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Abstract

Abstract

The fundamental relationships between structure and properties of materials

and how their properties can be changed and tuned by the various chemical,

thermal, mechanical or other treatments is very crucial for the development of new

materials with unusual combination of properties. Structural characterization is

an important part of the development of materials and techniques such as XRD,

EXAFS, IR, UV, Raman, solid-state NMR (SSNMR), etc, are used for determining

the structure of materials. Among these, solid-state NMR is the best tool to probe

the local symmetry and the coordination environments, since particular nuclei are

probed which extends over several coordination spheres.

Strontium ferrite is an important magnetic material with the magnetoplumbite

crystal structure. In La-Co substituted strontium ferrite, Sr1−xLaxFe12−xCoxO19,

an improvement in the magnetic properties was observed at x ≈ 0.3. Mössbauer

spectroscopic studies have shown that Co ions occupy the 2a and 4f2 crystal-

lographic sites in the magnetoplumbite structure. It is not clear why the best

performance is observed at x close to ≈ 0.3.

Perovskite type materials of the general formula ABO3 exhibit interesting prop-

erties which are used for different applications and the properties are closely related

to their crystal structure. The properties of the perovskite materials can be tuned

by proper substitution at the A-site or B-site. For example, A-site substitution in

the rare earth manganites RMnO3 gives rise to ferromagnetic properties, colossal

magnetoresistance and charge ordering near their Curie Temperatures. The im-

provement in the properties of the materials is associated with the local structural

changes.

The properties of the oxides with the magnetoplumbite and perovskite struc-

tures can be changed upon substitution arising from the local structural distor-

tions. To understand the local structural changes on substitution, suitably substi-

tuted compositions of SrAl12O19 which is the non-magnetic equivalent of SrFe12O19

with the magnetoplumbite structure and LaAlO3 which is the non-magnetic equiv-

alent of LaMnO3 with the perovskite structure are studied with solid-state NMR.
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Abstract

Strontium aluminate was simultaneously substituted with La3+ and Zn2+ at the

Sr2+ and Al3+ sites, respectively. LaAlO3 was substituted with Y3+ at the La3+

site and Co3+ and Ga3+ at the Al3+ site.

Solid-state NMR studies on the La-Zn substituted strontium aluminate sam-

ples, Sr1−xLaxAl12−xZnxO19, showed the occupancy of the Zn ions in the 2a (oc-

tahedral) and 4f2 (octahedral) Al sites in the hexagonal magnetoplumbite crystal

structure as reported for La-Co substituted strontium ferrite from Mössbauer spec-

troscopic studies. Large changes in the quadrupolar coupling constant of the 2a

and 4e sites are observed between x = 0.2 and 0.3, corresponding to the compo-

sitional region in Sr1−xLaxFe12−xCoxO19, showing higher performance, indicating

the role of distortion of local coordination environments in controlling the per-

formance parameters. Additional information is obtained on the stabilization of

the penta coordinated 2b Al site along with a corresponding decrease in the oc-

cupancy of Al in the distorted tetrahedral 4e Al site as the degree of substitution

is increased.

Studies on the 27Al magic angle spinning (MAS) and static SSNMR of LaAlO3,

along with Rietveld analysis of the powder XRD pattern, indicated that centre

of inversion is absent in rhombohedral LaAlO3 and the correct space group of

the material is R3c instead of R3̄c, as concluded from the recent resonant Raman

spectroscopic studies.

139La and 27Al solid-state NMR studies on Y substituted La1−xYxAlO3 showed

a change in the NMR parameters at x = 0.13. Rietveld refinement of the XRD pat-

terns on different samples showed that there is a structural change above x = 0.13,

where the structure changes from R3c to a mixed phase of R3c and orthorhombic

Amm2, since the structure of LaAlO3 is rhombohedral and that of YAlO3 is or-

thorhombic. The structural changes are associated with the replacement of 1/8th

of the A site ions in the perovskite structure.

Studies on Al-site substitution in LaAlO3, when Al3+ is substituted by Co3+

which has a size comparable to Al3+ and by Ga3+ which has relatively larger size

indicated that the rhombohedral structure is unaffected on substitution. However,
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the space group of Ga substituted samples changed from R3c to R3̄c above x =

0.375 in LaAl1−xGaxO3.
139La and 27Al SSNMR studies showed large changes in

the NMR parameters for the Ga3+ substituted samples indicating local structural

distortions. On the other hand, since the sizes of Co3+ and Al3+ are comparable,

only small distortions in the Al octahedra, arising from the electronic environ-

ment differences, are expected. Correspondingly, only minor changes in the NMR

parameters are observed for the Co3+ substituted samples.

xxi



Chapter 1

Introduction

1





Introduction

1.1 Materials science

From the very beginning of the history of mankind, materials have been playing

a pivotal role for the growth, prosperity, security and quality of life of humans.

The early civilizations are designated by the level of their materials development

such as stone age, iron age, copper age, etc. The earliest humans, at first, were

aware of only the naturally occurring materials. However, with time, they have

discovered techniques for producing materials that have superior properties than

that of the natural ones. Later, it was discovered that the properties of a material

could be altered by various methods like, heat treatment and by the addition

of other substances. Now scientists have understood the relationships between

the structural elements of the material and their properties. This knowledge has

helped them in fabricating thousands of materials including the metals, plastics,

glasses and fibers which meet the needs of the society [1]. It is now impossible for

us to imagine a life without the use of materials which are being used in the area of

transportation, housing, clothing, recreation, food production, telecommunication,

health, and energy consumptions. There are different types of solid substances

that serve the above mentioned applications [2]. They include metals, polymers,

ceramics, semiconductors and composites. Based on the properties, materials are

classified as electrical, magnetic, dielectric, optical, etc [3].

Most of the materials which we use for our day-to-day applications are com-

plex oxide materials, which are compounds derived from metals and oxygen. Metal

oxides are unique materials on account of their richness in terms of physical, chem-

ical and structural properties [4]. Complex oxide systems are the most common

class of materials found on the earth, for example, the most abundant minerals

on the earth are oxides. They are of interest in many commercial technologies

from displays in the electronics to the integrated circuits and communication to

sensors and actuators. They represent a broad range of functionalities such as

high temperature superconductivity, colossal magnetoresistance, ferromagnetic,

ferroelectric and multiferroic properties [5]. These oxides exist in a wide range of

chemical compositions and crystal structures obtained through varying synthesis
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paths [6,7]. Some of the important classes of complex oxide materials are:

• Spinels with the general formula AB2O4 where A (divalent) and B(trivalent)

are two different metal ions of comparable ionic sizes, such as the transition

metal ions. Examples are MgFe2O4, ZnAl2O4, MnCo2O2.

• Perovskites with the general formula ABO3 where A and B are metal ions

where A is a larger ion such as the divalent alkaline earth ions or the trivalent

rare earth ions and B is a smaller ion such as the transition metal ions which

can have different oxidation states such as Mn3+, Mn4+, Ti4+, Mg2+, etc.

Examples are LaMnO3, BiFeO3, SrTiO3, LiNbO3.

• Magnetoplumbites with the general formula AB12O19, where A is a large

divalent ion such as Sr2+ and B is a trivalent ion such as Al3+, Ga3+, Fe3+,

etc. Examples are SrAl12O19, BaFe12O19.

• Ruddlesden-Popper phases are derived from the perovskites with the general

formula An+1BnO3n+1 or AO(ABO3)n. Examples are Sr2TiO4, Ca2MnO4

and SrLaAlO4.

• Pyrocholores with the general formula A2B2O7 where A is a larger ion and

B is a smaller ion. Examples are Y2Ti2O7, La2Zr2O7, Dy2Ti2O7.

Functional materials are a class of materials which possess physical properties

and functions of their own, serving specific application needs [8]. They cover a

broad range of materials like ferroelectrics such as BaTiO3, magnetic field sensors

like La1−xCaxMnO3, surface acoustic wave sensor LiNbO3, semiconductor light

detectors CdS and CdTe, high temperature piezoelectric Ta2O5 and high tempera-

ture superconductors such as YBa2Cu3O7, high-k dielectrics such as HfO2/HfSiOx,

Al2O3, TiO2 and LaAlO3, etc [9]. The properties of the functional materials de-

pend on a number of parameters like temperature, pressure, electric field, magnetic

field, etc.

Magnetic materials are one of the important class of functional materials. Mag-

netic materials are used everywhere in modern high technology society since their
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use ranges from applications in permanent magnets in electric motors to the very

high density storage of information on the hard disk drives used in computers [10].

There have been lot of studies on the magnetic materials such as shape memory

alloys, magnetocaloric and magnetostrictive materials, magnetic nanomaterials,

multiferroics and high energy materials. Most of the ceramic magnets are made

up of ferrites, which are crystalline minerals composed of iron oxides combined

with some other metals. There are continuous magnetization and demagnetiza-

tion processes taking place in these ferrites by the passage of electric current,

which give rise to the information flow when we do some calculations, chat with

someone, or do some simple processes [11]. The hexaferrites with the magneto-

plumbite structure occupy a major share of the consumer magnet market and

these materials are being used for the colourful fridge magnets as well as in nu-

merous motors, actuators and sensors [12]. Another important class of materials

having potential technological applications is the colossal magnetoresistive mate-

rials (CMR) which are generally the perovskite structured manganites with the

general formula La1−xDxMnO3, where D is a divalent alkaline earth ion such as

Ca, Sr or Ba [13,14].

Materials science is the study of the correlation between the structure, proper-

ties and applications of different materials. Control of the properties of materials

is an important factor in material science and engineering since the materials are

used in various applications, and for this a basic understanding of the structure

of a given material is essential [15]. It is very important to understand the fun-

damental principles that make these materials functional by which we can create

multifunctional materials based on same physical principles. The broad field of

materials science and engineering studies the various aspects [16] such as:

• The structure and composition of a material, including the type of atoms

and their arrangement in the crystal structure.

• The synthesis and processing by which the particular arrangement of atoms

is achieved.
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• The properties of the material resulting from atoms and their arrangement

that make the material interesting or useful.

• The performance of the material, that is the measurement of its usefulness in

actual conditions, taking account of economic and social costs and benefits.

The design and the synthesis of new materials as well as tailoring the proper-

ties of the existing materials by manipulating their structure is the driving force

for the expansion of the field of materials science that leads to new technologies

and applications. Therefore, it becomes meaningless unless the structures and the

properties of materials are investigated before using them for any application [17].

A number of experimental techniques exist for investigating the structure of ma-

terials. On the large scale, materials are characterized by measurements of their

bulk properties including density, surface area, chemical composition and physical

properties. At the next level, magnified images are used to study the morphology,

structure and shape of various features through the microscopy. In the medium

range of atomic ordering, structures can be probed by spectroscopic techniques

such as X-ray diffraction (XRD), extended X-ray absorption fine structure (EX-

AFS), X-ray absorption near edge structure (XANES), infrared (IR), UV-Visible,

Raman, etc, or by various multinuclear nuclear magnetic resonance (NMR) tech-

niques. Among the various techniques, NMR is the best tool to probe the local

symmetry and the local coordination environments, since one can probe the nuclei

which extends over several coordination spheres.

1.2 Importance of NMR studies on materials

Materials exists in various states of structural disorder and heterogeneity. Unlike

the diffraction techniques which require the presence of long range order, NMR is

a versatile technique which can probe atomic environments of most disordered sys-

tems like glasses to the most ordered systems like single crystals. NMR technique

depends on the nuclear spins and since the nuclear spins are affected by a vari-

ety of structure-dependent interactions, the technique is able to provide detailed
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insight into the atomic scale environment within a solid. Thus, it provides ele-

ment specific insights into structure, disorder and dynamics of the materials [18].

NMR is, thus, able to monitor the changes occurring in atomic environment when

materials change from one state of structural disorder or heterogeneity to another

and has proved to be a powerful technique for studying transition from glasses

to melts, nucleation of polycrystals from glasses and the formation and growth of

crystalline phases from colloids or gels. NMR is also an ideal method for studying

the intermediate phases formed when minerals react or transform to other phases

by heating or mechanical grinding, which often lack the long-range order necessary

for conventional diffraction studies. For example, dynamic effects in the double

perovskite Na3AlF6 have been studied by the multinuclear NMR studies of the

material by probing 23Na, 27Al, and 19F [19]. 27Al NMR studies have been used

to get detailed coordination environment of the spinels like magnesium aluminate,

zinc aluminate and gamma-alumina [20–22]. NMR has been successfully used to

characterize the ferroelectric, piezoelectric and the related materials [23]. The

evolution of crystalline phase in the titania gels has been studied using 47,49Ti

NMR [24]. 91Zr NMR has been used to directly probe the metal centers in layered

zirconium phosphates [25]. The metal-insulator phase transitions in colossal mag-

netoresistive manganites have been studied by 55Mn NMR [26–29]. In strontium

ferrite, with the magnetoplumbite structure, 57Fe NMR has been carried out to

locate the different substitutional sites in the structure [30–32].

However, while using the technique, it is important to establish a relationship

between the experimental NMR spectrum and the recurring structural motifs, to

determine the structural characteristics of materials [33]. This is done by a finger-

printing procedure, where the characteristics of unknown compound are deduced

by comparison with the extensive database of NMR spectra established for mate-

rials of known composition and structure. The parameter most readily determined

from an NMR spectrum is the position of the resonance peak, and although this

may not be true isotropic shift, empirical relationships have been developed for

a limited range of similar compounds between resonance position and character-
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istic feature of a structural unit. Thus, NMR technique can differentiate local

coordination environments. For example, peaks in the NMR spectra for different

coordination environments for the same nuclei appear at different chemical shifts.

In some cases, recording spectra at a particular field may not give the proper infor-

mation, and therefore, measurements need to be made at more than one magnetic

field and should use specialized techniques to improve the resolution of spectral

lineshapes so that accurate spectral parameters can be extracted.

A typical NMR investigation combines several types of 1D, 2D and sometimes

even 3D experiments. The accumulated information provides often a detailed

picture of the molecular structure. Variations in the NMR parameters such as

chemical shift can give information on the coordination environment and local

structural distortions.

1.3 Basic principles of NMR

NMR spectroscopy is one of the scientific fields where one can analyze the inter-

action of electromagnetic waves, particularly the radio frequency waves, with the

matter in the frequency range between 10 kHz and 1000 MHz. The spectrom-

eters operating at ultra high fields are equipped with superconducting magnets.

In NMR, we characterize a nuclei using the properties of electric charge or the

electric charge distribution inside the nucleus and the nuclear spin. NMR involves

detailed manipulation of the spins. The detailed description on the principles of

NMR are given in the excellent books by Abragam [35], Slichter [36] and Malcolm

H. Levitt [37].

1.3.1 Nuclear spin and the splitting of energy levels in a

magnetic field

Quantum mechanically, subatomic particles (protons, electrons, neutrons) have a

characteristic spin (I) and it is an intrinsic property of the particle. The spin of a

nucleus is given by the sum of the proton and neutron spin quantum numbers. A
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nucleus with an odd mass number has a half integer spin [e.g. 1H, 13C (I = 1/2)].

If the number of protons and number of neutrons are both odd, then the nucleus

has an integer spin [e.g. 2H, 14N (I = 1)]. A nucleus with both even number of

protons and neutrons have a spin zero [e.g. 12C, 16O, 32S]. For a nucleus to be

NMR active, it should have a non-zero spin value.

The nuclear magnetic dipole moment of a nuclei is given by,

μ = γI (1.1)

where γ is the gyromagnetic ratio of the nucleus, which is a constant for a given

nucleus. Generally, the external field is considered to be applied along the z-

axis of the Cartesian coordinate system and is called the lab frame. Thus the

z-component of the spin angular momentum is

Iz = m� (1.2)

wherem is the magnetic quantum number, and takes the values−I,−I+1 . . . 0 . . .+

I. Thus, a nucleus of spin I will have 2I + 1 possible orientations. So, a nucleus

with spin = 1/2 will have 2 possible orientations. In the absence of an external

magnetic field, these orientations are of equal energy. If a magnetic field is applied,

then the energy levels split. Each level is given a magnetic quantum number, ms,

which is shown in figure 1.1

Figure 1.1: Splitting of the nuclear energy levels in the presence of an applied magnetic

field.
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When a nucleus is in a magnetic field, the initial populations of the energy levels

are determined by thermodynamics, as described by the Boltzmann distribution.

The lower energy level will contain slightly more number of nuclei than in the

higher level. It is possible to excite the nuclei at the lower energy level into the

higher level with electromagnetic radiation. The frequency of radiation needed is

determined by the difference in energy between the energy levels, which is given

as

ΔE =
γhB

2π
(1.3)

where h is the Planck’s constant, γ is the gyromagnetic ratio and B is the magnetic

field.

1.3.2 The absorption of radiation by a nucleus in a mag-

netic field

A nucleus is spinning on its own axis. In the presence of a magnetic field, this

axis of rotation will precess around the magnetic field, called Larmor precession.

The frequency of precession, Larmor frequency (ω), is directly proportional to the

strength of the applied field. Since the nucleus has a charge, the precession will

generate an oscillating electric field of the same frequency. When the frequency

of the oscillating electric field component of the incoming radiation just matches

with the frequency of the electric field generated by the precessing nucleus, the two

fields can couple, and the energy can be transferred to the nucleus, thus causing

a spin change. This condition is called resonance.

1.3.3 Fourier transform (FT) NMR

In the earlier days of NMR, experiments were carried out by varying the frequency

of radiation at a constant magnetic field (frequency sweep) and by measuring the

absorption of radiation by a different nuclei (Continuous Wave spectroscopy). A

far better resolution and sensitivity in NMR was achieved by the introduction

of pulsed Fourier transform techniques (FT-NMR) which employs a powerful but
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Figure 1.2: Fourier transformation of a time domain signal to the frequency domain

spectrum.

short burst of energy called pulse that excites all nuclei simultaneously. Whenever

the pulse is discontinued, all these nuclei will re-emit the radio frequency (RF)

radiation at their respective resonance frequencies, creating an interference pattern

resulting in the RF emission versus time, known as Free Induction Decay (FID)

or time-domain signal. A frequency domain spectrum is then obtained by the

Fourier transformation of the FID signal, as shown in figure 1.2. The Fourier

transformation is mathematically expressed as

S(ω) =

∫ ∞

0

S(t) exp(−iωt)dt (1.4)

where S(ω) is the spectrum in the frequency domain and S(t) is the spectrum in

the time domain.

Solution-state NMR is the most widely used characterization technique in small

molecule chemistry. The compounds containing C, H, F, Si, P, etc, are being ex-

tensively studied using solution-state NMR. This requires the material of interest

to be dissolved in a suitable solvent but in some cases, dissolving solid materials in

a solvent may be impossible or may destroy the integrity of the material. The anal-
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ysis of solids by NMR is a more challenging problem. Many important materials

do not contain spin-1/2 nuclei traditionally investigated by NMR spectroscopy and

the ordered arrangement of the solids give rise to very broad spectrum compared

to the solution-state NMR. However, with the development of the high-resolution

techniques in solid-state NMR, it is now possible to characterize different ranges

of materials.

1.4 Solid-state NMR

Solid-state NMR (SSNMR) spectroscopy is a powerful technique capable of pro-

viding information about the structure of materials and about the dynamics of

the processes occurring within those materials. It is a non-destructive probe for

the study of local structural environment in materials. Using this technique, we

can get information regarding molecular structure, inter-nuclear distance, nature

of interaction, molecular dynamics, molecular degrees of freedom, etc, of solid

materials.

A nucleus having an electric charge and magnetic moment interacts with the

electric and the magnetic fields generated by the electrons and other nuclei of

molecules or external magnetic field. Thus, the total Hamiltonian for the NMR

interaction includes Zeeman interaction (HZ), J-coupling interaction (HJ), chem-

ical shift (HCS), dipolar interaction (HD) and for the nuclei with I > 1/2, the

quadrupolar interaction (HQ). Thus, the total Hamiltonian is written as

H = Hz +HJ +HCS +HD +HQ (1.5)

The through- space, J-coupling interactions are too small in solids and is the

most important interaction in solution-state NMR. In solution-state NMR, the

rapid molecular motion serves to average out all these interactions and the NMR

spectrum exhibits only isotropic chemical shifts and yields high resolution spectra.

On the other hand, in solids, the random molecular motions are restricted since

the atoms are close-packed within the structure and the NMR resonances broaden.

Therefore, the spectra of solids is less resolved due to the anisotropy in dipolar,
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quadrupolar and chemical shift interactions. All NMR interactions are anisotropic

and their three-dimensional nature can be described by second-rank tensors, which

are 3×3 matrices.

1.4.1 Zeeman interaction

Zeeman interaction is the interaction of a nucleus with the magnetic moment μ

and external magnetic field B0 and is characterized by the Zeeman Hamiltonian,

Hz = −μB0 (1.6)

Since the external field is along the z-axis, Zeeman Hamiltonian becomes

Hz = −γ�B0Iz = �ω0Iz (1.7)

where ω0 is the Larmor frequency or the resonance frequency of an isolated nucleus

in a magnetic field. This is the largest interaction in NMR.

1.4.2 Chemical shift

Chemical shift is the most important parameter in NMR spectroscopy arising

due to the electronic environment around a nuclei and it has turned NMR from

simply an interesting physical observation of the nuclear magnetic moment into a

widely useful analytical technique. When an atom is placed in a magnetic field, its

electrons circulate about the direction of the applied magnetic field which produces

a small magnetic field at the nucleus opposing the externally applied field. Hence,

the magnetic field experienced by a particular nucleus is modified as,

Blocal = B0 −B0σ = B0(1− σ) (1.8)

where B0 is the applied magnetic field, Blocal is the local magnetic field and σ is

called the shielding constant arising due to the circulating electrons. The three di-

mensional nature of the electron density in a material means that chemical shield-

ing is represented by a second rank tensor σ and the corresponding Hamiltonian

is
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HCS = γ�I.σ.B0 (1.9)

The chemical shielding tensor in the principal axis system (PAS) is diagonal

with its principal components σXX , σY Y and σZZ and is given as

σPAS =

⎛⎜⎜⎜⎝
σXX 0 0

0 σY Y 0

0 0 σZZ

⎞⎟⎟⎟⎠ (1.10)

In a crystalline powder sample, all orientations of the PAS system of the shielding

tensor are present and σ PAS when transformed to laboratory frame becomes

σLAB =

⎛⎜⎜⎜⎝
σxx σxy σxz

σyx σyy σyz

σzx σzy σzz

⎞⎟⎟⎟⎠ (1.11)

The two frames are related by rotation of the axes using matrices with the Euler

angles defining the rotation to give

σLAB = R(αβγ)σPASR−1(αβγ) (1.12)

However, commonly, the chemical shift tensor(δ) is used instead of the chemical

shielding tensor (σ) and

δPAS = −σPAS (1.13)

The chemical shift tensor is characterized by three parameters which are isotropic

chemical shift (δiso), chemical shift anisotropy (δaniso) and asymmetry parameter

(η), which are defined as

δiso =
1

3
(δXX + δY Y + δZZ) (1.14)

δaniso = δZZ − δiso (1.15)

η =
δY Y − δXX

δZZ − δiso
(1.16)
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The isotropic part of the chemical shift, δiso, is usually reported. The chemical

shift is normalized by taking the difference between the resonance frequency of

the standard reference sample (νref) and the sample frequency (νsample). It is then

normalized by the reference frequency and is then quoted in parts per million.

δsample =
νsample − νref

νref
(×106) (1.17)

The normalization means that measurements at different magnetic fields can be

directly compared. Different nuclear environments induce different chemical shifts.

For example, Al in oxides is usually coordinated by 4, 5, or 6 oxygen atoms

resulting in tetra, penta or hexa coordinations which appear at different chemical

shift ranges which are 0–10 ppm for hexa, ≈20–50 ppm for penta and 60–80 ppm

for tetra coordination, respectively.

1.4.3 Dipolar coupling

Every magnetic nucleus in a sample produces its own magnetic field. The inter-

action between the magnetic field produced by one nucleus and its neighboring

nuclei is called dipolar coupling. The strength of this interaction depends on the

internuclear distance, r, and the angle between the magnetic field and the line

joining the two nuclei, θ. It is known that the dipolar coupling, D, is directly

proportional to (3cos2θ- 1)/r3. In a solution, this interaction is averaged to its

isotropic value, zero, by molecular tumbling. However, the case is different in

solids. The tumbling motions are not occurring in solids since they are closely

packed. The resonance frequency of each nucleus depends on the total magnetic

field, which it experiences, and therefore, the dipolar coupling results in a wide

resonance peak.

The dipolar interaction arises from the coupling between two magnetic dipoles.

The classical interaction energy between two magnetic dipoles 
μ1 and 
μ2 separated

by a distance r, is given by

ED =
μ0

4π
[

μ1. 
μ2

r3
− 3( 
μ1.
r)( 
μ2.
r)

r5
] (1.18)
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Figure 1.3: Origin of the electrostatic quadrupole interaction in spins with I > 1/2.

where 
μ1=γ1�

I1 and 
μ2=γ2�


I2. Thus, the dipolar Hamiltonian can be written as

HD =
μ0γ1γ2�

2

4πr3
[
I1.
I2 − 3(
I1.
r)(
I2.
r)

r2
] (1.19)

where in the cartesian coordinates


I1.
r = I1xx+ I1yy + I1zz (1.20)

1.4.4 Quadrupole interaction

A spin 1/2 nucleus has spherical symmetry and the charge distribution is, there-

fore, symmetrical. However, a nucleus with spin I > 1/2 has non-spherical sym-

metry and hence, there is a distribution of nuclear charge. Nucleus with spin,

I > 1/2 has its own quadrupole moment, indicating non-zero nuclear charge dis-

tribution, which is not spherically symmetric. The quadrupole moment interacts

strongly with any electric field gradient (EFG), created by the surrounding elec-

tron cloud at the site of the nucleus, apart from the external or internal magnetic

fields. It is termed as quadrupolar interaction and is schematically shown in figure

1.3. The strength of this interaction depends upon the magnitude of the nuclear

quadrupole moment and the strength of electric field gradient.
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The interaction energy of the nuclear charge distribution, ρ, with the electric

potential V(r) is given by

E =

∫
ρ(r).V (r)d3r (1.21)

In the volume surrounding the nucleus, V(r) can be expanded as a Taylor series

as

V (r) = V (0) +
∑

i=x,y,z

i
∂V

∂i
|r=0 +

1

2!

∑
ij

ij
∂2V

∂i∂j
|r=0 +... (1.22)

where,

Vi,j =
∂2V

∂i∂j
|r=0 (1.23)

Vij is the electric field gradient at the nuclear position. It is a symmetric traceless

tensor and is diagonal in the PAS system given as

V PAS =

⎛⎜⎜⎜⎝
VXX 0 0

0 VY Y 0

0 0 VZZ

⎞⎟⎟⎟⎠ (1.24)

The PAS is generally defined such that the largest component of the EFG is

oriented along the z-axis and smallest component along the x-axis so that VXX

≤ VY Y ≤ VZZ . Because the tensor is symmetric, traceless and diagonal in PAS,

it can be described fully by two components; the magnitude of the EFG tensor,

eq and the quadrupolar asymmetry parameter η.

