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Abstract

BiFeO; has coupled ferroelectric and antiferromagnetic properBesore this
multiferroic coupling can be exploited or eveompletelyunderstood, it is necessary to
characterize thstructure anelectromechanicgiroperties We used xray diffraction to
study the structure of thin films d@iFeO; on SrRuQ conducting layers epitaxially deposited
on a SrTiQ substrate. For 400 nm (001) oriented Bik&@n films, we found a rotation of
the atomic planes in the entire film caused by anisotropic relaxaidine miscut substrate.
Mosaic blocks several microns in size had additional small, random rotations caused by the
relaxation process. Within each mosaic block we fouralyxscattering signatures of a

striped ferroelectric domain structure consisteitih\a strained rhombohedral phase.

Time resolved synchrotronray microdiffraction was used to probe the piezoelectric

response of the film within a single mosaic block. We found that the out ofgijane
piezoelectric coefficient was uniform across émtire film (d3z3 =53 pm/V). The local in

plane response varied widely, however. We believe the variation in the apparneran

effect of differences in mechanical constraints for each ferroelectric domain. The variation
related to the proximity ahe domain to a defect, dislocation, or edge of a mosaic block as

well as the neighboring polarization domains.



i
Forbidden xray diffraction reflections were observed which are incompatible with the
accepted R3c symmetry of BiFgOThese reflections were characterized to determine their
origin and improve our understanding of the structure. The intensity of the forbidden
reflections is larger in films that are relaxed, but are present in bulk crystals of8EeO
well. The psedocubic ¥2(111) reflection exhibits a resonant enhancement near the Fe K
edge on top of a neresonant signal. The observed intensities were compared to structure

factor calculations in which Fe cations are displaced from their positions in published
strudural refinements of BiFe§ A model in which neighboring Fe cations are displaced in
antiparallel directions matches the intensities and wavevectors of the observed reflections.

Charge disproportionation induced by oxygen vacancies is a potentialgdiovce for these

Fe displacements.
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Chapter 1. Motivation, Background, and Methods

Bismuth ferrite (BiFe@) is one of thenly single phase magnetic ferroelectric
materials discovered so far that is multiferroic at room temperature. Multiferroics are
materials which have two or more types of laagge electronic or magnetic orderiﬁg.
These types of order can includesarbelectric polarization, a ferromagnetic magnetization,

or a ferroelastic structural distortiénln a multiferroic, the two properties are coupled so that

by changing the magnitude or direction of one type of order, the other is also cﬁdﬁged.
exanple, in a magnetic ferroelectric, applying a magnetic field to switch the magnetization

may also switch the direction of the electrical polarization. Bifs@ntiferromagnetic
which can cause some challenges in designing appropriate d‘éutdesnevertheless, being
explored for applications in sensor and memory technoISQGid\ﬂany implementations

would use thin films, so characterizing BiFg@in films is vital to exploiting its properties.

BiFeO;s thin films are structurally complex, making atdiled understanding of their
structure an important step. The substrates available for epitaxial deposition of BiEeO
often cubic or orthorhombic, so rhombohedral Bige@n be oriented on the substrate in
several directions. BiFefdhus forms multiple crystals within the same film. By introducing
a miscut to modify the substrate surface, scientists have made substantial progress promoting
the growth of a single variant and simplifying the film struct708rel.—|owever, as soon as the

ferroelectric polarization is switched, multiple structural variants can occur.
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The electromechanical properties are also vital to understanding the relationship
between the antiferromagnetic order in Bize@d applied electric field. Magnetic ordegin
is highly dependent on the bond angles and lengths of the magnetic ion, all of which change
when a material is strain€d.In BiFeG; this strain can arise from tlpgezoelectricexpansion
of the lattice. Understanding the structure as a function cffrieldield for each structural
variant is essential to understanding and eventually exploiting the multiferroic properties of
BiFeQ:s.

This thesis describes studies of Bikdfin film structure and electromechanical
properties using-xay microdiffraction X-ray diffraction is an accurate tool for measuring
structure, and the focused beam provides enough spatial resolution to distinguish between
structural variants. | used tintesolved xray microdiffraction techniques to measure the

structure and elesimechanical response from the structural variants in BjHe@ films.

