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Abstract 

Multi-nuclear solid state nuclear magnetic resonance has been used to 

investigate the local atomic structure of the relaxor ferroelectric materials, lead 

magnesium niobate titanate (PMN-PT) and sodium potassium bismuth titanate 

(NKBT). In addition to these two series of materials, numerous precursor and model 

niobate compounds have also been analysed in order to gain a insight into the 

structures and phases present in these materials. 

The PMN-PT series was investigated using 93Nb, 207Pb and 170 NMR 

techniques. A total of 14 PMN-PT samples, from pure PMN to PMN-90PT, were 

investigated in order to fully understand the transitions taking place over the entire 

compositional range. 9~b proved to be the most informative nucleus, owing to its 

high sensitivity to the changes occurring at the B-site of the perovskite structure. We 

discovered three distinct niobium environments. We then proposed a new random

site random-layer model explaining the distribution of the cations among two 

different layers ~' and ~". The high level of correlation between the theoretical 

predictions and the experimental results suggests that there are actually two different 

ways that PMN-PT behaves, one for titanium concentrations less than 25% and the 

other for concentrations over 25%. This was also clearly visible in our PMN-PT 

spectra, as a sharp line present in titanium concentrations below 25%, that disappears 

in the concentrations above 25%. We have also tied in our results with the existing 

literature on PMN-PT to identify possible links to the dielectric response and phase 

transitions in the material. 



xiii 

NKBT was investigated using both 23Na and 39K MAS NMR techniques. The 

23Na data proved most informative and results were obtained at different fields and 

different spinning speeds. We were then able to extract calculated isotropic chemical 

shift values and quadrupolar parameters to understand the subtle changes taking 

place. The preliminary results hint that there are some interesting changes taking 

place around the morphotropic phase boundary in the material. 
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Chapter One 

1.1 Introduction 

Nuclear Magnetic Resonance (NMR) spectroscopy is an important technique 

that is widely used in many different branches of science ranging from biology and 

chemistry through to physics and advanced materials sciences. It is now common 

place to use liquid state IH and l3C spectra to identify organic compounds along with 

infra-red spectroscopy and mass spectroscopy methods. NMR is also widely used to 

examine biologically active peptides, proteins and nucleic acids, where it has greatly 

enhanced the speed and accuracy of determining these structures. The use of 

magnetic resonance for medical imaging purposes has provided the medical 

community with a ideal non invasive diagnostic tool. Magnetic Resonance Imaging 

(MRI) machines are now common place in hospitals around the world providing a 

safe way to examine patients. All the methods described above are primarily used for 

molecules in solution. 

The application of magnetic resonance to solid state samples has been largely 

limited to physical chemistry laboratories in large research institutes. Over the last 

twenty years there has been a sudden increase in the use of such solid state NMR 

techniques. This has come about due to the advances in technologies such as 

availability of higher magnetic fields, faster spinning speeds as well as developments 

in multiple-pulse techniques. Probably the single most important solid state technique 

to be developed is magic-angle-spinning (MAS). This technique greatly reduces the 

broadening usually present in solid state samples. This technique is described in 

greater detail in the following chapter. This thesis describes the programme of work 
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on structural studies of the new relaxor perovskite ferroelectrics (PbMgo.33Nbo6703)I-x 

- (PbTi03)x (PMN-PT) and (NaxKI-x)O.5 Bio5 Ti03 (NKBT). 

PMN-PT is a new and interesting material that is attracting significant interest 

as a 'giant piezoelectric' single crystal material with piezoelectric and 

electromechanical coupling over five times the industry standard ceramic material 

Lead Zirconate Titanate (pZT)l. Even now not much is known about the structures, 

phase transitions and properties of PMN-PT. NKBT has a potential for biological 

applications in the lead-free piezoelectric market. Thus the major scientific aim of the 

current thesis is to determine the role of crystal structure and bonding, at the atomic 

level in promoting ferroelectric relaxor and enhanced piezoelectric behaviour. 

PMN-PT and NKBT are united by displaying ferroelectric relaxor behaviour. 

Relaxor ferroelectrics are defined as those ferroelectrics that show a diffuse anomaly 

in their dielectric constant at the ferroelectric - paraelectric phase transition and which 

show a frequency shift in the dielectric loss peak as a function of temperature. 

Structurally relaxor ferroelectrics exhibit site-sharing and compositional disorder. In 

order to display relaxor behaviour it is necessary to have more than one chemical 

element sharing the same site in the structure. 

What sets PMN-PT apart from commonly used piezoelectrics is the ability to 

grow single crystals, as well as ceramics in the full composition range from x = 0 to x 

= 1. Thus PMN-PT has outstanding potential for use in electromechanical 

transduction devices owing to its ultrahigh piezoelectric effects. 

The electromechanical properties ofPMN-PT are significantly enhanced at the 

vertical phase boundary between the rhombohedral and the tetragonal phases, 

commonly known as the Morphotropic Phase Boundary (MPB). The MPB is usually 

characterised by a change of phase with composition, it is almost entirely independent 

2 



of temperature. In the PMN-PT system, the MPB has been suggested to occur at 

around x= 0.3 to x = 0.35 compositions though this has not yet been accurately 

determined. It is also thought that the phase transition is from rhombohedral to 

tetragonal, although the structures and space groups on either side of the MPB, or 

even whether the transition occurs via an intermediate phase has not yet been 

established. However it is assumed that the giant piezoactivity of PMN -PT is directly 

associated with this MPB. 

PMN-PT crystallises in the typical perovskite type AB03 cell structure (Figure 

1.1). The ideal cubic perovskite structure consists of comer linked oxygen octahedra, 

with B cations at their centres, and A cations at the interstices between them . 

• 
FIGURE 1.1 - AB03 Perovskite Structure4 

• • 
o 
Pb 
Mg/Nb 

The actual positions of the oxygen atoms of the perovskite framework play an 

important role in determining the crystal symmetry and physical properties. 

Furthermore the ferroelectric phases are produced by small, subtle distortions of this 

prototypic perovskite structure. 

PMN-PT, in which Mg and Nb site-share, and for nearly all known examples 

of relaxors, the cations are substituted on the B-site of the AB03 perovskite. However 
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in the NKBT series, relaxor behaviour derives from substitution of electronically 

diverse ions ( Na+ & Bi3+) on the A-site. Hence it is interesting and important to 

compare the behaviours arising from such A and B site substitutions. 

According to Park and Shrout! a single crystal of PMN-PT, with composition 

around 33% PT, exhibits a giant piezoelectric response of order 2500 pCIN, which 

should be compared to the industry standard PZT which is around 600 pCIN. This 

development of single crystal PMN-PT also opens up interesting opportunities in the 

field of piezo-optics. 

One of the primary objectives of the research is to try and understand the 

atomic ordering that is the key to the interesting physical properties of both PMN-PT 

and NKBT. A range of techniques are now available to probe structures (Figure 1.2). 

Multinuclear solid state Nuclear Magnetic Resonance (NMR) is one of the best 

techniques that can probe at this scale. It is hoped that by employing such techniques 

direct and interesting information may be revealed about the atomic ordering and site 

distortions. Furthermore when this information is combined with high resolution 

Neutron Powder Diffraction data from a parallel study, the comparison of the average 

crystal structure of the phases with the local structure will become possible. This will 

help to solve some ofthe questions about the local order on the B site ofPMN-PT and 

the environment of the A site ofNKBT. 

Effectively all of the nuclei in these systems can be examined using NMR, but 

the 93Nb, 207Pb, 23Na, 39K and 170 are examined more closely. 

4 
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FIGURE 1.2 - Relationship between the various methods for investigating the structures of 
materials 2 

1.2 Ferroelectric Materials 

In order to understand more about the properties of PMN-PT and NKBT it is 

necessary to compare them with other perovskite relaxor ferroelectric materials and 

discuss both the potential similarities and differences that may account for the 

differing properties between them. The rest of this section gives a brief overview of 

these materials and describes what is known about their structures and properties. 

1.2.1 Perovskites 

Perovskite is the name of the mineral CaTi03. However the general formula 

for this group of ferroelectrics with oxygen octahedra is AB03, where A is a 

monovalent or divalent metal and B is a tetra or pentavalent one. It is cubic, with the 

A atoms at the cube corners, B atoms at the body centers and oxygen at the face 

centers. The structure can also be regarded as a set of B06 octahedra arranged in a 
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simple cubic pattern and linked by shared oxygen atoms, with the A atoms occupying 

the spaces between (Figure 1.3). 

FIGURE 1.3 - CaTi03 crystal structure (a) closest packing of 0 + Ca atoms with Ti 
occupying the interstitial 0 sites (b) in the later figure only Ti at the center of the cell 
is shown 

Perovskites have been an area of scientific importance since the 1940s. It was 

von Hippel et al. 3 who first reported on the presence of ferroelectric properties of 

Barium Titanate (BaTi03). Since this time almost all possible combinations of larger 

A cations and smaller B ions have been studied extensively. However it soon became 

apparent that it was also possible to make new perovskites by substituting more than 

one element into the A or B positions of the perovskite structure. These compounds 

were commonly referred to as complex perovskites. 

PMN is an example of a complex double perovskite where the total number of 

B-sites are shared by a third of the magnesium (Mg2+) ions and the other two thirds by 

niobium (Nb5+) ions. Furthermore the charge neutrality of the entire system is thus 

maintained through the B-site average charge of 4+. It is however quite possible that 

6 



there are small microregions in the material where the concentration of a particular 

ion species is greater than another. Of course by adding titanium (Ti4+) ions in PMN 

this charge neutrality is also maintained allowing an entire range of compositions of 

PMN-PT 'solid solutions' to be formed. 

However the onset of ferroelectric ordering in such materials is accompanied 

by a variety of structural changes leading to new polar phases. One such mechanism 

is the movement of B-ions inside the oxygen octahedra along a specific 

crystallographic direction, which then becomes the polar axis. Usually this is 

accompanied by a change in oxygen positions, and may involve a disorder-order 

transition regarding site occupancy. Alternatively the oxygen octahedra may rotate or 

distort to reduce the A-O distance. Thus most distortions are realised through the 

displacements of the cations of their usual sites, tilting or distortions of the oxygen 

octahedra, or simply from a combination of the above. A more complete 

categorisation of the 23 types of tilted octahedra in perovskites including the 

description of the commonly used notation to describe the various space groups and 

orientations can be found in the original article by Glazer4
. 

1.2.2 Relaxor Ferroelectrics 

A material is said to be ferroelectric when it has two or more orientational 

states in the absence of an electric field and can be shifted from one to another of 

these states by an electric field. These materials also show polarisation, and the 

direction of this polarisation may also be reversed on application of an electric field. 

These materials are characterised by a transition temperature 'tm (Curie point) above 

which their symmetry is non-polar and below which its symmetry is polar. A material 

can also be considered ferroelectric when the ionic displacements are along the same 

direction in alternate unit cells (Figure 1.4). If the displacements are of alternating 
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directions in successive unit cells this type of material is commonly called 

antiferroelectric. Lead titanate (PbTi03) is a typical example of a normal ferroelectric 

material while Lead zirconate (PbZr03) is a typical antiferroelectric material. 

All ferroelectric materials are piezoelectric but not all piezoelectric materials 

are ferroelectric. Piezoelectric materials are simply those materials that can change 

shape when subject to an electric field. The polarisation is changed when stress is 

applied or simply by a change in electric field. It is these changes that create an 

internal stress within such materials. 

T>Tc 

Applied Field ~ 

FIGURE 1.4 - Schematic representation of structural phase transition from a 
centro symmetric ferroelectric prototype 

Generally the piezoelectric effect is linear. However for ferroelectrics, 

particularly ferroelectric relaxors, the effects often show saturation and have field 

dependent values. It has been found experimentally by Newnham et al. 5 for O.9PMN-

O.IPT the polarisation value P, it is p2 that is proportional to the applied strain. 

Relaxor ferroelectrics differ from conventional ferroelectrics in four main 

characteristics (Cross et al.6
) 

1. The phase transition involved is diffuse, and the dielectric 

susceptibility is markedly dispersive below the temperature 'tm ' 

at which it peaks. 
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1. The phase transition involved is diffuse, and the dielectric 

susceptibility is markedly dispersive below the temperature "tm' 

at which it peaks. 

2. "tm ' itself is frequency dependent, increasing with increasing 

frequencies. 

3. The dielectric response above "tm' is not the Curie-Weiss type. 

4. The mean spontaneous polarisation decays to zero at the 

freezing temperature which is well below "tm ', however the 

mean square polarisation is non-zero even at temperatures 200-

300K above "tm '. 

Smo1enskii and Agranovskaya7 were the first to report on the broad peak of 

dielectric permeability with temperature in PMN (Figure 1.5). Thus in fact PMN can 

be considered quite an archetypal ferroelectric re1axor material. 

-zoo -100 

e 

1 
T 
6 00 . 

a 100 200 tJ·c 

FIGURE 1.5 - Temperature dependence of the dielectric permeability and the loss 
tangent ofPMN (Smo1enskii and Agranovskaya7

) 

9 



Another issue of considerable interest in PMN and similar relaxor 

ferroelectrics relates to the actual distribution of the magnesium and niobium ions 

amongst the B-sites of the structure. Many perovskites are of the type AB' 1/2B" 1/203 

such as Lead Scandium Niobate, where it is possible for long range 1: 1 ordering of 

the two B-site ion species to occur, hence effectively the B' and B" ions alternately 

sit on the B-site throughout the material. In PMN the ions exist in a 1:2 ratio in order 

to preserve the charge neutrality of the material. However there is evidence to 

suggest that 1: 1 ordering does occur in small microregions in the material. 

Hilton et al. 8 and Zhang et al. 9 discovered such evidence from superlattice 

peaks in their X-ray diffraction studies. Thus it is possible that larger electric fields 

maybe generated in the material between the numerous positively charged ordered 

and the negatively charged ordered microregions. Thus equilibrium is achieved only 

when the forces responsible for B-site ordering such as the electrostatic and 

mechanical forces are balanced by the local space charges that tend to disorder the B

site cations. It is often suggested that these composition fluctuations and internal 

forces lead to variations in the Curie temperature thereby causing a mixture of 

ferroelectric and paraelectric phases to coexist. Thus it is this distribution of 

temperatures that results in the broad 'diffuse' phase transition in the profile of the 

dielectric constant versus temperature. 

Ferroelectrics have seen a huge increase ill potential applications within 

commercial devices. The large dielectric and piezoelectric constants of certain 

ferroelectrics such as PMN-PT and NKBT have made them attractive candidates for a 

diverse variety of applications. Ferroelectrics have widespread use in infrared 

detection and imaging, and also in a host of applications for optical memories and 

displays. They also have many uses in actuators and transducer devices. There is 
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also growing potential for application in computer memory devices and Ferroelectric 

Random Access Memory (FeRAM) and other similar capacitor based computing 

devices are already being fabricated. Furthermore the piezo-optic properties of PMN-

PT and NKBT single crystals are yet to be fully explored. 

1.3 PMN-PT 

PMN is a non-polar ferroelectric relaxor material at room temperatures, 

however it has been found that with addition of PbTi03 (PT) it eventually evolves to 

form a normal ferroelectric material. PMN-PT can be synthesised at any composition 

from pure PMN to pure PT, as the titanium content of the composition increases in the 

titanium content the relaxor ferroelectric properties gradually evolve into normal 

ferroelectric properties. It has been proposed by Hilton et al. 8 that the addition of 

these titanium ions results in the weakening of the electrostatic and strain interactions 

between the magnesium and niobium ions, reducing their tendency to order. 

The resulting single crystal form of PMN -PT, at a composition of around 33% 

PT, exhibits a giant piezoelectric response of the order 2500-3000 pC/N (Park and 

Shrout l
). Fig~re 1.6 below shows the change of piezoelectric response versus 

composition 
800~----------------------------~ 
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0.26 0.28 0.30 0.32 0.34 0.36 0.38 0.40 0.42 
x (mole fraction PT) 

FIGURE 1.6 - Piezoelectric Charge Coeffiecient measured at room temperature 
and 1 kHz ofPMN-PT (Kelly et al. IO

) 
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It is believed that this giant piezoelectric response is due to extrinsic 

contributions, such as the motion of ferroelectric domains and the coexistence of 

different phases around the morphotropic phase boundary (MPB). As is typical with 

relaxor ferroelectrics there is no sharp transition, but within the composition range of 

x = 0.2 to x = 0.3 it is quite diffuse. Zhang et af. 9 however claim that the MPB is also 

the boundary for the PMN -PT system to transform from relaxor to normal 

ferroelectric. In fact several authors including Choi et aZ. 11 show that there is a sharp 

transition in PMN-PT concentrations around and over x = 0.4 indicating normal 

ferroelectric behaviour (Figure 1.7). 
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FIGURE 1.7 - Dielectric behaviour ofPMN-xPT ceramics at 1 kHz measuring 
frequency as a function of temperature. Note the sharp peak for PMN-40PT (Choi et 
aZ. ll) 

However there is currently a lot of debate regarding the exact composition of 

the MPB and whether this really does relate to the appearance of enhanced 

ferroelectric properties. Several authors notably Ye et a/. 12 claim that the recent 

12 



discovery of a intermediate monoclinic phase around the MPB in Lead Zirconate 

Titanate (PZT) may also help in understanding the properties of PMN-PT. 

Furthermore the recent theoretical work by Vanderbilt and Cohen 13, has discovered a 

region of stability for the enhanced ferroelectric phase by extending the Devonshire

Landau expansion of free energy to the 8th and 1ih orders. Several other groups 

complemented their work using several experimental techniques. 

o Neutron Diffraction:- Kiat, Uesu and Dkhil14 

o X-Ray Powder Diffraction:- Singh and PandeylS 

o High Resolution Synchrotron Diffraction:- Noheda, Cox and 

Shirane16 

o Optical Birefringence Imaging Studies:- Zekrial7 

o NMR studies:- Fitzgerald et al. 18 

Of course there are numerous other groups undertaking similar experiments 

including a variety of dielectric and characterisation experiments on PMN-PT 'solid 

solutions'. The following phase diagram (Figure 1.8) from Zekria
l7 

shows the 

complete temperature-composition phase diagram for the PMN-PT system. 
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FIGURE 1.8 - Composition-temperature phase diagram ofPMN-xPT (Zekria17
) 

Though there is considerable debate about the exact phase diagram especially 

around the MPB the following diagram (Figure 1.9) from Noheda et ai. 16 appears to 

summarise the current knowledge regarding the phases and phase transitions around 

the MPB in PMN-PT compositions. 
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FIGURE 1.9 -Composition-temperature phase diagram ofPMN-xPT around the 
MPB (Noheda et ai. 16

) 
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Noheda et al. 16 also proposed the existence of a secondary phase, either 

tetragonal or rhombohedral between (31 % -37% PT) and hints at the possibility of a 

third minority orthorhombic phase in other monoclinic compositions. In a recent 

study Singh and Pandey19 believed there may in fact be two monoclinic phases 

present around the MPB. Some current research by Fu and Cohen2o tends to suggest 

that the giant piezoactivity may also in fact be connected with a polarisation rotation 

since the highest piezoelectric co-efficients are found for electric fields along the 

<001> direction in the rhombohedral phase, whereas the cation displacements should 

be found along the <111> direction. The possible presence of a monoclinic phase 

allows for the polarisation to rotate within the mirror plane under the application of an 

electric field, producing very high deformations. 

However what is quite clear is that the structure of the MPB region is much 

more complicated than initially imagined. Unfortunately the detail with which the 

MPB can be examined is limited by the accuracy of the composition of the samples. 

From the results discussed above, we can assume that phases do indeed coexist over 

vary narrow ranges in compositions. Thus this current research aims to look at the 

relationship between the local structure and the average structure to try and 

understand more about the interesting ferroelectric properties of this material. 

Owing to PMN-PT having a highly nonlinear electrical and electromechanical 

response to electric fields it can be used in various device applications. Furthermore 

PMN -PT materials are used in such devices in numerous different forms and can also 

be used in a host of useful technological applications. 

o Ceramics:- existing ferroelectric applications, underwater 

transducers, smart material capacitors, tunable transducers, remote 
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control actuators, mIcro electromechanical systems (MEMS), 

ultrasonic micro motors, cantilever microphones 

o Single Crystals:- existing piezo-optic applications, electro-optic 

modulators, laser frequency converters, acousto-optic modulators, 

holography and other photoferroelectric applications 

o Thin Films:- thin film capacitor structures, ferroelectric random 

access memories (FeRAM), dynamic RAM (DRAMS), non

volatile ferroelectric RAM (NV-FRAM) 

It is these properties and applications that are currently generating significant 

academic and industrial interest in these materials. 

1.4 NKBT 

Sodium bismuth titanate Nao.sBio.s Ti03 (NBT), is a prototype perovskite 

relaxor ferroelectric21
. It shows the typical characteristics of a relaxor, displaying a 

broad dielectric anomaly, the temperature of which is dependent on frequency. 

Doping NBT with potassium through formation of the NBT- Ko.sBio.sTi03 (NKBT) 

solid solution introduces a morphotropic phase boundary at around the 20% 

potassium doping, resulting in change of symmetry from Rhombohedral to 

Tetragonal. As discussed above most ferroelectric perovskites such as PMN-PT show 

a change in phase and property by changing the composition of the B-Site. NBT, 

NKBT and KBT are a rare type of ferroelectric as changes in their phases and 

properties result from substitutions at the A-sites. It is therefore of interest to follow 

the local structure from the Rhombohedral to the Tetragonal phase to understand at 

the atomic structural level, how this change in average crystallographic symmetry is 
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effected. Thus is also considerable potential for an infonnative comparison of the 

local structural mechanisms between the NKBT and PMN-PT systems arising from 

the differing substitutions of the A and B sites respectively. 

Single crystals of NKBT are easily obtained and it is also a lot easier to 

control the stoichiometry compared to its lead-based counterparts, furthennore 

according to Park et al. 22 its sintering temperature is about 1150°C, which is quite 

compatible with modem multilayer technologies. The previous work by Jones et al. 23 

has established the complete phase diagram for NKBT solid solutions and is 

reproduced in Figure 1.10 . 
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FIGURE 1.10 -Composition-temperature phase diagram ofNKBT solid solutions 
(Jones et al. 23) 

NKBT has potential uses in biological applications as part of the lead-free 

piezoelectric market. It can also be used in ultrasonic generators, actuators, 

transducers, and other typical ferroelectric device applications. Solid state NMR is an 
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ideal tool to probe the scale of the chemical bonds and to infer changes in A-O bond 

lengths from the materials. Thus the motivation for this research is to investigate the 

compositional region around the phase boundaries and to establish the local structural 

changes that are taking place using solid state NMR techniques. 
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Chapter Two 

2.1 Introduction 

Solid state Nuclear Magnetic Resonance (NMR) is a technique used to look at the 

local atomic structure of materials and to gain an understanding of the ordering and 

transitions taking place within them. It is based on the measurement of the energy 

separation of the ground state nuclear spin energy levels in an applied magnetic field. 

Thus NMR uses magnetic nuclei as structural probes that can provide an 

understanding of the surrounding chemical environment within a material. NMR is also 

non-destructive and can detect changes in the bond length, bond angle, connectivity and 

co-ordination up to the third co-ordination sphere. It is these properties of NMR that 

make it particularly useful in this study. 

NMR spectra obtained from liquids are generally much narrower than those of 

solids as the random molecular motion that occurs in solutions tends to average the 

orientation dependent interactions resulting in high-resolution spectral lines. However as 

there is no such motion in the solid state, the orientational dependence of the resonance 

frequency remains. This leads to a significant broadening of the resonance lines in 

polycrystalline materials (most common form of the samples studied in this work), 

making it considerably more difficult to identify the individual resonances in samples 

with multiple sites for a particular NMR nucleus. There are however several techniques 

that have been developed over the years to try and reduce this effect of this broadening. 

Of these, the most important and probably the most commonly used technique is Magic 

Angle Spinning1
,2 (MAS). This technique involves actually physically spinning the 
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sample at an angle of 54.74° to the applied magnetic field. A more detailed description 

of MAS is given later on the chapter where its effects on the various NMR interactions 

have also been discussed. Unfortunately another commonly encountered broadening 

mechanism (especially for the quadrupolar nuclei studied in this thesis) is the second 

order quadrupolar interaction HQ(2) is only partially averaged using MAS. There are two 

general ways however that all anisotropic broadening can be removed. Firstly there are 

techniques such as double rotation (DOR)3 and dynamic angle spinning (DAS)4 that are 

quite technically difficult as they involve spinning the sample around two axes 

simultaneously or changing the direction of the spinning aXIS. Secondly there are 

advanced MAS pulse techniques such as multiple quantum magic angle spinning 

(MQMAS)5 and satellite transition magic angle spinning (STMAS)6 that involve 

generating two dimensional spectra, where a spectrum with no second order quadrupolar 

component can be generated by projecting the second dimension of the spectra onto the 

y-axis. A more detailed explanation of MQMAS and related techniques can be found in 

the book by Mackenzie and Smith7
. 

2.2 Principles of NMR 

If a nucleus has an odd mass number it has a half integral nuclear spin I and will 

therefore have a magnetic moment J..l = y I, where y is known as the gyromagnetic ratio 

and is a constant for a specific nucleus or isotope. Half-integer spin nuclei make up the 

great majority ofNMR active nuclei. As mentioned in the previous section nuclei possess 

an intrinsic quanti sed property - nuclear spin. It is this nuclear spin that is of key 

importance for an NMR experiment. Nuclei that have an even mass number and even 
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charge have zero spin and are not considered particularly useful for NMR experiments. 

However almost every element will have at least one isotope that will have an integer or 

half integer spin quantum number. If there are an odd number of nucleons (protons and 

neutrons) then the nucleus will possess a net spin. As the nucleus is a charged magnetic 

object it is this net spin that interacts with magnetic fields, giving rise to a nuclear 

moment and it is this interaction that forms the basis ofNMR techniques. 

In a classical system when a magnetic field Bo is applied to this nucleus, the 

energy of the magnetic moment can be defined as 

E = -Il. Bo. However the magnetic moment can be in anyone of 21 + 1 possible degenerate 

energy states, which correspond to the possible magnitude and orientation of the moment. 

Thus the moment can be redefined in quantum mechanical terms as 

!l =y /=yom (2.1) 

where m is the magnetic quantum number which can only take half-integer values in the 

range -1:s m :s 1. Furthermore the energy is also orientationally dependent and is given 

by equation 2.2. 

E = -Il. Bo = -yomBo (2.2) 

Thus when placed in a static magnetic field the moments align either with or 

against the field Bo depending on whether they are at the lower or higher energy levels. 

The moments therefore occupy 'Zeeman Split' energy levels separated by L1E, which is 

constant between adjacent levels. 

L1E = -yoBo (2.3) 

However there are also forces that are acting upon the nuclear moments, the 

torque exerted by the magnetic field Bo can be represented by the vector product Il x Bo. 
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This according to Newton's laws of motion will cause the moment to precess around Bo. 

The Figure 2.1 below illustrates this precession. The angular frequency of this precession 

is given by 

0)0 = yBo 

which corresponds to the frequency \)0, termed the Larmor frequency. 

Applied magnetic field 
+ 

Spinning 
nucleus 

FIGURE 2.1 - Nuclear Precession in a Magnetic Field 

(2.4) 

In any sample material there are a very large number of nuclear magnetic 

moments occupying one of the possible 21+1 energy states. The energy difference 

between these states AE = -yhBo is determined largely by Bo, the larger Bo the larger the 

energy difference hence the importance of the magnetic field in an NMR experiment. 