VZZ = eq (1.25)

η =
VXX − VY Y

VZZ

(1.26)

where 0≤ η ≤ 1. If η = 0, the EFG tensor is axially symmetric.

Using the Wigner-Eckart theorem and after some manipulations of the spin,

the quadrupolar Hamiltonian in the PAS of this interaction is,

HQ =
χQh

4I(2I − 1)
[3Î2z − Î2+ η(Î2x − Î2y )] =

χQh

4I(2I − 1)
[3Î2z − Î2+

η

2
(Î+Î−)] (1.27)

where χQ is the quadrupole coupling constant and is defined as
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Figure 1.4: The effect of quadrupolar interaction on energy levels of I = 5/2 nucleus.

χQ =
e2qQ

h
(1.28)

The magnitude of the quadrupolar Hamiltonian, HQ, is larger than all other

anisotropic NMR interactions. Therefore, during the analysis of a quadrupolar

spectra, following the standard perturbation theory, the first two terms in the

expansion of HQ, the first order H1
Q and the second order H2

Q are considered.

For a half integer quadrupolar nuclei, the first order interactions affect the

non-central transitions (i.e mz �= 1/2) causing considerable shift from the Larmor

frequencies, as shown in figure 1.4, such that these transitions become difficult to

be observed with conventional pulse techniques. However, the symmetric central

transition (mz = 1/2) is not affected by the first order effect and is affected only

by the second order effects. This give rise to characteristic lineshapes for the

quadrupolar nuclei as given in figures 1.5 and 1.6.

The transition frequencies that will result for any symmetric m ↔ m transition

upon second order effects in the static case can be written as:

νm = (−9C2
q /64ν0I

2(2I − 1)2(I(I + 1)− 3/4)(1− cos2θ)× (9cos2θ − 1)) (1.29)

Thus the above described NMR interactions broaden the solid-state NMR spectra
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of the solid samples. Since we have studied 27Al and 139La which are quadrupolar

nuclei with spin I = 5/2 and 7/2, respectively, the methods available to obtain

high resolution spectra are discussed in the next section.

Figure 1.5: A simulated 27Al NMR static spectrum of a system which has a Cq of 150

kHz in a magnetic field of 7.04 T. A sharp central transition and the horns from the

satellite transitions are clearly visible.

Figure 1.6: A simulated 27Al static NMR spectrum of a system which has a Cq = 4MHz.

Only the central transition is seen. The satellite transitions are too broad to be seen.
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1.5 High resolution techniques for half-integer

quadrupolar nuclei

1.5.1 Magic angle spinning (MAS)

Magic angle spinning is the single most widely used technique in solid-state NMR

for improving the resolution by removing anisotropic interactions [38]. The promi-

nent broadening mechanisms in solid-state spectra are chemical shift anisotropy,

dipolar and quadrupolar interactions. In the solution-state, these interactions are

averaged by rapid isotropic motions, whereas in the solid-state, there are no such

motions and hence, the spectrum will be broadened. A mechanical rotation of

the sample at the magic angle 54.74◦, with respect to the static magnetic field,

enhances the spectral resolution by averaging anisotropic spin interactions and

thereby produces isotropic-like spectra with resolved chemical shifts.

MAS usually require high sample rotation speeds. To achieve significant im-

provements in resolution and sensitivity, the rate of the sample spinning must be

fast in comparison to the anisotropy of the interaction being spun out (fast means

around a factor of 3 or 4 greater than the anisotropy). Slower spinning produces

a set of spinning side bands which are spaced by the rotation frequency along

with the line at the isotropic chemical shift. The only characteristic feature of the

isotropic chemical shift line is that it is the only line that does not change position

with spinning rate, which is the only reliable way of identifying it. But it is im-

portant to note that this line is not necessarily the most intense line. Increasing

the rotation frequency leads to a decrease in the number of side bands by keeping

the peak position of central transition unchanged.

Although magic angle spinning averages out almost all the anisotropic inter-

actions, there is only little magic to this choice of angle when it has to deal with

the second order quadrupolar interactions present in the quadrupolar nuclei. The

transition frequencies that will result for any symmetric m ↔ m transition upon

second order effects in the case of fast spinning half-integer quadrupolar nuclei can
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Figure 1.7: Plot of the Legendre polynomials.

be written as:

νm,−m = C0(I,m).ν0 +C2(I,m).ν2(α, β).(P2(cos θ)) +C4(I,m)ν4(α, β).(P4(cos θ))

(1.30)

The equation shows the dependence of the transition frequency on the orientation

dependent Legendre polynomials P2(cos θ) and P4(cos θ) with second and fourth

rank terms, where,

P2(cos θ) = 3 cos2 θ − 1 (1.31)

P4(cos θ) = 35 cos4 θ − 30 cos2 θ + 3 (1.32)

From the plot of the second rank and fourth rank Legendre polynomials P2(cos θ)

and P4(cos θ), shown in figure 1.7, it is clear that there is no single angle at which

both the P2(cos θ) and P4(cos θ) terms vanish. Thus, the spectrum corresponding

to the central transition of the quadrupolar nuclei is still broader even under

magic angle spinning due to the presence of second order quadrupolar anisotropic

interactions. Therefore, several other techniques have been developed to get high

resolution spectra of the half-integer quadrupolar nuclei by which the second order

effects are also averaged which are discussed below.
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1.5.2 Double rotation (DOR)

In the one-dimensional DOR technique, high-resolution NMR spectra of central

transitions is achieved by spinning the sample simultaneously at two angles, one

inclined at the magic angle (54.74◦) with respect to the external magnetic field,

and the other at either 30.56◦ or 70.12◦ to the first angle [39]. This involves one

rotor spinning inside another. In order to achieve the spectra free from spinning

side bands, it is necessary to spin each rotor at the rates of the order of the

anisotropic line width. Unfortunately, this is rarely achievable, and in some cases,

due to the low spinning rate, spinning side bands may obscure isotropic resonances.

Nevertheless, the technique has been used with a great deal of success and is likely

to find many further applications since NMR experiments are performed at higher

fields.

1.5.3 Dynamic angle spinning (DAS)

DAS is a two-dimensional NMR experiment, which is used to improve the reso-

lution of solid state NMR spectra from quadrupolar nuclei. In DAS, the sample

is spun sequentially about two different angles (e.g. 37.38◦ and 79.19◦) to the

external magnetic field, for equal periods of time [40,41]. The experiment takes

the advantage of the fact that the transition frequency depends on the sample

spinning angle, θ, to perform a type of refocusing or echo experiment. Evolution

under the quadrupolar interaction during the first period of free precession is refo-

cused during the second period by changing the transition frequency between the

two periods, via a change in the sample spinning angle. There are many pairs of

spinning angles, which allow the refocusing effect.

During the first evolution time, t1, the sample is spun at an angle of θ1 degrees.

The magnetization is stored along the z-axis and the angle of the spinning axis is

changed to θ2. After the rotor is stabilized, the magnetization is brought to the xy

plane and the signal is acquired. The second order quadrupolar frequency of an

individual crystallite of the powder sample depends on the angle of the spinning

axis. During t1, the quadrupole frequency is ν1, and ν2 during t2. If ν2 is of
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Table 1.1: DAS complementary angles.

k θ1 θ2

5 0.0 63.43

1.87 30.56 70.12

1 37.38 79.19

0.3 39.23 90.0

opposite sign to that of ν1, the signal from the crystallite will be at its starting

position again at some time during t2. One can choose both angles in such a way

that the signals from each individual crystallite will be at its starting position

at the exactly same time. i.e., an echo will form and the effect of second order

quadrupolar broadening is removed. The angles chosen should fulfil the following

conditions

P2cosθ1 = −kP2cosθ2 (1.33)

P4cosθ1 = −kP4cosθ2 (1.34)

where P2 and P4 are the second and the fourth order Legendre polynomials and

‘k’ is the scaling factor given by t2/t1. There is a continuous set of solutions for

θ1 and θ2, known as the DAS complementary angles, and each has a different

scaling factor which are given in table 1.1. For these solutions, the second-order

quadrupolar patterns at θ1 is exactly the scaled mirror image of the pattern at θ2

and an echo will form at t2 = kt1. For the experiment, the angle switching needs

to be as fast as possible and reproducible. This technique is limited by the fact

that the relaxation of the quadrupolar nuclei should be longer than the flipping

time of the rotor axis. Moreover, DOR and DAS require dedicated NMR probes

and their implementation is still possessing technical problems.

1.5.4 Multiple quantum magic angle spinning (MQMAS)

The multiple-quantum magic angle spinning (MQMAS) is a 2-dimensional NMR

technique introduced by Frydman and Harwood in 1995 [42]. Here, narrow-
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ing of the central transition is achieved by correlation of the phase evolutions

of the symmetric multiple quantum (MQ) and single quantum (1Q) transitions

under MAS [42,43]. MQMAS precludes most of the shortcomings of DOR and

DAS. MQMAS affords a high-resolution central transition spectra of half-integer

quadrupolar nuclei by using both spin and spatial manipulations of the broad-

ening interactions. MAS perform the spatial averaging and remove the chemical

shift anisotropy, the heteronuclear dipolar interactions and the second-rank ele-

ments of the first and second-order quadrupolar interactions. The RF pulses are

used to manipulate the spin part and average out the fourth-rank elements of the

second-order quadrupolar Hamiltonian.

MQMAS is a technique analogous to DAS. Here, instead of fixing the transition

order m at 1/2 and using the θ as the degree of freedom, the spinning angle is

fixed at θ which is the magic angle and the spins are allowed to evolve during the

initial and final times, t1 and t2, respectively, under the effect of two transition

orders m1 and m2. Then the conditions are chosen so as to fulfill the averaging

CI
2 (m1)t1 + CI

2 (m2)t2 = 0 (1.35)

CI
4 (m1)t1 + CI

4 (m2)t2 = 0 (1.36)

and then a pure isotropic signal will be detected at time

t2 =
CI

4 (m1)

CI
4 (m2)

(1.37)

which is then transformed into a high resolution spectrum.

Thus, in an MQMAS experiment, the averaging is done by changing the order

of evolving coherences. The multiple quantum coherence of order 2m is first ex-

cited and allowed to evolve during t1. The experiment is conducted under magic

angle spinning which may be assumed to average the second rank terms through-

out the experiment to zero. Thus, the only anisotropy in the evolution during t1

arises from P4(cos θ). At the end of t1 second RF pulses transfer the remaining

multiple quantum coherences to single quantum coherence associated with +1/2

↔ -1/2 transition. The important point is that the evolution of multiple quantum

24



Introduction

Table 1.2: Values of the zero, second and fourth rank coefficients CI
i (m) in MQ NMR

experiments.

I m C0 C2 C4

3/2 1/2 3 24 54

3/2 3/2 -9 0 42

5/2 1/2 8 64 144

5/2 3/2 6 120 228

5/2 5/2 -50 -40 -300

coherences during t1 is now ‘undone’ by the evolutions of single quantum coher-

ence during kt1 associated with the central transition’s second order quadrupole

broadening. The value of k is given by the ratio of the coefficient of the second

order quadrupole coupling term in frequency of multiple quantum coherence and

the central transition. The values of the coefficients are given in table 1.2.

At the end of kt1, a normal FID is collected. In the MQMAS data, an echo

analogous to the DAS is seen to shift in time with increasing t1 values. Fourier

transformation results in a two-dimensional frequency spectrum in which the F1

dimension exhibits an isotropic spectrum and the F2 dimension represents the

anisotropic powder patterns associated with the central transition of different sites.

The amplitude of the multiple quantum coherence generated depends upon the

strength of the quadrupole coupling. Thus, after a 2D Fourier transformation,

the resonances will show up as ridges lying along the quadrupolar anisotropy

(QA) axis. The isotropic spectrum is obtained by the projection of the entire 2D

spectrum on a line through the origin perpendicular to the QA-axis. Thus, in a

3QMAS experiment, for a spin 3/2 system, since we are correlating 3Q and 1Q

anisotropies, the refocusing of the decay occurs along the slope t2 =(7/9) t1. The

conventional 2D Fourier processing of the data gives rise to sharp parallel ridges

tilted by a slope of 7/9. A shearing transformation of this data then produces a

high resolution spectrum.
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1.5.5 Satellite transition magic angle spinning (STMAS)

The STMAS experiment for the half integer quadrupolar nuclei is a 2D exper-

iment introduced in 2000 by Gan to separate the anisotropic interactions from

the isotropic interactions [44]. Single quantum transitions other than the central

transitions are known as the satellite transitions and have received less attention

because of the broadening from the first order quadrupolar effects. However for I

= 5/2 spins, it has been found that the inner satellite transitions have smaller sec-

ond order effects than the central transitions and hence satellite transition spectra

yields better resolution, provided that the magic angle is precisely calibrated [45].

The STMAS experiment correlates the single quantum central transitions (1/2 ↔
-1/2 ) to the satellite transitions (1/2 ↔ 3/2, 3/2 ↔ 5/2, etc) of a half integer

spin I. This generates coherence transfer echoes and isotropic NMR spectra in a

way similar to the MQMAS experiment but with higher efficiencies.

1.6 Materials related to the present work

The thesis deals with the NMR study of local coordination environments and local

structural distortions in two different aluminium containing oxides, SrAl12O19 with

the magnetoplumbite and LaAlO3 with the perovskite structure by probing 27Al

and 139La.

Aluminium is an abundant element in nature. 27Al has a spin I = 5/2, and

hence possesses a quadrupole moment arising from the non-spherical distribution

of nuclear electric charge, which can interact with electric field gradients at the

nucleus. The quadrupolar interactions cause broadening and distortion of the

spectral peaks and also a displacement from isotropic chemical shift. Since these

effects decrease with the square of the applied magnetic field strength, it is often

advisable to acquire 27Al spectra at the highest possible field. Magic angle spinning

can also narrow the 27Al resonances by a factor of about four; although the second

order quadrupolar broadenings are not completely removed by this technique.

Other methods, such as double rotation (DOR), dynamic angle spinning (DAS)
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and multiple quantum (MQ) experiments can be applied for this purpose. Despite

the limitations which are common to all quadrupolar nuclei, 27Al is a very favorable

nucleus for NMR spectroscopy since it has a 100% natural abundance and often

quite fast relaxation times which enable short delay times to be used allowing

good quality spectra to be acquired in relatively short measurement times. These

factors have made it one of the most thoroughly studied nuclei [34].

139La is a spin I = 7/2 nucleus and has 99.9% natural abundance and good

NMR sensitivity. But there are very few studies on 139La solid-state NMR because

of its huge quadrupole broadening, which is greater by a factor of about 30 than

for 27A1 in sites with the same structural distortion and in the same magnetic

field [33].

1.6.1 Strontium aluminate (SrAl12O19)

Figure 1.8: Hexagonal unitcell of SrAl12O19.
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Table 1.3: Different Al sites in SrAl12O19 with magnetoplumbite structure.

Site geometry Wyckoff position Site symmetry Coordination

Regular octahedron 2a D3d 6

(Al-VI-1)

Antiprism octahedron 4f2 C3v 6

(Al-VI-2)

Distorted octahedron 12k Cs 6

(Al-VI-3)

aTrigonal bipyramid 2b C3v 5

(Al-V)

bDistorted Tetrahedron 4e C3v 4

(Al-IV-d)

Tetrahedron 4f1 C3v 4

(Al-IV)

aOnly in the central atom model
bOnly in the split atom model and this site is half occupied

Strontium aluminate is a ceramic material with the magnetoplumbite crystal struc-

ture and is used for various purposes in particular for the luminescent and laser

host materials, high temperature catalyst hosts and as substrate materials for rare

earth hexaferrite thin films [46–54]. The unit cell of SrAl12O19 contains 2 formula

units. The hexagonal unit cell of SrAl12O19 is shown in figure 1.8. It consists

of ten oxygen ions layers. Four of these layers contain 4 O2− ions each and are

cubically packed. They form a spinel block. The fifth layer contains 3 O2− ions

and the large Sr2+ ion is located at the dodecahedral, 2d site. The next five layers

are rotated over 180 degree with respect to the first five layers so that the layer

containing the Sr2+ ion acts as a mirror plane [55]. There are 24 Al3+ ions in the

structure which occupies the 5 inequivalent Al sites which are the 3 octahedral

sites: hexa-1, the regular octahedral site with the site symmetry D3d which is
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represented by the Wyckoff letter 2a, hexa-2, the antiprism octahedral site with

the site symmetry C3v represented by the Wyckoff letter 4f2 and the hexa-3, or

the distorted octahedral site which is having the least symmetry Cs and denoted

by the Wyckoff letter 12k. One penta coordinate site which is having the trigonal

bipyramidal geometry, C3v site symmetry is represented by the Wyckoff letter 2b.

The fifth inequivalent site is the tetrahedral site with the site symmetry C3v and

the Wyckoff letter 4f1. The different cation sites in the magnetoplumbite structure

are tabulated in table 1.3.

There is a controversy over the identity of the penta coordinate site as to

whether the site is really a five-coordinated site or a distorted tetrahedral site,

since the Al atoms can be located either in the mirror plane representing the

trigonal bipyramidal structure or it can be slightly shifted either above or below

the mirror plane so that the bond lengths are now stretched out such that the

central atom now feels only four coordinations instead of a five. Thus, the crystal

structure of magnetoplumbite-type oxides has been explained with the help of

two different structural models which are the ‘central atom model’ and the ‘split

atom model’ for the structure [56–58]. The Rietveld refinement studies on the

structure has given slightly lower R-factor for for split atom model (R = 0.0331)

compared to the central atom model (R = 0.0340) for SrAl12O19 [58]. However,

incorporation of an anharmonic thermal vibration for the concerned Al atom gave

identical R-values (R = 0.0331).

From the 27Al 5QMAS studies at a field of 7.05 T, the presence of the five-

coordinated site in the material is proved, with a high shielding of 18 ppm [59].

The high shielding is ascribed to the distorted nature of the Al-V site. However,

from a high field NMR study at 14.1 and 18.8 T, Du and Stebbins observed a site

with very large quadrupole coupling constant which is assigned to the distorted

tetrahedral site, and the authors could not observe the five coordinated Al [60].

Hence, it was argued that the split atom model is the correct structural model for

SrAl12O19. Later, from both low-field and high-field SSNMR studies on the same

sample, it has been shown that both the penta coordinated as well as the distorted
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tetra coordinated Al sites are simultaneously present in strontium aluminate [61].

The present work is an attempt to get more insights into the different coordination

environments of SrAl12O19 with detailed SSNMR studies at different magnetic

fields in combination with the structural refinement studies.

1.6.2 Lanthanum aluminate (LaAlO3)

Lanthanum aluminate, LaAlO3, is an important ceramic material with many ap-

plications [7]. The properties which make the material very useful in dielectric

resonators and as substrate for microwave devices include its high dielectric con-

stant, high quality factor, excellent lattice matching and thermal expansion [62].

LaAlO3 single crystal is used as a substrate to grow thin films of high-Tc super-

conductors, colossal magnetoresistive oxides. Substituted lanthanum aluminates

are potential candidates for cost effective solid electrolytes with enhanced oxygen

ion conduction, catalytic activity, luminescence properties, etc [63–66]

The crystal structure of LaAlO3 is rhombohedral perovskite. The perovskite

structure of LaAlO3 comprises of a framework structure, constructed from corner

sharing AlO6 octahedra with La cations placed at the twelve-coordinated inter-

stices [67]. Each O of the octahedron is shared with another octahedron such

that the Al-O-Al arrangement is linear. The octahedra are linked at their cor-

ners to form sheets and neighboring sheets are linked to form a 3-D structure.

The rhombohedral perovskite structure of LaAlO3 with the La ions occupying the

dodecahedral lattice sites and the Al ions occupying the octahedral sites in the

structure is shown in figure 1.9.

Even though the crystal structure of LaAlO3 is rhombohedral, the lattice of

points shown in 1.9 is hexagonal, that is, it possesses the symmetry elements

characteristic of the hexagonal crystal system. The hexagonal cell is having axes

a1 (H), a2 (H), and c (H). The same lattice points, however, may be referred to a

primitive rhombohedral cell which has axes a1 (R), a2 (R), and a3 (R) [68]. For

the conversion of indices (HK.L), corresponding to the hexagonal axes, to a plane

whose indices (hkl), referred to rhombohedral axes, the following equations are
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Figure 1.9: Unitcell of LaAlO3 in the hexagonal setting.

used:

H = h− k, (1.38)

K = k − l, (1.39)

L = h + k + l (1.40)

Thus it follows that

−H +K + L = 3k (1.41)

When the pattern of a rhombohedral substance has been indexed, with reference

to hexagonal axes, and if want to know the indices (hkl) of the reflecting planes

when referred to rhombohedral axes. The transformation equations are

h =
1

3
(2H +K + L), (1.42)

k =
1

3
(−H +K + L) (1.43)

l =
1

3
(−H − 2K + L) (1.44)

The lattice parameters a and α of the rhombohedral unit cell can be determined

from the dimensions of the hexagonal cell using the following equations:

aR =
1

3

√
3a2H + c2 (1.45)
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sin
α

2
=

3

2
√

3 + (c/aH)2
(1.46)

Lanthanum aluminate is known to crystallize with the rhombohedral R3c space

group. However, there is a controversy in the literature about the space group

of the material from the first assignment itself. Geller and Bala, in 1956, first

proposed the possible space group of rhombohedral LaAlO3 at room temperature

as R3m [69]. Later, in 1964, from the electron paramagnetic resonance (EPR)

measurements of crystals doped with Fe3+, Muller et al. observed two octahedral

Al sites rotated relative to each other along the [111] axis, but the NMR data

showed that the axial deformation of each site is equal [70]. Based on these

studies, it was proposed that the most probable space group is R3c instead of

R3m [70,71]. At present, LaAlO3 is believed to have the space group R3c with

only one octahedral Al site. However, in a recent study of LaAlO3 using resonant

Raman spectroscopy [72], a local breakdown of symmetry was observed at low

temperatures and it is proposed that this is possible only if there are two Al

coordination environments. Since the space group R3c cannot account for the

two different coordinations, R3c or R3 are proposed as the possible space group

of this material. The different space groups proposed for this system are due

to the uncertainty in the local symmetry environments. The local coordination

environment of LaAlO3 has been studied in detail in the present work using 27Al

and 139La NMR.

1.7 Scope of the present work

The thesis is aimed at understanding the local structural distortion in two differ-

ent crystal structures among the technologically important materials; which are

the magnetoplumbite and the perovskite structures. The best experimental tech-

nique available to probe local structural distortions is solid-state NMR, since the

nucleus of an atom is probed which facilitates to explore the local structure which

extends over several coordination spheres. Although the quadrupolar interaction

can complicate the interpretation of the NMR spectrum, the quadrupolar coupling
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constant is a very sensitive tool to probe the electric field gradient and hence the

local structure and coordination environments. It also provides as the best method

to identify the sites of substitution in materials with complex structures [33].

Among the different materials with the magnetoplumbite structure, strontium

ferrite has gained a lot of attention in the magnetic industry. There are continuous

attempts to improve the properties of strontium ferrite by proper substitutions.

It has been reported that the magnetic properties of SrFe12O19 can be improved

by simultaneous La-Co substitution, Sr1−xLaxFe12−xCoxO19, and is shown to im-

prove the magnetic performance parameters [73–77]. Mössbauer spectroscopic,

magnetic, Raman spectroscopic and 57Fe NMR studies have been carried out to

identify the site(s) of substitution and most of the studies have shown that the

substituted Co2+ ions are occupied at some of the five different Fe3+ sites in the

magnetoplumbite structure and there is no agreement on the sites of substitution

of Co ions in La-Co substituted strontium ferrite in the literature [30–32,78–82].

When the hexaferrites are substituted with other elements, a change in the crystal

structure is not observed. But, the introduction of rare earth ions in the material

improves the magnetic properties due to the modification of the magnetic inter-

actions in the surroundings of the substituted rare-earth ion. The substituted

hexaferrites have been studied mainly by Mössbauer spectroscopy, which have

shown that the Co ions occupy the 2a and 4f2 Fe sites in the crystal structure.

Strontium ferrites have also been studied by 57Fe NMR which also confirms the

Co occupancy at the 2a and 4f2 Fe sites.

SrAl12O19 is an isostructural material to SrFe12O19, where the magnetic Fe3+

has been replaced by the trivalent non-magnetic Al3+ ions. In the present study, a

detailed analysis of the local structure of SrAl12O19 and local structural variations

in La-Zn substituted Sr1−xLAxAl12−xZnxO19 with the magnetoplumbite crystal

structure have been carried out using 27A solid-state NMR studies.

The properties of the perovskite materials are known to be altered by suitable

substitution at the A site or B site or simultaneously at the A and B-sites in

the ABO3 perovskite structure [7]. By the substitution at the A- and/or B-sites,
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changes occur in the local environment which extends throughout the lattice.

These changes are reflected in the bond distances and bond angles, which play

a crucial role in governing the physical properties. Perovskite oxides such as

LaMnO3, SrMnO3 and CaMnO3 are antiferromagnetic materials, which changes to

ferromagnetic upon A-site substitution as in La1−xSrxMnO3 and La1−xCaxMnO3

or B-site substitution as in LaMn1−xCoxO3 and they show interesting properties

such as colossal magnetoresistance, metal insulator-transition and charge ordering

near the ferromagnetic Curie temperature [14]. Due to the structural similarity of

lanthanum aluminate with the colossal-magnetoresistive material LaMnO3, there

is a comparative study reported with the help of Raman spectra of the material at

room temperature [83]. In order to study the effects of substitution on the local

structure in the perovskite oxides, we have selected lanthanum aluminate, LaAlO3

with the perovskite crystal structure, for the SSNMR studies.

The perovskite oxide LaAlO3, is known for the last 60 years. However, the

space group (SG) of rhombohedral LaAlO3 is a subject of controversy from the

first assignment itself [69–72]. The different space groups proposed for this sys-

tem are due to the uncertainty in the local symmetry environments. Therefore,

solid-state NMR is used as the tool to probe the local symmetry and coordination

environments of lanthanum aluminate. Both the 27Al and 139La NMR studies

have been carried out to characterize the material. Structure refinement analysis

using powder X-ray diffraction has also been carried out. The structural changes

occurring in LaAlO3 on substitution at the La-site, has been carried out by re-

placing the larger La3+ ion by the smaller Y3+ ion which have different electronic

distribution and hence distort the local electronic environment. Similarly, the B-

site ion Al3+ is substituted by two different ions with different ionic sizes, one

with a comparable size, Co3+, and another with a larger size, Ga3+. Detailed 27Al

and 139La NMR studies have been carried to investigate the structural changes on

substitution at the La and Al sites.
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Experimental Methods

2.1 Introduction

Different synthesis strategies are used and techniques such as solid state NMR and

powder X-ray diffraction (XRD) have been employed to characterize the materials

used in the present study. This chapter briefly describes the methods used for

the synthesis of the different metal oxides studied in the present work and the

techniques used for the characterization of the materials along with the details of

the data analysis.

