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A series of experiments using synchrotron x-ray radiation to study ferroelectrics
are performed. Primarily, the ferroelectric relaxor lead magnesium niobate,

Pb(Mg, 5Nb,;3)Os, and related systems are investigated. PMN is an important ferroelectric
with a maximum dielectric constant of 30,000 and a broad dielectric transition near room
temperature. Diffraction experiments reveal domains of chemical ordering of the Mg and
Nb cations. These ordered domains are limited to about 50 A in size and result in broad
and weak superstructure reflections. Crystallographic measurements of superstructure
peaks are used to find the structure of the ordered domains.

By doping PMN with lanthanum (La-PMN) to replace the lead, the ordered
domain size is increased: up to 900 A for 10% La content. Again, the structure of the
ordered domains is studied and the chemical ordering is seen to change from complete
chemical ordering between the Nb and Mg ions (space charge model) to chemical ordering
between Nb and (Mg,;Nb;3)--random layer model. While some of the increase in ordered
domain size may be due to the additional charge provided by La’", an alternative
explanation based on internal strain arguments is provided.

The effect of the ordered domain size together with dielectric measurements are
described in order to better understand the relaxor behavior. The relaxor behavior can be
understood in terms of the interference of the chemically ordered domains with the

ferroelectric polar domains. As the chemically ordered domain size increases, the La-

PMN crystals become more relaxor like. Doping with titanium (PMN-PT) on the Mg/Nb
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site leads to decreasing ordered domain size and an increase of the ferroelectrically active
polar domains. Further evidence of the importance of strain to the degree of chemical
ordering is provided by growing thin films of PMN on a substrate with a smaller lattice
constant (StRuQO3). The mismatch in lattice constant produces a compressive strain on the
films and the degree of ordering is seen to increase compared to bulk PMN.

A diffraction anomalous fine structure (DAFS) experiment is also performed on
PMN to independently confirm the structure found using crystallography. By sitting at a
superstructure reflection, only the signal coming from the chemically ordered domains is
collected, so the bond lengths from within the ordered domains can be determined.

Finally, experiments on thin films of anti-ferroelectric lead zirconate, PbZrO;, are
performed. PZ undergoes a phase transition from anti-ferroelectric to paraelectric cubic at
230° C. The effect of the thin film PZ samples is to change its phase transition from first
to higher order, as measured by the intensity of the superstructure peaks and the

orthorhombic order parameter.
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Chapter 1

Introduction

In this thesis, x-ray diffraction is used to study ferroelectric materials. Although x-
ray diffraction has been practiced for almost 90 years, it is still a valuable and versatile
tool. Its original purpose of crystallography, or determining the atomic structure of solids,
is a well developed science that is continually being used to solve larger and more
complicated structures in a variety of fields. In solid state physics it is important to know
the structure of new materials. In addition, x-ray diffraction can be used to study more
subtle features of crystals such as small domains within a crystal, microstructural features,
structural phase transitions and the properties of thin films. Understanding the
relationship between structure and properties can lead to both physical insight and
enhanced material properties.

With the advent of synchrotron sources, very intense x-ray beams can be produced.
Synchrotron sources accelerate charged particles in a ring, providing x-ray beams to many
experimental stations. The increased intensity has led to entirely new areas of
investigation in addition to decreasing the time needed for standard x-ray diffraction
experiments. For example, the scattering from a single atomic layer can now be easily
observed with synchrotron radiation. The penetration of x-rays through thin films also

allows the surface of a film and its interface with a substrate to be studied simultaneously.



An important advantage of x-ray diffraction is that it requires no special sample
preparation and in most cases has no effect on the material under investigation. Hence, in
situ experiments can be performed to study phase transitions or thin film growth
processes.

Other x-ray measurements have been recently developed including the extended x-
ray absorption fine structure (EXAFS) technique. EXAFS relies upon the ability of
synchrotron sources to finely tune the incoming photon’s energy. By scanning energy near
an atomic excitation level, photoelectrons are ejected, and they interfere with neighboring
atoms. The resulting interference pattern can be used to determine the neighboring atom’s
precise positions. A similar technique, diffraction anomalous fine structure (DAFS),
combines EXAFS with x-ray diffraction to study specific regions within a larger crystal.
While x-ray diffraction is a long range order technique, EXAFS and DAFS are short range
order techniques, so the two complement each other. Since x-ray diffraction requires long
range order, its response is related to the average crystal structure.

The interpretation of x-ray diffraction data is straightforward and does not rely on
complicated analysis procedures. As described in Chapter 2, the diffraction pattern is a
Fourier transform of the crystal’s electronic density. A derivation of the scattering of x-
rays by crystals is given as well as the techniques that are used to determine crystal
structures based on intensity data. Other experimental details such as finite size effect,
mosaic spread and resonant scattering are discussed. In addition, details about the
experimental set up including the x-ray beamline, diffractometer and measurement
techniques are described.

The goal in using x-ray diffraction to study crystal structure is not simply to

measure the precise atomic positions of a variety of samples. Rather, crystal structures are
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determined in order to better understand the material’s properties. These structure
property relationships can lend insight into a material’s behavior and help one to
understand what features of a crystal can be changed to enhance a particular parameter.
For example, ferroelectrics are materials that can have a net spontaneous electrical
polarization below a critical, or Curie, temperature. The polarization results from the
lining up of electric dipoles created by displacements of ions within each unit cell. By
measuring these atomic displacements, the ferroelectric behavior can be better understood.
Chapter 3 serves as an introduction to ferroelectrics, specifically focusing on the
ferroelectrics that are the subject of this thesis. By definition, ferroelectrics can have a net
spontaneous polarization, and the polarization direction can be oriented via application of
an electric field. This can be seen in the hysteretic behavior of the polarization versus
electric field graph. The dipole moments line up with each other in “domains” that range
in size from a few unit cells to the entire crystal. An anti-ferroelectric material contains
dipole moments that are oppositely oriented in adjoining unit cells. Normal ferroelectrics
exhibit sharp increases in their dielectric constant as temperature is varied through a phase
transition at the Curie temperature. In contrast, relaxor ferroelectrics have a very gradual
transition and usually have much higher dielectric constants. Ferroelectrics also
commonly have a large piezoelectric effect, which is the strain produced in response to an
applied external electric field. Both normal and relaxor ferroelectrics are used in many
applications that take advantage of these phenomena.

Chapter 4 contains the main crystallographic results of this work and is mostly
concerned with the relaxor ferroelectric lead magnesium niobate or PMN. PMN has the
chemical formula Pb(Mg,; sNb,3)O; and consists of unit cells of Pb atoms on the corners,

O atoms on the faces and either a Mg or Nb ion in the body center of each unit cell.
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Although there is twice as much Nb as Mg in the entire crystal, limited regions engage in
1:1 chemical ordering on the B-sites of adjacent unit cells. This additional ordering occurs
only in very small regions (~ 50 A) and gives rise to additional “superstructure” peaks in
the diffraction pattern. Understanding the cation heterogeneity within PMN and its
relation to the ferroelectric response helps understand its behavior and the cause of the
relaxor phenomena. Dopants of La on the A-site are seen to increase the ordered domain
size while dopants of Ti on the B-site decrease it. The structure of these ordered regions
in each crystal is determined via crystallographic analysis. In addition, dielectric
measurements record the ferroelectric behavior of the various crystals, and an
interpretation of the properties based on the crystal structure is given. In addition, crystals
of lead zinc niobate (identical composition to PMN except for Zn replacing Mg) are
studied to further develop the analysis.

While ferroelectrics have been researched and used in applications for about 50
years, a rapidly developing new field is thin film ferroelectrics. With a number of
advanced deposition techniques developed recently, it is now possible to grow very small
ferroelectric devices with material properties that approach their bulk counterparts. These
advances have led to ever smaller and more robust applications as well as the
incorporation of ferroelectrics as capacitors, sensors and actuators on silicon devices.

The effects of surfaces are investigated in Chapter 5, which looks at thin films of
PMN to compare their behavior with the bulk crystals. By growing the films on a
substrate with a smaller lattice constant, the effect of compressive strain on the ordering
behavior of Mg and Nb was studied. This has important implications in determining the
type of chemical ordering that is present in PMN. Using synchrotron radiation, films as

small as 50 A are easily studied. In addition, structural information as well as interfacial
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strain/mismatch are measured. The effect of the substrate causes important changes in the
ferroelectric behavior of these films.

In Chapter 6, two techniques are used which rely on resonant scattering. In the
first experiment, DAFS is used to measure an important bond length within the very small
domains that are embedded in the rest of the crystal. By combining EXAFS with the
superstructure diffraction condition, the Nb-O bond length only within the ordered regions
is measured. In the second part, the resonant scattering of Nb is used to measure whether
its concentration varies in different regions of the crystal. Resonant scattering scans the
incoming photon energy through an atomic transition level of one of the atoms in the
crystal. By measuring the change in diffracted intensity of different peaks, the amount of
Nb that is participating in that diffraction can be estimated.

In Chapter 7, thin films of lead zirconate grown by the chemical solution
deposition, or sol-gel, technique are investigated. Lead zirconate is actually an anti-
ferroelectric that has an important phase transition at 230° C. It also has an interesting
electric field response and both of these parameters were studied in an in situ experiment.
Lead zirconate is an important material that finds applications ranging from piezoelectric
effect to charge storage to actuation. As a parent material of the important actuator lead
zirconate titanate, Pb(Zr,Ti,_,)Os, its behavior can lend insight to that widely studied
system as well. One important consequence of the thin films of lead zirconate compared
to the bulk was that the phase transition behavior changed from first to higher order. The
effect of the substrate on the crystalline quality is also investigated, and the structure of the
thin films differs significantly from bulk lead zirconate. The interaction with the substrate
leads to the film breaking up into small crystalline grains which are allowed to orient with

one degree of freedom. Usual crystallographic techniques can not be used, and intensities
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are very weak. Using synchrotron radiation, the diffraction pattern is still observable and
some structural information was derived. The change in the films’ dielectric properties are

interpreted in terms of the different crystalline structure.



Chapter 2

X-ray Diffraction

2.1 Introduction

X-ray diffraction is a non-invasive method for determining many types of
structural features in both crystalline and amorphous materials. In the case of single
crystals, detailed features of the atomic structure, orientation and domain size can be
measured. X-ray diffraction is used in a variety of fields from identifying unknown
materials in geology to solving the structures of large proteins in biology. It is a well
established technique that has been around for most of this century. Recent advances in
sources have opened up entirely new areas of research that previously had been
unavailable. Synchrotron sources employ a ring of accelerated charged particles which
emit intense x-ray radiation that is focused down beamlines into experimental stations.
The National Synchrotron Light Source at Brookhaven National Laboratory can produce
beams of x-rays with several orders of magnitude more intensity than conventional anode
tube sources.

In the experiments described in this thesis, the increased intensity coming from the
synchrotron radiation and the use of single crystals made it possible to study very small
domains in lead magnesium niobate, Pb(Mg;3Nb,;;)O;. Since synchrotron radiation

occurs across a broad spectrum of energies, it was also possible to do energy dependent



scattering experiments. In contrast, an anode source gives appreciable intensity only at an
energy that corresponds to an atomic level in the anode metal. By tuning the wavelength
of the x-rays, experiments that exploit the resonant scattering of atoms within a crystal
were also performed on PMN. When measuring thin films, x-ray diffraction gives
important information about both the film and the substrate. Properties such as strain and
other interfacial effects can be measured. Because of the semi-crystalline nature of the
thin films of lead zirconate in this experiment, synchrotron radiation was needed for
accurate structural analysis and to even observe some of the diffraction peaks. The intense
synchrotron x-ray beams also allow the measurement of very small domains and the

structure of films as thin as 50 A.

2.2 Overview

X-ray diffraction involves scattering of incoming x-rays from planes of atoms
within a crystal. X-rays are used to study crystalline structure because their wavelengths
(~ 1 A) tend to be on the same order or smaller as atomic spacings in crystals. To better
understand the effect of a crystal on a beam of x-rays, it is helpful to start from the basics
of electromagnetic radiation scattering from an atom and build up to scattering from an
entire crystal. It is assumed initially that the energy of the x-rays is not near to an
electronic level of one of the crystal’s atoms. When that is the case, the x-ray beam may
be absorbed by the atom with the subsequent ejection of electrons, and this case will be
covered in Chapter 6.

Following classical theory, the incoming radiation has an electric field vector that

is oscillating rapidly. Electrons within the atoms in the crystal are subjected to this field



and experience a corresponding force and acceleration. This acceleration in turn causes
those atoms to radiate both at the same frequency (elastic scattering) and at smaller
frequencies (Compton modified scattering). The Compton radiation contributes only a
diffuse background which is incoherent and can be ignored here.

Assuming the dipole approximation, the Thomson formula [1] gives the scattered
amplitude emitted from a single electron at position » as a function of the incoming

amplitude:

2
e

mc’R

—ik M _ —ik. [
Ade " =A™

(D

where 4, and 4, are the emitted and incoming amplitudes, respectively. As is the case for
the experiments described here, the assumption of polarization perpendicular to the
scattering plane is made so that its effects need not be considered. The emitted and
incoming wavenumbers, k;and k;, have magnitudes given by 21t over the wavelength and
describe the direction of each beam. The electron mass and charge are m and e, speed of
light is ¢, and R is the distance from the scattering electron to the detector. Since the
factor e’/mc’ is of the order of 10" meters, scattering becomes appreciable only when
many electrons are involved.

The momentum transfer ¢ is defined as the difference between the incoming and
outgoing wavevectors (Figure 2.1). Requiring elastic scattering gives |k;| = |kd = k|. By

referring to Figure 2.1, one sees that Bragg’ s law is obtained:

. 26
lg1=2/KIsin = @

where 20 is the angle between the incoming and outgoing beams, and is known as the



Figure 2.1. Incoming, k;, and outgoing, k;, wavevectors define the scattering plane [2].
The momentum transfer, q, is k¢ - k; and 20 is the Bragg angle.

Bragg angle. Since the momentum transfer ¢ is k;- k;, equation 1 can be rewritten as:

2
A= 4y explig ) G)

In observing this radiation, only the intensity can be measured which is proportional to the

square of the amplitude. Using the kinematical approximation, the scattering amplitude

from more than one electron can be found by summing the amplitudes of each electron.
Next, the scattering from one atom is considered, following the treatment given by

Robinson and Tweet [2]. Because of the strong interaction between the electromagnetic

radiation and the electrons, the effect of the atom’s nucleus can be disregarded. The

scattering from an atom is then simply the sum of the scattering from each electron within
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the atom. Consider Z electrons at positions 7" around an atom at . Then the scattered

amplitude is:
e2
A =4 —— E expliq lir +r
atom 0 mczR - p[ q m )] (4)

This can be converted to an integral over electronic density, Py’ = p:

2

2
€ o 1 (] | — e i
Aatom = AO —2J- eXp[lq mr tr )]p(r )d3r - AO —2f(CI)€ qe (5)
mc” R mc R
and this expression defines the atomic form factor:
f(q) = _[ o Yexp(iq ¥ )d’7 ©)

In practice, atomic form factors are experimentally derived quantities which are either
tabulated or fit to polynomials. They are equal to the atomic number when ¢ = 0, and
generally decrease as g increases. They are independent of the wavelength except near
atomic transitions which will be discussed in Chapter 6.

To find the scattering from one unit cell one must sum the scattering from each

atom within a unit cell. A unit cell contains all the necessary structural information about

a crystal including the number, type and relative position of each atom. The ideal crystal

is composed of these space filling unit cells that occupy every point on the crystal lattice.

The positions of the unit cells can be described by R, = n;a;+ n,a,+ nsa; where the a’s are

the crystal axes. Considering just one unit cell at position R, which has N, atoms at

positions r; within the unit cell (Figure 2.2), the sum of the scattering amplitudes is given

by:
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A=A, ;;;Rioilf/ (9) exp(iq E@Rn +r, )) (7)

2
e

1 )
= A, —5—F(q)exp(iq [R,)
mc” R

0

which defines the structure factor:
N,
F(a) =" f,(g)exp(iq ) (8)
=1

This complex function contains all the structural information about the crystal. One of the

objectives of x-ray diffraction is to measure enough structure factors of a crystal to

Figure 2.2. Consider a photon scattering from one unit cell which has its origin at R, and
N, atoms located at positions r; within the unit cell [2]. Detector is much farther than the
crystal size at position Ry,.
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determine its structure within a certain allowable error.

The final step in finding the scattered amplitude from a crystal is to sum the
previous expression over every unit cell. Consider an atom with N;XN,XNj; unit cells
along the crystal axes a;,a,,a;. Each unit cell is at a position R, = n;a;+n,a,+n;a;, so the

net amplitude is:

2

1 N, N, N )
A = 4y nfcz R_F(q)zzz eXP(lq [Onlal tn,a, +n3a3)) )
0 =g

F(q) can be pulled out of the sum and contains all the structural information. The number

of unit cells is typically of the order N ~ 10%, and each sum evaluates to:

exp(iq DNa) -1
exp(iq Hl) -1

S,(q) = (10)

Since squared amplitudes are measured, this expression must be squared to find the

diffracted intensity:

_sin® Nq[&a/2

Sy(q @)’
Sy (q[2)] sin® q ()2

(11)

which is the well known slit function from optics. Because N is so large, the slit function
is very sharply peaked with a height of N* when the denominator evaluates to zero (i.e.
q.a=21). Everywhere else, it evaluates to nearly zero.

Putting together all expressions, the total diffracted amplitude is:
2

e
Ay =4y }’I’ICTRF(q)SNI (q B1)SN2 (q a2)SN3 (qfa,) (12)

0
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In order for there to be any appreciable intensity, each slit function must simultaneously be

at or very near a maximum. These three Laue conditions can be written as:

qla, =27
qla, =27k (13)
qla, =27

The vector q that satisfies all three of these equations is:

q=hb, +kb, +Ib, (14)
The b’s themselves define another lattice--the reciprocal lattice--and they are known as
‘reciprocal lattice vectors.” They are derived from the original lattice vectors that
described the crystal:

a, Xa,
b, =2r——
a, la, xa,

(15)
and similarly for b, and b;. The reciprocal lattice is a more convenient space to work in
when describing and performing diffraction experiments. The diffraction condition is met
when the momentum transfer vector, q, connects the origin with one of the points on the
reciprocal lattice. In practice, the measured intensities are reduced by the Debye-Waller

factor which accounts for the thermal vibrations of each atom about its equilibrium

position.
2.3 Size effect and mosaic

Considering equation 11 above, the effect of crystalline size can be determined.

The slit function S(q) can be approximated as a Gaussian because it is basically a sharp,
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symmetrical peak:

sin®(Nq@/2)
sin’(q[a/2)

N*exp[-(Nq@/2)*/m] (16)

This Gaussian has the same width and total area under the curve as the slit function. The

width of the peak at half its maximum is then easily found:

% =exp[-N’q°a’ / 4] (17)

The solution of this gives the “Scherrer” formula:

A i 27 27T
AqFWHM = 2(W In 2) = 094% = 0947 (18)

where L is the crystal size along one direction and Aq is the width of the diffraction peak
measured in reciprocal lattice units. Hence, the inverse of peak width is related to the size
of the crystal causing the diffraction. In most diffraction experiments, L is very large and
the measured width is due to instrumental effects and is considered “resolution limited.”
However, special regions or domains within the crystal may give rise to additional
diffraction peaks, and if their size is small enough, then the width of these peaks will give
an estimate of the volume of the special regions.