NMR is thus based on the transition between the different Zeeman levels for a given 

nucleus. The most fundamental aspect of the Zeeman Interaction is that it is almost 

always the largest nuclear spin interaction present in a system. A clearer understanding 

of the Zeeman Energy States and the corresponding population levels can be obtained 

from the figure 2.2 below. 
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FIGURE 2.2 - The effects of the quadrupolar interaction for an 1= 5/2 nucleus showing 
the energy level diagram!7 

For a system in thermal equilibrium the population levels of the various energy 

states follow a Boltzmann distribution. As this distribution prefers a lower energy state a 

net magnetisation parallel to Bo will form. The characteristic time taken for this net 

magnetisation to form is referred to as the spin lattice relaxation time T], and is an 

important NMR parameter that can determine the duration of an NMR experiment. The 

reason this parameter is known as the spin lattice relaxation time is because the spin 

system is thermally coupled to the 'lattice' of the material. It is this coupling that causes 

the transition between the various Zeeman energy states. The coupling arises from the 

thermal motion of the surrounding matter that causes fluctuations in the internal electric 

and magnetic fields. The time taken to return to is given in equation 2.5 below 
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(2.5) 

Hence approximately after a time 4TJ since the 90° pulse was applied, the magnetisation 

will fully relax back along the field. However for the transverse components of the 

magnetic field the decay of magnetisation is given by 

dt T ' 
2 

(2.6) 
dM -M __ x = __ x 

This transverse relaxation time occurs as a result of the dephasing of the magnetisation in 

the xy-plane of the magnetic moments precessing about Bo. The time T 2 is called the 

spin-spin relaxation time and it may often have various contributions. These arise owing 

to the inhomogeneities in the static magnetic field Bo. Furthermore the internal fields that 

have components in the direction of the static field can be viewed as local field 

inhomogeneities too. These inhomogeneities lead to dephasing of the magnetisation that 

can be better understood through equation 2.7 below 

1 1 1 
-=-+-T; T; T; (2.7) 

where T 2 is the decay of the magnetisation due to the interactions and T 2' arises from the 

effects of inhomogeneities in the field. Of course the real interest lies only in T2 as this 

contains useful information regarding the nature of the interaction in the samples. A 

NMR technique known as spin echo pulse NMR can be used to measure T 2 rather than 

T/, this has been described more thoroughly in the experimental details section of the 

following chapter. 
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2.3 Introduction to NMR Interactions 

Apart from the Zeeman interaction it is important that we also consider the effect 

of the matter surrounding the nuclei in the sample. This is because this surrounding 

matter has a very significant influence on the total energy of each spin state thereby 

shifting the Zeeman Energy States described in section 2.2. This results in a shift in the 

position of the observed NMR peak. Thus the total energy in such a system is the sum of 

the various interactions of its nuclear moments and this is in tum is dependant on its local 

environment. It is for this reason that NMR is such a sensitive probe of the local 

chemical environment as described in Section 2.1. There are many such interactions that 

occur in a variety of differing materials. The most important of these are 

• Chemical Shift Interactions 

• Dipole-Dipole Coupling 

• First and Second Order Quadrupolar Interactions 

• J-Coupling 

• Paramagnetic Interactions 

• Hyperfine Interactions 

• Knight Shift Interactions 

However for the samples studied for this thesis it is important that the Chemical 

Shift Interaction and both the First and Second order quadrupolar interactions be clearly 

understood. The total hamiltonian for these interactions can be defined as 

~ _ ~ ~ ~ (I) ~ (2) 
HT - Hzeeman + Hcs + HQ + HQ (2.8) 
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As most of the nuclei being studied have nuclear spin I > 112 it is actually the 

quadrupolar terms that are most important for determining the relaxation rate. These 

interactions have been discussed in much greater detail in the following sections. 

2.4 Chemical Shift Anisotropy 

The chemical shift interaction is a good starting point from which the major 

features of internal NMR hamiltonians can be understood. Chemical shifts arise from the 

magnetic dipole moment of the nucleus and the local magnetic fields generated by the 

motion of electrons in the large magnetic field ( diamagnetic effects) and paramagnetic 

effects due to excited state of the electrons. Thus the diamagnetic effects are caused by 

the electrons opposing the magnetic field thereby reducing the field around the nucleus. 

While the paramagnetic effects are caused by the applied magnetic field mixing excited 

electrons with the ground state, thereby causing the ground state to acquire a 

paramagnetic component, which increases the field experienced. The interaction 

Hamiltonian used to summarise this interaction is orientation dependent and is usually 

described by the second rank tensor cr. The interaction Hamiltonian is thus 

Hcs = -yl . cr. B (2.9) 

while cr is most simply described in the frame where only the diagonal elements of the 

tensor are present. This is the principal axis system (PAS). It is possible to use Wigner 

rotation matrices to rotate an object with tensor properties between frames of reference 

thus in the case of equation 2.9 above the tensor has been changed from the Laboratory 

frame to the principal axis system. Thus by the judicious choice of reference frame the 
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entire problem of deriving the parameters for the chemical shift tensor is greatly 

simplified. The use of such Wigner rotation matrices to simplify the mathematics of 

rotations between frames has been described in detail in the book by MacKenzie and 

Smith? Thus the labelling convention for the chemical shift tensor is best described in 

the principal axis system as below 

(2.10) 

Most chemical shift interactions are reported using three quantities derived from 

the components in equation 2.10 above. These are the isotropic chemical shift (8iso
), the 

shielding anisotropy (~cs), and the shielding asymmetry (llcs). These are defined in 

equation 2.11 below 

(2.11 ) 

Of these terms the isotropic chemical shift is the most important quantity and is 

frequently quoted in literature. The shielding anisotropy is used to measure the deviation 

from spherical symmetry and can be either positive or negative values. While the 

shielding asymmetry lies within the limits 0 ~ llcs ~ 1 and is a measure of the deviation 

in axial symmetry. The values of these terms are usually quite small and are usually 

reported in units of parts per million (ppm). For example in l3C, the range of possible 

chemical shifts is from about -20 to 250 ppm which is around 27 kHz at a Larmor 

frequency of 100 MHz. The isotropic chemical shift is also usually measured against a 

known reference for the particular species of nuclei being investigated. Thus 8iso can 

now be expressed as shown in equation 2.12 below 
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(2.12) 

As long as there are no field dependent effects such as first or second order quadrupolar 

effects, contributing to Oiso, the same ppm value will be measured regardless of the 

magnetic field being used in the NMR experiment. 

For a crystallite at angles of e and ~ to Bo, the orientational dependence 

contribution to the lineshape is given by, 

(2.13) 

Thus for a powder the static lineshape will be made from weighted contributions from 

crystallites ranging over all values of both e and~. The following Figure 2.3 shows the 

effect of varying the principal chemical shift tensors. However there are often certain 

cases where the nuclear site possesses axial symmetry (Oyy = Oxx or Oyy = OZZ) or the as in 

the case ofPMN cubic symmetry where (Oyy= Oxx = OZZ). 

b a 

c 

FIGURE 2.3 - Typical chemical shift-dominated NMR powder patterns: (a) spherically 
symmetric, (b) axially symmetric, and (c) asymmetric chemical shift tensor 
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2.5 Dipole-Dipole Interaction 

The homonuclear and heteronuclear dipolar coupling hamiltonians are some of 

the most well known interactions in NMR. The magnetic dipole interaction arises from 

the coupling between the nuclear spin with the local fields of its neighbouring spins. This 

stimulates relaxation and also contains structural information of the environment around 

the excited nuclei. The interaction is in the same form as for the classical magnetic 

dipoles separated by a distance r, 

2 

H = -" nO) "( _1)m AD" T
D
" 

D L.....J 0,) L.....J 2.m 2.m 

j*l m=-2 

= YiY j 

r 
1J 

T
D

, = ~ (31 10 - I .I ) 
2,0 V 6 1,0 j. 1 J 

D 1 ( ) T" =- I I +1 .I 
2,±1 .J2 1,0 j,±J i,±l j,O 

T
D

" = 1 I 
2,±2 l,±i J-±! 

Where AD2 ij is defined as 
,ill 

and 

and 

2 

AD" = "D(2) ( D n.D D) D" 
2,m L.....J m',m ali' t-'jJ 'Y1j P2,m 

m'=-2 

pD" = [3 
2,0 ~2 

D" _ D" _ 0 
P2,±1 - P2,±2 -

(2.14) 

(2.15) 
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As in sec 2.4 above the Euler angles refer to the orientation of the principal axis 

of the dipolar coupling relative to the laboratory frame. However upon substitution of 

the principal axis components into the equation 2.15 above it can be observed that only 

BijD, which corresponds to the angle between the inter-nuclear vector and the static 

magnetic field affects the overall hamiltonian. Thus the simplified Dipolar hamiltonian 

can be expressed as 

h L YiY j 2 
HD = - -(3 cos ~ -1)(I.I - 31 I ) 2 3 1 J lZ JZ 

i<j \j 
(2.16) 

The effect of this interaction is thus proportional to Yi Yj, thus it is especially important for 

nuclei with a high y. Thus dipolar coupling may be thought of as an irreversible 

relaxation mechanism which leads to Gaussian decay thereby broadening the line in an 

NMR spectrum. However for the samples investigated in this thesis the dipolar coupling 

has no effect upon the spectral interpretation of the nuclear environments but is important 

in determining the rate at which the spin system reaches thermal equilibrium with the 

lattice. 

2.6 Quadrupolar Interaction 

The quadrupolar interaction is usually the dominant broadening mechanism for 

spin I > Yi nuclei, it arises from the interaction of the electric quadrupole moment (a non-

spherical nuclear charge distribution) with the electric field gradients in a non-cubic 

environment. 
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The first analysis of the quadrupolar interaction in solid state NMR was by 

Pound8 in an paper on the nuclear-quadrupolar interaction in 1950. Though a more 

comprehensive background to the quadrupole interaction is given in the classic article by 

Cohen and Reif (1957)9. More theoretical background information on the subject can be 

found in the book by Abragam 10 while a more recent update can be found in the article by 

The basic Hamiltonian has the same form as the chemical shift anisotropy 

Hamiltonian. The Hamiltonian of the quadrupole interaction can be expressed in terms of 

the principal axes Vxx :-::; Vyy :-::; Vzz of the electric potential according to the following 

equation. 

2 

HQ = nroQ L (-lr A~,_m T2: 
(2.17) 

m=-2 

e
2
qQ 

ro =----
Q 21(21 -1)1 

1 
TQ =-(31

2 -C) 
2,0 J6 0 

Q 1 ( ) =- II +1 1 T2,±1 .J2 0 ±I ±I 0 

TQ = C 
2,±2 ±! 

Where A 2Q is defined below. 
,m 

2 

A~,m = L D~?m ( cx
Q

, I3
Q

, l) P~,m' (2.18) 

m'=-2 
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Q~ P - -
2.0 2 

Q 

P2 1 = 0 .± 

Q VXX - Vyy 
P = -Y\ = 

2,±2 2 Q 2V 
zz 

Again, as in the previous section, the Euler angles refer to the orientation of the 

EFG axis system relative to the laboratory frame. Here Y\Q is known as the quadrupolar 

asymmetry parameter and e is the magnitude of the electron charge. Furthermore as the 

quadrupolar tensor is traceless, there is no net isotropic shift due to this interaction. Thus 

e
2
qQ 

eq is the anisotropy of the electric field gradient tensor. The constant -- is commonly 
h 

known as the quadrupolar coupling constant and is often given the symbol XQ (units rad 

S-I). Quite often in the literature it is the quadrupolar frequency (vQ) and not XQ that is 

commonly quoted, this is defined as 

3C
Q 

V =---'---
q 21(21 -1) 

(2.19) 

Also as demonstrated in the case of the dipole-dipole interaction it is possible to 

truncate the above Hamiltonian by eliminating the non-commuting (tQ tQ) the 
2,±1' 2,±2 

remaining Hamiltonian is shown in equation 2.20 below. 

(2.20) 
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This first order pertubation result illustrates an example where higher order 

corrections are needed. In order to illustrate this we may look at the eigenvalues for the 

21 + 1 energy levels of the Zeeman basis states. 

(2.21) 

This is better illustrated using the following examples where m= 0 and m = ± Yz 

lim 
E(IQ) = -_Q A Q (1(1 + 1) 

o j6 2,0 

E(lQ) = -_Q A Q - - 1(1 + 1) lim (3 J ±X j6 2,0 4 

The last two energies are for the distinct cases where the spin is either an integer ( 

I = 1,2,3, ..... ) or half odd integer spin ( I = Yz , 3/2, 5/2, ..... ). Furthermore it is 

interesting to note that in the spin Yz case only the final EQ
I/2 energy levels exist and are 

also analytically zero as there is no quadrupolar moment of the nucleus for spin Yz nuclei. 

Thus it is possible to calculate the energy splitting between a variety of single 

quantum (&n = ± 1) transitions. 

lim 
E(IQ) = E(lQ) - E(lQ) = -_Q A Q (2m -1) 

m->m-l m m-l j6 2,0 
(2.22) 

The first feature which is immediately visible is that for m = Yz, the splitting is 

theoretically zero. In fact for any other value of m, the splitting depends on both the size 

of the quadrupolar coupling and the orientation of a given crystallite. Only half integer 
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spins have a central transition (\12 B -\12), which is unaffected by the quadrupolar 

interaction to first order. 

In addition if we calculate the energy splittings for multiple quantum (mB-m) 

transitions we discover that these also have no first-order quadrupolar energy splitting 

correction. For both the central and the multiple quantum transition, it is crucial to 

calculate the second-order contribution to the energy splitting as this becomes the 

dominant energy splitting correction. When the quadrupolar coupling is large, the second 

order will make significant changes to the satellite transition energy splittings. For the 

experiments, theory and simulations presented in the remainder of the thesis, these will 

pertain primarily to the central transition of half integer spins. For further information on 

multiple quantum spectroscopy the following references5
,12 are particularly informative. 

As mentioned in the above paragraph if the quadrupolar coupling is large 

essentially the second order quadrupolar effects need to be considered. The second order 

interaction affects the spectrum and shifts the central transition with respect to the 

Larmor Frequency as shown in equation 2.23 below 

c2 

9 3 2 2 
V(2) --- q (a--)(I-cos 8)(9cos 8-1) 

q 64 v/(2I-l/ 4 
(2.23) 

where a = 1(1+ 1). As can be seen from equation 2.23 frequency shift is dependent on lIvo 

thus at higher applied fields both the quadrupolar induced lineshift and the second order 

quadrupolar line broadening will be reduced. In fact the observed line position is due to 

contributions from both the second order quadrupolar and chemical shift interactions. 

The isotropic shift that arises due to the second order quadrupolar interaction is shown in 

equation 2.24 below 
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"0 10 (21(21 + 1))2 v 2 3 

o 

(2.24) 

The effects of first-order and second-order quadrupolar broadening on the 

spectrum are shown in Figure 2.4 be low 

o 
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FIGURE 2.4 - Simulations showing the effects of the quadrupolar asymmetry parameter 
(llq) on (a) the first-order satellite and (b) the second order central transition lineshapes, 

[ A = ( J(1 + I) - ~ ) ::J 17 
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It can be seen that the lineshapes are certainly highly dependent on the values of 11 

(Figure 2.4) and that MAS also reduces the linewidth but does not completely. Figure 2.5 

below shows second order quadrupolar central transition lineshapes, both static and MAS 

at infinite speeds. 

, 
' . 

: : 

~ 

6. 
: 018 

ISO 

FIGURE 2.5 - MAS line narrowing of the 2nd order quadrupolar interaction. The MAS 
line (solid) is narrowed by a factor of P4(cos(54.74°)) from the static case (dash), QIS 
(Quadrupolar Induced Shift) is the centre of gravity from the isotropic chemical shift. 

2.7 High Resolution Spectroscopy 

All the interactions discussed above can often shift the spectral line shapes away 

from the positions expected from the Zeeman Hamiltonian , this of course leads to 

significant line broadening in poly-crystalline samples. Thus as the spectral lines from 

various sites in the sample overlap it becomes an increasingly more complicated task to 

interpret these lineshapes. There are however, many methods that can be implemented to 
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remove the anisotropic parts of the chemical shift and the quadrupolar interactions by 

manipulating both the spin and the spatial parts of the Hamiltonian as briefly described in 

section 2.1. Though there are currently numerous methods, for example MAS 1
,2, DAS3

, 

DOR4
, MQ-MAS5

, ST-MAS6 and other two-dimensional experiments13
,14 currently in use 

for reducing broadening in solid state NMR, for the samples studied in this thesis it is 

important to focus on primarily MAS and the two-dimensional nutation experiment. 

These are described in greater details in the following sections. 

2.7.1 Magic Angle Spinning 

Magic Angle Spinning (MAS) involves rotating the sample rapidly (>4 kHz) 

about an axis orientated at the angle 8m = cos-I(1/~3) ~ 54.74° with respect to the 

magnetic field. This has the effect of removing the spatial tensors with time dependent 

spatial trajectories which approximate isotropic motion. The geometry of this 

experiment can be observed in Figure 2.6 below 
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z 

FIGURE 2.6 - PAS to ROTOR to LAB rotations. The Euler angles used in moving from a 
fixed PAS coordinate system to the laboratory system are shown. It involves multiple 
rotations . 

MAS thus has the effect of introducing a time dependence for a general spinning 

angle to the existing spatial tensors. This is given by A ~ in equation 2.25 below 

(2.25) 
n=- J m '=-J 

Thus the A in the expression refers to either the chemical shift, dipolar or quadrupolar 

interactions. The Euler angles that define the first rotations are 8 , the spinning axis angle 

and CDrt, the time dependent rotation angle. Therefore if the rotation is sufficiently rapid 
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0/ 
(i.e. O)r > 0)18

csa 
or OJr > ~) the time dependent terms can be ignored as they now 

OJI 

average to zero, and only the time independent terms will remain as shown in equation 

2.26. 

I 

A' = d(l) (8)"" D(l) (a' rt' ') I-
1m Om L...J m',O ,tJ, Y P1m , (2.26) 

m'=-l 

Taking a more specific example we can now substitute the effect of the Chemical 

Shift Interaction in equation 2.26. 

cs ~(3COS2 8-1J[3COS
213CS 

-1 Tlcs cs . 2 cs ] A = - +-cos2a sm 13 
20 2 2 2 2 

(2.26) 

Thus the only difference between this equation and the equation 2.13 shown in 

section 2.4 above is that a scaling factor known as the second order Legendre polynomial 

(P2 [COS 8D has now been introduced. 

(~[cos8n= 3cos
2

8-1 
2 

(2.27) 

It is also now apparent that the magic angle is simply the angle which makes this 

second order Legendre polynomial zero and thereby eliminates the anisotropic portion of 

the chemical shift interaction. Similarly it can also be shown that MAS can also remove 

the effects of both homonuclear and heteronuclear dipolar coupling as both have a spatial 

dependence which is represented as single second order tensor. 

For the quadrupolar interaction the same analysis is also applicable to the first 

oder effect if the spinning speed is greater than the quadrupolar coupling constant. 

lQ 3e
2

qQ (3COS
2 

8-1][3COS213Q -1 TlQ Q . 2 Q ] 
Llli = (2m -1) +-cos2a sm 13 (2.28) 

m->m-l 41(21 -1) 2 2 2 
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Unfortunately this is only limited to nuclei in a highly symmetric environment 

(for example 23Na in NaCI) or nuclei with a very small nuclear quadrupolar moment 

(such as 7Li). For quadrupolar nuclei with a larger quadrupolar coupling only the central 

transition is observable, this has no first-order quadrupolar contribution to the orientation 

dependence of the energy splitting. Thus the second order quadrupolar correction does, 

in fact, show strong orientational dependence. This has been shown by Mueller15 to 

represent equation 2.29 below 

2 ( 3) nC
Q 

1(1+1)-- 2 2 

~2Q = __ -"----___ 4----"-"" a' cos2iuQ cos2jj3Q 
..:-+-..: 32C (21 -1/0)1 t ~ I) 
2 2 

(2.29) 

However the coefficients a'H are now defined as 
y 

a' =a(O) +a(2)p [cos 8] + a(4)P4 [cos 8] 
IJ IJ IJ 2 IJ 

where the fourth order Legendre polynomial is given in equation 2.30 below 

1 (4 2) PJcos8] =8" 35cos 8-30cos 8+3 (2.30) 

Thus as can be seen from Figure 2.7 below the effects of the fourth order Legendre 

polynomial in the second order quadrupolar interaction cannot be fully removed by MAS. 
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FIGURE 2.7 - The Legendre functions P2(cos8) and P4(cos8) .7 

2.5 from that of the static line. Thus if a line shape is dominated by the second order 

quadrupolar interaction, it is necessary to spin at a rate of at least the order of the static 

linewidth, ie br ~ t;w. The difference between these two cases lies in the concept of 

homogenous and inhomogeneous interactions, and is exp lained in an article by Maricq 

and Waugh 16. However for many instances MAS spectra can provide sufficient 

resolution in order to obtain valuable information about the quadrupolar parameters. 

2.7.2 Nutation studies 

In many cases the distinct features of a quadrupolar lineshape are often hard to 

observe (even with MAS) owing to a spread in the chemical shifts and/or the quadrupolar 

interaction. Nutation NMR allows the study of the quadrupolar interaction by follow ing 

the evolution of the spin system in the rotating frame , in the presence of the rf field B 1 

provided by the rf pulse in tl. This reduces the influence of the chemical shifts as they 

scale linearly with this applied field. 

42 



The pulse tl is thus referred to as the nutation pulse. The Hamiltonian during tl in 

the rotating frame is given by 

(2.31) 

where 

(2.32) 

The nutation frequency for a quadrupolar nucleus is (1+ 112) VI when VI «vq. If VI > Vq 

the nutation frequency is simply VI where in both cases VI = r BI 
27r 

Unfortunately useful quadrupolar parameters can only be obtained when VI is of 

the order of vq. Smith and van Eckl7 have shown that the useful range of rf-field 

strengths lies within the ratio Vq/VI = 0.05 - 1.0. However for most of these ratios the 

nutation spectrum is quite complex, heavily dependent on Vq/VI and usually consists of 

several frequencies. By simulating the experimental nutation spectra an accurate 

estimation of both the quadrupolar coupling constant and the asymmetry parameter can 

be obtained. 

If there is more than one resonance, as in the case of many of the samples studied 

in this thesis, the resolution in the F2 dimension should be enhanced through MAS. 

Unfortunately this may often lead to a severe distortion of the nutation spectra due to the 

appearance of rotationally induced spin-locked magnetisation in an rf-field while 

spinning. Spinning speed should be very low (2 - 4 kHz) allowing the decay of the 

nutation spectra within a quarter rotor period. Nielsen et ai. 18 have shown that it is 

however possible to simulate this behaviour of quadrupolar nuclei under the influence of 

MAS. 
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Chapter Three 

3.1 Introduction 

The schematic diagram of the main equipment required in order to perform a 

NMR experiment is shown in Figure 3.1 below. In simplest terms the sample is 

contained within a rotor that is often mechanically rotated within a probe, the probe is 

then placed inside a superconducting solenoid magnet. A host of electronics 

nowadays primarily controlled by a computer is used to generate RF pulses of the 

appropriate length, phase and frequency which then effect the magnetisation of the 

sample. After a 90° pulse the magnetisation which was along the Bo (or Z) axis gets 

tipped into the transverse plane. The resulting voltage induced in the signal coil by 

this changing magnetisation, is recorded as a function of time and is commonly 

known as a Free Induction Decay (FID). This characteristic FID is then stored and 

processed by Fourier transformation on a computer to form the spectrum. 

ADC 

Magnet 

Probe 

Receiver 

Pre Amplifier 

FIGURE 3.1 - Basic components of aFT NMR spectrometer 

45 



NMR is now a widely used tool and there are a multitude of variations and 

combinations of experimental set-ups that are used for the wide range of materials and 

systems studied. The following sections look at in more detail the experimental set

ups and optimised criteria for the NMR study ofPMN-PT and NKBT samples. 

3.2 Magnets 

In order to study the properties of quadrupolar nuclei such as 93Nb it is usually 

essential to use a high magnetic field in order to get clearer picture of the different 

sites within the sample. Most of the NMR experiments conducted on various 

quadrupolar nuclei in the PMN-PT and NKBT samples have been at the high field of 

14.1 T corresponding to a proton frequency of 600 MHz. However several 

experiments have also been conducted at fields of 8.45 and 4.79 T corresponding to 

proton frequencies of 360 and 204 MHz and have also been included in this thesis. 

The magnets themselves all consist of a cryostat, main coil, superconducting 

shim set and a high current power supply. The cryostat has two chambers, an outer 

one filled with liquid nitrogen and an inner chamber filled with liquid helium. There 

are also numerous vacuum jackets and radiation shields designed to preserve the 

helium by preventing any heat leakage. The main coil is usually made out of several 

kilometres of Nb3Sn multifilament wire kept at the boiling point of liquid helium. As 

a high current typically 100A is circulated in the coil, the magnet is able store 

significant amounts of energy (around 10MJ) in its field 1. It is essential that in 

addition to this magnetic field being strong there is also a high degree of both 

homogeneity and stability of the field. As the main coil is often unable to maintain 

these levels of homogeneity in the magnetic field, there is a set of superconducting 
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shim coils known as cryoshims, as well as an even finer set of room temperature 

shims present on most modem NMR spectrometers. Finally all the magnets used in 

the NMR experiments in this thesis have a standard wide bore of 89mm, allowing for 

larger and more specialised probes to be used, that are often necessary for MAS 

NMR. 

3.3 Probes 

The probe is used to hold the sample containing a cylindrical rotor in the main 

magnetic field. The rotor size is usually a compromise between the total volume of 

sample and maximum spinning speed that can be achieved. These rotors are made out 

of high strength ceramics and are capable of spinning up to 22kHz (3.2mm rotor 

diameter), though owing to the high density of lead based ferroelectrics most 

experiments have been performed at around 18kHz. The sample is contained within a 

signal coil, which is part of the resonant LC circuit. The circuit is "tuned" by varying 

the inductance and capacitance to produce resonance at the Larmor frequency, the 

circuit is then also "matched" to the standard impedance of 50n to minimise the 

reflections of the transmitter pulses. When the circuit is properly tuned it converts the 

incoming electrical pulse (frequency coo) to an oscillating magnetic field within the 

signal coil, this then couples with the nuclei absorbing a quanta of energy hcoo. This 

causes transitions between the energy levels and is the quantum picture of the rotation 

of the magnetisation by the applied rf field creating the transverse magnetisation. 

Another important criteria to be considered in a probe is its quality factor Q, 

this is a measure of the sharpness of the resonance of the probe circuit. Unfortunately 

probes must satisfy several competing requirements, thus most probes are usually 
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designed specifically for a particular application. It is also necessary to accurately set 

the magic angle on a probe. This is often done using Y AG (Yttrium Aluminium 

Garnet) or KBr as the sample and adjusting the magic angle until rotational echos are 

clearly maximised in the acquired data. 

3.4 Electronics 

The pulse is usually generated by gating a monochromatic frequency source, 

thus the carrier frequency from the frequency synthesiser is combined with a square 

wave pulse of the appropriate length. This pulse is then phase shifted and amplified 

in the pulse amplifier before being passed into the probe as a high power RF pulse. 