2.2 Synthesis methods

The most common methods for the synthesis of metal oxides are the ceramic or the

solid state method, and the wet chemical methods such as co-precipitation, sol-gel,

combustion, etc [1–4]. In the present study, only the co-precipitation and sol-gel

methods are used for the synthesis of the different samples. Since the aim of the

present study is structural characterization of some oxides using XRD and NMR,

which requires highly pure samples, all the starting chemicals used for the synthesis

are of high purity, greater than 99%. All the chemicals used in the present work

are used as-received, without any further purification. Double distilled water is

used for all the syntheses. A muffle furnace (30–1000 ◦, Kumar instruments, India)

was used for the initial calcination of the samples and a programmable furnace

with controlled heating and cooling arrangements was used for heating the samples

in the temperature range 1000–1400 ◦C (Model HT1600, Nabertherm, Germany).

All the samples were heated in high purity alumina crucibles.

2.2.1 Citrate-gel method

The citrate-gel method is a kind of sol-gel method for the synthesis of metal

oxides using citric acid as a complexating agent and simple metal salts. The

method is less time consuming and cost effective compared to the sol-gel method

using metal alkoxides. For the synthesis of metal oxides using this method, the

constituent metal salts are taken in the required stoichiometric ratio and dissolved
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separately in a solvent (water). To the mixed metal solution, citric acid solution

in water is added by keeping an appropriate ratio of total metal to citric acid.

This mixed solution is then kept on a water bath for the evaporation of water.

The solution becomes more and more viscous due to the continuous removal of

the solvent during evaporation. After complete evaporation of the solvent, a gel

is obtained which is then dried and calcined at a suitable temperature to obtain

the corresponding metal oxides.

In the present work, different compositions in the La-Zn substituted strontium

aluminate, Sr1−xLaxAl12−xZnxO19, and Al-site substituted lanthanum aluminate,

LaAl1−xMxO3 (M = Co, Ga), were synthesized by the citrate-gel method fol-

lowing the procedures reported in the literature [5–7]. The corresponding metal

nitrates, taken in the appropriate molar ratio, were dissolved separately in mini-

mum amount of water and was then mixed together in a beaker. To this mixed

metal nitrate solution, a mixture of citric acid and ethylene glycol was added.

The molar ratio of 1:1 was maintained for citric acid to total metal cations and

1:4 ratio was maintained between citric acid and ethylene glycol. After complete

dissolution, the solution was heated at 80 ◦C. After the complete evaporation of

superfluous water, the resulting viscous mass was heated at 140 ◦C for 2 hours

which produced a solid amorphous resin, which was transferred to a pre-heated

oven at 250 ◦C for charring. The resulting powder was calcined in the tempera-

ture range 700–1000 ◦C for 2 hrs each with intermediate grindings. The calcined

powders were finally heated in the temperature range 1200–1400 ◦C for 6 hours, so

as to get the samples in single phase forms without any impurities. Details of the

synthesis of the individual metal oxides are described in the respective chapters.

2.2.2 Co-precipitation method

The co-precipitation method is generally used to synthesize a precursor, such as

mixed metal hydroxides, carbonates, etc, followed by the solid state reaction. As

the name indicates, it is the precipitation of more than one species simultaneously.

In this method, generally the precipitating agent, which is a solution of alkali such
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as NaOH or NH4OH, is added to a mixed metal salt solution to make a precipitate

of mixed hydroxides. However, the reaction causes a continuous increase in the pH

value of metal salt solution, affecting the precipitation conditions and products.

To avoid this, the precipitation reaction can be carried out in a reverse manner,

where the mixed metal salt solution is added to the alkali solution, where the pH

value can be maintained in a particular range and this method is called the reverse

co-precipitation method.

In the present work, the yttrium substituted lanthanum aluminate, La1−xYxAlO3,

was prepared using a reverse co-precipitation method following the method re-

ported in the literature [8]. A mixed water solution of lanthanum nitrate, yttrium

nitrate and aluminium nitrate were taken in appropriate molar ratio (1-x:x:1) and

was dropped into a dilute ammonia solution of pH ∼ 9. The precipitate formed

was filtered and washed several times with distilled water and finally dried in an

oven. The dried powder was then pre-calcined in the temperature range 700–1200

◦C for two hours each and then finally calcined at 1400 ◦C for the complete phase

formation.

2.3 Characterization methods

2.3.1 Powder X-ray diffraction

X-ray diffraction is one of the important characterization techniques used in ma-

terials science [9–11]. An X-ray diffraction pattern of a powder gives information

on the crystalline phases present in solid materials under investigation. Each crys-

talline material has its own powder diffraction pattern. Hence, an X-ray diffraction

pattern is a fingerprint of the crystalline materials.

X-rays are electromagnetic radiations having wavelength of approximately 1

Å. X-rays are produced when electrons of sufficient kinetic energy falls on a target

made of a certain metal. In this process, electrons are ejected from the core shell

around the nucleus and the resulting hole is filled by another electron of higher

energy from the outer shells. These electrons give up their excess energies in
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the form of X-rays. If the electron jumps from the L-shell, then it gives the Kα

radiation, and Kβ radiation if the electron falls from the M-shell, etc. The K

radiation is used for X-ray diffraction studies. The K radiation consists of Kα and

Kβ lines. The Kβ line, which is far away from the Kα line can be removed using

a suitable filter. However, the Kα line is a mixture of Kα1 and Kα2 radiations

with the intensity ratio of 2:1, with comparable wavelength and hence difficult

to separate. There are special techniques such as the use of a monochromator

to remove the Kα2 radiation. If not removed, the different peaks in the X-ray

diffraction pattern of a material will have both Kα1 and Kα2 components, often

appearing as a doublet. The X-rays for the diffraction studies are usually generated

in an evacuated and sealed tube by applying a high voltage (30-60 kV) between

a cathode (usually tungsten) and a selected anode such as copper. X-rays leaves

the tube through a window made of beryllium. There must be adequate cooling

of the tube to remove the heat generated.

When a beam of X-rays are incident on parallel planes of a crystal at glancing

angle ‘θ’, where the planes are separated by a distance ‘d’ as shown in figure 2.1,

the diffracted beams will be in phase with each other, if the path difference is

integral multiple of the wavelength, λ. Therefore, the condition for producing a

maxima will be,

nλ = 2dsinθ (2.1)

where,

λ is the wavelength of incident X-rays,

d is the spacing of diffracting planes ,

θ is the angle of diffraction and

n is the order of diffraction which is equal to 1, 2, 3 . . . etc.

When this condition is satisfied, the diffracted beams are in phase and interfere

constructively. This is called the Bragg’s law [10].
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Figure 2.1: Diffraction of X-Rays.

An XRD pattern spans a range of 2θ values, and the different peaks correspond-

ing to reflections from different atomic planes in this 2θ range will have different

intensities. The angle of diffraction, θ, is determined by the crystal lattice type

and the lattice parameters whereas the intensity of a peak is mainly determined

by the type of atoms in a solid, the position of the atom in a unit cell, etc, and

everything put together is known as the structure factor, F [9].

The XRD analysis in the present work was carried out on a PANalytical X’pert

pro powder X-ray diffractometer using Cu-Kα radiation, with Ni filter, and wave-

length of 1.5418 Å. Since the Kα2 component was not removed, both the Kα1 and

Kα2 components are present in all the recorded XRD patterns. The voltage applied

to the X-ray tube was 40 kV. The sample was scanned in the 2θ range 10–80 de-

grees. For general characterization of the materials, XRD patterns were recorded

at a scanning rate of 2◦/minute whereas for structural refinements, a very slow

scan rate 0.36◦/minute was used. The lattice parameters were calculated using a

computer program ‘Powder Cell for Windows’ (PCW) version 2.4 [12], by least

squares refinement of the experimental XRD patterns. The powder XRD patterns

were simulated using the PCW software using the space group, lattice parame-

ters and atomic positions, taken from the literature, as inputs. The experimental

XRD patterns were compared with the simulated patterns to identify the phases.

Further, structural analysis was carried out by Rietveld refinement of the XRD

patterns, which is described in detail in the next section.
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2.3.1.1 Rietveld refinement method

Rietveld refinement of the powder XRD patterns to get structural information of

crystalline materials was developed by Hugo Rietveld [13,14]. The X-ray diffrac-

tion from a powder sample results in a pattern characterized by reflections at

certain Bragg angles. The intensity, width and position of these reflections can

be used to determine many aspects of the crystal structure since an XRD pat-

tern is the product of the symmetry, atomic positions and lattice spacings of the

crystalline structure [15]. For the Rietveld refinement analysis, XRD patterns are

recorded in a particular 2θ range with small increments (typically 0.01 to 0.05◦)

called as steps.

The Rietveld method uses a least squares approach to obtain a best fit be-

tween entire experimental powder diffraction pattern and the entire calculated

pattern, based on simultaneously refined models for crystal structure, diffraction

effects, instrumental factors and other specimen characteristics. This is done by

minimizing the residual Sy given by the equation

Sy =
∑
i

wi(yi − yci)
2 (2.2)

where yi is the observed intensity at the i’th step; wi is the statistical weight

assigned to yi as wi =
1
yi

and yci is the calculated intensity at the i’th step.

The Rietveld method is able to deal reliably with strongly overlapping re-

flections since it creates a virtual separation of these overlapping peaks, thereby

allowing accurate determination of the structure. A key feature of the Rietveld

refinement is the feedback during the refinements between improving knowledge

of the structure and improving allocation of observed intensity to partially over-

lapping individual Bragg reflections.

2.3.1.2 Criteria of fit

Rietveld refinement process will adjust the refinable parameters until the residual

is minimized. That is, until a best fit of the entire calculated pattern to the entire

observed pattern is obtained. There are many residual factors (R-factors) which
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indicate the goodness of fit. These are

R-Structure factor, RF 2 =

∑
I
1/2
k − I

1/2
ck∑

I
1/2
k

(2.3)

R-Bragg factor, RB =
Ik − Ick∑

Ick
(2.4)

R-pattern, Rp =

√∑
(yi − yci)∑

yi
(2.5)

R-weighted pattern, Rwp =

√∑
wi(yi − yci)2∑

wiy2i
(2.6)

R-expected, Re =

√
M −m∑

wiy
2
i

(2.7)

where, Ik is the intensity of k’th Bragg reflection and Ick is the calculated intensity

of k’th Bragg reflection, M is the number of steps in the pattern and m is the

number of refinable parameters. Among these the Rwp is the most meaningful R,

because its numerator is the residual which is being minimized. Another useful

goodness of fit indicator is the χ-factor, which is given by,

χ2 = Rwp/Re (2.8)

2.3.1.3 Data analysis

In the present study, the Rietveld refinement analysis of the powder diffraction

data has been carried out using the software General Structure Analysis System

(GSAS-EXPGUI) [16]. The raw XRD data as such was taken for the analysis,

without any prior treatment such as data smoothing or Kα2 stripping. In the

Rietveld method, no effort was made in advance to assign the observed intensity

to a particular Bragg reflection or to resolve overlapped reflections. Therefore, a

reasonably good starting model is needed. Also since the relationship between the

adjustable parameters and the intensities are non-linear, the starting model should

be close to the correct model, otherwise the non-linear least squares refinement will

lead to a false minimum. Therefore, the known crystal structure parameters of the

corresponding compounds were used for the refinement. The Rietveld refinement
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was carried out following the reported procedure [15]. First of all, the scale factor

and the background functions were refined till the intensity of the patterns are

almost matched, followed by the refinement of the lattice parameters which almost

fixed the positions of the peaks. Profile and the asymmetry parameters were

then refined using the pseudo-Voigt function. Voigt function is a convolution of

the Gaussian and Lorentzian functions, whereas the pseudo-Voigt function is a

mixture of the Gaussian and Lorentzian components, defined by the fractions of

the two components using a mixing parameter. Finally, the atomic coordinates

were refined. The refinement was continued until a better fit of the experimental

pattern is obtained. Multiple phases were refined simultaneously and comparative

analysis of the separate over all scale factors for the phases offers the most reliable

method for doing quantitative phase analysis.

2.3.2 Solid-state NMR techniques

2.3.2.1 Spectrometer and probes

The present work is focused on the quadrupolar nuclei 27Al and 139La and there-

fore, a combination of low-field and high-field NMR measurements have been

carried out for all the samples in order to determine the NMR parameters.

Low-field NMR experiments were done on a Bruker AV-300 (aluminium res-

onance frequency, νAl = 78.2 MHz) and a Bruker AV-500 (νAl = 130.2 MHz)

spectrometers, operating at field strengths of 7.05 T and 11.7 T, respectively. For

the experiments at 7.05 T, a 4 mm BL MAS probe which can attain a maximum

magic angle spinning rate of 15 kHz was used. Experiments at high spinning rates,

up to 34 kHz, were also carried out on the AV-300 spectrometer, using a 2.5 mm

probe. For experiments on the AV-500 spectrometer, a 3.2 mm MAS probe was

used and the sample was spun at the rate of 22 kHz.

The high-field experiments were carried out on a Bruker AV- 600 (νAl = 156.38

MHz) and a Bruker AV-700(νAl = 178.42 MHz) operating at field strengths of 14.0

and 16.4 T, respectively. Data from AV-600 was collected using a 1.3 mm MAS

probe at a spinning speed of 40 kHz. For experiments on AV- 700, a 2.5 mm MAS

50



Experimental Methods

probe, with a spinning speed of 34 kHz, was used. The experiments on AV- 700

were done on a 1.3 mm MAS probe at a spinning speed of 60 kHz.

The 27Al chemical shifts were referenced to the chemical shift of 1 M AlNO3

solution. Similarly, for recording the 139La spectra, 1 M LaNO3 was used as the

reference. The NMR measurements were done at room temperature as well as

low- and high temperatures.

2.3.2.2 Magic angle spinning experiments

The present work deals with two half integer quadrupolar nuclei, which are Al (I

= 5/2), and La (I = 7/2), in the same material, and therefore we must consider

the coexistence of species with different selectivities for the irradiation pulse. To

ensure a quasi-linear and thus quantitative excitation of the spin system, the RF

pulse should be less than π/(2(I + 1/2)), which means π/6 for a 5/2 spin and

π/8 for the 7/2 spin. If the quadrupolar frequency, νQ (νQ = 3Cq/2I[2I - 1])

is much less than the νRF , the excitation affects all the possible transitions and

is called nonselective pulse. If the νQ is much greater than the νRF , then the

pulse becomes selective and excites only the central transition. Thus, for the

quantitative evaluation of the site population we should take a MAS spectrum at

a pulse width of less than or equal to π/6 for Al and π/8 for La. Therefore while

doing the experiments, we have used π/18 pulses so that we get linear response

for any kind of site.

An accurate determination of the pulse width for the π/18 pulse is essential to

perform the NMR experiment. To obtain the exact π/18 pulse, one molar solution

each of aluminium nitrate and lanthanum nitrate are prepared and static spectra

of these solutions taken in the rotor at an optimum pulse width were recorded.

Then, a series of spectra were acquired with adequate relaxation delays gradually

increasing the pulse width. The intensity of the spectrum, when plotted as a

function of pulse width gives a complete sinusoidal variation in the intensity. The

null point defines the π pulse and from this the π/18 pulse width was determined.

The quantitative experiments were then done using this π/18 pulse.
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2.3.2.3 Multiple quantum magic angle spinning

In this work, the multiple quantum magic angle spinning (MQMAS) experiment

has been carried out to obtain resolved spectra of the half-integer spin quadrupolar

nuclei, Al. Basically, this experiment correlates the m ↔ -m, multiple quantum

transition to the single quantum 1/2 ↔ -1/2 transition, which is the central tran-

sition. Enhancement in the resolution occurs due to the fact that the quadrupole

frequencies for both the transitions are correlated. At specific times the anisotropic

parts of the quadrupole interaction are refocused and an echo forms.

3QMAS NMR method is a widely used NMR technique, because triple quan-

tum coherence is most readily excited and converted to single quantum coher-

ences. Numerous schemes exist that are used to obtain 2D MQMAS spectra. For

the 3QMAS NMR experiments, we have used the pulse sequence which includes a

Z-filter pulse (selective, of low RF power) and has the advantage of having a sym-

metrical coherence transfer pathway. The pulse sequence and coherence diagram

are given below, in figure 2.2, where d1 is the recycle delay, which is the delay

between the two scans, d0 is the delay between excitation and conversion pulses

and d4 is the Z-filter delay. The first pulse, p1, is used for the triple quantum

excitation. The second pulse, p2, is used for the coherence transfer from triple

quantum to zero quantum and the third pulse, p3, is the Z-filter pulse which is

required to selectively excite the central transition line.

For setting up the 3QMAS experiment, all the pulse lengths p1, p2 and p3

should be optimized. A 1-dimensional slice of the MQMAS experiment is initially

recorded using trial values for the pulse widths and the intensity is systematically

monitored for different values of p1, p2 and p3. These optimized pulses are then

used to carry out the 2-dimensional experiment. The set up of the experiment

was first done with the help of yttrium aluminium garnet (YAG) having 2 differ-

ent Al sites with known quadrupolar and chemical shift values. In the MQMAS

spectra, the F1 dimension is the multiple quantum dimension and F2 is the single

quantum dimension (see section 1.5.4, chapter 1). Conventional 2D Fourier pro-

cessing of these data gave sharp parallel spectral ridges tilted by a slope which
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Figure 2.2: Pulse sequence and coherence diagram of 3QMAS experiment.

is the quadrupolar anisotropy (QA). Projection of such raw data does not yield

a high resolution spectrum. Shearing transformation has to be done to obtain

the isotropic high resolution spectra in the F1 dimension, whereby a point which

has the frequency (ν1, ν2) will lie at a frequency (ν1-QA.ν2). For I= 5/2, QA =

19/12. In the present wok, the 2D spectra obtained from the experiment gave

an idea of the different Al sites and an estimate of the isotropic shift and the

quadrupolar parameters were deduced from the spectra which was then used for

the quantitative estimation using the DMFIT program [17].

2.3.2.4 Lineshape of the central transition of a half-integer

quadrupolar nuclei

It is known that the lineshape of the half-integer quadrupolar nuclei changes with

distribution in the various NMR parameters such as quadrupole frequency and the

isotropic chemical shift, as shown in figure 2.3. The characteristic lineshape of a

quadrupolar nuclei, where there is only quadrupolar interaction of the surrounding

electric field gradients, is with two horns as shown in figure 2.3 and when there

is a distribution of the quadrupolar frequencies in the spectrum, a trailing edge

is developed towards the left of the spectrum and when there is both quadrupole

and isotropic chemical shift distributions, the spectra broadens symmetrically pro-

ducing a pure Gaussian lineshape. The different lineshapes arises because in the
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Figure 2.3: Line shape of the central transition of a half-integer quadrupolar nucleus.

case of quadrupolar nuclei, there is an electric field gradient present and so we

have to address the distribution of these electric field gradient in the spectra. A

Gaussian isotropic model (GIM) for the disordered solids have been proposed for

use in Mössbauer spectra [19]. The GIM model has been incorporated in the com-

puter simulation programme DMFIT [17]. The details of the fitting procedure are

explained in the next session.

2.3.2.5 Static wide line experiments

The static powder NMR patterns offer a way of characterizing different solid ma-

terials, since spectral features can be observed in the static pattern [18]. The

simulation of the static pattern allows one, for the accurate determination of the

NMR parameters. For a quadrupolar nuclei, this could either be an observation

of just the central transition which would be applicable to those sites with the
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larger quadrupolar interactions or sometimes it leads to the whole satellite tran-

sition manifold. If the singularities of the satellite transitions are observed, then

an estimate of the Cq can be made from the spectra. In the present work, for

lanthanum aluminate which is having a low quadrupole coupling constant for the

Al site, the static NMR experiments resulted in the observation of singularities

allowing the estimation of Cq from the spectrum and static NMR experiments at

variable temperatures were also done.

2.3.2.6 Deconvolution of NMR spectrum

Structural information contained in the experimental spectra are extracted by de-

convoluting them into their components by estimating their chemical shift and

quadrupolar parameters. Their relative abundance can be estimated by calcu-

lating the areas under each peak. This requires a deconvolution model, which

accurately describes the experiment and the spin system at reasonable computa-

tional costs. This was carried out using the DMFIT program developed by Massiot

et al. [17]. There also exists the general purpose NMR simulation programs such

as SIMPSON that are versatile but it lacks the dedication for spectrum fitting. If

the experimental spectrum contains spectral lines of multiple sites, that are not

well resolved, the deconvolution model becomes more complex and the number

of fit parameters increases. The integrated intensities of each line and the rela-

tive intensities of the different coordination environments are calculated from the

simulated spectra. For glassy systems containing aluminum, which has a distri-

bution of quadrupolar coupling constants, the Gaussian isotropic model (GIM)

of the Czjeck distribution is the simplest and physically consistent model [20].

The Czjzek model in the DMFIT programme incorporates the Gaussian isotropic

model, which takes into account a Gaussian distribution of isotropic chemical

shift and a distribution of the electric field gradient which gives a mean isotropic

shift (δiso), a chemical shift distribution (ΔCS) and a mean quadrupolar product

(C∗
q = Cq(1 + η2/3)1/2) for each site [21].

The lineshape fitting procedure is as follows: First, select the appropriate
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model for fitting. The fitting is started with an approximate lineshape with guess

parameters for isotropic shift, δiso, the distribution of isotropic chemical shift, ΔCS ,

and the quadrupole coupling constant, Cq, in the model, followed by iteration of

the different NMR parameters and amplitude to get a good match between the

experimental and the simulated spectra. This procedure is repeated many times

and is carried out on the spectra of all the samples until a very good match between

the experimental and the simulated spectra is obtained. The individual lines can

then be extracted from the spectra and then one can calculate the site intensities

for the different sites.

2.3.2.7 Intensity correction for Al MAS NMR

While quantifying an isotropic spectrum, it is assumed that the spectrum has

been obtained at infinite spinning speeds even if the spectrum is recorded at finite

spinning speeds and the quantification of population ratio of different sites implies

the comparison of areas of the whole transition system. However, because of the

difference in Cq for the different sites in a material, it is not always possible to excite

all the transition system with the excitation pulse νRF . Hence, the spectrum will

be distorted by the excitation function and this should be corrected. In the method

described here, the proportion of the magnetization under a line is calculated which

depends on the quadrupolar interaction, the field, and the spinning speed. The

intensity of the isotropic line, as the fraction of the magnetization contained in

this isotropic line, is defined as

I iso = I iso1/2 +
∑

m �= 1/2I isom (2.9)

Here Iisom depends on | 1− 2m |νQ/νr and ηQ, and Iiso1/2 depends on ν2
Q/νrνO and ηQ

where, νQ = quadrupolar frequency

νr = spinning frequency

ηQ = asymmetry

νO = resonance frequency
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Figure 2.4: Iisom dependence for satellite transitions towards | 1−2m | νQ/νr, taken from

reference [22].

Figure 2.5: Iiso1/2 dependence for the central transition towards ν2Q/νrνO, taken from

reference [22].
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The intensities calculated for yttrium aluminium garnet by Massiot et al. [22]

are shown in figures 2.4 and 2.5 for ηQ varying from 0.0 to 1.0, in steps of 0.1.

From figures 2.4 and 2.5, the amount of magnetization contained in the isotropic

line can be obtained. Thus, by knowing the value of νQ, νr, νO and ηQ, the value

of | 1 − 2m | νQ/νr can be calculated, which allows us to read the value of Iisom

on the figure corresponding to the ηQ value of our interest. Similarly, by knowing

the value of ν2
Q/νrνO, I

iso
1/2 can be read from figure on the corresponding η curve.

Thus, the Iiso for the material can be calculated and the experimentally measured

area is corrected by 1/Iiso.

We have compared the relative areas of the isotropic rotation line of the dif-

ferent sites, in strontium aluminate following the method in the quantitative 27Al

NMR analysis of yttrium aluminium garnet [22]. This procedure was done for all

the strontium aluminate samples which are having different Al sites.
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Studies on Unsubstituted and La-Zn Substituted SrAl12O19

3.1 Introduction

The ferrimagnetic hexagonal ferrites with the magnetoplumbite structure and hav-

ing the general formula AFe12O19 (A = Sr, Ba, Pb) continue to attract attention

after their discovery in the early nineteen fifties [1]. Permanent magnets made

from these ferrites are known to have sufficiently high coercive force; high thermal

and electrical resistivity and they are chemically inert [2–4]. Due to their low

cost combined with reasonable magnetic performance, they are preferred over the

rare earth alloy based magnets for various applications [5,6]. At present, stron-

tium ferrite, SrFe12O19, is mainly used for most applications and there have been

numerous attempts to improve the magnetic properties of this class of ferrites

for better performance. Considerable improvement in the magnetic performance

parameters has been obtained when Sr is partially substituted by La along with

simultaneous substitution of Fe by Co or Zn (known as La-Co or La-Zn substituted

strontium ferrite) [7–11]. The most striking feature of La-Co substitution in stron-

tium ferrite is the significant increase in the coercivity without any drop in the

saturation magnetization as well as the remnant flux density for small amounts of

substitution. In the substituted compositions, Sr1−xLaxFe12−xCoxO19, maximum

coercivity is observed for x ≈ 0.2-0.3 as shown in figure 3.1. The simultaneous in-

troduction of trivalent rare earth and divalent transition metal ions, in strontium

ferrite, improves the magnetic properties, without modifying the crystal struc-

ture, due to the comparable sizes of the substituted ions (ionic radii of Sr2+ and

La3+ are 1.44 Å and 1.36 Å, respectively, for 12-fold coordination, and that of

Fe3+ and Co2+ are 0.645 Å and 0.745 Å, respectively, for 6-fold coordination [12]).

Mössbauer spectroscopic, magnetic, Raman spectroscopic and 57Fe NMR studies

have been carried out to identify the site(s) of substitution and most of the studies

have shown that the substituted Co2+ or Zn2+ ions are occupied at some of the

five different Fe3+ sites in the magnetoplumbite structure as shown in table 3.1.

