs NdTiOy*

Nd x 0.0598(8) 0.0437(12) 0.0374(11) 0.05412(6)
y 025 025 025 025
z 0.9927(13) 0.9851(22) 0.9936(22) 0.98892(5)
B(An 0 S4(T) 0.62(2N 0.234(8)

Ti x 05 05 0s 05
y 0.0 0.0 0.0 00
z 00 0.0 0.0 00
B (AY) 0.77(14) 1.09(43) 0.11(15)

o1 x 04770(11) 0.4736(20) 0.4781(14) 0.4801(8)
y 025 025 025 0.25
z 0.0900(13) 0.0724(23) 0.0654(19) 0.0902(8)
8 (A% 1.07(13) 2.07(55) 0.73(13)

o x 0.3005(8) 03018(12) 0.2912(12) 0.2979(5)
¥y 0.0501(6) 0.0524(9) 0.043(1) 0.0465(4)
z 0.6992(7) 0.7072(14) 0.7068(13) 0.7024(5)
B (A) 0.127(77) 0.87(33) 1.35(11)
a(A) 5.647(1) 5.583(4) 5.546(2) 5.58%(3)
5 (A) 7.785(2) 7.799(6) 7.798(2) 7.779(4)
c(A) 5.519(1) $.489(4) 5.489(2) 5.495(3)

*Single crystal data from Ref. (1).

tion and silicon as an internal standard. A KEJ [nstruments
line scanner (Model LS20) was used to measure the posi-
tions and intensities of the diffraction lines. Unit cell con-
stants were refined using the least-squares program
LSUDF.

Thermal Gravimetric Analysis

Oxygen contents were determined by the use of a
Netzsch STA Thermal Analyzer under an atmosphere of
flowing air at 1000°C. A light purple powder was produced
as a result of oxidation to Nd,Ti,O, and TiO,. The oxygen
content was calculated on the assumption of the nominal
neodymium content in the target composition. The error
in the experimental percent weight gain is +0.05.

Magnetic Susceptibility

Measurements were carried out using a Quantum Design
SQUID magnetometer in the temperature range 5-300 K
with an applied field of 1000 Oe. The samples used were
sintered polycrystalline pellets with typical sizes of 50 mg.

Neutron Powder Diffraction

Neutron diffraction data for powdered samples were
cotlected at the McMaster Nuclear Reactor (MNR). Neu-
trons of wavelength 1.3920 A, obtained by reflection from
a Cu (200) single crystal monochromator, were used in

combination with a position-sensitive detector. For routine
chemical structural determination the samples were placed
in a thin-walled vanadium can. Measurements were made
over a 20 range of 15° to 120° at room temperature. For
low-temperature measurements a thin-walled aluminum
can filled with He exchange gas and sealed with an indium
gasket was used. Low temperatures to 10 K were obtained
using a CTT Inc. Model 21 closed-cycle refrigerator with
a Cryogenics Inc. Model DRC 80C controller. Measure-
meants were made over a 20 range of 10° to 40° for a series
of temperatures down to 2¢ K and an extended data set
with a 26 range of 10° to 78° was collected at 10 K for
magnetic structure refinements.

STRUCTURAL CHARACTERIZATION

Thermogravimetric analysis indicated that for each com-
pound the target composition was achieved with the oxy-
gen stoichiometry deviating by less than 1% from the ex-
pected value of 3.00 per formula unit, assuming the nominal
neodymium composition (see Table 1). Using a GdFeO;-
type Pnma model, preliminary structural determinations
carried out with Guinier—-Haag powder X-ray diffraction
data yielded the refined unit cell parameters found in Ta-
ble 2.

Structural characterization was achieved with the use
of neutron diffraction data for which a typical diffraction
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FIG. 2. (a) Perspective of Pnma structure and (b) view down the
b axis.

profile can be seen in Fig. 1. Atomic positions and thermal
parameters were determined by Rietveld profile refine-
ment using the program DBWS 9600PC and the data re-
fined smoothly in the space group Pnma. The results of
the refinements and the refined structural parameters can
be found in Tables 3 and 4, respectively. An illustration
of the structure can be seen in Fig. 2. In order to accommo-
date the smaller sized neodymium cation, the corner-
shared TiOg octahedra tilt along each of the a, b, and c axes.
It is found that as the neodymium content is decreased, the
tilting becomes less severe, as reflected by the Ti-O-Ti
bond angles shown in Table 5.

131
TABLE §
Bond Distances (A) and Selected Bond Angles (%)
NdTiO, NdqysTiOy Ndn”'no‘
Nd-Ot x1 2.42(4) 2.447(13) 2.476(20)
Nd-0O1 x1 333(5) 3.219(13) 3.127(10)
Nd-01 x1 2.350(13) 2462(17) 2.443(16)
Nd-01 x1 3.250(12) 3.088(18) 3.086(16)
Nd-02 x2 2.625(24) 2.604(11) 2.656(11)
NZ Q2 v2 153 1484(10) 138510y
Nd-02 x2 2717(14) 2.792(9) 2.740(9)
Nd-02 x2 238(3) 2.305(10) 2381(10)
Ti-O1 x2 20129(19) 1.995(3) 1.9860(20)
Ti-02 x2 2.044(4) 1.995(7) 2011(7)
Ti-02 x2 2.059(4) 2074(7) 2.003(7)
01-Ti-01 180.0 180.0 180.0
02-Ti-02 180.0 180.0 180.0
02-Ti-02 90.8%17) 91.9(3) 91.0(3)
£9.11(17) 83.1(3) 89.03)
01-Ti-02 87.87(23) 85.4(4) 86.8(4)
91.13(23) 94.6(4) 932(4)
89.90(22) 91.3(4) 90.8(3)
90.1(22) 88.7(4) 89.2(3)
Ti-O1-Ti 150.4(4) 155.5(7) 158.0(6)
Ti-02-Ti 148.40(24) 148.5(4) 152.8(4)

Similar observations were reported previously for
NdTiOs, based on single crystal studies (1). However, the
cell parameters and bond distances reported were signifi-
cantly smaller than those in Tables 4 and S. This suggests
that the previous results were for a compound whose com-
position had less than the desired neodymium stoichiome-
try of x = 0. Using an extrapolation and the cell volume
reported, this corresponds to a neodymium content of
x = 0.07, i.e., NdgsTiO;.

MAGNETIC PROPERTIES
1. Susceptibility Measurements.

The temperature dependence of the magnetic suscepti-
bility for each compound can be seen in Figs. 3a-3c. In all
cases the data were corrected for core diamagnetism and
above 100 K, a good fit to the Curie Weiss law could
be found,

x=CIT-6),

where C is the Curie constant, T is the temperature, and
8 is the Weiss constant. The experimentally determined
values of the Curie and Weiss constants can be found in
Table 6. For each compasition, the experimentally deter-
mined vatue of the Curie constant deviates from the ideal
free ion value for Nd** of 1.64 emu - K - mol~!. This suggests
that the total susceptibility is composed of contributions
from both Nd** and Ti**. It has been suggested that by
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TABLE 6
Experimentally Determined Values for C, 6, and Ty

Compound C (emu-K-mol™'y 8 (K) Tn (K)
NdTiO, n -45.0 100
NdqgesTiO; 1.49 ~54.7 75
Ndq IOy 158 =757 —

¢ Par mole of compound

comparing NdTiO; with the isostructural NdScOj; a reason-
able approximation can be made (9), in order to determine
the contribution from the titanium ions. However, it be-
comes extremely difficult to separate the individual contri-
butions to the total susceptibility for the vacancy-doped
compositions.

Below 100 K, deviation from the Curie-Weiss law is
observed for all cases. This deviation can be readily ex-
plained by the crystal field splitting of the 10-fold degener-
ate ground state of the Nd** ion. More interesting are the
divergences that are observed between the zero field and
field-cooled measurements for NdTiO, and NdgesTiO; at
100 and 75 K, respectively, which suggests the onset of
some type of magnetic order. This compares favorably with
the ordering temperature of 90 K reported by Eylem efal
(10) for the x = 0 case. No divergences between the zero
field and fieldcooled measurements were observed for
x = 0 case. No divergences between the zero field and
fieldcooled measurements were observed for x = 0.10,
indicating the absence of magnetic order for this compo-
sition.

NdTi0,; 10K
20000 g
3 »+++» Observed
3 Calculated
tspo04 1 e Difference
c
& 10000 3 |
Z 3 :
2 3 e
(=] 3 1
© 5000 ;
3 U Y T e
- . LI BEO S0 ) wEENEHI N 1S ¢ BERY PN I
~5000 I T
5 1S 25 45 55 65 75

35
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FIG. 4. Refined neutron powder data taken at 10 K {or NdTiO,.
Magnetic peaks are labeled A (100,001) and B (110,011). The peaks
fabeled C and D are due to aluminum and were excluded in the re-
finement.
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TABLE 7
Conditions and Refinement Results for the Combined
Chemical and Magnetic Structures for NdTiO; and Nd,ssTiO,
at 10K

28 range () 9.0-78.0 10.0-75.0
Step size () 0.10 0.10
No. of profile points 691 651
No of refined parameters 21 21
Chemical et
Rep 6.19 5.96
Resp 182 230
Reng 8.30 836
Goodness of fit 3.40 2.60
Magnetic cell
Ryuugn® 299 26.9
Moment configuration
Nd** F.C F,C,
™ G,F, G.F,
Magnetic moment
Nd*> 1.11(5) ne 0.87(8) pe
i Viad 0.99(5) xa 0.74(9) pa

¢ Magnetic R factor.

2. Low-Temperature Neutron Diffraction Measurements

Low-temperature neutron diffraction measurements
were carried out using powdered samples of NdTiO; and
Nd, ¢sTiO4 for a series of temperatures below which order-
ing is observed in the susceptibility measurements. The
data collected at 10 K for both x = 0 and 0.05 show the
emergence of two well-defined peaks of low intensity oc-
curring at 26 values of ~14° and ~17°, respectively; sce
Fig. 4. The profiles bear a striking resemblance to those
obtained for both CeTiO; and PrTiO, for which the mag-
netic structures were solved to yield a G, F, configuration
for the Ti** moments and an F,C, configuration for the
Ce?* and Pr** ions (5, 6). Consequently, the peak at ~14°,
A, is assigned the (100,001) reflection and is C type in
Bertaut's notation and the peak at ~17°, B, is indexed as
(110) which is G type. The latter overlaps the (011) reflec-
tion, which is allowed in Pnma. The magnetic structures
were refined using the program FULLPROF (13). For the
refinements at low temperatures, the overall temperature
factor was fixed at B = 0.25 A-2, due to the strong correla-
tion with the refined moments, especially at the titanium
sites. The results for each composition are discussed sepa-
rately below.

(a) NdTiO;. The results of a combined magnetic and
chemical structure for both NdTiO; and Nd,sTiO; at 10
K are shown in Tables 7 and 8, with the profile fit for
NdTiO; displayed in Fig. 4. The model for the magnetic
structure is a G-type configuration for the Ti** moments
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and a C-type configuration for the Nd** moments. The
values for the refined moments are reasonable for both
ions at 10 K.

Refinements were also done at several temperatures
above 10 K for both samples using less extensive data sets.
In these cases the half-width parameters were fixed along
with the overall temperature factor. The results for NdTiO,
are plotted in Figs. Sa and Sb. The temperature dependence
of the Ti** moment, Fig. 5b, is consistent with an ordering
temperature of 90 K as found from the susceptibility data.
Because of the restricted conditions under which the re-
finements were carried out, the temperature dependence
was checked by a second method which involved simply
fitting the (110,011) doublet to a Gaussian lineshape for
each temperature with no reference toa structural model.
The temperature dependence of the square root of these
intensities is essentially the same as that in Fig. 5b.

The thermal development of the Nd** moment which is
associated with the (100,001) peak is rather different, as
seen in Fig. Sa. There is a sharp decline from a low-temper-
ature value of ~1.10(1) ug between 10 and 20 K to a
roughly constant value of 0.56(9) uas at 50 K and above.
This is esseatially the same type of temperature depen-
dence seen for PrTiO; and can be explained as a polariza-
tion of the Nd®* moments by the coupling to the Ti**
sublattice (6).

Further insight concerning the nature of the ordering
on the Nd** sublattice is seen in Figs. 6a and 6b, where
the full width at half-maximum, FWHM, for both sets of
magnetic reflections, A (100,001) and B (110,0011), are
shown. For B, Fig. 6b, the peak width is essentially constant

TABLE 8
Atomic Pasitions and Cell parameters from the Refinement
of the Combined Chemical and Magnetic Structure of NdTiO,
and NdysTiO; at 10 K

. NdTiO, Ndg ¢TI0,
Nd x 0.065(1) 0.0541(9)
025 025
2 0.9814(13) 0.9849(15)
Ti x 05 0.5
y 0 0
2 0 0
ot x 0.4871(13) 0.4853(14)
y 025 025
z 0.0931(16) 0.0875(17)
02 r 0.299(1) 0.298(1)
0.0480(7) 0.0438(8)
z 0.695(1) 0.6969(11)
a(A) 5.600(2) 5.571(2)
b (A) 7.752(2) 1.777(2)
c(A) 5.504(2) 5.492(2)
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FIG. S. Magnetic moment vs temperature curves for NdTiO; (a)
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at about 0.88° as a function of temperature. The small
increase near 90 K may reflect the presence of subcritical
clusters on the Ti** sublattice. The point at 200 K repre-
sents the (011) reflection which is not magnetic in origin,
but is at essentially the same position as the (110) magnetic
component. Very different behavior is seen for A, Fig.
6a, where the FWHM increases from a constant value of
1.15(5)° at low temperatures to values approaching
2.24(32)° by 50 K. An estimation of the correlation length
can be obtained from the expression

€= U[Tkxe — Thes]'™,

where £ is the correlation length in A, and lexp and Fges
are the experimentally determined and expected resolu-
tion-limited Gaussian FWHMs, respectively. Taking into
account the changes to the peak width as a function of
position on the linear tube detector, the resolution-limited
linewidth at 14.20° is 0.91°. The observed linewidths clearly
exceed the resolution-limited value at all temperatures.
Correlation lengths, determined to be 18(3) A at 10K and
6(1) A at 50 K, indicate that the order on the Nd** sublat-
tice is of short range in the temperature regime investi-
gated, extending over only a few unit cells.