When measuring peak widths, it is important to distinguish between the size effect
and mosaic broadening. As discussed above, the size effect causes a peak to be broadened
as a consequence of the finite size of the scattering medium. Hence, long-range-order
features result in very sharp diffraction peaks, while shorter range order in the crystal
result in broad peaks in the diffraction. Mosaic broadening is due to poor crystal quality
and occurs when a sample is not single crystalline but is broken up into mosaic blocks that

do not align with one another. Then the broadened peak is due to intensity coming from
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the different blocks, or grains, that are at small angles to one another. If the broadening is
due to the size effect, then peaks of different orders (e.g. (111) vs. (222)) will have
roughly constant widths in reciprocal lattice units. In Chapter 4, the widths of
superstructure peaks are used to measure the size of the domains that cause those
additional peaks. These domains are embedded in the single crystal, but they have a
special ordering pattern which allows one to distinguish them from the rest of the crystal.
However, if the broadening is mosaic in nature, then the diffraction pattern will “fan out”
as higher orders are measured and the peaks will have fixed widths in the theta angle. A
schematic diagram in Figure 2.3 illustrates this mosaic effect. If the crystal quality is
poor, then the mosaic broadening will mask any domain size broadening and the peak
widths can not be used to measure domain size. In that case, the peak width is simply a

measure of the mosaic blocks’ angular distribution.

2.4 Experimental details

In order to study the diffraction intensity from a given set of planes, the sample
must be oriented properly with respect to the incoming beam and the detector. This is
accomplished using a diffractometer. In these experiments, a Kappa geometry
diffractometer was used (Figure 2.4). It consists of four motors: one controls the two-
theta arm which positions the detector at the proper Bragg angle but does not change the
sample position. The theta, kappa and phi motors combine to orient the crystal at the
proper Euler angles of theta, chi and phi. This is a variation on the standard four circle

diffractometer which would have separate theta, phi and chi motors. The role of the
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Figure 2.3. Schematic of a single crystal that is broken up into two
mosaic blocks at a small angle to one another. The diffracted
radiation is “mosaic broadened” resulting in a peak that has a width
that is constant in theta even as higher order peaks are measured.

diffractometer is simply to hold the sample at a fixed position in space, while rotating it so
that the required planes are meeting the diffraction condition. Since there are four motors,
but only three degrees of freedom, there is more than one solution. The convention most
commonly used in these experiments was to fix the theta angle to be one half of the two
theta angle. This symmetric geometry gives the best access to the bulk of a flat plate
sample because the incident and exit beams are kept far away from grazing.

The first step in a diffraction experiment is to determine how the sample has been

mounted with respect to the diffractometer. One needs to locate a few diffraction peaks,

17



Analyser
Il axis

] H O Counterweight
[| T « Counterweight
=p =1

K —QxIS

20 Counterweight
= 9

1
441
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18



and precisely measure the angles where they occur. By knowing the lattice constant of the
sample, the two-theta angle is easily determined using Bragg’s law. (The lattice constant
can be determined by powder diffraction if it is not known.) It is necessary to then hunt
around in phi and chi space until a peak is found, the position of which can be used to help
find a second peak. By knowing the position of two peaks and the lattice constant and
symmetry of the crystal, the orientation is, in theory, determined. However, a more
accurate orientation measurement is possible when several Bragg peaks are found, usually
around six. With three or more Bragg peaks, the lattice constant, symmetry and
orientation of the crystal are uniquely determined. Additional Bragg peaks are then found
and a best fit is used to reduce measurement error. These sets of Bragg peaks give the
orientation matrix, which is simply a transformation matrix from the known coordinate
system of the diffractometer to the unknown coordinate system of the crystal. The results
of an accurate orientation matrix are determination of the lattice constants and the face of
the crystal that the beam is penetrating.

For a crystallographic study, the complex structure factors, F, need to be measured.
As seen in equation 12, the intensity of a given peak is proportional to the square modulus
of the structure factor, so that the complex phases can not be directly measured. It is thus
necessary to have some idea of what structure you are measuring which is then refined to
match the measured data. Intensities are measured by scanning the crystal through the
diffraction peak and integrating the resulting peak. This must be corrected for absorption
affects as described in Chapter 4 before the square root can be taken to give a quantity that
is proportional to |F|.

With a measured set of magnitudes for the structure factors within a given range of

momentum transfer, it is possible to fit the data to a model. Because of the lack of phase
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information, it is necessary to assume models which provide initial positions for each atom
within the unit cell. The overall symmetry of the crystal can restrict the atomic
displacements to certain planes. The positions of various atoms as well as Debye-Waller
factors can then be varied until a satisfactory fit is obtained. The Debye-Waller factors are
tabulated for each element and represent the magnitude of thermal atomic vibrations. It is
important to emphasize that because x-ray diffraction collects data from a large region of a
crystal, the result is the average crystal structure, hence diffraction is considered a long
range order technique.

All x-ray diffraction data presented in this thesis were collected at beamline X16C
of the National Synchrotron Light Source (NSLS) which is part of Brookhaven National
Laboratory. The NSLS is a user facility that supports about 60 x-ray beamlines. The
synchrotron source produces a broad spectrum of x-ray energies, from about 0.5 to 50
keV. Typically, the accelerator storage ring is operated at an energy of 2.5 GeV.

X16C is a multi-purpose beamline that can be used for standard diffraction
experiments, as well as EXAFS and micro-beam experiments. A vertical slit at the
beginning of the beamline helps define the beam and reduce the thermal load on the
monochromator. A double crystal Si monochromator is used to define the energy of the
beam. The Si single crystals are cut with {111} orientation and can be rotated together to
continuously vary the energy. Since the (222) reflection is forbidden in silicon’s diamond
structure, second order harmonics are eliminated. The beam diffracts from the first crystal
and into the second crystal which also diffracts the beam so that the beam propagation
direction is not changed. The second crystal is also curved to help focus the beam at the
center of the diffractometer. A set of motors fine tunes the bending of the second crystal

to improve the focusing. A typical beam profile at the sample position is 1.0 mm in the
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vertical direction and 0.5 mm or less in the horizontal. The focusing greatly reduces the
horizontal profile and increases the photon flux by more than an order of magnitude.
Third order harmonics can either be discriminated against by the detectors, or can be
largely eliminated by de-tuning the second crystal slightly.

In the experimental hutch, I, slits further define the beam and eliminate any stray
beams. On the detector arm, 2 sets of vertical and horizontal slits are present. The first
“guard” slits eliminate stray radiation while the “detector” slits (positioned immediately
before the detector) ensure that only diffracted radiation at the desired Bragg angle reaches
the detector. The width of these slits is usually about 2 mm and is set so that each slit just
cuts into the actual beam; the beam is then well-defined by the slits but not too much
radiation is lost. For the experiments described here, a Kappa geometry four-circle
diffractometer was installed inside the experimental hutch, and Bicron scintillators were

used to detect the photons.

2.5 Resonant scattering

The atomic form factor, f;,, as described above, does not consider the possibility of
electronic excitations within the atom. Each atom scatters according to the number and
distribution of electrons that it contains as reflected by f,, which is simply the Fourier
transform of the electronic density. For conventional x-ray diffraction experiments, the

wavelength is chosen such that no atomic excitations occur. The atomic form factors are
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then smoothly varying functions with momentum transfer, |g|, (Figure 2.5) which can be
closely approximated as polynomials as tabulated in the International Tables for
Crystallography [3].

The complete expression for atomic form factors, however, includes terms that
account for the atomic excitations and is written as:

f(q) = fo(q) + '(E) + if "(E)
where f; is the smoothly varying form factor, and f'(E) and f"'(E) represent the anomalous

scattering corrections. As an example, the f'(E) and f"'(E) of Mg are shown in Figure 2.6
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[4]. The K-shell atomic excitation level for Mg is at 1.25 keV, and the effect on f" and "
are clearly seen as the sharp and narrow dip in f” and the jump in f” at the absorption
edge. When the incoming photon’s energy, E, is near an atom’s atomic absorption edge,

that photon can be absorbed by an electron (usually K or L shell) which is then expelled

14

A
a I
s
-2
-4
1A 188 10648 10868
Fhoton Energy tell
16
i = .
] .
7 N
[~ x\
1 s
11
i1
II =
D =
NIEaS i
.1 -
\'\.
LY
™y
5,
B.81
1A 168A 1088 10688

FPhoton Energy tell
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from the atom with energy E-Ey,gine. The empty shell is then filled by an electron from a
higher shell which causes fluorescent radiation at the atom’s characteristic energy. The
effect of photoelectric absorption is to produce jumps in each atom’s scattering power. It
is the most probable interaction between photons and matter. As seen in Figure 2.7 [5], it
is about 3 orders of magnitude more likely than Thomson scattering in the x-ray energy
range.

This process is used in “conventional” x-ray sources where energetic electrons
bombard a metallic target which then radiates x-rays at its characteristic atomic levels.
The K lines of copper and molybdenum are the most commonly used sources. The

problem with these sources compared with synchrotron radiation (without even
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Figure 2.7. Cross sections of the copper atom interacting with photons [5]. The solid line
represents the total cross section. Photoelectric absorption is most significant in the x-ray
range, but Thomson scattering dominates in the diffraction condition.
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considering their lower intensity) is that one is limited to performing experiments at
specific energies pre-determined by nature. With the advent of synchrotron sources, not
only has the intensity of x-rays improved by 2 to 4 orders of magnitude, but the ‘white’
radiation coming from the synchrotron is passed through a monochromator crystal that can
be easily tilted to provide any energy within a broad range. For example, at beamline
X16C of the NSLS, incoming x-ray energy can be varied from about 5-25 keV with a
resolution of a few eV.

When detecting radiation that is passed straight through a crystal, one observes
primarily the absorption cross section. This is the common procedure for Extended X-ray
Absorption Fine Structure (EXAFS) measurements, discussed in Chapter 6. However, for
x-ray measurements, the detector is at some angle to the incoming radiation (the Bragg
angle). In these cases, the Thomson scattering is predominant in the typical x-ray range.
At higher energies (> 50keV), the incoherent Compton scattering actually becomes more
likely than Thomson scattering. Although Thomson scattering from an individual electron
has a very small cross section, at the proper Bragg angle enough electrons scatter
coherently to produce the sharp and intense diffraction peaks. When not situated at a
Bragg angle, a certain amount of background radiation from both Thomson and Compton
scattering is detected. This background is flat and featureless except when near an
absorption edge. As the incoming photon is given enough energy to cause photoemission,
the filling of the empty state causes fluorescent radiation which is given off in all
directions. This causes a decrease in the amount of the beam that is passed through the
sample (at zero degrees) due to the jump in absorption at the edge. This is reflected in the

increase of f" which is proportional to [, the absorption coefficient. The effect of f” is to
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reduce the scattering of the atom very close to the absorption edge due to resonance
effects.

In experiments, by tuning the wavelength through an absorption edge, the f” can
effectively be turned off and on while f"” is accounted for by a known absorption
correction. Thus it is possible to determine the phase and how much of a given atom is
contributing to a diffraction peak by measuring intensities as the energy is tuned through
the resonance condition. In principle, this is possible even without exploiting the
resonance condition because each atom has a unique f, as well. However, the f;,’s are
generally featureless away from atomic transitions and their smoothly varying shape does
not provide enough contrast to perform such an experiment. Measurements of absolute
intensity are not precise enough to give reliable information in all cases, so the anomalous
scattering signature is used to identify specific atoms and their scattering phases.

In Chapter 6, further effects of anomalous scattering will be used to determine
short range order. Techniques such as EXAFS and diffraction anomalous fine structure
(DAFS) will be described and used to study lead magnesium niobate (PMN). These
techniques measure the intensity of photons just above an absorption edge. The ejected
photoelectrons interact with the neighboring atoms resulting in an interference pattern of
oscillations of intensity. This pattern can be fit to a standard equation to determine the
local structural environment out to a few nearest neighbors. Used together with
conventional x-ray diffraction, which is a long range order technique, EXAFS and DAFS
can give short range complementary information on the detailed structure of a crystal. In
addition, resonant scattering will be used to determine the relative Nb composition in

different regions of PMN in the second part of Chapter 6.
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Chapter 3

Ferroelectrics

3.1 Definition and properties

Ferroelectric materials contain one or more polar axes along which a spontaneous
polarization can be developed below the material’s Curie temperature. The application of
a strong enough electric field can force the polarization direction to be changed. The
arrangement of cations and anions within a ferroelectric gives rise to dipole moments
within each unit cell, and the resulting polarization can be measured via the material’s
surface current. One distinctive characteristic of ferroelectrics is the hysteretic behavior in
the polarization vs. electric field curve. As shown in Figure 3.1, a net spontaneous
polarization exists even after the electric field is turned off. Above the Curie temperature
is known as the paraelectric phase where the material has higher symmetry and behaves
like a normal dielectric with no hysteresis. Some ferroelectrics have additional
ferroelectric-ferroelectric transitions (usually to lower symmetry) below the Curie
temperature and some even undergo a transition back to a paraelectric state. Rochelle salt
(sodium potassium tartrate tetrahydrate) exhibits upper and lower Curie temperatures and
was the material in which ferroelectricity was first observed [1].

Eleven of the 32 possible crystal classes are centro-symmetric and hence have no

unique polar axis and cannot exhibit ferroelectricity. The remaining 21 crystal classes
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Figure 3.1. Typical hysteretic behavior of ferroelectrics. Application
of a field aligns the dipoles along the field direction and the net
polarization is maintained even after removing the field.

exhibit the pyroelectric effect, which is a change in polarization when the temperature is
varied, and all but one of these are piezoelectric. The direct piezoelectric effect is the
development of strain in a crystal when an electric field is applied. The inverse effect,
development of polarization when a strain is applied, also occurs. The phenomenon of
electrostriction is a second order piezoelectric effect in which the developed strain is
proportional to the square of the applied electric field. Piezoelectric and electrostrictive
tensors describe a material’s behavior under electric field in many important applications.

Typically, the piezoelectric effect is much larger, but in certain materials the
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electrostrictive effect dominates and is preferred because the strain direction is
independent of field direction and the hysteresis effects are reduced. Applications range
from simple acoustical devices such as microphones to advanced positioning devices for
scanning microscopes. One of the most commonly used electrostrictive materials is lead
magnesium niobate with the chemical formula Pb(Mg;sNb,;3)O3, or PMN, and solid
solutions of PMN with lead titanate, PbTiOs;.

The ability of ferroelectrics to change their atomic structure under the influence of
electric fields gives rise, in some cases, to extremely high values of permittivity, and hence
dielectric constant. For example, lead magnesium niobate in single crystal form has a
dielectric constant just over 30,000 with the actual maximum depending on measurement
frequency and temperature. The discovery of barium titanate and related ferroelectrics in
the late 1940’°s marked the beginning of intense ferroelectric research. These materials
were widely developed as thin layer capacitors for use in integrated circuits for charge
storage, bypass and coupling functions. The piezoelectric effect is the most common
useful property of ferroelectrics. Lead zirconate titanate, Pb(Zr,Ti;)O; or PZT,
dominates this field today, but new applications and materials are always being developed.
Two of the most significant recent applications involve incorporating ferroelectrics into
silicon devices. The high dielectric constant materials are being developed for increased
charge storage in a smaller area in memory chips. The ability of ferroelectrics to exist in
two different polarizations in the absence of a field is being used for non-volatile
ferroelectric memories.

Another characteristic feature of ferroelectrics is remanent polarization. Applying
a variable electric field to a ferroelectric results in the hysteretic behavior as seen in Figure

3.1. At high fields, a saturation value of polarization is reached. As the electric field
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returns to zero the system is left with a spontaneous polarization which can be flipped by
applying a large enough field in the opposite direction. In contrast, a normal dielectric has
no spontaneous polarization and its P-E curve is simply a straight line with a slope of

X.£o Where X_ is the electric susceptibility or one less than the relative dielectric constant.

3.2 Perovskite structure

The most commonly studied ferroelectrics have the cubic perovskite structure (in
the paraelectric state) with chemical formula ABO; (Figure 3.2). As conventionally
drawn, A-site cations occupy the corners of a cube, while B-site cations sit in the body
center. Three oxygen atoms per unit cell rest on the faces. The lattice constant of these
perovskites is always close to 4 A due to the rigidity of the oxygen octahedra network and
the well defined oxygen ionic radius of 1.35 A. All materials in this study have structures
based on the perovskite structure, with displacements which are important because they
result in polarization and can also lead to crystal symmetry changes. Another common
ferroelectric structure is the layered perovskite structure which consists of a varying
number of perovskite unit cells separated by an oxide layer. This structure is also found in
many high T superconductors.

A practical advantage of the perovskite structure is that many different cations can
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Figure 3.2. Perovskite ABOj; structure with the A and B cations on
the corner and body center positions, respectively. Three oxygen
anions per unit cell occupy the faces and form octahedra surrounding
the B-site.

be substituted on both the A and B sites without drastically changing the overall structure.
Complete solid solutions are easily formed between many cations, often across the entire
range of composition. Even though two cations are compatible in solution, their behavior
can be radically different when apart from each other. Thus, it is possible to manipulate a
material’s properties such as Curie temperature or piezoelectric constant with only a small
substitution of a given cation. Also, it is possible to combine materials that would
otherwise have different symmetries; this can have the effect of radically altering the
piezoelectic behavior. More recently, this compatibility within the perovskite system has
made it possible to tailor a material’s lattice constant for matching with a substrate in thin

film applications.
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3.3 Normal and relaxor ferroelectrics

Barium titanate, BaTiO; or BT, is the most commonly studied “normal”
ferroelectric. Normal ferroelectrics are characterized by a sharp phase transition from the
paraelectric to ferroelectric state as seen in the permittivity as a function of temperature
(Figure 3.3). In BT, the ferroelectric transition occurs at 120° C, which roughly
corresponds to the peak in permittivity. Below the Curie temperature, the cubic structure
changes to lower symmetry and there is a sharp decrease in dielectric constant. Above the

Curie temperature, Tc, the relative permittivity follows the Curie-Weiss law:
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Figure 3.3. Dielectric constant of barium titanate vs. temperature [1]. At
120° C there is a first order phase transition from the paraelectric to
ferroelectric state and a sharp increase in dielectric constant. Transitions to
lower symmetry occur as the temperature is lowered.
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contain more than 2 cations. Lead magnesium niobate, Pb(Mg;3Nb,3)Os, is the
prototypical relaxor ferroelectric and consists of a mixed B-site: Pb occupies the corner A-
site and the B-site can be either Mg or Nb. Its very large maximum in permittivity (Figure
3.4) exhibits a broad transition and is also measurement frequency dependent which are
the characteristics of relaxors. As the measurement frequency is increased, the maximum
of the permittivity decreases while the temperature of that maximum increases. In normal
ferroelectrics, the sharp transition in permittivity also indicates a phase transition as the
symmetry of the crystal changes. For relaxors, however, the broad peak in € does not
always correspond to a structural phase transition, so the temperature of the maximum

permittivity is designated T instead of Tc. In the case of PMN, there are local polar
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Figure 3.4. Dielectric constant (left) and dielectric loss (right) of the
relaxor lead magnesium niobate as a function of temperature [1].
Note the gradual transition and the dependence on measurement
frequency.
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regions that exist well above Ty, and flipping of polar domains continues below it.
However, no overall transition to a ferroelectric state occurs even down to 4 K [2]. Small
micro domains on the order of 100 A [3] have rhombohedral symmetry, but the average
structure remains cubic. By combining PMN with lead titanate, PbTiO;, solid solutions
may be formed. Lead titanate is a normal ferroelectric with large polar domains and an
abrupt transition from the paraelectric to ferroelectric phase at 490° C. Combining PMN
with small amounts of PT can cause PMN to behave more like a normal ferroelectric, and
at 30% concentration of PT and above, PMN-PT is a normal ferroelectric.