Mössbauer spectroscopic studies on La-Co substituted samples have shown

that the substituted Co2+ ions occupy the 2a and 4f2 octahedral Fe sites in the

crystal structure [13–17]. This is in agreement with the results from Raman spec-
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Figure 3.1: Coercivity, HcJ , and remnant flux density, Br, as a function of x for

Sr1−xLaxFe12−xCoxO19 magnets, taken from reference [7].

troscopic studies [15]. It has been pointed out that considerable changes occur in

the hyperfine parameters for the 12k, 4f2, and 2b sites on substitution [16]. The

change in the hyperfine parameter of the 12k site is attributed to the magnetic

interactions due to the presence of Co on the neighboring 2a and 4f2 sites. On

the other hand, the changes in the hyperfine parameters of the 4f2 and 2b sites

are attributed to the increase in the electron density in the vicinity of these sites

arising from the La substitution at the Sr site and a perturbation of the symmetry

around the 4f2 and 2b sites. However, another Mössbauer spectroscopic study

suggested that the Co ions occupy the 12k, 4f2, and 2b sites [18]. On the other

hand, 57Fe NMR studies have shown that the Co ions occupy the 4f1 and 4f2 Fe

sites [19]. Later, considering the crystal field arguments, it is suggested that Co

ion is substituted at the 4f2 Fe sites [20]. In the case of La-Zn substituted composi-

tions, Mössbauer spectroscopic studies have shown that the Zn ions preferentially

occupy the tetrahedral 4f1 sites and induces a perturbation to the 2a octahedral

site, as it is in the close vicinity to the 4f1 site [14,17]. In the case of La-Zn

substituted strontium ferrite nanoparticles, Zn ions preferentially occupy 4f1 and

2b sites [21]. From the 57Fe Mössbauer spectroscopic study on Zn-Sn substituted
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Table 3.1: Different cation sites in the magnetoplumbite structure.

Site geometry Wyckoff Site Coordination Occupancy

position symmetry (%)

Regular octahedron(VI-1) 2a D3d 6 8.33

Antiprism (VI-2) 4f2 C3v 6 16.67

Distorted octahedron (VI-3) 12k Cs 6 50

aTrigonal bipyramid (V) 2b C3v 5

or 8.33

bDistorted tetrahedron(IV-d) 4f1 C3v 4

Tetrahedron (IV) 4f1 C3v 4 16.67

aOnly in the central atom model
bOnly in the split atom model

SrFe12−x(Sn0.5Zn0.5)xO19 thin films, it has been shown that Zn-Sn ions preferen-

tially occupy the 2b and 4f2 sites [22]. Thus, there is no agreement on the sites

of substitution of the Co or Zn ions in the La-Co or La-Zn substituted strontium

ferrite, in the literature.

The exact sites of substitution and the local structural distortions can be

probed using solid-state NMR (SSNMR) technique, where the nucleus of an atom

is probed, facilitating the exploration of the local structure which extends over

several coordination spheres. However, it is very difficult to apply high resolu-

tion SSNMR techniques to study the local structure and coordination behavior

of highly magnetic M-type ferrites. The objective of this work is to gain insights

into the local structural variation and sites of substitution by probing substi-

tuted strontium aluminate, SrAl12O19, which is isostructural to strontium ferrite,

SrFe12O19 and non-magnetic.

In SrAl12O19,
27Al solid-state NMR is used to locate the substitutional sites

when Al3+ is partially substituted by Zn2+. We have selected Zn as the substitut-

ing element since the substituting element should be a metal from the transition
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elements which is non-magnetic and should maintain the charge balance in the

system. Thus, this study is aimed at the investigation of the site of substitution of

Zn in strontium aluminate when Sr2+ and Al2+ are simultaneously substituted by

La3+ and Zn2+. It is expected that the results can be extrapolated to explain the

changes in the magnetic properties of strontium ferrite on similar modes of substi-

tution, since it is very difficult to apply high-resolution solid-state NMR techniques

to study the local structure and coordination behaviour of highly magnetic ferrite

materials.

There are two closely related structural models reported for both strontium

ferrite and strontium aluminate [28]. Both structures are identical, with the same

space group P63/mmc, and similar tetrahedral as well as octahedral sites of oc-

cupancy. The only difference between the two models is that in the split atom

model, the Al atoms occupy half of the distorted 4e sites instead of the trigonal

bipyramidal 2b sites in the central atom model [28]. In SrAl12O19, the presence of

penta coordinated Al site was shown from low-field (7.05 T) 27Al SSNMR studies

by Kentgens and co-workers in 1998 [30]. On the other hand, from high-field (14.1

and 18.8 T) 27Al SSNMR studies by Du and Stebbins in 2003, the presence of

distorted four-coordinated Al site was shown and it was argued that this is indeed

the correct structure for this material [31]. However, recently, from both low-field

and high-field SSNMR studies on the same sample, it has been shown that both

the penta coordinated as well as the distorted tetra coordinated Al sites are simul-

taneously present in strontium aluminate [24]. Therefore, in order to understand

the local structural changes on the simultaneous substitution of La and Co or Zn

in hexagonal strontium ferrite, we have studied the analogous nonmagnetic com-

positions Sr1−xLaxAl12−xZnxO19 (x = 0, 0.1, 0.2, 0.3, 0.4) using 27Al solid-state

NMR.

3.2 Synthesis

Different compositions in the La-Zn substituted Sr1−xLaxAl12−xZnxO19 (x= 0, 0.1,

0.2, 0.3, 0.4) were synthesized by the citric acid precursor method [23–25]. Ethy-
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lene glycol (Ranbaxy), citric acid (Sd fine), aluminium nitrate (Sd fine), strontium

carbonate (Aldrich), lanthanum nitrate (Aldrich) and zinc nitrate (Loba) were

used as-received without any further purification. Aluminium nitrate was added

to a mixture of citric acid and ethylene glycol. After complete dissolution, the

solution was heated at 80 ◦C and stoichiometric quantities of strontium carbon-

ate, lanthanum nitrate and zinc nitrate were added. The molar ratio of 1:1 was

maintained for citric acid to total metal cations concentration and 1:4 ratio was

maintained between citric acid and ethylene glycol. For example, for the synthesis

of x = 0.4 composition, 9.09 g of citric acid were taken in ethylene glycol and

dissolved, to this solution 14.49 g of aluminium nitrate was added. After the com-

plete dissolution, the solution was heated at 80 ◦C and to this 0.29 g of strontium

carbonate, 0.43 g of zinc nitrate and 0.40 g of zinc nitrate were added. After the

complete evaporation of superfluous water, the resulting viscous mass was heated

at 140 ◦C for 2 hours which produced a solid amorphous resin, which was trans-

ferred to a pre-heated oven at 250 ◦C for charring for 2 hrs. The resulting powder

was calcined at 700, 800, 1000, and 1100 ◦C for 2 hrs each with intermediate

grindings. The calcined powders were finally heated at 1200 ◦C for 6 hours, so as

to get Sr1−xLaxAl12−xZnxO19 in single phase forms without any impurities.

3.3 NMR methodology

Solid-state NMR experiments were carried out at room temperature on both low-

field and high-field spectrometers. Low-field NMR experiments were done on a

Bruker AV-300 (aluminium resonance frequency, νAl = 78.2 MHz) and a Bruker

AV-500 (νAl = 130.2 MHz) spectrometers, operating at a field of 7.05 T and 11.7

T, respectively. For the experiments at 7.05 T, a 4 mm BL MAS probe, at the

magic angle spinning rate of 13 kHz and with a short pulse duration 0.26 μs,

was used. 2000 scans were collected with a recycle delay of 1 s. Experiments

at a spinning rate of 33 kHz were also carried out on the AV-300 spectrometer,

using a 2.5 mm probe with a pulse duration of 0.2 μs, acquiring 10,000 scans.

For experiments on the AV-500 spectrometer, the sample was packed into a 3.2
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mm rotor and spun at the rate of 22 kHz. The quantitative MAS spectrum was

recorded by collecting 2000 scans with a pulse width of 0.4 μs and a recycle delay

of 1 s. The 3-quantum magic angle spinning (3QMAS) experiment was carried

out on a 2.5 mm probe using a standard Z-filter pulse sequence on the AV-300

spectrometer. The experiment was optimized at a spinning rate of 33 kHz with

the excitation and conversion pulses as 2.8 and 0.8 μs, respectively with a radio

frequency (RF) field of strength of 170 kHz. The selective 90◦ Z-filter pulse was

set as 18 μs at an RF field strength of 8 kHz. A recycle delay of 6 s was used for

the experiment.

The high field experiments were carried out on a Bruker AV- 600 (νAl = 156.38

MHz) and a Bruker AV-700 (νAl = 178.42 MHz) spectrometers operating at a field

of 14.0 and 16.4 T, respectively. The quantitative MAS NMR data on AV-600 was

collected using a 1.3 mm MAS probe with a spinning speed of 40 kHz. 16,000

scans were acquired using a short pulse of 0.4 μs and with a recycle delay of 3 s on

AV-600. For experiments on AV- 700, a 2.5 mm MAS probe, with a spinning speed

of 34 kHz, was used. The quantitative MAS NMR spectra were recorded using

a pulse width of 1.8 μs and 10,000 scans were acquired with a recycle delay of 3

s. The 3QMAS experiment was carried out on the AV-700 spectrometer equipped

with a 3.2 mm probe using a standard Z-filter pulse sequence. The experiment

was optimized at a spinning rate of 20 kHz with the excitation and conversion

pulses as 5.4 and 1.9 μs, respectively with a RF field strength of 119 kHz. The

selective 90◦ Z-filter pulse was set as 35 μs at an RF field strength of 6 kHz. A

recycle delay of 5 s was used for the experiment.

3.4 Studies on SrAl12O19

3.4.1 Characterization

The as-synthesized sample was initially characterized by powder X-ray diffraction

to confirm the formation of single phase strontium aluminate. The experimental

and simulated powder XRD patterns of strontium aluminate, simulated using the
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PCW software [29], are shown in figure 3.2 for comparison. The XRD pattern

is simulated using the crystallographic parameters of the central atom model re-

ported in the literature [28]. The positions and intensities of the different peaks

observed in the experimental XRD pattern are comparable with that in the simu-

lated pattern. There are no additional peaks in the XRD pattern, indicating the

absence of any impurities in the sample. The hexagonal lattice parameters are

obtained as a = 5.5691 Å and c = 22.0184 Å, from least-squares refinement of

the experimental pattern, using the space group P63/mmc. The calculated lattice

parameters are in good agreement with that reported in the literature [28].

Figure 3.2: Experimental and simulated XRD pattern of SrAl12O19 with the major peaks

indexed.

3.4.2 27Al NMR

27Al MAS NMR spectra of strontium aluminate recorded at different fields and

at different spinning speeds, viz. on AV-300 (7.05 T) at 13 kHz and 33 kHz, on

AV-500 (11.4 T) at 22 kHz, on AV-600 (14 T) at 40 kHz, and on AV-700 (16.4 T)
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at 34 kHz, are shown in figure 3.3. The figure shows that the spectrum is highly

broadened at low fields. The broad signals are overlapped at the spinning speed

of 13 kHz at 7.05 T. As the spinning speed is increased to 33 kHz, the signals are

partially separated out compared to the spectra recorded at 13 kHz. Moreover,

the resolution is found to increase when recorded at higher field strengths, as seen

in the spectra recorded at 14.0 and 16.4 T. Although the quadrupolar broadening

decreases as the external field strength increases, it is seen that the resonances

corresponding to the different Al sites in the material are not well resolved, except

for the AlO4 signal which is clearly separated from the signal corresponding to

AlO6, because of the large difference in the chemical shifts for the tetrahedral and

octahedral coordination environments.

In the spectra recorded at high fields, a weak and broad component is observed

close to the baseline, as shown in figure 3.4. This feature has been attributed to

the distorted tetrahedral site in the magnetoplumbite lattice [31]. Because of the

overlapping of the signals for the various sites and recorded at low fields, this peak

is seen only in the spectra recorded at high fields of 14.0 and 16.4 T.

To test the existence of the five-coordinated AlO5 coordination environment

in SrAl12O19, a 3QMAS experiment was carried out at both 7.05 T and 16.4 T.

The 3QMAS spectrum recorded at 7.05 T is shown in figure 3.5. Five distinct

contours corresponding to the five different Al sites in the strontium aluminate

structure are seen in the spectra. The contours corresponding to Al-VI-1 and

Al-V are very small because of the low population of these sites (occupation at

these sites is 8.33% against 16.7% at Al-IV as well as Al-VI-2 and 50% at Al-

VI-3, see table 3.1). The 3QMAS spectra recorded at 16.4 T, however, does not

show the contour corresponding to the Al-V site, as shown in figure 3.6, where

the spectrum in the octahedral coordination region is shown for clarity. The three

contours corresponding to the different octahedral sites are clearly observed in the

spectra. The absence of the signal due to AlO5 is because of the low quadrupolar

excitation efficiency at higher fields, and that the Al-V signal is obscured among

the signals from the octahedral sites.
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Figure 3.3: 27Al MAS NMR spectra of SrAl12O19 recorded at different field strengths

and at different spinning speeds.
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Figure 3.4: Zoomed view of 27Al MAS NMR spectra of SrAl12O19 recorded at different

field strengths and at different spinning speeds (arrows indicate the peaks due to distorted

tetrahedral coordination and stars represent the spinning sidebands).
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Figure 3.5: 3QMAS spectra of SrAl12O19 recorded at 7.05 T.

Figure 3.6: 3QMAS spectra of SrAl12O19 recorded at 16.4 T. Spectra in the octahedral

coordination region only is shown for clarity.
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An estimate of the quadrupolar parameters are obtained from the 3QMAS

spectra and this was used for the calculation of site population of different Al sites.

For the quantitative estimation of site populations of different Al coordination

environments, the MAS spectra recorded at different field strengths, 7.05 T with

spinning speed of 33 kHz and spectra recorded at the high fields, at 14.0 T with

a spinning speed of 40 kHz and at 16.4 T with spinning speed of 34 kHz, are

fitted and deconvoluted into individual components using the DMFIT program

(see section 2.3.2.6, Chapter 2) [26]. The spectra with individual components, for

the different field strengths, are shown in figures 3.7, 3.8 and 3.9.

The MAS spectra at 7.05 T could be fitted using only five components cor-

responding to the five different crystallographic sites in the structure (see table

3.1), as in the central atom model. The spectra could not be fitted with less than

five components, indicating that the Al-V site is clearly present in the structure.

It can be seen from figure 3.7 that the experimental and the simulated spectra

match very well. The spectral parameters and the relative intensities for each

site are given in table 3.2. The calculated intensities are corrected following the

method reported in the literature [27], as explained in chapter 2 (section 2.3.2.7).

The corrected values are also given in table 3.2. The calculated and the corrected

intensities differ only by small amounts, indicating negligible contributions from

the satellite transitions. The spectral parameters obtained are in close agreement

with those reported by Jansen et al. [30].

The MAS spectra recorded at high fields 14.0 T and 16.4 T have a weak

and broad component as shown in figure 3.4. This component is attributed to the

distorted AlO4 site, as suggested by Du and Stebbins [31], with a large quadrupole

coupling constant. However, it is found that the AlO5 component is essential to

obtain a proper fit. Thus, the spectra recorded at high fields are fitted with six

components: one AlO4, three AlO6, one AlO5 and the distorted tetrahedral site,

as reported by Harindranath et al. [24]. The spectral parameters and the relative

intensities for each site are given in table 3.2.
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Figure 3.7: Experimental and simulated 27Al MAS NMR spectra of SrAl12O19 recorded

at 7.05 T, along with the individual components.
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Figure 3.8: Experimental and simulated 27Al MAS NMR spectra of SrAl12O19 recorded

at 14.0 T, along with the individual components.
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Figure 3.9: Experimental and simulated 27Al MAS NMR spectra of SrAl12O19 recorded

at 16.4 T, along with the individual components.
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From the high-field NMR spectral studies, Du and Stebbins [31] argued that

the penta coordinated site is actually a distorted tetrahedral coordinated Al site

with the same site population but with a very large quadrupole coupling constant.

However, according to the present simulation results of the high field spectrum,

it is found that there are six Al sites present in strontium aluminate. 8.33% of

aluminium ions is distributed among the the penta-coordinated and the distorted

tetrahedral sites.

Table 3.2: 27Al MAS NMR parameters of SrAl12O19 obtained after deconvolution of the

spectra recorded at different fields.

Field Al δiso Cq η Observed Corrected Expected

(T) site (ppm) (MHz) occupancy occupancy occupancy

(%) (%) (%)

7.05

IV 68.18 3.50 0.20 15.48 16.11 16.67

VI-1 17.04 2.02 - 9.27 8.80 8.33

VI-2 9.10 1.33 - 15.50 15.70 16.67

V1-3 22.95 4.99 0.68 48.98 49.70 50

V 19.30 2.02 - 9.00 8.50 8.33

14.0

IV 67.65 3.41 0.12 16.54 16.57 16.67

VI-1 16.92 1.06 - 9.40 8.22 8.33

VI-2 9.55 1.49 - 17.45 15.88 16.67

V1-3 21.85 4.80 0.67 48.83 50.19 50

V 17.81 2.03 - 3.80 3.67

⎫⎬⎭ 8.33

IV-d 56.58 20.68 0 3.99 5.47

16.4

IV 68.00 3.56 0.10 16.25 16.38 16.67

VI-1 17.17 2.45 - 9.68 8.85 8.33

VI-2 9.70 1.25 - 16.96 15.37 16.67

V1-3 22.70 4.57 0.93 49.45 50.34 50

V 17.17 1.31 - 3.74 3.69

⎫⎬⎭ 8.33

IV-d 57.80 20.67 0 3.92 5.37
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However, this is highly unlikely since only five different sites are possible ac-

cording to the crystallographic data. It is not possible to have the same Al site

as a penta-coordinated bipyramidal site and a distorted tetrahedral site with full

site occupancy in the P63/mmc space group in the central atom or the split atom

model. Therefore, it is possible that the coordination environment of part of the

Al in the structure is bipyramidal and the other part is distorted tetrahedral. The

high-field NMR spectral results also indicate this possibility since the five coordi-

nated and distorted tetrahedral sites are almost 50% each of the expected total

occupancy of this site. It may be possible that both configurations (bipyramidal

as well as distorted tetrahedral sites) co-exist in the structure. It is also possi-

ble that the central atom or the split atom models do not represent the correct

structure of strontium aluminate or that the sample is a mixture of two different

phases (one with the central atom model and the other with the split atom model)

co-existing simultaneously. Another possible scenario is that the system under-

goes a temperature induced dynamic disorder between distorted tetrahedral and

bipyramidal sites and freezes in with some Al stuck in the distorted tetrahedral

coordination and some in the bipyramidal coordination. In order to study the

structural details, Rietveld refinement analysis of the XRD pattern is carried out,

using different models. Similarly, XRD patterns are recorded at different temper-

atures, below room temperature, to look for any visible changes in the pattern

due to the temperature induced dynamic disorder. The results are described in

the next two sections.

3.4.3 Rietveld refinement studies

Since the presence of both the penta coordinated and the distorted tetra coordi-

nated Al sites in strontium aluminate, from low-field and high-field 27Al solid-state

NMR studies, is confirmed unambiguously, and because of the controversy about

the correct structural model, it is essential to have a re-look at the proposed

structural models for strontium aluminate.

79



Studies on Unsubstituted and La-Zn Substituted SrAl12O19

Figure 3.10: Result of the Rietveld refinement of the XRD pattern of SrAl12O19 using

the central atom model.

Figure 3.11: Result of the Rietveld refinement of the XRD pattern of SrAl12O19 using

the split atom model.
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Rietveld refinement analysis of the powder X-ray diffraction pattern of the

synthesized strontium aluminate sample is carried out with the proposed different

structure models of strontium aluminate using the same space group P63/mmc, as

reported by Kimura et al. [28]. The authors concluded that the split atom model is

the correct structure based on the slightly lower values of the R-factors (0.0331) for

the split atom model compared to the central atom model (0.0340), obtained from

the refinement. However, the authors found that comparable R-factors (0.0331)

are obtained when anharmonic thermal vibration for the concerned Al-site (bipyra-

midal 2b as well as the distorted tetrahedral 4e) is incorporated in the refinement.

Rietveld refinement studies of the powder XRD data have been carried out

using the software General Structure Analysis System (GSAS-EXPGUI). Initially,

structural refinements are carried out with the central atom and split atom models,

using the data taken from the literature [28] as inputs. Later on, a model with

both the 2b (bipyramidal) and the 4e (distorted tetrahedral) sites simultaneously

present in the structure with half the occupancies at the 2b and 4e sites is tried.

Finally, refinement is carried out considering the presence of two different phases,

one phase having the central atom model and the other with the split atom model.

The results of the Rietveld refinement using the central atom model and split atom

model for SrAl12O19 are shown in figures 3.10 and 3.11, respectively.

Table 3.3: Results of the Rietveld refinement analysis of the XRD pattern of SrAl12O19

using different structural models.

Structure model χ2 Rwp RF 2 a (Å) c (Å)

Central atom 2.684 0.0375 0.0630 5.5639 21.999

Split atom 2.726 0.0378 0.0616 5.5648 22.0019

Simultaneous occupancy 2.847 0.0386 0.0656 5.5595 21.9802

at 2b and 4e sites

Two-phase mixture 2.292 0.0347 0.0515 5.5604 21.9864

(central atom+split atom)
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Figure 3.12: Result of the Rietveld refinement of the XRD pattern of SrAl12O19 using

a model with partial occupancies at the distorted tetrahedral and trigonal bipyramidal

sites.

Figure 3.13: Result of the Rietveld refinement of the XRD pattern of SrAl12O19 using a

two-phase mixture consisting of the central atom and split atom models.
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The results of the Rietveld refinement are comparable using both the structural

models, with only a minor difference in the residual factors (relatively lower Rwp for

the central atom model and lower RF 2 for the split atom model) as shown in table

3.3. These results are comparable to that reported in the literature [28]. Results

of the structural refinement with simultaneous partial occupancies at both the

2b (trigonal bipyramidal) and 4e (distorted tetrahedral) sites, and a two-phase

mixture of central atom and split atom models are shown in figures 3.12 and

3.13, respectively. The χ2 and the R-factors for the simultaneous occupancies

are relatively larger when compared to the results obtained for the individual

models. On the other hand, from the table 3.3, it is clear that a model with two

different phases simultaneously present gives much reduced values for χ2 and the

R-factors. Hence, it may be assumed that the mixed phase model may be the

correct structural model for strontium aluminate which can also account for the

presence of distorted tetra coordinated (4e) and penta coordinated (2b) Al sites

in the 27Al SSNMR spectrum.

3.4.4 Low temperature powder XRD studies

As discussed in the previous section, another possible reason for the observation of

simultaneous occupancies of Al at the distorted tetrahedral (4e site) and the trig-

onal bipyramidal (2b sites) sites in SrAl12O19 is a temperature induced dynamic

disorder, which would result in part of Al atoms to be located at the distorted

tetrahedral and the rest in the trigonal bipyramidal sites. This is expected to

be suppressed or the extent of occupancies at the two sites will be varied at low

temperatures due to the availability of less thermal energy. In order to check

this possibility of dynamics in the crystal structure, which may occur due to the

interconversion of trigonal bipyramidal and distorted tetrahedral coordination en-

vironments, low-temperature powder XRD measurements have been carried out

from room temperature (298 K) to 100 K. Since the intensities of the peaks in

an XRD pattern is related to the position of the atoms in the crystal structure,

a change in the intensities of some of the peaks are expected due to the suppres-
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sion of the interconversion. The XRD patterns recorded at different temperatures

are shown in figure 3.14 and the zoomed patterns are shown in figure 3.15 which

indicate that there is no observable difference in the intensities of different peaks

as the temperature is decreased or even at the lowest temperature, except for a

small shift (< 0.1◦) in the reflection positions, corresponding to lattice contrac-

tion, as the temperature is decreased. These results suggest that the model with

simultaneous occupancies at the 4e and 2b sites to represent the crystal structure

of SrAl12O19 is not the correct model.

Figure 3.14: Powder XRD patterns of SrAl12O19 recorded at low temperatures.
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Figure 3.15: Zoomed powder XRD patterns of SrAl12O19 recorded at low temperatures.

3.4.5 Summary

Two different SSNMR studies have reported the occupancy of part of Al in

SrAl12O19 at trigonal bipyramidal sites (from low-filed NMR studies) and at the

distorted tetrahedral sites (from high-field NMR studies). However, NMR stud-

ies on the same sample at both low- and high fields indicated the presence of Al

at both the distorted tetra coordinated and the penta coordinated Al sites. Ri-

etveld refinement analysis of the XRD patterns of the strontium aluminate sample

gave indication for a possible two-phase model. Based on the results from NMR

and structural studies, it is concluded that a structural model where two phases

co-exist simultaneously, one with the central atom model and another with the

split atom model is the correct model for SrAl12O19 with the magnetoplumbite

structure.
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3.5 Studies on Sr1−xLaxAl12−xZnxO19

3.5.1 Characterization

Figure 3.16: Powder XRD patterns of Sr1−xLaxAl12−xZnxO19. The simulated pattern

of SrAl12O19 using the central atom model is shown for comparison.
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Table 3.4: The hexagonal lattice parameters of Sr1−xLaxAl12−xZnxO19 obtained from

least squares fitting of the XRD patterns.

x a (Å) c (Å)

0.0 5.5691 22.0184

0.1 5.5707 22.0305

0.2 5.5741 22.0358

0.3 5.5751 22.0273

0.4 5.5763 22.0232

The samples were initially characterized using powder XRD studies to confirm

the formation of the desired substituted materials in single phase form. The XRD

patterns of the unsubstituted and the substituted strontium aluminate composi-

tions are shown in figure 3.16. The simulated XRD pattern of strontium aluminate

using the crystallographic parameters of the central atom model is also shown in

the figure for comparison. Except for the changes in the relative intensities of

some peaks, due to substitution of La for Sr and Zn for Al, there are no extra

peaks observed in the XRD patterns of all the compositions, indicating phase pu-

rity. The hexagonal lattice parameters obtained from a least squares fitting of the

experimental patterns are given in Table 3.4.

The hexagonal lattice parameter ‘a’ increases continuously whereas the param-

eter ‘c’ increases and reaches a maximum value for x = 0.2 and then decreases with

increasing x. This is due to the larger ionic size of Zn2+ (0.74 Å) compared to that

of Al3+ (0.535 Å) and the smaller size of La3+ (1.36 Å) compared to that of Sr2+

(1.44 Å). The compared ionic sizes are for six-fold coordination for Al3+ and Zn2+

and for twelve-fold coordination for La3+ and Sr2+ [12]. The difference in the ionic

sizes of Sr2+ and La3+ is relatively smaller than the difference between the sizes

for Zn2+ and Al3+, so that there is an effective increase in the lattice parameter

a, with increasing x. Thus, the powder XRD studies confirm the formation of the

La-Zn substituted strontium aluminate compositions.
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3.5.2 27Al NMR

From the studies on the unsubstituted SrAl12O19, it is clear that the distorted

tetrahedral site can be seen only at high fields due to its high quadrupolar cou-

pling constant. Therefore, all the studies on the substituted SrAl12O19 were carried

out at 14.0 T and 16.4 T and the spectra are shown in figures 3.17 and 3.18, respec-

tively. There is not much enhancement in the resolution of the spectra recorded

at 16.4 T compared to the spectra recorded at 14.0 T. This is because the spectra

at 16.4 T was recorded at the spinning speed of 34 kHz, while the spectra at 14.0

T was recorded at 40 kHz. From the spectra shown in figures 3.17 and 3.18, it can

be seen that the 27Al resonances for the different coordination environments for all

the samples are not well resolved except for the AlO4 resonance around chemical

shift ∼70 ppm, as observed for the unsubstituted strontium aluminate (see figure

3.3). It is very clear from the spectra that the Al coordination environments are

affected as the degree of La-Zn substitution increases. Although there is no sub-

stantial change in the chemical shift of the individual spectral lines, the lineshape

seems to be affected by the increase in the amount of substitution. Clear distor-

tions of the peak originating from the tetrahedral coordination (∼70 ppm) and

reduced intensity ratio of the peaks due to octahedral environments (∼10 ppm)

are directly visible in the spectra of the substituted compositions recorded at both

the fields.