The inhibition of true long-range order on the Nd**
sublattice can be attributed to the symmetry canceilation
or frustration effects which arise from the crystal geometry.
The Nd** moment is roughly in the center of a slightly
distorted primitve cube with eight nearest Ti** neighbors,
four with one spin direction and four antiparallel to these.
Note that in Figs. 6a, values for the FWHM are reported
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out to 200 K and that the values for the Nd** moment
remain finite even at temperatures exceeding Ty for the
Ti** sublattice ordering. Both results arise from the obser-
vation of a very broad (FWHM ~2.5°) weak feature at the
expected position for the (100,001) magnetic peak. While
the persistence of this broad peak out tosuch high tempera-
tures could indicate the presence of short-range magnetic
order, this would be very unusual and it is more likely to
due to an anomaly in the background. In any case, nothing
definitive can be stated with the current data and this
matter will be studied further.

(b) NdogsTiOs. The results for this material parallel
those for NdTiO; but on a slightly lower temperature scale,
as seen in Figs. 7 and 8. The thermal development of
the Ti** momeant is consistent with Ty ~ 75 K from the
susceptibility data and the linewidths are in the resolution-
limited range. The Ti’* ordered moment is somewhat
smaller than that found for NdTiO; at 10 K.

The behavior of the Nd** sublattice moment, Fig. 7b,
indicates a gradual increase beginning at about 40 K. The
two points at 60 and 70 K are at the detection limit, as
indicated by the large error bars. The broad, temperature
robust feature at the (100,001) position found for NdTiO,
was not observed above 70 K for NdggsTiOs, which casts
further doubt on its significance in the former material.
From the linewidths, Figs. 8a, it is seen that the Nd**
sublattice order is only of short range as in NdTiO,.

SUMMARY AND CONCLUSIONS

Members belonging to the solid solution Nd,-TiO;,
x = 0, 0.05, and 0.10, adopt the GdFeOs-type structure.
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FIG. 6. Full width at half-maximum (FWHM) vs temperature for
NdTiO; (a) A (100,001) and (b) B (110.011) refiections.
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The results reported here suggest that the composition
used in the previous low-temperature neutron diffraction
study by Greedan (6) contained less than the nominal
composition of neodymium, i.c., x ~ 0.07. This seems to
be the most likely explanation for the nonobservance of
any type of magnetic behavior for this composition. It
is found that for reasonably stoichiometric compositions,
antiferromagnetic behavior on both metal ion sublattices
is observed in compositions with x = 0 and 0.05. The
ordering on the Nd** sublattice is of short range but is
clearly evident and is in sharp contrast to the paramagnetic
behavior assumed by Eylem er al (10). The magnetic struc-
ture has been determined to be similar to that of CeTiO;
and PrTiO;, where there is a F,C, configuration on the
Nd** sublattice and a G, F, configuration on the Ti** sublat-
tice. The antiferromagnetic behavior is observed to vanish
on approaching the Ndo 5 TiO; composition. This observa-
tion appears to be consistent with those made for the La, .,
TiO, series of compounds, where the antiferromagnetic
behavior vanishes as metallic behavior is encountered. It
is well known that NdTiO; is semiconducting, and it is
found that this behavior extends to the x = 0.05 composi-
tion. As part of a larger body of work to be published in
the future, evidence will be presented that the x = 0.10
compasition exhibits an unusual and interesting resistivity
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FIG. 8. Full width at half-maximum (FWHM) vs temperature for
NdyesTiOs (2) A (100,001) and (b) B (110,011) reflections.

behavior. It is clear, however, that the semiconducting be-
havior vanishes at this composition.
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Single crystals of Smy,,TiO, bave been prepared and their
maguetic properties have been investigated. Dc magnetic suscep-
tibility messurements indicste paramagnetic Curie—Weiss
behavior above 100 K wheress two maguetic transitions are
observed at T ~ 52 K and Ty, ~ 40 K. Similar observations for
antiferromagnetic behavior bave been made for the x=0.05
compoand with Ty, ~ 40 K whereas for the x=0.10 compound
this bebavior vanishes. The magnetic structure determination of
the x=0.03 compound has been accomplished by using low-
temperature single-crystal neutron diffraction. The room temper-
atare crystal structure is a distorted orthorhombic perovskite
structure belonging to Pnma, which is preserved down to 15 K.
The maguetic structare is foand to be coasistent with & G, G,
moment configuration on the Ti(III) sublattice and s C, moment
coafiguration oa the Sm(Ill) sublattice. The magnetic moments
are estimated to be 0.72(1) and 0.43(1) x5 oa the Ti(III) and
So(IIT) sublattices, respectively. The orieatations of the mo-
meats weee foand to be 7(3)° to the x-axis for Ti(TII) and 2(2)° to
the z-axis for Sm(III). © 199 Acsdemaic Prem

INTRODUCTION

As part of a greater body of research involving the va-
cancy-doped rare earth titanate system R, -.TiO3 (R = La,
Nd, and Sm), we are interested in the investigation of the
magnetic properties of these compounds. In general, the
vacancy-doped rare earth titanates as well as the alkaline
carth doped systems R, .4, TiO, are of interest as in these
cases electron correlation effects strongly influence the phys-
jcal properties of member compounds. Consequently, they
allow systematic studies of the physical properties as a func-
tion of band filling (1-4).

'To whom correspondence should be addressed. E-mail: greedan@
memail.cis.mcmaster.ca.

0022-4596/98 $25.00
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The magnetic properties as well as the magnetic structure
determination of the samarium titanate SmTiO; are of
special interest in light of the known behavior of the RTiO,
series of compounds (R = La-Gd, Y). A remarkable vari-
ation in the magnetic properties as a function of decreasing
rare carth -radius exists, ranging from antiferromagnetic
Ti-Ti coupling for R = La, Ce, Pr, and Nd to ferromagnetic
Ti-Ti coupling for R = Gd-Lu, Y (5-8). In spite of the
interesting position of Sm in the series, evidence for any type
of magnetic ordering for the R = Sm compound had re-
mained clusive (9). Until recently, however, there has been
one published report indicating that SmTiO5 undergoes
some type of ordering phenomenon at ~ 50 K. Despite this,
a detailed investigation into the magnetic properties as well
as the magnetic structure determination for this compound
has not been performed (10).

Unlike the magnetic structure determinations for the
R = La, Ce, Pr, and Nd titanates, for which low-temper-
ature powder neutron diffraction was used, the case of
samarium titanate presents an interesting challenge due to
the high absorption cross section of Sm at conventional
thermal neutron wavelengths >1A (~S760 barns). It is
known that this value decreases sharply to ~500 barns at
a wavelength of 0.5 A, thus, in principle, making this prob-
lem more tractable if hot source neutrons are available (11).
The neutron source at the Institut Laue-Langevin (ILL),
Grenobile, France, is ideally suited for this study as it pro-
vides accessibility to very short wavelengths coupled with
high flux. Furthermore, by utilizing low-temperature single-
crystal neutron diffraction, it is possible for the first time to
determine the magnetic structure of a rare earth titanate
unambiguously. As mentioned previously, the magnetic
structure determinations of the rare earth titanates to date
have been principally carried out with low-temperature
powder neutron diffraction. While this method has had
some success, the magnetic structures remain somewhat
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ambiguous due to the inability of the method to resolve
overlapping magnetic reflections. We present in this report
an investigation of the magnetic properties of SmTiO; as
well as its magnetic structure determination by low-temper-
ature single-crystal neutron diffraction, the first such study
to be carried out for any of the rare carth titanates.

EXPERIMENTAL
Sample Preparation

The nominal x = 0.00 composition was prepared by mix-
ing stoichiometric amounts of predried Sm,O; (5.0000 g,
Rhone Poulenc, 99.99%), TiO, (0.9941 g, Cerac, 99.9%),
and TiO, g.¢ (1.0498 g, Cerac, 99.9%) in acetone. In the case
of the x = 0.05 and x = 0.10 compositions, Ti,O, (Cerac,
99.9%) was used. For each sample the reagents were pressed
into 1/2-in. pellets and scaled in a molybdenum crucible.
The sealed crucible was then placed into an rf furnace and
was fired several times at ~1400°C under vacuum
(10~¢ Torr) for ~12h each time to achieve phase purity.
The peliets were reground and pressed between each firing.
The polycrystalline products obtained were black.

Single crystals for the nominal x = 0.00 phase were ob-
tained by firing the polycrystalline sample to just above its
meiting point (~ 1800°C) and then quenching to room tem-
perature. The crystals were obtained as shiny black blocks
with defined faces having an average dimension of

~1.5mmx1.5mmx 1 mm.

X-Ray Powder Diffraction

Phase purity determination was carried out with
a Guinier-Haag camera IRDAB Model XDC700) with
CuKa, radiation and silicon as an internal standard. A KEJ
Instruments line scanner (Mode! LS20) was used to measure
the positions and intensities of the diffraction lines. Unit cell
constants were refined with the least-squares program
LSUDF.

Thermal Gravimetric Analysis

The oxygen content of the sample was determined with
a Netzch STA thermal analyzer in flowing air at 1000°C.

Magnetic Susceptibility

Dc magnetic susceptibility measurements were carried out
with a2 Quantum Design SQUID magnetometer in the tem-
perature range of 5-300 K using an applied field of 100 Oe.

Powder Neutron Diffraction

Data were collected at 298 and 1.5 K on the D1B powder
diffractometer at the ILL using a wavelength of 2.52 A over
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the 26 range 10-90°. The sample was diluted with aluminum

powder to minimize the strong absorption presented by
samarium.

Single-Crystal X-Ray Diffraction

Data were collected at room temperature with a Siemens
P3 four<ircle diffractometer using AgKe radiation
(1 = 0.56086 A). The data were corrected for absorption
effects by the semiempirical ¥-scan method. For further
details of the data collection, sec Table 2.

Single-Crystal Neutron Diffraction

Neutron data were collected with the D9 (our-circle
single-crystal diffractometer at the ILL equipped with
a two-dimensional position-sensitive detector. A wave-
length of A =04710 A was obtained by refiection from
a Cu(220) single<crystal monochromator. To follow the
thermal development of the magnetic reflections, measure-
ments were made at room temperature and at 15 K with the
use of a Displex cryostat. Several low-angle magnetic refiec-
tions were scanned for approximately 6 h each using an
w scan. A full data set for the purpose of structural refine-
ment at 15 K was also collected. The integrated intensities
were obtained by RACER (12). No absorption corrections
were made to the data. Structural refinement was carried
out with SHELXTL-93 (13) and details of the refinement
can be found in Table 2.

RESULTS AND DISCUSSION
Structural Characterization

The room temperature crystal structure of SmTiOy bas
been reported previously (14). The structure is an orthor-
hombically distorted perovskite type belonging to the space
group Pnma, typical for the RTiO, series, and is found to be
preserved for the x = 0.03 to x = 0.10 compositions (see Fig.
1). The unit cell constants derived from the Guinier-Haag
data for all three compositions are summarized in Table 1.
The unit cell volume for the sample used in the present study
is marginally larger (within 0.5%) than that reported by
Maclean et al.(13), suggesting that the composition is closer
to the nominal composition of SmTiO,. The single-crystal
X-Ray data collected at room temperature refined smoothly
in Pnma to the values shown in Table 2. In addition, the
samarium content was refined and in this manner the
composition was determined to be Smg ¢+ TiO;. This
result is consistent with the experimental weight gain
of 3.08% obtained by TGA, which compares favorably
with the expected gain of 3.01% for this stoichiometry.
The refined positional and thermal parameters as well
as selected geometrical parameters can be found in
Tables 3-5.
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FIG. 1. Crystal structure of RTiO; (R = rare earth).

With regard to the crystal structure at 15 K, although no
absorption corrections were made to the neutron data, the
refinement proceeded smoothly in Pnma, indicating no
change in the crystal structure at this temperature (scc Table
2). This observation is further supported qualitatively by the
neutron powder profiles obtained, which showed very little
change between 298 and 1.5 K. During the refinement pro-
cess a strong correlation was observed between the site
occupancy of Sm and its temperature factor. Consequently
the Sm temperature factor was refined to an initial isotropic
value and was subsequently constrained throughout the
refinement while the temperature factors of the remaining
atoms were refined anisotropically. In addition, 22 weak
reflections were present in the data set that violated
Pnma symmetry. However, these are likely to be artifacts
of multiple scattering processes and were ignored in the
refinement. The positional and thermal parameters as
well as selected geometrical parameters can be found in

TABLE 1
Sample a (A} b(A) c(A) V(A%
SmTiO,’ 5.660(2) 1.T224%) 5.454(2) 238.42)
Smy 4, TIO, 5.6654(3) 7.7298(4) 5.4623(3) 239.21(2)
Smg ¢sTIO,* 5.6154(6) T.74166(6) 5.4542(4) 27.11(3)
Smy 40 TIO0s* 5.5 7.7450(7) 5.4464(6) 235.27(3)

*From single-crystal work by Maclean et al. (5).
*Nominal composition.
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TABLE 2

Crystal Data and Refinement Parameters for SmTiOs Ob-
tained from X-Ray and Neutron Data Collected at 298 and

15 K, Respectively

X-ray data Neutron data
Color Black Black
Crystal size (mm) 0.1 (sphere) 25x25x1.5
Crystal ¢vstem Orthorhombic Orthorbombic
Space group Pnma Prma
Unit cell dimensions (A)  a = 5.6528(11) a = 5590(11)
b = 7.70815) b = 7.6467(15)
c = S44TY11) c=54329(11)

Volume (A?) 237316537 231.853237)
z 4 4
Formula weight 24626 246.26
Density (calc)(g/cm?) 6.890 6.890
Wavelength AgKa(l=056086A) 1=04710A
T X) 298 15
28 range (deg) 3.5-9025 53593
Scan type 20 a-26
Lincar absorption

coeficient (mm ~*) 14.63 —_
Absorption correction ¥-scan None
F(000) 4320 4320
Index ranges ~-15A5 4, 0k,

-15kg19, 0gk<10,
-1gigt) 0gig?