The frequency dispersion and more gradual dependence of the permittivity on
temperature have encouraged the development of PMN and other relaxors in many
applications. Both the high dielectric constant and impressive electrostrictive coefficients
have been exploited. Currently, applications of PMN are wide-ranging. The high
dielectric constants are used in ever smaller multi-layer ceramic capacitors. Relaxors are
especially useful in this regard not only because of their very high dielectric constants, but
because those high values occur near room temperature and have a gradual temperature
dependence. In contrast, a normal ferroelectric will typically have its maximum occur at
around 500° C, and the sharp temperature dependence makes it unsuitable for applications.
Piezoelectric effects are exploited in a large number of applications, and the
electrostrictive effect in materials like PMN allows for very precise control. Thus, they
are employed in such applications as micropositioners, biomedical instruments and surface
deformable mirrors [4]. PMN also has good electro-optic properties, so its index of
refraction can be changed by applying a field. Optical shutters and switches take

advantage of this effect [5].
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3.4 Relaxor theories

Ferroelectrics provide a convenient system to study the general properties of phase
transitions. Normal ferroelectrics undergo a sharp phase transition at the Curie
temperature. Above T, each atom within the unit cell is located on a high symmetry
position with no net dipole moment. Atoms are free to vibrate about these equilibrium
positions, exciting the various acoustic and optical phonon modes. The frequency of some
of these modes is temperature dependent, and as temperature is lowered, the force constant
of a given mode approaches zero at the phase transition. This is known as ‘softening’ of
the mode and allows the atoms to shift without hindrance along that mode’s direction.
Spontaneous polarization allows for any symmetrically equivalent direction to be chosen
initially and then cooperative effects encourage the other unit cells to also align in that
direction and can result in a change of symmetry. In the presence of an external electric
field, the polarization direction is determined by the field direction. Domain boundaries
can exist in which different grains have different dipole orientations.

In relaxor ferroelectrics, such as PMN, the situation is more complicated. There is
not a uniform atomic shift throughout the entire crystal, so that the net polarization
remains zero, but microscopic polar domains develop. Various theoretical models have
been proposed to explain relaxor behavior and have been reviewed by Ye[6]. Smolenskii
[7] intially proposed that PMN’s relaxor behavior was due to varying local Curie
temperatures. Due to the randomness that exists on the B-site, each unit cell is subjected
to a different net field, so there are a range of possible Curie temperatures, resulting in the

broadened transition of permittivity versus temperature. This simple model has been
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widely cited since its introduction, but now there are efforts to more formally describe the
relaxor behavior.

Cross proposed the superparaelectric model for relaxors[8]. Similar to the
superparamagnetic state, it involves polar micro regions that are dynamically disordered
above T,,, the mean Curie temperature of the different regions. Cations continuously flip
between equivalent directions (for example <111>), activated by thermal energy. The
heterogeneity caused by the mixed B-site creates locally favorable directions, so the local
symmetry is lower than the global. However, the energy barrier separating the different
directions is small, so macroscopic polar domains never form as in normal ferroelectrics.

Dipolar glass-like behavior is another possible model. Viehland et al [9] showed
evidence for glassy behavior by analyzing the dielectric response using the Vogel-Fulcher
relationship [10] which also implies activated dynamics. The glassy nature was believed
to be due to the randomly oriented dipolar fields, and the evidence was seen in the very
slow dynamics. Contrary to the superparaelectric model, cations are frozen along a
particular <111> direction. Fitting to the Vogel-Fulcher relationship gave a freezing
temperature of 217 K. This is well below the maximum of the dielectric response, and is
the temperature below which the micro domains can no longer change their polarization
direction. Another recent theory invokes the contributions from a quenched random field
which is again due to the compositional heterogeneity. Kleemann et al [11] proposed that
PMN’s broad phase transition is due to random field interactions which also cause
freezing into nanometric domains.

The charge heterogeneity within PMN and its relation to the ferroelectric domains
should help to understand the behavior of this relaxor, and is the subject of Chapter 4.

Generally, chemical heterogeneity (on the B-site) is believed to play an important role in
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the diffuse phase transition behavior. By adding dopants to the A and B-sites in PMN, the
amount of chemical order on the B-site can be changed providing a measure of how that
order affects PMN’s relaxor behavior and structure. Additional experiments will be
presented on the similar relaxor lead zinc niobate. In Chapter 5, the effect of strain on
PMN’s ordering will be investigated by studying thin films. Chapter 6 presents
experiments using diffraction anomalous fine structure and atomic resonance which are
techniques for measuring the local order and compositional variations. These methods

serve as complements to the x-ray diffraction measurements.

3.5 Thin films

The most common form of ferroelectrics for both research and applications is
ceramic. Ceramics are easy to form and can be pressed into whatever shape is necessary.
Single crystals are more difficult to grow and are generally too expensive for applications,
but they are used in research as their material properties tend to be better and orientational
effects can be studied. In the past decade or so, however, there has been a surge of interest
in ferroelectric thin films in both research and application. Thin films can have material
properties that approach those of the bulk in the limit of thick samples, but often have
higher breakdown voltages. Other advantages include the ability to make very small
devices which can be densely packed. By incorporating ferroelectric elements with silicon
based integrated circuits, “smart” devices can be developed. Such devices would use the
ferroelectrics to act as sensors which would send information to a feedback unit. The

device could then respond to its environment using the actuation properties. Thin films
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provide a means of studying both surface and interfacial effects which may affect a
material’s properties and phase transition behavior.

Advances in deposition techniques have helped drive this growth in developing
thin films. The two general classes for depositing ferroelectrics onto substrates are vapor
phase deposition and liquid phase chemical processing techniques. The former allows for
careful control of film thickness, orientation and stoichiometry but is often more costly
and time consuming. Liquid phase techniques are cheaper and faster and often produce
films with better properties, even though the crystalline quality of the film is inferior.
Typically, thin film growth occurs at lower temperatures than single crystal or ceramic
sintering temperatures which is important for compatibility with a given substrate.

One of the most important thin film ferroelectrics is lead zirconate titanate,
Pb(Zr,,Ti,,)Os. PZT is the most commonly used material for piezoelectric applications in
both bulk and thin film form. Complete solid solutions of the parent compounds--lead
zirconate and lead titanate--are formed across the entire composition range, and the best
piezoelectric properties are found near the morphotropic phase boundary at x = 0.47 as
seen in the chemical phase diagram (Figure 3.5). This is a chemical compositional
transition from rhombohedral to tetragonal phases, and materials on this “morphotropic
phase boundary” exhibit the highest piezoelectric coefficients. Although PZT is
ferroelectric, and lead titanate is also ferroelectric, lead zirconate is actually anti-
ferroelectric and has a transition to the paraelectric cubic state at 230° C [12]. In lead
zirconate, displacements of Pb atoms in adjacent unit cells are in equal but opposite

directions, thus making it anti-ferroelectric. Its permittivity versus temperature behavior
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Figure 3.5. Phase diagram of the lead zirconate--lead titanate system [1].
‘F’ = ferroelectric, ‘A’ = anti-ferroelectric, ‘P’ = paraelectric
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The “morphotropic phase boundary” between the R and T phases gives
rise to the largest piezoelectric constant materials.

(Figure 3.6) resembles a normal ferroelectric, and it is believed that the anti-ferroelectric
state is only slightly more stable than the ferroelectric. However, there is no dielectric
hysteresis for the anti-ferroelectric phase. By applying an electric field, lead zirconate can
be forced into the ferroelectric state. In Chapter 7, experiments on lead zirconate thin
films will be discussed.
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Chapter 4

Lead Magnesium Niobate

4.1 Introduction

Relaxor ferroelectrics are characterized by a frequency dependent dielectric
response which has a broad maximum as a function of temperature. In addition, relaxors
possess a local polarization at temperatures above their dielectric maximum. In contrast,
“normal” ferroelectrics have a sharp phase transition peak in dielectric constant at their
Curie point, and no polarization exists above that temperature. The origin and explanation
of relaxor behavior is an ongoing research problem. The prototypical relaxor is lead
magnesium niobate, or Pb(Mg;;Nb,/;)Os, which was first synthesized by Smolenskii and
Agranovskaya in 1958 [1]. Its dielectric behavior is shown in Figure 3.4. PMN has found
applications in a variety of devices where its unique properties have been exploited, even
if they are not perfectly understood. Of greatest interest is PMN’s very high dielectric
constant (~30,000) over a wide temperature range near room temperature.

Lead zinc niobate, or Pb(Zn;3Nb,3)O;, also has a very high dielectric constant
with similar relaxor behavior, but its Curie temperature is 140°C versus -7°C for PMN.
PZN has excellent dielectric and piezoelectric properties, especially in solid solutions with
lead titanate [2]. Whereas PMN remains cubic down to 5 K [3], PZN undergoes a

symmetry change from cubic to rhombohedral at its Curie temperature and is able to
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sustain the growth of polar macrodomains[4]. PZN is a somewhat ‘new’ material, but
since the discovery of its very high electromechanical coupling coefficients it has received
a lot of attention[2]. Single crystals of PZN and La-doped PZN crystals were grown for
this work to compare their behavior to PMN. This chapter focuses on the superstructures
found in PMN and PZN, and their relation to the relaxor behavior. Historically, PMN is
the more important and widely studied material and will be used in the background
discussion. Data collection and analysis procedures were identical for both materials, and

the PZN results are included at the end of this chapter.

4.2 Literature review

Both PMN and PZN have the common ABOj; cubic perovskite structure with a
mixed B-site. However, the finer points such as the size and direction of ion
displacements within the perovskite model have not been easy to deduce [5,6,7]. This is
important because it determines the overall symmetry of the crystal and therefore its
ferroelectric behavior. There has been a growing interest in understanding the ordering
that occurs at the B-sites. Initially, these compositional fluctuations within nanodomains
were believed to create different regions having varying Curie temperatures [8], thus
giving PMN its broad relaxor response. Smolenskii [9] proposed that local
inhomogeneities in chemistry and/or structure result in microdomains having a distribution
of Curie temperatures, leading to a diffuse peak in dielectric constant. However, the
situation appears more complicated as La-doped PMN retains its relaxor properties even
when micron sized chemically ordered domains form [10] and experiments by Davies, et

al, have found relaxor behavior in highly ordered Pb(Mg,;sTa,3)O; and similar
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systems[11]. As discussed in Chapter 3, theoretical interpretations of relaxors have been
offered using various models. A clearer understanding of the charge heterogeneity within
PMN and its relation to the ferroelectric domains should help to understand the behavior
of this relaxor. Specifically, since the compositional fluctuations on the B-site are
believed to be responsible for the relaxor behavior, the effects of both increased and
decreased chemical order on the B-site will be studied.

As will be shown, there are two distinct types of domains within PMN, both on the
nanometer scale. The ferroelectric nanodomains have local rhombohedral (polar)
symmetry and grow only to a maximum of 100 A [3]. These are the domains that give
PMN its ferroelectric behavior, but unlike normal ferroelectrics, they never coarsen into
large domains. The limited extent of the polar domains does not allow micron sized
domains to form as in normal ferroelectrics. In this work, attention is focused on the
second type of nanodomains in PMN which will be shown to be chemically ordered
domains. There is an ordering of the B-sites of adjacent unit cells, giving rise to additional
superstructure peaks in the diffraction pattern at the (h+1/2, k+1/2, 1+1/2) positions. The
size of the chemically ordered domains can be varied by doping: substituting La on the Pb
site (La-PMN) causes the ordered domain size to be increased. Doping with Ti on the B-
site (PMN-PT) causes the ordered domain size to be decreased. The effects of both on the
materials’ structure and dielectric behavior will be measured.

The existence of a superstructure in PMN was first observed in selected area
electron diffraction experiments [12]. Using a transmission electron microscope,
superstructure spots were imaged at the (h+1/2, k+1/2, 1+1/2) positions. The peaks were
relatively weak and broad, suggesting that they originated from limited domain sizes.

Because the half-integer peaks are at the body centered positions in the reciprocal lattice,
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the symmetry of the superstructure must have a face centered cubic arrangement within a
doubled unit cell in real space (space group Fm3m). This work focuses on understanding
the structural origin of the superstructure spots in PMN and PZN which could not be
deduced from the electron diffraction measurements.

First, the cause of the superstructure peaks must be determined. One type of model
that would give superstructure peaks at the (h+1/2, k+1/2, 1+1/2) positions is displacement
ordering. In this class of models, atoms in adjacent unit cells are displaced in opposite
directions, producing a doubled unit cell. If the displacement is Ad, and adjacent atoms
are displaced in opposite <111> directions, then the structure factors will have the form:

F, Of sin(cﬂ Ad) (when h,k,] are integers + 1/2) (1)

The graph of structure factor, |F|, of the superstructure peaks versus momentum transfer,
|g|, would initially increase, passing a maximum when ¢g=TV(2Ad), and then decrease. This
was the observation for PMN in the study by Zhang et al [13], and hence they concluded

that an ordering in the displacement of ions was producing the superstructure.

4.2.1 Chemical ordering--space charge

Another model that could account for these superstructure peaks involves small
regions of 1:1 chemical ordering of the B-site magnesium and niobium ions (Figure 4.1).
This was first proposed in TEM studies [14], but could not be verified. The 1:1 ordering
found in PMN is somewhat unexpected given the Mg:Nb stoichiometry of 1:2, but it was

suggested that this non-stoichiometric ordering may actually help stabilize the perovskite
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Figure 4.1. Two adjacent unit cells of PMN showing the 1:1 chemical
ordering as in the space charge model. In addition, the oxygen displacements

in the R3m model are shown.

over the pyrochlore structure in PMN[15]. The non-stoichiometric domains would then be
embedded in a sea of Nb rich domains. The ordered domains have a net negative charge
which, it was proposed, restricts their size since these domains did not coarsen after
annealing at 970°C for extended periods [16]. Chen, Chan and Harmer provided evidence
for this model in their study [10]. By doping with La’", they showed that the size of the
ordered domains can be dramatically increased. The La’" ion contributes an extra positive
charge compared with the Mg®* thus lessening the charge restriction so the negatively
charged ordered domain can increase in size. The opposite effect was seen when doping

with Na'*. Because of the net charge per unit cell, this model is termed “space charge.”



4.2.2 Chemical ordering--random layer

A variation of the complete chemical ordering model that maintains charge balance
is the “random layer” model [10], in which the 1:1 ordering is between two chemical
species, B"and B”". The “random layer” model also involves 1:1 chemical ordering, but
not a simple Mg-Nb-Mg-Nb ordering. In this model, B” contains a random occupation of
Mg and Nb ions in a 2:1 ratio, while B”" is always Nb. Thus the B’ site is disordered,
while B"" is ordered, so the superstructure is well-defined. In this extreme case, there
would be no charge imbalance and the entire crystal volume could be composed of these
ordered domains with the chemical formula: Pb[(Mg,;sNb,3);,Nb;,]O;. Intermediate
situations between the full 1:1 Mg:Nb chemically ordered model and the B'- B"” model
can exist, with different volume fraction of the ordered domains.

The above descriptions result when adjacent unit cells have sites either occupied by
different ions or with a preference for different types of ions. Effectively, this doubles the
size of the unit cell, producing a superstructure that exists over small domains. A
diffraction experiment is a good way to probe the degree of ordering through
crystallographic analysis of structure factor measurements. If the two B-site ions have
effective atomic form factors f; and fj;, then a simple derivation gives the form of the
structure factors as a function of momentum transfer magnitude, |g|:

F,, Of—- f, (when h.k,] are all half-integers) 2)

So, for chemical ordering models, the intensity of the superstructure reflections depends
on the difference in form factor of the two chemical species, and hence gradually
decreases as a function of momentum transfer, |g|, according to the shape of atomic form

factors. In the complete chemical ordering model, this results in Fy; being proportional to
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fap - fme. In the random layer model, B” is an average ion of (Mg,sNb,3) and B”" is Nb, so
the resulting structure factor is identical except for a factor of 2/3:

Fia Ut (% fugt %be): %(be_ fMg) 3)
which makes the two chemically ordered models indistinguishable in the diffraction
pattern, unless measurements are made on an absolute scale. Compared with the
displacement ordering model, however, the behavior is quite different.

Evidence for the “random layer” model in A(B’;3B"",3)O; systems was recently
reported by Akbas and Davies [11] who found greatly increased ordered domains in
Pb(Mg,3Ta,,3)O; and similar ceramics by annealing to very high temperature (~ 1325°C).
This is strong evidence that the “random layer” model applies to that system because the
excess electrostatic energy in such highly ordered systems would make the “space charge”
model impossible (discussed in Section 4.4.4 below). However, similar annealing
experiments for extended periods have failed to coarsen the ordered domains of PMN.

By comparing the superstructure and bulk intensities, Lin and Wu [17] found in
powder diffraction experiments that for La concentrations greater than 10%, there is
maximum ordering on the B-sites. However, at 10% La content and below the
superstructure peaks were very weak. Their plot of lattice constant vs. La content (x) fits a
straight line for x > 10%, suggesting complete solid solutions are formed between the La
and Pb atoms. For x < 10% the lattice constant deviates from the fit, suggesting a more
complicated structure. This work focuses attention on the La concentration range below
10%, where the powder diffraction could not give reliable results on ordering. Single
crystal X-ray diffraction also can determine the structure of the ordered domain, so atomic

displacements can be measured. By doping with La, the effect of increased ordered
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domain size on the atomic structure and dielectric behavior can be studied. By doping
with Ti, the opposite effect of decreased domain size will be examined.

The organization of this chapter is as follows. First, the crystal growth procedure
is described. Then, the crystallographic analysis and refinement of the structures for PMN
and La-PMN allow the size and structure of the ordered domain to be determined for each
sample. Next, the electrostatic energies involved with the various models are estimated
and it is seen that the space charge model can not explain the doping trends. An
alternative analysis shows that internal strain effects may be driving the chemical ordering.
In addition, it is found that the random layer model must be present in the La-doped
samples. An interpretation of the relationship between ordered domain size and relaxor
behavior is given. Experiments on Ti doped crystals demonstrate the opposite effect of
La-PMN and provide further evidence of the interplay between chemically ordered and
polar domains. Finally, similar experiments on the PZN system are described to back up

the conclusions drawn from the PMN experiments.