The changes in the spectral characteristics could be due to various factors such

as:

• The distortions are arising from the occupancy of Zn ions in the tetrahedral

sites only which affect the nearby octahedral and penta coordinated sites,

• The substituted Zn ions occupy only the octahedral sites and the nearby

tetrahedral sites experience only a distortion due to this,

• Simultaneous occupancy of the Zn ions in the tetrahedral and the octahedral

sites.
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Figure 3.17: 27Al MAS NMR spectra of Sr1−xLaxAl12−xZnxO19 recorded at 14.0 T.
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Figure 3.18: 27Al MAS NMR spectra of Sr1−xLaxAl12−xZnxO19 recorded at 16.4 T.
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Mössbauer spectroscopic studies have shown that only the 2a and 4f2 octa-

hedral Fe sites are occupied by Co in the case of La-Co substituted strontium

ferrite [13–17]. Similarly, in the reported work on the Fe, La and Co NMR spectra

of La-Co substituted strontium ferrite, it has been shown that a severe distortion

of the tetrahedral symmetry can occur due to lattice distortions arising from the

substitutions but do not play a major effect in determining the properties [20].

However, when the spectra of all the samples near the base line are enlarged and

compared for the 14.0 T and 16.4 T spectra, as shown in figures 3.19 and 3.20,

respectively, a remarkable effect of substitution on the spectra is the lowering of

the intensity of the signal due to the distorted 4e tetrahedral site (shown by ar-

rows), apart from the changes in the shapes and relative intensities of the peaks

from tetrahedral and octahedral coordination environments.

Changes in the NMR lineshapes may arise from a change in the electric field

gradient as well as the asymmetry parameters around the probe nucleus Al, when

the surrounding nuclei are partially substituted by other elements such as Zn.

Therefore, these visible spectral changes cannot give any quantitative information

on the changes in the local symmetry environments. To obtain quantitative in-

formation about the site population of different coordination environments in the

different samples, all the spectra were simulated and the individual lines were ob-

tained by deconvolution of the simulated spectra, using the DMFIT program [26].

The experimental and simulated spectra recorded at 14.0 T and 16.4 T along

with the components for x = 0.4 are shown in figures 3.21 and 3.22, respectively.

The Al-IV, Al-VI-3 and Al-IV-d sites fitted very well to the central transition

lineshape of a half-integer spin quadrupolar nucleus defined by a quadrupolar

coupling constant Cq and an asymmetry parameter η. To simulate the lineshapes

for the Al-VI-1, Al-VI-2 and Al-V sites, the Czjzek model provided in the DMFIT

program was used [26,32]. The NMR spectral parameters for all compositions for

the spectra recorded at 14.0 T and 16.4 T are given in table 3.5 and table 3.6,

respectively.

91



Studies on Unsubstituted and La-Zn Substituted SrAl12O19

Figure 3.19: Zoomed view of the 27Al MAS NMR spectra of Sr1−xLaxAl12−xZnxO19

recorded at 14.0 T showing the changes in the intensity of the signal from the distorted

tetrahedral site.

Figure 3.20: Zoomed view of the 27Al MAS NMR spectra of different compositions in

Sr1−xLaxAl12−xZnxO19 recorded at 16.4 T showing the changes in the intensity of the

signal from the distorted tetrahedral site.
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Figure 3.21: Experimental and simulated 27Al MAS NMR spectra along with the indi-

vidual components of Sr0.6La0.4Al11.6Zn0.4O19 recorded at 14.0 T.
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Figure 3.22: Experimental and simulated 27Al MAS NMR spectra along with the indi-

vidual components of Sr0.6La0.4Al11.6Zn0.4O19 recorded at 16.4 T.
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In the case of the spectra recorded at 14.0 T, for the Al-VI-3 (distorted octahe-

dron, 12k site, Cs symmetry) peak, a change in the lineshape is observed, and the

Cq has increased from 4.8 MHz for x = 0 to 5.9 MHz for x = 0.4, while the η value

remains almost the same (∼0.6). For the Al-VI-2 peak (antiprism, 4f2 site, C3v

symmetry), Cq remains almost the same and therefore there is not much differ-

ence in the lineshape with increasing x. For the Al-VI-1 site (regular octahedron,

2a site, D3d symmetry), Cq has increased from 1.06 to 1.54 MHz, which causes a

broadening of the peak. For the Al-IV site, there is an increase in Cq as well as

η, where Cq changes from 3.41 to 3.71 MHz and η changes from 0.12 to 0.6 which

causes a change in the lineshape. For the Al-V site, which is fitting to the Czjzek

model [32], the change in the lineshape is due to the increase in the chemical shift

distribution ΔCS from 1.2 to 9.5 ppm. For this peak, change in the Cq is from

2.03 to 1.87 MHz which is not responsible for the change in the lineshape. The

intensity of the distorted Al-IV peak has decreased considerably, which is likely

to be due to the decrease in the site population. The Cq value has decreased from

20.68 to 20.21 MHz which did not cause a significant change in the lineshape.

Similar results are obtained from the deconvolution of the spectra recorded at

16.4 T as given in table 3.6. For the Al-VI-3 peak, a change in the lineshape is

observed along with an increase in the value of Cq from 4.59 MHz for x = 0 to

5.76 MHz for x = 0.4 and the value of η remains the same as 0.93. However,

there are some minor changes in the parameters compared to the 14.0 T spectral

parameters which may be arising from the difference in the field strengths and

spinning speeds.

The site occupancies are obtained after deconvolution of the simulated spec-

trum and the values are corrected according to the procedure given by Massiot et

al. as described in section 2.3.2.6. [26]. The occupancies are also corrected for the

degree of substitution. The corrected intensities for the different Al sites from the

spectra recorded at 14 and 16.4 T are given in table 3.7.
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The expected occupancy is the theoretically predicted occupancy for the dif-

ferent sites for the unsubstituted composition (x = 0). The maximum percentage

changes in all the site occupancies are estimated with respect to the calculated

values for x = 0 at the corresponding sites. From table 3.7, it is seen that some

differences are observed between the expected and calculated site occupancies at

the different sites for x = 0. For example, a difference of 3.4% (16.47 against

16.67) is observed between the calculated and expected site occupancy for the 4f1

site. Hence, the maximum change of 3.4% for the 4f1 site and below for other sites

(1.5% for 12k and 2.6% for 2b+4e sites) is considered as the error in the fitting

procedure. Since the percentage change in the site occupancy at the 2a and 4f2

sites is much larger than the 3.4% error limit considered, and also the Al occu-

pancies in these two sites decrease monotonically as the amount of substituted

Zn is increased, it is clear that the Zn ions occupy the 2a and 4f2 Al sites. This

result is in accordance with the Mössbauer and Fe NMR studies on La-Co sub-

stituted strontium ferrite [13–17]. However, an important observation is that in

addition to the changes in the occupancy at the 2a and 4f2 sites, the Al occupancy

at the penta-coordinated site has increased with a corresponding decrease in the

occupancy at the distorted tetrahedral site, with increasing degree of substitution.

Moreover, the sum of the occupancies at the distorted tetrahedral and penta co-

ordinated sites remain almost the same (maximum error of 2.6%), showing clearly

that Zn ions are not occupied in the trigonal bipyramidal (2b) or the distorted

tetrahedral (4e) sites. Similar results are obtained from the spectra recorded at

16.4 T also. From table 3.7, a maximum change of 3.3% is observed between the

calculated and expected site occupancy for the 4f1 site and 3.7% for the VI-3 site.

Thus, considering the error limit as 3.7%, large changes in the occupancies are

observed at the 2a and 4f2 sites. Similarly, the occupancy at the bipyramidal site

increases at the expense of the occupancy at the distorted tetrahedral sites.

A graph showing the variation of the quadrupolar coupling constant, Cq, with

x for the spectra recorded at 14.0 T is shown in figure 3.23. Cq is a measure of the

symmetry environment of the corresponding sites for a particular coordination. A
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Figure 3.23: Variation of the Cq (ΔCq = Cq(x) - Cq(x=0)) for different sites as a

function of x in Sr1−xLaxAl12−xZnxO19, from the spectra recorded at 14.0 T.

large increase in the value of Cq is observed for the 12k site for x = 0.1 and ΔCq

linearly increases further with increasing x. Since the Al occupancy at the 12k

is not changed after substitution by Zn, the large increase in the value of Cq is

likely to be due to the increasing distortions caused by the Zn ions occupying the

neighboring 2a and 4f2 sites, similar to that observed fromMössbauer spectroscopic

studies on La-Co substituted strontium ferrite [9]. Similarly, Cq has not changed

much for the tetrahedral (4f1) as well as the distorted tetrahedral (4e) sites. On the

other hand, a positive jump in the value of Cq is observed for the 2a and 4f2 sites

between x = 0.2 and 0.3, the two sites showing changes in the Al site occupancies.

The increased values of Cq correspond to increased distortion of these sites. There

is a corresponding negative jump in the value of Cq for the 4e site also indicating

100



Studies on Unsubstituted and La-Zn Substituted SrAl12O19

decreasing distortion. This implies stabilization of the penta-coordinated 2b sites

from the distorted tetrahedral sites. The variation of Cq for different sites shows

that there is a considerable change in the parameter for x > 0.2. This means that

the distortion to the particular coordination environment is minimum up to the

level of substitution of x = 0.2 and major distortions take place above this level

of substitution. The results also show that out of 2a and 4f2 sites, which are the

sites of substitution of Al by Zn, the undistorted octahedral site 2a is not much

distorted compared to the 4f2 site, up to x = 0.2, as evidenced from the changes

in the quadrupolar coupling constant parameter. Above x = 0.2, the 2a site is

considerably distorted compared to the 4f2 site.

3.5.3 Summary

The present 27Al solid-state NMR studies on La-Zn substituted hexagonal stron-

tium aluminate, Sr1−xLaxAl12−xZnxO19, show that the sites of substitution of Zn

are the same as that reported for La-Co substituted hexagonal strontium fer-

rite from Mössbauer spectroscopic studies. Also, from the present NMR studies,

evidence for larger distortions to the octahedral coordination environments is ob-

served for x > 0.2, the composition corresponding to the maximum magnetic

performance parameters in the case of La-Co and La-Zn substituted hexagonal

strontium ferrite. Evidence is also obtained for the stabilization of the penta-

coordinated sites over the distorted tetrahedral sites on substitution, which could

be an additional reason behind the increased magnetic performance of the substi-

tuted ferrites.

3.6 Conclusions

27Al solid-state NMR studies on the same sample of SrAl12O19, at both low- and

high fields, indicated the presence of Al at both the distorted tetra coordinated

and the penta coordinated Al sites. Rietveld refinement analysis of the XRD pat-

terns of the strontium aluminate sample gave indication for a possible two-phase
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model and based on the results, it is concluded that a structural model, where

two phases co-exist simultaneously, one with the central atom model and another

with the split atom model, is the best possible structure. The NMR studies on

La-Zn substituted hexagonal strontium aluminate, Sr1−xLaxAl12−xZnxO19, again

confirmed the presence of distorted tetrahedral and penta coordinated Al sites in

the structure. The sites of substitution of Zn ions in strontium aluminate are the

same 2a and 4f2 octahedral sites as that reported for La-Co substituted hexago-

nal strontium ferrite from Mössbauer spectroscopic studies. However in addition

to this, evidence is obtained for the stabilization of the penta-coordinated sites

over the distorted tetrahedral sites on substitution, which could be the actual

cause behind the increased magnetic performance of the isostructural substituted

ferrites.
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4.1 Introduction

LaAlO3, is an important ceramic material with many applications [1–5]. As dis-

cussed in chapter 1 (section 1.6.2), the crystal structure of LaAlO3 is rhombohedral

perovskite with distorted AlO6 octahedra and LaO12 dodecahedra [6]. However,

there has been an uncertainty about the correct space group of LaAlO3 as R3m

or R3c [7–9]. The different space groups proposed for this system are due to

the uncertainty in the local symmetry environments. It is very difficult to derive

information on the correct space group from X-ray diffraction technique, as the

patterns are almost identical for the proposed space groups, and the only differ-

ence being the minor variation of the intensity of the peaks arising from the similar

reflection conditions for the two space groups discussed above. At present, LaAlO3

is believed to have a space group R3c with only one octahedral Al site. However,

in a recent study on LaAlO3, using resonant Raman spectroscopy [10], a weak

Raman band around 120 cm−1 was observed below 240 K for the 488 nm excita-

tion wavelength and this band became stronger as the temperature was lowered.

This is attributed to the breakdown of local symmetry at low temperatures and

it is proposed that this is possible only if there are two Al coordination environ-

ments. The space group R3c cannot account for the two different coordinations,

and therefore R3c or R3 is proposed as the possible space group of this material.

The crystal structure is known to play a very crucial role in determining the

physical properties of perovskite type oxides [11]. Any minor changes in the struc-

ture is likely to affect the physical properties considerably. In many cases, minor

structural variations or marginal breakdown of the local symmetry cannot be de-

tected by diffraction experiments. However, solid-state NMR can be used to probe

the local symmetry and the local coordination environments since it is possible to

probe the nuclei which extends over several coordination spheres [12]. Previous

SSNMR studies on LaAlO3 indicated a very low quadrupolar coupling constant

(Cq) of 150 kHz [8,13–16]. In general, the quadrupolar coupling constant gives

an indication of the distortion of the coordination polyhedra. The unusually low

value of Cq observed for Al in LaAlO3, compared to the high values (> 600 kHz)
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reported for octahedrally coordinated Al in other materials such as different forms

of alumina, aluminosilicates and calcium aluminates, and AlO6 in structures such

as magnetoplumbites, spinels, garnets and the layered perovskites, [12,17–23] has

been attributed to the near-cubic local symmetry [15].

The main objective of the work reported in this chapter is a detailed study

of the coordination environment of Al in LaAlO3 using 27Al solid-state NMR

(SSNMR). Static and magic angle spinning (MAS) NMR studies have been carried

out below and above room temperature to get detailed information and the results

are compared with the structural information obtained from Rietveld analysis of

the powder XRD patterns, so as to get information on the possible space group.

Second harmonic generation experiment has been carried out to investigate if the

material possesses a center of inversion.

4.2 Synthesis

Lanthanum aluminate was prepared using a reverse co-precipitation method as

reported previously [24]. A mixed water solution of 3.90 g of lanthanum nitrate

(Aldrich) and 3.38 g of aluminium nitrate (sd fine chemicals) taken in the 1:1 molar

ratio was dropped into a dilute ammonia solution of pH ∼ 9. The precipitate

formed was filtered and washed several times with distilled water and finally dried

in an oven. The dried powder was then precalcined at 700 ◦C for two hours and

then calcined at 1400 ◦C for 6 hours for the complete phase formation.

4.3 NMR methodology

High-resolution 27Al solid-state magic angle spinning (MAS) NMR at room tem-

perature and high temperatures and static variable temperature NMR experiments

were carried out on a Bruker AV-300 (νAl = 78.2 MHz) spectrometer equipped

with a 7.05 T magnet using 4 mm probe head. 27Al solid-state MAS NMR exper-

iments were carried out at the magic angle spinning speed of 10 kHz and with a

short pulse duration 3 μs. 200 scans were collected with a recycle delay of 20 s.
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The 3-quantum magic angle spinning (3QMAS) experiment was carried out using

a standard Z-filter pulse sequence on the AV-300 spectrometer. The experiment

was optimized at a spinning rate of 10 kHz with the excitation and conversion

pulses as 5.8 and 2.2 μs, respectively with a RF field strength of 90 kHz. . The

selective 90◦ Z-filter pulse was set as 25 μs at an RF field strength of 4 kHz. A

recycle delay of 10 s was used for the experiment. The high temperature MAS

experiments were carried out at a spinning speed of 8 kHz. The variable temper-

ature static 27Al NMR experiments were done with a short pulse of 0.35 s and a

total of 1,000 scans were collected with a recycle delay of 1 s between the scans.

139La MAS NMR experiments were carried out on a Bruker AV-300 spectrom-

eter equipped with a 4 mm probe and on Bruker AV-700 spectrometer equipped

with a 16.4 T magnet using 1.3 mm probe head. The samples were spun at 12.5

and 60 kHz on AV-300 and AV-700 spectrometers, respectively. The quantitative

MAS NMR spectra were recorded using a pulse width of 0.4 s and 10,000 scans

were acquired with a recycle delay of 1 s on AV-300. Similarly, the spectra were

recorded using a pulse width of 1 μs and 8,000 scans were acquired with a recycle

delay of 0.25 s on AV-700.

4.4 XRD studies

The synthesized lanthanum aluminate powder was first characterized using pow-

der X-ray diffraction studies. The experimental and simulated XRD pattern of

lanthanum aluminate, simulated using the PCW software [26], are shown in figure

4.1. The XRD pattern is simulated with the hexagonal lattice parameters a =

5.3647 Å and c = 13.1114 Å reported for the material in the literature and us-

ing the space group R3c [25]. The positions and intensities of the different peaks

observed in the experimental XRD pattern are comparable with that in the simu-

lated pattern. There are no additional peaks in the XRD pattern, indicating the

absence of any impurities in the sample, confirming the single phase nature of the

synthesized sample.
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Figure 4.1: Experimental and simulated XRD patterns of LaAlO3.

Since three space groups are proposed for LaAlO3, Rietveld refinement studies

have been carried out with the space groups R3̄, R3c and R3̄c. However, re-

finement of the XRD pattern using the R3̄ space group did not give a good fit

because of the differences in the relative intensities of the peaks in the experimen-

tal and simulated patterns. The experimental as well as the calculated powder

XRD patterns, using the space groups R3c and R3c, are shown in figures 4.2 and

4.3, respectively. Rietveld refinement analysis shows that the experimental XRD

pattern fits reasonably well with both R3c and R3c structure models. The zoomed

view of the (024) peak is shown in figure 4.4. The parameters which indicate the

goodness of the fit, χ2 and the R-factors, and the refined lattice parameters are

given in table 4.1. Both the space groups give similar R-factors, because of which

it is very difficult to distinguish between the two space groups. However, χ2 is

relatively lower for the R3c space group. All the Al-O bond lengths are equal

to 1.899 Å for R3c. For the structure with space group R3c, there are distorted

AlO6 octahedra where distortion involves a polar distribution of oxygen atoms
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Table 4.1: Rietveld refinement parameters of LaAlO3 from XRD patterns recorded at

different temperatures.

Temperature Space χ2 Rwp RF 2 a c

(K) group (Å) (Å)

298
R3c 2.146 0.0509 0.0218 5.3640 13.1107

(RT) R3c 2.148 0.0509 0.0219 5.3640 13.1106

198
R3c 2.190 0.0814 0.0482 5.3574 13.0974

R3c 2.436 0.0858 0.0467 5.3567 13.0949

123
R3c 2.301 0.0830 0.0512 5.3568 13.0917

R3c 2.184 0.0808 0.0410 5.3499 13.0749

with triangular faces of unequal size. The Al-O bond lengths obtained from the

structure for the R3c space group are 1.863 Å for three Al-O bonds and 1.936 Å

for the other three Al-O bonds in the AlO6 octahedra. Such a difference in the

bond lengths during the rotation of the octahedra can cause a slight displacement

of Al or La atoms from the centre of symmetry resulting in the space group R3c

instead of R3c. But if the shift of Al atoms from the centre of inversion is very

small, then the non-centrosymmetric structure R3c differs only marginally from

the centrosymmetric R3c structure. This is the probable reason why the X-ray

diffraction experiments are not able to detect the lowering of the symmetry.

In order to verify whether the local breakdown in the symmetry is arising from

temperature induced phase transitions, the powder XRD patterns were recorded

at lower temperatures. The XRD patterns recorded at the temperatures, 298 K

(room temperature), 198 K and 123 K are compared in figure 4.5.
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Figure 4.2: Result of the Rietveld refinement of the XRD pattern of LaAlO3 at room

temperature using the space group R3c.

Figure 4.3: Result of the Rietveld refinement of the XRD pattern of LaAlO3 at room

temperature using the space group R3̄c.
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Figure 4.4: Zoomed view of the (024) peak from the refinement of the XRD pattern of

LaAlO3 using the space groups R3c and R3̄c. The doublet is due to the Kα1 and Kα2

components.

Figure 4.5: Comparison of the XRD patterns of LaAlO3 recorded at and below room

temperature.

The peaks in the XRD pattern is shifted slightly to higher angles as the tem-

perature is decreased (the major peak at 33.4◦ is shown in the inset of the figure),

which indicates a dependence of the lattice parameters of LaAlO3 on tempera-

ture, as observed from the neutron diffraction study by Heyverd et al [27]. The
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difference in the lattice parameters could be due to lattice contraction, or due to

a change in the space group of lanthanum aluminate as observed from the Raman

spectral studies [10]. In order to verify this, Rietveld refinement analysis of the

low-temperature XRD patterns was carried out using the space groups R3̄c and

R3c. The refinement plots for the pattern recorded at 123 K are shown in figures

4.6 and 4.7. The refinement parameters are given in table 4.1.

Figure 4.6: Result of the Rietveld refinement of the XRD pattern of LaAlO3 at 123 K

using the space group R3c.

Figure 4.7: Result of the Rietveld refinement of the XRD pattern of LaAlO3 at 123 K

using the space group R3̄c.
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Figure 4.8: Experimental and simulated 27Al MAS NMR spectra of LaAlO3 recorded at

7.05 T.

Interestingly, at room temperature and at 198 K, using R3c space group gives a

lower χ2 value compared to the R3̄c space group. In contrast to this, for the pattern

recorded at 123 K, lower values are obtained for the best fit parameters using the

space group R3̄c, indicating that the correct space group of the material at room

temperature may be R3c and that there may be a temperature induced phase

transition in the material as suggested from the Raman spectroscopic studies [10].

4.5 27Al NMR

The 27Al MAS NMR spectrum of LaAlO3 recorded at the field 7.05 T (300 MHz)

at a spinning speed of 10 kHz is shown in figure 4.8. The spectrum shows a single

peak at a chemical shift of 11.7 ppm, with the sidebands occurring at multiples of

the spinning speed, confirming the presence of an octahedral site, and consistent

with the earlier reports [8,13–16].
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Figure 4.9: 27Al 3QMAS NMR spectra of lanthanum aluminate recorded at 7.05 T.

The main objective of this NMR study is to characterize the coordination

environment of Al so as to provide fresh insights into the correct space group

of this material. Since the Raman spectral studies suggested the possibility of

two different Al sites in lanthanum aluminate [10], the two dimensional MQMAS

experiment was carried out to verify if two Al sites are present. A good MQMAS

spectrum is obtained only at the low field of 7.05 T, which showed the presence of

a single site with very low Cq. The center of gravities of the contour are coinciding

at around 11.2 ppm in both the F1 and F2 dimensions in the MQMAS spectra

indicating the very low quadrupole coupling constant. If the Cq is more, the center

of gravity in the F1 dimension will shift downwards, suggesting a quadrupole

induced shift. Previous solid-state NMR studies on LaAlO3 also showed a very

low quadrupole coupling constant of 150 kHz [13–16].

In order to obtain the NMR parameters, the experimental MAS NMR spec-

trum was simulated with the DMFIT program [28]. Since the quadrupole coupling

constant of LaAlO3 is very small, only the first order effects of quadrupolar in-

teractions needs to be considered for simulating the SSNMR spectrum which is

already incorporated in the DMFIT program [28]. The experimental and simu-

lated NMR spectra showing the full sideband profile recorded at a spinning speed
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of 10 kHz are shown in figure 4.8.

From the simulation of the NMR spectrum, the spectral parameters for lan-

thanum aluminate are obtained as the isotropic chemical shift, δiso = 11.58 ppm,

and the quadrupole coupling constant, Cq = 150 kHz, which are in close agree-

ment with the values reported in the literature [8,13–16]. This very low value

of Cq, compared to the values reported for octahedral Al site in different mate-

rials (> 600 kHz) [12,17–23] is attributed to the near-cubic symmetry of the Al

site [15]. Similar low value for Cq (∼ 360 kHz) has been reported for ettringite,

the initial hydration product of the calcium aluminates in Portland cements, and

is attributed to equivalent, octahedrally coordinated positions in the unit cell [29].

However, to obtain the experimentally obtained NMR spectral lineshape, the

simulated spectrum calculated using a Cq of 150 kHz need to be convoluted with

a Lorentzian broadening of 380 Hz. This is not expected for the solid-state NMR

spectrum of a powder sample. This indicates the possibility of Al ion mobility

in LaAlO3. This possibility was also suggested in a study on LaAlO3 by Blanc

et al., where it was observed that the asymmetry parameter of the quadrupolar

interaction is non-zero despite the presence of 3̄ operator at the Al site, suggest-

ing the need for considering the dynamical effects in the NMR simulations [15].

In another study where in-situ high temperature Al MAS NMR study on alumi-

nosilicate glasses have shown that the lineshape of the central transition changes

from Gaussian to Lorentzian with increasing temperature which is attributed to

the onset of rapid isotropic motions of the Al atom [30]. Similar changes in line-

shape have been observed for the 7Li NMR spectra of an intercalation compound

Li0.1MoS2[(C2H5)2NH]0.2 and amorphous LiNbO3 when Li ion is mobile in the

sample [31,32]. However, similar motion of Al in the perovskite structure is not

expected.

To estimate the order of the motion of the Al ions in LaAlO3, if present,

variable temperature MAS NMR experiments from room temperature to 373 K, at

a spinning speed of 8 kHz, have been carried out. There are no noticeable changes

in the 27Al MAS NMR spectral lineshape when the temperature is increased, as
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Figure 4.10: Central transition region of 27Al MAS NMR spectra of LaAlO3 at different

temperatures recorded at a spinning speed of 8 kHz.

seen from figure 4.10, where the central transition region of the spectra are shown.