Hence it is the same probe coil that is used for the both delivering and detecting the 

response of the pulses. So one of the major issues faced is that both a high power 

amplifier and a very sensitive receiver have to be connected to the same resonant LC 

circuit. This is usually overcome by the combined use of a duplexer along with 

shielding the receiver using quarter wavelength cable connected to a grounded diode. 

The rate at which the voltage decays after the applied pulse is determined by the 

quality factor of the probe Q, thus when the voltage remaining from the pulse has 

decayed to a value of approximately O.5V, the duplexer switches the circuit from the 

transmission side to the receiver side. The actual signal (of order ).l V) generated by 

the sample is then amplified by the preamplifier before being passed on to two 

identical phase sensitive detectors (PSDs) as can be seen in Figure 3.1. 

The difference between the signal and the reference is generated by the PSDs, 

however in one of the PSDs a phase shift of n/2 is also applied to the reference 

frequency to create an imaginary channel. Thus the outputs from these two PSDs are 
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digitised separately by two Analogue to Digital Converters (ADCs) and stored as the 

real and imaginary channels in the computer memory. Combining the output signals 

from two PSDs is commonly known as quadrature detection (QD) a detailed 

description of which can be found in the article by Traficante2
. QD allows us to 

distinguish signals oscillating above or below the reference frequency, which would 

not be possible with a single PSD. Furthermore also this allows us to have the ability 

to set the transmitter frequency near the centre of the signal of interest improving both 

the pulse power efficiency and signal to noise ratio. 

3.5 Pulse Sequences 

In the actual NMR experiment, signal is obtained by summing the responses to 

a sequence of pulses. This entire procedure of summing the responses is known as 

signal averaging. The response from the spin system is phase coherent between the 

pulses and is thus dependent on the total number of acquisitions, however as the noise 

produced in each pulse is not correlated between the pulses it does not depend directly 

on the number of acquisitions but varies by the square root of the number of 

acquisitions. Under signal averaging conditions the signal to noise (SIN) is given by 

the square root of the number of acquisitions. Hence SIN increases by simply 

increasing the duration of an NMR experiment. However there is a wide variety of 

pulse sequences that exist, these all have the potential of affecting the sample's 

magnetisation in differing ways. The key pulse sequences used to investigate the 

PMN-PT and NKBT samples are described below. 
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3.5.1 Single Pulse 

The standard single pulse experiment is depicted in Figure 3.2 below. In this 

experiment the magnetisation is tipped by a nl2 pulse and the FID is acquired using a 

four step phase cycle sequence such as CYCLOPS3 (CYClically Ordered Phase 

Sequence). This phase sequence is used to minimise any imbalances between the two 

PSDs described in section 3.4 above. 

pw 

--- rd aI x dw pd 

........... 

I 

pw - pulse width (rf pulse) 
rd - receiver delay 
ad - acquisition delay 
al- acquisition length 
dw - dwell time 
pd - pulse delay 
Fill - Free Induction Decay 

FIGURE 3.2 - One Pulse Experiment 

The 90° pulselength used for quadrupolar nuclei is usually found by dividing 

the 90° pulselength of the solution reference by a factor of 1+ 1/2. This is because the 

angle a quadrupolar nucleus may be tipped to is dependent upon both the pulse length 

and the CQ of the nucleus. For quantitative excitation of quadrupolar nuclei a much 

shorter pulse must be used, typically < nl12 so that the excitation lies within the linear 

• 4 reg1ll1e . 
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3.5.2 Two Pulse Sequences - Oldfield Echo 

One of the problems with the one pulse experiment is the fact that the NMR 

spectrometer cannot acquire signal immediately after the pulse has been applied, there 

is a finite amount of time required for the duplexing circuit to switch over from the 

transmission circuit to the receiver side and this delay is commonly known as receiver 

delay. Furthermore there is another delay known as the acquisition delay that occurs, 

being the time between the receiver being turned on and the FID being acquired. 

Thus the sum of the delays is known as "dead time" often imposes a limiting effect 

upon the spectra of the nuclei observed in a one pulse experiment. For broad 

resonance lines the FID can have largely decayed by the time the receiver begins 

measuring the output signal. Hence one of the most common NMR techniques for 

such nuclei is the use of a two pulse ' echo' sequenceS as illustrated in Figure 3.3 

below. 

pd 

......... ~ 

pw - pulse width (rf pulse) 
rd - receiver delay 
ad - acquisition delay 
al - acquisition length 
dw - dwell time 
pd - pulse delay 
FID - Free Induction Decay 

FIGURE 3.3 - Two Pulse "Echo" SequenceS 

In this experiment two pulses are used thereby refocusing the signal outside 

this deadtime. The signal in fact decays according to the spin-spin relaxation time T2. 

Thus the amplitude of this echo follows that of the T2 decay envelope. For a more 

detailed description of the echo pulse sequence and its associated phase cycling one 
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may refer to the article by Kunwar6
. In essence the phase cycling of this echo 

sequence combines CYCLOPS phase cycling imposed on a scheme to subtract the 

directly excited magnetisation after the second pulse. 

In an MAS experiment it is also important that the time delay between the two 

pulses is set to integer number of the rotor periods. This is to allow the individual 

crystallites contributing to the signal to be in the same orientation during the 81 and 82 

pulses preventing any lineshape distortions. It is also necessary to acquire the spectra 

with a larger sweep-width than that of a one pulse experiment in order to ensure that 

the digitisation rate is high enough to allow the definition of the echo maximum. 

3.5.3 Multi Pulse Sequences - RAPT sequence 

The Rotor Assisted Population Transfer (RAPT) pulse sequence has been 

developed in order to amplify low SIN ratios for low abundance quadrupolar nuclei 

such as 170. It has been demonstrated7 that using a modified RAPT scheme leads to 

a signal enhancement by a factor of 2.5, and is especially useful in materials with 

multiple sites with a range of Cq values. Figure 3.4 shows the pulse sequence and the 

signal enhancement. 
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FIGURE 3.4 - MAS - RAPT scheme 

This sequence has been used only in the 170 NMR experiments when the SIN 

ratio as observed through the Oldfield echo pulse sequences were unsatisfactory. For 

further details of this pulse sequence and how it actually amplifies signal to noise 

refer to the article by Prasad et al. 8 

3.6 Data Processing 

Usually once an FID is acquired using the pulse sequences described above 

the data needs to be processed in order to produce a spectrum (i.e. intensity as a 

function of frequency) so that the form of the spectrum can be observed. The 

procedures used to process the FID to form a spectrum are now discussed. 

A DC offset correction is always used to average the end of the FID where 

there is no signal about the y=O axis. This procedure ensures that the FID oscillates 

about the correct baseline, this is especially important for 2D nutation spectra as a 

large number of rows need similar corrections. Any DC offset will show itself up as 

an apparent peak at the centre of the spectral range. 
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As a spectrometer will always have some receiver dead time there is usually 

some form of degradation of the first few data points in the FID, these are thus always 

removed. In some cases notably one-pulse experiments a linear back prediction 

algorithm was occasionally used to reconstruct these points that were removed, 

however for complex quadrupolar lineshapes this function was never used as the time 

domain signal is far too complex for such an algorithm to be really relied upon. The 

next step is to try and maximise the SIN ratio. This can be done by multiplying the 

FID using several 'window functions' in a process termed apodisation, resulting in a 

new weighted FID A(t). Though there are many different window functions the two 

functions used for all spectra shown in this thesis are; 

(i) Exponential multiplication - this function preferentially enhances the beginning 

of the FID (where the signal is usually greatest) by multiplying the entire FID 

with an exponential decay function 

A(t) = Set) x exp(-nLBt) 

Where S denotes the unweighted signal and LB is the line broadening (in Hz) 

produced using this function. The line width however increases in a Lorentzian 

manner. 

(ii) Trapezoidal multiplication - involves the entire FID being multiplied by a 

trapezoidal shape. In many of the spectra displayed in this thesis, the signal ends 

well before the end of the acquisition time. In these cases it is possible to 

truncate the high frequency noise in this part of the FID using this function. 

In a lot of cases a combination of both the functions described above has been 

utilised. 
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Once the apodisation functions have been completed it is possible to gain 

some insight of the material from the FID, however interpretation of the time domain 

data is quite complicated. The most common way of viewing this data is by 

implementing a full discrete complex Fourier transform. This is usually done by 

utilising a variation of the Fast Fourier Transform algorithm developed by Cooley

Tuke/ in 1965. 

In all modem spectrometers there are two detector channels that have a phase 

shift between them of nominally 90°, and are termed the real and the imaginary, and 

on FT will produce the spectra in respectively the absorption and dispersive modes, 

with the absorption mode required. However in the initial set-up it is not usual to 

have the entire signal split between the two detector channels in this way. Initially a 

zero-order phase correction is carried out that simply mixes the two channels by 

adding a constant amount of the channels across the spectral range until the target 

peak is in absorption mode. If there is any dead-time (which there usually is) then 

there will need to be an additional correction, which mixes the channels using a factor 

that is proportional to the offset from a point in the spectrum and is termed first-order 

phase correction. After this procedure a spectrum with all the peaks in the absorption 

mode and preferably a flat baseline is generated. If there is any "roll" in the baseline 

this can be later corrected in the spectral simulation procedure. 

3.7 Spectral Simulations 

In order to extract some useful parameters from the processed spectra 

obtained, it is necessary to 'fit' or simulate the experimental data using calculated 

lineshapes. In many cases especially for samples where there is disorder this is 
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relatively simple as the line tends to be Gaussian shaped. Though there are several 

well known commercial packages that can fit for the chemical shift interactions and 

quadrupolar interactions there are very few that can cope with both of these 

interactions together. This is especially true if there are spreads (rather than just 

single values) of the parameters. Hence specialised and also custom built simulation 

software has been utilised in order to fit the spectra collected for this thesis. These are 

described in more detail below. 

3.7.1 OM FIT 

The program DMFIT10 has been used for many of simulations of spectra 

shown in this thesis. It however could not be used for the simulations of the 93Nb 

spectra or the 23Na spectra as these not only show broadening due to the anisotropic 

interaction, but also seem to have a distribution associated with the quadrupolar 

interaction. 

3.7.2 QuadFit 

QuadFitl1 allows fitting of spectra which have distributions of quadrupolar 

interactions. Fitting distributions of interactions is still quite rarely carried out and 

recently a new programme has been written in the group at Warwick to carry this out. 

The programme has been written in Visual Basic 6.0 as a portable stand alone version 

capable of reading standard experimental Ascii data files (Figure 3.5). The fitting 

procedure is quite iterative in nature and is done manually using a trial and error 

method. The output is generated in standard XY data columns and can be easily 

imported into various spreadsheets or plotting software. An typical PMN-PT 
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spectrum using a modern day Intel Pentium 4 (2 .8GHz) processor and 256Mb RAM 

takes approximately 10 minutes to generate a single distribution and around two hours 

for an experienced user to generate a complete fit. 

.. Quad F.t 
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FIGURE 3.5 - QuadFit Screen shot showing fit for PMN-40PT 

It is ideal for fitting the complex 93Nb quadrupolar environments in PMN-PT samples 

which show distributions in both the chemical shift and quadrupolar interactions 

affecting the centre band. The contribution of the second order quadrupolar 

interaction can be seen from the distinctive tail towards more negative frequencies. 

The results and actual fits using the QuadFit software have been included in the 

fo llowing chapters of this thesi s. A limitation of the current version of the software is 
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the inability to vary the asymmetry parameter 11 described in Chapter 2. However the 

effect of 11 on the lineshape ofPMN-PT and NKBT is quite modest. 

3.7.3 SIMPSON12 

SIMPSON can be most easily described as a theoretical spectrometer. It is 

possible using SIMPSON and associated plotting software SIMPLOT to generate an 

entire Fourier transformed spectrum of a particular nucleus once a rough idea of the 

various spectrometer and spectral parameters are known. This allows the user to 

visually compare the experimental spectra with the simulated one to ensure that they 

are similar. Unfortunately it requires quite precise and detailed information about the 

sample to be known before the simulation can be carried out. Furthermore it also 

requires quite a long processing time and large memory requirements even for a 

modem day desktop PC. However once a satisfactory simulation has been generated 

it is of course possible then to use SIMPSON to optimise numerous parameters such 

as the asymmetry parameter, various pulse lengths and also decide upon optimal 

spinning speeds. Thus the sequence can be used to check for imperfections 

introduced into the spectrum due to for example finite pulse lengths and finite 

spinning speeds only causing partial averaging. For the SIMPSON spectra shown 

later on in the thesis unless otherwise mentioned the simulation spectra were created 

using the direct method of powder averaging using 20y angles and the zcw4180 

crystal file. The start and detect operators were selected to be liz and Ilc respectively, 

thus concentrating solely on the central transitions. All other parameters including the 

inter-pulse acquisition delay, central transition selective pulse widths, inter-pulse 

delays were set to be equal to that of those used experimentally and have been clearly 

specified. The simulated binary FID was converted into an ASCII format processed 
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and phased spectrum using the SIMPLOT software provided with the SIMPSON 

package. 

An example of a 93Nb MAS SIMPSON simulation of Lithium Niobate is shown in 

Figure 3.6 (b) below 

(b) 

\ 
... _-._--._---- (a) 

1200 1100 1000 900 800 700 

ppm 

Figure 3.6 - Y3Nb NMR spectra of (a) Lithium Niobate MAS and (b) SIMPSON 
simulation of Lithium Niobate. 

3.8 Sample Preparation 

It is often very hard to ensure good chemical homogeneity in ceramic samples, 

as they often contain a spread of compositions around the nominal value. It is 

difficult to determine whether any coexistence of phases within a sample arises from 

an intrinsic property of the sample or from simply the straddling of a phase boundary 

by a fraction of the sample with an outlying composition. A further degree of 

complexity associated specifically with the synthesis of PMN -PT ceramics is trying to 
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achieve a homogeneous distribution between the magnesium, niobium and titanium 

atoms via solid state reactions. While the magnesium and the niobium ratio is 

constrained by the charge balance requirements of the ions, the Ti4
+ ions tend to 

distribute themselves inhomogeneously throughout the material. This may also lead 

to titanium rich areas in the material where there are a higher concentration of Ti02 

particles and similarly areas richer in magnesium and niobium where the Ti02 

particles are absent. Of course these problems can be minimised by paying due 

attention to the mixing of the samples and care of preparation as well as by trying to 

achieve the smallest practical particle sizes. The details of the characterisation 

techniques used to verify that the samples are indeed the correct materials have been 

presented later on this thesis. 

There are two main techniques that have been used to prepare the PMN-PT ceramics 

powders 

1. PMN-PT ceramics made using a modified columbite method 

2. l7O-enrichment ofPMN-PT and precursors using sol-gel methods 

All the NKBT samples studied were kindly provided by Dr Q. Jiang from the 

University of Warwick, and were made in a Bridgeman Furnace using a standard Flux 

h hni 12 growt tec que. 
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3.8.1 PMN-PT ceramics 

One of the major problems faced in the preparation of PMN-PT is the 

formation of a pyrochlore phase in addition to the desired pure perovskite phase 

ceramic. This phase has a very low dielectric constant, which dilutes the dielectric 

properties of the pure perovskite phase material and hence is a problem. The usual 

methods of mixing oxides together to form ceramics cannot be used as it results in the 

formation of pyrochlore phases at low temperatures. 

The most influential work regarding the formation of pure perovskite PMN 

ceramics was carried out by Swartz and Shrout13
. They sought to simplify the 

synthesis of perovskite PMN by the introduction of a two step process. Initially the 

reaction of MgO and Nb20 S at 10000 e led to the formation of columbite (MgNb20 6). 

This was then reacted with PbO at 8000 e to form the stoichiometric PMN 

composition, this lower reaction temperature reduces the amount of lead 

volatilisation. This approach yields perovskite phase as the dominant phase with 

pyrochlore impurities less than 5%. However it was found that there was always a 

small excess of MgO detected even when the reaction appeared to have been 

completed. This confirmed that it is indeed very difficult to obtain only pure 

perovskite phase PMN even using a wide range of conditions. 

U sing their 'novel' fabrication they claimed had two distinct advantages over 

simply mixing oxides. Firstly in order for the PbO to react with columbite to form 

pyrochlore, it would have to liberate Nb20s from the columbite. As the kinetics of 

this particular reaction is quite slow it would prevent formation of the pyrochlore. 

Secondly they suggested as the desired phase was a perovskite one, the oxygen 

octahedral structure of the columbite itself would aid in its formation. 
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They also showed that using a 5% excess of MgO, no pyrochlore phase could be 

detected within the limits of X-ray diffraction, proving that MgO indeed acts as a 

suppressant on the formation of pyrochlore. 

Butcher and Daglish14 subsequently developed a technique on the work by 

Swartz and Shrout13 using hydrated magnesium carbonate - magnesium hydroxide 

(MgC03.3H20) as a precursor. Using this precursor it could be shown that 

concentrations of pyrochlore phases could be reduced to zero in the presence of 

excess MgO and PbO (Singh and Bard1S
). 

Another interesting study of the microstructure and properties ofPMN-PT was 

conducted by Wang and Schulze16
. They looked at the role of this excess MgO on the 

structure of PMN. These microstructural studies showed that the excess MgO exists 

as micrometer-sized spherical particles in either the grain boundary as a discrete 

particle or in the perovskite grain as an inclusion, whilst the pyrochlore phase exists in 

large isolated grains in the microstructure. They also showed that excess PbO did not 

improve the yield of the pure perovskite phase and simply decreased the dielectric 

constant. Hence it seems that only addition of excess MgO is necessary to eliminate 

the pyrochlore phase. 

Ceramic samples of varying composition ofPMN-PT were prepared using the 

two-stage technique detailed above. The precursors PbC03, Nb20 s, 

(MgC03kMg(OH)2.5H20 and PbTi03 were obtained from Aldrich 99.9% purity. 

The columbite precursor was prepared using (MgC03kMg(OH)2.5H20 and Nb20 s in 

the appropriate stoichiometric amounts. This mixture was then dissolved in iso 

propyl alcohol (lP A) and ground by hand for an hour. The mixture was then dried at 

120°C for two hours and ground to a fine powder using a ball mill. The powder was 

then analysed using a particle size analyser showing a particle size of around 5f..tm. 
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This powder was then calcined twice at 930°C for 10 hours each time with some 

intermediate grinding. Finally this powder was reground and sintered at 1145°C for 4 

hours to obtain columbite. Perovskite phase PMN-PT was then made using the 

columbite with stoichiometric amounts ofPbC03. To suppress the pyrochlore phase a 

5% excess (MgC03)4.Mg(OHh.5H20 was also added into the IP A solution. This 

mixture was then ground by hand for an hour. The mixture was then dried at 120°C 

for two hours and ground to a fine powder using a ball mill. The mixture was then 

calcined at 800°C for 10 hours and sintered at 900°C for 4 hours with some 

intermediate grinding. The final powder obtained was treated with 1 N acetic acid to 

remove any unreacted MgO. This final powder showed pure perovskite phase PMN

PT with only excess MgO as a small impurity, suggesting that indeed this small 

quantity ofMgO may be embedded in the particles ofPMN-PT as suggested by Wang 

and SchulzeI6 and is therefore shielded from the acetic acid. 

3.8.2 170 enrichment of PMN-PT and Precursors 

For NMR purposes it is necessary to enrich some samples with 170 as this 

nucleus has a very low natural abundance of approximately 0.037%. One of the main 

problems faced is that upon heating the sample usually most of the 170 is lost through 

atmospheric exchange, hence only if the sample is heated in near vacuum conditions 

will the 170 nuclei be reabsorbed upon cooling. Another potentially interesting 

argument for using sol-gel created PMN-PT ceramics is that as described in the 

previous section, solid state reactions often lead to inhomogeneous distributions in the 

material. Using sol-gel techniques however introduces the magnesium, niobium, lead 

and the titanium in solution, possibly leading to far more homogeneous distributions 

within the material. Unfortunately on heating such PMN compounds, corrosive PbO 
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vapour IS released, this vapour reacts with most metals and glasses at high 

temperatures. Thus to create the amorphous PMN the following sol-gel methods were 

used. 

Initially a stoichiometric amount of Niobium(V)Ethoxide, Magnesium 

Ethoxide, and anhydrous Lead Acetate (Aldrich 99%+ purity) were dissolved in 

methanol as magnesium ethoxide does not dissolve in either IP A or 2-

methoxyethanol. All these ethoxides are highly reactive towards moisture and must 

always be handled in a "dry nitrogen" atmosphere. 170 enriched water at 20% 

enrichment was then injected into this solution, and immediately a white cloudy 

precipitate begins to form. This white mixture is stirred overnight using a magnetic 

stirrer. A gel-like solid has now formed; this is then pumped overnight with a 

diffusion vacuum pump to remove any excess vapour. The dry white powder is now 

ground using a ball mill to create a fine white powder of amorphous PMN. 

NMR tests on this amorphous powder revealed that there is a strong 170 signal 

indicating appropriate levels of 170 enrichment in the sample. The problem now 

faced was the high crystallisation temperature required for PMN. The initial attempts 

led to a complete loss of 170 nuclei from the sample. After vacuum pumping a quartz 

tube, the excessive PbO vapour pressure caused the tube to explode. Another attempt 

involving sealing the sample in an evacuated platinum tube also proved unsuccessful 

as the corrosive PbO vapour reacts with platinum at high temperatures. Finally extra 

thick quartz tubing was obtained and the sample was pumped continuously for 4 

nights until it stopped out-gassing. This was then pumped to around 10-5bar and the 

sample heated to 930°C for 10 hours then left to cool. After cooling it was then 

reheated to 1145°C for 4 hours and left to cool. The crystalline PMN obtained was 

then ground into a fine powder using a ball mill. The XRD analysis of this powder 
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shown in chapters 4 and 5 indicate it to be pure perovskite phase with no other 

impurities. 

3.8.3 NKBT Single Crystals 

One of the major advantages of NKBT solid solution ferroelectrics is its 

relatively low sintering temperature around 1150°C which is currently compatible 

with existing multilayer17 technologies. Furthermore it is also simpler to create NKBT 

as there is no corrosive PbO vapour to contend with. However it is often equally 

difficult to produce pure perovskite phase NKBT as it is for PMN-PT perovskite 

phase crystals. 

There are numerous options for creating single crystals. The most commonly 

used methods are: 

1. Bridgeman Method 18 

2. Kyropoulos Method19 

3. Flux growth Method 12 

4. Self-Nucleation Method20 

All the NKBT samples studied in this thesis were all made by Dr Q. Jiang at Warwick 

University, using the self-nucleation method. The reason this method was chosen as 

the preferred method was primarily because of the simpler heating programme, and 

the relative simplicity of the equipment required. Furthermore this is one of the 

favoured methods of crystal growth by researchers compared to the Bridgeman 

technique more commonly used in industry, as the self-nucleation method usually has 

a higher yield of NKBT crystals, whereas the Bridgeman technique generally 

produces fewer crystals, but of a larger size. 
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For the crystals grown for the study in this thesis 3N grade chemicals K2C03, 

Na2C03, Bh0 3 and Ti02 were weighed according to their stoichiometric ratios in the 

formulae (Na(l_x)Kx)-0.5BiO.5Ti02. 8 samples were prepared for x = 0, 0.18, 0.22, 

0.35, 0.5, 0.65, 0.8 and 1. The mixtures were initially ground and mixed using an 

agate mortar and pestle to break up the caked lumps of starting materials and then ball 

milled in methanol for 24 hours to increase the homogeneity of the mixture. The 

mixture was then dried and pressed into pellets. These pellets were then heated in a 

platinum crucible in a furnace, which was programmed to heat to 1300°C at a rate of 

80°C h-1 and then held at this temperature for 8 hours. After this the temperature was 

reduced very slowly at the rate of 5°C h-1 to 1000°C, after which it was finally 

reduced to room temperature at the rate of 50°C h- 1
• 

The purpose of holding at the high temperature of 1300°C was to ensure full 

dissolution and homogenisation of the component oxides. However as both K2C03 

and Na2C03 melt at around 1050°C it is quite reasonable to cool very slowly to 

1000°C by which temperature everything would have solidified. Once cooled the 

solidified crystals were removed carefully using a non-reactive polythene rod. Up to 

10mm sized pale yellow NKBT crystals were obtained for the compositions x = 0, 

0.18, 0.22, 0.35 and 0.5. Unfortunately as the concentration of potassium increases 

the yield of the perovskite phase NKBT decreases significantly, this is assumed to be 

due to the high concentration of K20 being formed in the melt. Hence unfortunately 

for the x = 0.65, 0.8 and 1 samples, pure perovskite phase crystals could not be 

obtained. These samples were made in a ceramic form using a modified mixing of 

oxide method detailed by Jones et al. 21 However one of the interesting conclusions 

observed from these sample preparations which also correspond closely with the work 

of Jones et al. 21 is that single crystals of NKBT samples around the hypothesised 
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MPB (around x = 0.78 - 0.82) will need to be grown at much lower temperatures in 

order to facilitate crystal growth. 
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Chapter Four 

4.1 Introduction 

There are two key objectives of this chapter. Firstly a detailed NMR study 

into the actual precursor materials, used in the preparation of lead-based ferroelectric 

perovskites, together with an examination of the effects of various heat treatments on 

these precursors is presented. Secondly, by collecting here the spectra of some well 

known model compounds a better understanding of the local structural units and 

coordinations present in the actual PMN-PT samples being studied in Chapter 5 

should be possible. Furthermore as all these precursor materials have been 

synthesised using the sol-gel method as detailed in section 3.8.2, the structural 

evolution in such a gel can often occur via a series of distinct amorphous states that 

differ in atomic arrangement and NMR can effectively look at these states and how 

they evolve with heat treatment. Thus, the short-range sensitivity of NMR makes it 

possible to study both the amorphous and crystalline components of these precursor 

materials. 

In addition SIMPSON simulations and fits of some of these model 

compounds have been included so as to compare our results with those in the 

existing literature and build an appropriate foundation for the simulation of the more 

complex PMN-PT compounds in the following chapter. In some of the model 

compounds the NMR interaction parameters are known so that the effects of 

spinning speed and finite pulses on sites with large interactions can be understood. 

The chapter has been divided into 3 main sections: 

1. 170 NMR of the various precursor materials of several lead-based 

ferroelectrics, 
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2. 93Nb NMR of several well known model crystalline compounds, and 

3. 45SC NMR of the successive heat treatments used in the preparation of 

170-enriched lead scandium niobate (PSN). 

4.2 170 NMR Studies 

Oxygen is effectively uniformly distributed throughout the structure of all the 

materials mentioned above. Over the last decade there has been a large increase in 

the number of reports of 170 NMR from inorganic solids as it has been realised that 

oxygen can be an extremely informative nucleus. It is a spin-5/2 quadrupole nucleus, 

with a relatively small quadrupole moment and large chemical shift range ~ 1000 

ppm l
. Its major handicap is its natural abundance of only 0.037% which necessitates 

isotopic enrichment, but for many oxides this is relatively straightforward to achieve 

by using l7O-labelled water in a sol-gel process. There are now detailed 170 MAS 

NMR studies reported of a range of sol-gel produced oxides such as Zr02 where 

three peaks in the spectra indicated the presence in the amorphous material of 

predominantly monoclinic-like Zr02 regions, along with some tetragonal-like 

regions2. On crystallization the spectrum significantly narrowed and indicated the 

presence of predominantly the tetragonal phase. The nature of the oxygen sites is 

unequivocally indicated by the 170 shifts, providing in this case a precise 

identification of tetragonal zirconia. Other examples of the use of 
17

0 NMR to 

monitor the evolution of structure in sol-gel samples include Ti02
3

,4, V20 5
5

, Y20 3
6

, 

Hf02
7, Mg08 and Ta20t In the structural development of an amorphous gel into a 

crystalline material it is clear that there are subtle variations between the different 
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oxides. The sensitivity of the 170 parameters to structure has been demonstrated in 

ternary crystalline titanates lO
, zirconates lO and hafnates7, both by the number of 

distinct oxygen sites and the NMR interaction parameters, such as chemical shift and 

quadrupole interaction. In amorphous materials the large shift range of oxygen 

means 170 NMR is very sensitive to the atomic ordering, being used to detect 

nanoscale phase separation in binary mixtures of MO-Si02 (e.g. with Ti02
11 and 

Zr0212) and the site preferences in aluminosilicate13-15 and borosilicate glassesl6
. 