4.3 Crystal growth

Crystals of pure PMN and PMN-PT of roughly 2 mm per side were used. These
crystals were grown using the Czochralski method [18]. One PMN crystal was as grown,
with well formed <100> faces on three sides. The other PMN crystal and the PMN-PT
crystal were cut from larger crystals and polished so that the largest face was <100>.
Lanthanum doped crystals were grown for this experiment using high temperature solution
growth. First, La-PMN powder was prepared using the columbite method described by

Swartz and Shrout [19]. Powders of PbO, MgO, Nb,Os, and La,0; with purities
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exceeding 99.7% were used. When doping with La’* for Pb*", it is necessary to account
for the charge imbalance in one of two ways. By keeping the ratio of Mg:Nb
concentration fixed, A-site vacancies can be introduced:

Pbysy,Laln(Mg;sNby ;)05
where [ represents a vacancy. For this work, however, the Mg:Nb ratio was increased to
prevent A-site vacancies, as seen in equations 4 and 5. The columbite phase was produced

by heating the magnesium and niobium oxides to 1000°C for 6 hours:

+ —
1 3ngO+ 2 x%Nb205 - Mg, Nb,_ O,_, 4)

3 3 2

This was then combined with appropriate amounts of La,O; and PbO:

gLa203 +(1-x)PbO + Mg,, Nb, O, , — La,Pb,_ (Mg, Nb, )0,  (5)

3 3 2 3 3

The La-PMN powder was then formed by firing to 850 °C for 6 hours. X-ray powder
diffraction confirmed the resulting perovskite structure (Figure 4.2). The most common
problem with growing PMN is obtaining the pyrochlore structure instead of perovskite.
Pyrochlore is a non-cubic, isometric structure with excess oxygen and niobium and its
material properties are nothing like perovskite PMN.

Single crystal growth involved combining La-PMN powder with a lead oxide flux.
The amount of flux ranged from one to one and a half times the weight of the PMN

powder. The mixture was placed in a tightly covered platinum crucible, and placed in a
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Figure 4.2. Powder x-ray diffraction scan of intensity vs. 20 for pure PMN
with the perovskite structure. After confirming the perovskite structure is
present, single crystal growth can be attempted.

larger crucible. Alumina powder surrounded the platinum crucible to help prevent lead
loss upon firing. A typical firing schedule involved rapid heating to 1250°C, soaking for
12 hours, then slow cooling at 2° per hour to 1000°C. Cooling continued at 5° per hour to
800°C, and then the mixture was brought to room temperature at 50°per hour. These
temperatures were based on the PbO-PMN phase diagram published by Ye et al [20]. The
residue was partially dissolved with boiling nitric acid, and single crystals were extracted.
In all trials, only small crystals were found. The largest 3% La-PMN crystals were
approximately 1 mm per side, while the 10% La-PMN crystals were only about 0.5 mm

per side and some were black in color which may have been due to Pt contamination from
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the crucible. It was helpful to polish these crystals to give them a well defined, flat face
for the X-ray diffraction measurements.

The growth of PZN and La-PZN was easier, as the columbite step was not needed.
Appropriate amounts of powder were ball milled and ground, and a PbO flux of one and a
half times the La-PZN powder weight was used. The mixture was placed inside a Pt
crucible (sealed as above), rapidly heated to 1300°C and then soaked at 1250°C for 12
hours. Single crystal growth occurred under slow cooling at 2° per hour to 800°C. The
resulting crystals were on the order of 1.0-1.5 mm per side for both pure PZN and 10%
La-PZN, and powder diffraction confirmed the perovskite phase. The irregularly shaped

crystals were polished to a flat face for the X-ray and dielectric measurements.

4.4 Lanthanum doped PMN

4.4.1 Measurements

Each crystal was oriented in the diffractometer with one of its flat faces aligned
nearly perpendicular to the phi axis [21]. This made it easier to estimate, and hence
correct for, the beam's penetration through the crystal at any angle. This face was always
close to a <100> orientation, which was designated (001). Measurements were taken at
Brookhaven National Laboratory's National Synchrotron Light Source on Beamline X16C.
The incoming X-ray beam was tuned to 8.5 keV and focused onto a flat face of the crystal.
The beam size was defined by slits to be 1x1 mm. The linear absorption coefficient for
PMN at 8.5keV is approximately 1150 cm™', giving a characteristic penetration depth of
8.7 microns along the beam direction. The detector arm's slits were set at 2x2 mm to

define the resolution function. The orientation matrix of the crystal was determined by
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measuring several bulk Bragg reflections. The refined lattice parameters were 4.048(2) A
for pure PMN, in agreement with published values [22]. The lattice constants steadily
decrease with increasing La concentration, due to the smaller ionic radius of La compared
to Pb.

Scans were made to measure the integrated intensities of the (h+1/2, k+1/2, 1+1/2)
superstructure peaks. Because of the big differences in domain size, and hence peak
profile, two different methods were needed. The well-ordered crystals (10% La doping)
used conventional rocking curves in theta. The less well-ordered samples were measured
by reciprocal lattice scans varying one of the indices (Figure 4.3). These peaks were much
broader than the resolution function, so it was necessary to integrate them in three
dimensions. Initially, separate measurements along the h, k and I directions were made,
but since the widths (in reciprocal lattice units) for each direction were approximately
constant and independent of the direction scanned, it was sufficient to scan in only one
direction. The integrated intensity was measured as the area under the peak minus the
interpolated background. After adjusting for the counting time and the step size in /4, the
intensities were corrected for absorption as described in the following section. Taking the
square root gave a measurement that was proportional to the absolute value of the structure
factor, |F|.

Dielectric data were also measured for the La-PMN crystals. The dielectric
response was recorded using a Hewlett-Packard (HP) 4284 A inductance-capacitance-
resistance (LCR) bridge, which can cover a frequency range between 20 and 10° Hz. For

low temperature measurements, the samples were placed in a Delta Design 9023 test
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Figure 4.3. Raw x-ray diffraction data showing the intensities of
four adjacent superstructure peaks. Scanned in the Miller index I,
withh=k=0.5.
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chamber. The temperature was measured using a HP 34401A multimeter, via a platinum
resistance thermometer mounted directly on the ground electrode of the sample fixture.
The complex dielectric constant function is written as: € = €" + i €”” where € is the DC
dielectric constant, and €'’ is the dielectric loss. Measurements were performed on
cooling, using a rate of 2° per minute at different frequencies. The results for the La-
doped samples are presented in Figure 4.4, with measurement frequencies from 1 to 500
kHz. By doping with La’", the dielectric constant & (T) peak becomes broader and its
maximum value decreases dramatically compared to pure PMN (Table 4.1). Doping with
La causes the peak in the dielectric constant to move to lower temperatures. Typical of
relaxors, as the measurement frequency increased, the peak decreased and shifted to higher
temperatures with dispersion in € and €"". € decreased with increasing frequency on the
low temperature side of the peak, whereas € increased with increasing frequency on the
high temperature side of the peak, characteristic of relaxor behavior. At higher
temperatures, (~ 350 K) the decrease in €"" observed with increasing frequency can be
attributed to thermally stimulated conductivity effects, i.e. charge transport rather than
local charge displacements, possibly due to the small size of the crystals. The frequency
dependence shows a larger frequency dispersion than pure PMN, indicative of more
relaxor like behavior.

Table 4.1. Summary of domain size and dielectric constant data measured

for the samples with different La’* doping concentrations. Increases in La’*
led to much larger ordered domains and smaller dielectric constants.

Sample avg. FWHM Domain size €’ max. Temp. (C)
(A7 (A) at | kHz of £ max.

PMN I 0.124 47

PMN II 0.118 50 30,000 -5.0

3% La-PMN 0.0746 130 7,600 -45.0

10% La-PMN 0.00647 910 1,200 -63.0
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4.4.2 Analysis

The symmetry and structure of the parent crystal is assumed to be ideal cubic
perovskite. By crystallographic analysis of peaks of the form (h+1/2, k+1/2, 1+1/2), the
nature of the superstructure can be determined and hence the mechanism of ordering.
Approximately 150 superstructure reflections were measured for each crystal. For each
reflection, at least four symmetrically equivalent peaks were measured (e.g. 0.5, £0.5,
0.5). Only peaks with X > 30°[21] were measured to keep the entrance and exit beams
passing through the alignment face. By averaging over the symmetrically equivalent
scans, the 150 measured peaks were reduced to 19 crystallographically distinct reflections
(of a possible 21 below the two-theta limit). This was a sufficient number to determine
the structure of the ordered domains and observe changes with La or Ti doping. The
agreement within the symmetry equivalent peaks was best for the larger pure PMN
crystals at 7.8%. For 3% La-PMN, it was 14.1%, for 10% La-PMN it was 18.1%, and for
6% PMN-PT it was 8.1%. The larger errors are most likely due to the smaller crystal size
and 1ll defined faces in the La-PMN which introduced errors through the absorption
correction.

The general shape of the raw data agrees with that of Zhang et al [13], in that it
appears to show a sinusoidal variation with |g| (Figure 4.3). This suggests a displacement
ordering model. However, there are important corrections needed to deduce structure
factors from the raw data which change the conclusions significantly. The absorption of
the beam as it passes through the Pb-rich sample must be accounted for. The size of the

beam (~1 mm) is slightly smaller than the pure PMN crystals and larger than the La-doped
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samples. At angles above a threshold incidence angle, the entire beam hits the pure PMN
crystal. This is the extended face regime in which the integrated intensity is shown by

Warren [23] to be proportional to:

< o A, d
J.e—z,uz/sm@ 'O Z (6)
sin @

z=0
This assumes an “infinitely” thick crystal and a beam whose footprint is smaller than the
crystal’s horizontal dimension. Here [ is the absorption coefficient, A,is the area
illuminated, O is the incident angle, and z is the penetration of the beam into the crystal.
The integral evaluates to 1/24, so the effect of absorption is just a constant factor because
even though it increases with increasing path length at smaller incidence angles, the
illuminated area of the crystal also increases.

However, below that threshold angle (and at all angles for the smaller crystals), the
extended face geometry is no longer valid because the beam footprint is now larger than
the crystal. The absorption must be accounted for by adjusting for the fraction of the
beam that is illuminating the crystal which depends on the incidence angle, o;. This
illumination correction is given by 1/sin(q;), or 1/sin(0)sin(X), which is the footprint of the
beam on the sample following the angle convention of Busing and Levy [21] when the flat
face of the sample is perpendicular to the phi axis. This correction is significant for
structure factors measured at low incidence angles and mostly affects the low |g|
reflections. The extended face absorption correction has to be adjusted because some
fraction of the beam never hits the crystal. This illumination correction is only valid for
crystals with a flat face, and when the x-rays that reach the detector enter and exit through

that face symmetrically as was the case in these measurements. Because of the
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large absorption of PMN, most radiation entering a side of the crystal would not contribute
to the intensity anyway. Initially, the smaller 10% La-PMN crystals were studied in their
as-grown, jagged state. Large errors were found in the scattering intensities in that
symmetrically equivalent peaks had very different intensities. By polishing the crystal
down to a flat face, this problem was largely eliminated.

The width of an X-ray peak is inversely proportional to the size of the domain that
is contributing to that particular scattering event as given by the Scherrer formula:

L=094_ 2" (7)

q rwhm
where L is the characteristic length of the ordered region and Aqpwpy 1s the peak width
measured in reciprocal space. By measuring the widths of half-order superstructure peaks,
it is therefore possible to estimate the size of the ordered region. The average size of the
domains that caused the superstructure peaks was 48 A for both pure PMN samples, based
on an average width of 0.12 A™'. The peak widths for various reflections were constant
when measured in momentum transfer units (rather than angle) which indicated that the
width was entirely a finite-size effect and had little contribution from the sample mosaic
spread.

For the La-doped case, there was a dramatic increase in ordered domain size with
increasing La doping (Table 4.1). The 10% La concentration produced ordered domains
of approximately 900 A. The peaks were so narrow that they were close to the limits of
resolution, which is why the 8-scan integration method was used. In the 6% PMN-PT
sample, the opposite effect was seen and the ordered domains were only on the order of 30

A per side. Very faint superstructure reflections were also observed in 10% PMN-PT
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but were too weak to do a complete analysis. This is closer to the morphotropic phase
boundary where PMN-PT changes from a relaxor to a normal ferroelectric and the

chemically ordered domains disappear.

4.4.3 Results

The absorption corrected data show a very different g-dependence from the raw
data (Figure 4.5). The graph of structure factor vs. |g| follows the monotonic decay
(similar to the shape of atomic form factors) that is characteristic of the chemical ordering

models. This was true for all the crystals that were studied. Using a simple chemical
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Figure 4.5. Structure factors (after corrections) vs. momentum transfer for
superstructure reflections of pure PMN. The fit is to a simple chemical
ordering model with no displacements..
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ordering model, it is possible to fit the general shape of the data (line in Figure 4.5).
However, chemical ordering alone gives the smooth line of the form factor difference
between Mg”* and Nb>* (eqn. 2), and is not able to explain the small, systematic variations
seen in the data. For example, certain pairs of reflections, with different indices but the
same magnitude of |g|, have different structure factors. This simple fit results in a large
chi-squared of 3.6.

By varying the position or shape of the oxygen octahedra that surround the B sites,

it was possible to fit the deviations from the smooth curve. One such model, with R3m
symmetry, was suggested by Husson et al [24] in a study of other perovskites, and a
similar model was used to fit the data presented here. For the sake of simplicity, complete
1:1 chemical ordering between the B-site ions within each ordered domain (“space charge”
model) was assumed, but the model would apply equally well to the charge balanced
random layer model since the structure factors only differ by a multiplicative factor as
explained above. Because there is no absolute scale factor in the model and the oxygen

displacement is a small perturbation of the structure, the degree of 1:1 ordering on an

absolute scale could not be measured. In the R3m model, the oxygen atoms move towards
the smaller Nb”" ions along a {100} axis (and hence move away from the Mg*" ions)
(Figure 4.1). This oxygen displacement enabled the model to fit variations in structure
factor for reflections that have the same magnitude of |g|, for example reflections (1.5, 1.5,
1.5) and (0.5, 0.5, 2.5). By fitting only the size of this oxygen displacement and assigning
Debye-Waller factors to the Mg/Nb and O atoms, an optimal oxygen displacement of

0.044(3) A for pure PMN was found. The improved fit (Figure 4.6) has a
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Figure 4.6. Improved fit using the R3m model and an oxygen
displacement of 0.044 A. This same model was also used to fit the
doped PMN samples.

X of only 0.6. Models involving rotations of the oxygen octahedra were also attempted
but they did not improve the fit. The same model was used to fit the data for the doped
crystals. The resulting oxygen displacements are graphed in Figure 4.7 together with the
lattice constant dependence. The chi-squared values were 0.9 for 3% La-PMN and 1.2 for
10% La-PMN. The 6% PMN-PT had an oxygen displacement of 0.024 A, similar to 10%
La-PMN, with a chi-squared of 1.4. The direction of the displacement in each case is in

the direction towards the smaller Nb ions, as expected. Due to the low sensitivity of x-
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Figure 4.7. Oxygen displacement and lattice constant as a function of La
doping. The displacement was found by fitting to the R3m model and is

towards the Nb or B’ site.
rays to oxygen, additional oxygen rotations cannot be ruled out. However, the important
result is the observed shrinking of oxygen displacements with increasing La doping.

These results indicate that chemical ordering is the dominant cause of PMN’s

superstructure peaks. The ordered domains have an average size of 48 A per side and
were not strongly anisotropic, so it is assumed they are roughly cubic in shape. These
chemically ordered domains are believed to be distinct from PMN’s nanopolar domains
because they have different characteristics. The superstructure peaks that arise from the
ordered domains showed no response to applied electric fields up to 2 kV/cm in our
experiments, and they are also unaffected by temperature up to 1325°C [25]. The

nanopolar domains, which appear when PMN is cooled, grow in size when temperature is
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lowered and are responsible for PMN’s ferroelectric properties. Chemically ordered
domains are not affected by temperature, increase with La doping and their growth causes
a decrease in the dielectric response (Figure 4.4). Doping with Ti (Section 4.2) causes the
volume of polar domains to grow as PMN becomes more like a normal ferroelectric. This
growth is accompanied by a decrease in the ordered domain size, again showing the
competition between two different types of nanodomains in PMN.

Contrary to experiments on other mixed B-site relaxors [26], the increased B-site
ordering in PMN results in more relaxor-like behavior as seen in the increased dispersion
and broader peak of dielectric constant. It appears that PMN’s relaxor behavior is not
dependent on the heterogeneity of the B-site but rather the interference caused by the two
types of nanodomains. The polar nanodomains’ inability to coarsen into larger domains
gives PMN its relaxor behavior. As the chemically ordered domain size increases (through
La doping), the separation between the polar domains must also increase. The added
frustration then increases the relaxor behavior, as observed in the dielectric measurements.
In addition, the increase of ordered domains occurs at the expense of the total volume of
polar domains as seen in the reduced maximum dielectric constant. Conversely, as Ti is
added, it is observed that the maximum dielectric constant increases while the ordered
domain size decreases. The result is that PMN begins to behave more like a normal
ferroelectric as the interference of the chemically ordered domains is removed. Thus, the
relaxor behavior can be understood as resulting from frustration of the polar nanodomains
caused by the domains of chemical ordering. Increasing the chemically ordered domain
size results in increased relaxor behavior, while decreasing it leads to decreased relaxor
behavior. For lead titanate concentrations above 30%, PMN-PT transforms to a normal

ferroelectric and the superstructure peaks are no longer present.
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4.4.4 Charge imbalance models

In this section, the question of “space charge” vs. “random layer”” model will be
considered. The space charge model of complete chemical ordering is only possible for
limited domain sizes because there is in fact twice as much Nb as Mg in the chemical
composition of PMN. More importantly, the 1:1 Mg:Nb stoichiometry leaves a net charge
per unit cell of -0.5e. Assuming the domain shape is cubic, the net charge of the cube can

be calculated:

3
Volume=h? Q= (%j (-0.5¢) (8)

This net negative charge can be balanced by a surface layer of positive charge on the unit
cells that enclose the ordered region. If such a layer were made up of unit cells of
PbNbO;, than each surface unit cell would have a net positive charge of +e. By setting the
surface layer charge equal to the volume charge, it is seen that 12 unit cells along each

cube dimension are needed to achieve charge balance:

(if(o.Se) = 6(£j 2(1.0e) LI ©)

ag ag a0
With a lattice constant of 4.048 A, this region would be 48.6 A per side. Thus, the
observed domain size of 48 A in pure PMN is the minimum necessary so that one
monolayer of unit cells of PbNbOj; will counterbalance it. If this model is correct, then it
can be concluded that these domains do not grow larger because they are strongly
restricted by Coulombic forces.

The amount of electrostatic energy contained in such a charge imbalanced region

of a crystal can be calculated in a straightforward manner [27]. Consider a spherical
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volume of radius R containing a total charge Q uniformly distributed in a medium of
relative dielectric constant €. Again, a skin charge which counterbalances the volume
excess charge and hence cancels all fields outside the sphere is assumed. The electrostatic

energy is given by:

QZ

U=——7"—
10 471€ &R

(10)

Now, if there are N unit cells in the volume, each with an excess charge g, then 0=N’g

and R=Na,. Substituting gives:

2
1 (N3q) | q2
= =N — (11)
10 477¢ &(Na,) 10" 47g a,

The energy per unit cell is then given by:

U lNz(qu
=—=——|—| (3.6eV 12
”N3105,e(e) (12)

This gives (13/€,) eV per unit cell in pure PMN, assuming N = 12 unit cells in the ordered
region and complete chemical ordering (¢=0.5¢). Considering €, may be quite large, this
energy is certainly not unreasonable on the scale of typical cohesive energies of ionic
solids. The actual value of €, which is the dielectric constant of the ordered region, is not
known, but an approximation of about 100 can be made by extrapolating the Curie Weiss
law to PMN’s growth temperature. This results in u ~ 0.13 eV/unit cell for full chemical
ordering in pure PMN.