Standard reflections One every 97 reflections  One every 52 reflections
Number of reflections

collected 2986 664
Number of independent

reflections 2079 289
Restraints/parameters 029 125
Rms residual electron

density, pom(c/A%) 113 022
wR,* 1520 1420
Ry’ 621 530

*wRy = [EW(F] — FIWFTY Ry = CHF-IFH/EIFL

Tables 3-5. Finally, a comparison of the cell volumes as
well as the bond distances at 298 and 15 K (Table 5) shows
the expected decreases in values as the temperature is
lowered.

Magnetic Properties

The magnetic susceptibility behavior over the temper-
ature range 5-298 K for Smq ,TiO, can be seen in Fig. 2.
Above 100 K it was found that Curie-Weiss paramagnetism
exists and the data could be fitted to

__C

(T-0)
where C is the Curie constant and © is the Weiss constant.
The data were corrected for core diamagnetism, and experi-

mentally determined values were found to be C=
1.07(1)ecm®* mol K~ ! and © = — 229(5) K. Clearly apparent

X
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TABLE 3 TABLE §
Refined Positional and Thermal Parameters at 298 and 15K Selected Bond Distances (A) and Bond Angles (Deg)
298K* 15K* 298K* 15K*
Sm Sm-Ot x1 3.404(4) 3.360(3)
x 0.06472(4) 0.06632(39) Sm-O1 x1 3.23%4) 3.228(3)
y 025 025 Sm-O! x1 2.398(4) 23743)
z 0.98448(4) 0.98590(38) Sm-01 x1 2.309(4) 2292(3)
U (A A0111006) 0.00251(0) Sm-02 x2 3.5737(24) 3.5427(21)
Sm-02 x2 2.7012(24) 2.677%(18)
Ti Sm-02 x2 25736(24) 2.5503(22)
x 0.5 0.5 Sm-02 x2 23414024) 23330021)
y 0.5 0.5 Ti-O! x2 20630024) 20483%13)
z 0 0 Ti-02 x2 20301024 2.0108(12)
Un(AH 0.00986(13) 0.00921(6T) Ti-02 x2 2011812) 1.99457
01-Ti-O1 180 180
01 02-Ti-02 90.34(9) 90.745)
x 0.47342€63) 0.47588(34) 89.66(9) 89.24(5)
y 025 0.25 O1-Ti-02 88.80(12) 89.0%7
z 0.10239(72) 0.1018%(36) 9120(12) 90.927
Un (A 0.01324(30) 0.01113(45) 89.82(13) 90.02(7)
90.18(13) 89.98(7)
02 Ti-O1-Ti 146.63Q21) 146.86(11)
x 0.30387(41) 0.30396(22) Ti-02-Ti 147.07(13) 147.26(T)
y 0.05175(31) 0.05174(18)
z 0.69654(44) 0.69786(22) *X-cay data.
UL (AY 0.01302(40) 0.0112%45) $Neutron data.
“X-Ray data.
*Neutron data.

is the sharp transition at ~ 52K, indicating the onset of
antiferromagnetic behavior. At ~ 40 K there is a smaller
feature which is likely the result of a spin-reordering process
on the magnetic sublattices. Furthermore, the divergence
between the zero-field-cooled (ZFC) and field-cooled (FC)
data indicates the presence of a weak ferromagnetic moment
which can be ascribed to moment canting on the sublattices.

It should be pointed out that the susceptibility behavior
in Fig. 2 bears a strong resemblance to that observed for
NdTiO; (8). It has been shown that a likely model for the
magnetic structure for this compound (as well as PrTiO,
and CeTiO,) has a C-type spin configuration on the Nd(III)
sublattice and a G-type spin configuration on the Ti(TII)
sublattice (6, 8).

The magnetic reflections which arise as a consequence of
G-type and C-type ordering belongtoh + [ = odd, k = odd

TABLE 4
Anisotropic Thermal Parameters (.K) for SmTiO; at 298 and 15K
298 K* U U,; Usy Uss Uy Uiz
Sml 0.01071(8) 0.0115%8) 0.01100(8) 0 - 0.00081(4) 0
Ti 0.00961(21) 0.01008(21) 0.00990(21) 0.00020(13) — 0.0000(13) — 0.00010(14)
ol 0.01162(60) 0.01566(70) 0.01244(61) 0.000851) — 0.00237(50) — 0.00181(55)
02 0.01252(90) 0.0118583) 0.01470(99) [ - 0.0008%TT) Q
lSK. ull Ull U!.I UI) U\) UIZ
Sm° - — — - - -
Ti 0.00935(130) 001113(153) 0.00719(128) 0.00007(107) 0.00028(90) - 0.00027(115)
o1 0.0103%71) 0.01301(70) 0.01041(79) 0.00040(42) - 0.00137(48) — 0.00091(43)
02 0.01030(86) 0.01123(90) 0.01191(91) 0 — 0.00026(65) 0
“X-ray data.

*Neutron data.
“The Sm temperature factor was refined isotropically.
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FIG.2 Magnetic susceptibility (y) vs T for SmTiOs.

and h + 1 = odd, k = even, respectively, in the Pnma set-
ting. Thus, in a typical low-temperature powder neutron
diffraction experiment involving the rare earth titanates, the
proper indexing of the magnetic reflections can give in-
formation about the arrangement of spins, ie., G-type or
C-type. However, since it is not possible to resolve the
intensities of overlapping magnetic reflections, for example
the G-type (110, 011) reflections, it becomes difficult to de-
termine the precise orientation of the spins relative to the
principal axes of the unit cell. This point is compellingly
exemplified by the magnetic structure determination of
CeTiO,, for which three models were found to be possible,
each consistent with the intensity data obtained (6). By
performing a single-crystal diffraction experiment, it should,

FIG.3. Diagram showing the arrangement of spins in the G-type (solid
arrows) and C-type (dashed arrows) configuration for the x =0 phase.
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in principle, be possible to remove any ambiguity in obtain-
ing the correct description for the orientation of spins as it
allows for the resolution and independent measurement of
magnetic peak intensities.

Initially, the magnetic structure for Smg ¢, TiO;3 was as-
sumed to be the same as for the La—Nd titanates. Experience
has shown that the strongest reflections are (110) and (011)
for G-type ordering and (021) and (120) for C-type ordering,
where the latter three reflections are forbidden in Pnma.
Consequently, the thermal development of the (110), (011),
(120), and (021) reflections was followed by measuring their
intensities at 298 and 15 K. Preliminary scans of these
reflections at 15 K, lasting 30 min each, revealed negligible
intensity in each case. However, with substantially longer
counting times (6 h for each reflection), significant intensities
were recorded which were observed to have decreased dras-
tically at room temperature (sec Figs. 4 and 5). The results

15K
298K

(110) x
4000 .

Intensity (arb.units)

011)

Intensity (arb. units)

2000 4 " o=

-2000 T T T T
12 24 16 A | 30 32 34 36 pR

o)

FIG. 4. Peak profiles of the G-type reflections (1 10) and (011) for the
x = 0 phase. The dashed lines are 2 guide for the cyes.
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TABLE 6
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Integrated Intensities of the Magnetic Reflections Measured

h k ! 15K

298K

1 0 2602)
T U 8602)
2 1 1%(1)
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-0 O -

02)
X2)
wy

Intensity (arb. units)
]

1500

1000 4

Intensity (arb. units)

o)

FI1G.S. Peak profiles of the C-type reflections (021) and (120) for the
x = 0 phase. The dashed lines are a guide for the eyes.

are summarized in Table 6. At 298 K the presence of the
(021) and (120) reflections is apparent and is likely due to
multiple scattering since these reflections are forbidden in
Pnma. The long scan times required for the observation of
these magnetic peaks reflect the very small magaetic mo-
ments associated with the ordering on each sublattice.
The magnitude and orientation of the magnetic moments
were determined with the program FULLPROF (16). This
was done by achieving a good agreement between the ob-
served intensities of the magnetic refiections with calculated
values obtained by varying the magnitude and oricatation
of the moments. The scattering length of prasecodymium was
used for the determination due to the noninclusion of the
scattering length of samarium in this program. Using the
magnetic structure described above for NdTiO, as an initial
model as well as several other models which placed the

0 21 ny

*Allowed structural reflection.
"Due to multipie scattering.

moments along different axes, for example [Ti«{G,); Sm-
(CJ] and [Ti{G.); Sm<G)], we calculated the intensities of
the magnetic reflections by varying the magnitude and ori-
entation of the moments on each sublattice. To compare the
calculated and observed intensities directly, the relative in-
tensities with respect to a chosen structural peak in each
case were determined. Several structural peaks were used for
these comparisons and were chosen to have small 2 values
as close to the magnetic reflections as possible, as at higher
values the effects of absorption and extinction are expected
to become more severe. The magnitude and orientation of
the magnetic moment were varied uatil 8 good agreement
was found between the relative intensities in the calculated
and observed cases. The best agreement was found using
a model of Ti(lll)-G,, and Sm(III}-C, with moments of
0.72(1) ps and 0.43(1) being determined for the Ti(IIX) and
Sm(II) ions with angles of 7(3)° to the x-axis and 2(2)° to the
z-axis, respectively (see Tables 7 and 8). The model is illus-
trated in Fig. 3. While this model appears to be consistent
with Bertaut’s symmetry rules(15), it must be borne in mind
that there also exists a weak ferromagnetic component as
evidenced by the susceptibility data. In past studies, this
moment has been estimated to be very small (~ 1072 ug) (6);
however, nothing definitive can be stated about its
magnitude and direction from the current neutron data. The
value for Sm(III) compares weil with that found for the
Sm3* ion in SmFeO; and SmCrO; at 0.45 and 0.49 pg,
respectively (17). Hence, the results presented here show

TABLE 7
Comparison of the Calculated and Observed Relative Intensities
When #[Ti(IID] = 0.72(1) #e*

Bk B Loe/Tunce Tiio.ad/luta Toutae/Tuae fort.ae/lue

200 0.159 0.151 0.454 0.455
00 2 0.058 0.057 0.166 0.17
210 6818 6.684 19.485 20.073

*The moment is placed at 7(3)* (rom the x-axis.
*Chosen structura! reflection for comparison.
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TABLE 8
Comparison of the Calculated and Observed Relative Inteasities
Whea a(Sa(III)] = 0.43(1) ps

Aok P Lo/ Turae 1120,/ Tuses Toatas/luscse To11. o/l o
200 0.089 0.089 0.069 0.071
00 2 0032 0.033 0.025 0.027
210 3818 3923 2939 3.128

*The moment is placed at 2(2)° from the r-axis.
*Chosen structural reflection for comparison

that for the first time the magnetic structure of SmTiO;, and
thus any other rare carth titanate, can be unequivocally deter-
mined using single-crystal neutron diffraction. The errors re-
ported here reflect the uncertainties associated with the
measured intensitics, which are estimated to be less than 15%.

Finally, it should be mentioned that while magnetic order-
ing has been observed for SmTiO;, it is found that this
behavior extends, at least, to the x = 0.05 composition in the
Sm, -, TiO; family where Ty ~40K (see Fig 6). At the
x =0.10 composition, no obvious magnetic ordering is ob-
served; however, a very subtle, broad feature is observed
over ~100-250 K (see Fig. 7). While this is not fully under-
stood at this time, it is thought to correspond to some degree of
short-range magnetic order. Overall these observations paral-
lel those observed for the La,_,TiO; and the Nd,_.TiO,
systems, where strong electron correlation effects are present
and the magnetic ordering disappears with the onset of metal-
lic behavior for higher vacancy-doped members.

SUMMARY AND CONCLUSIONS

The results presented here, show that SmTiO, belongs
to the antiferromagnetic set of rare carth titanates. The
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FIG. 6. Magnetic susceptibility (x) vs T for Sm, 4, TiO,.
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single-crystal neutron diffraction method has demonstrated
unequivocally that the magnetic structure of SmTiO; con-
sists of two canted antiferromagnetic sublattices with
Ti(llI)}-G.G, and Sm(II)-C, moment configurations. The
magnetic momeants were determined to be 0.72(1) and 0.4X1)
sts for Ti(IIT) and Sm(IIT), respectively. The orientation is
such that the Ti(IIT) moments are 7(3)° from the x-axis and
the Sm{IIT) momeats are 2(2)° from the z-axis. The magnetic
behavior persists for the Smg 9sTiO; composition and it is
reasonable to conclude that it possesses the same magnetic
structure as SmTiO, determined in this study.
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CHAPTER 5

TRANSPORT PROPERTIES

In this Chapter the results of several studies of the transport properties of the Nd, , TiO,
and Sm,,_,,TiO, systems are presented. As will be seen, a remarkable variation in the resistivity
behaviour in these systems is encountered which includes semiconducting, Fermi liquid and
possibly variable range hopping behaviour. A brief discussion of the interpretation of the resistivity
data for Fermi liquid behaviour and variable range hopping is given in Section 5.1, followed
by a survey of previous results for the electronically analogous La,_,Sr,TiO; and

Nd,, A,TiO, (A = Sr, Ca) systems in Section 5.2.