These results show that relaxation of epitagiedin makes the tplane lattice constants and
piezoelectric response vapy athe micrometer scale. Severatay reflections arebserved
that are inconsistent with the commonly accepted symmetry of BiF€e weak reflections
are a sign of local variations in the cation positions within the unit cell.loBla¢échanges in
strain, piezoelectric response, and cation displacemsgds that the multiferroic coupling

will also vary locally in these films.



1.1.Motivation

Multiferroics can in principlde exploited to make memoejementghat can be
written using a voltage and read using a magnetic,JfPedm used in spintronics appations
as tunnel junction barrief* BiFeQ; in particular is one of the most promising multiferroic
materials because it has a large ferroelectric polarizatida significant magnetic moment
on the F&" ions*? BiFeQ; is antiferromagnetic anfitrroelectric well above room

temperature It has an antiferromagnetic to paramagnetic phase transition at a Néel

temperature of y = 643 K and a ferroelectriparaelectric phase transition at a Curie

1314

temperature of rg= 1143K. Electrical control 6the magnetimhas recently been

1215

observed experimentally imothbulk and thirfilm BiFeGs;. The couplingoetween

ferroelectric polarization and antiferragnetic spin directiom BiFeO; has been
theoretically predicted and experimentally demonstratide next step is to optimize the
ferroelectric and magnetic properties and their coupling.

Thin films of BiFe Qs offer theopportunity to optimize severadlevant properties.
The strainmposedby the substrate can change the band structurgypesf magnetic

ordering of thin films'® Itis relatively easyto apply large electric fields to thin films simply
because they are thin and only modest voltagesieeded to switch the polarization. Thin

films are more robust and do not suftielectricbreakdown under repeatéstroelectric

switching as quickly as bulk crysta%lzs.



1.2.0Organization of this Thesis

Thin films of BiFeQ offer opportunities for new experiments and technologies, but
an important question is raisathat is the effect of the substrate on the structure and
electromechanical properties BfFeOs thin films? This thesis answers this question by
probing the structure and piezoelectric respong&ifedO; thin films using xray diffraction.

| focus onBiFeQ; films deposited on SrTigsubstrates because these filmase moderate

compressive efxial strains, the substrate is Am@agnetic, an@re the most widely studied

so results can be e a.sAnlispnatah betveen the rtdombobedralt her s 6
BiFeO; and cubic SrTi@symmetries make$eé structure oBiFeO; on SrTiQ; quite

complex even before piezoelectsitain is induced.

In order to understand the electromechanical response of this complicated structure,

several steps need to be tak@&wescriptiors of ferroelectric materials, epitaxial thin films,
BiFe O3, x-raydiffraction theory, ad experimental methods compribe rest of this
introductory chapterFirst, the structure dBiFeOs; without an electric field was studied using
x-ray diffraction. The effects of anisotropic relaxation on the symmetry and dowatéenp
are described in Chapter 2. Microdiffraction frotm(&,Ti)O3 thin films was conducted to

characterize thdependence of the intensitiesxafay reflectionson the photorenergy anan

the direction of the ferroelectric remnalarization (Chagtr 3). The electromechanical

response oBiFeQ; thin films is measured using timresolved xray diffraction in Chapter 4.
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Finally, the effecof the substrate on antiparallel cation displacements and rotations of the
oxygen octahedra amnsidered andompared to the bulk structure in Chapter 5.
1.3.Ferroelectric oxides

The defining property of ferroelectric materials is a large, permanent electrical
polarization that persists in the absence of an applied electric field and which can be
reoriented by aapplied electric field:’ Ferroelectricpossesswo or more states which are
identical crystallographically but differ in electric polarization direction. Switching between
states is accomplished by applying an electric field above the coercivEdieltUnder ideal
conditions, when the field is removed the remnant polariz&ipis stable in the new
direction. Many, but not all, ferroelectric materials are transition metal oxidases of
ferroelectric materials include BaTiOPb(Zr,Ti)Q;, andRochelle saltNaKC4H40g.