It was proposed [10] that doping the Pb*" sites with La’" provides enough
additional positive charge to allow these domains to become larger. However, at the
quantitative level, doping with La does not provide enough positive charge to account for
the rapid increase in the ordered domain size. Assuming that the La is distributed evenly
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on the A-sites, then the net charge for one formula unit of La,Pb; Mg, sNb, 505 is (x-0.5)

electrons per unit cell. As above, the number of unit cells per side of the ordered region is:

(ij 3(0.5 - x)e = 6(i)2(1.0e) h__ 6 (13)

a, a

which has a weak dependence on x, giving only 15 unit cells, or 61 A for 10 % La doping,
which is nowhere near the observed 900 A. It is possible that La goes preferentially into
the ordered domains during growth, but no evidence for this was seen in comparing lattice
constants of bulk and superstructure peaks.

The conclusion is that the “random layer” model is valid for sufficient La
concentrations when the ordered domains are very large, but the “space charge” model is
possible in the range below a few percent. Also, it is possible that the anomalous variation
of lattice constant for La concentration less than 10% in the measurements of Lin and Wu

[17] may indicate a transformation from “space charge” to “random layer” ordering.
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4.4.5 Strain effect

A comprehensive explanation for why PMN chemically orders has not yet been
given. The structural results presented above indicate that strain plays an important role.
In perovskites, there is a delicate balance between ionic contacts at the A and B-sites. The
relevant ionic radii, which vary with effective ionic charge and coordination number, are
given in Table 4.2 [28]. In pure PMN, the lattice constant is 4.048 A which, after
accounting for two oxygen radii of 1.35 A, leaves enough room to accommodate a B-site
ion of radius 0.674 A or smaller. Thus, the Nb>* ion fits easily, but the Mg*" ion is too
large. However, by constructing a linear array of Nb>* and Mg”" ions (as in a 1:1
chemically ordered model) and displacing the oxygen atoms towards the smaller Nb ion,
the Mg ion can be comfortably accommodated. The measurements of oxygen
displacements are entirely consistent with this model. The combination of chemical
ordering, with the associated oxygen displacements, may lower the total energy by
reducing the strain and thereby drive the 1:1 chemical ordering. Doping with La**
decreases the lattice constant, thereby increasing the internal strain by increasing the

packing forces. This could make the chemically ordered state even more advantageous in

Table 4.2. Ionic radii from Shannon [28].

Charge Coord. Radius

(A)
Pb +2 12 1.50
La +3 12 1.32
Mg +2 6 0.72
Nb +5 6 0.64
Ti +4 6 0.60
O -2 2 1.35
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energy and result in increased ordering in La-PMN. In Chapter 5, an external strain is
applied to PMN by growing thin films on a substrate that has a smaller lattice constant. In
those measurements, the external strain also had the effect of increasing the ordered
domains without having to dope with La.

As the overall lattice constant decreases with increased La®" content, the size of the
oxygen displacement also decreases (Figure 4.7). Both curves are on the same vertical
scale, so it is seen that the two values change at an approximately equal rate. Using a hard
sphere model and the ionic radii (Table 4.2), O-Nb-O requires 3.98 A and O-Mg-O
requires 4.14 A. In pure PMN, using the measured oxygen displacement, the O-Nb-O
bond length is 3.96 A, and the O-Mg-O bond length is 4.14 A, so that the Nb ion is being
squeezed slightly, but the Mg ion fits exactly. As La is added, the data indicate that the
measured O-Nb-O bond length remains approximately constant at 3.97 A, while the O-
Mg-O bonds become progressively more compressed. The displacements are such that the
O-Nb-O distance is roughly constant, and all of the strain is concentrated in the O-Mg-O
bond (Figure 4.8).

This result makes little sense in the context of a fully 1:1 Mg:Nb chemically
ordered model. It makes more sense if the B’, or ‘Mg,’ site is showing a change of
composition with La doping. The smaller bond length may force the larger Mg out of the
B’ site, increasing the amount of Nb on B". This brings the ordered domains closer to
neutral charge because of the additional positive charge carried by Nb>* on the B’ site. In
other words, the ordered domain changes from complete Nb:Mg ordering in pure PMN
and becomes closer to random layer ordering of Nb:( Mg,sNb;3) in 10% La-PMN. By
this mechanism, the domain size is no longer limited by “space charge” and can grow

larger. Also, because of the quadratic dependence of # on N (eqn. 12), the electrostatic
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energy becomes prohibitively large when N becomes larger. Hence, the charge
redistribution on the B-sites is necessary to accommodate the large ordered domains in La-
PMN.

The data can be interpreted using the model of changing stoichiometry to
accommodate the shrinking B’ site. Using the measured lattice constants, a,, and oxygen
displacements, Doy, the space allowed for the B” ion, R, is simply:

R =ay/2 - ROxy + DOxy (14)
where Roy, 1s taken from Table 4.2. A linear combination of the ionic radii, Ry, and Ry,
results in an effective radius. An independent estimate of the B” occupancy is made by
calculating the fractions of Mg and Nb that result in an ion that matches the measured
size:

RB B RNb

(15)
RMg - RNb

Rp =y Ry, + (1-y)Rys, giving y=

The results (Table 4.3) show good agreement for the pure PMN and 3% La-PMN, which
have Mg occupancies of 0.98 and 0.79 respectively. For the 10% La-PMN, the Mg
occupancy actually drops below the random layer model value of 2/3 (which would make

the domain positively charged) but the value of 2/3 is still within the error estimate.

Table 4.3. Ry is the measured ionic radius that would fit in the B” site. The
fraction of Mg, in combination with Nb, that corresponds to that size and the
resultant excess charge per unit cell are shown.

% La Ry Mg fraction charge/unit cell
in PMN measured on B’ site, y q/e
(eqn. 16) calc. (eqn. 17) calculated
0 0.718+0.003 0.98+0.04 -0.46+0.06
3 0.704+0.004 0.79+0.06 -0.1940.08
10 0.688+0.005 0.60+0.08 +0.10+0.12
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Alternatively, the change in bond length could be due to the effects of the La dopant

and/or the increased Mg:Nb ratio.

4.5 Titanium doped PMN

In the 6% PMN-PT crystals, the measured lattice constant was 4.033 (2) A. This
crystal was cut from a larger crystal and had a large polished face. Very good agreement
of 6.7% was found within the symmetry equivalent peaks after making the corrections as
described above for PMN. The same model was used to fit the data with a resulting
oxygen displacement of 0.024(5) A. These measured values give a B” site that is 0.69 A
and a B”" site that is 0.64 A. These values are also consistent with a “random layer” model
with a Mg occupancy on the B site of 63%. Apparently, the perturbation introduced by
the Ti dopants (and the increased disorder on the B-sites) encouraged a random layer
ordering, but over a smaller domain size. In the work of Davies et al [11], it was also
found that small dopant levels led to greatly increased ordered domains after annealing and
hence random layer ordering (the only type possible in large domains). Apparently the
random layer ordering is preferred or more stable in these systems, but it must be induced
by adding a dopant. It is possible that the ordered domains in PMN-PT could be increased
in size by annealing to very high temperatures as was seen in [11].

In the as-grown crystals studied here, the ordered domain size was only about 30
A. This again suggests the competition between polar nanodomains and chemically
ordered domains. As lead titanate is added to PMN, it becomes more like a normal
ferroelectric with a larger dielectric response. This occurs at the expense of the ordered

domains which in pure PMN interfere with the polar domains and give it the relaxor
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behavior. The growth in dielectric constant and reduced relaxor behavior with the
addition of PT is clearly seen in Figure 4.9 from Colla et al [29]. In Figure 4.9a, the
transition region becomes narrower with increasing PT content, and Figure 4.9b

demonstrates the reduced frequency dispersion with increased PT.
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Figure 4.9. Dielectric behavior of PMN-PT for increasing amounts of lead
titanate [30]. In a), the transition is seen to become narrower, and in b), the
dispersion amount is reduced with increasing PT--becoming less relaxor

like. T is the reduced temperature, or (T-T¢)/Tc.

4.6 Lead zinc niobate
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Dielectric data were measured for PZN and 10% La-PZN crystals using the same
setup discussed above, and the results are presented in Figure 4.10. By doping with La,
the €'(T) peak again became broader and its maximum value decreased significantly. The

La also caused the peak in the dielectric constant to move to lower temperatures. Typical
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Figure 4.10. Dielectric constant behavior of PZN and 10% La-PZN. As
with PMN, La doping leads to larger chemically ordered domains, reduced
dielectric constant and increased dispersion (more relaxor like).

of relaxors, as the measurement frequency increased, the peak maximum decreased and

shifted to higher temperatures. Again, the La dopant caused more relaxor-like behavior as
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seen in the broader transition and greater frequency dispersion. The refined lattice
parameters were 4.062(2) A for pure PZN, and 4.049(2) A for 10% La-PZN.

Integrated intensities of the (h+1/2, k+1/2, 1+1/2) superstructure peaks of 10% La-
PZN crystal were measured using theta scans. For 10% La-PZN, 90 such reflections were
measured which resulted in 15 crystallographically distinct reflections after averaging
symmetrically equivalent peaks. As with PMN, the observed drop off in structure factor
with increasing momentum transfer indicated that chemical ordering was the dominant
cause of the superstructure peaks in both PZN and 10% La-PZN. However, since the
structure factor of chemical ordering superstructure peaks is proportional to the atomic
form factor difference (eqn. 2), the PZN peaks from similar domain sizes would be seven
times weaker compared with PMN (the form factor difference is 11 electrons between Zn
and Nb versus 29 for Mg and Nb).

Using the Scherrer formula, the domain size of PZN was measured to be 25 A
versus the 50 A found in PMN. This eight times smaller domain volume (without a
significant increase in the number of domains), together with the smaller form factor
difference, resulted in much weaker superstructure peaks for PZN compared to PMN. As
a result, it was not possible to measure enough peaks to do a reliable crystallographic
analysis. For the La-doped crystals, there was again a dramatic increase in ordered
domain size, so it was possible to model the 10% La-PZN structure. The average ordered
domain size of 10% La-PZN was 1200 A, slightly larger than the 900 A found for 10%

La-PMN.

For 10% La-PZN, the R3m model was again used to fit the data. An oxygen

displacement of 0.050(6) A was found, considerably larger than the 0.022(3) A that was
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measured for 10% La-PMN. This larger displacement is expected given that Zn has an
ionic radius that is 0.03 A larger than Mg [28].

Analogous to PMN, it is possible to lend insight to what might be driving the
chemical ordering in PZN by considering atomic size. As discussed above, only the
random layer model is possible in the highly ordered La-doped crystals because of
electrostatic considerations. In the random layer model for 10% La-PZN, the B’ site of
Zn,;3Nb, 3 has an average radius of 0.72 A, and the B"” site (Nb) has an ionic radius of
0.64 A. The measured lattice constant and oxygen displacement result in an allowed B’
site of 0.72 A and an allowed B"" site of 0.62 A. Thus, the measured oxygen displacement
was within 0.01 A of a “perfect fit,” and the system could reduce internal strain by
chemically ordering and displacing the oxygen ions.

PZN crystals doped with lead titanate were also grown and measured. As with
PMN, the addition of lead titanate to PZN destroys the chemical ordering on the B-sites.
Compositions near PZN-9% PT exhibited no half-order peaks. This composition sits on
the morphotropic phase boundary above which PZN-PT behaves like a normal
ferroelectric. As with PMN-PT, it was observed that the transition from relaxor to normal
behavior is accompanied by the disappearance of the half-order peaks and hence the
chemically ordered domains. Attempts were made to dope the PZN-PT with La to see if
the superstructure could be restored. La dopants of 5, 10 and 20% were added to PZN-9%
PT, and in each case the superstructure peaks were still found to be absent. This is further
evidence that the drive to chemically order is related to strain effects. Adding smaller Ti
ions frees up more space for the larger Zn and Nb ions. So, by reducing the internal
packing strain, the drive to chemically order is reduced. Further, this also shows that

chemical ordering is not necessarily enhanced by doping with extra positive charge.
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4.7 Conclusion

PMN’s superstructure peaks give an X-ray diffraction pattern that, when corrected
for absorption and illumination, show decreasing structure factors with increasing |g|.
Hence, chemical ordering is the dominant feature in PMN that causes its superstructure.
The positions of the oxygen atoms were further refined, and it was shown that their
displacements are towards the Nb ions and away from the Mg, or (Mg,;Nb3), ions. The
“space charge” model is possible in pure PMN, but the “random layer” model must be
present in La doped PMN. While the increase in positive charge that La provides may
facilitate the growth of 1:1 chemically ordered domains, it appears that strain effects are
more important. These strain effects will be considered in a different fashion in the next
chapter.

The increase of chemically ordered domains caused by La doping caused more
relaxor-like behavior in PMN. The increase in ordered domains also caused a much lower
ferroelectric response in La-PMN, demonstrating that the chemically ordered domains are
not ferroelectrically active and are distinct from the polar domains. Conversely, a decrease
in ordered domain size from Ti doping caused PMN to behave less relaxor-like with a
larger dielectric constant. The interference between PMN’s chemically ordered and polar

nanodomains is believed to be responsible for its relaxor behavior.

4.8 References

[1] G A Smolenskii, A T Agranovskaya, Sov. Phys. -- Tech. Phys, 3, [7] 1380-82 (1958).

78



[2] J Kuwata, K Uchino and S Nomura, Jpn. J. Appl. Phys. 21, 1298, 1982.

[3] N de Mathan, E Husson, G Calvarin, J R Gavarris, A W Hewat and A Morell, J. Phys.:
Condens. Matter 3, 8159-71 (1991).

[4] M Mulvihill, L E Cross, W Cao and K Uchino, J. Am. Ceram. Soc. 80[6], 1462,
(1997).

[5] N de Mathan, E Husson, G Calvarin, J R Gavarris, A W Hewat, A Morell, J. Phys.:
Condens. Matter, 3, 8159-71 (1991).

[6] A Verbaere, Y Piffard, Z G Ye, E Husson, Mater. Res. Bull., 27, 1227-34 (1992).

[7] S G Zhukov, V V Chernyshev, L A Aslanov, S B Vakhrushev, H Schenk, J. Appl.
Cryst., 28, 385-91 (1995).

[8] G A Smolenskii, J. Phys. Soc. Jpn. 28, 26-37 (1970).

[9] G A Smolenskii, A I Agranovskaya, Sov. Phys. -- Tech. Phys, 1, 1429 (1959).

[10] J Chen, H M Chan and M P Harmer, J. Am. Ceram. Soc. 72 [4], 593-98 (1989).

[11] M A Akbas and P K Davies J. Am. Ceram. Soc. 80 [11], 2933 (1997).

[12] H B Krause, J] M Cowley, J] Wheatley, Acta Crystallogr., Sect. A, 35, 1015-17 (1979).

[13] Q M Zhang, H You, M L Mulvihill, S J Jang, Solid State Communications, 97 [8],
693-98 (1996).

[14] A D Hilton, C A Randall, D J Barber, T R Shrout, Ferroelectrics, 93, 379-86 (1989)
and L A Bursill, H Qian, J-L Peng, X-D Fan, Physica B, 216, 1 (1995).

[15] D D Viehland, J-F Li, Ferroelectrics, 158, 381 (1994).

[16] A D Hilton, D J Barber, C A Randall and T R Shrout, J. Mater. Sci. 29, 3461 (1990).
[17] L-J Lin, T-B Wu, J. Am. Ceram. Soc., 73 [5], 1253-56 (1990).

[18] Commercially purchased.

[19] S L Swartz, T R Shrout, Mater. Res. Bull., 17, 1245-50 (1982).

[20] Z-G Ye, P Tissot, H Schmid, Mater. Res. Bull., 25, 739-48 (1990).

[21] The standard angle conventions for a 4-circle diffractometer are given in Busing and
Levy, Acta Cryst. 22 457 (1967).

79



[22] N de Mathan, E Husson, A Morell, Mater. Res. Bull., 27, 867-76 (1992).

[23] B E Warren, X-Ray Diffraction, (Addison-Wesley, Massachusetts, 1969).

[24] E Husson, M Chubb, A Morell, Mater. Res. Bull., 23, 357-61 (1988).

[25] A D Hilton, D J Barber, C A Randall, T R Shrout, J. Mater. Sci., 29, 3461-66 (1990).
[26] L E Cross, Ferroelectrics, 76, 241 (1987).

[27] D J Griffiths, Introduction to Electrodynamics, (Prentice-Hall, New Jersey, 1989).
[28] R D Shannon, Acta Cryst. A32, 751, (1976).

[29] E V Colla, N K Yushin, D Viehland, J. Appl. Phys., 83 [6] 3298 (1998).

80



Chapter 5

PMN Thin Films

5.1 Introduction

In order to better understand what was driving the 1:1 chemical ordering,
experiments on PMN thin films were performed. In chapter 4, it was demonstrated that
PMN’s superstructure is due to chemical ordering on the B-sites. However, those
experiments could not distinguish between complete chemical ordering of the Mg and Nb
ions (space charge model) and ordering between Nb and a mixture of (Nb,sMg;3) known
as the random layer model. As proposed by Harmer et al [1], the space charge model was
widely adopted and pretty much unquestioned until recently [2]. In that model, the small
size of the ordered domains is limited by the charge imbalance and Coulombic forces, and
doping with La’" restores enough positive charge to allow those domains to grow.

From the experiments discussed in Chapter 4 using both La and Ti dopants, it
appeared that internal strain or packing effects may also play an important role. Because
La ions have a smaller radius than Pb atoms, their substitution produces additional
constraints on the system. By reducing the lattice constant, the effect of the La is to
generally shorten the bond lengths. Considering the ionic radii, it was shown that the Mg
ion was slightly too large for the unit cell. By chemically ordering in a 1:1 fashion and

displacing the oxygen ions away from the Mg ion, the system could better accommodate
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the larger Mg ion and reduce the overall strain. Our crystallographic data confirm that this
type of displacement was occurring. As more La was added, the bond lengths were further
constricted, and the ordered domain size increased. Kim et al [3] found that doping the B-
site of La-PMN with Cd induced large chemically ordered domains while doping with
smaller Ni ions did not. They attributed this behavior to the larger ionic size difference of
the B-site ions in the Cd doped sample, again suggesting that the desire to accommodate
both large and small ions on the B-site is driving the chemical ordering.

In the space charge model, it is believed that the non-stoichiometric ordering of Mg
and Nb ions occurs only in very small domains because of the Coulombic forces that
develop in the net charged region. It was proposed that the La*" dopant on the Pb*" site
provides additional charge to overcome those Coulombic forces and hence the ordered
domains grow. This does not consider what effect the smaller ionic size of La has on the
system. In this work, by depositing thin films of PMN on a substrate that has a slightly
smaller lattice constant, it was possible to force PMN into a smaller unit cell volume via
interfacial strain. Thus, the effects that reduced cell volume and constrained packing have
on the ordering could be studied without simultaneously introducing extra charge.