Hence 170 would in principle be an ideal probe nucleus for ferroelectric 

relaxor perovskite phases. Thus the following sections present 170 NMR data 

showing the local structural development in the sol-gel formation of some of the 

precursor oxides (Nb205, SC203, In203) where 170 NMR data has not yet been 

reported, and also show preliminary data from PSN and the PMN related phase 

columbite. Further details about 170 in the PMN-PT series of materials are given in 

Chapter 5. 

The experiments on 170 NMR were largely carried out at 8.45T applied 

magnetic field. The Warwick Group has considerable experience of studying gel

formed oxide materials and the 8.45T magnet is usually the preferred instrument for 

such 170 MAS NMR studies. The reason for this is that oxygen can experience both 

chemical shift and quadrupolar interactions. For the more ionic oxides (e.g. Ti02, 

MgO, Nb20 5) the quadrupolar interaction tends to be small so that applying a high 

field to narrow this is unnecessary. The dominant broadening interaction for 

amorphous samples of such oxides tends to be chemical shift dispersion. Since the 

chemical shift dispersion scales linearly with the applied magnetic field it often pays 

to carry out these investigations at a moderate magnetic field such as 8.45T. 

Carrying out experiments at very high applied magnetic field (> 14.1 T) can 
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occasionally result in some of the resonances from such sites that are dominantly 

broadened by chemical shift dispersion being very wide l7
. Hence most of the data 

here was collected at 8.45T although for certain samples data was collected at 14.1 T. 

In all samples where 170 was used the enrichment was checked in the initial dried 

amorphous gel since the signal can only become weaker on heating. The binary 

oxides are compared to the data available in the literature where this exists. 

For each of the following, 170 -enriched samples were manufactured using the 

sol-gel methods detailed in section 3.8.2, all the PMN and PMN-PT samples will be 

discussed in Chapter 5. 

1. As-formed amorphous MgO 

2. As-formed amorphous Ti02 

3. As-formed Nb20 S and then after different heat treatments 

4. As-formed In203 and then after different heat treatments 

5. As-formed SC203 and then after different heat treatments 

6. As-formed amorphous MgNb20 6 (columbite) 

7. Crystalline columbite 

8. As-formed amorphous PbTi03 

9. As-formed amorphous (PbSco.sNbo.S03)1-x (PSN) 

10. Crystalline PSN 

11. As-formed amorphous (PbMg033Nbo.6703) (PMN) 

12. Crystalline PMN 

13. As-formed amorphous (PbMgo.33Nbo.6703)O.6S - (PbTi03)o.3S (PMN-35PT) 

14. Enriched crystalline PMN-35PT 
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These samples were made by hydrolysis of the relevant alkoxide, with 

magnesium ethoxide for MgO, titanium (IV) isopropoxide for the Ti02, lead titanate 

isopropoxide for the PbTi03, niobium (V) ethoxide for the Nb20 s, scandium 

isopropoxide for SC203, and indium (III) isopropoxide for the In203. All these 

chemicals were obtained from Aldrich at >99% purity. They are extremely moisture 

sensitive so were always handled under a "dry nitrogen" atmosphere. The alkoxides 

were dissolved in 2-methoxyethanol to act as a mutual solvent with the water. 20% 

atomic 170-emiched water was injected into the alkoxide solution, and immediately a 

white cloudy precipitate begins to form. This white mixture was stirred overnight 

using a magnetic stirrer by which time the whole system had gelled. This was then 

vacuum pumped overnight to remove any excess liquid and the resulting dry white 

solid was ground in a pestle and mortar to a fine powder, which was designated the 

'as-formed' sample. Some of the samples were then successively heated at a series of 

temperatures under a dry nitrogen atmosphere to preserve the 170 label. The 

temperature was raised until the sample had crystallised. For the more complex 

samples, mixtures of the alkoxide precursors were initially mixed in methanol, with 

magnesium ethoxide and niobium (V) ethoxide for co lumbite , with the addition of 

lead acetate as well for the PMN and lead titanium isopropoxide for the PMN-35PT. 

Scandium isopropoxide, niobium(V) ethoxide and lead acetate were used for the 

PSN. Methanol was used as the solvent in these cases as magnesium ethoxide does 

not dissolve readily in either isopropanol nor 2-methoxyethanol. Samples of PMN 

and columbite were then heated to 930°C for 4 hours in an evacuated quartz tube in 

order to produce the crystalline phases. PMN poses a· challenge since its high 

crystallisation temperature can lead to complete loss of the 170 nuclei from the 

sample. Care has to be taken because high PbO vapour pressure can cause the tubing 
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to explode, and the PbO vapour is also highly corrosive to platinum tubing at high 

temperatures. The best approach was to use thick quartz tubing (wall thickness 

1.6mm) and pump the sample continuously for ~ 100 hours until it stopped out

gassing. This was then pumped to around 10-5 bar and the sample heated to 930°C 

for 10 hours then left to cool. After cooling it was then reheated to 1145°C for 4 

hours in the evacuated quartz tubing and then again left to cool. 
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4.2.1 170 NMR Results on Binary Oxide Materials 

This section deals with the 170 NMR of the component binary oxides used in 

the preparation of more complex ferroelectric phases detailed in Chapter 5. The sol-

gel formation of crystalline Ti02
4 and Mg08 have been previously reported in detail. 

Hence for these two oxides only the spectra from the initial dried gels are shown to 

indicate that the enrichment has been successful here. However no previous detailed 

170 NMR has been reported from sol-gel formed Nb20 s, 1n203, and SC203 so these 

are reported in detail here. 

* * (b) 

* 
(a) 

1000 500 o -500 -1000 

ppm 

Figure 4.1 - 170 MAS NMR spectra of enriched amorphous (a) Ti02 and (b) MgO 
(Asterisks denote spinning sideband). 
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The 
17

0 spectrum for amorphous Ti0 2 (Fig. 4(a)) has two distinct peaks at 532 ppm 

and 365 ppm which correspond to OTi3 and OTi4 sites respectivell. There are 

several well known polymorphs of crystalline Ti02, di ffering mainly through the 

relative disposition of the Ti0 6 units. Rutile and anatase have a shift difference of 

around ~ 3 5ppm 4 . 

- Simulation 

- fit 

1 

500 400 300 200 100 o -100 -200 -300 -400 -500 -600 -700 

ppm 

Figure 4.2 - 170 NMR of amorphous, as-formed magnesium oxide showing the 
experimental data and a trial simulation. 

Sample 
17 0 NMR at 8.45T 

Position (ppm) Width (ppm) 

Ti02 532 80 
365 not determined 

MQO -190 280 
-64 

* Errors: Peak Position ± 2ppm , Widths ± 2 ppm 

Table 4.1 - 170 NMR data of sol-gel prepared (a) amorphous Ti02 and (b) 
amorphous MgO 
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The spectrum from the initial as-formed MgO gel is shown in Figure 4.1 (b). 

The spectrum has two distinct peaks at -64 ppm and -190 ppm which are much more 

intense than all the other features in the spectrum which are probably spinning 

sidebands. The strength of the signal indicates that the 170-enrichment process was 

successful. The peaks do not necessarily correspond to two separate phases as the 

overall lineshape bears similarities to a second-order quadrupolar lineshape pattern 

which has a Full Width at Half Maximum (FWHM) linewidth of ~ 280 ppm. From 

the simulation shown in Figure 4.2 a calculated XQ of 7.35 MHz is obtained, which 

corresponds well with the literature8
. This comes from oxygen in materials such as 

Mg(OH)x(OCH2CH3)z-x as partial hydrolysis has probably occurred 18. However it 

can also be seen that the simulated pattern does not match exactly that expected for a 

second order quadrupole lineshape, with significant excess intensity at ~ -190 ppm. 

A previous study of MgO by Bastow and Stuart2 has shown that the shift of the 

OMg6 in MgO is 47ppm. The 170 shift is more shielded in MgO than Ti02 owing to 

the higher coordination number and the differing electronegativity of the magnesium 

and titanium. The increased linewidth of the oxygen in this MgO precursor observed 

here is related to the much more covalent bonds associated with the residual OH and 

OCH3 compared to just MgOMg environments. Hence the excess intensity is 

probably as a consequence of the proximity of the spinning sideband to this edge 

(being symmetrically disposed about the isotropic shift and not the centre of the 

lineshape) and the presence of other more covalent fragments. 

Figure 4.3 shows the effect of heating on the 170 MAS NMR spectra of 

niobium (V) oxide. From the XRD of the crystalline niobium (V) oxide sample 

shown in figure 4.6 (a) the final sample is clearly a mixed phase sample of two of the 

numerous polymorphs of niobium (V) oxide - corresponding to both orthorhombic 
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Figure 4.3 - 170 MAS NMR of I7O-enriched sol-gel Nb20 s (a) as-formed and then 
heated to (b) 250°C, (b) 500°C, (d) 750°C and (e) 1000°C. 

(e) 

(d) 

(c) 

(b) 

(a) 

and monoclinic phases. This is unsurprising as niobium (V) oxide has a structure 

that is quite complicated and displays extensive polymorphism and displays 

significant faulting behaviour l9
, though almost all the polymorphs are comprised of 

Nb06 octahedra connected by differing combinations of edges and corners. The 

resonances observed in the Nb20 s can be compared to a previous study of hydrolysed 

niobium ethoxide2o, where at 9.4T peaks were observed at 360 and 545ppm. These 

peaks were assigned on the basis of solution state NMR of niobium containing 

?O cluster compounds- as ONb2 at 545ppm and ONb3 at 360ppm. In figure 4.3 (a) two 
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peaks at 355ppm and 539ppm with comparable linewidths (Table 4.2) can be clearly 

identified. However it is also clear that the peak at 539ppm has more intensity than 

the other peak. Upon heating first to 250°C for 4 hours we immediately notice in 

figure 4.3 (b) that now the intensities of the two peaks are more comparable, after 

heating to 500°C for 4 hours the peak now at 375ppm is more intense than the peak 

at 565ppm and there is also a slight narrowing of the line at 375ppm (Table 4.2). 

Figure 4.3 (d) clearly shows almost a complete disappearance of the sharp peak at 

565ppm being replaced by a much broader less intense peak centred at 615ppm. This 

clearly indicates that the material has already undergone a significant structural 

change. Finally in Figure 4.3 (e) the material has now crystallised and the two peaks 

at 370ppm and 571ppm are both present, and are approximately 30% narrower than 

they were in the amorphous state. 

Sample 
170 NMR at 8.45T 

Position (ppm) Width (ppm) 

As Formed 358 115 
540 110 

2500 e 374 95 
556 110 

5000 e 375 96 
565 105 

750 0 e 372 70 
617 145 

1000 0 e 371 81 
565 90 

* Errors: Peak Position ± 2ppm, Widths ± 2 ppm 

Table 4.2 - 170 MAS NMR data for enriched Nb20 s samples undergoing successive 
heat treatments at 250°C, 500°C, 750°C and 1000°C. 
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Figure 4.4 - 170 MAS NMR spectra of 170 -enriched In203 samples undergoing the 
successive heat treatments at 14.1 T (a) as made and after treatment at (b) 250°C, (c) 
500°C and (d) 750°C. 

Figure 4.4 shows the effect of heating on the 170 NMR spectrum from sol-gel 

formed indium oxide. From the XRD of the crystalline indium oxide sample shown 

in Figure 4.6 (c) we know that the sample is indeed a single phase sample of indium 

oxide. Figure 4.4 (a) shows the presence of one clear peak at 10ppm. However it 

also shows the presence of a less intense broader structure centred at - 336ppm. It is 

quite common in many gel-based oxide materials that peaks often appear in the 

vicinity of Oppm. This is usually attributed to hydroxyls formed during the 
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hydrolysis process. These are usually removed by even modest heating. Figure 4.4 

(b) clearly shows there is a considerable change in the material even by only heating 

to 250°C for 4 hours there is a large shift in the original peak position and an even 

greater change in the relative intensities of the two peaks. The original peak has now 

moved to 97ppm while the less intense second peak is now much more distinctly 

visible at 368ppm. This can be interpreted as a highly disordered structure with a 

wide range of OInx environments. Figure 4.4 (c) again shows considerable 

differences with the previous spectra, though there is almost no significant change in 

shift for the second less intense peak now centred at 375ppm there is a considerable 

shift in the first more intense peak now at 158ppm. Figure 4.4 (d) clearly shows that 

the material has now crystallised with two distinct peaks at 87ppm and 375ppm. 

Furthermore there is an ~85% reduction in the line width of the more intense line 

compared to the original amorphous state. In a previous study by Oldfield et al.21 it 

was shown that there was a single resonance at 97ppm, and assigned this to a 

coordination in indium oxide of a single environment of OIf4. Thus we can attribute 

the single resonance at 87ppm to this OIf4 site. To date the cause of the second peak 

at 375ppm remains undetermined. 

Sample 
170 NMR at 14.1T 

Position (ppm) Width (ppm) 

Unheated 10 61 
250°C 97 not determined 
500°C 158 118 
750°C 87 31 

375 78 

* Errors: Peak Position ± 2ppm, Widths ± 2 ppm 

Table 4.3 - 170 MAS NMR data of enriched In20 3 samples undergoing the 
successive heat treatments at 14.1 T unheated after treatment at 250°C, 500°C and 
750°C. 
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Figure 4.5 - 170 MAS NMR spectra of emiched SC203 samples undergoing the 
successive heat treatments detai led in table 4.4 below at 14.1 T (a) as made and after 
treatment at (b) 250°C, (c) 500°C, (d) 750°C and (e) lOOO°C. The asterisks denote 
spinning sidebands. 

Figure 4.5 shows the effect of heating sol-gel formed scandium oxide on its 

170 NMR. From the XRD, single phase crystalline scandium oxide is formed after 

heat treatment at 1000°C (Figure 4. 6(b)) and a single associated 170 NMR peak at 

347ppm is observed. The development of the 170 MAS NMR spectra of the gel-

produced SC203 shows very different behaviour from both Nb20 s and In20 3. Figure 

4.5 (a) clearly shows a single peak at a similar shift of 340ppm indicating that the 

OSC4 coordination of the final product (as identified by Oldfield et al
2 1 

for SC20 3) is 

formed in the early gel. There is also a small amount of broad intensity at ~ 1 OOppm. 

This is probably from oxygens that are emiched as OH or related organic fragments 
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in the early stages of gel formation . After heat treatment to 250°C the main resonance 

has shifted slightly (Figure 4.5 (b), Table 4.4) and is broadened by ~ lOppm to 

33ppm. This indicates that while the dominant scandium coordination remains 

unchanged the structure is much more disordered. The presence of a much broader ill 

defined peak at ~95ppm indicates that the sample has a significant number of 

hydroxyl/organic fragments at this temperature . On heating to 500°C the main 

resonance now shifts at 346 ppm, very close the final OSC4 position and the linewidth 

significantly decreases. This indicates that significant ordering has now already taken 

place. Perhaps somewhat surprisingly there is a much weaker but nevertheless 

relatively sharp resonance at ~ 20ppm. The nature of this peak is uncertain but from 

the shift the suggestion may be that some minor component of the sample forms a 

hydroxide/oxyhydroxide phase where the hydroxyls are relatively isolated. After 

heating to 750°C and beyond the 170 resonance has the characteristics of crystalline 

SC20 3 with the single sharp line at 347ppm with a FWHM linewidth of ~ 1 Oppm, in 

satisfactory agreement with the reported value of 355ppm2l. 

Sample 
170 NMR at 14.1T 

Position (ppm) Width (ppm) 

Unheated 340 23 
250°C 334 33 
500°C 346 15 
750°C 347 11 
1000°C 347 10 

* Errors: Peak Position ± 2ppm, Widths ± 2 ppm 

Table 4.4 - 170 MAS NMR data of enriched SC20 3 samples undergoing the 
successive heat treatments at 14.l T as made and after treatment at 250°C, 500°C, 
750°C and lOOO°C. 
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Figure 4.6 - XRD patterns of crystall ine (a) Nb20 s, (b) SC203 and (c) In203. Asterisks 
indicate presence of the sample holder. 

4.2.2 Discussion of 170 NMR of sol-gel Produced Binary 
Oxides 

The sol-gel process has become very important technologically and has the 

added bonus that hydrolysis is a key step, so is natural for allowing 170 enrichment. 

The evolution of the local structure of the initial as-formed gel in such binary oxides 

can be followed in detail by 170 MAS NMR. The different local coordinations give 

rise to well separated chemical shifts and the amount of order can be deduced from 

the linewidth (at least in ionic systems such as those studied here) as chemical shift 
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dispersion is the dominant line broadening mechanism. Chemical shift dispersion is a 

measure of the variation in the local environments giving rise to different chemical 

shifts. Two cases (Zr02 and Ti02) have been studied in detail, well illustrating the 

utility of 170 NMR in such studies. The three peaks in the spectrum of the as-formed 

Zr02 gel indicated the presence of disordered material that was mostly monoclinic

like, but with some tetragonal-like regions22
• On crystallization, the 170 spectrum 

was much narrower indicating the increased order and that the sample had become 

predominantly tetragonal. The chemical behaviour of hafnium is very similar to 

zirconium (they are in same group), but in the initial gel of Hf02 only two 

resonances close to the monoclinic positions were observed7
• Then on crystallization, 

although the peaks become much narrower they remain at the monoclinic position, 

i.e. there is no tendency to form the tetragonal form7
. 

Ti02 is another sol-gel formed system that has been studied in detaiI3
,4. All 

crystalline titanias only exhibit OTh environments. However in the as-formed gels 

two 170 NMR resonances are observed at 514 and 368ppm assigned to OTi3 and 

OTi4 respectively. On heating all studies have shown a gradual decrease in the OTi4 

content until only OTh remains at crystallisation4
,23. One pattern emerges comparing 

these 170 NMR studies of sol-gel formed oxides that while there are some points in 

common between the mechanisms, there are also some very distinct differences. 

Hence there is no clear common evolution route. In all there is some formation of an 

ill-defined hydroxylated precursor that can have remaining organic fragments. 

However the extent of this formation can be very variable, for example being very 

extensive i.e. the dominant phase for MgO, but almost non-existent for Ta20S. Then 

as heating causes dehydroxylation sometimes a mixture of coordinations form and in 

other cases the final coordination is rapidly observed. For example, in Ti02 an 
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extensive mixture of OTb and OTi4 occurs in the amorphous state whereas in MgO 

the target OMg6 coordination occurs early in the formation. La203 formation via the 

sol-gel process shows a very distinct intermediate state in that a well defined , 

crystalline oxyhydroxide LaO(OH) forms, which can be observed through its OL~ 

peak at 546 ppm24. 

This work for the first time adds data for three other important oxides Nb20 s, 

In203 and SC203. This adds significantly to the number of oxides for which such 

data has been reported and adds to the rich diversity of behaviour that is observed in 

such processing. Nb20 S shows similar coordinations (ONb2 and ONb3) to those 

observed in the [mal product. However the intensity is somewhat reversed to that 

observed in the final product. This remains relatively stable up until just before 

structural rearrangement ready for crystallisation starts and then there a short period 

of dominance of ONb3 until ONb2 comes back to form a mixture in the final 

crystalline product. It is also worth noting that there is virtually no evidence of an 

enriched hydroxylated phase in the formation ofNb20 s. In203 exhibits very distinct 

behaviour in that from the shift it appears that the final coordination is dominant in 

the early gel and then a high degree of disorder (possibly due to dehydroxylation) 

occurs as the structure evolves and this is quite long-lived. There is still evidence of 

significant broadness even after heating to 500oe. This is not commonly observed in 

other binary oxides. SC203 also demonstrates some behaviour that has not really 

been observed before. The final coordination is accurately reproduced in the initial 

as-formed gel - perhaps closer than any other sol-gel produced oxide to date. This 

coordination remains very stable throughout the heat treatment range with only 

minor amounts of disordered hydroxylated phase formed in the initial gel stages. 

Other oxides that have a single oxygen environment in the final product usually form 
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a mixture of oxygen coordinations in the evolution process, is attributed to the 

disorder in the structure requiring multiple oxygen sites. Hence some interesting and 

clear differences are observed in these oxides that adds to the data set of this sol-gel 

formation process and gives the structural chemist some interesting challenges to 

rationalise them. 

4.2.3 Results and Discussion of 170 NMR on Ternary and 

Higher Compounds 

This section deals with the 170 NMR of the ternary and higher compound 

precursor materials formed either by a combination of the binary oxides detailed 

above with other precursor materials, or by the sol-gel formation of more complex 

double ethoxide precursors. 
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4.2.3.1 As-formed PbTi03 

I I I 
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Figure 4.7 - 170 MAS NMR spectra of emiched amorphous as-formed PbTi03. 

Figure 4.7 shows the spectrum of an amorphous lead titanate precursor. Most 

NMR work on PbTi03 has been related to the solid solution with PbZr03, to probe 

the para- to ferroelectric transition25 . However in the original 170 NMR study of 

PbTi03 only one of the two inequivalent oxygens could be observed. 207Pb NMR has 

been observed in PbTi03, characterising the chemical shift anisotropy tensor26. A 

comparison of PZT (lead zirconate titanate) solid solution produced by ceramic and 

sol-gel routes was made, with the 207Pb NMR peaks relatively featureless and 

unaffected by MAS27. 
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Sample 
170 NMR at 8.45T 

Position (ppm) Width (ppm) 

Amorphous PbTi0 3 493 476 
381 Not determined 
186 Not determined 

* Errors: Peak Position ± 5ppm, Widths ± 5 ppm 

Table 4.5 - 170 MAS NMR data for enriched amorphous PbTi03 

A more recent 170 study of PbTi03 has revealed two inequivalent oxygen 

sites 0(1 ) and 0(2) in the ratio of 1:2. At 14.1T two oxygen sites were seen at 443 

and 647ppm which could be assigned to equatorial (0(2)) and axial (0(1)) oxygens 

respectively from the intensity ratio . Then from variable field data estimates of the 

composite quadrupolar interaction parameter (P q) could be made at 0.35MHz and 

0.9MHz respectively for the two sites28
. In Figure 4.7 the 170 spectrum shows that 

the enrichment has been successful and 3 peaks are observed. There are 3 quite 

distinct, but fairly broad peaks observed at 493ppm, 381 ppm and 186ppm. The 

linewidth for the peak at 493ppm was found to be - 480ppm, however for the other 

two peaks linewidths could not accurately be measured owing to the overlapping 

lineshapes. This shows some agreement with the shift of 443ppm for the 0(2) site in 

crystalline lead titanate detailed in [28]. The range of resonances seen here has 

intensity in the regions for TiOl ,4 at - 530 and - 330ppm and also for Pb0
2l 

at 

- 290ppm. The sample was not crystallised as the 170 spectrum has been reported 

previously in detail28 and this amorphous precursor was mixed with PMN to form the 

PMN-PT solid solution discussed in Chapter 5. 
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4.2.3.2 Lead Scandium Niobate (PSN) 

Figure 4.8 (a) shows the 170 MAS NMR spectrum of amorphous PSN 

(PbSco.sNbo.s0 3). Like the spectrum of lead titanate shown in Figure 4.7 there is a 

single broad structure indicating several quadrupolar sites that overlap to form the 

overall lineshape. The range of environments deduced from the shifts tends to 

indicate that these are similar to those of the oxides making up PSN, i.e. PbO, SC20 3 

and Nb20 S• There is also the presence of three peaks in this structure at 446ppm, 

363ppm and 249ppm. The overall width of the structure is 360ppm at the FWHM, 

but owing to the broad line shapes accurate linewidths could not be derived for the 

other peaks. Figure 4.8 (b) shows considerable narrowing of the spectrum upon 

crystallisation to 86ppm at FWHM, while the spectrum has a strong peak at 378ppm 

with perhaps some other structure, although this is difficult to determine as the signal 

is now much weaker as 170 is lost from the sample during heat treatment. These 

resonances observed are probably experiencing several interactions and it would be 

useful to investigate these samples further using other high resolution NMR 

techniques such as multiple quantum (MQ) and double angle rotation (DOR), but a 

much higher isotopic emichment would be an advantage here. 

In such perovskite ferroelectric (AB03) structures, how much structural 

insight 170 NMR provides into the metal ordering of the B sites needs to be 

understood. Such B-site ordering is believed to important for the relaxor properties of 

these materials. In the initial amorphous PSN precursor the 170 MAS NMR peaks of 

the component pure oxides would be at 290ppm (PbO), 347ppm (SC203) and 565ppm 

(for ONb2 in Nb20 s). So a peak at 468ppm extending over a range of ~±180ppm 

shows the expected disorder in the initial composition, with contributions from all 
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the different fragments such as Nb-O-Pb, Sc-O-Nb, etc. that are present. The broad 

line does give some hint of other features, such as at 250ppm, which indicates that 

there maybe some better defined local environments, but generally the width is 

probably an indication of the variation in each of the local environments due to 

variations in bond length in the amorphous state. 
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Figure 4.8 - 170 MAS NMR spectra of enriched a) amorphous PSN and b) 
crystalline PSN 

Sample 
170 NMR at B.4ST 

Position (ppm) Width (ppm) 

Amorphous PSN 446 not determined 
363 360 
249 not determined 

Crystalline PSN 378 86 

* Errors: Peak Position ± 5ppm , Widths ± 5 ppm 

(b) 

-200 

Table 4.6 - 170 MAS NMR data for enriched amorphous PSN and crystalline PSN 
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Then on crystallisation there is the definite peak at 378ppm and a large 

reduction in the broad component. PSN is a cubic perovskite above the transition 

temperature of ~360K changing to a rhombohedral symmetry at lower temperatures 

with lattice parameters a=4.08A and a=89.89° 29. There should thus be slightly 

inequivalent structural oxygens, but the different metal neighbours should dominate 

the shift differences. Oxygen links the B cations between adjacent layers in the 

structure (see Sec 5.7 for a more detailed discussion). There will also be bonds to Pb, 

but this bonding will effectively be constant for all oxygens. In the ordered PSN 

structure there will be Sc-O-Nb and Nb-O-Nb bonds in the ratio 2: 1. The peak at 

378ppm is towards the centre of the range for the pure component oxides, so it is 

likely that the 170 emichrnent has been successfully achieved in the PSN. Perhaps it 

could be expected that different resonances from Sc-O-Nb and Nb-O-Nb should be 

observed. There are hints at perhaps a second peak at ~500ppm. Then a tentative 

assigmnent would be the main peak from Sc-O-Nb and this secondary peak from Nb

O-Nb. It needs to be re-emphasised that lead will also be coordinating to all these 

oxygens. However the width and consequent lack of clear resolution of the different 

environments is somewhat surprising. 
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4.2.3.3 Columbite MgNb20 S 

Figure 4.9 (a) shows the 170 MAS NMR spectrum of as-prepared, amorphous 

columbite, with a single peak present at 517ppm. This observation is somewhat 

unexpected as the constituent oxides have well known shifts in the sol-gel as-formed 

state. For Nb20 s as reported in section 4.2.1 there are two distinct resonances with 

ONb2 at 545ppm and ONb3 at 360ppm. MgO initially forms a mixed 

hydroxide/partially substituted phase which peaks around Oppm. In the cases where 

initial mixed oxides have been formed through the sol-gel reaction, as opposed to 

subsequent high temperature reaction of enriched oxides, either a range of broad 

peaks is observed or a single peak is present at an intermediate shift of the 

constituent oxides. The columbite sample is quite different having a shift much 

closer to the peaks in niobia gels. This might suggest that the niobia is preferentially 

enriched, but the final product does show the expected spread of lines, so it is 

difficult to explain the observed shift in the initial gel. 