This indicate that there is no change in the order of the motion of Al in the lattice,

if at all present. However, a small decrease in the quadrupolar coupling constant

and increase in the isotropic chemical shift, with increase in the temperature, are

observed and the values are given in table 4.2. The Cq decreased from 150 kHz

at 298 K to 136 kHz at 373 K. Similarly, the chemical shift increased from 11.58

to 11.90 ppm. These small changes in the parameters are likely to be due to

the decrease in the rhombohedral distortion or due to the changes in the lattice

parameter of LaAlO3 with increasing temperature, as reported in the literature

from high-temperature neutron diffraction experiments [27].

Due to the limitations in the experimental set up, MAS NMR spectra below

room temperature could not be carried out. Therefore, static 27A solid-state NMR

experiments have been carried out at room temperature as well as at both low- and

high- temperatures. Variable temperature static solid-state NMR experiments are

useful for probing the structural changes and the dynamics over a wide range of

time scales [33]. The static 27Al SSNMR spectrum recorded at room temperature

is shown in figure 4.11. The spectrum shows five distinct set of transitions which

corresponds to the central transition, 1/2 ↔ −1/2, and four satellite transitions
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Table 4.2: The isotropic chemical shift and quadrupolar coupling constant used for the

simulation of MAS NMR spectra of LaAlO3 recorded at different temperatures.

Temperature (K) δiso (ppm) Cq (kHz)

298 11.58 150

323 11.71 147

348 11.79 142

373 11.90 136

corresponding to the −3/2 ↔ −5/2, −1/2 ↔ −3/2, 3/2 ↔ −1/2 and 5/2 ↔ 3/2

transitions. Detailed analysis of the singularity positions of the different transi-

tions allows the estimation of chemical shift and quadrupolar interactions [17].

Figure 4.11: Experimental and the best fit 27Al static NMR spectra of LaAlO3 obtained

with the Simpson optimization using a Gaussian broadening. Inset shows the Simpson

simulated NMR spectrum using Cq of 150 kHz.
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27Al static solid-state NMR spectrum, simulated with a Cq of 150 kHz, us-

ing the SIMPSON [34] program, is shown in the inset of 4.11. In the simulated

spectrum, the central transition is very sharp and narrow since this line is unaf-

fected by the first order quadrupolar interaction. However, in the experimental

spectrum, a substantial broadening is observed for all the transitions, probably

as a consequence of local disorder in the position of the Al atoms. It is found

that when the simulated spectrum is convoluted with a Guassian broadening of 3

kHz, the lineshapes of the central as well as the satellite transitions are similar to

that in the experimental spectrum except for the slight differences in the relative

intensities of the central and the satellite transitions. Ashbrook et al, from studies

on the static Cs (I = 7/2) NMR studies on pollucite (CsAlSi2O6), which has a low

quadrupole coupling constant of 120 kHz, found similar Gaussian lineshape and

broadening and this has been attributed to a motion of the order of 1-2 kHz [35].

Therefore, the characteristics of the static 27Al NMR spectrum of LaAlO3 prob-

ably indicates the possibility of Al ion mobility, of the order of 2-3 kHz, in the

system.

Variable temperature static solid-state NMR experiments and lineshape anal-

ysis of the resulting spectra are useful for probing the structural changes and the

dynamics over a wide range of time scales. Therefore, variable temperature 27Al

static NMR experiments were carried out in the temperature range 198–373 K.

The spectra recorded at different temperatures are shown in figure 4.12. A closer

look at the spectra, shown in figure 4.12, reveals that there is only a minor change

in the lineshape with increase in the temperature. However, as the temperature

is increased, there is a shift of the satellite transitions towards the central transi-

tion, associated with a large decrease in the intensity of the central peak. This is

likely to be due to the local averaging of the electric field gradient surrounding the

quadrupolar nucleus, resulting in a decrease in the quadrupolar coupling which

may occur because of the increasing motion of Al3+ ions [36]. This shows that

the Cq which is obtained at room temperature from the MAS spectra may be a

motionally averaged value of Cq.
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Figure 4.12: 27Al static NMR spectra of LaAlO3 recorded at different temperatures.

The variation of Cq values calculated from the difference in the singularity po-

sitions of the inner and the outer satellite transitions, as a function of temperature

are shown in figure 4.13 and the values are given in table 4.3. A linear decrease in

the value of Cq, with increasing temperature, is observed. The decreasing value

of Cq with increasing temperature, as observed in the case of MAS NMR, can be

due to the decreasing rhombohedral distortion as well as the change in the lattice

parameter. It is clear that motion of Al ions, if at all any, has not been arrested

even at the low temperature of 198 K. Because of the experimental limitations,

the spectra could not be recorded below 198 K.
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Figure 4.13: Variation of the 27Al Cq obtained from the static NMR spectra as a function

of temperature.

Table 4.3: 27Al quadrupolar coupling constant of LaAlO3 calculated from the static NMR

spectra recorded at different temperatures.

Temperature (K) Cq (kHz)

198 163

223 153

248 147

273 139

298 134

323 127

348 120

373 114

An important observation is that the quadrupolar lineshape of the static pow-

der spectrum remains the same even at low and high temperatures, implying that,

124



Studies on LaAlO3

if there is motion of Al ions in the lattice, the order of the motion of the Al ions at

these temperatures is still the same and it is clear that if the motions were of the

order of 1-2 kHz, there would have been substantial changes in static lineshape at

lower temperatures.

Thus, the MAS and static NMR studies suggest that the very low Cq and

the Lorentzian lineshape are likely to be originated from the highly symmetric

environment in the structure of LaAlO3 and very fast motions. The related layered

perovskite LaSrAlO4 (SrO.LaAlO3), in which the perovskite layer is separated by

SrO layers shows a very high Cq > 2 MHz and a Gaussian distribution [23].

4.6 139La NMR

If there are two Al environments in the structure of LaAlO3, as proposed by

Sathe and Dubey [10] from Raman spectroscopic studies, it should show up in the

139La NMR spectra, since the different space groups may be due to shift of Al

or La from their symmetric positions. Therefore, 139La MAS NMR experiments

have been carried out on the sample on low- (7.05 T) and high- field (16.4 T)

NMR spectrometers, at a spinning speed of 12.5 kHz and 60 kHz, respectively.

The experimental and the simulated 139La NMR spectra of lanthanum aluminate

recorded at 7.05 T and 16.4 T are shown in figures 4.14 and 4.15, respectively.

The spectra are simulated with the DMFIT program, assuming pure quadrupolar

lineshape. Both the spectra show evidence for a single lanthanum site, corre-

sponding to only one crystallographic site in the structure, where La is in the

symmetric LaO12 coordination environment. In the spectrum recorded at 16.4 T,

with a high spinning speed of 60 kHz, the peaks arising out of the satellite transi-

tions for the quadrupolar nuclei are observed, in addition to the central transition.

The isotropic chemical shift and the quadrupolar coupling constants are obtained

as 386.02 ppm and 6.88 MHz from the low-filed spectrum and as 385.35 ppm

and 6.796 MHz from the high-field spectrum, respectively, and the values are in

accordance with the earlier report [13].
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Figure 4.14: Experimental and simulated 139La MAS NMR spectra of LaAlO3 at 7.05 T

at a spinning speed of 12.5 kHz.

Figure 4.15: Experimental and simulated 139La MAS NMR spectra of LaAlO3 at 16.4 T

at a spinning speed of 60 kHz.

Thus, the La NMR experiment shows the absence of more than one Al center

in LaAlO3. If there is mobility of Al ions in lanthanum aluminate, this is likely to
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be due to the slight shift of the Al atoms from the center of inversion which is not

detectable through the NMR experiments or this could also be due to the oxygen

ion mobility.

4.7 Second harmonic generation

Second harmonic generation (SHG) is an important optical method to confirm

the lack of center of inversion in the crystal structure, since centrosymmetric

molecules cannot generate second harmonic signals [38]. Preliminary non-linear

optical (NLO) measurements were carried out following the Kurtz-Perry method

[37], using a Q-switched Nd:YAG laser of λ=1064 nm (pulse width of 10 ns and

repetition rate of 10 Hz; Spectra Physics, PROLAB 170). The second harmonic

generation behavior of LaAlO3 was confirmed from NLO measurements. With an

input beam energy of 3.2 mJ/pulse, SHG signal (bright green emission) of 4.3 mV

was observed for LaAlO3, compared to 7.6 mV for the reference sample potassium

dihydrogen phosphate (KDP). Therefore, LaAlO3 showed roughly half the SHG

efficiency of the standard KDP reference. From the result, it can be concluded

that the crystal structure of LaAlO3 is non-centrosymmetric, with the space group

as R3c, which implies that the AlO6 octahedra are slightly distorted.

4.8 Conclusions

Magic angle spinning (MAS) and static 27Al solid-state NMR studies on LaAlO3

at different temperatures, in combination with Rietveld refinement of the powder

XRD patterns, suggested that the possible space group of the compound is non-

centrosymmetric R3c instead of the centrosymmetric R3̄c. This is supported by

the second harmonic generation studies, which indicated the absence of center of

inversion in the lanthanum aluminate structure. The 27Al NMR studies indicated

the possibility of Al ion mobility in the sample. Detailed studies are required to

understand this, which is beyond the scope of present work.

127



Bibliography

[1] S.-Y. Cho, I.-T. Kim and K. S. Hong, J. Mater. Res 1999, 14, 114-119.

[2] G. Malandrino, L. M. S. Perdicaro, G. Condorelli, I. L. Fragala, A. Cassinese

and M. Barra, J. Mater. Chem. 2005, 15, 4718-4722.

[3] S. Jin, T. H. Tiefel, M. McCormack, R. A. Fastnacht, R. Ramesh and L. H.

Chen, Science 1994, 264, 413-415.

[4] T. Tagawa and H. Imai, J. Chem. Soc., Faraday Trans. 1988, 84, 923-929.

[5] Z.-y. Mao, D.-j. Wang, Q.-f. Lu, W.-h. Yu and Z.-h. Yuan, Chem. Commun.

2009, 346-348.

[6] J. Zhao, N. L. Ross and R. J. Angel, J. Phys.: Condens. Matter 2004, 16,

8763-8773.

[7] S. Geller and V. B. Bala, Acta Crystallogr. 1956, 9, 1019-1025.

[8] K. A. Müller, E. Brun, B. Derighetti, J. E. Drumheller and F. Waldner,

Phys. Lett. 1964, 9, 223-224.

[9] B. Derighetti, J. E. Drumheller, F. Laves, K. A. Muller and F. Waldner,

Acta Crystallogr. 1965, 18, 557.

[10] V. G. Sathe and A. Dubey, J. Phys.: Condens. Matter 2007, 19, 382201.1-7

[11] F. S. Galasso, Structure, properties and preparation of perovskite-type com-

pounds (Pergamon, Oxford, 1969).

[12] M. Smith, Appl. Magn. Reson.1993, 4, 1-64.

[13] R. Dupree, M. H. Lewis and M. E. Smith, J. Am. Chem. Soc. 1989, 111,

5125-5132.

[14] D. Iuga, S. Simon, E. de Boer and A. P. M. Kentgens, J. Phys. Chem. B

1999, 103, 7591-7598.

128



Studies on LaAlO3

[15] F. Blanc, D. S. Middlemiss, L. Buannic, J. L. Palumbo, I. Farnan and C. P.

Grey, Solid State Nucl. Magn. Reson. 2012, 42, 87-97.

[16] E. V. Charnaya, C. Tien, N. V. Chejina, M. K. Lee and S. Y. Sun, Phys.

Solid State 2007, 49, 449-453.

[17] K. J. D. MacKenzie and M. E. Smith, Multinuclear Solid-State Nuclear

Magnetic Resonance of Inorganic Materials (Pergamon, Oxford, 2002).

[18] L. M. Perander, Z. D. Zujovic, T. Groutso, M. M. Hyland, M. E. Smith, L.

A. O’ Dell and J. B. Metson, Can. J. Chem. 2007, 85, 889-897.

[19] B. Baby, K. K. Dey, T. G. Ajithkumar and P. A. Joy, J. Am. Ceram. Soc.

2014, 97, 2990-2995.

[20] V. Sreeja, T. S. Smitha, D. Nand, T. G. Ajithkumar and P. A. Joy, J. Phys.

Chem. C 2008, 112, 14737-14744.

[21] X. L. Duan, D. R. Yuan and F. P. Yu, Inorg. Chem. 2011, 50, 5460-5467.

[22] R. S. Azis, D. Holland, M. E. Smith, A. Howes, M. Hashim, A. Zakaria, J.

Hassan, N. M. Saiden and M. K. Ikhwan, J. Aust. Ceram. Soc. 2013, 49,

74-80.

[23] C. Tealdi, C. Ferrara, L. Malavasi, P. Mustarelli, C. Ritter, A. Spinella, D.

Massiot and P. Florian, J. Mater. Chem. 2012, 22, 10488-10495.

[24] W. Li, M. W. Zhuo and J. L. Shi, Mater. Lett. 2004, 58, 365-368.

[25] J. H. Christopher, J. K. Brendan and C. C. Bryan, J. Phys.: Condens.

Matter 2000, 12, 349-365.

[26] W. Kraus and G. Nolze, PowderCell for Windows (PCW), version 2.4 (The

software is freely available from http://www.ccp14.ac.uk.)

[27] S. A. Hayward, F. D. Morrison, S. A. T. Redfern, E. K. H. Salje, J. F. Scott,

K. S. Knight, S. Tarantino, A. M. Glazer, V. Shuvaeva, P. Daniel, M. Zhang

and M. A. Carpenter, Phys. Rev. B, 2005, 72, 054110.1-17.

[28] D. Massiot, F. Fayon, M. Capron, I. King, S. Le Calv, B. Alonso, J.-O.

Durand, B. Bujoli, Z. Gan and G. Hoatson, Magn. Reson. Chem. 2002, 40,

70-76.

129



Studies on LaAlO3

[29] J. Skibsted, E. Henderson and H. J. Jakobsen, Inorg. Chem. 1993, 32, 1013

[30] K. Kanehashi and J. F. Stebbins, J. Non-Cryst. Solids 2007, 353, 4001-4010.

[31] A. C. Bloise, J. P. Donoso, C. J. Magon, J. Schneider, H. C. Panepucci, E.

Benavente, V. c. Sanchez, M. A. l. Santa Ana and G. Gonzalez, J. Phys.

Chem. B 2002, 106, 11698-11707.

[32] M. Wilkening, D. Bork, S. Indris and P. Heitjans, Phys.Chem. Chem. Phys.

2002, 4, 3246-3251.

[33] S. E. Ashbrook, Phys. Chem. Chem. Phys. 2009, 11, 6892.

[34] M. Bak, J. T. Rasmussen and N. C. Nielsen, J. Magn. Reson. 2000, 147,

296-330.

[35] S. E. Ashbrook, K. R. Whittle, L. Le Polls and I. Farnan, J. Amer. Ceram.

Soc. 2005, 88, 1575-1583.

[36] T. L. Spencer, L. A. O’Dell, I. Moudrakovski and G. R. Goward, J. Phys.

Chem. C 2013, 117, 9558-9565.

[37] S. K. Kurtz and T. T. Perry, J. Appl. Phys. 1968, 39, 3798-3813.

[38] R. L. Byer, Ann. Rev. Mater. Sci. 1974, 4, 147-190.

130



Chapter 5

Studies on La1−xYxAlO3

131





Studies on La1−xYxAlO3

5.1 Introduction

The perovskite LaMnO3 is an antiferromagnetic oxide and ferromagnetism can be

induced in the compound when La3+ is partially substituted by divalent cations

such as Ca2+, Sr2+, etc [1]. This is due to the conversion of equal amounts of

Mn3+ to Mn4+ as well as the associated structural changes due to the decreased

Jahn-Teller distortion of the MnO6 octahedra, changes in the Mn-O-Mn bond

angles and Mn-O bond lengths [2]. Large difference in the ferromagnetic Curie

temperature as well as the electrical characteristics are reported, depending on

the size of the substituted ion, for similar compositions. However, a major ob-

servation is the large increase in the magnetization and changes in the electrical

properties for 0.1 < x < 0.2 in La1−xAxMnO3 (A = Ca, Dr, Ba, Pb), irrespective

of the substituted ion. The compounds show ferromagnetic ordering above x =

0.1. Similar structural changes and associated changes in the magnetic as well as

electrical properties are also observed when La in LaMnO3 is replaced by smaller

rare earth ions. Ferromagnetic compositions are shown to become spin glasses by

the substitution of smaller rare earth ions such as in (La1−xTbx)2/3Ca1/3MnO3 [3]

or similar combination of different rare earth ions at the La-site [4–6].

The objective of the work reported in this chapter is to probe the changes

in the local coordination environments of the La and Al sites when the La site

in the perovskite oxide LaAlO3 is substituted with the smaller rare earth ion

Y3+, from solid-state NMR studies. Y3+ is selected as a representative of the

smaller rare-earth ions and also based on the fact that the entire material remains

non-magnetic so that line broadening in the NMR spectra due to the presence

of magnetic ions can be avoided to get good spectral characteristics. Various

properties of the perovskite LaAlO3 are found to change when La3+ is replaced by

other rare-earth ions and these changes are likely to be due to the changes in the

local coordination environment of LaAlO3 due to the replacement of the larger

La by the smaller rare-earth ions [7–9]. There are no reports in the literature on

the detailed investigation of these changes in the local symmetry and electronic

environments.
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The crystal structure of LaAlO3 is rhombohedral perovskite with the space

group R3̄c [10] and the crystal structure of YAlO3 is orthorhombic with the space

group Pbnm [11]. The substitution of Y at the La site can cause two effects in

the perovskite structure arising from the quadrupole and size considerations; i)

changes in the electronic configuration since La3+ has a noble gas configuration of

Xe and Y3+ has that of Kr, and ii) the size effect which changes the inter-atomic

distances and bond angles since ionic radius of La3+ is (1.36 Å) is much larger

than that of Y3+ (1.076 Å) [12].

The structural changes that may occur in LaAlO3 on substitution is due to the

local structural distortions when the larger La ion is replaced by the smaller Y ion

which has a different electronic distribution and hence is expected to distort the

local electronic environment. Such local distortions can be probed by the solid-

state NMR which probes the nuclei and hence the local distortions. For example,

in the case of La1−xEuxAlO3, studied by NMR and molecular dynamics, it has been

shown that the Al coordination environment has not changed from the octahedral

coordination, since the first neighbor distances are remaining the same as that of

pure LaAlO3 even after the Eu substitution, and this is further evidenced from

the computational studies [13]. However, in a 27Al MAS NMR study on the solid

solution of LaAlO3−La0.67A0.33MnO3 (A= Ca, Sr, Ba), additional coordination

environments are observed for aluminum, different from the octahedral site as in

pure LaAlO3 [14] . In order to understand the local structural variations upon

substitution of La by Y, both the 27Al and 139La NMR spectral studies have been

carried out to probe the changes in the local coordination environments in the

substituted LaAlO3 compositions.

5.2 Synthesis

A series of La-site substituted compositions, La1−xYxAlO3 (x = 0.0, 0.03, 0.06,

0.09, 0.11, 0.12, 0.13, 0.14, 0.15, 0.17 0.2, 0.25, 0.33 and 0.38) were prepared

using reverse co-precipitation method as reported previously [15]. A mixed water

solution of lanthanum nitrate (Aldrich), yttrium nitrate (Aldrich) and aluminium
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nitrate (sd fine chemicals) taken in the appropriate molar ratio (1-x:x:1) was

dropped into a dilute ammonia solution of pH ∼ 9. For example, for the synthesis

of x = 0.2 composition, 2.42 g of lanthanum nitrate, 0.54 g of yttrium nitrate

and 2.63 g of aluminium nitrate were completely dissolved in distilled water and

this solution was dropped into the dilute ammonia solution taken in a beaker

with continuous stirring. The precipitate formed was filtered and washed several

times with distilled water and finally dried in an oven. The dried powder was then

precalcined at 700 ◦C, 800 ◦C, 1000 ◦C, 1200 ◦C for two hours each and then finally

calcined at 1400 ◦C for 6 hours for the complete phase formation. Composition

with x = 0.4 and x = 0.5 was also synthesized but found to form the garnet phase.

Hence, composition up to x = 0.38 are studied.

5.3 NMR methodology

27Al solid-state NMR experiments were carried out at room temperature on a

Bruker AV-300 (aluminium resonance frequency, νAl = 78.2 MHz) spectrometer,

operating at a field of 7.05 T. The experiments were done using a 4 mm BL MAS

probe at the magic angle spinning rate of 10 kHz and with a short pulse duration

3 μs. 200 scans were collected with a recycle delay of 20 s. The 3-quantum magic

angle spinning (3QMAS) experiment was carried out using a standard Z-filter

pulse sequence on the AV-300 spectrometer. The experiment was optimized at a

spinning rate of 10 kHz with the excitation and conversion pulses as 5.8 and 2.2

μs, respectively at a RF field strength of 90 kHz. The selective 90◦ Z-filter pulse

was set as 25 μs at a RF field strength of 4 kHz. A recycle delay of 10 s was used

for the experiment.

139La solid-state NMR experiments were carried out on a Bruker AV-700 (νLa

= 98.1 MHz) operating at a field of 16.4 T. The MAS NMR data on AV-700

was collected using a 2.5 mm MAS probe, with a spinning speed of 60 kHz. The

quantitative MAS NMR spectra were recorded using a pulse width of 1 μs and

8,000 scans were acquired with a recycle delay of 0.25 s.
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5.4 Characterization

Figure 5.1: Powder XRD patterns of different compositions in La1−xYxAlO3, compared

with the simulated pattern of LaAlO3.
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All the La1−xYxAlO3 samples are initially characterized by the powder X-ray

diffraction method. The XRD patterns of all the Y-substituted samples are shown

in figure 5.1. The simulated XRD pattern of LaAlO3 is also shown in the figure for

comparison. From a comparison of the experimental and simulated XRD patterns,

it is clear that all the samples are crystallized with the perovskite structure and

are formed without any impurities. Thus, the perovskite crystalline structure is

preserved after the replacement of part of La3+ by Y3+ which shows the occupancy

of Y3+ ions in the dodecahedral La3+ sites.

Figure 5.2: Zoomed XRD patterns showing changes in the relative intensity and diffrac-

tion angles of the (024) peak for x = 0.0 and 0.2 compositions of La1−xYxAlO3. The

Kα2 components are marked. An additional shoulder observed for x = 0.2 is marked by

the arrow.

The zoomed XRD patterns of x = 0 and 0.2, showing the (024) peak (observed

as a doublet due to the Kα1 and Kα2 components), are shown in figure 5.2. The

peak has shifted to higher diffraction angles indicating a decrease in the lattice

parameters. Apart from the shift in the position of the peak, a change in the

relative intensities of the first (Kα1) and the second (Kα2) peaks is also observed

for x = 0.2, along with a shoulder at higher angles and overall increase in the
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width of the peak. The hexagonal lattice parameters ‘a’ and ‘c’ are calculated

by the least squares fitting of the XRD patterns using the PCW software [16]

with the space group R3̄c and are given in table 5.1. The variation of the lattice

parameters, as a function of x in La1−xYxAlO3, is shown in figure 5.3.

Table 5.1: Lattice parameters for different compositions in La1−xYxAlO3.

x a (Å) c (Å)

0.0 5.3633 13.1091

0.03 5.3629 13.0996

0.06 5.3594 13.0861

0.09 5.3569 13.0789

0.1 5.3539 13.0743

0.12 5.3530 13.0712

0.13 5.3523 13.0683

0.14 5.3485 13.0656

0.15 5.3466 13.0648

0.17 5.3461 13.0624

0.2 5.3404 13.0609

0.25 5.3350 13.0579

0.33 5.3295 13.0482

0.38 5.3249 13.0433

The lattice parameters are found to decrease with increasing degree of substi-

tution. This is expected because of the smaller ionic size of Y3+ compared to that
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of La3+ (Shannon radii of 1.075 Å for Y3+ in 9-fold coordination, 1.36 Å and 1.216

Å for La3+ in 12-fold and 9-fold coordinations, respectively [12]). The changes in

the lattice parameters are almost linear up to x = 0.13, indicating the formation

of single phase solid solutions and there is a deviation in the linearity from this

region onwards, indicating a structural change in this compositional region.

Figure 5.3: Variation of the hexagonal lattice parameters of La1−xYxAlO3 as a function

of x.

5.5 Rietveld refinement studies

Since there is a non-linear variation in the lattice parameters above x = 0.13,

Rietveld refinement analysis of the powder XRD patterns is carried out on selected

compositions close to x = 0.13, to look for any possible structural changes. Since

both the space groups R3c and R3̄c gave comparable residual factors for LaAlO3

(see section 4.4, chapter 4) and the space group R3̄c is the established space group

in the literature, the space group, R3̄c is used for the present analysis.
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The results of the Rietveld analysis are shown in figures 5.4, 5.5, 5.6 and 5.7

for the compositions x = 0.12, 0.13, 0.14 and 0.15, respectively. It may be seen

that reasonably good fits are obtained for all the compositions. However, the

zoomed graphs (insets in figures) showing the fit to the rhombohedral (024) peak

(doublet due to the Kα1 and Kα2 components) show that good fits are obtained

for x = 0.12 and 0.13 whereas the peak is not fitted well for x = 0.14 and x =

0.15, the latter showing large difference between the observed and the calculated

curves, apart from an additional shoulder at higher angles. Therefore, the Rietveld

refinement analysis has been carried out for x = 0.12 and 0.13, considering two

different phases, a rhombohedral phase similar to that of LaAlO3 with the space

group R3̄c and an orthorhombic phase similar to that of YAlO3. However, good

fits are not obtained when the space group Pbnm of YAlO3 is used. On the other

hand, better fits are obtained with the orthorhombic space group Amm2. The

results of the analysis using two different phases co-existing in x = 0.14 and 0.15

are shown in figures 5.8 and 5.9, respectively. Better fits are obtained with the

two-phase model for both compositions.

These results on the structural studies suggest a mixed phase behavior for the

compositions for x > 0.13 in La1−xYxAlO3. In the substituted compositions, x ≈
0.13 corresponds to the compositional region x = 1/8, where one La is replaced by

Y at the corner of the simple cubic perovskite unit cell, which is shared by eight

unit cells. This means that every rhombohedral perovskite unit cell in the lattice

contains one Y atom and increasing the amount of Y beyond this limit may lead

to a distortion in the rhombohedral structure and thus, a phase separation, due to

the very small size of Y compared to that of La in the perovskite structure and the

different crystal structures of the end members. It may be recalled that YAlO3

has the orthorhombic perovskite structure. Thus, it may be expected that the

structure transforms to orthorhombic for x > 1/8 due to the different structures

of the end members as observed for other perovskite oxide solid solutions with

different structures for the end members [17].
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Figure 5.4: Result of the Rietveld refinement of the XRD pattern of La0.88Y0.12AlO3.

Figure 5.5: Result of the Rietveld refinement of the XRD pattern of La0.87Y0.13AlO3.