5.1. Background
5.1.a. Resistivity properties:

Fermi Liquid Behaviour: The Fermi liquid description was originally developed
by Landau as a means to describe *He which remains a liquid at very low temperatures (Landau,
1957; Landau, 1957). The theory was later shown to be applicable to the treatment of electrons
in metals and nuclear matter. In Fermi liquid theory, it is argued that if electron interactions
could be turned on in a smooth adiabatic manner, then the low energy excitations would retain
the qualities of the free particles, however with renormalized properties and enhanced masses.
These low energy excitations are called quasiparticles and are the quanta of the collective excitations

of a Fermi-liquid. Heavy fermions are an example of such renormalized quasiparticles whose
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general physical properties are reflected by large electronic specific heat coefficients, y, which
lead to large effective masses ranging from 100-1000 times the free electron mass, m, and
an enhanced Pauli susceptibility.

With regard to resistivity behaviour it has been shown that a material behaves like
a Fermi-liquid when a T* dependence is observed, generally at low temperatures. More specifically,
the resistivity is defined as,

p=p,+ AT’ (1)

where p, and A are constants. For heavy fermion materials, it has been shown that A scales
almost as the square of the electronic specific heat coefficient (Kadowki and Woods. 1986;

Miyake et al., 1989),
A s )
;T"I-OXIO (1 — cm(mole. K I mJ)*] (2)

so that the magnitude of A may be taken as a rough measure of the level of electron correlation.
Generally, as the metal-insulator transition is approached, the constant becomes larger.
Variable Range Hopping: In the R, TiO; (R=Nd,Sm) another important factor which
may influence the resistivity behaviour is the presence of disorder. The effect of disorder is
expected to increase as the x = 0.33 composition is approached due to the increasing number
of vacancies. From the structural data it is evident that this will become more significant as
the effects of electron correlation are anticipated to decrease with increasing bandwidth. The
presence of disorder in solids is known to give rise to localization effects which influence

the transport properties of a material. Localized states in the band structure arise when a high
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concentration of defects are introduced in a solid. Due to the disorder present, groups of atoms
may have individual energy levels which vary randomly from site to site. When the atomic
orbitals overlap to form band states there will be some atoms with energies about an average
value and these will have some neighbouring atoms. In addition, there may also be other atoms
with energies near the limits of the energy range of the band and these are more likely to be
isolated with no similar neighbours. The consequence is that atoms with orbital energies close
to the centre of the band may extend throughout the solid whereas states near the band edges
may be localized near individual atoms and thus do not extend throughout the lattice. This
behaviour is known as Anderson localization and is illustrated in Fig. 5.1.

Mott showed that the localized and delocalized states which arise from Anderson localization
cannot coexist at the same energy and are separated by a mobility edge. He also showed that
in such localized states, conduction takes place via thermal assisted hopping of the electrons.
At low temperatures the electrons jump longer and longer distances in order to find states that
have similar energies. This is known as the variable range hopping mechanism and is illustrated
in Fig. 5.2. The temperature dependence of the conductivity can be described by the general
expression,

o= agexp(-T/T)° 3)
where f§ = 1/(d+1) and dis the dimensionality of the system. Mott has shown that at low temperatures,
the temperature dependence of the conductivity for strongly disordered systems should be
such that f = 1/4, assuming that the Fermi level lies within the hopping regime (Mott, 1968;

Mott and Davis, 1968). However, Mott’s treatment of disordered systems neglects electron
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Fig. 5.1. Anderson localization. a) an array of atoms with randomly varying atomic orbital
energies due to disorder. b). The density of states resulting from their overlap with two
kinds of states separated by mobility edges: extended sates in the band centre and localized
states at the band edges. (From Cox, 1992)

Fig. 5.2. Variable range hopping mechanism.
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interactions. The inclusion of electron interactions in disordered systems has been shown to
create a gap in the density of states near the Fermi level, called the Coulomb gap, so that the
temperature dependence of the conductivity is described by B = 1/2 (Davis and Mott, 1970;

Efros and Shklovskii, 1975; Srinivasan, 1971).

S.1.b. Specific heat theory for metals
By definition, the specific heat of a compound is the amount of heat required to raise
the temperature of 1kg of material by 1K. In metals, the specific heat, C, is composed of two
components, the electronic specific heat, C,, which behaves linearly at very low temperatures
and the lattice specific heat, C, .. Thus, the specific heat is defined by,
C=C,+C,, = yT+pT 4)
where the coefficients, y and P are defined as,
vy =2/3 T’K*VN(E,) ©))
and, B =12n'R/50 (6)
where N(E;) represents the density of states at the Fermi level and 8 is the Debye temperature.
From eqn.(4), it is apparent that at relatively high temperatures the lattice contribution to the
specific heat becomes significantly larger than the electronic contribution. However, at lower
temperatures, a point is reached where the electronic contribution dominates the lattice contribution.
In this regime, a plot of C/T against T? produces a straight line from which the quantities y
and P can be determined separately.

The coefficient, v, is a particularly useful quantity as it can provide information regarding



149

the extent of correlation effects in our systems of interest. It can be shown that the specific

heat coefficient, vy, scales proportionally to m* using the relationships below,

4r ¥2 o2
N(Ep)=;3‘(2m*) TECST (7

“

h bl 2
Er=<[BrNEN B

From the description of electrons in a crystal, the effective mass is defined as,

| d°E
—— 9
h? dk? ®)

\
m
where k is a wave vector associated with an energy, E. With a decrease of the conduction bandwidth
(small &°E/dkc), the electron interactions become stronger resulting in an increased effective
mass. Thus, the extent to which correlation effects become important in these systems can

be determined by comparison of the experimentally determined specific heat coefficient, v,

with the free electron value, y, which leads to,

7Cxl )
__L:T_ (10)

Yo mg

where m, is the bare electron mass.

S.1.c. Thermopower
The thermoelectric power (thermopower or Seebeck effect) of a material is a complementary

property in the understanding of the transport properties since it is a very sensitive probe of
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the charge carriers necessary for electrical transport as well as to changes to the Fermi surface.
The basic premise of the technique is to measure the voltage generated in response to a temperature
gradient imposed across the sample of interest. Generally, when one measures the Seebeck
coefficient it involves an open circuit of the kind illustrated in Fig. 5.3 which is composed
of two dissimilar metals, A and B.

With an applied temperature gradient, the voltage AV = V-V is the thermoelectric

voltage developed by this pair of metals and the thermoelectric power is then defined as,

S = Al;r-r,lo(AV/AT) (11)

Fig. 5.3. Circuit showing thermoelectric
effect (Adapted from Blatt, 1976).

Although the circuit shown in Fig.5.3. is comprised of two dissimilar metals it is possible
to determine the absolute thermoelectric power (also called the Seebeck coefficient), S, of

a material as it can be shown that,

T,
av = [(S,-S,uT  (12)
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where, S,z = S,- Sg. Thus, knowing one value of S allows one to determine the other. In
addition, as the sign of the thermopower is crucial in determining the carrier type it is very
important to use the proper convention which is as follows. If the absolute thermopower of
metal A is zero, the terminal of the circuit attached to the high temperature junction will be
at a positive potential with respect to the low temperature terminal if S is positive (Blatt, 1976).
As pointed out earlier, this technique is very sensitive to the carrier types associated
with the transport properties of materials. The more commonly encountered descriptions of
the thermopower for metals and semiconductors are described below. The reader is referred
to the following sources for further models of various conduction mechanisms (Chaikin, 1990).
Mott has derived the following relationship for metallic conductors.

S=;r’k;;r|d1na(£)1
3e | dE

(13)

lesc
where the differential indicates the change in the electrical conductivity, o, as the energy, E,
changes when evaluated at the actual Fermi energy, E, of the metal. In the neighbourhood
of the Fermi energy, E = E;, the electrical conductivity can be written as o(E) = a.E” where

a is a constant. Thus when evaluated eqn.(13) becomes, (Goodenough, 1971; Mott and Jones,

1958),

y (14)

Thus, for metals the thermopower varies linearly with T. By substituting E; which is defined



as,

2 23
E, = (3—”) (15)

2m*\8x

an expression is derived in which S is related to the carrier density, n.

S=-Cm*n™’T (16)

where C_ is a constant defined as,

”8/3k2
C

n = 332 (In

For non-degenerate broad band semiconductors, the thermopower follows instead an

inverse temperature dependence described by,

k
s=-—(m
e

N (T)
———+
n

At) (18)
where N(T) is the effective density of states in the conduction band. n is the carrier density
for n-type conduction defined by,

n=N/Texp[-E-EVkT]  (19)
where E, is the energy of the conduction band edge and E; the energy at the Fermi level. The
quantity A, is called the transport factor which is generally very small and often is neglected

(Cox, 1992). The above expression represents the thermopower in the case of n-type conduction,

however, an analogous expression is also obtained for p-type conduction,
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S = +5(mM+A,] (20)
e p

where N (T) now represents the effective density of states in the valence band and p is defined
as,
p =Ny(Texp[-(E-E,)kT]  (21)
where E, is the energy at the edge of the valence band.
In the presence of electron interactions, conduction in semiconductors may take place

via polaron hopping. In this case, the thermopower is described by Heikes’ law,

o ({ml5)]

where ¢ and (1-c) are defined as the relative amounts of reduced [M™] and oxidised [M""'"]

ions respectively and is clearly temperature independent.

Recently, the thermopower as applied to systems such as La,, St TiO;, has been
formulated using dynamical mean field theory (Palsson and Kotliar, 1998). From this theoretical
treament the thermopower is predicted to behave according to Heike's law eqn.(22) at high

temperatures. At lower temperatures, the thermopower is described by,

k {kZT'dlncb(y)Eo]_E_z 23

d(py ) Eo

e

where ®(Z) is a transport function, 7 is the effective chemical potential, Z is defined as the
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where ®() is a transport function, . is the effective chemical potential, Z is defined as the
quasiparticle residue at the Fermi level and the E_ are constants.

Using these results the thermopower of the strontium rich compositions in the Sr,, . ,La TiQ,
system (0.02 <x < 0.70) were calculated for the range 200K - 1000K At high temperatures
Heikes’ law is observed while at lower temperatures a sharp decrease in the thermopower
values is observed, marking the transition to the Fermi-liquid regime.

It was shown that the thermopower is also dependent on the doping concentrations,
as for x <0.10, p-type conduction is generally observed over the temperature range investigated,
whilst for x > 0.30 n-type conduction is predicted. These results are summarized schematically
in Fig. 5.4.

Even though the models were investigated at temperatures 2200K, it may be useful
to compare the results of our present study with these expectations as well as experimental
results obtained from another study in which the thermopower behaviour of the strontium

rich Sr,,.,La,TiO, system was measured (Moos et al., 1995).

5.2. Previous Work:
5.2.a. R ,)A,TiO; systems

Inthe La,, ,Sr, TiO, system, a metal-insulator transition is observed with a 5% strontium
doping level. The resistivity behaviour of the higher doped compounds show Fermi liquid
character having a T° temperature dependence whose A coefficients decrease with increased

strontium doping indicating decreasing correlation effects as one moves away from the M-I
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Fig. 5.4. Calculated temperature dependence of the thermopower in the

La, St TiO, system for 0.02 < x < 0.70. (From Palsson et. al.,
1998).
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boundary, see TABLE 5.1. The observance of Fermi liquid behaviour in the La,_Sr, TiO,
system was also shown to be accompanied by a simultaneous enhancement of the Pauli susceptibility
and the specific heat coefficient, vy, indicating a divergence in the electron mass as the M-I
boundary is approached in accordance with the Brinkman-Rice picture, see Fig.5.5. Furthermore,
it was shown that the Kadowki-Wood relationship, eqn. (2), for heavy fermions, applies to
this system, despite the fact that the observed specific heat is an order of magnitude smaller
than that typically observed for heavy fermion materials.

For the Nd,, A, TiO, systems, M-I transitions are also observed, however, these occur
at different doping levels depending on the identity of the alkali earth metal, A. The critical
values of x are 0.15, 0.20 and 0.72 for A = Ca, Sr, and Ba respectively. In all these studies,
only resistivity measurements have been performed with respect to transport properties with
evidence of strong electron correlation manifesting itself as Fermi-liquid behaviour. Furthermore,
magnetic studies indicate an enhancement of the Pauli susceptibility. To gain further insight
into the role of mass enhancement as the M-I transition is approached, an attempt was made
to determine the specific heat of the metallic compounds in the Nd,, ,,Ca, TiO; system. Due
to the expected presence of a lambda transition of the Nd(IIT) ions at low temperatures, no
actual specific heat measurements were made (Ju et al., 1994). Instead, y was estimated from
measured A values using the Kadowki-Wood relationship, eqn.(2). The relationship between
the specific heat and the enhanced susceptibility values can be seen Fig. 5.6 which shows a
divergence as the M-I boundary is approached, in accordance with the Brinkman-Rice model.