94 



I 
1000 800 600 

I 
400 200 

ppm 

I 
o 

I 
-200 

(b) 

-400 

Figure 4.9 - 170 MAS NMR spectra of enriched sol-gel samples (a) amorphous 
columbite and (b) crystalline columbite 
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Figure 4.10 - XRD pattern of 170 enriched crystalline MgNb20 6 

Sample 17 0 NMR at 8.45T 
Position (ppm) Width (ppm) 

Amorphous Columbite 517 87 
Crystal li ne Columbite 404 65 

375 65 
43 138 
1 28 

* Errors: Peak Position ± 5 ppm , Widths ± 5 ppm 

Table 4.7: 170 MAS NMR data of enriched sol-gel samples amorphous columbite 
and crystalline columbite. 

On heating to 1150°C the XRD pattern (figure 4.10) clearly shows crystallisation has 

I 

occurred of columbite and 170 MAS NMR spectrum shows significant narrowing 

(Figure 4.9 (b)), with three clear narrow peaks forming at 404ppm, 375ppm and 

1 ppm, with approximately equal intensity as deduced from simply fitting these lines 
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Figure 4.11 - The local oxygen coordinations in columbite of the three inequivalent oxygens 01, 
02 and 03 present in MgNb206 with yellow being magnesium and grey niobium. 

with Gaussians, together with a broad underlying feature at ~Oppm which may 

contain a secondary peak at ~40ppm. Within the columbite structure there are three 

inequivalent oxygen sites, all of which are trigonally coordinated by metals3o
. The 

three local oxygen environments 01 , 02 and 03 are shown in Figure 4.11 with local 

metal nearest neighbours of Nb2Mg, Mg2Nb and Nb3 respectively. One might expect 

perhaps the three peaks to have progressive shifts from pure Nb position around 
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360ppm to somewhere between Nb and Mg. The most straightforward identification 

is the peak at -0 ppm. It is not pure MgO which peaks at 47 ppm, but must be the 

magnesium-rich environment and corresponds to 02. The other environments are 

quite close in shift despite having very distinct numbers of the niobiums and 

magnesiums. The shifts of these two peaks (404ppm and 375ppm) are much closer to 

niobium region, and this is expected for the ONb3 environment (03), which is 

probably the peak at 404ppm. This means that the 375 ppm peak is the 01 site. That 

evenly spaced lines are not observed can probably be rationalised in terms the 

influences observed on 170 chemical shifts. When bonds of different ionicity exist 

the shift is dominated by the most covalent and the shifts fall in ranges largely 

determined by these metals 10. For example in metal titanates and zirconates the 

strongest influence on the oxygen shift is titanium and zirconium and not the other 

metal. Hence in mixed niobium/magnesium environments it is the niobium which is 

likely to dominate. This has important implications for the observation of 170 NMR 

to determine the different environments in the phases such as PMN, PMN -PT and 

PSN. When there is a range of local environments they may not be separated as one 

metal could dominate the shift and force the peaks to be confined to a small shift 

range. 
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4.3 93Nb NMR studies 

4.3.1 Introduction 

One of the key objectives of this thesis is to understand more about the role of 

crystal structure and bonding in promoting ferroelectric relaxor and enhanced 

piezoelectric behaviour. Given that niobium is a key element, developing 93Nb NMR 

as a probe of ceramic and ferroelectric relaxor phases was investigated here. 

However 93Nb has been regarded as a difficult nucleus in NMR terms because of the 

large quadrupole interaction arising from the interaction of the nuclear electric 

quadrupole moment with the electric field gradients often gives rise to considerable 

spectral broadening. 9~ is a nucleus with spin 1= 9/2, a relatively large quadrupole 

moment and 100% natural abundance. However use of high speed MAS with a high 

applied magnetic field is a good way to help at least partially overcome the 

quadrupole broadening, and this has been important for the acquisition of all the 

spectra shown below. All the chemical shifts in the spectra shown below have been 

referenced to a saturated solution of dry NbCIs in acetonitrile, which is the most 

common reference quoted in the literature, by using the secondary reference of 

LiNb03 taking the most intense singularity as -10 16.3ppm at 14.1 T. 

A detailed NMR study of 93Nb in LiNb03 and NaNb03 as well as a range of 

lead niobates including Pb1.83Mgo.2INb1.7I06.39 showed a relatively narrow shift 

range. Typically the quadrupole interaction parameters in the lead niobates were 

13.7 - 20.6 MHz and 8iso were -980 to -1010ppm, except for PbNb20 6 which had a 

shift of -1113ppm31 . The much larger shift from this phase was attributed to the fact 

that the constituent Nb06 units are both edge- and corner-sharing compared to the 

normal corner-sharing. In the PMN pyrochlore phase the shift of 93Nb was still in 
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the same range ~1014ppm, but the quadrupole interaction was much higher at 

26.8MHz31. In some phases it was suggested from nutation NMR studies31 that sites 

were present with quadrupole interaction >30 MHz. However as discussed further in 

Chapter 5 there is some doubt about this conclusion. 

The number of studies reporting niobium is increasing rapidly within some 

cadmium oxyfluorides the local niobium octahedra displaying mixed oxygen/fluorine 

coordinations and the quadrupole interaction being 33-36MHz32. 93Nb MAS NMR 

data has also been reported from KNb03, Nb20 S and KTeNb06, although no attempt 

was made to extract any spectral parameters33. One the key objectives of this part of 

the thesis was to establish the sensitivity of 93Nb NMR parameters to changes in the 

local coordination. However after the first version of this thesis had been written a 

very extensive paper reporting the 93Nb NMR parameters from 14 crystalline 

inorganic niobates appeared34. This greatly extended the range of local niobium 

coordinations studied and the understanding of the structural influences on the 93Nb 

parameters. Given that it was hoped here to understand the structural sensitivity of 

93Nb NMR data from PMN and PMN-PT in terms of model compounds our data will 

be compared to that in ref. [34], especially the shift ranges of the different 

coordinations. There are several model compounds studied here that were not 

reported in ref. [34] so that the robustness of their shift ranges and structural 

conclusions can be tested. Hence 93Nb NMR spectra was acquired from a range of 

model niobates including zinc niobate and barium zinc niobate. 

4.3.2 NMR of Model Niobates 

Figure 4.12 shows a comparison between the static, MAS NMR and a SIMPSON 

simulation for LiNb03. Figure 4.12 (a) shows a static LiNb03 NMR spectrum with a 

100 



single distinct peak at around -1 02Sppm and a linewidth of 124ppm. In Figure 4.12 

(b) the MAS NMR spectrum clearly resolves two distinct peaks at -10 16ppm and -

10S0ppm with the overall linewidth of the spectrum showing a considerable 

narrowing by more than half its static linewidth to ~S4ppm while spinning at 

approximately 18kHz. The SIMPSON simulation was also acquired using a virtual 

spinning speed of 18kHz and was also configured for a simulated magnetic field of 

14.1 T, all the other experimental conditions were the same as the actual MAS 

experiment of Figure 4.12 (b). In fact SIMPSON was used to help determine, for 

effectively infinite spinning speed, appropriate pulse excitations for the experiment. 

The actual parameters determined for the quadrupolar interaction was Xq =22.2 MHz. 

in good agreement with the existing literature34
,35. Lithium niobate has a trigonal 

structure with the niobium coordinated as Nb06. The Nb06 are shared with other 

octahedra at each comer and the octahedra are quite symmetric with 3 x 1.876A and 

3 x 2.12SA. This is then reflected in the relatively small quadrupole interaction for 

niobium of22 MHz. 
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Figure 4.12 - 93Nb NMR spectra of lithium niobate (a) static, (b) MAS and (c) SIMPSON 
simulation. 

Figure 4.13 shows the comparison between static and MAS 93Nb NMR 

spectra of NaNb03 at 14.1 T. Although the spectra do not show any definite 

quadrupolar features they suggest that quadrupole effects dominate the lineshape. For 

example the static line (Figure 4.13 (a)) is quite asymmetric, with the line spreading 

down to negative shift more than positive values. The MAS line is narrower by a 

factor of ~2.5 (Figure 4.13 (b)). This is also an indication of the quadrupolar 

interaction being the dominant interaction, though it is probably not the sole 

interaction which would result in a narrowing by a factor ~3.6 for 11 = O. The crystal 

structure of NaNb03 is orthorhombic with again Nb06 units sharing all their corners 

with other octahedra and the quoted bondlengths are 6 x 1.971A36. However the unit 
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cannot be as symmetric as this since the quadrupole interaction would then be much 

smaller. 
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Figure 4.13 - Y3N b NMR spectra of (a) sodium niobate static and (b) sodium 
niobate MAS 

(b) 

(a) 

The static 93Nb NMR spectrum from amorphous columbite (Figure 4. 14 (a)) 

shows a relatively featureless lineshape with some asymmetry, typical of spectra of 

quadrupolar nuclei in an amorphous solid. Crystallising the sample as shown in 

Figure 4.14(b) into a single phase, highly crystalline sample shows a very different 

lineshape. The actual crystallisation is readily observed in the change of the 

lineshape from an effectively featureless line to the lineshape with distinct 

singularities. 
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Figure 4.14 - Y3Nb NMR static spectra of (a) amorphous columbite and (b) crystall ine 
columbite 

The columbite spectrum is clearly a single site, consistent with the single 

niobium site in columbite. The Nb06 units share an edge and form zig-zag chains 

along the c-axis, with octahedra in adjacent chains sharing comers to form double 

layers parallel to the bc plane3o
. The double layers are linked together along the [100] 

direction through Mg06 units that also form zig-zag chains parallel to the c-axis. 

Despite the superficial appearance of being a straightforward lineshape, no set of 

quadrupolar parameters could come close to simulating this lineshape. Work 

subsequent to this thesis on this sample using lineshape analysis at four magnetic 

fields of7.05, 9.4, 14.1 and 18.8 T allowed unambiguous determination of the NMR 

interaction parameters which indicated that chemical shift anisotropy is making a 

significant contribution to the static lineshape. The experimental parameters were 
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determined as XQ = S4.03±0.OSMHz, llQ = 0.23±0.OS, Oiso = -962±2ppm, the span of 

the CSA tensor = -S09ppm and llcs = 0.38±0.02. The two tensors are not aligned and 

the Euler angles have been determined as part of the on-going study. t 

Figure 4.1S shows a comparison between the static and MAS 93Nb NMR 

spectra of barium niobate (BaNb20 6). In the static spectrum (Figure 4.lS (a)) a 

number of distinct features can be made out within the lineshape. In Figure 4.lS (b) 

we can see a significant narrowing of the spectrum due to the spinning, however it is 

still dominated by many features that probably are a result of overlapping second-

order quadrupolar lineshapes in all the spinning sidebands. Even by varying the 

spinning speed it was somewhat unclear which the centreband feature was. BaNb20 6 

is an orthorhombic structured material with space group Pmma and has pairs of edge-

shared Nb06 that then share comers with other such units in adjacent layers that form 

perpendicular to the c_axis37,38. It is probable that with this local environment that 

the quadrupole coupling is large and that the observed lineshapes, both MAS and 

static, are only partially excited and the features are singularities that are coming 

through. For a true lineshape analysis at a higher field, as well as forming the line by 

piecing the spectrum together from different frequency offsets would be necessary 

and it would be unwise to try and extract parameters from this data. However it 

illustrates that 9~b can show a wide range of interactions and care must be taken 

interpreting such spectra. 

t This additional data was taken in collaboration with M.E. Smith as well as JV. Hanna and KJ. 
Pike, ANSTO, Australia 
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Figure 4.15 - 93Nb NMR spectra of (a) barium niobate static, (b) barium niobate 
MAS and (c) zinc niobate MAS. 

Similar observations about the 93Nb expenencmg large quadrupole interactions 

which then leads to a only partially excited lineshape making unwise to try and 

extract parameters can be made for zinc niobate . Figure 4.15 (c) shows the 93Nb 

MAS NMR spectrum of zinc niobate (ZnNb20 6) . This phase displays a (1 :2) fully 

ordered columbite structure. It is orthorhombic (Pbcn) with the Nb06 units sharing 

comers39. There is variation in the Nb-O bond length of 1.83-2.27A which is quite a 

strong variation and should give rise to a significant quadrupole interaction. From the 

spectrum it can be seen that zinc niobate produces a complex, very broad spectrum 

that begins to break up under the MAS rates available, but has a whole range of 
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spinning sidebands. The spectrwn is consistent with a large quadrupole interaction 

although on the basis of this spectrum no value can be extracted. 

Figure 4.16 (a) shows the spectrum for the perovskite barium zinc niobate, 

BaZn0.33Nb0670 3 (BZN). When the A-site cation is Ba2
+, 1:2 ordering of the two B 

site cations takes place along the [Ill] direction, whereas the ordering is 1: 1 when 

the A-site is occupied by a Pb2
+ cation. Generally Ba-based perovskites have a higher 

order-disorder transition temperature than Pb-based perovskites. The 93Nb MAS 

NMR spectrum, of a phase similar to the PMN type of phase at the core of this thesis 

is much narrower at only - 11 kHz than many of the other model compound phases 

examined here. There is some structure in the spectrum with the main peak at 

-940ppm with the shoulder at -980ppm, which could be indicative of different 

niobium next nearest environments in the perovskite structure. The shift range 

observed here for an Nb06 is entirely consistent with the shift range recently outlined 

for such units34. 
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Figure 4.16 - 'I
3Nb MAS NMR of (a) BaZnO 33Nbo 670 3, and sol-gel produced 

PSN (b) as-prepared and (c) heated to 1000°C. 107 



The spectrum from unheated, as-prepared PSN (PbSco.sNbo.s0 3, Figure 4.16 

(b)) shows a single broad line (~520ppm) at -1055ppm. Then when heated to 1000°C 

(Figure 4.16 ( c)) the main peak is a very similar position at -1 096ppm, but is slightly 

broader (~580ppm) and shows some structure. At room temperature PSN takes on a 

rhombohedral R3m structure with unit cell parameters a = 4.080A and a = 89.89° 

which results in a relatively symmetric local environment for the Nb06 units. The 

shift of PSN-rich compositions reported in PMN-PSN materials is at -970ppm41 . In 

PSN the B cations could show varying degrees of order at the next, next nearest 

neighbour level perhaps causing the different shifts observed. 

4.3.3 Discussion of 93Nb NMR of Model Niobates 

It can immediately be recognised that the large magnetic moment, 100% 

natural abundance and spin-912 means that a strong NMR signal is usually obtained 

for 93Nb. However there is a very wide variation in the magnitude of the quadrupole 

interaction that niobium can experience. Hence even relatively fast MAS at 14.1 T 

could produce modest narrowing with very complex spectra with many sidebands as 

exemplified here by BaNb206 and ZnNb20 6. These spectra would need to be run at 

higher field with faster spinning, as well as potentially combining with static spectra 

perhaps even accumulated with different frequency offsets. Hence no detailed 

information about the quadrupole interaction has been possible. However for 

MgNb206 a lineshape that revealed both chemical shift anisotropy (CSA) and 

quadrupole interactions were present and it seems that in static 93Nb NMR spectra 

CSA can playa significant role and should always be considered. 

The shifts extracted here supplement the data recently presented by Lapina et 

al. 34 and add weight to the proposition that there is a distinct change of shift with 
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coordination. Figure 4.17 shows the shift scale proposed in ref. 34 and adds the shifts 

determined here where there is a high degree of certainty. On the basis of this data, 

the isotropic chemical shift for niobium should be able to identify unknown 

coordinations in materials. The 93Nb NMR results of other complex systems also 

show similar shifts with in niobia-sodium phosphate glasses the peak shifts from 

-1100 to -1500 ppm as the Nb06 changes from edge- to comer-sharing 42. In the 

Nb06 units in phase separated Nb20 s-Si02 sol -gel formed samples peaks were 

observed at -1300ppm 43. Hence the values observed are at the lower end of the shift 

scale and are associated with more isolated Nb06 units. 
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B - BZN 

C - PSN 

I I 
-600 -800 

ABC 

,H! Nb0
6 

D NbOs 

I Nb0
4 

I I I I 
-1000 -1200 -1400 -1600 

93Nb Chemical Shift (ppm) 

INb0
7 

I 
-1800 

Figure 4.17 - 93Nb chemical shift ranges of NbOx units as proposed in 
reference [34] with the new data points added from this study. 
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In the BZN there is relatively small quadrupole interaction and consequently 

narrow spectral line for 93Nb. In the spectrum there was a hint of multiple peaks 

which is similar in form to that observed from PMN-PSN solid solutions41 . It could 

be that these are differing numbers of zinc and niobium next nearest neighbours 

indicating that ordering is not perfect, since if the ordering was perfect there would 

be one such configuration. PSN should also have a single environment, but the 

indication given from the 93Nb spectrum is that there are multiple peaks from the 

1000°C heat treated sample suggesting that ordering is still incomplete. 

4.4 4SSC NMR Studies of Sol-Gel Prepared PSN 

Scandium-45 is 100% naturally abundant, with a nuclear spin of 7/2 and only 

a moderate quadrupole moment. It also has a mid-range resonance frequency of 

146.02 MHz at 14.1T so should be quite promising for solid-state NMR studies with 

a receptivity of 1780 compared to l3C. Despite this there have been very few papers 

published concerning solid state 45Sc NMR especially of inorganic solids. There has 

been a report from SC20344 and from zeolites45. From a range of local scandium 

coordination environments two recent papers have determined 45SC quadrupole 

interactions of 1.6 to 23.4 MHz46,47. It was also suggested that the isotropic chemical 

shift could distinguish different local coordinations47. 

Laguta recently published some 45 SC NMR from a single crystal of PSN.48,49 

At 420K detailed analysis revealed three components above the phase transition with 

I e 8 8 1 0 6 MHz The dl'f'Cerent resonances were attributed to XQ va us. -. . 11 

ordered/disordered regions within the crystal. On cooling below the transition the 
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width of the resonances steadily grew, presumably due to increases in XQ, although 

ref. 47 did not extract a XQ value in this region. 
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Figure 4.1 8 - 45 Sc MAS NMR spectra of sol-gel prepared PSN at (a) 250°C, (b) 
500°C, (c) 750°C and (d) lOOO°C 

Sample 
45SC NMR at 14.1T 

Position (ppm) WidthJppml 

250°C 41 56 
500°C 44 81 
750°C 46 86 
1000°C 48 44 

* Errors: Peak Position ± 2ppm, Widths ± 2 ppm 

Table 4. 8 - 45SC NMR data of sol-gel prepared PSN at 250°C, 500°C, 750°C and 
1000°C giving the peak position and the linewidth. 
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Figure 4.18 shows the effect of heating on the 45SC MAS NMR spectra for 

sol-gel prepared PSN (whose 170 MAS NMR spectra have been shown in figure 4.8). 

Good signal-to-noise is obtained. The peak does not show any really significant 

variation with a small increase in the peak position from 41 to 48ppm. The linewidth 

shows a more significant variation, starting off at 56ppm and then after intermediate 

heat treatments increases to ~85ppm probably indicating a more distorted/disordered 

intermediate state. After heating to 10000e the line is narrower, which is a result of 

the crystallisation that has occurred in the sample. It can immediately be stated that 

the 45 SC MAS NMR is strongly suggestive of a single scandium environment. This 

linewidth can be used to place an upper estimate on the quadrupole interaction which 

is XQ < 11.4MHz. Hence the maximum isotropic chemical shift from the peak 

position and this upper estimate for XQ is 56ppm. 

The shift at 56ppm puts it between Se08 and SC06, but closer to the SC06 

position which agrees with the perovskite structure. The upper limit on the XQ value 

of 11.4 MHz is consistent with the 1inewidth observed by Laguta. However the 

spectrum obtained here is consistent with a single scandium site. The three signals 

observed by Laguta were assigned to regions with differing order and orientation in 

the single crystal. This might be averaged in a powder sample, but needs further 

investigation. 

4.5 Conclusions and Further work 

170 MAS NMR has proved to be an effective probe of many oxide phases, a 

view that this chapter reinforces, but there may be some significant limitations in 

using it to observe the metal ordering in the ferroelectric relaxor phases. The new 

data from the three sol-gel formed pure oxides confirmed the view that subtle 
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differences in the formation mechanisms occur and that there is no single structural 

evolution mechanism for oxide sol-gel formation. Niobia starts off with the same two 

coordinations as the final crystalline oxide. As heat treatment progresses, these two 

environments change their relative intensity before readjusting to the equilibrium 

distribution. In contrast In203 starts off with a hydroxide/oxyhydroxide/mixed 

alkoxide environment until quite high temperature before the final oxide 

environment forms. SC203 is a further contrast showing the single oxygen 

coordination that is present in the final oxide forming in the very initial stages and 

persisting throughout the heat treatment. This single peak is dominant throughout the 

formation, the first time this has been observed for a single site oxide; all others 

showing multiple oxygen coordinations in the amorphous state and evolving to a 

single oxygen site. 

The more complex oxide phases that were 170-enriched and are more closely 

related to the PMN-PT system indicated that 170 may have some limitations in 

providing clear insight into atomic ordering in such systems. Columbite showed 3 

sharp oxygen signals and these could be assigned to the three different oxygen 

coordinations. The fact that three evenly spaced resonances were not observed 

suggests that in ferroelectric relaxor phases that can have atomic disorder and hence 

several sites it is likely that the resonances will be closely spaced. This appears to be 

the case for PSN where the local coordinations of Nb-O-Sc and Nb-O-Nb (with 

constant numbers oflead nearest neighbours) are not clearly separated. 

93Nb NMR has shown that whilst spectra can be readily collected there is a 

huge range of quadrupole interactions some of which can be very large. This means 

that while signal can be strong it can be highly distorted and not possible to extract 

accurate NMR interaction parameters. Some new parameters were collected and 
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shown that the recently proposed chemical shift scale for 93Nb by Lapina looks 

robust with a good correlation of the isotropic chemical shift and coordination 

number that should allow identification of unknown local niobium environments. In 

materials where the quadrupole interaction is small enough that different 

environments can be resolved the shift of different next nearest neighbours can be 

picked up. The suggestion here is that there may be some atomic disorder in BZN. 

For improved 93Nb data higher magnetic fields and very fast spinning would help the 

clarity of the spectra. Recently it has been proposed that for a spin-9/2 system the 

(±5/2,±3/2) satellite transition should be observed as the second-order quadrupolar 

broadening is only 1118 that of the central transition providing much improved 

resolutionso. For niobium such an approach would be highly useful applied to these 

materials to distinguish different sites. 

A strong 4SSC NMR signal was obtained from sol-gel prepared PSN that 

narrows as crystallisation occurs. The data indicates that there is a single scandium 

environment with an upper estimate for XQ of 11.4 MHz. This is consistent with the 

4SSC NMR of single crystal studies by Laguta et al. 48,49 where three different domains 

were detected. It is not clear yet how to completely reconcile the observation of a 

single environment here with the multiple domains observed by Laguta et al. 
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Chapter Five 

5.1 Introduction 

The interesting and novel properties of the important ferroelectric relaxor 

materials PMN-PT were introduced in Chapter 1, indicating the necessity of a more 

detailed investigation into these complicated materials. Key is probably 

understanding the Morphotropic Phase Boundary (MPB) and the phase transition 

diagrams for both the entire compositional range and the MPB region, and if possible 

also the understand the local atomic structure. This chapter starts by describing in a 

little more detail the possible mechanisms behind the phase transitions in such relaxor 

ferroelectrics (section 5.2) before discussing previous NMR studies of PMN-PT and 

another similar relaxor ferroelectric material PMN-PSN (section 5.3). Then our own 

results are presented from the NMR studies of the NMR active nuclei in PMN-PT, i.e. 

93Nb, 207Pb and 170. 93Nb proves to be the most informative here and the intensity 

distribution is modelled in detail. From this some tentative suggestions as to the 

nature of the MPB, particularly its diffuse nature, are advanced. 

5.2 MPB and Phase Transitions in PMN-PT materials 

The first description of the MPB in PMN-xPT materials was given in a paper 

by Ouichi et al. 1, their plot of the Curie temperature against composition shows the 

presence of an almost vertical line at around x=O.4, which separates the pseudocubic 

phase from the tetragonal phase. This is the MPB, it is prevalent in a host of similar 

ferroelectric materials such as PZT and PZN-PT, it is characterised by a distinct 
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change of phase with composition that is almost entirely independent of temperature. 

The MPB region in ferroelectric materials is of particular technological 

interest as it is around these compositions that these materials show a large increase in 

piezoelectric activity. This is often attributed to extrinsic contributions such as 

coexistence of different phases around the MPB2
, or the motion of ferroelectric 

domain walls. 

In an important theoretical study, Vanderbilt and Cohen3 used an extension of 

the Devonshire theory4 to the eighth order so as to derive a description of the phases 

present in ferroelectric relaxors. Their theory predicts the presence of not one but 

three types of monoclinic phases in these materials and defines the nature of the 

boundaries between these phases. However the areas for both the theoretically 

predicted Me and Ms phases are both relatively small in comparison to the MA phase 

so will probably be extremely hard to detect experimentally in a complicated system 

like PMN-PT. 

Some of the first experimental research into the MPB5 indicated that the 

region must at least be a two-phase regIOn as the rhombohedral (R3m) and the 

tetragonal (P4mm) phases are not group/subgroup related, thereby requiring a first

order phase transition to occur which is not the case. This therefore implies that the 

transition must occur via an intermediate phase. Noheda et al. 6 discovered that in 

PZT (PbZr(l_x)Tix0 3) there exists an intermediate monoclinic phase Cm (MA) at the 

MPB. If such a phase could be conclusively shown to exist in PMN-PT it would 

provide the most suitable explanation of the transformation of the rhombohedral 

phase to the tetragonal phase via the intermediate monoclinic phase. Thus a host of 

separate studies Ye et al. 7, Xu et al. 8, Singh and Pandel and N oheda et al. 10 began a 

thorough examination of the phases around the MPB region culminating in the phase 
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diagram shown on Fig 1.9 (P14). It is important to note that the symmetry of the 

intermediate monoclinic phase in PMN-PT Pm (Me) differs from that found in the 

PZT system (MA). However the discovery of this Me phase still does not provide an 

adequate explanation of the mechanism for the R - T phase transition as it is not sub

group related to either the rhombohedral or tetragonal phases. 