In order to separate the question of the effects of higher valence from ionic radius,
thin films of PMN were grown on a substrate which had a smaller lattice constant than
bulk PMN. Hence a strain could be placed on the films and the bond lengths constricted
(as in La-PMN) without adding dopants. Studying the resultant crystal structure and size
of ordered domains would reveal what effect compressive strain has on B-site ordering.
The base substrate used was MgO upon which a layer of STRuO; was grown. MgO has a
lattice constant of 4.19 A, and good quality epitaxial StRuO; films can be grown on it.

SrRuO; has a lattice constant of 3.92 A which is 3.2% smaller than bulk PMN’s lattice

82



constant of 4.048 A. It also has the perovskite structure and is one of the best substrates
for growing epitaxial ferroelectric thin films (in contrast to platinum as discussed in
Chapter 7). As in any thin film experiment, the effect of the substrate is most easily
observed in thinner films, but this must be balanced with the need to grow stoichiometric,
epitaxial films. Hence, a series of thicknesses were grown on SrRuQO; and one film was

grown on MgO to check the effects of tensile strain.

5.2 Film growth

Films of 50, 100, 200 and 1500 A were grown using pulsed laser deposition. This
technique uses a ceramic target of PMN which is synthesized in the standard columbite
process [4]. A KrF laser is then focused onto the target and pulsed at 6 Hz, ejecting small
quantities of the target material. The film deposition then takes place on a MgO substrate
which is kept at a temperature of 625° C to promote crystallization. The oxygen pressure
during deposition is a crucial variable for achieving stoichiometric films and it was varied
between 0.1 and 0.2 mbar [5]. Deposition time varied from 1 to 20 minutes. The
substrate for most films was MgO with {100} orientation covered with a 1000 A layer of
SrRuO; which was also deposited at 625° C. One film of 5 nm thickness was grown
directly on the MgO substrate.

The resulting films were well oriented with the perovskite structure and the <001>
direction perpendicular to the substrate. Through careful control of the deposition
conditions, the pyrochlore structure was avoided. The x-ray diffraction scans and plan-
view transmission electron microscopy [4] both showed strong in-plane orientation of the

films, suggesting epitaxial growth of the perovskite phase. Pulsed laser deposition is a
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very effective technique for growing crystalline thin films of complex perovskites. Since
it involves a ceramic target of known composition, the cation composition of the film is
conserved.

As expected, the dielectric response of the films was considerably lower than bulk
ceramics or single crystals. Figure 5.1 shows the dielectric constant and loss as a function
of temperature for 3 measuring frequencies. The data were taken on the 1500 A film, and
the maximum in dielectric constant is only about 1000 versus 30,000 for single crystal
PMN. Also, larger frequency dispersion was observed which is also characteristic of thin
films and understood to be due to the relatively greater influence of space-charge fields at

the interface with the electrode [6].
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Figure 5.1. Dielectric properties of the 1500 A PMN thin film taken from [5]. The
dielectric constant is proportional to “Capacitance” and has a peak of only 1000.
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5.3 X-ray measurements

Due to the limited scattering power of very thin films, x-ray measurements were
performed at the National Synchrotron Light Source at Beamline X16C. Each film was
oriented with a <001> direction perpendicular to the surface which made it easy to find
peaks and align the samples. The substrate peak from the MgO single crystal dominated
the diffraction pattern and the SrRuO; peaks were also clearly visible. However, since
they all had slightly different lattice constants, the PMN peaks could be clearly separated.
Figure 5.2 shows the two substrate peaks as well as the (111) peak of the 100 A PMN

film.
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Figure 5.2. Scan through the (111) peak of the PMN thin film in the
<111> direction clearly shows the single crystalline MgO substrate and
the SrRuQ; intermediate layer.
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After aligning each sample in the diffractometer, about five bulk Bragg peaks were
measured to determine the lattice constants. Reflectivity measurements were also made by
scanning theta/two-theta at very low angles. If there is a “clean” interface between film
and substrate, then the reflectivity measurement will reveal an interference pattern of
maxima and minima. However, only smooth curves were found for each film, indicating
that the interface was either too rough or not well defined. Epitaxial alignment with the
substrate was found for each of the films. For the thinnest films, however, the limited size
in the perpendicular direction caused their peaks to be very broad, so their positions, and
hence lattice parameters, could not be measured as accurately. When fringes are not
visible, the Scherrer formula is used to determine film thickness. For sufficiently thin
films, the resulting diffraction peak becomes broader than the detector resolution. Using
the Scherrer formula, the width of a peak scanned in the / direction (perpendicular to the
substrate) gives an estimate of the film thickness. For the 1500 A film, the / scan was
resolution limited, but for the other films, the estimated thicknesses using the Scherrer
formula roughly agreed with the nominal thickness determined by the deposition time.

Although the epitaxial quality of the films was quite good compared to similar
films [4], and much better than the sol gel films discussed in Chapter 7, they were still
significantly affected by mosaic broadening. This is the effect where neighboring
domains in the film are slightly tilted with respect to each other, and it introduces an
artificial width to every diffraction peak. In these films, the mosaic broadening was most
noticeable in the transverse directions which would represent rotation of the domains in
the plane of the surface with respect to one another. The signature of mosaic broadening
is that peaks of higher order originating from the same ¢ direction (e.g. (111) and (222))

have a fixed width in theta while non-mosaic broadened peaks have narrower theta widths
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for higher order reflections. As shown in Figures 5.3a and b, the 1500 A film was not
affected by mosaic broadening. The peaks became narrower in the theta scans at higher
order and are roughly constant in index scans. The 100 A film was mosaic broadened,
however, as seen by the constant peak width in the theta scan (Figure 5.3c) and the
broadening of the index scan when higher order reflections are measured (Figure 5.3d).

In the radial direction, there is no mosaic broadening because radial scans are a
direct measure of planar spacings. Transverse scans indicate that the thin film geometry
allowed tilting of domains in the plane of the film (about an axis perpendicular to the
film). In the 200 A film, scans of the (101) and (202) peak show mosaic broadening when
scanned along the <010> direction (Figure 5.4a) but not along the radial <101> direction
(Figure 5.4b). In the thinner films, the size effect became significant, so the / scans
became broader than the /# and k because of the shrinking dimension of the film
perpendicular to the substrate. Since it depends on direction, the mosaic resolution
function can be estimated by comparing its effect on different reflections, so its effects can

be distinguished from domain size broadening.

5.4 Results

The lattice constants for each film are given in Table 5.1, along with the average
lattice constant for comparison with bulk PMN (which is 4.048 A). In each case, the unit
cell volume is reduced from the bulk value by approximately 0.9%. Also evident in each
sample is a shift from simple cubic to tetragonal with the longer c-axis occurring

perpendicular to the film. This is expected for a substrate with a smaller lattice constant
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Figure 5.3. Mosaic broadening. In the 1500 A film (a and b), the theta
scans get slightly narrower and the index scans are roughly constant for
higher order peaks. For the 100 A film, mosaic broadening causes the
theta scans to have equal widths and the index scans to have increased

widths for higher order peaks.
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Figure 5.4. The (101) type peaks show mosaic broadening when measured
in the transverse <010> direction but not in the radial <101> direction.

Table 5.1. Measured lattice constants of each film. The ¢ direction is perpendicular

to the film, and the average is the cubed root of the volume.

nominal a b c Avg.
thickness (A) (A) (A) (A) (A)
1500 4.00 4.00 4.06 4.02
200 4.00 3.97 4.032 4.00
100 3.99 3.99 4.042 4.01
50 3.98 4.00 4.025 4.00
50 (no SRO) 3.99 4.01 4.063 4.02
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than the film. Thus, the strain of the smaller substrate is taken up by the film in two ways:
reduced volume and tetragonality. The reduced volume became more pronounced in the
thinner films.

Half order peaks were observed in all the films on the SrRuO; layer. This was
especially surprising in the thinner films as the ordered domain size in some cases
approached the film thickness as seen in Figure 5.5 which shows a (202) bulk peak
superimposed over a (0.5, 0.5, 0.5) superstructure peak. The width of the bulk peak is due
to the size effect of the mosaic blocks that are present in the film because the film is not
single crystalline but is broken up into grains. The broadened (0.5, 0.5, 0.5) peak is the
result of the size effect of the chemically ordered superstructure domains. Using the
Scherrer formula, the bulk grain size in the thickest film was 170 A and the superstructure
ordered domain size was 90 A, considerably larger than the 50 A found in single crystal
PMN. The intensity of the superstructure peaks compared to the Bragg peaks was
relatively stronger in the films than single crystal PMN at low q values. However, the
peak intensity quickly dropped off at higher ¢ values due to the mosaic spread of the films
which cuts the intensity of higher order reflections. The limited volume of the thin films
in addition to the increased background caused by the substrate made it difficult to
observe the weaker superstructure peaks at higher ¢ values. The widths of the
superstructure peaks in the thinner films were roughly equivalent to the bulk peaks,
suggesting that entire domains were chemically ordered (Table 5.2). In contrast, the

superstructure peaks in single crystal PMN are about 30 times wider than the bulk peaks.
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Figure 5.5. Enhanced chemical ordering in the films led to superstructure
peaks with widths almost as narrow as the bulk peaks in all films grown
on the MgO/SrRuOjs substrate. The 200 A film is shown.

Table 5.2. Bulk and ordered domain size of each film. Bulk domains are the result
of the film breaking up into mosaic blocks to better accommodate the misfit with
the substrate. The ordered domains result from the chemical ordering of Mg and Nb.

nominal bulk ordered
thickness domain size domain size
A) A) A)
1500 170 110
200 80 60
100 100 70
50 70 70
50 (no SrRu0O;) 50 none
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5.5 Discussion

In all the thin films grown on MgO/SrRuQ3, the chemically ordered domains were
larger than in bulk PMN. Thus, it is not necessary to dope with extra positive charge to
increase the ordered domain size. This is evidence to support the view that strain plays an
important role in the 1:1 chemical ordering found in PMN. The presence of the SrRuO;
substrate produced an average compressive strain of 0.9%. Additionally, there was a misfit
of 2.2% between the strained PMN film and the SrRuO; substrate. The biaxial interfacial
strain and the misfit caused the thin films to break up into smaller domains with the
mosaic structure as discussed. A large number of dislocations thus occurred between the
domains. In the out of plane direction, the PMN films stretched their c-axes relative to the
ab plane to partially relieve strain while trying to maintain the bulk crystal volume. In the
film grown directly on MgO (with a larger lattice constant than bulk PMN), no half-order
peaks were found, indicating that tensile strain does not induce chemical ordering in PMN.

Because La is smaller than Pb, it also changes the cell volume thus affecting the
packing forces as seen in Chapter 4. The effective strain produced by the StTRuO;
substrate in these experiments would be the structural equivalent of doping with 25% La,
as far as cell volume is concerned. However, using the SrRuO; substrate to strain the
system does not provide additional charge as when actually doping with La. The effect of
this strain is difficult to accurately compare with the bulk because the film was broken up
into grains. However, the fact that bulk and superstructure peaks have roughly equal
widths suggests that the desire to order was greatly enhanced by the added strain. Also,
the ordered domain sizes in all the thin films were larger than the 50 A ordered domains in

single crystals of pure PMN, as seen in Table 5.2. In addition, measuring the structural

92



aspects of the thin films helped to understand the dielectric properties. The breaking up of
the film into domains and the increased B-site ordering led to decreased dielectric constant
values and more relaxor-like behavior. Similarly, the increased ordering in La-PMN led to

decreased dielectric constant and increased relaxor behavior.

5.6 Conclusion

Substrate induced strain encouraged nearly complete ordering on the B-site in thin
films of PMN, although the crystal grains were limited in size. The strain was
accommodated in the film by a shift to tetragonality, a reduced unit cell volume and the
breaking up of the film into smaller domains as seen by mosaic broadening in the 4 and k&
directions. Further experiments on better quality films with larger domain sizes would
confirm the effect of strain on increased B-site ordering. However, this is more evidence
that strain plays an important role in inducing the 1:1 chemical ordering in PMN. It
appears that the random layer model is present in these thin films of pure PMN based on
the degree of ordering and the electrostatic considerations discussed in Chapter 4.

The added charge provided by the La is not required to increase chemical ordering,
so the main argument in support of the space charge model is invalid. The substrate
induced strain was enough to increase the chemically ordered domain size, and the random
layer type of ordering was present. However, conclusions about the ordering in single
crystal PMN can not be made based on the results of thin films. Instead these results
suggest that the random layer ordering can be induced in pure PMN when a substrate
strain is present, and that La is not needed to increase the ordered domain size. In the

second half of the next chapter, evidence supporting the random layer model is presented
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based on resonant analysis of the composition of the ordered regions in single crystal

PMN.
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Chapter 6

X-ray Resonance

6.1 Diffraction anomalous fine structure

6.1.1 Background

The extended x-ray absorption fine structure (EXAFS) technique is a powerful
probe of short range structure. It exploits the tunability of synchrotron sources to produce
an incoming beam with energies that are near a given atom’s atomic excitation level.
Since each atom has different excitation energies, it is possible to study the chemical
environment surrounding selected atoms. This can be especially helpful in mixed B-site
relaxors in which several atoms are present because the environment around each atom can
be studied separately.

A brief description of EXAFS will be given to better introduce the diffraction
anomalous fine structure technique, or DAFS. The standard EXAFS procedure involves
passing the incoming beam through a thinned sample and measuring the amount of
radiation that passes through the sample. The photon energy is varied from just below the
absorption edge of one of the atoms within the sample to several hundred eV above the
edge. The resulting absorption spectrum gives information about the environment

surrounding the chosen atom. As the photons are absorbed by the atom, photoelectrons are
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emitted. The outgoing photoelectron wave scatters from neighboring atoms. These
scattered waves then interfere with the original photoelectron wave causing quantum
mechanical interference. The resulting oscillations in the absorption spectrum (Figure 6.1)
can be analyzed to determine the structure surrounding the absorbing atom. Because the
path length of the photoelectrons is small (typically a few nearest neighbors), EXAFS only
probes the local structure. Since EXAFS is a short range order probe, a crystalline sample

is not required.
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Figure 6.1. The EXAFS signal oscillates about the smooth absorption cross-
section background of the bare atom. The oscillations are due to interactions
and scattering from neighboring atoms.
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The periods of these oscillations roughly correspond to interatomic distances. Data
analysis proceeds by measuring the absorption of x-rays as energy is varied and then

extracting the EXAFS function:

_ ()~ (k) ,_2m2n(E-E,)

L (k) h

X(k) (D)

where fi(k) is the smooth absorption function of the bare atom, & is the wavenumber of
the virtually scattered photoelectron, E, is the absorption edge energy, m is the electron
mass, and 4 is Planck’s constant. Thus, X(k) is the oscillating part that differs from the
bare atom absorption function because of the photoelectron’s interactions with
neighboring atoms. The measured X(k) function can be fit to the EXAFS equation to

determine structural information [4]:

2

%rzzv f(k)exp(=2k*c”)sin(2kr +d(k))exp(2r / A(k)) (2)

Xx(k) =

where S, is the passive electron amplitude reduction factor, N is the coordination number
of the Nb-O bonds (6), r is half the total scattering path length, 6” is the mean square
deviation of 7, f(k) and O(k) are the effective scattering amplitude and phase shift,
respectively, and A(k) is the photoelectron mean free path.

The DAFS technique is fundamentally very similar to EXAFS with the exception
that the detector is placed at a diffraction angle of the crystal being studied. So, instead of
measuring changes in the absorption of the incoming beam, changes in the diffracted
intensity of a given peak are measured. Because of the connection through the structure
factor, this allows one to select a particular crystallographic site. For example, in
magnetite (Fe;0,) the iron atoms can be on either a tetrahedral or octahedral coordinated
site and contain Fe’" or a mixture of Fe’* and Fe*" ions, respectively. Using EXAFS, the
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absorption spectrum would give structural information surrounding the average
environment of both types of iron. Using DAFS, however, either type of iron atom can be
isolated because a diffraction peak such as (222) involves scattering from the octahedral
site while the (022) peak involves scattering from the tetrahedral site [1]. Thus, the site
selectivity allows one to study the local structure surrounding either type of iron atom

separately.

6.1.2 EXAFS on PMN

Prouzet et al [2] conducted an EXAFS study of PMN at the Nb K edge. By
collecting data from the entire powder sample, they were unable to distinguish between
behavior of the chemically ordered domains and the rest of the crystal. They found two
distinct Nb-O bond lengths of 1.95 A and 2.15 A, which would represent the polar shift of
Nb ions along a <111> direction which occurs in the polar domains of PMN. By fitting
coordination numbers, they estimated that there were 2 long bonds and 4 short bonds.
They interpreted this as the combination of two regions: a rhombohedral phase in the bulk
of the crystal having 3 short and 3 long bonds and a chemically ordered region containing
only short Nb-O bonds. However, their indirect evidence could not conclusively

determine the structure in the ordered domains.

6.1.3 DAFS experiment

In this work, a DAFS study was performed in which superstructure peaks of PMN
were used to study the structure of only the ordered domains of the crystal. The 1:1

chemically ordered domains of PMN produce superstructure peaks at the (h+1/2, k+1/2,
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1+1/2) positions. The size of the ordered domains is very small (50 A) and they make up
only a fraction of the overall crystal volume. As described in Chapter 4, it is important to
contrast the structure of the ordered domains of PMN with the rest of the crystal, so DAFS
was used as a secondary technique to compare with the crystallographic study. In the
EXAFS experiment described above, the absorption signal was collected from the entire
crystal, so the resulting structure is an average of both the ordered and non-ordered
regions. By sitting on a superstructure peak and performing a DAFS experiment, the non-
ordered regions of the crystal were essentially disregarded and data from only the ordered
domains was collected. However, because the ordered domains are so small, the
subsequent counting rate was very low compared to the EXAFS experiment.

The DAFS technique is quite similar to EXAFS as both involve a photoelectron
which scatters from neighboring atoms. The interference pattern between the
photoelectron wave function and the scattering wave functions provide the information
about the neighboring atoms. Both techniques are performed at an absorption edge of a
specific atom. In DAFS, one of the crystal’s Bragg reflections is used to further select a
special superstructure within the crystal or a special crystallographic site. In EXAFS, the
photoelectron is an actual electron that is ejected from the atom, while in the scattering
process in DAFS, the photoelectron is a virtual electron.

In both techniques, the goal is to measure the oscillations or deviations from the
anomalous corrections to the atomic form factor. As described in Chapter 2, the complete
atomic form factor can be written as:

f(q) = fo(q) + £'(E) + if"(E) 3)
where f; is the smoothly varying portion (Figure 2.5), and f'(E) and f"'(E) represent the

anomalous scattering corrections (Figure 2.6). In practice, since f"" is proportional to the
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absorption times energy, it is easier to measure, and f” is then calculated using the

Kramers-Kronig equation which relates the two functions over a suitable frequency range
[3]:

25w, f"
)= [ e @)

This optical relation represents the interdependence of the absorption and scattering
processes which are causally related.