With regard to thermopower measurements, only one systematic investigation has



157

5_ L L) 1 L] Ll L T L T 20
ox c.><

S 4 ]
[=]
E | °7 <«
3 ¥
5 ot ° 1.z
< 410 €
i ) =
Q 2r ¢ 1 &
T Q -
= -

1-

0‘ i 1 1 Lafsl 1 - 3 qp

X

Fig. 5.5. The x-dependence of the linear specific heat coefficient.y(®),
and the nearly temperature independent spin susceptibility, x(0),
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Fig. 5.6. The x dependence of the estimated low temperature specific heat
coefficient, y (A). and the Pauli susceptibility (y) inNd,,_,,Ca,T10;
for 0.2 < x < 0.6. (From Juet. al., 1994)
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been carried out for the Sr,_,La TiO, system (Moos et al., 1995). The thermopower of the
x =0, 0.01, 0.03,0.10, 0.20, 0.30, 0.40 and 0.50 compositions were investigated in the range
150K-1200K using polycrystalline samples. From this study it was found that at at high temperature
and low carrier concentrations, n, i.e. for x < 0.20, the thermopower behaves as a classical
broad band semiconductor according to eqn. (18)

Table 5.1: Values of A coefficients obtained from p =p, + AT*

Compound %Ti*" A(pQ-cmK?x 109
La, 45Sr, s T10; 95 2.5
Lag oSty 0 TiO0, 90 L5
Lag 4,Sry 4, Ti0, 80 1.21
La, 1Sty 3 Ti0, 70 1
La,,,TiO, 76 4.08
La, 4 TiO; 64 247

On the other hand, at low temperatures and high carrier concentrations, i.e. x =0.20
t0 0.50, the Seebeck coefficient follows a linear temperature dependence indicating metallic-like
behaviour consistent with Mott's equation, eqn. (16). The suitability of this model in describing
this behaviour was demonstrated by the observation of the -2/3 dependence of the carrier concentration,
n, as expected from Mott’s law when log|S| vs. log [n = %Ti’"| at constant T is plotted, see

Fig. 5.7.
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Fig. 5.7. log-log plot of S vs. T in the Sr,,.,La,TiO; system demonstrating
the n"?® dependence. (From Moos et. al.1995)
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5.2.b. R, TiO; systems:

As pointed out in Chapter 1, the parent titanates, x=0.00, are all semiconducting with
activation energies, E,, which increase with the decreasing radius of the rare earth ion. Recently,
an investigation of the transport properties of the La,, , TiO, system was reported (MacEachern
etal., 1994) whose results are summarized here. Resistivity measurements reveal the presence
of two M-I transitions occurring at x = 0.08 and x = 0.25. It is obvious that a larger concentration
of Ti*" is needed to induce the M-I transition in this system as compared to the La,_Sr, TiO;
system, see Fig. 5.8. Fermi liquid behaviour is observed for the x = 0.08 and 0.12 phases with
the larger values of the A-coefficient from the p versus T° graphs being observed, see TABLE
5.1. This indicates that correlation effects in this system are more significant than for La,, Sr, TiG, .

With regard to the systems of interest in the present study, a survey of the literature revealed
two studies of the transport properties for x = 0.00, 0.10. 0.20, 0.30, 0.33 in the Nd,,_, TiO,
system and for x = 0.00, 0.10, 0.20 in the Sm,,_,, TiO, system (Bazuev et al., 1983; Bazuev
and Shveikin, 1986). The resistivity measurements were performed in the range 77K-300K
and some very limited information from thermopower measurements for T 290K were reported
which showed the dominant carrier type to be n-type for x > 0.10. From these reports it is
apparent that metal-insulating transitions occur at x = 0.10 for the Nd, ,,TiO; system and at

x = 0.20 for Sm, , TiO, although this composition was reported to contain a pyrochlore impurity.

5.3. Present Work:

5.3.1. Electrical Resistivity:
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5.3.1.a. Nd,;,,TiO; system

The resistivity data for all compounds studied in this system are shown in Fig. 5.9
which clearly shows the presence of two M-I transitions at x =0.10 and x = 0.20. The resistivity
values near room temperature are shown in TABLE 5.2 and individual resistivity plots are

shown in Figs. 5.10to 5.17.

TABLE 5.2: Resistivity values at 290K for compositions studied.

Compound 090K (mQ-com) Compound P00k (@0
NdTiO, 2372 SmTiO; 1763
Ndq s TiO; 30 Smg s TiO; 1600
Nd, 5, T10; 7 Smy 4, TiO; 88
Nd, ¢ TiO, 1 Smy ; TiO; 8
Ndg,TiO, 1 Smy TiO;4 5
Nd, 4, TiO; 2 Smy ¢, TiO, 5
Nd,,sTiO, 11
Nd, ;,T10; 21

For the parent titanate, semiconducting behaviour following Arrhenius’ law is obeyed,
p=pexp(E/KT)  (24)

From a plot of Inp vs 1/T, two linear portions were observed which resulted in activation energies

of 0.12 eV in the range 300K to 194K and 0.087eV in the range ~194K to ~90K, see Fig.5.9

These results agree with those obtained previously for NdTiO; where the activation energy

was determined to be 0.03eV, although this sample is now believed to have been non-stoichiometric.
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A better agreement is found by comparison with the study on the Nd,, ,,Ca, TiO, system with
E, =0.16eV for NdTiO, and E, = 0.05eV for Nd, 4Ca, ,TiO; (Ju et al., 1994). A linear fit
was also observed for the x = 0.05 compound over the temperature range ~170K-295K with
an activation energy determined to be 0.05 eV. Below 170K however, a non linear dependence
of In p is observed, see Fig. 5.11.

With increasing vacancy doping level, the semiconducting behaviour gives way in
the Nd, 4, TiO; compound to barely metallic behaviour, Fig. 5.12 clearly signalling the first
metal-insulating transition in the series. Furthermore, the effects of correlation can be seen
here owing to the very unusual sine like dependence of the resistivity on temperature with
a broad maximum at ~200K and a broad minimum at ~50K. The broad maximum observed
in the range ~125K to ~200K resembles those found in heavy fermion and valence fluctuating
materials, for example Ce,, ,La Pb; (Lin et al., 1987) and CeRhSb (Malik and Adroja, 1991),
see Fig. 5.13, where the maximum is associated with a Kondo lattice which arises from the
interaction of the 4f and the conduction electrons near the Fermi level.

On the low temperature side of the maximum, the resistivity decreases signalling the
transition of incoherent (itinerant) to coherent (localized) scattering of the conduction electrons
by the rare earth ions (Lee et al., 1986; Stewart, 1984). On further decrease of the temperature,
the resistivity goes through a minimum around 50K and rapidly increases below this temperature.
This trend suggests the opening of a small band gap as a result of the increased localization
of the carriers. This interpretation has also been used to explain similar behaviour observed

in other systems such as for the heavy fermion material CeRhSb (Malik and Adroja, 1991)



167

and the charge transfer system NiSi, ,,Se, (Honig and Spalek, 1998). This appears to be a
reasonable scenario in light of the optical measurements previously reported for LaTiO, which
shows evidence for the opening of a small gap as the temperature is lowered below the M-I
transition at ~138K, consistent with its semiconducting behaviour (Crandles et al.. 1994), see
Fig. 5.14.

To check the reproducibility of this result a second sample with the same nominal
composition was prepared. The resistivity behaviour for this second sample possessed a similar
temperature dependence, however occurring on a lower resistivity scale indicating more metallic
behaviour. As the features of this sample were more subtle than the first, the normalized resistivity
is plotted in Fig. 5.12. The variation in metallic behaviour observed can be explained by comparison
of the cell volumes of these two samples. Guinier analysis reveals that the second sample has
a smaller cell volume 0f 237.37(2)A compared to the first sample with a cell volume of 237.48(2)A.
The smaller value indicates a compound with a marginally higher vacancy doping. A value
of x = 0.89 was obtained by using the linear relationship between the cell volume and neodymium
content shown in Chapter 3, and reveals the sensitivity of the physical properties to doping
levels in the system.

For higher doping levels, x = 0.15, 0.17 and 0.20, a tendency towards more metallic
behaviour is observed, see Figs. 5.15, 5.16a and 5.17a. An attempt was made to fit the resistivity
data of these compositions to the Fermi liquid model. However, the T? dependence could only
be estabiished for the x = 0.15 and 0.17 compositions in the ranges ~225K-105K and ~260K

to ~109K respectively, see Figs.5.14band 5.15b. From these fits, the constant A was determined
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to be larger than those previously found in the La,, ,, TiO; system, for much smaller Ti*" concentrations,
reflecting the higher degree of correlation in the Nd,, , TiO; system (MacEachern et al., 1994).
These are summarized in TABLE 5.3.

For the remaining phases, x = 0.25 and 0.30 a transition into an insulating regime is
observed, thus marking the second metal-insulator transition in this series, Figs. 5.17b and

5.18a. The data for the x = 0.25 composition appears to have an almost linear dependence

TABLE 5.3: Values of A coefficients obtained from p = p, + AT®

Compound %Ti’ A(uQ-cmK?x 10°)
Lay o, TiO; 76 4.1
Lag & TiO, 64 2.5
Nd, 5, TiO, 55 6.0
Nd, ;,TiO, 49 2.9

of the resistivity with temperature, while the x = 0.30 composition appeared to have a logarithmic
dependence. An attempt was made to fit the x = 0.30 data using the Arrhenius expression for
semiconductors, however this did not result in a good fit. Instead the data could be better fit
using Mott’s expression for variable range hopping,
o = g exp(-T/T)"* (25)

By plotting log 6T'"? against T"'*, it was found that only the x = 0.30 data could be fit to this
model over the range ~6.5K-32.5K and 202K-298K, see Fig. 5.18b. Taking into consideration
the possible interplay between correlation and disorder, a fit using eqn. (3) with = 1/2 was

also performed, see Fig. 5.19. In comparing these results, the variable range hopping model
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(B = 1/4) was marginally better than the § = 1/2 model, however the distinction between these
two cases is ambiguous.

Finally, although the resistivity behaviour of the remaining end member of the Nd, ., TiO,
system, Nd,;TiO,, was not measured due to the small size of the crystals obtained, it is evidently

insulating given its transparent nature in visible light.

5.3.1.b. Sm, , TiO, system

The resistivity behaviour of the samarium samples investigated can be found in Fig.
5.20. As in the Nd,, ,, TiO; system, semiconducting behaviour obeying Arrhenius' law is obeyed
for the x =0.00 and 0.05 compositions. For the x = 0.00 compound a linear fit could be observed
over the temperature range (~75K-RT) resulting in an activation energy of 0.058eV, Fig. 5.21.
By contrast, for the x = 0.05 composition, it appears that two activation energies are present
in the ranges 298K to 214K and 14K to 5K with E, = 0.08eV and 0.06¢V respectively, see
Fig. 5.22.

On further doping to the x = 0.10 composition the resistivity decreases by a factor of
1000 at low temperature, see Fig. 5.23a. Furthermore, it should be noted that when plotted
on the same graph, this behaviour resembles that for the x =0.10 neodymium compound, except
on different resistivity and temperature scales, see Fig.5.24. This strongly implies that the
conduction mechanism in these compounds is similar. This behaviour is repeated at the higher
doping levels x = 0.13 to 0.17, however with the resistivity values decreasing by another factor

of 100 and a very complex temperature dependence with minima appearing at ~250K for the
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x=0.15and 0.17, see Figs. 5.25 a & b. It is likely that the nearly consistent resistivity behaviour
for the x = 0.10 to 0.17 samarium members is due to correlation effects which persist over
a larger stoichiometric range than in the Nd,,  TiO, system. Recall. that for the Nd,, ,, TiO,
system this type of resistivity behaviour is only observed for the x =0.10 and x = 0.11 members
(sample 2) but disappears by the x = 0.15 composition.

For materials such as Nd, 4, TiO,, Sm,, ,, TiO; (0.13 < x < 0.17), the resistivity values
at or near room temperature are in the range of poor metals ~ having several mOhm-cm, see
TABLE 5.2, but the temperature dependence of the resistivity in the range studied is distinctly
non-Fermi liquid like in sharp contrast to the cases of R, A TiO, and La,, ., TiO; We have
extended our study of these materials to include specific heat and thermopower in an effort
to characterize them in more detail and in particular to determine the degree of carrier mass

enhancement present and other manifestations of electron correlation.

5.3.2. Specific Heat:

The specific heat was measured for all the more or less metallic samples and those
near the M-I boundary in the temperature range of ~0.6 K to 31 K. Figs.5.26 and 5.27 show
the results obtained for both series and corresponding data for the La,, ,TiO; compounds, Fig.
5.28. These measurements were carried out using the same samples prepared in the previous
study (MacEachem et al., 1994). As the diagrams show, there is a distinct low temperature
anomaly obtained for the Nd,, ,TiO, and Sm,, ,TiO, systems as previously anticipated (Ju

et al., 1994). This anomaly is called a lambda transition which arises from the ordering of
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the rare earth moments at these temperatures. The temperature dependence of the specific
heat on the high temperature side of this anomaly is expected to follow a 1/T* law. It should
be noted that a similar temperature dependence is also expected for the presence of a Schottky
anomaly (Gopal, 1966). However, owing to the sharpness of the peak this behaviour is ruled
out.

In extracting the electronic specific heat coefficients,y, the classical heat capacity expression
for metals as given by eqn.(4) was used for the La,,_,,TiO, system. However, due to the presence
of the anomalies at low temperatures in the systems of interest, a linear fit of C/T versus T*
becomes very difficult if one were to use the usual expression for the specific heat of metals.
In order to account for the magnetic contributions at low temperatures the following expression
was used,

C=yT+pT*+CT" (26)
As there appeared to be a large variation of the curvature of the lambda anomalies, the fits
were performed using the temperature range of 1.5K to 10K. In this manner, the experimentally
determined values of y, B, and the Debye temperature, 6, were obtained and are summarized
in TABLE 5.4.

From a survey of the results, some trends may be observed. For the Nd,, TiO; system.
the value of N is almost constant at a value of 2 for all compositions with the exception of
x = 0.10 for which a value of N = 1.61(3) is obtained, likely as a result of the very broad nature
of the peak. A similar observation is made for the Sm,, , TiO; system, where an almost constant

value of N = 2 is observed for all compositions except for x = 0.10 which has a very broad
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peak resulting in N = 0.89(2). The broad nature of the x = 0.10 peaks in both systems is likely
to originate from the magnetic frustration of the rare earth moments in the unit cell which
resides in a body centered cavity of the TiO, framework. It should be recalled that some evidence
of frustration had been previously found in the low temperature neutron diffraction study of
NdTiO, (Amow and Greedan, 1996). This interpretation is further supported by the increased
broadness of the x = 0.10 peak on going from neodymium to samarium as the rare earth-rare
earth bond distance is expected to be smaller for samarium thus leading to increased frustration.