Diffraction experiments by Guo et ai. 11 on PZT ceramics have demonstrated 

the direct link between the monoclinic phase and the high electromechanical 

deformations due to the rotation of the polarisation between the [111] and [001] 

directions as also theoretically predicted by Fu and Cohen12
. Thus in conventional 

ferroelectric phases of tetragonal PbTi03 and BaTi03 the polarisation vector points 

along the [001] and [111] directions respectively. However the monoclinic symmetry 

in PMN-PT near the MPB allows the polarisation vector a greater degree of freedom 

as it is only constrained to lie within a monoclinic plane defined by the pseudo-cubic 

[001] and [111] direction, that is the (110) plane. Hence as the polarisation direction 

can more easily adjust to the electric field it naturally results in a larger piezoelectric 

response. Thus it is the presence of this intermediate monoclinic phase, which allows 

the polarisation to rotate within the mirror plane under the application of an electric 

field, resulting in very high deformations or giant piezoactivity. 

In a recent high-resolution X-ray diffraction study, Singh and Pandey13 

showed the presence of not one, but two monoclinic phases around the MPB in PMN

PT ceramics. One monoclinic phase of space group em (MA) is believed to be stable 

in the composition range 0.27~ x ~ 0.3 whilst the other monoclinic phase of space 

group Pm (Me) exists in the range 0.31 ~ x ~ 0.34 while it is the usual tetragonal 

(P4mm) and rhombohedral (R3m) phases above and below these regions respectively. 

This may help to explain why differences in symmetry were observed between the 
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intermediate monoclinic phase MA discovered in PZT, and the monoclinic phase Me 

observed by Noheda et al. 10 in PMN-PT materials. 

One of the latest concepts regarding ferroelectric phases stems from the work 

of Ohwada et al. 14 Using neutron scattering data on a single crystal of PZN-8PT they 

suggest the presence of a low temperature phase in the PZN-xPT family that is not 

rhombohedral, but has an average cubic structure. They have termed this new phase 

"phase X". Thus though the phase structure of phase X is on average cubic, the true 

symmetry of this phase is still urJknown. This phase was also experimentally 

confirmed by the work of Xu et al. 15 who further showed the existence of an outer 

layer, that has a structure that is different from that of the bulk, thus explaining why 

there may be discrepancies between earlier X-ray powder diffraction and recent 

neutron and high energy X-ray scattering results. The most recent work by Xu et al. 16 

proposes that the lattice in PMN-xPT is indeed cubic on average yet has confined 

regions of ferroelectric polarisation where the phase is rhombohedral. Thus they 

claim that phase X is simply a special form of confined rhombohedral phase. In fact 

the electric field studies conducted by Ohwada et al. 14 also show that phase X always 

transforms into the MA phase first with increasing field, following the polarisation 

rotation path of R - MA - Me - T, indicating a {Ill} rhombohedral type of 

polarisation in phase X. They have also proposed a modified phase diagram of the 

PMN-xPT system, which is reproduced in Figure 5.1 
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5.3 Previous NMR studies of PMN-PT and related 
materials 

It is important that a thorough understanding of prior NMR studies of PMN-

PT and related materials is obtained, in order to provide a good foundation on which 

our own results on PMN-PT can be analysed. In this section some key NMR papers 

on PMN-PT and closely related materials such as (l-x)Pb(Mgl /3Nb2l3)03 -

XPb(SC I/3Nb2l3 )0 3 (PMN-PSN) are discussed in order to provide insight into our own 

methodology and put our own work in context. The section has been divided into two 

main sections the first detailing the 207Pb NMR studies while the latter discusses the 

93Nb NMR studies. It is interesting to note at this stage that no other published work 

has been found related to 170 NMR on such phases. 
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5.3.1 207Pb NMR studies of PMN-PT and related materials 

One of the first NMR papers published on PMN-PT materials was by Blinc et 

al. I7 which discusses the local structure of PMN based on the solid state NMR studies 

of a single crystal of pure PMN. The microscopic model they used to discuss relaxor 

polarisation consists of "soft" polar nanoregions (PNRs) or what they refer to as polar 

clusters with unit cells that can freely choose several different directions, while the 

direction of the total moment of the nanoregions remain the same. Using such an 

approach has allowed them to apply a standard spherical model to relaxor 

ferroelectrics and is in fact very similar to the actual spherical random bond random 

field model (SRBRF) proposed by Pirc et al. 18 to explain their NMR data. In this 

SRBRF model, the correlated motion of the various BI and BII ions gives rise to 

reorientable polar clusters. These polar clusters are also dynamic entities embedded 

in a polarisable matrix, they can vary both in size and orientation of the local 

polarisation. In the SRBRF model the order parameter field, is described as a 

continuous vector of variable length, which is also associated with the dipole moment 

of interacting reorientable polar clusters. 

The 207Pb NMR spectra were acquired using a spin--echo Fourier transform 

sequence measured in a wide bore magnet with the vL(Pb) being 79.4 MHz using a 

single crystal of pure PMN at 9.1 T. The line shape is approximately Gaussian and its 

FWHM is 30kHz at 400K. They also point out that there is a significant increase in 

linewidth to 150kHz as the sample is cooled to 15K. They suggest that this large line 

width arises from a distribution of isotropic chemical shifts due to substitutional 

disorder. They also note that the local polarisation is very small and the local 

structure is approximately cubic. However since the spectral line shape is not powder 
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like and has no singularities, there is a distribution of polar clusters characterised by a 

local polarisation that varies in both orientation and magnitude. 

In conclusion they go on to suggest that as both the A site e07Pb) and the B 

site (93Nb) show frequency distributions, they can be accurately described by their 

SRBRF model reflecting the existence of polar clusters. This enables them to also 

categorise PMN itself as a "spherical glass" material rather than a dipolar glass 

material. They mention that the 207Pb NMR spectra reflect the distribution of the 

anisotropic 207Pb chemical shift tensors, while their 93Nb NMR spectra show the 

distributions of the off centre shifts of the 93Nb ions. Furthermore they go on to state 

that they believe that in PMN, the relaxor does not consist of static PNRs embedded 

in a non polar cubic matrix. They believe that there is a dynamic distribution ofPNRs 

with variable orientation and magnitude of the local polarisation, which varies in time 

so that the NMR spectrum observed, is indeed simply the average spectrum over the 

NMR time scale. This may provide a suitable explanation as to why such PNRs may 

appear static on a neutron diffraction time scale of 10-12
S yet may appear as dynamic 

entities in the NMR time scale of lO-4s where they appear, exist for a certain amount 

of time, disappear and reappear in a different form. 
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5.3.2 93Nb NMR studies of PMN-PT and related ferroelectric 
materials 

The first report regarding 93Nb NMR of PMN-PT materials appeared relatively 

recently in a paper by Cruz et al. 19 In this paper Cruz and co-workers performed 3Q 

MAS NMR on PMN. The spectra were recorded on a 9.4 T Bruker spectrometer 

with the sample spinning at a 32 kHz rate. From their spectra it was observed that 

PMN has two distinct peaks, a sharp resonance at 320ppm and a broad peak at 

218ppm. They also assigned a large quadrupolar-coupling constant CCQ) in excess of 

20MHz to this broad peak. In order to explain these peaks they propose a tentative 

attribution suggesting that the niobium in regions exhibiting a 1: 1 ordering of B-site 

cations led to the sharp peak at 320ppm, while the broad peak is a result of niobium 

present in a ' sea' like environment as illustrated in Figure 5.2 reproduced below . 

o M~ • Nil 

Figure 5.2 - PMN nanostructure showing regions with 1: 1 ordering of the B-site 

cations l 9 

One of the first papers that investigated a range of compositions of PMN-PT 

ceramic samples was that of Fitzgerald et al.2o, in which they undertook both static, 
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MAS and nutation 93Nb NMR studies of a series of polycrystalline PMN-PT samples 

at 14.1 T. From their interpretation of the MAS nutation studies in pure PMN they 

determined the presence of 3 niobium sites, a sharp resonance at around -902ppm and 

two overlapping broad resonances centred around -980ppm. They explain these three 

types of Nb(V) B-sites in PMN as due to differing Nb-O environments as a result of 

the different B-site Mg/Nb configurations. These 3 different Nb(V) sites are assigned 

to a range of B-site Mg/Nb configurations with local cubic, axial and rhombic 

symmetry and have been assigned quadrupolar coupling constants of 0.8, ~17 and >62 

MHz respectively. Thus PMN has a range of three distinct types of distorted Nb06 

octahedra, with the atomic level Mg/Nb disorder causing the local Nb(V) B site 

regions to show differing microscopic dipolar behaviour. They believe that these 

distinct B-sites may account for the diffuse nature of the macroscopic phase 

transitions observed in PMN. 

They also went on to study 7 further PMN-PT samples (PMN-5PT, PMN-

10PT, PMN-15PT, PMN-20PT, PMN-25PT, PMN-34PT, and PMN-50PT) however 

what is interesting in the interpretation of these spectral results is that there is a 

gradual decrease in intensity of the sharp line at around -902ppm as the amount of 

Ti(IV) ions increase. This is explained by a reduction in symmetry of some of the 

near cubic Nb(V) sites. By PMN-34PT the sharp line has completely disappeared and 

the lineshape has changed to a broad symmetrical peak near -1000ppm. Thus 

increasing the Ti(lV) ion concentration in the B-sites of PMN, leads to a reduction in 

the Nb(V) ion B-site symmetry in the Mg-rich regions of PMN, and also leads to a 

general increase in site disorder owing to the fact that the B-site now has three species 

of cations present in it. This disorder results in increased chemical shift dispersion 

and range of quadrupolar coupling constants for the broad peak centred at around 
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-1000 ppm. Furthermore they also suggest that the Ti(IV) substitution for Nb(V) in 

both the Mg(II)-rich and Nb(V) rich regions of PMN is non-selective. 

Though there are now several other NMR groups investigating a wide range of 

PMN-PT samples it is more relevant to discuss an interesting study by Hoatson et 

al. 21 on the related PMN-PSN series of materials. They have used high field MAS 

NMR techniques to characterise the electronic environment of the niobium(V) ions 

and the effects associated with the arrangement of the Nb06 octahedra and the 

identities of the next-nearest-neighbour atoms. They have presented MAS NMR 

spectra for 93Nb at both 14 and 19.6 T. In PMN they have identified 3 main 

components, 1 narrow peak and two broad components Dl and D2 and have assigned 

quadrupolar parameters to each of these peaks. For the sharp peak they have predicted 

a CQ of approximately 12MHz while for both the broad peaks they have used 

Gaussian distributions of both 8iso cs and CQ and shown these to be 10.9ppm and 

28.6MHz for Dl and 12.9ppm and 24.4 MHz for D2 respectively. Thus all the 

observed CQ values in PMN are between 12 and 30 MHz, thereby also significantly 

disagreeing with the results described in the earlier paper by Fitzgerald et al. 20 They 

have also assigned the narrow peak to a configuration of 93Nb nuclei with only Mg2
+ 

cations occupying the six nearest ~ neighbour sites (n~n); and have also assigned the 

two broad peaks to configurations with more than one Nb5
+ cation in the nearest ~ 

sites. Another interesting observation they have made is that there seems to be a 

correlation between the integrated intensity of the distributions Dl and D2 and the 

dielectric response. Thus the combined intensity is being used as an indicator of 

whether the sample is a relaxor or normal ferroelectric. It seems that when this 

combined distribution intensity is above 20% the material behaves as a relaxor, while 

below this it is a normal ferroelectric. Finally they also go on to propose a modified 
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random site model of ~-site order. Their Monte Carlo simulations show that a 

quantitative agreement of intensities is also achieved in their proposed model. 

In one of the subsequent papers on 93Nb NMR studies of PMN-PSN, Zhou et 

al. 22 have carried out a 93Nb 3QMAS study on the same PMN-PSN samples described 

by Hoatson et al. 21 In this study 3 Q MAS 93Nb spectra have been obtained at 19.6 T at 

high spinning speeds of 35.7kHz. Using such multi-quantum MAS techniques 

usually results in higher resolution than conventional MAS because the anisotropy in 

the indirect dimension is removed by eliminating the broadening contribution due to 

the fourth-rank term in the second-order quadrupolar hamiltonian. In PMN they have 

also identified 3 main components, 1 narrow peak and two broad components D1 and 

D2 and have assigned quadrupolar parameters to each of these peaks. For the sharp 

peak they have estimated a PQ of approximately 9 MHz, while for the both the broad 

peaks they have used Gaussian distributions of both 8iso cs and CQ and shown these to 

be 10.9ppm and 27.3MHz for D1 and 12.9ppm and 9.4MHz for D2 respectively 

thereby somewhat disagreeing their own previous study. However one of the 

interesting observations they have made is that for the pure-magnesium (6,0,0) 

(NMg,Nsc,NNb) and pure niobium (0,0,6) configurations the observed PQ is smaller, 

indicating a higher level of symmetry (Figure 5.3), while for configurations with both 

Mg2+ and Nb5+ ions the mismatch of cations greatly lowers the symmetry thereby 

increasing the value ofPQ. 
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Figure 5.3 - 93Nb quadrupole products of the seven nearest neighbour configurations 

in PMN-PSN containing only Mg2
+ and Nb5

+ cations.22 

In fact it is curious to note that the five Mg, one Nb configuration (5 ,0,1) has 

the largest PQ value. It is this large PQ value (or large shift) that is responsible for the 

distinct gap observed between the sharp line and the broad distribution DJ in the MAS 

spectra of PMN. Another interesting observation made in this paper is that there 

appears to be an empirical relationship between Oiso cs and NMg increasing NMg by one 

causes an increase of 13 .7 ppm in OisoCS, and a small variation in PQ. A summary of 

these and other results are shown in Table 5.1. 
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Sample Author I KEY PARAMETERS 
I 8 ( ) : Field(T) I Shifts(ppm)' Width (Hz) I poe MHz) I '1 Iso ppm Reference 

LiNbO Ivanova(1995) NA A 2 (va) 0 NA 5.0 NA 3 

LiNbQ, Prasad (2000) -1004 22.1 NA NA 14.1 
NbCls 

in acetonitrile 

PMN Cruz(1999) 
320 (sharp) Co 8.5 (sharp) 0.5 (sharp) NA Solid 
218 (broad) Co 21 .5 (broad) 0.8 (broad) NA 9A 

Nb,Os 

NA Co 1.2 (sharp) NA NA 
PMN Prasad(1999) NA Co 17 (broad1 ) NA NA 14.1 NbCls 

NA Co62 (broad2) NA NA in acetonitrile 

PbNb,O, Prasad(1999) NA Co 19 0.5 -1090 14.1 
NbCls 

in acetonitrile 

PMN Fitzgerald (1999) -902 / 1950 (sharp) Cq <1 (Sharp) NA NA 
14.1 

NbCls 
-989 / 12800 (broad) Large Co for broad NA NA in acetonitrile 

PZN Fitzgerald (1999) -898 / 5000 (sharp) Co <1 (Sharp) NA NA 
14.1 

NbCls 
-988 / 15200 (broad) Large Co for broad NA NA in acetonitrile 

-902 / 1950 (sharp) Co < 0.8 (Sharp) NA NA 14.1 NbCl, PMN Fitzgerald (2000) -960 / 12800 (broad 1) Co - 17 (broad1 ) NA NA in acetonitrile 
-989 / 12800 (broad2) Co> 62 (broad2) NA NA 

PbNb,O, Prasad (2000) -1113 16.8 NA NA 9AT 
NbC" 

in acetonitrile 

Pb,Nb.013 Prasad (2000) -995 13.7 NA NA 9AT 
NbCls 

in acetonitrile 

Pb, " Nb, 71 Mg, ,. Prasad (2000) -995 13.7 NA NA 9AT 
NbCl, 

0 639 
in acetonitrile 

PMN Pyrochlore Prasad (2000) -1014 26.8 NA NA 9AT 
NbCls 

in acetonitrile 

-895.5 (sharp) Co 12 (Sharp) 0 NA 14.1 
NbC" PMN Hoatson (2002) -952 (broad1 ) Co 28.6 (Broad 1) OA 10.9 14.1 in acetonitrile 

-921 (broad2) Co 24A (Broad2) 0 12.9 14.1 

-892.6 (sharp) Co 9 (Sharp) 0 NA 19.6 
NbC" PMN Zhou (2004) -944 (broad 1 ) Co 27 .3 (Broad1 ) OA NA 19.6 

in acetonitrile 
-976 (broad2) Co 9A (Broad2) 0 NA 19.6 

errors: peaK position ±1 ppm, l..o ±l . ~ppm . 

Table 5.1: The 93Nb peak positions and linewidths for the niobium-containing 

samples in the literature at varying magnetic fields. 
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5.4 Characterisation studies for PMN-PT samples 

As discussed previously in Chapter 3 of this thesis one of the major problems 

faced in the preparation of PMN-PT samples is the formation of an unwanted 

pyrochlore phase in addition to the pure perovskite phase that is desired. The next 

few paragraphs elucidate the methodology behind our sample preparation techniques 

already detailed in Chapter 3, before discussing the results obtained from the 

characterisation studies of these samples. 

This current section specifically seeks to address the following key issues in 

the "two stage columbite method" generally used for the preparation of perovskite 

phase PMN-PT samples and answers some of the fundamental problems encountered 

while implementing this method of sample preparation. 

o The primary calcining or sintering procedure - i.e. determining the optimal 

temperature. 

o The addition of excess MgO at the precursor stage - establishing the exact 

amount of MgO to be used. 

o Acid treatment of the prepared sample - understanding why and how this 

treatment affects the properties of the sample. 

Initial trials of pure perovskite phase sample preparation began by usmg 

stoichiometric amounts of precursors in order to create a pure perovskite O.9PMN

O.lPT sample. It was quickly established that stoichiometric amounts of precursors 

did not yield a pure perovskite phase sample, significant amounts of both excess PbO 

and pyrochlore phase were both present. However it was possible through careful 

selection of the sintering temperature to suppress the formation of PbO. The results 

of varying sintering temperatures on sample quality can be seen in the figure below. 
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Figure 5.4 - O.9PMN-O.IPT grown using different sintering temperatures, with the 

main reflections indexed and asterisks denoting minor impurity phases. 

It can be clearly seen from Figure 5.4 that by using a sintering temperature of 

above 850°C almost completely suppresses the formation of PbO. This is very 

important for the dielectric property of the material as PbO present in the grain 

boundaries of the PMN -PT ceramic is known to reduce the overall dielectric constant 

compared to pure perovskite phase material. 23 

Furthermore in the same study by Wang and Schulze23 they also made a valid 

case for using an excess of magnesium carbonate in the precursor stages to suppress 

the formation of the pyrochlore stage, however they do not specify the ideal amount 

for this purpose. Hence several O.9PMN-O.1PT samples were prepared using varying 

mol% amounts of excess magnesium carbonate precursor. The results from these 

samples are shown in Figure 5.5. 
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Figure 5.5 - O.9PMN-O.IPT samples grown with excess magnesium carbonate m 

mol%. Asterisk indicates presence ofPyrochlore phase 

Thus from the figure above it can be seen that by using a 8% mol excess of 

magnesium carbonate the formation of pyrochlore phase can be completely prevented 

as evidenced by the peak indicated with an asterisk in Figure 5.5. Unfortunately using 

excess Mg leads to a significant amount of excess MgO being present in the otherwise 

pure perovskite phase material. This may also have a considerable impact on the 

physical properties of the sample hence it is necessary to try and remove as much of 

the excess MgO without altering any of the other preparation criteria now established. 

The simplest means of doing this is by a simple acid treatment of the prepared sample, 

using a 1 N concentration of acetic acid. The benefits of the acid treatment of the 

sample can be clearly seen in Figure 5.6. 
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Figure 5.6 - O.9PMN-O.1PT samples (a) before and (b) after acid treatment. 

In Figure 5.6 above it can be clearly seen that in (a) peaks corresponding to MgO are 

visible at ~43° and ~62° , these peaks are greatly reduced in (b) after the acid 

treatment. Thus the resulting final powder showed only perovskite phase ceramics 

with only a small amount of excess MgO as a small impurity, corroborating the 

proposal of Wang and Schulze23 that suggests that this small excess of MgO may now 

actually be embedded within the particles of PMN-PT, thereby being shielded from 

the acid. 

All of the samples that were carefully prepared usmg the methodology 

described above and the preparation details as described in Section 3.8.1 of this thesis, 

were verified to be the correct composition and phase purity by means of X-Ray 

powder diffraction studies (XRD). The XRD profiles of the nine key PMN-PT 
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samples taken using CuKa radiation (l.5418A) in Bruker AXS machine is shown 

below in Figure 5.7 
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Figure 5.7 - XRD profiles of PMN1-xPTx samples. Asterisk indicates the presence of 

MgO impurity. 

From the XRD profiles shown above, we can see from the initial broadening 

and subsequent splitting of the peak at 28 = 45° as the PT content increases, 

indicating a continuous evolution of the phase from rhombohedral to tetragonal. The 

peaks also show that pure PMN contains a cubic phase and the solid solutions contain 
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primarily rhombohedral phase until the PT content is around 25%. When the PT 

concentration is 40% only a tetragonal phase can be observed. Thus there is a wide 

region between PT (25%-40%) where multiple phases can and do co-exist. 

Compositional inhomogeneity is an undesirable effect in any sample, for this 

type of study, so that steps to minimise this have been made throughout the sample 

preparation procedure. It has been noted in our studies that there can be 

inconsistencies between two samples, even those being prepared simultaneously in a 

single batch using the same precursor materials and the same sintering and 

preparation procedures. Hence it is also important to know the actual versus nominal 

composition of these materials so that comparisons can be made with the literature in 

order to accurately determine the compositional quality of our own samples. The 

comparison of our cell-volume data compared with that of cell-volume data found in 

the literature24 is shown in Figure 5.8 below. 

Cell volume Data for PMN-PT 
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66 • From Literature 
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Figure 5.8 - Verification of the composition of our samples by a plot of the calculated 

cell value (blue) vs the quoted cell volume from the literature (Pink). 
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Thus from Figure 5.8 it can be seen that with the possible exception of PMN-

33PT all the samples lie within a ~ 1 % PT concentration of their quoted PT 

concentrations. 

In addition to the ceramics samples described above other lead based 

ferroelectric samples were created using the "sol-gel" method detailed in section 

3.8.2. The XRD pattern for the sample 170 enriched PMN is shown in Figure 5.9. 
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Figure 5.9 - XRD of I7O-enriched PMN with minor pyrochlore phase indicated with 

an asterisk. 

The sample is primarily perovskite phase but also shows a very minor reflection from 

a pyrochlore phase impurity. 
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5.5 93Nb NMR studies of PMN-PT samples 

5.5.1 Background and Experimental data on PMN-PT 

93Nb is a spin 9 h quadrupolar nucleus with a relatively large nuclear 

quadrupolar moment (-0.22 X 10-28 Qm -2) and 100% natural abundance25
. In the solid 

state, any electric field gradients created by the surrounding electronic cloud of the 

nucleus interact with the nuclear electric quadrupole moment, potentially leading to a 

considerable broadening of the spectral lines making 93Nb a moderately difficult 

nucleus to study by NMR. However from the discussions presented in sections 5.2 

and 5.3 of this thesis it is quite clear that it is the study of this local Niobium(V) 

coordination environment that is the key to understanding more about interesting 

properties of this material. Therefore the interpretation of the results and observations 

presented in this section provides insight into 

o evidence of at least three different types of Nb(V) 

environment 

o short-range chemical Mg/Nb ordering 

Figure 5.10 shows a comparison between three static Nb spectra for some typical 

samples. The CMX - Infinity 600 Spectrometer was used with the Varian 3.2mm 

MAS probe with the frequency for 93Nb set to 146.661 MHz. 
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Figure 5.10 - Static 93Nb spectra of a) Lithium niobate, b)PMN and c) PMN-35PT 

From Figure 5.10 it is quite clear that the line-widths of the PMN and PMN-

PT samples are significantly wider than that of lithium niobate, which has already 

been presented and discussed in Chapter 4 of this thesis. The PMN spectrum is 

- 750ppm wide whereas the PMN-35PT spectrum is considerably less at around 

- 350ppm linewidth whereas the lithium niobate spectra is only - 124ppm across. The 

greater width in PMN and PMN-35PT is almost certainly a result of second-order 

quadrupolar broadening. What makes it especially difficult to deconvolve the 

spectrum is that there is probably a distribution of parameters, so that the lines of 

PMN and PMN-35PT are not well defined second-order quadrupolar lineshapes. 

Figure 5.l1 shows the static 93Nb spectra for the 9 key PMN-PT samples 
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Figure 5.11 - Static 93Nb spectra of PMN-PT samples 

From the PMN spectra shown in Figure 5.11, it is clear that there are two 

distinct Nb(V) sites which is in agreement with Cruz et al. 19 However it is quite clear 

that this changes rapidly upon the introduction of even small amounts of PT in the 

solid solution. In order to understand these changes we performed a nutation 

experiment as described in detail in section 2.7 of this thesis. 

The ' Oldfield Echo' pulse sequence was used as detailed In section 3.5.2 

Using this pulse sequence results in some small distortion of signal by the acquisition 

delay, as the FID of the entire echo is utilised. Hence the advantage of this echo 

sequence compared to a single pulse sequence is that an echo is formed that does not 

have the distortions associated with the corruption of the start of the FID after a single 

pulse . This echo pulse sequence can also then be used to measure the value of T2 

relaxation times which gives some information about the local structure and possible 
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neighbours of the system around the lJ:lNb nuc le i. The sp in-sp in relaxation time T~ 

(previously discussed in section 2.2) is obtained from the intens ity of spectra for 

different values of the echo time 'T. 'T has been arrayed so that the T 2 relaxation times 

can be computed based on 10 different 'T values. Two different sets of 'T values were 

used, with long values of'T (50).1s -1500).1s) and another with short values of'T ( 10/1s-

200).1s ). 

Table 5.2 below shows the T2 relaxation times obtained for various samples. The 

error was estimated in detail on the crystalline sample niobates like Li, Na, Ba. All 

further experiments were carried under initial experimental conditions, producing data 

with similar signal to noise , such that the error is estimated to be the same. 

Saml2.le LRelaxation Time (ms~ iO.OS 

1. Lithium Niobate 0 .3 15 
2. Sodium Niobate 0 .515 
3. Barium Niobate 0.570 

4 . PMN 0.162 
5. PMN-O. IOPT 0.349 
6. PMN-0.20PT 0.558 
7. PMN-0.25PT 0.629 
8. PMN-0 .30PT 0.788 
9. PMN-0.33PT 0.873 
10. PMN-0.35PT 0.957 
11. PMN-0.37PT 0.968 
12. PMN-0.40PT 1.01 

13. MgNb206170 Enriched 0.495 
(Crystalline) 

14. MgNb206 1'0 Enriched 0.029 
(Amorphous) 

15. Nb20s - 170 Enriched 0.039 

Table 5.2 - The 93Nb T 2 relaxation times obtained for various niobium containing 

samples. 
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The interesting increase ofT2 times with increasing PT concentrations in the PMN-PT 

samples can be more easily observed in Figure 5.12 shown below. 
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Figure 5.12 - Plot of T 2 relaxation times vs PT concentration for static PMN -xPT 

samples. 