A brief description of the DAFS theory will be given, and the detailed analysis can
be found in [3]. The anomalous contribution to the atomic form factor can be written as:

Af(E) = f'(E) + if "(E) = £,(E) + if,"(E) + £ [X"(E) + iX"(E)] (5)
where E is the photon’s energy. The subscript a refers to the smoothly varying form factor
of a bare atom, while the subscript ¢ denotes the oscillating terms that result from the atom
being in condensed matter. The first two terms will give the general shape and can be fit
using known functions. Then the difference between the bare atom fit and the actual data
can be used to learn about the atom’s local environment. By analogy with EXAFS
experiments[4], the corresponding DAFS function that needs to be extracted is the

imaginary part of the above equation:

Sk - £ R k:2ﬂ\/2M(E-Eo)
J (k) h

X' (k)= (6)

Again, k is the wavenumber of the virtually scattered photoelectron, E is the absorption
edge energy and / is Planck’s constant. As with the EXAFS function, X represents the
part of the function that oscillates about the bare atom form factor. The f”" is proportional
to the x-ray absorption cross section times the x-ray energy. Once f/” is known, then f” is
found using the Kramers-Kronig relation. It has been shown [3] that the EXAFS function
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X(k) is identical to the DAFS function X" (k), so the well-developed EXAFS analysis can
be applied to DAFS measurements.

However, unlike EXAFS, DAFS does not directly measure /”(E). Instead, it
measures diffracted peak intensity / which is proportional to the square of the structure

factor F. Neglecting Debye-Waller factors, the structure factor is given by:

F(q,E) = Z[fo (q) +&f (E)]exp(iq [R;) (7

where f; is the atomic form factor, Afis the anomalous correction (f* + if”"), g is the
momentum transfer, £ is the photon energy and the R; are the atomic positions within the
unit cell. The " must be extracted from the |F|* function. This expression can be
simplified by several experimental conditions. As seen in Chapter 4, the structure factor
for the half-order superstructure reflections in PMN is simply fy, - fi, (or two-thirds of
that) so that the Pb and O atoms do not contribute to the scattering. Since experiments
were performed near the Nb absorption edge, Af for Mg is zero. Then,

F:fl\(/)[g _ff\(l)b ~fw' " 3
is the structure factor for the 1:1 ordering superstructure peaks when the photon energy is

near a Nb edge. Taking the square gives:
2 2 2
PP =(r8 = r0) =270 (7% —70) Hrw ) +(7") ©)
where the resonant terms (prime and double prime) depend on energy, and the non-

resonant terms (f°) are known.

6.1.4 Data retrieval
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Scans were taken at the (0.5, 0.5, 2.5) superstructure peak near the Nb K-edge
which is at 18.968 keV. This energy is near the upper limit of the monochromator at
beamline X16C which made it difficult to accurately focus the beam throughout the
energy scans and also limited the intensity. The Ly; edge of Pb at 13.035 keV is also
accessible, but it did not have a significant EXAFS signal there. This is most likely due to
the structural disorder on the A-site. Due to the weakness of the superstructure peaks, it
was necessary to collect about 20 energy scans of three minutes each to improve the
counting statistics. Off-peak data was also collected to measure the fluorescence
background which was then subtracted from the data. The fluorescence background
comes from the radiated photons that are emitted when the core shell electron levels are
filled. The resulting data after correcting for absorption and fluorescence are shown in
Figure 6.2. The separation of " and f"” was accomplished using computer programs
developed at the University of Washington [5]. Bare atom f” and f"" calculated using the
Cromer-Liberman [6] method were used for initial guesses (dashed lines in Figure 6.3).
Then the iterative Kramers-Kronig (equation 4) procedure was applied to fit equation 9 to
the measured intensity. After varying f’, the Kramers-Kronig relation was used to solve
for a new f” and these new estimates were substituted back into equation 9. The cycle is
repeated until a best fit is found. The resulting f*” function is then converted into an
absorption function by dividing by energy so it can be analyzed using standard EXAFS

procedures. The resulting measured f” and " are the solid lines in Figure 6.3.
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Figure 6.2. Normalized DAFS signal (dashed) after correcting for absorption
and fluorescence, and a smooth background (solid) from equation 9.
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Figure 6.3. Resulting f'(E) and f"'(E) by iterative fit to Kramers-Kronig. The
theoretical bare atom response functions, f',(E) and f,”'(E), used as starting
approximations are shown for comparison.
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6.1.5 EXAFS/DAFS analysis

The software packages UWXAFS and AUTOBK [7] were used to remove the
smooth atomic contributions, leaving the EXAFS function X(k) which is related to the

structure via equation 2:

2

b;;]zv f(k)exp(—2k*a?)sin(2kr +d(k))exp(2r / A(k)) (2)

X(k) =

The functions f(k), dk) and A(k) were calculated with an ab initio FEFF6 [8] code for the
Nb-O bonds using the cubic perovskite structure as a starting model.

Equation 2 was fit in 7 space by Fourier transforming the data and theory within a
k range between 2 and 7 A" which is equivalent to a real space range of 1.1 to 2.2 A.
Because of the low counting statistics and subsequent noisy data, a limited data region was
used. As shown in Figure 6.4a, the data fit well to the first two or three oscillations in &
space. The Fourier transformed data and fit in Figure 6.4b indicate that only the first
nearest neighbor distance can be accurately derived from the limited data. However, this
is an important parameter in the structure of the ordered domains of PMN as discussed in
Chapter 4. By fixing S;° to 0.9 as measured previously for the Nb edge [9] and assuming
harmonicity in the Nb-O bonds, equation 2 was fit with three variables: the zero of the
photoelectron energy, AE,, the Nb-O bond length, Ar, and the mean square disorder in the
bond lengths, 0°.

A value of 1.973(10) A was found for the Nb-O bond length which compares

favorably with the value of 1.981(5) from Chapter 4 which was measured using
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conventional crystallography. The DAFS measurement gives an oxygen displacement of
0.052(10) A as compared to 0.044(5) A from the diffraction experiment, confirming that
the Nb ions are in fact squeezed by the oxygen ions in the ordered domains. The value of
0" was fit to be 0.0087(3) A* which is significantly greater than the EXAFS measurement
of PMN [2] which found 0.0036 A”. The discrepancy may represent a larger disorder in
the ordered domains of PMN compared to the average, or it may reflect the inherently
noisy data caused by the low counting rates in this DAFS measurement.

In conclusion, DAFS is a useful technique for probing short range order. It allows
one to study selected regions that have additional ordering compared to the rest of the
crystal. However, when such regions are very small in extent, the subsequent low
counting rates make performing the experiment and analyzing the data difficult.
Nonetheless, an independent confirmation of the previous crystallographic measurements
was made and an important structural parameter--the Nb-O bond length exclusively within

the ordered domains--was extracted.

6.2 Resonant scattering

6.2.1 Background

Resonant x-ray diffraction also exploits the energy dependent terms in the atomic
form factor. As discussed in Chapter 2, t is sharply peaked and negative near an
absorption edge. " also changes but less dramatically, and it can be accounted for by a
step function absorption correction. In the case of Nb’s K edge at 18.968 keV, {" has a

maximum negative value of minus 13 electrons (Figure 6.5) which can be compared to f;
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for Nb which is roughly 34 electrons for the |g| values in these experiments. Since
intensity is proportional to the square of the structure factor, this resonant contribution is
quite significant.

Different Bragg reflections have different structure factors, so the resonant effect
will depend on which reflection is being studied. In centro-symmetric crystals, the phase
of the scattering atoms is either zero or pi. Using resonant techniques it is possible to
determine the relative phase of a given atom compared to the other scatterers. For
example, evaluating the structure factor of the (001) peak gives:

F = fo = fow =G4S +/ ) (10)
while the (011) peak has a structure factor of:

F=fo,=fou 5 S +)5 Fire) (1)
Since the photon energy is near the Nb edge only, the simple f, form factors for Pb, Mg
and O can be used but fy, must be given by the full f,+f"+if"". For the (001) peak, fy, is
approximately 37 electrons off resonance and 24 electrons on resonance, f», is 76
electrons, £y, = 10 and fo,, = 7. For the (001) peak the resonant contribution will increase
F and the amount of scattering by making the difference between fp, and fy;, greater.
However, for the (011) peak, the resonant contribution will decrease the amount of
scattering because it is negative. Also, the resonant contribution will have a greater effect
on the (001) peak because the structure factor involves the difference between Pb and Nb

instead of the sum, so its proportional contribution will be larger.
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Our goal was to search for the Nb-deficient domains predicted by the space charge
model. It is necessary to measure bulk reflections because the Pb contribution to the
structure factor can then be used as a reference from which the changing Nb contribution
can be measured. If superstructure peaks were measured, then the structure factor is given
by fiy, - fip for the space charge model and two-thirds of that for the random layer model.
By measuring on the Nb resonance condition, the structure factor is changed by the same
amount in both cases, and the only difference between the models is just an absolute scale
factor. The Pb contribution provides a fixed background that is known. The scattering
from the small ordered domains produces intensity at both integer order and half-order
positions. In Chapter 4, the half-order peaks were measured because they are not hidden
beneath the much stronger Bragg peaks that are produced by the entire crystal. In this
chapter, since integer order peaks must be used, it is necessary to look for changes in the
wings of the peaks where the broad contribution from the small ordered domains will be

visible.

6.2.2 Space charge vs. random layer

In PMN, since the basic structure is known (and hence the phases), resonant
scattering can be used to gain information about occupancies. As discussed in Chapter 4,
the ordering of PMN can be attributed to two types. The “space charge” ordering model
involves 1:1 ordering between Nb and Mg ions. That makes the ordered domains Nb-
deficient compared to the average crystal in which two-thirds of the B-sites are Nb. The
“random layer” ordering model involves 1:1 ordering between Nb on one site and a

mixture of (Mg,;Nb, ;) on the other. Hence, the ordered domains have the same average
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chemical composition as the bulk. By measuring the intensities of various peaks both on
and off the resonance condition, the relative amount of scattering from Nb ions can be
deduced. The goal is to determine whether or not the small ordered domains have a
different Nb composition than the average crystal.

One method is to look at the shape of bulk reflections. These peaks are very sharp
and will have a central peak which comes from the entire crystal. This peak must have a
stoichiometric contribution from Nb because the entire crystal has to be stoichiometric
(and charge neutral). However, it will also have contributions from the smaller ordered
domains. The scattering will be much weaker, but it will also be much broader since it
originates from domains of only about 50 A in size. Using the Scherrer formula, its
diffraction peak will be spread out in reciprocal space with a half-width of about 0.05
reciprocal lattice units compared to the resolution limited value of about 0.005 for the
central peak.

If one assumes that space charge ordering is present, then the ordered domains
have less Nb than the average crystal. In that case, for a bulk reflection such as (001), the
effect of the resonance is to increase the overall amount of scattering as discussed above
(see equation 10). However, the scattering contribution from the ordered domains (the
weak but broad peak) will not increase as much because there is less Nb in those regions.
Hence, the diffraction profile should have tails that are lowered for the on resonant
scattering if the space charge model is present. For the space charge model, the structure

factor of the ordered domains would be:

F=fp _fOxy ()2 f +%fMg) (12)
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where the plus sign is for the (011) type peaks and the minus sign is for (001) type peaks.
Since the intensity of the scattering from the ordered domains compared to the entire
crystal is known from measurements of the superstructure peaks, the expected change can
be calculated. In the case of the (001) peak, the bulk scattering should increase by 46%,
while the scattering from the ordered domains should increase by only 30% if the space
charge model is present. Hence, in the tails of the peak, a decrease of up to 12% should be
observed for the on resonance scan compared to the off resonance scan. The difference
would become noticeable starting at about +£0.05 r.l.u. away from the peak and would fade
into the background beyond about £0.10 r.l.u. If the random layer model is present, then
the structure factor of the ordered domains will be the same as equations 10 and 11 above,
and the entire peak profile will be uniformly increased by the same amount.

Conversely, for a reflection such as (011), the resonant effect is to decrease the
amount of scattering. But it will decrease it less for the space charge ordered domains that
are Nb deficient. The tails of those peaks would then be greater on resonance than the
tails of the off resonance peaks. However, due to the lower contrast of the (011) peak, the
expected change is only about 4%. Note that if the random layer model is present, no
change should be observed as the stoichiometry of the ordered domains does not change in

that model, so the entire peak profile would be decreased by the same factor.

6.2.3 Data collection

Scans were made along reciprocal lattice directions through the (001), (101) and
(111) peaks at various energies both on and off resonance. The (111) peak has a structure

factor very similar to the (001) peak, and both will be referred to as (001) type peaks. As
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discussed in the DAFS experiment, the fluorescence background is again significant and
accounts for the increase in intensity as the edge is reached. A combined fluorescence and
absorption correction was made by measuring the intensity away from a Bragg peak.
Figure 6.6 shows two corrected scans for the (111) peak on a semi-log plot to emphasize
the features in the tails. The data represent below resonance and on resonance. There is
not a significant decrease in the tails for the on resonance scan. The region of interest is
plus or minus 0.05 r.1.u. from the peak. The lack of a change in the tails for the on
resonance condition indicates that there is no Nb deficiency in the ordered domains within
the error limits of this measurement. The expected change of 12% for (001) which would
appear is shown by the dotted line in the figure. For the (101) peak, where the Nb

scattering is in phase with the Pb, a slight increase (up to 4%) is expected in the tails if the
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Figure 6.6. Scan through the (111) peak ON and OFF resonance. The expected change
due to the space charge model is shown by the dotted line.
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space charge model were present. However, no significant difference was observed.

These sensitive measurements are complicated by their proximity to very strong
Bragg peaks, so an alternate measurement was performed. A more sensitive
measurement was made by varying the energy while sitting at different points along the
slope of a Bragg reflection. Energy can be scanned more reliably, and the full effect of the
resonance is then measured as the change in the scattering as the photon energy is scanned.
The energy scans adjust the diffractometer angles so that |g| is held constant. The resonant
effect (after corrections) results in a peak (for (001) type peaks) or a valley (for (110) type
peaks) in the energy scans. By scanning the photon energy through the resonance
condition, it was possible to measure the resonant fraction of the scattering after again
correcting for fluorescence and absorption. The resonant fraction was measured at
different points in reciprocal space surrounding the Bragg peak. Plotting this resonant
fraction as a function of Miller index shows if the resonant scattering fraction increased or
decreased in the wings of the peak.

For the random layer model, the resonant fraction should be constant as a function
of Miller index since in that model the ordered domains have the same chemical
composition as the bulk. For the space charge model, the effect of the Nb deficient
domains would become apparent in the tails of the Bragg peak where the broader but
weaker peak is not dwarfed by the central peak. For the (001) type peaks, the scattering
from Nb deficient domains would increase less, so the amount of resonant scattering in the
wings would be less than directly on the peak, and the opposite for (011) peaks. The
region of interest is again approximately +0.05 reciprocal lattice units away from the

Bragg peak. If the space charge model is present, a graph of resonant fraction versus
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Miller index would show a decreasing resonant fraction away from the Bragg peak for the
(001) peaks and an increasing resonant fraction for the (011) peaks. Again the change in
resonant fraction is expected to be a 12% decrease for (001) and a 4% increase for (011)
at +0.05 reciprocal lattice units.

Energy scans were made at various points in reciprocal space near the Bragg peak.
Figure 6.7a shows the raw data of an energy scan through the Nb K-edge while sitting at
the (001) peak. As discussed in the above section on DAFS, fluorescence and absorption
corrections had to be made. The fluorescence correction curve (Figure 6.7b) was taken by
scanning at an off-peak position--(0.9, 0, 0.9). By measuring the abrupt change in
intensity, the absorption correction factor [l was determined (Figure 6.7b dashed line).
The correction can be expressed as:

Leorr = M (Imeasured = Liuorescence) (13)

After making these corrections, the resonant peak is clearly seen in Figure 6.7c,
even though the low counting rates have resulted in noisy data. The relative phase of the
Nb ion is positive or negative depending on the reflection. The corrected peaks for scans
near (001) were similar except their resonant contribution was positive. The resonant
fraction was then calculated by fitting the peak to a fixed Lorentzian shape and taking the
height divided by the background level. The fixed Lorentzian shape had a width of 41 eV
in agreement with known resonance data. It was determined by taking an average of
several scans of half order peaks where the shape of the Nb resonant contribution was
more easily measured. The amount of resonant contribution to the superstructure peaks
together with the known structure factor (fyy, - fi,) was used to determine a value of 10

electrons for f" in PMN. This is slightly smaller than the bare atom value of 13 electrons
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Figure 6.7. Data collection procedure:

a) Raw data collected by scanning energy while sitting on the slope of a Bragg
peak--at (0.96, 0, 0.96) in this case.

b) Fluorescence contribution correction measured far from Bragg peak--

(0.9, 0, 0.9) and step absorption correction.

c) Corrected data are fit to a Lorentzian and the resonant fraction is the height
divided by the background level.
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because of measurement rounding and condensed matter effects.

6.2.4 Results

The plot of resonant fraction vs. Miller index for the (001) peak is shown in Figure
6.8 together with the expected curves for the space charge and random layer models. The
exact positions along the y-axis of the expected curves depend on the value of {” that is
used. From superstructure measurements, a value of 10 electrons for f” was obtained.
Within the error estimate, it appears that the Nb composition of the ordered domains is the
same as the bulk of the crystal. The expected deviations in the space charge model are
represented by the lines in each figure. These were calculated using the peak profiles of
the ordered domains which are known from the superstructure peaks. The basically
straight line and its position indicate that the ordered domains are not Nb deficient as they
would be for the space charge model. Similarly for the less sensitive (011) peak (Figure
6.9), there is not a significant deviation in resonant fraction, though it would be harder to
measure the smaller effect. A future experiment with longer counting times and more data
points would reduce the error bars and make the conclusions more definite. In addition,
using ion chamber detectors instead of scintillators would allow points closer to the Bragg
peak to be measured where the expected curve from the space charge model has a
distinctly different behavior. Measuring these central points would enable a definite
conclusion to be drawn based on the shape of the data.

Although these results point to the random layer model in pure PMN, they are not

conclusive due to the large error bars which resulted from both the difficulty of the
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measurement and the sensitivity that is required to see a small compositional change (from

two-thirds to one-half) in very small domains within the crystal.
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Chapter 7

Lead Zirconate Thin Films

7.1 Introduction

As discussed in Chapter 3, thin film ferroelectrics are rapidly becoming very
important for applications while also providing a unique vantage point to study surface
effects on ferroelectrics. The modification of a film’s properties compared to the bulk is
both a fundamental and technologically interesting problem. In addition, understanding
phase transitions is a fundamental and important challenge in physics. The presence of a
free surface adds to the complexity but can also lend insight to bulk behavior. Binder and
Landau have reviewed the effects of surfaces on critical phenomena in a number of
systems[1]. Monte Carlo simulations of surface critical behavior using Ising and XY
models with nearest-neighbor interactions have been successful in identifying critical
exponents and amplitudes and separating the bulk and surface contributions.