To gauge the degree of correlation in these systems, the electronic specific heat coefficients,
v, were plotted with the results of the La,,_,,TiO; and La,, St TiO; systems with the results
for the latter system obtained from a previous study (Kumagai et al., 1993), see Fig.5.29. For
the La,,,,Sr, TiQ, system it is observed that y diverges ata Ti*" concentration of 95% corresponding
to the M-I boundary at this composition. This divergence is also present at the M-I boundaries
in the R, TiO, systems. Furthermore, it is observed that the y values progressively increase
as the rare earth ion is decreased in radius from lanthanum to samarium in the R, TiO, series.
Remarkably, for Sm, o, TiO; v has a large value of 74(3) mJ/mol.K* which is the largest value
found in any titanium based perovskite systems and approaches values obtained for so-called
heavy fermion materials. To compare with heavy fermion materials, m* was calculated for
each composition by comparison with the free electron model using eqn.(10). These values

are also included in TABLE 5.4.
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5.3.3. Thermopower Measurements:

The results of the thermopower study on the members that comprise the Nd,_, TiO,
and Sm,,_,,TiO, systems reveal some interesting features. For both systems, two carrier types
are observed. In the more lightly doped compounds, x = 0.00 and 0.05, p-type conduction
is observed, whereas n-type behaviour is observed for the more heavily doped compositions
in both systems, see Figs.5.30 and 5.31. The results from this study show clearly, for the first
time, the systematic change in the carrier types as one goes through the metal-insulating transition
for temperatures less than 350K. Interestingly, at higher temperatures >350K there is a distinct
change in the carrier types of the semiconductors from p- to n-type at least for Nd, 4, TiO; and
Smy 4 TiO, and demonstrates clearly the thermal activation of the n-type carriers as the temperature
is increased. The thermopower tends to zero as the temperature is decreased which is the expected

behaviour for metals. The results for each system are discussed separately below.

5.3.3.a. Nd,, , TiO, system: For the lightly doped compositions, x = 0 and 0.05, p-type conduction
is observed with a broad maximum in the thermopower at higher temperatures. Interestingly,
this is unlike the behaviour predicted by Palsson et. al. (Palsson and Kotliar, 1998) where at
high temperatures the thermopower obeys Heikes’ law. Similar thermopower behaviour has
also been observed in the NiS,_Se, system (0.00 < x < 0.44), a filling controlled system which
has also been used to investigate M-I phenomena (Honig and Spalek, 1998). To explain this
very broad maximum, it was suggested that both holes and electrons are present which take

part in the transport properties. The thermopower model which accounts for the presence of
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both carrier types has been derived to be the following (Harman and Honig, 1967),

Sn

6, +0,

c,+S,0,

S= 27)
where § is the sum of the contribution from the two carriers weighted by the contribution of
each to the total conductivity, S,and S are the partial Seebeck coefficients and g, and g, are
the partial conductivities of electrons and holes respectively.

Using this model, it was rationalized that at low temperatures the material is an intrinsic
semiconductor so that the hole and electron contributions nearly cancel out which result in
small thermopower values. As the temperature is increased, kT becomes comparable to the
charge transfer energy, A, between the S3po* and Ni3de,* levels, so that the thermopower
increases with the promotion of carriers to the relatively wider S3po band. This trend continues
with increasing temperature until the density of the high mobility carriers increases, rendering
higher conductivity and a decrease in the thermopower thus resulting in the broad maximum.
It is likely that a similar situation exists in the R, ,TiO; system (x = 0.00, and 0.05), except
that the thermal excitations involve instead the Ti3d Hubbard sub-bands.

Initial measurements for the x =0.05 composition revealed a near zero Seebeck coefficient
at ~300K, strongly suggesting that a change in the carrier type might be observed at higher
temperatures. Consequently, the measurement was repeated out to ~400K and this crossover
is indeed observed demonstrating the thermal activation of the carriers in this compound to

yield metallic-like thermopower behaviour. Further measurements at higher temperatures would
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be necessary to determine if and when the thermopower becomes independent of the temperature
in accordance with Heikes’ law.

With regard to the “metallic” compositions, 0.10 < x < 0.30, a linear temperature dependence
is observed for each composition above ~200K, Fig.5.32. Note that the thermopower behaviour
of the x = 0.20 composition was not measured due to the unavailability of enough material,
however it is expected that the values would lie between the data for the x =0.17 and 0.25
compositions. This expectation is supported by the measurement of a nominal intermediate
x = 0.22 composition. To demonstrate the linear temperature dependence, the linear fit of the
x = 0.10 and 0.30 compositions are shown in Fig.5.33.

Invoking Mott's equation for thermopower, it was possible to demonstrate the -2/3
power dependence of n by plotting a log-log graph of the thermopower versus n at constant
T. Using the thermopower values of these compositions at 285K, the value of the exponent
was determined to be -0.73(6) within error of the theoretical value of 2/3, see Fig.5.34. This
result leads to the conclusion that these materials behave as degenerate semiconductors or

low carrier density metals with thermopowers describable by Mott’s equation.

5.3.3.b. Sm,, TiO, system

The thermopower behaviour for all compositions prepared in this system is shown
in Fig. 5.31. As pointed out earlier for the lightly doped compositions, x =0 and 0.05, p-type
conduction is observed, whereas for the remaining samples, n-type conduction is observed

in accordance with the barely metallic nature of these compositions. For clarity, the thermopower
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behaviour of these samples are plotted in Fig. 5.35. As found in the Nd,,_, TiO; system a linear
dependence of the thermopower is observed however over a narrower range, Fig. 5.36. A similar
analysis was performed using Mott’s law for thermopower. By plotting the log |S| vs. log|n]|
at 285K, the power dependence of the carrier density was determined to be -0.67(15) in very
good agreement with the theoretical value of - 2/3, see Fig. 5.37, thus leading to the same conclusions
made previously for the Nd,_,TiO; system.

Finally, it should be mentioned that the thermopower measurements of the “metallic”
compositions also reflect the increasing correlations as one goes from the La,,_,,Sr,TiO; to
the Nd,,_,,TiO, and Sm,,,, TiO; systems. This can be observed using eqn. (16). by comparing
the slopes of the linear portions of the S vs. T graphs. Since the slope scales linearly with m*,
it is expected that with increasing correlations the slope should become larger. In order to make
a meaningful comparison, compositions having similar carrier densities must be considered.
Consequently, since La, Sty ;TiO, (n = 50% Ti**) has a comparable carrier density to the x
=0.83 (n = 49% Ti’") compositions in our study we use these for the comparison. In doing
so we find increasing slopes of -0.06, -0.11, and -0.17 uwV/K*for La, ;Sr, ;TiO;, Nd, 4, TiO;
and Sm, 4, TiO, respectively lending further support to the contention that correlation effects
become more pronounced on going from the La_,,Sr, TiO, system to the Nd,,_, TiO; and

Sm,,,TiO; systems.
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CHAPTER 6

CONCLUSIONS AND FUTURE WORK

Various nominal compositions of the vacancy doped R;,_,,TiO; (R =Nd, Sm) systems
have been prepared for the purpose of investigating their structural and physical properties
in the context of metal-insulator transitions. It has been determined that the solid solution
exists for 0.00 < x < 0.33 for the Nd,, ,,TiO, system while for the Smy, ,TiO; system, a more
limited range of 0.00 < x < 0.17 has been established. The smaller range observed for the
Sm,,.,TiO; system likely arises from the inability of the perovskite framework to
accommodate the decreasing concentrations of the smaller samarium ion.

These systems have been chosen primarily for the study of M-I transitions as they
allow control of the conduction bandwidth, W, as well as the degree of the band filling level
by introducing vacancies at the rare earth sites. At least three structural types have been
identified in the Nd,,TiO; system. These are Pnma for 0.00sx<0. 17, Pban for
0.25<x<0.30 and an apparently new perovskite structure, described in P4/mmm, forx=0.33.
The structural determination of the x = 0.20 composition was not conclusive in this study and
needs to be re-examined at a later date. With regard to the Smy, , TiO; system a more limited
stoichiometry for the solid solution was determined for 0.00<x<0.17 with only the Pnma
structure type identified.

Based on the results from the magnetic susceptibility and transport measurements,

the electronic phase diagram for the R, TiO; (R=La, Nd, Sm) has been constructed, see Fig.
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6.1. The phase diagrams show that two M-I transitions have been identified for the Nd,, , TiO,

system, a Mott transition at x = 0.10 and another, possibly due to Anderson localization, at
x ~0.25. Only the Mott transition at x = 0.10 for the Smy, ,,TiO; system has been determined
and preparations of higher doped compositions would be required to determine if another
transition exists due to the increased disorder.

With regard to magnetic properties, Mott insulators are found for the x =0.00 and 0.05
compositions in both systems, which exhibit canted antiferromagnetism generally below 100K.
The Neel temperatures appear to be dependent on the nature of the rare earth ion as well as
the level of vacancy doping as they tend to decrease on going from R = La to Sm and with
higher doping levels. The magnetic structures of the antiferromagnetic Nd,, ,TiO; compositions
have been investigated with low temperature neutron powder diffraction. In the case of the
nominal SmTiO, composition, short wavelength neutron diffraction using single crystals has
been employed and represents the first definitive study of any of the rare earth titanate magnetic
structures.

At the x = 0.10 compositions in both systems, the AF order disappears giving way
to paramagnetic behaviour. Due to strong crystal field effects, a subtle deviation from the Curie
Weiss law is observed, and thus, the enhanced Pauli susceptibility term could not be determined
reliably. The situation becomes worse in the Sm,, ,,TiO; solid solution due to the low lying
energy states of Sm(III).

Furthermore, from Fig. 6.1, it is observed that the metallic regime becomes progressively

smaller as one goes from R = La to Sm. On the parent titanate side, the doping level required
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Fig. 6.1. The electronic and magnetic phase diagram for the R;,,,Ti0O;
(R = La, Nd, Sm) systems.
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for the Mott transition increases as one goes from R =La to Nd. A similar trend has been found
in a study on the R, ,Ca,TiO; system where it was shown that an almost linear dependence
of the critical vacancy doping concentration with the rare earth ion exists (Katsufuji et. al.,
1997). When compared to the prototypical La,, ,,St, TiO; and various other R ; A TiO;systems,
it becomes obvious that the doping level required for the M-I transition is higher for the vacancy
doped systems, see Fig. 6.2. Furthermore, the narrowing of the metallic regime is also influenced
by the increasing disorder in the systems.

Through four probe resistivity measurements it was evident that the disappearance
of the antiferromagnetic insulating behaviour, coincides with the onset of paramagnetic behaviour
at the x = 0.10 compositions in both systems. For the Sm, 4, TiO; phase, it is not obvious that
this is a true Mott M-I transition due to the very large resistivity values observed. Thus, the
transition may be closer to the Smy ,, TiO; phase, see Fig. 6.2. It should however be remembered
that the Sm, 4, TiO,; composition also exhibits a small, electronic like thermopower suggestive
of metallic behaviour, and in doing so presents a very interesting paradox.

Despite this, the R,;_,,TiO; compounds (x = 0.10) near the Mott M-I transition exhibit
similar transport properties. The x = 0.10 composition in the Nd,, , TiO; system as well as
the 0.10<x<0.17 samarium compositions appear to exhibit heavy fermion like behaviour which
maybe possibly associated with a Kondo lattice. These compounds are poor metals due to
their large resistivity values and are highly correlated as evidenced by their unusual resistivity
behaviour particularly near the Mott M-I transition.

Furthermore, Fermi liquid behaviour is observed in the Nd,; ,TiO, system for the x
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=0.15 and 0.17 phases. In conjunction with the specific heat measurements and the constant
A extracted in Chapter 5, Section 5.3.1.a., the A/y? ratio for these phases were calculated and
compared to the Kadowki-Wood relation for heavy fermion materials. Interestingly, although
v is an order of magnitude less than heavy fermion materials, the ratio A/y? is found to be
in fair agreement with values of ~ 1.7x10® and ~4x10* p-cm(mol.K/mJ)? for x = 0.15 and
x = 0.17 respectively. The less favourable agreement determined for x = 0.17 suggest that
electron correlations become less important as one moves away from the M-I boundary. In
the other extreme, disorder becomes increasingly important for the higher doped compositions,
x =0.25 and 0.30, as some evidence for variable range hopping is observed. However, it was
shown that this case could not be distinguished unambiguously from a situation in which both
correlation and disorder may coexist.

Further insights into the transport properties of the “metallic”phases were obtained
by specific heat and thermopower measurements. As previously shown in Chapter 5, both
methods give direct information regarding the extent of correlation in these systems, as y and
S scale proportionally to m*. A divergent enhancement of the carrier mass in both R, TiO;
(R =Nd, Sm)system is observed as the Mott M-I transition is approached. The results from
this study parallel those trends observed in the La,,_,,Sr,TiO; and Nd,,.,Ca,TiO;systems,
thus indicating the importance of the enhanced carrier mass in driving the M-I transition, in
agreement with the Brinkman-Rice model. Based on the values of the specific heat coefficient
and the calculated effective masses, it is obvious that the vacancy doped titanates are more

strongly correlated than the alkali earth doped systems.
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Thermopower measurements reveal a transition from p-type carriers in the lighter doped
samples, x = 0.00 and 0.05, to n-type behaviour for the “metallic” x > 0.10 compositions in
both systems. This is the first study that clearly illustrates a transition of the carrier types as
a function of doping for the titanates. From a thermopower standpoint, the “metallic” compositions
in both systems, i.e. x > 0.10 have been interpreted to be as degenerate semiconductors or
low carrier density metals.