A gradual increase in the T 2 times with increasing concentration is quite apparent, 

another interesting observation is that the PMN-25PT sample appears to have a lower 

than expected T 2 time though this deviation is small. However it is quite clear that 

there are changes taking place in the materials as PT concentrations increase in the 

solid solutions, these changes are however very subtle and do not reveal themselves in 

the spectra shown in Figure 5.12 . Also in attempt to quantify these spectra, a plot 

showing the line width of the spectra displayed in Figure 5.13 we can see that there is 

no particular discernible trend as in the case of the T 2 relaxation times . 
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Line width (FWHM) vs PT concentrations 
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Figure 5.13 - Plot of FWHM line widths vs PT concentration for PMN -xPT samples 

Thus from the results shown above it became quite clear that in order to obtain 

further information on these subtle changes taking place in the materials on addition 

of PT to the solid solution, as clearly observed through the T2 relaxation plot, it was 

necessary to perform high speed MAS experiments as detailed in section 2.7.1 of this 

thesis . In order to compare the difference in resolution between the static and MAS 

spectra Figure 5.14 shows both the static and MAS spectra for the pure PMN sample. 
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Figure 5.14 - A comparison between the static and 18kHz MAS spectra for PMN 

The static spectrum shows a broad asymmetric line of width - 750ppm there is 

also the presence of a much sharper line at shift -895ppm. On spinning these are 

much sharper with a moderately broad line of 120ppm. The MAS lineshape for the 

sharp peak has now decreased to a width of around 10ppm. Thus a considerable 

decrease in line width and clearer resolution of all the peaks is observed. The PMN-

xPT spectra obtained from our MAS experiments are shown in Figure 5.15 below 
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Figure 5.15 - 18kHz MAS Spectra of PMN-xPT solid solutions 

PMN-40PT 

PMN 

I 
-1600 

From Figure 5.15 it is now quite clear that there are quite distinct changes 

taking place in the spectra. A preliminary deconvolution of these spectra using 

DMFIT allowed the realisation that there were three distinct, contributions to the 93Nb 

MAS NMR lineshape which agreed with recent work published by Hoatson et al. 21 

An example of the DMFIT deconvolution for the PMN spectra showing the 

three distinct niobium environments is shown below in Figure 5.16 
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Figure 5.16 - Example of a deconvolution of PMN spectra using DMFIT 

The key feature that is immediately visible from the spectra Figure 5. 15 is the 

presence of a sharp line that is clearly visible in PMN but gradually decreases in 

intensity on addition of PT disappearing around the 25% PT concentration. 

Furthermore given the frequency positions of the numerous spinning sidebands 

clearly visible in figure 5.16 it is apparent that these sidebands are associated with this 

sharp peak. In order to better understand this spectrum SIMPSON simulations were 

conducted, for the PMN sample using the parameters obtained from the DMFIT 

deconvolution shown above in Figure 5.16 as a starting point. 

The resulting SIMPSON simulation could not reproduce the PMN-spectrum in 

Figure 5.16 which indicated that the parameters extracted from DMFIT were probably 

inaccurate. This inaccuracy is probably due to a combination of factors such as not 

being in the infinite spinning speed regime that DMFIT assumes and more 

importantly, is also due to the parameters showing a broad distribution owing to 
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atomic disorder in these compounds . Hoatson et al2 1 published a paper on PMN-PSN 

using distributions of quadrupolar parameters. A SIMPSON simulation was 

performed using our experimental conditions and the quadrupolar parameters 

published in Hoatson et a/
2 1 

for PMN. The parameters used are XQ of 12MHz for the 

sharp line and XQ of 28.6 and 24.4 MHz for the peaks D I and D2 respectively. This 

simulation is shown below in Figure 5.17 
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Figure 5.17 - a) SIMPSON simulation of PMN using Hoatson et af. 21 

quadrupolar parameters and our experimental conditions and b) our 

experimental data. 

The similarities between the spectra and the simulation are now more 

apparent. This allowed SIMPSON to be used as an optimisation tool in order to 

determine some of the characteristic properties ofPMN-xPT samples. 
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The first analysis performed was to check the impact of spinning speed on the spectra. 

This can be seen in Figure 5.18 

-----~-------- 35kHz 

30kHz 

25kHz 

20kHz 
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5kHz 

-700 -750 -800 -850 -900 -950 -1000 -1050 -1100 -1150 -1200 

ppm 

Figure 5.18 - SIMPSON simulation of 93Nb MAS NMR data of PMN run at various 
spinning speeds 

It can be clearly seen that spinning speed has an effect on the Iineshape and that when 

there are potentially large quadrupolar interactions such as for 93Nb then care should 

be exercised so this is taken into account. It can be seen in the simulation that the 

sufficient narrowing of the lineshape is achieved at 20kHz. The second series of 

Simpson simulations were run to check the effect of varying pulse lengths on PMN 

spectra. These can be seen in Figure 5.19. 
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Figure 5.19 - Simulated nutation study using SIMPSON for PMN. 

This figure clearly shows what we confirmed from our experimental nutation 

studies, that PMN has a very short relaxation time, and hence a very short pulse 

length of 0.25 /lS is sufficient to provide the best resolution spectra for these materials. 

The lineshape clearly changes as the actual length of the 90° pulse varies. The 

most likely explanation for this is that although the nutation frequency is normally a 

constant for a given sample, for quadrupolar nuclei in samples showing a range of 

quadrupolar interactions there can be a variation in the actual nutation frequency for 

the different sites within the sample. Hence the pulse length changes although as this 

is being observed by a nominal 90° pulse length different components will be tipped 

differently which causes the change in the observed lineshape. Thus the safest 

strategy to adopt to obtain the most representative line shape is to use a short pulse. 
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The 9 PMN-xPT solid solutions studied so far provided a suitable range of PT 

concentrations, especially in the most interesting region around the MPB, however it 

was decided in order to gain a more thorough insight into the entire composition range 

of PMN-xPT solid solutions, some additional PMN-xPT samples both at very low PT 

concentrations «10%PT) and at very high PT concentrations (>50%) would also be 

added to our 93Nb MAS NMR study. Thus 5 additional samples were obtained of 

PMN-xPT, with x = 0.04 (i.e. low concentration) and at relatively higher 

concentrations of x = 0.5, 0.55 , and 0.7. The characterisation of these samples have 

been described in detail elsewhere26 and hence will not be discussed here. The 93Nb 

MAS NMR spectra of these samples are shown in Figure 5.20 
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-6 00 -7 0 0 -8 00 -900 - 1000 -1 100 -1 2 00 - 1300 -1400 -1500 

ppm 

Figure 5.20 - 18kHz Y3Nb MAS Spectra for very high and very low Ti 
concentration PMN-PT Samples 

However by now it was also quite clear that the lineshapes of the two broad 

peaks in the PMN-xPT samples were not generated from a single set of quadrupolar 

parameters they are due to a distribution of quadrupolar parameters. Hence the simple 
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GaussianiLorentzian lineshapes being used in the deconvolution of the spectra could 

not accurately determine these parameters. 

The Quadfit program (Section 3.7.2) was specifically written to deal with the 

case when there is a distribution of parameters. It has the possibility of implementing 

either a Gaussian or Czjzee7 distribution of parameters. The Czjzek distribution has 

been successfully used to describe distributions of quadrupolar parameters in 

amorphous fluorides27 that are similar to what is encountered here. 

The program allowed for a simultaneous variation of both 11 and CQ, where 11 

has been held constant at 0 for simplicity, due to the fact that its variation does not 

have much effect on the width of the line. Here single magnetic field data is being 

used, and there are too many degrees of freedom, i.e., there are several peaks with a 

mean value and distribution of CQ for each peak, to allow completely unambiguous 

determination of the actual parameters. Hence the philosophy adopted here is to use 

as a starting point the three sets of parameters determined by Hoatson since for PMN 

these allowed a satisfactory SIMPSON simulation. In these simulations shown the 

peaks correspond to the sharp line (CQ = 12 MHz), DJ (CQ = 24.4 MHz) and D2 (CQ = 

28.6 MHz). The fits were judged satisfactory by eye, which within the accuracy and 

resolution of the data this was all that was warranted. The fit was not free since the 

mean CQ was not allowed to vary (apart from for the very highest values ofPT (i.e. > 

40 mol%) since no close fit could be obtained by exactly using these initial CQ values. 

The Quadfit deconvolutions of all 13 PMN-xPT samples are shown below 

(Figure 5.21 to 5.33) and the results have been summarised in Table 5.3. Note the 

broad underlying intensity clearly seen in Figure 5.16 which is believed to be from the 

non-central transitions was removed by subtracting a Gaussian prior to the simulation 

described above of the narrower central transition features. 
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Figure 5.21 - Deconvolution of PMN spectra using Quadfit 
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Figure 5.22 - Deconvolution ofPMN-04PT spectra using Quadfit 
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Figure 5.23 - Deconvolution ofPMN-10PT spectra using Quadfit 
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Figure 5.24 - Deconvolution ofPMN-20PT spectra using Quadfit 
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Figure 5.25 - Deconvolution of PMN-25PT spectra using Quadfit 
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Figure 5.26 - Deconvolution ofPMN-30PT spectra using Quadfit 153 
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Figure 5_27 - Deconvolution ofPMN-33PT spectra using Quadfit 
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Figure 5.28 - Deconvolution ofPMN-35PT spectra using Quadfit 
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Figure 5.29 - Deconvolution ofPMN-37PT spectra using Quadfit 
154 



- QuadFit Simulation 

- P.,ctual Spectra 

- D1 

-D2 

-860 -910 -1010 -1060 -1110 
PPM 

Figure 5.30 - Deconvolution ofPMN-40PT spectra using Quadfit 
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Figure 5.3 1 - Deconvolution ofPMN-50PT spectra using Quadfit 
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Figure 5.32 - Deconvolution ofPMN-55PT spectra using Quadfit 
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Figure 5.33 - Deconvolution of PMN-70PT spectra using Quadfit 

93 Nb MAS NMR at 14.1T 
Sample 

peak Shift ± 5 (ppm) Broadening (Hz) Xa Width ± 0.2 (MHz) Xa Centre + 0.2 (MHz) Integrallnt ±1% 

PMN Sharp -895 300 2 12 14% 
01 -924 800 6 28.6 46% 
0 2 -977 800 6 24.4 40% 

PMN-04PT Sharp -895 300 2 12 14% 
0 1 -924 800 6 28.6 40% 
0 2 -977 1000 6 24.4 47% 

PMN-10PT Sharp -895 300 2 12 7% 
0 1 -928 800 6 28.6 51% 
0 2 -970 800 6 24.4 42% 

PMN-20PT Sharp -895 400 2 12 5% 
01 -926 800 6 28.6 45% 
0 2 -968 1000 6 24.4 50% 

PMN-25PT Sharp -895 400 2 12 4% 
0 1 -928 800 6 28.6 40% 
02 -970 1000 6 24.4 56% 

PMN-30PT 01 -928 800 6 28.6 42% 
0 2 -964 800 2 24.4 58% 

PMN-33PT 01 -928 900 6 28.6 50% 
0 2 -962 850 2 24.4 50% 

PMN-35PT 0 1 -928 900 6 28.6 50% 
0 2 -964 900 6 24.4 50% 

PMN-37PT 01 -928 900 6 28.6 41 % 

0 2 -968 1100 10 24.4 59% 

PMN-40PT 0 1 -928 900 6 28.6 37% 

0 2 -957 900 7 24.4 63% 

PMN-50PT 0 1 -928 800 6 24.4 32% 

0 2 -963 1000 5 24 68% 

PMN-55PT 0 1 -928 500 6 24.4 20% 

0 2 -959 1000 5 24 80% 

PMN-70PT 01 -928 500 6 24.4 13% 

02 -948 700 6 24 87% 

Table 5.3 - Deconvolution parameters of ~3Nb MAS spectra for PMN-xPT solid 
solutions. 
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Examining Table 5.3, several clear trends emerge, below 25 mol. % PT, the 

spectra require three peaks for accurate simulation. There is clearly a sharp line 

whose integrated intensity decreases from 14% in the initial PMN sample, 

disappearing beyond the 25 mol. % PT. The other two peaks, correspond to much 

broader features with much larger XQ values and have been assigned on the basis of 

Hoatson's data as DJ = 24.4 MHz and D2 = 28.6 MHz. Up to PMN-40PT these XJ2 

values allowed simulations of the spectra. It is difficult to discern any clear trend in 

these integrated intensities until 40 mol. % PT from which point onwards the peak D2 

begins to dominate. It can also be noted, that there are some small variations in the 

shift at high PT content, however more accurate determination of the shift would be 

necessary before anything certain can be deduced. Now that some spectral variations 

have been determined these should be connected to the atomic ordering that is 

believed to be taking place in the compound. 

5.5.2 Modelling 93Nb NMR data from PMN-PT 

As discussed previously Blinc et al. 17 showed that the distribution of Mg2
+ and 

Nb5+ is not completely random but follows some form of ordering on the B-site of the 

material. High Resolution Electron Microscopy (HREM) studies28 have shown that 

there are alternating nanodomains dispersed in a disordered matrix. These 

nanodomains are also considered to consist of alternating planes of /3' and /3" sites. 

The /3" layers are believed to be occupied solely by Nb5
+ ions, while there are several 

competing models which differ primarily in the composition of the /3' layer. For 

example Pirc et al. 19 detail their spherical random bond random field (SRBRF) model 

where they talk about the motion of the various /3' and /3" layers giving rise to polar 
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clusters in the material. Hoatson et al. 21 have introduced the idea of using quantitative 

NMR data to obtain a more accurate description of the distribution around the j3' layer 

in the PMN-PSN series of materials. Here on the basis of the deconvolutions 

described on the 13 PMN-xPT samples a similar insight into the specific nearest j3 

neighbour (nj3n) will be attempted, for PMN-PT using the relative integrated peak 

intensities shown in Table 5.3. Furthermore the specific (nj3n) environments, will be 

assigned to specific spectral features. The variation of the intensity of these features 

will be used to corroborate our assignments. 

To describe the niobium coordination the nearest j3 neighbour configurations 

are designated by the number of Mg, Ti and Nb cations (NMg, NTi and NNb); each 

number can range from 0 to 6 with the requirement that their sum is 6. This is 

because in our definition of nearest j3 neighbour we are talking about the closest 6 j3 

cations to our central Nb5
+ ion. In reality these are actually the next-next nearest 

neighbour to the central Nb5+ ion as we are ignoring the neighbouring first shell of 6 

oxygen ions and then the next shell of eight Pb2
+ ions, as these do not change, and 

only consider this next-next neighbouring j3 cation shell. In Figure 5.34 each of the 

points represents a specific nj3n configuration. Thus it is quite clear that a total of 28 

possible nj3n configurations exist for PMN-xPT materials. 
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A 

N Mg 3 2 o 

Figure 5.34 - The 28 nf3n configuration of the Nb5
+ cations and their assignments . The 

three vectors represent indicate the numbers of each cation and hence there triplet co
ordinate (NMg,NTi and NNb). For example point A represents a central niobium that 
corresponds to 1 Ti, 2Nb and 3 Mg neighbours. 

Thus for PMN-xPT solid solutions the stoichiometric formulae can be represented as 

Pb(fJ 'JI2f3 "JI2)0 3 with 13' being a random mixture of Mg2
+, Nb5

+ and Ti
4

+ cations 

while 13' , is a pure Nb layer. Given the chemical composition of the sample 

(5.1) 

the different cation concentrations can be expressed as 

M I- x Nb 2(1-x) d T ' -g = - 3- ; = 3 ; an 1 - X 

However these cations are now divided between the two layers (fJ ' and 13") 

described above. Hence if we consider the probability of having a B-cation in the 13'-

type layer which is an Nb5+ with a nf3n configuration (NMg,NTi and N Nb) then this can 

only have niobium in the next coordination layer (i.e. 13"), so that 
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Furthermore as already shown in Figure 5.34, each Nb5
+ cation in the /3" layer can 

have 28 possible configurations from the cations that come from the two adjacent /3 ' 

layers as illustrated in Figure 5.35 below 

/3 ' 

/3" 

/3 ' 

/3" 

Figure 5.35 - Alternating /3 ' and /3 " layers 
illustrating the two /3 ' layers next to each /3 " layer. 

P (N N ) - ~ 6! (C ) N",g (C ) Nr; (C ) NNb (5.3) 
fJ" Nb Mg' T,' X - 2NMg ! N Ti !NT' ! fJ'Mg fJ'Ti fJ'Nb 

Hence for Nb we have 

1 1 2(1-x) 
- +-CfJ'Nb =--.:...- .:..-
223 

I - 4x 
Hence C fJ'Nb = --

3 

The CfJ 'x concentration can be also be similarly derived for the Ti and Mg cations 

1 I-x 
- CfJ'M = - - so that 
2 g 3 

C = 2(1 - x) 
fJ'Mg 3 

And similarly for Ti 

Y2 CfJ'Ti = x, so that 

CfJ'Ti = 2x 

(5.4) 

(5 .5) 

(5 .6) 
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Thus the summation of the probability over the NTi and NMg is simply the total Nb5+ 

concentration CNb = 2(1-x)/3. Hence in order to "view" the probability of the random 

site model having a Nb
5
+ cation with nfJn configuration (NMg,NTi,NNb) it is necessary 

to normalise our Eqn 5.2 with respect to CNb. Thus equation (5.7) below represents 

our model used to compute the random site model probablilities for the series of 28 

possible nfJn configurations for niobium in the fJ ' layer. 

~ (N N x )= 1 3 6! (C ( 1f, (C t r,(C ) NNb (57) 
RS Mg ' T,' 22(1-) N IN IN I {J'Mg {J'TI {J 'Nb . 

X Mg ' 7; ' Nb ' 

Figure 5.36 below shows the random site predictions compared with our experimental 

results displayed previously in Table 5.3 and shown in parenthesis in the following 

diagrams. 

PMN PMN-04PT 
6Nb 6Nb 

D2: 44.4 
(39.9) 

6.2 0.0 0.0 

\J 6.5 0.0 0.0 0.0 

24.7 '. 0.0 0.0 0.0 0.0 

D 1: 49.0 
(45.8) 

D2 : 43 .6 
(46.5) 

3.0 0.7 0.0 

\·. 9.0 3.4 0.4 0.0 

15.4\. 7.7 1.4 0. 1 0.0 

19.8 0.0 \. 0.0 0.0 0.0 0.0 14.1 8.8 \.2.2 0.3 0.0 0.0 

0.0 0.0 \ 0.0 0.0 0.0 0.0 4.0 1.3 \.0 .2 0.0 0.0 0.0 

6Mg 
(14 .2) NMg 

6Ti 6Mg (13 .8) NMg 
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[ PMN-I0PT 
6Nb 

0.7 0.5 0.1 

\ 2.9 2 .9 1.0 0.1 

6.5 \ 8.6 4.3 1.0 0.1 

7. 8 13 .0 \ 8.6 2.9 0.5 0.0 

DJ: 54.5 
(50.8) 

PMN-20PT 

D2: 36.1 
(50.0) 

6Nb 

0.0 0.0 0.0 

0.1 0.2 0.1 0.0 

0.5\ 1.5 1.7 0.9 0.2 

\ 9.1 6.8 2.6 0.4 

DJ : 60.7 
(44.9) 

NT; 

3.9 \ 7.8 6.5 \. 2.9 0.7 0.1 0.0 9.7 18 .2\ 18.2 10.2 3.1 0.4 

6Mg 
(7 .1) NMg 

6Ti 6Mg 
(5.0) 

Figure 5.36 - Theoretical Random Site Predictions compared against experimental 
results (in parenthesis) at 14.1 T for Ti concentrations <0.25 

In the figures shown above we have divided each of the triangles into 3 

distinct regions, the narrow peak corresponds to the configurations devoid of any 

niobium and in the cases illustrated above are only related to the NMg = 6 and NTi = 0 

configuration, the two broad sites D, and D2 have been assigned to 22 and 5 

configurations both containing varying number ofNb5
+. Thus as can be clearly seen 

there is a very high level of agreement between the random site model and our 

experimental results, however what becomes clear is that this model will breakdown 

for x values greater than 0.25 . This is simply due to the fact that as the concentration 

of Ti ions increases i.e. as the %PT approaches 25% relative to the concentration of 

Nb ions, a higher fraction of the Nb cations are required to maintain the pure Nb (/3 ") 

layer leaving only Mg and Ti cations on the 13' layers . In order to illustrate this point 

consider the following numerical example. At x = 0.25 the concentrations of the 

cations in the 13' layer can be calculated such that the 13 layer becomes a 50:50 

mixture of Mg and Ti cations and no Nb, while the 13" layer still remains pure Nb. 
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Until x = 0.25 Ti concentration; the 13" layer will be purely niobium cations. Perhaps 

unsurprisingly it is also around this area of concentration that MPB and its various 

phase transitions are seen, as previously detailed in Section 5.2. 

Thus in order to compute the predicted random site intensities of the 93Nb 

spectra for PT concentrations > 0.25 we can now use the modified expression shown 

below. Note it is a simplified version of equation 5.7 as we are now sure that all of the 

Nb cations are in the 13" layer only. As the niobium is only in one layer the 

concentration which accounts for the probability of the distribution between the sites 

(normalisation factor) is no longer necessary as this probability now has to be 1. 

D (N N ) - 6! (C ) NI/g (C ) Nr, 
F RS Mg ' Ti 'X - , , {J'Mg {J'Ti 

N Mg .NTi · 
(for x > 0.25) (5 .8) 

The random site predictions versus the actual experimental results for the remaining 

PMN-xPT samples are shown below in Table 5.4 

Number of PMN-PT Samples - Ti > 25% 
Mg PMN-25PT PMN-30PT PMN-33PT PMN-35PT PMN-37PT PMN-40PT PMN-50PT PMN-55PT PMN-70PT 

0 1.6 2.3 2.9 3.3 3.8 4.7 8.8 11 .8 26.2 
1 9.4 12.1 13.9 15.2 16.5 18.7 26 .3 30.3 39.3 
2 23.4 26.4 28 .1 29.0 29 .9 31 .1 32.9 32.4 24.6 
3 31 .3 30.8 30.2 29.6 28.9 27.7 22.0 18.5 8.2 
4 23.4 20.2 18.3 17.0 15.7 13.8 8.2 6.0 1.5 
5 9.4 7.1 5.9 5.2 4.6 3.7 1.7 1.0 0.2 
6 1.6 1.0 0.8 0.7 0.6 0.4 0.1 0.1 0.0 

01 34.4 40.8 44 .8 47.5 50 .3 54.4 68.0 74.4 90 .1 
Exp 0 1 40% 42% 50% 50% 41 % 37% 32% 20% 13% 
02 65 .6 59.2 55 .2 52 .5 49.7 45.6 32 .0 25.6 9.9 
Exp 02 56% 58% 50% 50% 59% 63% 68% 80% 87% 

Table 5.4 - Modified Random Site model for Ti concentrations greater than 0.25 
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These intensities are shown in a tabular form as opposed to the triangular 

diagrams of Figure 5.36, because at these compositions the only non-zero intensities 

fall along the bottom line of the triangle. 

5.5.3 Discussion of 93Nb NMR data from PMN-PT 

It is quite clear from the models presented that there is a significant agreement 

between the modified random site predictions above and our own experimental results 

for low PT concentrations. We should however be aware of the limitations of this 

analysis and the conclusions that can be drawn from this. First there is a degree of 

arbitrariness where the demarcation between D\ and D2 has been established in the 

modelled intensities. Since we have no other basis on how to assign things the 

environments ascribed to these are kept constant. However the NMR data support the 

model that has been advanced here at low PT concentration as is observed in Figure 

5.15 and 5.37(a) that the intensity of the sharp component which is assigned to the 

coordination of Nb by 6Mg, decreases steadily as Ti is added. For the sharp 

component it is also interesting to note that the observed intensity is always above the 

modelled intensity. Although at this stage the reason for this systematic discrepancy 

between the experimental and theoretical intensity of the sharp line is unsure, one can 

speculate that if the order in the 13' were not completely random, but there is some 

preference for Mg clustering owing to cation size then this could result in a less 

preferable Nb environment with 6Mg. This would need to studied further. It is clear 

that the results of the NMR experiments for PMN are in accordance with a model of 

the local structure in which there are alternating layers 13' (Nb and Mg randomly 

distributed in 1: 1 ratio) and 13' , layers (Nb only) normal to the (111) directions. 
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Figure 5.37 - Graphs of the observed and calculated percentage intensItIes for 
samples with x ~ 0.25 for (a) the sharp component; (b) D1 ; (c) D2. The solid squares 
represent observed intensities and the open diamonds calculated values from 
probabilities. Observed and calculated intensities each total 100% at each x. 

This model gives rise to the rock salt arrangement of /3 ' and /3" sites in the ordered 

regions and accounts for additional observed intensity in diffraction experiments at 

half integral positions Y:! (h,k,l) when h, k and I are all odd, when Nb and Mg alternate, 

as observed, for example, in the experiments of [29]. On doping with PbTi03 for x ~ 

0.25 , our results are consistent with a model in which the /3 " layers are preserved as 

Nb-only. Accordingly, Ti enters the /3 ' layers, which are then modelled as a random 

distribution of Mg, Nb and Ti although again from the intensity of the sharp line this 
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may not be completely true and some clustering may be expected. Also in these 

complex spectra more experiments would be necessary to unambiguously define the 

true distinction between different sites. This includes faster spinning at higher 

magnetic fields and the use of 2D-MQ experiments. Without this increased 

sophistication it would inappropriate to currently push this modelling further. 

However it can be noted that the intensity of the peaks Dl and D2 begins to show 

significant discrepancy from the modelled distribution at higher PT content. This must 

be a result of the peaks becoming more similar and this can be seen as the clear 

presence of two broad peaks at low PT content (e.g. Fig. 5.21) is not apparent at e.g. 

35PT (Fig. 5.28). From MQ data not shown here there is clearly an increasing 

distribution to the components at higher PT content. 
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5.6 207Pb NMR studies of PMN-PT samples 

Piette and Weaver
30 

reported the first NMR signals from 207Pb in 1958. It is 

the stable isotope with the highest atomic number, that has a spin quantum number of 

1=112. Therefore the 207Pb nucleus has no electric quadrupole moment, unlike the 

93Nb nucleus, but exhibits a large chemical shift anisiotropy owing to the large 

paramagnetic contribution to the shift from its numerous outer shell electrons. Thus 

the 207Pb nucleus can act as a local probe, being particularly sensitive to any 

displacements of the 207Pb cations from cubic positions. Unfortunately, long 

relaxation times, poor signal to noise ratios, large chemical shift ranges and typically 

broad line-shapes make it particularly challenging to obtain particularly results from 

207PbNMR. 

Fayon et al. 31 have measured the chemical shift parameters of the lead sites in 

a range of inorganic compounds. They discovered an empirical relationship between 

the isotropic chemical shifts and both the coordination number and mean Pb-O bond 

length. For covalent compounds, they showed that the isotropic chemical shift of lead 

has the strongest correlation with oxygen hybridisation and the electro negativity of 

the second nearest neighbour. Though owing to the disordered nature of PMN and 

PMN-xPT materials there are as of yet, no accurate references of the Pb-O bond 

lengths as determined through empirical NMR studies. However PMN is known to 

have a perovskite lattice structure with an average cubic unit cell symmetry32. The 

Pb(II) ions in PMN are surrounded by twelve oxygens with Pb-O bond lengths 

ranging from 2.47-3.25A33. The disordered B-site occupancy leads to a wider 

distribution of Pb sites. These ferroelectric relaxors materials are known to exhibit a 

high degree of covalency of the Pb-O bonds. 
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The 207Pb NMR spectra shown in Figure 5.38 were acquired at 4.7T e07Pb: 

40.88MHz) using a Chemagnetics-200 spectrometer. Most of the spectra were 

acquired using a "home-built" static 9mm probe, though a few spectra were obtained 

using a 4mm Bruker MAS probe spinning at approximately ~ 11 kHz. This was 

primarily to check the effect of MAS on the line width of the PMN-PT samples. The 

207Pb chemical shifts have been referenced with respect to solid lead nitrate, which 

has a known chemical shift of -3494ppm and is used commonly as a secondary 

standard with respect to aqueous 1.0 M Pb(N03)2 at -2961ppm both of which are 

quoted with respect to the primary shift of 207Pb with Pb(CH3)4 at 0 ppm. A spin 

echo pulse sequence as previously described in section 3.5.2 was used optimised with 

a pulse length of 2.5 flS and a recycle delay of 10 s. The relatively short relaxation 

time ofPMN and PMN-PT samples has been reported!7 to be related to the motion of 

the Nb5
+ cations and also to the proximity of a phase transition. 