141



Studies on La1−xYxAlO3

Figure 5.6: Result of the Rietveld refinement of the XRD pattern of La0.86Y0.14AlO3.

Figure 5.7: Result of the Rietveld refinement of the XRD pattern of La0.85Y0.15AlO3.
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Figure 5.8: Result of the Rietveld refinement of the XRD pattern of La0.86Y0.14AlO3

using a two phase model consisting of rhombohedral and orthorhombic phases.

Figure 5.9: Result of the Rietveld refinement of the XRD pattern of La0.85Y0.15AlO3

using a two phase model consisting of rhombohedral and orthorhombic phases.
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5.6 27Al NMR

Figure 5.10: 27Al MAS NMR spectra of different compositions in La1−xYxAlO3 showing

the full sideband profile.
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27Al NMR spectra for all the compositions with the full spinning side band profile

are shown in figure 5.10. As the degree substitution at the La site by Y is increased,

the Al coordination environment is affected as seen from the increased intensities

of the side bands in the NMR spectra. This is indicating an increase in the

quadrupole coupling constant with the degree of substitution.

Figure 5.11: The central transition region in the 27Al MAS NMR spectra of different

compositions in La1−xYxAlO3.
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The central transition in the spectra for all the compositions are compared in

figure 5.11. The central transition for all the compositions appears around 11 ppm

as reported for the unsubstituted lanthanum aluminate, indicating that Al in all

the samples is in the octahedral coordination environment and the coordination

environment has not changed by the substitution of Y [14,18–20]. However, there

is a clear indication of local distortions in the Al octahedra by the yttrium substi-

tution as evidenced from the slight change in the chemical shift and the broadening

of the spectra which is in accordance with the NMR and molecular dynamics sim-

ulation results reported for La1−xEuxAlO3 [13]. In order to find out whether any

additional coordination environments for Al, are arising out of the substitution of

Y for La, as reported for the diluted solid solutions LaAlO3−La0.67A0.33MnO3 (A

= Ca, Sr, Ba) with the alkali earth ion substitution [14], we have carried out the

triple quantum magic angle spinning experiments for the compositions x = 0.12

and x = 0.2.

The 3QMAS spectra for x = 0.12 and 0.2 are shown in figures 5.12 and 5.13,

respectively. From the 3QMAS NMR spectra, it is clear that there is only one

octahedral environment even in the substituted compositions. However, the center

of gravity of the contour in the F1 dimension for the x = 0.12 composition is at 12

ppm, and it is slightly shifted downwards to 13 ppm for the x = 0.2 composition,

indicating the quadrupole induced shift caused by the increase in the quadrupole

coupling constant with the substitution.

In order to obtain the NMR parameters, all the 27Al MAS NMR spectra were

deconvoluted using the DMFIT programme [21]. Since the quadrupole coupling

constant of LaAlO3 is around 150 kHz, we have used a simulation model which

accounts for the first order quadrupolar interactions. The central transition region

of the experimental and simulated spectra of the compositions x = 0.1 and x =

0.2 is shown in figure 5.14.
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Figure 5.12: 27Al 3QMAS NMR spectrum of La0.88Y0.12AlO3.

Figure 5.13: 27Al 3QMAS NMR spectrum of La0.8Y0.2AlO3.
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The NMR parameters; isotropic chemical shift (δiso) and the quadrupole cou-

pling constant (Cq), are given in table 5.2. In the substituted samples, the chemical

shift decreases marginally from 11.6 ppm for the unsubstituted compound to 9.7

ppm for the substitution x = 0.38. The small decrease in the chemical shift is be-

cause of the quadrupole induced shift [22], which is not taken into account while

simulating the NMR pattern. A quad-first model is used for the simulation, which

takes care of only the first order quadrupole interactions. However,quadrupole

coupling constant increases from 150 kHz for the unsubstituted compound to 910

kHz for the substitution of x = 0.38. From the plot of Cq versus degree of substi-

tution, as shown in figure 5.15, a small jump in the value of quadrupole coupling

constant is observed above x = 0.13, apart from another jump in the value above

x = 0.03. The jump close to x = 0.13 matches with the structural change as ob-

served from the structural studies. More detailed structural studies are required

to explain the jump above x = 0.03 which is a very low level of substitution, and

is beyond the scope of the present work.

Figure 5.14: Experimental and simulated 27Al MAS NMR spectra of La1−xYxAlO3 for

x = 0.1 and 0.2 (solid and broken lines represent experimental and simulated NMR

patterns, respectively).
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Table 5.2: 27Al NMR parameters for different compositions in La1−xYxAlO3.

x δiso (ppm) Cq (kHz)

0.0 11.58 150

0.03 11.52 192

0.06 11.25 452

0.09 11.04 527

0.1 10.90 566

0.12 10.87 579

0.13 10.81 584

0.14 10.67 681

0.15 10.64 688

0.17 10.62 703

0.2 10.35 740

0.25 10.09 832

0.33 9.81 893

0.38 9.70 910

Figure 5.15: Variation of the 27Al quadrupole coupling constant of La1−xYxAlO3 as a

function of x.

149



Studies on La1−xYxAlO3

5.7 139La NMR

Figure 5.16: 139La MAS NMR spectra of different compositions in La1−xYxAlO3.
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The 139La MAS NMR spectra of all the compositions in La1−xYxAlO3, recorded

on a 700 MHz spectrometer at the spinning speed of 60 kHz, are shown in figure

5.16. The 139La MAS NMR spectrum of LaAlO3 has the typical lineshape of a

quadrupolar nuclei with two horns and two small peaks at a higher chemical shift

side attributed to the satellite transitions. There is a substantial effect on the line-

shape of the spectrum of LaAlO3 as the amount of substitution is increased, which

is directly observable as a broadening of the spectral lines (for the unsubstituted

sample, the spectra spans the range of 400 to 350 ppm whereas for x = 0.38, the

spectra spans a range of 450 to 200 ppm) and vanishing of the distinct features of

lineshape of a quadrupolar nuclei. The changes in the lineshape are arising due to

the increase in the quadrupolar coupling constant. In order to estimate the exact

chemical shift and the quadrupolar coupling constant, all the spectra were fitted

using the DMFIT programme. The experimental and the simulated spectra of the

compositions x = 0.03, 0.2 and 0.38 are shown in figure 5.17.

The spectra of the unsubstituted compound and that of x = 0.03 composition

could be simulated using a pure quadrupole lineshape. However, the spectra of the

samples with substitution x ≥ 0.06 could be fitted only using the Czjzek model

[23] where there is a distribution of the isotropic chemical shift and quadrupole

coupling constant [24], as described in section 2.3.2.6, chapter 2. In the Czjzek

model, a distribution in the chemical shift and quadrupole coupling constant are

used to fit the spectra. The 139La NMR spectral parameters: isotropic chemical

shift (δiso), quadrupole coupling constant (Cq), Chemical shift distribution (ΔCS)

and the asymmetry (η) parameters are given in table 5.3.

The 139La NMR parameters are plotted in figure 5.18 and 5.19 as a function of

x in La1−xYxAlO3. Both the isotropic chemical shift and the quadrupole coupling

constant increase with the increasing level of yttrium substitution. The small

jump above x = 0.03 is due to the difference in the fitting model. However, both

the chemical shift and the coupling constant are lower for x = 0.13 compared to

that for x = 0.12, showing a small jump, and a non-linear variation is observed for

both parameters for 0.13 ≤ x ≤ 0.17. This probably indicates a difference in the

151



Studies on La1−xYxAlO3

local coordination environment and/or structural changes for substitution above

x > 0.12. Similar anomalous change in the value of Cq is observed above x = 0.13

from the 27Al spectra also.

Figure 5.17: Experimental and simulated 139La MAS NMR spectra of La1−xYxAlO3 for

x = 0.03, 0.2 and 0.38 (solid and broken lines represent experimental and simulated

NMR patterns, respectively).
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Figure 5.18: Variation of the 139La isotropic chemical shift for La1−xYxAlO3 as a func-

tion of x.

Figure 5.19: Variation of the 139La quadrupole coupling constant for La1−xYxAlO3 as a

function of x.
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Table 5.3: 139La NMR parameters for different compositions in La1−xYxAlO3.

x δiso (ppm) Cq (MHz) ΔCS η

0.0 385.4 6.8 - 0

0.03 388.7 7.7 - 0

0.06 385.4 7.3 21.2 -

0.09 389.1 9.0 24.1 -

0.1 393.5 10.3 29.8 -

0.12 396.0 11.3 30.8 -

0.13 394.8 10.9 30.4 -

0.14 402.5 12.5 41.4 -

0.15 405.0 13.3 43.3 -

0.17 404.8 13.4 43.5 -

0.2 414.1 16.2 46.8 -

0.25 418.6 17.7 42.3 -

0.33 424.4 18.8 42.4 -

0.38 427.9 19.4 45.3 -

Thus, both the 27Al and 139La NMR studies indicate that there are some

changes in the local coordination environments of La1−xYxAlO3 around x ≈ 0.12-

0.13, associated with a structural change as observed from XRD studies. It is

noteworthy that the composition at which the anomaly is seen in the variation of

the parameters in the 139La NMR spectra is at x = 0.12 and in the 27Al NMR

spectra is at x = 0.13. This is probably due to the fact that larger La is substituted

by smaller Y and the substitution directly affects the La environment. Changes

in the local structural environment around La are detected by NMR as soon as

they develop in the structure. On the other hand, the effect on Al coordination

environment is indirect (due to distortion of LaO12 coordination polyhedra, AlO6

octahedra are distorted) and hence small difference in the compositions at which

La and Al NMR parameters are deviated.
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5.8 Conclusions

From the 139La and 27Al solid-state NMR studies, it is found that the spectral

parameters; quadrupolar coupling constant and isotropic chemical shift, show a

drastic change around x = 0.13 in the La1−xYxAlO3 solid solution series, indicating

a possible structural change above this composition. Detailed analysis of the

powder X-ray diffraction patterns by the Rietveld refinement method indicated

multiphase behaviour for compositions x > 0.13. The presence of a rhombohedral

phase similar to that of LaAlO3 and an orthorhombic phase similar to that of

the other end member YAlO3 is verified from the XRD analysis. The structural

change takes place in the compositional region corresponding to the substitution

of 1/8th of La by Y in the pseudo-cubic perovskite unit cell such that each Y is

shared by eight unit cells. For x > 0.125, more than one La per unit cell will be

replaced by Y and due to the large difference in the ionic sizes of these ions, phase

separation takes place leading to formation of more than one crystallographic

phase to accommodate the Y-rich compositions. The results show that solid-state

NMR studies can predict possible structural changes in the solid solution series,

and the results may be extendable to other similar systems also.
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Chapter 6

Studies on LaAl1−xMxO3

(M = Co, Ga)
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6.1 Introduction

Lanthanum manganate, LaMnO3, is an antiferromagnetic material. However, it

is known that ferromagnetism can be induced in LaMnO3 by the substitution of

Mn-site by other transition metal ions as in LaMn1−xMxO3 (M = Cr, Co, Ni, Ru,

etc) [1–5]. A large increase in the magnetization and changes in the electrical

conductivity as well as the Seebeck coefficient are observed between x = 0.1 and

0.2 in these substituted compositions. From the detailed magnetic studies on dif-

ferent compositions in LaMn1−xCoxO3, it has been shown that true ferromagnetic

character is observed for compositions x > 0.125 [6]. These results indicate the

possibility of local structural changes associated with the distribution of the sub-

stituted ions in the crystal lattice, apart from the size and nature of the substituted

ions, in deciding the physical properties of the substituted compositions.

The objective of the work reported in this chapter is to study the local struc-

tural changes in LaAlO3, arising from the substitution of cations at the Al-site,

using solid-state NMR. It is expected that the results may be relevant to explain

some of the changes in the properties observed in the related magnetic materials.

In order to study the effect of substitution as well as the size of the substituted

ion, on the octahedral distortion and the local structural changes, the Al3+ ion

is substituted by two different ions, Co3+ and Ga3+. Co3+ is selected because of

its comparable ionic size with that of Al3+ since the ionic radius of Al3+ is 0.535

Å and that of low-spin Co3+ is 0.545 Å in the octahedral coordination environ-

ment [7]. Also, Co3+ is expected to exist in the low-spin state as reported for

Al-substituted LaCoO3, so that the entire material remains non-magnetic and the

NMR line broadening due to the presence of magnetic ions can be avoided to get

good spectral characteristics [8,9]. Ga3+ with ionic radius of 0.625 Å is selected

as a representative ion with larger ionic radius compared to that of Al3+. Due to

the differences in the electron distribution between the two elements Co and Ga,

the electric field gradient around the Al atom is also expected to change which

would result in different quadrupole behaviors around the Al atom, which can be

probed through solid-state NMR.
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6.2 NMR methodology

27Al solid-state NMR experiments were carried out at room temperature on a

Bruker AV-300 (aluminium resonance frequency, νAl = 78.2 MHz) spectrometer,

operating at a field of 7.05 T. The MAS NMR experiments were done using a 4

mm BL MAS probe at the magic angle spinning rate of 10 kHz and a short pulse

duration 3 μs was used. 200 scans were collected with a recycle delay of 20 s.

139La solid-state NMR experiments were carried out on a Bruker AV-700 (νLa

= 98.1 MHz) spectrometer, operating at a field of 16.4 T. The MAS NMR data

on AV-700 were collected using a 2.5 mm MAS probe, at a spinning speed of 60

kHz. The quantitative MAS NMR spectra were recorded using a pulse width of 1

μs and 8,000 scans were acquired with a recycle delay of 0.25 s.

6.3 Studies on LaAl1−xCoxO3

The crystal structure of LaAlO3 as well as LaCoO3 is rhombohedral. A Rietveld

refinement study on LaAlO3 and LaCoO3 has shown that both materials crystallize

with the space group R3̄c and the lattice parameters of LaCoO3 are slightly larger

when compared to that of LaAlO3 [10]. This is because of the small size difference

between the Al and the Co ions.

Unlike LaAlO3 which is non-magnetic, LaCoO3 exhibits magnetic properties

also, because the Co3+ ions (d6 configuration) can exist in high-spin (S = 2, t2g
4e2g),

intermediate-spin (S = 1, t2g
5e1g) or low-spin (S = 0, t2g

6e0g) states [11–14]. Co
3+

in LaCoO3 is shown to exist in the low-spin or intermediate-spin state at room

temperature with very low magnetic susceptibility [15,16]. It has been reported

that Co3+ exists in the low-spin state (S = 0) in LaCoO3 when Co is substituted

by Al or Ga [8]. Therefore, different compositions in LaAl1−xCoxO3 are expected

to be non-magnetic due to the lack of any unpaired electrons in Co3+.
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6.3.1 Synthesis

A series of Co-substituted lanthanum aluminate compositions, LaAl1−xCoxO3 (x

= 0.0, 0.06, 0.09, 0.10, 0.12, 0.13, 0.14, 0.17 and 0.2) were prepared using the sol-

gel method. Ethylene glycol (Ranbaxy), citric acid (Sd fine), aluminium nitrate

(Sd fine), cobalt nitrate (sd fine) and lanthanum nitrate (Aldrich) were used as-

received without any further purification. Aluminium nitrate was added to a

mixture of citric acid and ethylene glycol. After complete dissolution, the solution

was heated at 80 ◦C and stoichiometric quantities of lanthanum nitrate and cobalt

nitrate were added. The molar ratio of 1:1 was maintained for citric acid to total

metal cations concentration and 1:4 ratio was maintained between citric acid and

ethylene glycol. For example, for the synthesis of x = 0.2 composition, 2.86 g of

citric acid and 2.04 g of aluminium nitrate were completely dissolved in 4 ml of

ethylene glycol. The solution was then heated to 80 ◦C and to this solution, 2.94 g

of lanthanum nitrate and 0.40 g of cobalt nitrate were added. After the complete

evaporation of superfluous water, the resulting viscous mass was heated at 140

◦C for 2 hours which produced a solid amorphous resin, which was transferred

to a pre-heated oven at 250 ◦C for charring for 2 hrs. The resulting powder was

calcined at 700, 800, 1000, 1100 ◦C and 1200 ◦C for 2 hrs each with intermediate

grindings. The calcined powders were finally heated at 1400 ◦C for 6 hours, so as

to get LaAl1−xCoxO3 in single phase forms without any impurities.

6.3.2 Characterization

All the LaAl1−xCoxO3 samples are initially characterized by the powder X-ray

diffraction method. The XRD patterns of all the Co substituted samples are

shown in figure 6.1. The simulated pattern of LaAlO3 is also shown in the figure

for comparison. From the patterns, it is clear that single phase compositions are

formed without any impurities.
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Figure 6.1: Powder XRD patterns of different compositions in LaAl1−xCoxO3, along

with the simulated pattern of LaAlO3.
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The zoomed view of (024) peak of the compositions for x = 0 and 0.2, are

shown in figure 6.2. From the figure, it is clear that the compositions are still

in the rhombohedral phase even after the substitution of Co up to x = 0.2 in

LaAl1−xCoxO3. However, there is a small shift of the peak to lower angles indi-

cating a small increase in the lattice parameter for the Co substituted samples,

which is expected due to the slightly larger size of the Co3+ ions.

Figure 6.2: Zoomed XRD pattern showing the rhombohedral (024) peak of LaAl1−xCoxO3

for x = 0.0 and 0.2.

The lattice parameters of the different compositions of LaAl1−xCoxO3 are cal-

culated by a least squares fitting of the XRD patterns and the calculated values are

given in table 6.1. The variation of the lattice parameters with x in LaAl1−xCoxO3

is shown in figure 6.3. From the figure, it is clear that there is a small but system-

atic increase in the lattice parameter ‘a’ with increasing degree of substitution.

For both ‘a’ and ‘c’, the difference in the lattice parameters for x = 0 and 0.2 is

very small, around 0.003 Å. This confirms that the Co3+ ions are in their low-spin

state where the size of Co3+ is comparable to that of Al3+ (the size of high-spin

Co3+ is 0.61 Å which is much larger than that of Al3+ and hence, a large increase
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in the lattice parameters is expected). However, a small anomaly in the variation

of the lattice parameters is observed around x ≈ 0.12. A small jump is observed

for ‘c’ at this value of x and a change in the slope is observed for ‘a’. This could

be due to a minor distortion of the structure around x = 1/8.

Figure 6.3: Variation of the hexagonal lattice parameters of LaAl1−xCoxO3 as a function

of x.

Rietveld refinement analysis of the XRD pattern of the composition x = 0.2

has been carried out, using the two different space groups R3c and R3c, to verify

whether there is any change over of the space group on substitution of Al by Co.

For LaAlO3, both space groups gave identical best fit parameters, as described in

chapter 4 (see section 4.4). The refinement plots for LaAl0.8Co0.2O3 are shown in

figures 6.4 and 6.5. The best fit parameters are compared in table 6.2. From the

Rietveld refinement of the unsubstituted sample, it was not possible to distinguish

between these two space groups because of the comparable χ2 and residual factors

for both the space groups. However, for the Co-substituted sample, even though

good fits are obtained using both the space groups, the χ2 and Rwp values are

lower for the R3c space group compared to the R3c space group. This suggests
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that the possible space group of the unsubstituted compound also can be R3c.

Thus, the structural studies indicate that the substituted compositions are still

having the rhombohedral symmetry and suggest a stabilization of the R3c space

group after Co substitution. The results also indicate minor structural changes

around x = 1/8, probably due to the uniform distribution of Co in the LaAlO3

lattice around this value of x.

Table 6.1: Lattice parameters for different compositions in LaAl1−xCoxO3.

x a (Å) c (Å)

0.0 5.3644 13.1050

0.06 5.3652 13.1052

0.09 5.3657 13.1050

0.1 5.3658 13.1049

0.12 5.3660 13.1054

0.13 5.3663 13.1082

0.14 5.3666 13.1082

0.17 5.3668 13.1082

0.2 5.3671 13.1086

Table 6.2: Rietveld refinement parameters for LaAl0.8Co0.2O3.

space group χ2 Rwp RF 2

R3c 3.646 0.0641 0.0351

R3̄c 3.838 0.0658 0.0351
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Figure 6.4: Result of the Rietveld refinement of the XRD pattern of LaAl0.8Co0.2O3

using the space group R3c.

Figure 6.5: Result of the Rietveld refinement of the XRD pattern of LaAl0.8Co0.2O3

using the space group R3̄c.
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6.3.3 27Al NMR

Figure 6.6: 27Al MAS NMR spectra of different compositions in LaAl1−xCoxO3.
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27Al MAS NMR spectra of the LaAl1−xCoxO3 samples were recorded on a 300 MHz

spectrometer. The spectra of different compositions, recorded at a spinning speed

of 10 kHz, with full spinning sidebands, are shown in figure 6.6. The intensities

of the spinning sidebands increase with the amount of Co substitution at the Al-

site, indicating an increase in the quadrupole coupling constant with the degree

of substitution.

Figure 6.7: The central transition region of the 27Al MAS NMR spectra of

LaAl1−xCoxO3.
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A close view of the central transition region of the 27Al NMR spectra in figure

6.7 shows that the peak for different compositions are centered around ∼11 ppm

and there is not much change in the chemical shift for the substituted samples,

indicating the presence of a single octahedral site. However, there is a small

increase in the broadening of the spectral lines, with increasing Co content, arising

due to the slight increase in the quadrupole coupling constant. This effect is very

much obvious for x = 0.06, and this is because of the sudden changes in the

electron distribution around the Al nucleus caused by the substitution of Al by

Co. Since the ionic radii of Al and Co are comparable, there is no drastic effect

seen in the spectra.

Figure 6.8: Experimental and simulated 27Al MAS NMR spectra of LaAl1−xCoxO3 for

x = 0.1 and 0.2 in the central transition region (solid and broken lines represent exper-

imental and simulated NMR patterns, respectively).
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Table 6.3: 27Al NMR parameters for LaAl1−xCoxO3.

x δiso (ppm) Cq (kHz)

0.0 11.58 150.0

0.06 11.74 269.7

0.09 11.77 299.1

0.1 11.75 308.0

0.12 11.74 333.0

0.13 11.76 403.0

0.14 11.74 409.0

0.17 11.65 524.0

0.2 11.69 545.0

The NMR parameters are obtained for the different compositions by the simu-

lation of the NMR lineshapes using the DMFIT program. The 27Al NMR param-

eters obtained are given in table 6.3. The experimental and the simulated NMR

patterns for the x = 0.1 and x = 0.2 compositions are given in figure 6.8. From

the table, it is clear that the 27Al NMR parameters are not much affected by the

Co substitution at the Al-site compared to the 27Al NMR parameter variations

observed in the case of substitution of Y at the La-site, La1−xYxAlO3 (see sec-

tion 5.6, chapter 5) despite the fact that in the present case the substituted site

is directly probed. In the Co-substituted samples, the chemical shift shows an

unsystematic variation between 11.58 and 11.77 ppm, which is within the error

limit of the analysis. However, the quadrupole coupling constant increases from

150 kHz for the unsubstituted sample to 545 kHz for x = 0.2, indicating some

distortion of the AlO6 octahedra which is arising from the difference in the elec-

tron distribution in Al and Co. From the plot of Cq as a function of the amount

of substitution, as shown in figure 6.9, it may be seen that Cq increases almost

linearly up to x = 0.12 and a small jump in the value of the quadrupole coupling

constant is observed above x = 0.12. It may be recalled that the structural studies
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also indicated a small jump in the lattice parameter above this value of x ≈ 1/8

(see figure 6.3), suggesting that the small jump in the value of Cq is associated

with some minor local structural changes.

Figure 6.9: Variation of the 27Al quadrupole coupling constant of LaAl1−xCoxO3 as a

function of x.

6.3.4 139La NMR

Although the Al-site is substituted in LaAlO3 by Co, slight changes in the La envi-

ronment are also expected because of the difference in the coordination behaviors

arising from the difference in the electron distribution around the nucleus with

increasing amount of substitution. 139La MAS NMR spectra of the substituted

samples recorded on a 700 MHz spectrometer, at a spinning speed of 60 kHz, are

shown in figure 6.10.
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Figure 6.10: 139La MAS NMR spectra of different compositions in LaAl1−xCoxO3.
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Table 6.4: 139La NMR parameters for LaAl1−xCoxO3.

x δiso (ppm) Cq (MHz) η

0.0 385.4 6.8 0.00

0.06 387.0 6.9 0.25

0.09 387.8 7.2 0.44

0.1 388.3 7.5 0.47

0.12 389.1 7.8 0.44

0.13 389.6 7.9 0.46

0.14 389.8 8.0 0.40

0.17 390.3 8.4 0.34

0.2 391.1 8.5 0.40

From the figure, it is clear that the La environment is slightly affected by the Co

substitution at the Al-site. The quadrupole lineshape remains almost unaffected

by the Co substitution up to x = 0.1. However, the lineshape continuously changes

above x = 0.1 onwards, which may be due to a change in the asymmetry parameter

or from a distribution of the NMR parameters. For x = 0.2, the chemical shift

appears to be the same as that for x = 0. However, there is a slight broadening of

the spectra at higher values of x. The spectra for x = 0.2 covers the range from

400 ppm to 325 ppm compared to the spectra of x = 0, which covers a range from

380 to 350 ppm.

In order to get the actual NMR parameters, all the spectra are fitted using

a quadrupolar model incorporated in the DMFIT program. The experimental

and simulated 139La MAS NMR spectra of x = 0.1 and 0.2 are shown in figure

6.11 and the NMR parameters obtained from the deconvolution of the spectra are

given in table 6.4. From table 6.4, it may be seen that the chemical shift of the

substituted samples is found to vary from 385 ppm to 391 ppm and the quadrupole

coupling constant is varied from 6.8 MHz to 8.5 MHz. The variations of the NMR

parameters are shown in figure 6.12 and 6.13. There is no drastic change in the
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Figure 6.11: Experimental and simulated 139La MAS NMR spectra of LaAl1−xCoxO3

for x = 0.1 and 0.2 (solid and broken lines represent experimental and simulated NMR

patterns, respectively).

chemical shift or the quadrupole coupling constant for LaAl1−xCoxO3 compared to

that observed for the Y substituted La1−xYxAlO3 compositions (see figure 5.17,

section 5.7, chapter 5). This is because, in case of La1−xYxAlO3, the nucleus

at the site of substitution is probed and moreover, the ionic sizes of La3+ and

Y3+ are different which caused greater changes in the spectra. In the case of

LaAl1−xCoxO3, the nuclei which is far from the substituted site is probed and also

the size difference between the Al3+ and Co3+ ions are very small so that there are

no drastic changes due to the size. However, it may be noted that a slope change

is observed above x = 0.12 in the linear variation of the chemical shift. Similar

changes are also observed in the variation of Cq.
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Figure 6.12: Variation of the 139La isotropic chemical shift of LaAl1−xCoxO3 as a func-

tion of x.