The results presented in this study all indicate that the Nd,, ,,TiO,and Sm , TiO ;systems
exhibit the effects of correlation effects to a greater extent than any other titanate system investigated
to date. Interestingly, the observed M-I transitions do not correspond with a discontinuous
change in the cell volume as anticipated by Goodenough (Goodenough and Zhou, 1998) who
argued, using the virial theorem, that M-I transitions of the kind investigated here should undergo
a discontinuous change in the cell volume which may not necessarily be associated with a
change in structural symmetry. It is speculated that the severe disorder in these systems may
be the reason for this conundrum.

Future Work: As we have seen throughout this work, the Nd,, , TiO; and Sm,, ,TiO,
solid solutions are very interesting systems from both structural and physical property points
of view. Consequently, they are excellent candidates for further avenues of research. Specifically,
the Sm,,_, TiO; compounds still remain to be structurally characterized. This may be accomplished
through a variety of techniques such as x-ray powder diffraction, short wavelength neutron
powder diffraction, single crystal diffraction or the preparation of isotopic samarium phases

which may subsequently be characterized by neutron diffraction using conventional wavelengths.
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Furthermore, it also remains to be determined whether higher doped compositions, x > 0.17,
can be prepared via alternative routes.

From the physical properties aspect, optical methods such as photoelectron, reflectance
and Raman spectroscopy can be utilized to gain insight into the electronic structures of these
compounds. Particularly, these methods would be very useful in revealing the evolution of
the electronic structure as it goes through the Mott transition. Based on the results from optical
measurements on the La,, ,Sr, TiO; system, a transfer of spectral weight from the coherent
(itinerant) to incoherent (localized) states should be observed near the Mott M-I transition,
in accordance with the Brinkman-Rice model. Recently, investigations by reflectance spectroscopy
have already begun, at least for the nominal SmTiO; compound prepared in this study (Hildebrand
et. al., 1999).

It would also be of interest to perform resistivity and thermopower measurements above
room temperature in light of the very unusual resistivity behaviour of the Smy, , TiO; 0.10<
x s 0.17 compositions observed near room temperature. Furthermore, Hall measurements
would be particularly useful for the determination of the carrier densities of these compounds.
In conjunction with the thermopower measurements, this can be another route in obtaining

a quantitative measure of the effective mass in these systems.
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APPENDIX I

The following paper highlights the structural determination of the layered perovskite,

K,Nd,Ti;O,o, which was grown by the flux method.
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Abstract

Single crystals of dipotassium dineodymium trititanium
decaoxide, KyNd,Ti3O 0, have been obtained by the flux
growth method. The structure is of the Ruddlesden-
Poppatypcmdcanbedmbedasbdngeomposed
of blocks of triple perovskite layers separated by rock
salt layers.

Comment

Ingcnaal.themhasbeeninlc:utinmcmbc:sof!hc
A;LnyTi;Oyg sesies of compounds, where A = Na, K or
Rb and Ln = rare earth ion. These compounds are known
to exhibit ion exchange and intercalation reactions. In
.addition, they readily undergo protonation on treatment
with dilute acids, making them potentially useful in
‘catalysis and electrochemistry (Richard et al., 1994;
Gondrand & Joubert, 1987; Gopalakrishan & Bhat,
1987).

To date, members of this series have only been
isolated in the polycrystalline phase, with principal
structural determinations carried out by the use of X-ray
powder diffraction. Notably, for the case where A =
K and Ln = Nd, only the cell constants and space
group have been reported (Richard er al., 1994). In this
paper, we report the preparation of single crystals of
K2Nd;Ti;Oyo, and its structural determination by single-
crystal X-ray diffraction.

The structure is described as f4/mmm, and the cell
parameters obtained are in agrecment with those
reported for the polycrystalline phase (Richard et al.,
1994). It is related to the Ruddlesden-Popper phases
A(TisOp0 (A = Sr, Ca), in that it is composed of
triple blocks of comer-shared perovskite layers inter-
grown with individual rock salt layers (Ruddlesden &
Popper, 1958) (Fig. 1). There are two very interest-
ing structural features present in K3NdyTi3Oyo. First,
we observe in Fig. 1 a marked anisotropy in the dis-
placement parameters of all the O atoms. For Ol and
03, the ellipsoid principal axes are parallel to the ¢
axis, while for O2, in particular, and O4, it lies in
the ab plane. In addition, the Ol site exhibits strong

© 1998 International Union of Crystallography
Printed in Great Britain - all rights reserved

disorder. Initially, O1 was assigned to the 4c site,
but an extremely high isotropic displacement parameter
resulted. Consequently, this site was split by moving
to the 8] position. These features can be explained by
noting that these atoms coordinate the Nd™ jon, which
is much smaller than the ions, such as Sr**, which nor-
mally occupy the perovskite A-site in the Ruddlesden—
Popper phases. In perovskite materials such as NATIOs,
the Ti-O octahedra exhibit a coberent cooperative it
ing to accommodate the smaller Nd™ ion, lowering the

from Pm3m to Prnma (Maclean e al,, 1979).
However, in the case of KaNd2Ti3Oro, the requirement
for'tagmwthbetweenthepuovskitcmdmcknlt
layers with dissimilar cations may inhibit cohereat co-
operative tilting.
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Fig. 1. View of the unit cell of KzNd;TijO1o along (010], showing

the local Ti2-O octhedron distortion. Displacement cllipsoids are
plotied st the 50% probability level.

<

This case can be contrasted with the classic
Ruddlesden-Popper phase StqTisOio. as well as with
Ca TisOh0. For Sl'4Ti30lo. the structure is tetxagonal
and described as [4/mmm, representing the case where
no octahedral tilting is observed. However, substitution
of the smaller Ca?* cation in both the perovskite and
rock salt layers, as in Ca Ti;Oqo, induces a cooperative
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KaNd,Ti;O0

cohereat tilting in the octahedral network, such that a

lowering of symmetry to orthorhombic Pcab is observed .

(Elcombe et al., 1991). An attempt was made to re-
fine the data for K3Nd;Ti3049 using this model, but this
proved to be unsuccessful. The compound KaNd;Ti;O40

i the

displacement parameters, such that the /4/mmm symme-
try is preserved.

second remarkable feature is & local distortion
Ti2-O octahedron, which is closest to the
salt layer. The distortion arises when the Ti%
cation is displaced from the ceatre of the coordination
sphere towards the rock salt layer. Such distortions are
ot uncommon for Ti* compounds, e.g. BaTiO;. A
rationale for explaining such distortions is based on the
nature of the bond network as well as on clectroaic
effects (Kunz & Brown, 1995). For our particular case,
a bond valeace analysis (Brown, 1992) of the ideal
undistorted bond network was carried out, and it was
found that the O4 atom is severely underbonded, with
only 1.22 valence units. Consequeatly, it is presumed
that the Ti** cation moves offcentre in the coordination
sphere to compensate for the deficiency of electronic
charge at this site. The end result is a distorted
octahedron with an unusually strong Ti2—O4 bond
[1.734(5)A] and a very weakened Ti2—O2 bond
(2291 (6) A].

Experimental

Single crystals of K;Nd;Ti;Oi0 were obtained by the flux
methad, in which a potassium flucride/sodium tetraborate flux
was used. 0.989 g of prefired Nd; 0y (99.99% Rhoace Poulenc),
1.124 g of TiO: (99.999% CERAC), 8.711 g KF (99.999%
CERAC) and 1.662g N2;B.O; (99.99% Fisher Scientific)
were ground together in an inert atmosphere. The reagents
were placed and sealed in a 20 ml platinum crucible. The
growth conditions involved heating the crucible to 1373K at
110K bh™", holding it at this temperature for 2h, and then
cooling t0 1273 K at a rate of | Kh™"'. On reaching {273 K,
the crucible was quenched, hot poured and allowed to cool to
room temperature. The crystals were obtained as transparent
light purple blocks varying from 0.25 to 0.75 mm? in area,
each consisting of very thin plates several microns thick. The
presence of the metal ions was confirmed by EDAX.

Crystal data

KaNd;Ti;010 Mo Ko radiation

M, = 67038 A=071073 A
Tetragonal Cell parameters from 4039
14/ mmm reflections
a=3.8588(1) A 6 = 5.67-38.57T°
c=29.6561(T) A g =15.129 mm~"
V=44159(2) A’ T=130002) K

Z=2 Thin plate

D, = 5042 Mg m™? 0.356 x 0.194 x 0.006 mm
D. not measured Colouriess

Data collection
Siemens P4 diffnctometer 437 independent reflections
with & Siemens SMART 416 reflections with
1 K CCD ares detector I> =3a(D)
Area detector scans Rix = 0.072
Absorption correction: Oz = 38.57°
snalytical (Sheldrick, heQ—4
1996) k=0 —6
Taia 2 0.114, Ta = 0912 [=0 — 51
4977 measured refiecticns atensity decay: acne
Refinement
Refinement oa F (A/0)aa < 0.001
R(F > 25(F)] = 0.026 Apmes = 1883 ¢ A7}
wR(F®) = 0.067 Apaia = —2.801 ¢ A~?
S=1.129 Extinction cocrection: none
436 reflections Scattering factors from
26 parameters International Tables for
w= 1o’ (Fl) + 0.0315P)  Crystallography (Yol. C)
+ 4.0449P]

where P = (F2 + 2FH3
Table 1. Fractional atomic coordinates and equivalent
isotropic displacement parameters (A?)
U = (/NEZ N dnay.
z U,

x y
Y] n WOTUSCH 000971 (10)
T 0 o 0 00054 2)
n ° 0 0.14056(3)  0.0059 (2)
X1 n n 020832(6) 00169 (3)
o1t n i@ 0 003002)
02 0 0 0.0634 2) 0051 G3)
03 0 n 0.1265 ) 00176 (N
04 0 0 0.1991 ) 0m02(10)
t Site occupancy = 0.5.

The results repocted are those for which the Ol atom has
been split, with 0.5 occupancy oa each site. [n addition, the
residual electron deasity Ap of 1.883 ¢ A3 is closest to Ndl
at a distance of 0.66 A

Data collection: SMART (Siemeas, 1996). Cell refinement:
SAINT (Siemens, 1996). Data reduction: SAINT. Program(s)
used 10 solve structure: SHELXTL93 (Sheldrick, 1993a).
Program(s) used to refine structure: SHELXL93 (Sheldrick,
19935). Molecular graphics: XP in SHELXL93. Software used
to prepare matesial for publication: SHELXL93.

The authors express gratitude to Drs L D. Brown, H.
Dabkowska and J. Britten, and to the National Science
and Engineering Research Council (NSERC), Canada.

Supplementary data for this paper are available from the {UCr
! ic archives (Relt TA188). Services for accessing these
data are described at the back of the journal.
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APPENDIX II

The following tables contain the observed and calculated x-ray diffraction patterns
obtained by a Guinier Hagg camera for the Nd,, , TiO; and Sm,,  TiO; system. The observed

intensities were measured with a KEJ LS20 line scanner.
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TABLE I: Observed and calculated x-ray powder diffraction lines for NdTiO, indexed in

Pnma.

hkl dOB_S (A) dCAL_(_:LA) IOBS
101 3.9476 3.9499 21.57
020 3.8944 3.8963 10.72
11 3.5215 3.5231 19.63
200 2.8241 2.8256 18.09
121 2.7734 2.7739 100.00
002 2.7605 2.7614 24.24
210 2.6561 2.6564 11.33
12 2.3632 2.3641 5.38
031 23512 2.3506 2.87
220 22872 22874 7.85
022 22527 22530 15.46
131 2.1696 2.1703 6.64
202 1.9745 1.9749 21.49
040 1.9482 1.9482 13.35
230 1.9132 1.9123 18.37
222 1.7605 1.7616 1.98
141 1.7471 1.7472 8.09
311 1.7378 1.7380 15.38
13 1.7080 1.7079 3.52
240 1.6038 1.6039 8.94
123 1.5964 1.5967 27.52
042 1.5918 1.5919 11.13
232 1.5723 1.5721 4.13
331 1.4703 1.4699 9.31
410 1.3903 1.3901 441
242 13871 1.3869 1323
004 1.3808 1.3807 2.99
114 1.3223 1.3218 1.70
143 1.3020 13021 421
313 1.2982 1.2982 4.09
402 12577 12578 117




218

TABLE II: Observed and calculated x-ray powder diffraction lines for Nd, 4sT10, indexed

in Pnma.
hkl dogs (A) dearc (A) Lons
101 3.9213 3.9233 19.60
020 3.8995 3.8991 7.16
11l 3.5038 3.5047 10.38
200 2.7956 2.7959 18.50
121 2.7656 2.7656 100.00
002 2.7533 2.7530 17.04
210 2.6314 2.6319 7.13
112 2.3534 2.3546 2.62
220 22722 22722 7.82
022 2.2490 2.2489 2.25
131 2.1670 2.1670 3.93
202 1.9614 1.9617 21.44
040 1.9498 1.9496 13.44
212 1.9028 1.9024 11.17
141 1.7453 1.7459 4.54
311 1.7218 1.7220 9.45
113 1.7018 1.7018 1.45
321 1.6084 1.6083 8.09
240 1.5990 1.5992 8.90
123 1.5914 1.5918 32.32
232 1.5659 1.5658 1.86
331 1.4607 1.4605 5.18
242 1.3829 1.3828 11.20
004 1.3764 1.3764 6.72
143 1.3000 1.2997 3.03
313 1.2899 1.2898 2.36
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TABLE III: Observed and calculated x-ray powder diffraction lines for Nd, 4 TiO;
indexed in Pnma.