Generally speaking, in the case of thin films, the surface effects are not expected to
be as important as in ultra-high vacuum experiments involving only single atomic layers.
Instead, thin films add additional parameters to the problem in the form of lattice strain,
the possibility of dislocations and electrostatic effects such as free surface changes. These
surface effects usually modify the film’s structure and properties within a certain length

scale away from the surface.
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In the field of ferroelectrics, thin films are also important because grain size or
particle size directly affects the ferroelectric and electrostatic properties [2]. As film or
grain size decreases, depolarization fields become significant and tend to lower the Curie
temperature and maximum polarization values [3]. There have also been reports of a
critical grain size below which ferroelectricity disappears [2]. In contrast to ferromagnets,
ferroelectrics involve the long-range dipole interaction which is not present in very small
grains. Also, the depolarizing surface effects become more pronounced as the volume is
decreased. The effects of added strain and reduced ferroelectric activity can significantly
alter the phase transition behavior of thin films compared to bulk samples. Binder et al
have described some surface effects on phase transitions in ferroelectric thin films and the
smearing of singularities due to finite size effects [4]. One consequence of thin films is
the presence of free surface charges that partially compensate the polarization
discontinuity. They also consider the variation in polarization near the surface which
exists over some critical length that diverges at the Curie temperature. The polarization
variations create electric fields that have the effect of gradually reducing the net
polarization near the surface as studied via Monte Carlo simulations.

Scott et al [5] developed a Landau mean field theory to describe the behavior of
thin films in their experiments on ferroelectric KNOs. This material exhibits a first order
phase transition in the bulk but a second order transition in thin film form [6] as seen in
the polarization dependence on temperature. For specific cases, their theory shows that

the first order phase transition can be modified as in Figure 7.1 to be two first order phase
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Figure 7.1. Scott et al [4] found that in thin film form, ferroelectrics can have
their phase transition behavior modified. In KNbQO;, a first order phase
transition in polarization vs. temperature is changed to two first order phase
transitions.
transitions--going from paraelectric to an intermediate surface-pinned ferroelectric state
before switching to the bulk ferroelectric state. In an experiment these two transitions near
the Curie temperature may appear as a gradual second order transition instead of two first
order transitions depending on the film thickness. They also account for the decrease of
the Curie temperature that is observed in the thin film form.

In this work, an apparent change to a second order phase transition in thin films of
lead zirconate was observed. In addition, the transition temperature was also lowered
compared to the bulk. Here, the order parameter is the degree of tetragonality of the
crystal structure. However, this parameter is tied to the lead displacements which result in
lead zirconate’s dielectric behavior, and are the anti-ferroelectric equivalent of the

polarization, P. The surface effects are strong enough to modify the dielectric behavior

compared to the bulk.
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7.2 Lead zirconate background

Lead zirconate is anti-ferroelectric below 230°C. Understanding lead zirconate,
especially in thin film form, is important for future development of the technologically
important materials based on solid solutions of lead zirconate and lead titanate (PZT). It is
very difficult to grow single crystals of lead zirconate, so it is most often studied and used
as a ceramic, powder or thin film. The bulk behavior and structure of PZ was first
identified by Sawaguchi et al [7] who measured the first order anti-ferroelectric to
paraelectric phase transition. The structure was studied via detailed x-ray and neutron
measurements by Jona et al [8] and more recently by Tanaka et al [9] who assigned the
space group Pbam.

The basic structure of lead zirconate, or PZ, is pseudo-tetragonal and consists of
Pb atoms on the perovskite cube corners, Zr atoms in the body center, and O atoms on the
body faces. It belong to the space group Pbam and is technically orthorhombic with a =
4153 A, b=4.156 A, and c = 4.101 A [10]. A pattern of alternating Pb displacements
along the <110> directions gives PZ its anti-ferroelectric character (Figure 7.2) and the ab
plane is defined as the plane containing these displacements. These displacements result
in a unit cell that is four times larger than the conventional perovskite unit cell. The
enlarged unit cell is depicted in the figure and it has the effect of adding superstructure
peaks to the diffraction pattern. The shorter c-axis points out of the page. As temperature
is increased past its Curie temperature (T¢) of 230°C, bulk PZ goes through a first-order

phase
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pseudo
tetragonal
axes

Figure 7.2. Lead zirconate structure. Zr atoms on the corners in the z=0

plane and Pb atoms in the centers in the z = 0.5 plane. The alternating

Pb displacements along <110> directions make PZ an anti-ferroelectric

and increase the unit cell by a factor of four.
transition to the paraelectric cubic state and the Pb displacements disappear. Also, a
ferroelectric state can be induced below T through application of an electric field. These
phase transformations cause strains to develop as the structure changes, and may lead to
applications of PZ or related materials as thin-layer actuators.

In this experiment, x-ray diffraction and dielectric measurements were made on
thin films of lead zirconate grown by T. Tani in the lab of D. A. Payne of the Department
of Materials Science and Engineering [11]. Films were deposited on electroded silicon
wafers using the sol gel, or chemical solution deposition, method. By controlling the
growth conditions, both (100) and (111) preferred orientation films were grown. Thus, it

was possible to study the differences in behavior of the two orientations as well as the

differences between bulk PZ and thin film PZ.
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7.3 Growth

The sol gel method is a relatively inexpensive and quick method for depositing thin
films. More details on the growth of lead zirconate via sol gel can be found in [12]. In
general, it involves starting materials of the metal cations dissolved in aqueous or organic
solvents. For lead zirconate, the precursors were: Pb(Ac),3H,0 in CH;0C,H,OH and
Zr(O-nPr), in CH;0C,H,OH. These were mixed and then partially hydrolyzed to form
inorganic polymers of the metal ions. Next, condensation polymerization turned these
polymers into longer chains, and developed networks that “gel” together. The solution
was then deposited onto the substrate by spin casting. A low temperature bake-out
removed the organic components, and finally the film was crystallized by firing at 700°C
for one to five minutes. A schematic depicting the growth process is in Figure 7.3.

By carefully controlling the substrate chemistry, both (100) and (111) preferred
thin films were grown. A diagram of the substrate is shown in Figure 7.4. The silicon
wafers were (100) oriented with a small oxide layer. A layer of titanium was then
deposited to encourage adhesion of the platinum electrode layer. Approximately 2000 A
of platinum were deposited and then heat treated at 400°C to increase the grain size of this
polycrystalline layer. Preferential (111) orientation was achieved by depositing a thin layer
of Ti0,, so the entire substrate consisted of: TiO,/Pt/Ti/ Si0,/Si. Formation of Pt;Ti
alloy encouraged growth of (111) domains because of the closer matching of the lattice

constants. In contrast, self -textured growth of crystals with preferred (100) orientations
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Figure 7.3. Procedure for depositing thin films via the chemical solution deposition, or
sol-gel, method [11].
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crystals go down with any
rotation about this phi axis

PZ crystal grains

/N

Figure 7.4. The substrates were platinized Si wafers. The (111) films also
had a TiO, layer. The polycrystalline nature of the Pt electrode caused the
film to break up into domains that could have any orientation about the phi
axis.
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was obtained on TiO, free surfaces, in accordance with minimum surface energy
conditions for flat-faced surfaces [11]. Partially hydrolyzed lead zirconate solutions were
deposited on the substrates by spin casting at 3000 rpm. Eight to ten layers of the PZ
precursor solution were deposited for a total thickness of approximately 3300 A. A final
coating of PbO layer was added to prevent pyrochlore formation due to lead loss.
Crystallization occurred by heating to 700°C for 1-5 minutes. Strong (111) oriented films
were grown easily on the TiO, modified electrodes. In general, the (111) films had more

uniform orientation than the (100) preferred films.

7.4 Dielectric and polarization measurements

Dielectric measurements were made using the set-up described in Chapter 4. Not
only were the (111) films better oriented, but their dielectric properties and hysteresis
curves were also more robust. The polarization versus electric field graphs (Figure 7.5)
show higher maximum polarization for (111) films. This graph also demonstrates the
field forced transition to the ferroelectric phase, as seen in the hysteresis loops that occur
at large enough positive and negative applied field. The nearly straight line close to zero
electric field demonstrates ferroelectric behavior and is similar to a normal dielectric. The
fact that the loop is not completely closed suggests some grains are trapped in a
ferroelectric state which may be due to the thin film nature of these samples. Also, the
maximum in the saturation polarization of 40 pC/cm’ for PZ (111) is just short of the bulk
value of 43 uC/cm’ [13]. The (100) oriented film had a maximum polarization of ~ 30

pC/em’.
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Figure 7.5. Polarization vs. electric field for preferred (100) and (111) thin films.
The hysteresis loops are present at high fields where lead zirconate is forced into a
ferroelectric state.

The dielectric measurements as a function of temperature are shown in Figure 7.6.
Maxima occur at 225°C on heating and 220°C on cooling and the curve is similar to bulk
behavior. However, the temperature of the maximum in dielectric constant is considerably

less than the bulk value of 232° C [12] for both thin film orientations.
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Figure 7.6. Dielectric constant behavior for the (111) and (100) lead
zirconate films [11]. Compared to bulk PZ (Figure 3.6) the dielectric
constant of the films is lower by a factor of 4 for the (111) film and a
factor of 8 for the (100) film.
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7.5 X-ray measurements

X-ray diffraction experiments were performed at Beamline X16C of the National
Synchrotron Light Source. The incoming X-ray beam was tuned to 10.0 keV and focused
onto the center of the lead zirconate film. The film was placed with its surface aligned
perpendicular to the phi axis. For diffraction measurements, this direction was also
defined as the Miller index 1.

Because the PZ films were grown on polycrystalline platinum electrodes, the
various grains were not completely aligned. The substrate allowed the thin films to attach
with any orientation with respect to an axis perpendicular to the film (phi axis). Thisisa
common result when using platinum electrodes and is known as “textured” growth. Asa
result, the crystallographic peaks lie in rings around the axis of the surface normal, and the
diffraction pattern has “fiber texture”. That is, there is continuous intensity instead of a
peak when rotating the crystal via the diffractometer’s phi axis. Figure 7.7 illustrates this
effect for the superstructure reflections. Each grain is crystalline but has a different phi
orientation. This lowers the number of degrees of freedom in the experiment and makes it
harder to extract precise crystallographic information. It also has the effect of making
some bulk reflections appear quite close to superstructure peaks. Nonetheless,
crystallographic information can still be measured, and grains in a textured film are not
completely randomized as in a powder sample. Instead of three-dimensional peaks, the
diffraction pattern exhibited two-dimensional peaks in reciprocal space. Because of the
fiber texture, off-specular reflections (those that result from planes that are closer to

perpendicular to the surface) and the inherently weak superstructure reflections required
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synchrotron radiation to get an appreciable signal. Peaks coming from diffraction planes
in the same plane as the film were quite strong, as the phi orientation problem is not
significant for these reflections.

To further complicate matters, the crystallized grains were also slightly tilted by
varying amounts with respect to the surface of the film. This was due to the faceting and
non-uniform surface of the polycrystalline Pt electrode. The jagged surface of the
deposited Pt was made up of grains pointing in different directions. This caused the peaks
to be broad in the transverse (chi) direction. Fortunately, the range of orientations was
limited to about 10 degrees, so that peaks could still be identified. If this tilting extended
all the way to 90 degrees, then the film would technically be a complete powder. This
would have the adverse result of many peaks overlapping, and would limit the
crystallographic information that could be extracted.

At least two bulk reflections were measured in order to orient the crystal in the
diffractometer. Lattice constants were calibrated by measuring the very intense peak
arising from the platinum electrode. Radial scans were used to determine lattice constants,
tetragonal splitting, superstructure peak intensities and information on the size and shape
of domains. For the temperature studies, an evacuated chamber was mounted on the
diffractometer. This chamber had Kapton windows to allow the beam to enter and was
pumped out using a roughing pump to allow for higher temperatures to be reached. A
small cartridge heater of 1/8 inch diameter was mounted inside a specially designed
sample holder. Using a thermocouple, the temperature was continuously recorded during
each run. This configuration was capable of reaching temperatures of 235°C, so that the

paraelectric cubic state could be obtained.
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For the preferentially (100) oriented film, the films grew almost entirely with their
¢ axis oriented perpendicular to the substrate. Since the tetragonal phase is almost cubic,
this was best seen by measuring the difference between the (002) and (200) peak
positions. The (200) reflection was grazing incidence and hence gave the lattice spacing
of planes perpendicular to the film. The (002) was normal incidence and gave the spacing
of planes parallel to the film. At room temperature, the c-axis (002) peak was found to be
4.114 A and the g-axis (200) peak was 4.153 A. In the (002) measurement, very little
contribution at the (200) spacing was detected (and vice versa), indicating that most of the
domains were oriented with their ¢ axis perpendicular to the film, making it a (001) film
based on the convention of defining Miller index / perpendicular to the film surface. The
preferred c-axis direction was confirmed in superstructure peak measurements. Since the
Pb displacements occur within a [110] plane, they produce superstructure peaks at the
(h+Y4, k+Y4, 1) positions, where h, k and | are integers and can be permuted. The c-axis
orientation of a particular domain defines which of h, k and 1 remains an integer. For
example, with Pb displacements along the specific <-1,0,1> direction, the superstructure
peak would occur at (h+1/4, k, 1+1/4). Reflections of the (h+Y4, k+4, 1) variety gave about
10 times the intensity of a (h, k+%, 1 +'4) type peak, indicating again that the crystals
mainly chose their c-axis perpendicular to the film.

For the films with their (111) axis perpendicular to the film, no preferred c-axis
direction was observed. Contributions from the different domains caused reflections such
as (200) and (002) to occur next to each other, resulting in a split peak (Figure 7.8). At

room temperature, the lattice constants were: a = 4.158 A and ¢ = 4.123 A. Compared to
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Tetragonal splitting of (200) peak in PZ(111)
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Figure 7.8. Raw data of the (200) peak scanned in the / direction showing
the tetragonal splitting caused by the shorter c-axis lattice constant (right
peak). Fit to two Lorentzians.

the bulk values, c is strained by 0.5%, which may also explain the large mosaic in the
crystal structure.

By measuring the widths of both superstructure and bulk peaks, the respective
domain sizes were estimated, again using the Scherrer formula. For the (111) film, the
bulk domains were approximately 370 A, while the superstructure domains were only
about 220 A. The (100) film had similar results with 400 A for the bulk and 210 A for
the superstructure. The bulk domain size indicates that each separate sol gel layer
completely crystallized into one domain (recall that ten layers were deposited for a total
thickness of 3300 A). The fact that the superstructure domains are approximately half as
large as the bulk suggests that within each bulk domain, there is a single anti-phase

boundary. Phase nucleation, where the Pb displacement direction is chosen, probably
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occurred at the top and bottom surfaces of each grain, resulting in the superstructure
domains that were half the size of the bulk domains.

The basic structure of these thin films and the size of the Pb displacements in the
(111) film were determined by crystallographic analysis of several superstructure peaks.
A value of 0.15(4) A was found for the Pb displacement. The large error was due to the
poor crystal quality of the films, but the result is in agreement with the study by Fujishita

[14] which found 0.18 A for bulk PZ.

7.6 Temperature measurements

The integrated intensity of the (0.25, 0.75, 1) superstructure peak was measured as
a function of temperature for both types of film (Figure 7.9). Their intensities gradually
diminished until disappearing at about 220°C in the (111) oriented films and 225°C in the
(100) films. This is in contrast to the bulk crystal behavior where the phase transition is
definitely first-order and occurs at 232°C on heating and 229°C on cooling [10]. At the
level of temperature accuracy, the data do not show such a hysteresis, but the peak was
slightly weaker and broader on the cooling cycle, suggesting a permanent rearrangement of
anti-ferroelectric domains caused by annealing. It should be noted that the preparation
conditions involved a single cycle of heating to 400° C and then a long rest period before
these measurements were performed. It is interesting that the (100) preferred film shows a

more gradual transition than the (111). In the dielectric studies [11], the (111) preferred
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Figure 7.9. Integrated intensity of the (0.25, 0.75, 1) superstructure peak

vs. temperature. In both thin films, the transition is much more gradual

than the bulk first order phase transition taken from [14].
films were found to be of higher quality, or more bulk-like, with a 33% greater
polarization saturation value.

The temperature dependence of the lattice constants, a and ¢, are shown in Figures
7.10 and 7.11 for the (100) and (111) films, respectively. Again the transition is not as
sharp as the bulk data measured by Sawaguchi [10]. The data for the (111) preferred
films were taken from the splitting of the (200) peak, while the data for the (100) were

derived from the positions of the (200) and (002) peaks. The tetragonal splitting of the

(111) data was fit to a power law:
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Figure 7.12. Tetragonal splitting in the (111) film vs. temperature fit to a
power law.

resulting in an exponent x = 0.30+0.03 and Curie temperature of 220+1°C (Figure 7.12).
The fit is not intended to represent agreement with critical behavior over such a large
temperature, but is provided as a guide to the shape of the data. As seen in other
ferroelectrics, the thin film form of lead zirconate reduced both the Curie temperature and
maximum spontaneous polarization, in addition to the change in phase transition behavior

from first to higher order.

7.7 Electric field
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By sputter depositing a thin layer of gold on top of the lead zirconate film, electric
field measurements were performed. The layer of gold was thin enough to still pass the x-
rays and the lattice constant ensured that the gold peaks would not overlap with the
platinum or PZ peaks. Electrodes were attached to the underlying Pt layer by scratching
away part of the thin film. A very thin wire was carefully attached to the gold layer and
connected to a high voltage power supply. Silver epoxy was used to secure both
electrodes. The threshold voltage for field forcing the ferroelectric state was found to be
220 kV/cm in the polarization measurements. In the x-ray measurements, the field could
not be controlled as easily, but a large enough field was applied to observe the transition
from anti-ferroelectric to ferroelectric. This was determined by observing the
disappearance of the 1/4-order superstructure peaks, and its re-appearance upon turning

off the electric field.

7.8 Conclusion

The main result here is the clearly broadened phase transition behavior in thin
films of lead zirconate. In the bulk there is a first order phase transition from cubic to
tetragonal accompanied by the appearance of Pb displacements. Both measures of
ordering were probed in these experiments: the intensity due to the anti-ferroelectric Pb
displacements and the change in lattice parameters. It is conceivable that there are two
phase transitions associated with two independent order parameters, although our data
could not resolve a difference between the tetragonal splitting and superstructure transition

temperatures.
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The ability to control crystalline orientation on the same substrate is important for
applications. It was observed that better lattice matching and reduced strain as in the
(111) films led to improved dielectric properties. Also, the (111) films had domains with
varying c axis direction as found in bulk PZ. The (100) films, in contrast, had preferred c-
axis orientation and had lower dielectric behavior and a more gradual phase transition than
the (111) films.

For thin films, in which the surfaces have an enhanced role, there is the possibility
of a surface anti-ferroelectric state which may explain the change from a sharp to a
gradual phase transition as seen in KNOj; by Scott [5]. Alternatively, the more gradual
phase transition in the thin film may simply be due to surface effects whereby the structure
is modified over some depth from the surface; the distribution of film thickness (or grain
sizes) naturally occurring in the preparation would just broaden the transition. Any
structural phase transition whose order parameter couples to the lattice parameter is
expected to have its behavior modified when attached to a substrate because of interfacial
strain. The first-order bulk phase transition could be changed to higher order, or the phase

transition singularity could be smeared out due to the finite size of the film.
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