One classic signature of ferroelectricity is the polarizaétactric field hysteresis
loop. In linear dielectric materials the polarization is proportional to the applied field, but for
ferroelectric materials the polarizati has a additionalhysteretic component. The
ferroelectric polarizatioand coercive fields can be determined from a hysteresis loop,
although care must be taken to avoid artifA%t8. An electricfield is applied to the sample
by applying a voltage agss two electrodes. The applied voltage is swept above and below
Ec and the displacement current is measured. The current is normalized to electrode area and
then integrated to give polarizati®as a function of applied field. A schematic ofidead

hysteresis loop is shown Figurel.1. Note that the remnant polarization is not the same as
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the maximum polarization. Polarization increasesraftvitching aEc because the material

has a linear dielectric polarizati¢h = E)Chs well as the ferroelectric polarization.

Figure 1.1. Ferroelectric hysteresis loop schematicThe coercive fieldEc where the net
polarization is zero, is the field required to switch polarization direction. The remnant

polarization, Py, is the remaining polarization when zero field is applied.
Ferroelectric materials have a number of technological applicatidms switchable
polarization is used to store information in random access memory fdoesto bias
. S21 . . . . . d22 23
transistors.” The piezoelectric properties have been exploited in transdUcadasiators,
and sensor applicatior%é.
Only materials which are not ceasymmetric can beerroelectric>> The lack of

centrosymmetry produces changes in diffracted intensitiegaf reflections that would be

identical in a centrosymmetric material. For example, the intensities of the (002) and the
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(00-2) reflections ardlifferent in Pb(Zr, Ti)Q thin film ca\pacitorsz.6 Chapter 3 explores the
effects of polarization reversal in the model ferroelectric material Pb(Zg.Ti)O

The polarization of a ferroelectric material is rarely homogenedygically, it is
split intoregions of uniform polarization called domains which differ in polarization direction
from one another. Ferroelectric domains are regions which have uniform parallel polarization
in the absence of an external electric field. In thin filres,delectricdomains are the result
of a competition between the energy required to create the depolarization field outside the
material and the energetic cost of creating boundaries between neighboring regions of

different polarization directiont. The depolarizatioenergyis minimized when the net

polarization is zerpso amaterial ould theoreticallyeduce tis energy by making infinitely
thin domains of opposite palization direction.Boundaries between polarization domains
alsorequireenergy to formhowever The region between domains, called a domain wall,
can bestrained by the neighboring domafifsAs a result of the competition between the
depolarizationield and the domain wall formation energy, ferroeledtrin films oftenform

repeatingamellarpatterns of domair®?® In the xray microdiffraction studies of Chapter

2, we observe the structural signatures of these repeating domain patterns.

Ferrodectric materials aralsopiezoelectric meaningvoltageappears across the
samplewhenit is mechanically stretched or compresséal the converse piezoelectric effect,
the latticeexpand or contractsvhen an electric field is appliedPiezoelectric gain is
linearly proportional to the applied electric field. Other phenomena such as electrostriction
can also contribute to the strain, especially at high fisdat electric fields less than or

equal to the coercive field, tlwntributionof electratrictionto strainis small in the



materials considered here. @mapter 4] determine the piezoelectric straahBiFe (s thin

films by measuring the change in lattice constants usiray xliffraction while an electric

field is applied to a ferroeledtrcapacitor.

1.4.The perovskite structure

Many multiferroicshave acrystal structure similar to the mineg@rovskite in which
a transition metak the central atorof a cubic or nearly cubic unit celt A large number of
fluoride based materials angagnetic ferroelectrics, but as of yet none have magnetic and
ferroelectric ordering at room temperata%e.Perovskites that areagnetic ferroelectrics in
particular are quite rare because the partially filled d orbitals of the transition wiatzi

lead to magnetic orderingend to eliminate the cation displacement that causes
ferroelectri(:ity33 Bismuth-based multiferroics avoid this problem, since the ferroelectricity

arises from the bismuth %srbitals.34

Perovskites are a broad class of matemath the general formula ABX The
perovskite mineral hasaubic structuravith Pm-3m symmetry. The cubic symmetry is
easily distorted, howevebgcause the structure can accommodate ions of many different
elements. As a resuttaterials with tetragmal, orthorhombic, monoclinic, and rhombohedral
symmetry are all found in natufd® The perovskite structure is robust and will expand,
contract, and rotate bond angles in order to accommodate a wide range of cation sizes.
The family of oxides with pevskitederived structures hasvariety of fascinating

properties. Ferroelectricity, large dielectdonstants, superconductivity, ferromagnetism,
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and antiferromagnetisimaveall been observed in materials with the perovskite struture.