hkl dogs (A) dC_A_LiA) Loss
020 5.897 3.8979 32381
111 3.4875 3.4898 10.10
200 2.7745 2.7754 29.62
121 29577 2.7579 100.00
002 2.7439 2.7440 29.54
210 2.6143 2.6147 7.53
211 2.3606 2.3604 4.43
112 2.3465 2.3458 4.49
220 22611 2.2609 15.02
022 2.2439 2.2438 17.52
131 2.1632 2.1630 4.61
202 1.9509 1.9513 51.44
230 1.8969 1.8969 4.19
212 1.8930 1.8929 7.38
141 1.7441 1.7436 8.99
103 1.7374 1.7373 3.1
311 1.7107 1.7106 11.41
113 1.6960 1.6958 227
321 1.5990 1.5990 17.79
240 1.5950 1.5949 11.76
123 1.5870 1.5869 45.10
232 1.5600 1.5604 2.88
331 1.4534 1.4534 5.88
133 1.4444 1.4443 1.54
400 1.3878 1.3877 1.81
242 1.3790 1.3790 18.86
004 1.3719 1.3720 3.80
410 1.3663 1.3662 3.15
114 1.3128 1.3129 I.11
060 1.2991 1.2993 1.31
143 1.2970 1.2969 227

313 1.2832 12831 442
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TABLE [V: Observed and calculated x-ray powder diffraction lines for Nd, 4 TiO,
indexed in Pnma.

hkl dors (A) dearc (A) logs
161 3.887¢% 3.3891 i4.39
111 3.4780 3.4787 333
121 2.7508 2.7504 100.00
002 2.7400 2.7400 2.74
210 2.6018 2.6015 1.89
112 2.3418 2.3405 1.11
220 2.2518 22512 7.28
022 2.2403 2.2400 8.25
131 2.1579 2.1577 1.69
040 1.9451 1.9451 31.40
212 1.8867 1.8865 277
141 1.7396 1.7397 3.49
103 1.7339 1.734] 0.88
3N 1.7024 1.7022 3.84
113 1.6926 1.6926 0.81
321 1.5916 1.5918 15.11
123 1.5840 1.5839 23.36
232 1.5561 1.5558 1.20
331 1.4477 1.4475 2.01
400 1.3799 1.3802 1.43
242 1.3755 1.3752 9.57
004 1.3700 1.3700 2.47
060 1.2966 1.2967 0.88
143 1.2940 1.2944 2.01

313 1.2787 1.2788 1.73




TABLE V: Observed and calculated x-ray powder diffraction lines for Nd, ¢, TiO,

indexed in Pnma.

hkl doss (A) dearc (A) Loms
101 3.8844 3.8853 15.26
11t 3.4756 3.4755 3.03
121 2.7485 2.7481 100.00
002 2.7401 2.7390 11.63
210 2.5974 2.5974 237
031 2.3413 2.3428 1.93
220 2.2485 2.2482 9.20
022 2.2394 2.2391 8.82
040 1.9434 1.9438 3322
212 1.8845 1.8847 1.82
231 1.7846 1.7849 2.09
141 1.7387 1.7384 5.23
103 1.7328 1.7333 1.60
3L 1.6999 1.6997 4.30
321 1.5893 1.5896 21.60
123 1.5835 1.5831 2441
331 1.4458 1.4457 1.87
242 1.3743 1.3741 13.50
004 1.3695 1.3695 2.70
303 1.2949 1.2951 1.76

L]
(§9]



TABLE VI: Observed and calculated x-ray powder diffraction lines for Nd, 4, TiO,

indexed in Pnma.

hkl dogs (A) dearc (A) Toss
020 5.8751 5.8724 i7.75
002 2.7402 2.7394 100.00
031 2.3353 2.3353 2.45
022 2.2362 2.2364 27.34
040 1.9364 1.9362 47.75
141 1.7315 1.7317 822
240 1.5807 1.5804 54.72
242 1.3689 1.3690 23.95
303 1.2905 1.2905 4.50
161 1.2245 1.2245 26.11




[
o
(o

TABLE VII: Observed and calculated x-ray powder diffraction lines for Nd, ,sTiO,

indexed in Pban.

hkl dOES (A) dC&C (A) l:OBS
001 77512 7.702% 7.50
002 3.8763 3.8815 2.49
110 3.8573 3.8565 4.93
111 3.4517 3.4538 2.66
112 2.7350 2.7357 100.00
022 22318 22316 20.27
004 1.9408 1.9407 11.06
220 1.9282 1.9287 25.03
14 1.7342 1.7336 2.01
222 1.7264 1.7269 4.37
024 1.5813 1.5813 13.97
132 1.5763 1.5763 31.38
224 1.3680 1.3679 11.57
040 1.3637 1.3637 6.82
134 1.2892 1.2893 3.00
402 1.2862 1.2862 1.24




indexed in Pban.

TABLE VIII: Observed and calculated x-ray powder diffraction lines for Nd; 5, TiO;

hkl dogs (A) dearc (A) Loas
0ol 7.7402 7.7357 12.35
002 3.8678 3.8679 4.25
110 3.8486 3.8486 5.56
111 3.4449 3.4457 8.42
112 2.7273 2.7281 100.00
202 2.2250 22252 24.69
004 1.9343 1.9340 16.35
023 1.8722 1.8721 4.25
311 1.6799 1.6796 2.70
204 1.5760 1.5762 18.32
400 1.3602 1.3602 13.41

224
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TABLE IX: Observed and calculated x-ray powder diffraction lines for SmTiO, indexed in

Pnma.

hki dos(A) deac (A) Loes
101 3.9304 3.9323 2297
020 3.8631 3.8649 14.84
11 3.5038 3.5048 21.86
200 2.8324 2.8327 20.44
121 2.7563 2.7564 100.00
002 2.7313 2.7311 30.07
210 2.6598 2.6597 15.00
12 2.3443 2.3443 5.21
220 2.2847 2.2847 9.08
022 2.2307 22305 17.21
131 2.1554 2.1552 9.55
202 1.9663 1.9661 20.52
040 1.9327 1.9325 16.34
230 1.9058 1.9061 2731
311 1.7389 1.7390 19.97
141 1.7340 1.7343 9.39
113 1.6914 1.6914 3.63
321 1.6201 1.6204 7.58
240 1.5962 1.5964 8.76
123 1.5816 1.5816 25.34
042 1.5776 1.5575 13.65
232 1.5627 1.5630 5.60
331 1.4671 1.4672 12.08
151 1.4390 1.4388 3.08
410 1.3933 1.3932 5.52
242 1.3784 1.3782 11.60
004 1.3657 1.3656 4.50
152 1.3088 1.3090 2.13
421 1.2921 1.2921 7.34
024 1.2877 1.2876 3.71
430 1.2412 1.2412 9.87
204 1.2300 1.2301 39
161 1.2243 1.2243 11.68
252 1.2151 1.2153 7.26

351 1.1689 1.6855 12.39
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TABLE X: Observed and calculated x-ray powder diffraction lines for Sm, s TiO; indexed

in Pnma.
hkl o (A) deac (A) Logs
101 3.9103 3.9125 24.46
020 3.8690 3.8703 13.50
111 3.4907 3.4919 19.24
200 2.8075 2.8077 14.65
121 2.7515 2.7517 100.00
002 2.7272 2.7271 22.93
210 2.6395 2.6395 9.17
112 2.3376 2.3385 420
220 2.2729 2.2728 9.17
022 2.2295 2.2294 14.52
131 2.1550 2.1542 8.03
202 1.9565 1.9562 22.55
040 1.9357 1.9354 14.90
141 1.7344 1.7348 522
311 1.7264 1.7259 20.51
321 1.6101 1.6100 5.99
240 1.5934 1.5935 8.79
123 1.5789 1.5792 34.78
232 1.5583 1.5589 5.10
331 1.4600 1.4599 8.03
242 1.3756 1.3758 12.74
004 1.3635 1.3636 4.33
060 1.2901 1.2903 5.61
024 1.2861 1.2861 6.11
430 1.2331 1.2332 5.99
161 1.2257 1.2254 17.58
252 1.2141 1.2141 6.24

214 1.2118 1.2115 3.82




TABLE XI: Observed and calculated x-ray powder diffraction lines for Smy4,TiO,

indexed in Pnma.

hkl dogs (A) deuc (A) Loas
101 3.8948 3.8967 19.32
020 3.8727 3.8725 8.03
11 3.4796 3.4809 16.05
200 2.7881 2.7887 22.73
121 2.7469 2.7468 100.00
002 2.7234 2.7232 26.14
210 2.6242 2.6237 10.23
031 2.3330 2.3329 4.76
220 2.2633 2.2630 11.15
022 2.2275 2.2276 15.55
131 2.1528 2.1522 7.32
202 1.9483 1.9483 28.76
040 1.9367 1.9362 19.32
212 1.8894 1.8895 10.01
141 1.7336 1.7340 5.04
103 1.7268 1.7263 2.34
3t 1.7160 1.7157 16.69
113 1.6847 1.6850 2.63
32t 1.6009 1.6019 6.46
240 1.5905 1.5905 10.51
042 1.5772 1.5780 40.41
232 1.5551 1.5552 5.26
331 1.4540 1.4539 11.01
151 1.4399 1.4394 2.13
242 1.3734 1.3734 17.68
004 1.3614 1.3616 4.12
313 1.2810 1.2810 2.06
323 1.2313 1.2315 3.55
161 1.2253 1.2253 2251
252 1.2122 1.2125 3.76
214 1.2087 1.2086 2.20
062 1.1665 1.1664 2.63
351 1.1633 1.1626 4.55
333 1.1607 1.1603 2.98

227
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TABLE XII: Observed and calculated x-ray powder diffraction lines for Smy ¢, TiO, indexed

in Pnma.
hkl pobs (A) dearc (A) Logs
101 3.8789 3.8818 28.21
111 3.4693 3.4703 13.06
200 2.7719 2.7728 21.79
121 2.7411 2.7414 100.00
002 2.7188 2.7178 30.07
210 2.6098 2.6105 9.32
220 2.2542 2.2544 14.34
022 2.2252 2.2245 17.25
131 2.1496 2.1495 5.94
202 1.9413 1.9409 28.44
040 1.9360 1.9360 19.23
230 1.8891 1.8894 5.59
212 1.8829 1.8827 10.60
141 1.7319 1.7325 5.59
311 1.7072 1.7070 11.66
321 1.5947 1.5948 13.06
240 1.5874 1.5874 9.44
123 1.5739 1.5736 26.11
232 1.5512 1.5513 3.38
331 1.4485 1.4486 5.47
242 1.3708 1.3707 13.75
323 1.2271 1.2272 5.13
161 1.2246 1.2248 10.13
204 1.2200 1.2202 11.66

351 1.1603 1.1603 3.15
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TABLE XIII: Observed and calculated x-ray powder diffraction lines for Sm, 4 TiO, indexed

in Pnma.
020 3.8752 3.8727 22.10
111 3.4689 3.4675 10.59
200 2.7677 2.7659 21.97
121 2.7411 2.7402 100.00
002 2.7185 2.7188 31.44
210 2.6062 2.6048 7.04
112 2.3281 2.3273 424
220 2.2521 2.2508 5.89
022 2.2248 2.2252 12.64
131 2.1489 2.1491 5.23
202 1.9383 1.9389 43.81
230 1.8866 1.8873 5.63
222 1.7333 1.7338 5.69
311 1.7034 1.7035 6.35
321 1.5919 1.5919 7.94
123 1.5737 1.5738 17.07
331 1.4462 1.4465 5.56
242 1.3699 1.3701 14.89
143 1.2873 1.2870 1.92
161 1.2248 1.2248 12.64
430 1.2191 1.2191 2.51
412 1.2173 1.2173 2.05
333 1.1559 1.1558 3.11
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TABLE XIV: Observed and calculated x-ray powder diffraction lines for Smy,;TiO; indexed

in Pnma.
hkl pos (A) dearc (A) Logs
020 3.8666 3.8672 23.20
111 3.4596 3.4609 12.04
200 2.7583 2.7588 21.31
121 2.7354 2.7355 100.00
002 2.7150 2.7147 33.29
210 2.5977 2.5985 8.64
112 2.3239 2.3233 3.53
220 2.2459 2.2459 14.38
022 2.2219 22219 16.77
131 2.1456 2.1456 3.72
202 1.9347 1.9350 51.01
230 1.8833 1.8837 6.12
212 1.8772 1.8771 8.64
141 1.7298 1.7297 8.07
103 1.7198 1.7197 3.09
311 1.6995 1.6994 11.54
321 1.5883 1.5883 15.45
240 1.5833 1.5834 13.43
042 1.5747 1.5749 16.71
123 1.5714 1.5713 27.99
232 1.5473 1.5476 2.71
331 1.4432 1.4434 10.34
400 1.3795 1.3794 2.40
242 1.3677 1.3678 16.33
060 1.2892 1.2891 2.40
143 1.2851 1.2850 2.14
024 1.2806 1.2808 1.95
313 1.2725 1.2724 4.10
161 1.2231 1.2230 15.89
204 1.2179 1.2179 422
430 1.2169 1.2163 2.46
412 12146 1.2145 4.79

252 1.2082 1.2083 1.89
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APPENDIX III

STRUCTURE FACTORS

The observed (F.’) and calculated (F_?) structure factors obtained from single crystal
studies for the following compounds can be found on the floppy disk included in this thesis.

The files are in ASCII format.

Compound Filename
K,Nd,Ti;,0 k2nd2.str
Nd,;TiO, nd23.str

Sm, 4, T10; (x-ray) sm97_x.str



The following pages are printed from the
included floppy diskette.
The file names are:
K2nd2.str
Nd23.str
Sm97_ x.str
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