The large line width of these spectra shown in Figure 5.38 is probably best 

explained by the dominance of the CSA interaction which produces a wide 

distribution of shift values. This probably occurs as the structure undergoes phase 

transitions from the initial cubic phase upon addition of Titanium to PMN. It is 

however quite likely that the wide observable Gaussian like structure is composed of 

a whole range of Pb sites making the deconvolution of these spectra somewhat 

speculative on the basis of the data presented here. 
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Figure 5.38 - Static 207Pb NMR spectra for the 9 PMN-PT samples 

Sample Name 
Peak Position Peak Width 

Ippm (±10ppm) 1Hz (±50Hz) 

PMN - Static 1980 35650 

PMN - MAS 12kHz 2000 32400 

Table 5.5- Shift and line widths for 207Pb NMR ofPMN - Static vs MAS 

PMN-40PT 

PMN-37PT 

PMN-35PT 

PMN-33PT 

PMN-30PT 

PMN-25PT 

PMN-20PT 

PMN-10PT 

PMN 

-500 
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The differences in shifts for the PMN-PT spectra that can be seen in Table 5.5 

above is probably best explained by differing covalence of the Pb-O bonds. It is 

curious to note that it seems that both the shift and the linewidth are independent of 

the concentration of titanium in the samples. Furthermore from figure 5.39 shown 

below it is also apparent that even the MAS spectra fails to significantly narrow the 

spectral linewidth enough in these materials to provide a clearer picture of the 

individual lead sites in such complex ferroelectric relaxor materials. 
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a) 
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o 

Figure 5.39 - 207Pb NMR spectra showing a) Static Spectra b) MAS spectra at 12kHz 

Very recently Zhou et al. 34 using a 2D-PASS spectra were able to separate the 

isotropic and anisotropic chemical shifts in PMN. They determined that J..l(8iso) or the 

mean value of 8iso was around -1343 ppm with cr(8iso) the standard deviation around 

206 ppm and that 8aniso ranges from -575 to -360 ppm while the asymmetry 

parameter YJ ranged from 0.6 to 0.9, showing that the shielding tensor is not axially 

symmetric. The strong linear correlations between the isotropic and anisotropic 
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chemical shifts show that the Pb-O bonds vary from more ionic to more covalent 

environments. Thus they explain that the existence of these different Pb-O bonds is 

directly dependant on the distributions of the mixed B site cations. 

Hence it would be an interesting study to see if indeed, in the PMN-xPT 

samples the lead distorts away from the larger Mg and Ti cations and towards the 

niobium cations. Hence from our own 93Nb NMR study of PMN-xPT samples in 

section 5.5 of this chapter, we identify two broad disordered components as DJ and 

D2. These components involve niobium cations with at least one nearest ~ site Nb 

neighbour, hence it follows that these components should have a direct relationship on 

the large off-centre A-site distortions of the Pb2
+ cation. This may also explain why 

DJ and D2 account for a more significant proportion of the material if it is a relaxor 

ferroelectric. 
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5.7 170 NMR studies of PMN-PT samples 

The application of solid state NMR to probe these ferroelectric relaxor 

materials is targeted at investigating the link between the atomic scale 

structure/ordering and their properties. In many other systems 170 solid state NMR 

has been shown to be a very good probe of ordering in inorganic materials, even when 

they are structurally disordered35
,36,37. Here the MAS NMR spectra of two 170_ 

enriched perovskite samples, pure PMN and PMN-35PT (close to the MPB), both in 

their initial as-formed amorphous state and in the final crystalline product, are 

presented (Fig. 5 AO) to see what information 170 NMR can provide. 

Figure 5AO(a) shows the spectrum of the amorphous sol-gel formed PMN 

with a moderately well defined peak at ~470ppm, but there is also some broader 

structure stretching down to lower frequencies with perhaps some features present at 

360 and 290ppm. On crystallisation (Fig. 5AO(b)) the PMN sample shows a ~50% 

reduction in linewidth and also a significant change in the dominant peak position to 

-378 ppm, although this might be two quite closely spaced lines at 487 and 380 ppm. 

In Fig. 5.40(c), the 170 MAS NMR spectrum from amorphous PMN-35PT, shows the 

broadest structure of all these samples such that in the initial amorphous state a width 

of -405ppm is observed, although it is possible to make out two distinct overlapping 

broad peaks, a more intense one centred at 383ppm and a second at 172ppm. The key 

sample to form is a well crystallised PMN-35PT, but as can be seen from figure 

5AO(d) it proved very difficult to obtain a spectrum with a satisfactory signal to noise 

ratio. The sample was manufactured several times to ensure that as little 170 label as 

possible was lost as in some of the earlier batches some of the label may have been 

lost due to leaks resulting in no 170 signal being detected. In Fig. 5 AO( d) it is just 

about possible to make out a peak at -3 73ppm, but any finer details cannot be 
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determined from this spectrum. The principal shift range associated with all these 

PMN-based materials appears to be relatively close to one another and lies from 300 

to 500ppm. 

(d) 

(c) 

(b) 

(a) 

800 600 400 
PPM 

200 o -200 

Figure 5.40 - 170 MAS NMR spectra of enriched sol-gel samples (a) amorphous PMN, 
(b) crystalline PMN, (c) amorphous PMN-35PT, (d) crystall ine PMN-35PT 

Sample 17 0 NMR at 8.45T 
Position (ppm) Width (ppm) 

Amorphous PMN 468 195 
360 not determined 

Crystalline PMN 410 not determined 
378 95 

Amorphous PMN-35PT 383 405 
172 

ClYstaili ne PMN-35PT 373 129 

* Errors Peak Position ± 2ppm , Widths ± 2 ppm 

Table 5.6 - 170 MAS NMR data amorphous and crystalline perovskite relaxor 
samples 
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The key question here is can the 170 NMR provide any additional insight into 

the ordering of the metals in the PMN perovskite (AB03) structure, particularly the 

metals on the B sites which correspond to the ~' and ~" layers. Such ordering is 

believed to important for the relaxor properties of these materials. The spectra of 

oxygen-emiched precursor oxides for PMN-PT are reported in Chapter 4 or have been 

previously given in detaies. Additionally the 170 MAS NMR of the closely related 

columbite, both in the initial, amorphous precursor phase and in the final highly 

crystalline product, where there are local magnesium and niobium nearest neighbour 

environments have been discussed in section 4.2.3.3. Also 170 MAS NMR has very 

recently been reported38 from PT which showed two very sharp resonances at 647 and 

443 ppm from axial and equatorial oxygens respectively. These peaks both 

correspond to Ti-O-Ti with additional coordination to lead, but as is widely seen in 

perovskites39 it is usually the B cation that strongly defines the 170 shift. 

In the initial amorphous PMN precursor the 170 MAS NMR peaks of the 

component pure oxides would be at 47ppm (MgO), 290ppm (PbO) and 565ppm (for 

ONb2 in Nb20 S). So a peak at 468 ppm and extending over the range ~550-150 ppm is 

an indication of the variety of local coordinations. The fact that there is not a whole 

set of well defined individual peaks is probably an indication of the variation in each 

of the local environments due to variations in bond length in the amorphous state. 

Then on crystallisation there is the definite peak at 378 ppm and a very great 

reduction in the broad component. PMN is a cubic perovskite so that there should be 

one inequivalent structural oxygen. However there can be different metal neighbours 

to this oxygen site (see Fig. 5.41). 
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Figure 5.41 Schematic view of the PMN structure showing the 
atomic distribution. 

The above structure shows in a more conventional crystal structure with the 

atomic positions and the (111) planes being the ~ ' (mixed Nb, Mg) and W' (pure Nb 

layers). These are the B cations and the oxygens clearly link these B cations between 

adjacent layers . There will also be bonds to Pb, but this bonding will effectively be 

constant for all oxygens. Hence the bonds will be Mg-O-Nb and Nb-O-Nb in the ratio 

2: 1. The peak at 378 ppm is towards the middle of the range for the pure component 

oxides so it is likely that the 170 enrichment has been successfully achieved in the 

PMN. It is somewhat surprising that separate resonances from the two supposed 

fragments Mg-O-Nb and Nb-O-Nb are not seen. In silicates all the distinct resonances 

from different fragments are usually readily resolved. Here a possible reason for the 

lack of resolution is that the oxygens have bonds to the lead as well as the other 

metals thereby any change of an individual metal will have less effect on the shift. 
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The crystalline nature of this sample is indicated by the reduction in the width of the 

main peak and the removal of the broad underlying component. 

For PMN-35PT similar peaks and effects of heat treatment are observed. The 

peaks in the amorphous state show a shift that extends over an even broader range 

than for the precursor PMN. This can be anticipated as there are more different 

cations in PMN -PT than PMN. The crystalline product again shows a decrease in the 

width but it is not as narrow as for the PMN. These differences between PMN and the 

PMN-PT mixture are both probably due to the fact that the B site can have a third 

occupant, titanium, and although still a nominal cubic perovskite there could be a 

larger range of distortions of local environments giving rise to a broader distribution 

of sites. This would need to be proved by further experiments. However again it is 

noteworthy that in this crystalline, but atomically disordered material distinct 

resonances cannot be observed from the different fragments as had been hoped to 

quantify the ordering with the PMN-PT structure. 

5.8 Conclusions and Further work 

In this chapter MAS and static NMR have been applied to different nuclei 

(170, 9~b, 207Pb) in order to ascertain the applicability of solid state NMR to obtain a 

clearer picture of the composition dependence of the local structure in the PMN-PT 

series of materials and try and relate this to their intriguing ferroelectric relaxor 

behaviour. Even though NMR is one of the few techniques available that allows us to 

probe this novel yet complex perovskite ferroelectric material at this length scale, 

there have been relatively few NMR studies ofthis class of materials especially PMN

PT. This is most likely a result of the nuclei in this system being challenging for 

NMR studies, a conclusion this thesis reinforces. 
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Three key nuclei were studied - 170 , 207Pb and 93Nb. For direct ID static and 

MAS spectra of 207Pb although good quality spectra could be obtained they were 

broad and generally featureless and did not provide any real insight since there was 

insufficient resolution to allow any further analysis. It may be that more sophisticated 

NMR techniques such as 2D-PASS NMR could be employed to separate out different 

components of the lineshape. The 170 results were also somewhat inconclusive as 

again in the ID MAS data clear resolution of different sites was not possible. This is 

probably a result of the level of enrichment in the initial sample and the ability to 

contain the enrichment under the high temperature heat treatment that is necessary to 

form the samples. If very high initial enrichment is used (70-90at%, very expensive!) 

and it can be retained then perhaps 2D sequences can be used (such as multiple 

quantum) to separate out the different components. However a conclusion here is that 

direct, ID MAS does not produce highly resolved spectra of the different M-O-M' 

fragments that are expected to be present. 

It needs to be recognised that such materials while crystalline nevertheless 

because of atomic disorder contain a whole range of environments that cannot be 

separated since they are effectively a continuum of environments. Other cases in 

inorganic materials where 170 NMR has provided information about the atomic 

ordering (e.g. sol-gel silicates and melt quench glasses) nearest neighbour effects are 

relatively simple and bipolar (i.e. M-O-M' bonds), whereas here the ordering effects 

of the ~' and ~" layers are much less straightforward. In the AB03 perovskite 

structure there are B-O-B' links but unlike the other examples where oxygen has been 

used to distinguish such units, here the oxygen also has links to Pb which remain 

constant and mean that there is less variation due to the B bonding. Also in the PMN-

PT there will be several different B-O-B' bonds e.g. Nb-O-Mg, Nb-O-Pb, etc. which 
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may result in a number of overlapping peaks and a broad distribution of resonances 

(broadened further by the structural variations between sites in these materials), but 

more work is necessary to understand the main causes of the line broadening. 

The most important observation here has been the 93Nb NMR since in the 

thr ' .c. PMN19,2021 ee previOUS reports !fom ' there was no agreement as to the correct NMR 

interaction parameters for the niobium sites. Our data strongly agrees with that of 

Hoatson et al. 21 suggesting that those of the other workers must indeed be incorrect 

and this is a key observation as the only previous detailed study of 93Nb NMR in 

PMN-PT will consequently have used completely incorrect parameters to simulate 

their 93Nb NMR spectra from pMN-PT. Hence there are three distinguishable niobium 

populations (at least with low PT content), a much more symmetric environment 

associated with 6 magnesiums (CQ = 12 MHz) and the two other associated with 

mixtures of magnesium, niobium and titanium (CQ = 24.4 and 28.6 MHz). The next, 

next nearest neighbours for each of the two broader resonances can be consistently, if 

not unambiguously assigned by using the two layer model suggested by Hoatson et 

al. 21 for PMN-PSN. This model could be adopted directly in PMN-PT for <25% PT 

with two layers, a purely niobium-containing one and a randomly mixed (Mg, Nb, Ti) 

one. The intensity distribution indicates that the mixed layer is largely randomly 

mixed, but with a slight tendency for Mg to cluster. Here the assignment of particular 

species with lines Dl and D2 is still problematic, but at low PT contents the intensity 

variation can be approximately explained. For PMN-PT this model had to be modified 

from that for PMN-PSN as in that system it was always possible to maintain a pure 

niobium layer at all PSN concentrations. The new model developed for PT >25%, 

whereby excess Ti (rather than a random mixing) occurs in the initially pure niobium 

layer was able to provide an accurate description of the observed intensity changes, 
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with the structural assignment of all the peaks being consistent across the whole 

composition range. Perhaps one could speculate that the NMR reported here is giving 

an important clue as to the diffuse nature of the relaxor ferroelectric transition and the 

type of phase it might occur in. Ferroelectric transitions are related to local structural 

distortion. In PMN-PT the 93Nb and 170 NMR shows clearly that the atomic disorder 

produces a whole range of sites with a range of local structural distortions, that blur 

the macroscopic bulk transition in these samples. 

There are two clear sets of further study that could be undertaken. One would 

be better constrain the 93Nb NMR and hence the spectral intensities and the 

distribution of interaction parameters by a combination of higher field data and 

multiple quantum experiments. The other would be to put down a challenge to 

theoretical physicists by giving the local ordering and the range of distortions 

modelled by NMR and seeing what the calculated ferroelectric transition profile 

should be an intriguing question that may remain intractable to 

calculation/computation for some time to corne. 
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Chapter Six 

6.1 Introduction 

The first reported paper describing the interesting ferroelectric properties of the 

A-site, complex perovskite compound NBT (NaosBios Ti03), was by Smolenskii et aZ. 1 in 

1960. Interestingly this was the same group who also first reported on the interesting 

ferroelectric properties of PMN-PT two years earlier. Though lead-based ferroelectrics 

such as PZT, PL T and PMN-PT are well known to exhibit some of the highest 

piezoelectric co-efficients
2

, the toxicity of lead and the high vapour pressure of lead oxide 

make it more difficult to produce these easily and safely. Furthermore this also leads to 

these materials being unsuitable for more specific biological applications. Hence a small 

number of researchers became increasingly involved in the research of lead-free 

piezoelectric materials. NKBT (Nal-xKxBiosTi03) is a promising candidate for use in 

biological applications and devices as single crystal forms are readily available and have 

enhanced ferroelectric and electromechanical properties. Furthermore the sintering 

temperature of 1150°C is compatible with existing multilayer3 technologies. However 

even though controlling the stoichiometry of NKBT is much easier than that of 

lead-containing ferroelectric materials, the volatilisation of the bismuth during the heat 

treatment often brings about some unwanted effects on the physical properties of the 

material. 

However compared to their lead-based counterparts there is a shortage of 

literature detailing these materials, and there have been no reported NMR studies of 

NKBT single crystals to date. 
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6.2 NBT, KBT and NKBT 

NBT (NaosBiosTi03) is a prototype perovskite relaxor ferroelectric4 . As a 

characteristic of such relaxor ferroelectrics it shows a broad dielectric anomaly, the 

temperature of which is dependent upon frequency. On average NBT possesses a 

rhombohedral (R) structure of R3c symmetry in which the Bi is severely under-bondeds. 

A recent EXAFS experiment6 has indicated that this may be because previous 

crystallographic studies have underestimated the Bi-O bond length, and that it is quite 

possible that there are between 3 and 4 short Bi-O bonds. Unfortunately crystallographic 

data is not sufficiently sensitive to the local structure for a more complete model to be 

solved. 

KBT (Ko.sBio.s Ti03) is also an A-site substituted perovskite ferroelectric 

compoundl. There have been very few studies related to KBT, however, Smolenskii et 

al. l using X-ray diffraction techniques confirmed the perovskite structure of this material. 

In several subsequent XRD studies as a function of temperature, several authors have 

commented on an unidentified intermediate phase, which is both stable and ferroelectric 

at temperatures above 540 K. However there is still no clear agreement about the nature 

of this phase and some authors even regard this phase as antiferroelectric. 

Doping NBT with potassium leads to the formation ofNKBT (Nal-xKxBio.sTi03) 

and introduces a morphotropic phase boundary (MPB) in the material (the concept of 

MPB and its importance in ferroelectrics has already been discussed in detail in section 

5.2 of this thesis) at around 20% K doping. As with the PMN-PT series of ferroelectrics 

the phase transition at the MPB is from Rhombohedral to Tetragonal (T,P4mml It is of 

general interest to follow this structural change from the R to the T phase at an atomic 
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structural level and compare this to the average crystallographic structure. As discussed 

in detail for PMN-PT in Section 5.2 of this thesis we know that the phase transitions in 

PMN-PT take place via intermediate monoclinic phases and that the B-cations follow a 

random-site distribution among alternating B-cation filled planes. However as there is no 

compositional disorder on the B-sites of this material, it will be particularly interesting to 

see the role of the A-site substituting cations in NKBT and compare the local structural 

mechanisms with that of the PMN-PT system. 

As details of the sample preparation have already been described in Section 3.8.3 

ofthis thesis they will not be repeated in this Chapter. 

6.3 23Na NMR studies of NKBT samples 

23Na is a quadrupolar nucleus with a magnetic spin quantum number I = 3/2. As it 

has 100% natural abundance it has much better NMR spectral sensitivity than 170 NMR. 

As with all quadrupolar nuclei (such as the 93Nb discussed in greater detail in the 

previous chapter) the use of higher magnetic fields and higher MAS speeds helps to 

significantly narrow the second-order quadrupolar broadening. Generally in simple 

sodium compounds 23Na MAS NMR spectra show quite symmetrical Na environments 

with quite narrow resonances, in these compounds the quadrupolar interaction parameters 

are often close to zero. However in more complex Na compounds, such as NKBT, well 

defined 23Na second-order quadrupolar line shapes are clearly visible. 

One of the key objectives in 23Na NMR studies is to try and derive a relationship 

between a measured NMR parameter (such as chemical shift or the quadrupolar coupling 

constant XQ) and some structural parameters of the material. In fact good correlations 
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have been found between Oiso and the mean Na-O bond length for groups of sodium

containing compounds such as crystalline silicates8 and aluminosilicates9
, crystalline 

germanates 10, borates and carbonates lO and sodium aluminium flourides". 

An interesting study of alkali borate glasses by Ratai et al. 12 has shown that the 

23Na Oiso value becomes more positive on the substitution of K for Na. These 

observations led to Stebbins13 suggesting that based on the behaviour of such binary 

glasses the average size of the sites occupied by a given cation (Na in this case) increases 

with partial substitution by a smaller cation and decreases with partial substitution of a 

larger cation, leading to the conclusion that there must be several other competing factors 

that determine the actual behaviour of the material. 

Another interesting 23Na MAS NMR study by Philips et al. 14 on crystalline albite 

(NaAISh08) showed that as the composition is doped with increasing amounts of K, the 

23Na NMR lineshapes become less resolved due to inhomogeneous line broadening. 

When the same experiment was repeated at a higher field, as the spectra are now less 

influenced by the second-order quadrupolar effects, the still substantial broadening is 

more likely to reflect a range of isotropic chemical shifts, arising from the 

inhomogeneous distribution ofK and Na throughout the sample. 

Hence for the 23Na MAS NMR study of the 9 NKBT samples, it was decided to 

perform the experiment at two different fields 8.45 T and 14.1 T, so that the field 

dependence of the second-order quadrupolar effects would allow better determination of 

the interactions taking place within the material. Furthermore in order to investigate the 

effects of the MAS speed on the linewidths and lineshapes of the spectra all the 8.45 T 

sodium spectra were acquired at 3 different spinning speeds ~8kHz, ~12kHz, ~16kHz. 
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Sample 
8 kHz 12 kHz 16 kHz 

Position (ppm) Width (Hz) Position (ppm) Width (Hz) Position (ppm) Width (Hz) 

25NKBT -26.2 336 -27 330 -25.7 329 

35NKBT -25.9 367 -26.8 340 -25.6 356 

50NKBT -25.4 472 -26 .2 450 -24.9 440 

65NKBT -23 .3 501 -24.1 470 -23 471 

78NKBT -24.8 530 -24.8 530 -24.8 515 

83NKBT -23.3 546 -23.7 540 -23.7 515 

NBT -23 .2 564 -23 550 -23 574 

* Errors: Peak Position ± 1 ppm , Width ± 5 Hz 

Table 6.1 - 23Na MAS NMR spectral linewidths and shifts at spinning speeds of ~8kHz, 

~ 12kHz, ~ 16kHz. 

As can be seen from Table 6.1 there is no significant difference between the 

linewidths at three spinning speeds. Hence it can be seen that full narrowing is occurring 

at 12kHz, so that even though there may be a distribution of interaction parameters they 

are being narrowed at 12kHz. Hence the actual lineshapes of the spectra are an accurate 

representation of the sodium environment in the samples. Figure 6.1 below shows the 

23Na MAS NMR spectra of the 9 NKBT samples at two different fields 
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Figure 6.1 - 23Na MAS NMR spectra for NKBT Samples at (a) ~ 12kHz at 8.45T 
and (b) ~ 18kHz at 14.1 T 



From Figure 6. 1 it is poss ible to discern that there is a grad ual decrease in 

linewidth and also a negative shift as the K concentration increases. Based on the field 

dependence of the centre of gravity of a particular peak it is also possible to derive an 

estimate of the chemical shifts and the quadrupo lar effect parameter P
Q

. Furthermore P
Q 

can be used to compute XQ based on the re lat ionship PQ = XQ(1 +T] 2/3) 1/2 . The peak 

position can also be used to compute the isotropic chemical shi ft 6
es 

p2 
5 = 5 _---.SL 

peak ISO 40v 2 
o 

(6. I) 

Thus based on the data from two different fiel ds an estimate of both PQ and 6;so can be 

found , and these results are shown in Table 6.2 below. 

Samples BO=8.45T BO=14.1T Po(MHz) /) i,o (ppm) 
Peak Pos ition (ppm) Linewidth (Hz) Peak Pos ition (ppm) Linewidth (Hz) 

25NKBT -27.0 330 -15.6 450 2.54 

35NKBT -26.8 340 -15.6 480 2.52 

50NKBT 26.2 450 13.7 640 2.67 

65NKBT -24.1 470 -12 .0 660 2.62 

78NKBT -24.8 530 11.7 640 2.73 

83NKBT -23.7 540 11 .3 610 2.65 

100NKBT -23.0 550 -1 0.7 580 2.65 

* Errors: Peak Position ± I ppm, Widths ±5 Hz, PQ ± 0.1 MHz, 6;so ± I ppm 

Table 6.2 - 23Na peak positions and linewidths for the sod.ium-c~ntaining NKBT samples at 
magnetic fields of 8.45 and 14. I T with the isotropic chemIcal shIft and the calculated 
quadrupolar effect parameter 
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The spectra with higher concentrations of K appear to be more symmetric. 

However upon addition of increasing amounts ofNa the linewidths begin to increase and 

the lineshapes appear more asymmetrical. This is quite common phenomenon in 

quadrupolar nuclei as the asymmetry is usually a result of the superposition of different 

sites that show small variation in their Oiso while showing a greater variation in the actual 

site distortion which is manifested through a greater variation in the quadrupolar 

parameter PQ• (Refer Table 6.2) 

Also it is worthy to note that the sample 78NKBT where the alleged MPB is 

believed to lie in this system 7 appears to have slightly different characteristics from both 

the sample with slightly greater or slightly lower K concentrations. This is probably 

caused by the increased disorder on the A-site as a result of possibly two phases co

existing as an inhomogeneous distribution at the local order level of the material. Hence 

there is certainly an interesting influence of competing local interactions on the resulting 

average crystallographic structure around the MPB. 

6.4 39K MAS NMR study of NKBT samples 

39K has a natural abundance of 93.1 % yet its small magnetic moment and 

quadrupolar properties (it is a spin 1= 3/2 nucleus) mean that to date there have been 

relatively few NMR studies. 39K MAS NMR often requires the addition of a low 

frequency converter known as a low-gamma box as most commercial probes do not 

ordinarily tune to the Larmor frequency of potassium. For our MAS NMR experiments 

the Larmor frequency of 39K on the 14.1 T magnet was 28MHz. 
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All the 39K MAS NMR spectra shown in Figure 6.2 below have been acquired at 

14. I T using the 'Oldfield echo ' pulse sequence. The samples were spun at ~ 18kHz 

using a Chemagnetics 3.2mm probe and rotor. The samples were all referenced using the 

shift with respect to dilute aqueous KCI. 

I 

200 100 o -100 

ppm 

83 NKBT 

78 NKBT 

50 NKBT 

25 NKBT 

-200 -300 

Figure 6.2 - 18kHz 39K MAS NMR spectra for 4 selected NKBT Samples at 14. I T 
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Unfortunately the large linewidths as can be seen in the spectra shown in Figure 

6.2 above are dominated by chemical shift dispersion though there is also considerable 

influence of the second-order quadrupolar interaction. It is therefore quite likely that this 

wide Gaussian-like feature is therefore composed of a considerable range of overlapping 

K sites making the deconvolution of the spectra more speculative than informative. 

From the spectra shown above it is however apparent that as the potassium 

concentration decreases the spectra becomes more asymmetrical although they do not 

exhibit any change in overall peak position. Linewidths cannot be accurately measured as 

there is significant artificial line-broadening owing to both a reduction in potassium 

concentrations and the combination of the chemical shift dispersion and second-order 

quadrupolar broadening. No obvious change in the spectral line shape is noticed on 

either side of the MPB. 

However as this is probably the first 39K MAS NMR study of the NKBT series of 

materials to our knowledge, when combined with the more informative 23Na MAS NMR 

study in the previous section we can now begin to form a much clearer picture of the 

changes taking p lace on the A -site of this material. 

6.4 Conclusions and Further work 

The 23Na and 39K MAS NMR data have been reported from the A-site substituted 

phase NKBT. The 23Na data is the more informative and hints that these may be some 

interesting changes close to the MPB. More detailed work with higher-precision on the 

. . d the MPB would be more informative. It may also be possible to composltIOns aroun 

look at the 170 environment in these materials by preparing enriched samples using a sol-
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gel route. NMR studies at higher fields will also be a distinct advantage as this would 

reduce errors of the extrapolated isotropic shifts. 
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