Figure 6.13: Variation of the 139La quadrupole coupling constant of LaAl1−xCoxO3 as

a function of x.
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6.3.5 Summary

The structural studies on different compositions in LaAl1−xCoxO3 showed that all

the samples are formed in the rhombohedral crystal structure. A linear variation

in the lattice parameters is observed up to x = 0.12 and a small jump is observed

above this composition. Rietveld refinement analysis showed that LaAl0.8Co0.2O3

crystallizes with the space group R3c, indicating that the possible space group of

the unsubstituted compound is also the same even though both space groups R3c

and R3c gave identical residual parameters. Both 139La and 27Al NMR spectral

parameters are found to vary only slightly suggesting a slight distortion of the Al

octahedra on Co substitution. The substitution also affects the La environment as

seen from the variation of the La NMR spectral parameters. The NMR spectral

parameters also showed a deviation above x = 0.12, indicating a possible structural

rearrangement above x = 1/8.

6.4 Studies on LaAl1−xGaxO3

The ionic radius of Ga3+ is 0.62 Å, which is larger than that of Al3+ (0.535 Å),

in octahedral coordination. Therefore, substitution of Al3+ by Ga3+ in LaAlO3

offers a way to understand the size effect on the local structural aspects by the

substitution at the B-site of the perovskite lattice.

6.4.1 Synthesis

A series of Ga substituted compositions, LaAl1−xGaxO3 (x = 0.0, 0.06, 0.09,

0.10, 0.12, 0.13, 0.14, 0.17, 0.2, 0.25, 0.33, 0.38, 0.5), were prepared by the sol-gel

method, followed by calcination, as reported previously [17]. Ethylene glycol (Ran-

baxy), citric acid (Sd fine), aluminium nitrate (Sd fine), gallium nitrate (Aldrich)

and lanthanum nitrate (Aldrich) were used as-received without any further pu-

rification. Aluminium nitrate was added to a mixture of citric acid and ethylene

glycol. After complete dissolution, the solution was heated at 80 ◦C and stoichio-

metric quantities of lanthanum nitrate and gallium nitrate were added. The molar
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ratio of 1:1 was maintained for citric acid to total metal cations concentration and

1:4 ratio was maintained between citric acid and ethylene glycol. For example, for

the synthesis of x = 0.2 composition, 2.01 g of aluminium nitrate and 0.28 g of

citric acid were dissolved completely in 4 ml of ethylene glycol. The solution was

then heated at 80 ◦C and 2.90 g of lanthanum nitrate and 0.56 g of gallium nitrate

were added to this solution. After the complete evaporation of superfluous water,

the resulting viscous mass was heated at 140 ◦C for 2 hours which produced a

solid amorphous resin, which was transferred to a pre-heated oven at 250 ◦C for

charring for 2 hrs. The resulting powder was calcined at 700, 800, 1000, 1100 ◦C

and 1200 ◦C for 2 hrs each with intermediate grindings. The calcined powders

were finally heated at 1400 ◦C for 6 hours, so as to get LaAl1−xGaxO3 in single

phase forms without any impurities.

6.4.2 Characterization

The powder XRD patterns of all the Ga substituted compositions in LaAl1−xGaxO3

are shown in figure 6.14. Although the end composition LaGaO3 has the or-

thorhombic crystal structure, it is clear from the XRD patterns that all the sam-

ples are formed in single phase with the rhombohedral perovskite structure of

LaAlO3. A close view of the (024) peaks of the compositions x = 0 and 0.5 are

shown in figure 6.15. A shift in the position of the peak to lower angles is ob-

served indicating an increase in the lattice parameters. The lattice parameters are

obtained by least squares fitting of the whole patterns and the values are given

in table 6.5. The lattice parameters of the substituted samples are found to be

increasing considerably as shown in figure 6.16. This is expected because of the

substitution of Al3+ which has ionic radius 0.535 Å by Ga3+ whose ionic radius

is 0.62 Å. The lattice parameter ’a’ increases almost linearly with increasing x.

However, a non-linear behaviour is observed between x = 0.1 and 0.15. Similarly,

the value of ‘c’ varies only a little for x > 0.3.
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Figure 6.14: Powder XRD patterns of different compositions in LaAl1−xGaxO3. The

simulated pattern of LaAlO3 is shown for comparison.
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Figure 6.15: XRD patterns showing the zoomed rhombohedral (024) peak of

LaAl1−xGaxO3 for x = 0.0 and 0.5.

Figure 6.16: Variation of the hexagonal lattice parameters of LaAl1−xGaxO3 as a func-

tion of x.
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Table 6.5: Hexagonal lattice parameters of LaAl1−xGaxO3.

x a (Å) c (Å)

0.0 5.3646 13.0504

0.06 5.3718 13.1203

0.09 5.3765 13.1328

0.1 5.3798 13.1352

0.12 5.3812 13.1407

0.13 5.3813 13.1406

0.14 5.3814 13.1413

0.17 5.3868 13.1539

0.2 5.3925 13.1649

0.25 5.3969 13.1719

0.33 5.4120 13.2043

0.38 5.4196 13.2082

0.5 5.4317 13.2092

Rietveld refinement analysis has been carried out for the compositions with x

= 0.2, 0.38 and 0.5, using the two different space groups R3c and R3̄c. Results

of the XRD refinement analysis are shown in figures 6.17 to 6.22 and the best fit

parameters are given in table 6.6. The best fit parameters for x = 0 (LaAlO3)

are also shown in the table for comparison (see section 4.4, chapter 4, for details).

The best fit parameters are smaller for the R3c space group for x = 0.2, relatively

smaller for the R3c space group for x = 0.375 and much smaller for x = 0.5 for

the same space group. Thus, it intimated that the space group of Ga substituted

sample may be changing from R3c to R3c around x = 0.38 as seen from the lower

χ2 and R-values for this composition, x = 0.38 corresponding to the ratio 3/8,

that is, replacing 3 out of 8 Al in a cubic perovskite unit cells by Ga leads to

distortions of all the AlO6 octahedra.
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Figure 6.17: Result of the Rietveld refinement of the XRD pattern of LaAl0.8Ga0.2O3

using the space group R3c.

Figure 6.18: Result of the Rietveld refinement of the XRD pattern of LaAl0.8Ga0.2O3

using the space group R3̄c.
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Figure 6.19: Result of the Rietveld refinement of the XRD pattern of LaAl0.62Ga0.38O3

using the space group R3c.

Figure 6.20: Result of the Rietveld refinement of the XRD pattern of LaAl0.62Ga0.38O3

using the space group R3̄c.
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Figure 6.21: Result of the Rietveld refinement of the XRD pattern of LaAl0.5Ga0.5O3

using the space group R3c.

Figure 6.22: Result of the Rietveld refinement of the XRD pattern of LaAl0.5Ga0.5O3

using the space group R3̄c.
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Table 6.6: Rietveld refinement best fit parameters for LaAl1−xGaxO3.

x space group χ2 Rwp RF 2

0.0 R3c 2.146 0.0509 0.0218

0.0 R3c 2.148 0.0509 0.0219

0.2 R3c 1.759 0.0476 0.0256

0.2 R3c 1.913 0.0515 0.0216

0.38 R3c 2.253 0.0511 0.0191

0.38 R3c 2.249 0.0510 0.0189

0.5 R3c 2.749 0.0588 0.0297

0.5 R3c 2.607 0.0572 0.0261

6.4.3 27Al NMR

27Al NMR spectra of the Ga-substituted samples, with full spinning sidebands,

recorded at the spinning speed of 10 kHz on a 300 MHz spectrometer are shown

in figure 6.23. The spread of the spinning sidebands as the level of substitution

increases indicate the increase in the quadrupole coupling constant, as observed

in the spectra of the Co-substituted LaAl1−xCoxO3 (see figure 6.6) and also in the

spectra of Y-substituted La1−xYxAlO3 (see figure 5.10, section 5.1, chapter 5). A

close view of the central transition region of the spectra of LaAl1−xGaxO3, shown

in figure 6.24, tells that there is only one octahedral coordination environment

present in all the substituted samples with a slight change in the NMR parame-

ters; chemical shift and the quadrupole coupling constant, on substitution.
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Figure 6.23: 27Al MAS NMR spectra of different compositions in LaAl1−xGaxO3.
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Figure 6.24: The central transition in the 27Al MAS NMR spectra of different composi-

tions in LaAl1−xGaxO3.
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Figure 6.25: Experimental and simulated 27Al MAS NMR spectra of LaAl1−xGaxO3 in

the central transition region for x = 0.1, 0.2, and 0.5 (solid and broken lines represent

experimental and simulated NMR patterns respectively).

The 27Al MAS NMR parameters of the different compositions are obtained by

fitting the entire spectra. The experimental and the simulated spectra for x =

0.1, 0.2 and 0.5 are shown in figure 6.25 and the NMR parameters obtained are

given in the table 6.7. From the variation of the isotropic chemical shift shown in

figure 6.26, it is clear that the chemical shift decreases continuously. This is mainly

because only the first order quadrupolar interactions are considered which neglects

the contributions from the quadrupole induced shifts. The quadrupole induced
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Table 6.7: 27Al NMR spectral parameters for LaAl1−xGaxO3.

x δiso (ppm) Cq (kHz)

0.0 11.58 150.0

0.06 11.00 360.0

0.09 10.74 453.0

0.1 10.56 476.0

0.12 10.49 528.0

0.13 10.44 569.0

0.14 10.30 609.0

0.17 10.09 654.0

0.2 9.90 730.0

0.25 9.84 748.0

0.33 9.34 793.0

0.38 9.24 808.0

0.5 8.94 831.6

shifts adds to the isotropic chemical shifts and decreases with increasing field

strength [18] which is seen here. It is also possible that the octahedral distortion

decreases when the smaller ion Al3+ is replaced by the larger ion Ga3+. The small

increase in the quadrupole coupling constant in the Ga substituted samples, as

shown in figure 6.27, compared to that of the Co-substituted samples (see figure

6.9) is due to the difference in the sizes of Ga3+ and Co3+. A small deviation from

linearity is observed in the variation of the chemical shift as well as Cq, around

x ≈ 0.12, suggesting a possible structural disorder as evidenced from the XRD

studies.
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Figure 6.26: Variation of the 27Al NMR isotropic chemical shift of LaAl1−xGaxO3 as a

function of x.

Figure 6.27: Variation of the 27Al NMR quadrupole coupling constant of LaAl1−xGaxO3

as a function of x.
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6.4.4 139La NMR

Figure 6.28: 139La MAS NMR spectra of different compositions in LaAl1−xGaxO3.

192



Studies on LaAl1−xMxO3

139La MAS NMR spectra of all the Ga-substituted samples are shown in figure

6.28. From the figure it is clear that the La spectra is highly affected by the

substitution of Ga at the Al site. When the 139La MAS NMR spectra of the x

= 0.2 composition, for both the Co- and Ga-substituted samples is compared,

it is seen that the spectral width over which the spectra is spanning for the Ga

sample is (425 ppm to 250 ppm) more than that for the Co-substituted sample,

indicating a large increase in the quadrupole coupling constant due to the Ga-

substitution, and also because of the larger size of Ga3+ compared to that of Al3+.

This increase is due to the large difference in the electric field gradients around the

nucleus caused by the electronic environment difference from the Ga-substitution.

The effect is almost similar to that observed for the Y substituted samples (see

section 5.7, Chapter 5).

In order to find out the actual NMR parameters which causes the distortion of

the spectra, all the spectra are fitted using the DMFIT program. The experimental

and the simulated spectra for the compositions x = 0.1, 0.2 and 0.5 are given

in figure 6.29. The 139La NMR parameters obtained after deconvolution of the

spectra are given in table 6.8 and the variations of the parameters, as a function

of x, are shown in figures 6.30 and 6.31. Unlike in the case of LaAl1−xCoxO3,

where the La spectra is largely affected above x > 0.1, the spectra in the case of

LaAl1−xGaxO3 are affected even at a small level of substitution of Ga.

The isotropic chemical shift is found to be continuously increasing from 385 to

418 ppm and there is slope change around x = 0.12 and x = 0.38. Similarly, the

quadrupole coupling constant increases continuously from 6.8 MHz to 17.8 MHz

for the substitution up to x = 0.5, indicating continuous distortions of the AlO6

octahedra caused by the Ga substitution. The Cq values are very large for the

Ga-substituted compositions when compared with the Cq values of Co-substituted

compositions (see figure 6.13). This indicate that the octahedral distortions are

greater when Al is substituted with an ion of larger ionic radius than when it is

substituted with an ion of comparable ionic radius. There is a change in the slope

around x = 0.12 and a discontinuity in the quadrupole coupling constant at x =
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0.38 composition. The latter is likely to be due to the phase transition (change of

space group) as seen from the structural studies.

Figure 6.29: Experimental and simulated 139La NMR spectra of LaAl1−xGaxO3 for x

= 0.1, 0.2 and 0.5 (solid and broken lines represent experimental and simulated NMR

patterns, respectively).
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Figure 6.30: Variation of the 139La NMR chemical shift of LaAl1−xGaxO3 as a function

of x.

Figure 6.31: Variation of the 139La NMR quadrupole coupling constant of LaAl1−xGaxO3

as a function of x.
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Table 6.8: 139La NMR spectral parameters for LaAl1−xGaxO3.

x δiso (ppm) Cq (MHz) η ΔCS

0.0 385.4 6.8 0.00 -

0.06 385.8 8.1 - 19.6

0.09 386.8 8.8 - 21.4

0.1 388.5 8.9 - 23.1

0.12 388.6 9.8 - 22.6

0.13 389.6 10.3 - 22.5

0.14 390.3 10.7 - 23.7

0.17 392.4 11.6 - 25.1

0.2 394.9 13.4 - 27.3

0.25 397.9 14.9 - 30.2

0.33 401.9 16.6 - 48.0

0.38 403.5 15.8 - 57.3

0.5 418.1 17.8 - 70.9

6.4.5 Summary

The structural studies on the LaAl1−xGaxO3 samples shows that all the samples

are formed in single phase form with the rhombohedral crystal structure. However,

the Rietveld refinement studies on the x = 0.2, 0.38 and 0.5 samples showed that

the space group has changed from R3c to R3̄c at or above x = 0.38. 27Al and

139La NMR parameters for the LaAl1−xGaxO3 varied continuously indicating the

continuous distortions of the AlO6 octahedra when Ga is substituted at the Al

sites. There is a discontinuity in the quadrupole coupling constant at x = 0.38

due to the minor structural change.

196



Studies on LaAl1−xMxO3

6.5 Conclusions

Structural as well as 27Al and 139La solid-state NMR studies on different compo-

sitions of LaAl1−xCoxO3 and LaAl1−xGaxO3 have been carried out to understand

the structural changes when Al3+ in LaAlO3 is partially substituted by ions of

comparable (Co3+) and larger (Ga3+) sizes, respectively. Structural studies using

powder XRD indicated a possible structural distortion above x ≈ 0.12. Similar ob-

servations are made from both Al and NMR studies also. The local and structural

distortions are found to be very small when Al is substituted with an ion of com-

parable ionic size whereas there is a continuous and large distortion of the AlO6

octahedra arising out of the substitution of the larger ion. The present results for

LaAl1−xCoxO3 and LaAl1−xGaxO3 may be extended to explain the changes in the

electrical and magnetic properties of similar compositions in transition metal ion

substituted LaMnO3, where drastic changes in the magnetization and electrical

conductivity are observed above x > 0.1.
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7.1 Introduction

This thesis deals with the structural and NMR characterization of compounds be-

longing to two families of oxides, the magnetoplumbite and the perovskite struc-

tures. The objective behind this study is to correlate the structural characteristics

for the substituted non-magnetic compositions in these two systems with the mag-

netic properties of the corresponding magnetic compositions.

In the magnetoplumbite structure, strontium aluminate SrAl12O19 is studied

instead of the magnetic SrFe12O19 which is used as a permanent magnetic material

for various applications. In the case of SrFe12O19, it is found that the magnetic

properties are enhanced upon simultaneous substitution of Sr by La and Fe by

Co, as in Sr1−xLaxFe12−xCoxO19. The properties are found to be maximum, es-

pecially for the La-Co substituted compositions, for x ≈ 0.2 and 0.3. There are

many studies reported on these substituted systems, in order to identify the sites

of substitution of Co in these compounds, among the five different sites available

for Fe in the magnetoplumbite crystal structure. Most of the studies indicated

that the 2a and 4f2 octahedral sites in the structure are occupied by Co ions

upon substitution and some studies indicated the occupation of other sites. That

is, there is no agreement between the various studies. Additionally, the magne-

toplumbite crystal structure is explained by two structural models; the ‘central

atom model’ and the ‘split atom model’, based on the coordinative nature of the

trigonal bipyramid ions. The evidences for both the structural models have been

obtained from solid-state NMR studies on SrAl12O19.

In the perovskite structure, we have selected LaAlO3 in order to understand

the corresponding magnetic system LaMnO3. LaMnO3 is an antiferromagnetic

compound and changes to ferromagnetic upon substitution at the La-site or the

Mn-site and shows interesting properties such as colossal magnetoresistance. Both

the La-site as well as the Mn-site substituted LaMnO3, such as La1−xCaxMnO3

and LaMn1−xCoxO3 are known to exhibit a large change in the properties near x

= 0.12. Moreover, the space group of LaAlO3 is under dispute from the earlier

studies. Therefore, we have attempted to get a clear idea of space group of LaAlO3
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from the structural and the NMR studies. Detailed structural and NMR studies

have been carried out on La-site and Al-site substituted LaAlO3 to obtain the

structural information and the octahedral distortions in these compositions.

7.2 Studies on unsubstituted and La-Zn substi-

tuted SrAl12O19

Previous NMR studies on SrAl12O19 showed either a pentacoordinated trigonal

bipyramidal site (central atom model) or a distorted tetrahedral site (split atom

model) for one of the Al sites, out of five different sites, in the magnetoplumbite

structure. However, the present 27Al solid-state NMR studies on SrAl12O19, at

different field strengths, have clearly shown evidence for six different crystallo-

graphic sites in the magnetoplumbite structure, where both the five coordinated

and the distorted tetrahedral sites are partially occupied. Moreover, XRD re-

finement studies on SrAl12O19 have shown that both the central atom model and

split atom model are equally possible and the most possible structure model for

SrAl12O19 is a physical mixture of the two phases in the material, where both the

phases with central atom and split atom models co-exist simultaneously.

The sites of substitution in La-Zn substituted compositions, Sr1−xLaxFe12−xCoxO19,

are identified as the 2a and 4f2 octahedral sites, supporting the conclusions derived

from Mössbauer spectroscopic studies on the La-Co substituted strontium ferrite.

However, the present studies gave additional information on the relative change

in the distribution of Al in the penta coordinated and distorted tetra coordinated

sites. Based on the present NMR studies, it is proposed that increase in the mag-

netic performance of La-Co substituted SrFe12O19 around x = 0.2 is due to the

combined effect of the changes in the coordination environment of Al at the 2a

and 4f2 octahedral sites as well as the stabilization of the trigonal bipyramidal

site.
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7.3 Studies on LaAlO3

From XRD studies on LaAlO3, it is found that both the rhombohedral space

groups R3c and R3̄c give similar results. SSNMR studies revealed the presence

of a single Al-coordination environment. However, a Lorentzian lineshape for the

27Al NMR spectrum is observed, which is normally not expected, indicating the

possible mobility of Al ions in LaAlO3. However, it was impossible to obtain the

range of motions in the perovskite structure from the present studies and for this,

more in-depth studies and analysis are required.

7.4 Comparative studies on La-site and Al-site

substituted LaAlO3

In the chapters 5 and 6, we have studied the variations in the NMR parameters;

isotropic chemical shift, δiso, and quadrupole coupling constant, Cq, for both
27Al

and 139La spectra, when the La and Al-sites are substituted with different ions i.e.

La1−xYxAlO3, LaAl1−xCoxO3 and LaAl1−xGaxO3. Although we expect distortions

in the coordination polyhedra of the substituted sites, we have observed distortions

of both La dodecahdra and Al octahedra in the structure, irrespective of the site

of substitution. Hence, we have attempted to compare the variations in the NMR

parameters, when La-site and Al-site are substituted with different ions.

In the case of La1−xYxAlO3, where the larger La-ions are replaced partially

with the smaller Y-ions, the La-coordination environments are found to be highly

distorted as seen from the broadening of the spectra along with large changes in the

chemical shift and the quadrupole coupling constants arising from the differences

in the surrounding electric field gradients. However, it is also noted that there

are associated changes in the Al-coordination environments also as seen from the

increase in the quadrupole coupling constant and decrease in the chemical shift

despite the fact that the substitution is at the La-site. Similar effect was observed

in the Al-site substituted spectra, where there are associated changes in the La-

coordination environments as seen from the broadening of the spectra with a
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corresponding increase in the quadrupole coupling constant. Thus, the changes

occurring in A-site or B-site of the perovskite structure are almost correlated for

the reason that the O atoms are shared by the A and B-site ions and because of the

difference in the electric field gradient around the different nuclei. The difference

in the electron distribution around the nucleus causes the difference in electric

field gradient, which in turn drives the distortions of the AlO6 octahedra and the

LaO12 dodecahedra, irrespective of the site of substitution and the substituting

atoms.

7.4.1 Comparison of 27Al NMR spectra

Figure 7.1: Variation in the 27Al isotropic chemical shift as function of x

The variations of Al NMR parameters, the isotropic chemical shift and quadrupole

coupling constant, up to x = 0.2 in the Co, Ga and Y substituted compositions

are shown and compared in figures 7.1 and 7.2. The chemical shifts for the Co-

substituted LaAl1−xCoxO3 is not shown, since there is only a small random vari-

ation of the chemical shifts arising due to the comparable sizes of Co3+ and Al3+

ions. The small decrease in the chemical shift upon substitution of the larger ion
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Ga3+ for Al3+ and the smaller ion Y3+ for La3+ is due to the quadrupole induced

shift. Similar to the 27Al isotropic chemical shift changes, larger changes in the

quadrupole coupling constant are observed for Ga and Y substituted compositions

compared to the Co substituted composition. What is interesting is the deviation

from the linearity for the chemical shift as well as the quadrupole coupling constant

around x ≈ 0.12–13 for both the La-site and Al-site substitutions.

Figure 7.2: Variation in the 27Al quadrupole coupling constant as function of x

7.4.2 Comparison of 139La NMR spectra

The 139La NMR parameters, isotropic chemical shift and quadrupole coupling

constant up to x = 0.2 are shown in figures 7.3 and 7.4 respectively. The changes in

the NMR parameters between x =0.1 and 0.15 are similar to that observed for the

27Al NMR spectral parameters. Thus, variations in both the 27Al and 139La NMR

parameters indicate the importance of compositions around x = 0.125, where,

1/8th of the corresponding atoms are replaced from a simple cubic perovskite unit

cell.
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Figure 7.3: Variation in the 139La isotropic chemical shift as function of x.
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Figure 7.4: Variation in the 139La quadrupole coupling constant as function of x

The ABO3 cubic perovskite structure can be represented in two different ways.

In the A-type cubic perovskite structure, the larger A-ions are at the center of the

unit cell, the smaller B-cations are at the corners of the cube, and the O ions are

at the center of the edges of the unit cell. In the B-type perovskite structure, the

B-cations are at the center of the unit cell, A cations are at the corners and the O
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ions are at the centers of the faces of the unit cell. Both the A-type and B-type

perovskite structure of LaAlO3, consisting of eight cubic unit cells, are shown in

figures, 7.5 and 7.6. The rhombohedral unit cell is also shown in the figures for

comparison.

Figure 7.5: A-type unit cell of LaAlO3

Figure 7.6: B-type unit cell of LaAlO3
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As shown in the figures, when one atom from the corners of a cubic unit cell

is replaced by a different atom, it is shared by 8 unit cells in both the A-type and

B-type unit cells. This corresponds to the replacement of one atom in the rhom-

bohedral unit cell. That is when x = 1/8, this results in a uniform replacement

of the atom from every rhombohedral unit cell of the perovskite structure leading

to a homogeneous distribution of the substituted atom in the lattice. This is the

probable reason for the drastic changes in physical properties of the La-site and

Mn-site substituted LaMnO3 between 10 to 15% substitution, at the corresponding

sites, as reported in the literature.

7.4.3 Conclusions

27Al and 139La solid-state NMR studies on different compositions in LaAl1−xCoxO3

and LaAl1−xGaxO3 showed that there is continuous distortion of the AlO6 octahe-

dra in the perovskite structure, with increasing amount of substitution. However,

the distortions are very small when Al is substituted with an ion of comparable

ionic size and larger distortions occur when substituted with an ion of larger ionic

size. This indicates that the internal chemical pressure plays an important role in

determining the structure of the material and thereby varies its properties. Both

the 27Al and 139La NMR spectral studies indicated signatures for distortion of the

corresponding polyhedra around the region x = 0.13, where 1/8th of all the corre-

sponding atoms are replaced from the unit cell and this indeed affect the magnetic

properties as reported for the corresponding magnetic system LaMnO3.

7.5 Future perspectives

In SrAl12O19, it is possible that there exists a dynamic disorder between the penta

coordinated and the distorted tetrahedral sites. It may be that the system un-

dergoes dynamic disorder between between these two sites at higher temperatures

and freezes in with some Al stuck in the distorted tetrahedral and some in the

bipyramidal configuration. Thermal quenching studies may be able to give an
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insight about the distribution of Al and nature of these sites.

Although we have observed the occupancy of Zn ions in the octahedral sites of

SrAl12O19, Zn ions have a preferential occupancy at the tetrahedral sites. There-

fore, in order to precisely find out the substitutional sites in SrAl12O19, the Al-site

can be substituted with larger divalent ions which occupies only at the octahedral

sites. Similarly, it would be interesting to study the effect of size of the substituted

ion at the Sr-site, such as Y3+, and substitution of other divalent ions such as Ca2+,

Pb2+ at the Sr-site so that trivalent ions of different ions can be substituted at the

Al sites like larger ions In3+, Sc3+, etc. These studies are expected to give more

structural related information, in combination with structural studies using X-ray

diffraction, on the effect of substitution and distribution in the different sites in

the magnetoplumbite structure.

In LaAlO3, since the 27Al quadrupole coupling constant Cq is very low, mea-

surements at the lowest possible fields, for example using a 60 MHz spectrometer,

may give more insights into the structure of the system, especially on the motion

of the Al ions in the structure. The static NMR experiments at very low tempera-

tures may give an idea about the range of motions. 27Al relaxation studies also can

give some insight into the range of motions inside the molecule. Molecular dynam-

ics studies are also essential to get an understanding of the dynamics. Similarly,

SSNMR studies using very close compositions, such as a difference of Δx = 0.1 or

less in the A-site or B-site substituted perovskite compositions A1−xA’xBO3 and

AB1−xB’xO3, may shed more light into the changes in the physical properties of

different substituted functional perovskites such as ferroelectric and ferromagnetic

compositions, associated with the changes in the structure of those materials.
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