The versatility of the perovskite structure makes it sensitive to forces which may be too weak
to have significant effects in other structures. Thus, small displacemerdstortions from
the ideal structure are an important factor in understanding and manipulating the wide variety
of properties in these materials.

In the ideal perovskite structure, the cubic unit cell has A sitesdtothe corner®f
the cube, a B site atom in the center, axyben atoms centered on the faces of the cube.
This is called the aristotype structure and is shown beldwgurel.2. Most materials that
are described as having a perovskite structure deviate from the aristotype slightly. The
modified structure is called a hettotygb7eHettotypes can differ from the aristotype in many

ways; changes to the latticenstants, noicubic symmetry, and displacements of the A or B

s O
s @
o @

Figure 1.2. Perovskite structure ABGO;. SrTiO3; and CaRbF; form this ideal cubic
structure, unlike the mineral perovskite itself (CaTiOs).

atoms.
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Two parameters are commonly used to describe how well a material fits in the
perovskite structure. The tolerance factor, t, quantifiegdegree to which a particular ABO

compound fits in this structure

Nci i

whererp, rg, andrp are the A site, B site, and oxygen ionic radii, respecﬂ\?’g'fi/(‘) Most

materials that are stable in the perovskite structure have tolerance factors between 0.75 and
1.05. BiFeO; has a tolerance factor of 0.9%he ratios between A and B ionic radii anfto

are also important in stabilizing the perovskite structlrt.the B radius is too small, then

the oxygen octahedra are unstable due to oxggggen ionic repulsion. A site atoms that

have radiilesstha® 1i¢ O O O can be accommodatéd some extent by rotations

of oxygen octahedry, Compressive strain can also be accommodated by increasing the
rotation angle

One of the more common modifications to the aristotype is the distortion or rotation of

the oxygen octahedra. Rotations can be caused by A or B site atoms whatHitjgolar

displacements of the A or B site atom, highly directional bonds (for geaR8 " or Bi** on

the A site), and JaRkneller distortions of the Bgoctahedra. Tilt systems are described in
terms of rotations of the octahedra aboutahle andc lattice vectors in the notation used by
Glazer®* Atilt system with rotations aboetach axis is written'ab* ¢*. The first, second,
and third letter represent a rotation abibata, b, andc axis respectively. Rotations of the

same magnitude about different axes are indicated by using the same letter, Saai.as a

The superscrips + when octahedra along the same axis have identical rotations about that
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axis. A superscript df indicates an equal but opposite rotation in adjacent octahedra, and a 0
superscript means no rotation about that adkazer described 23 tilt systerfmaind in a

2x2x2pseudocubianit cell structurgalthough Woodward later found there are only 15
systems in which it is possible to keep octahedra of neighboring cells confiected.

In this thesis, | study two members of the perovskite farBilyeO; and Pb(Zr,Ti)Q.
In both of these materialhe B-site atomis not located at the center of the unit cell, which
create a ferroelectric dipole. B{Zr,Ti)O3z is the simpler of the two structurést is

tetragonal, has an elongatedxis, and the octahedrondsstorted andlisplaced along the
axis along with the B site atonBiFeO; is rhombohedral and has distortions along the

pseudocubic [111] direction. In the next section, | des¢hbstructure and properties

BiFeQ; in detail.

1.5.Bismuth ferrite

1.5.1.Bulk single crystal BiFeO;
The structure of bulBiFeO; is commonly describeth three differengeometrical

ways. The most accurate description is Bi&eO; is rhombohedral at room temperature
with the space group R3c. This is equivalent to the hexagonal setting often used by
crystallographers, hich hassix formula units oBiFeQs in the hexagonal cell and lattice

constants o, =5.579 A anct, = 13.80 A. However, the most intuitive view of the

structure is found by comparing the pseudocubic settiijFHO; to the perovskite
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aristotype. The pseudocubic setting contains one formula uBiFefO; and isnearly cubic

(buttechnically rhombohedrpivith a = 3.96 A andJ, = 89.4°. B and F&" sit on the A

and B sites respectively and are both displaced in the same direction along the [Ihé]

oxygen octahedron is flattened in the same direction, most likely by ionic repulsion from the

Bi lone pair’’ Octahedra are rotated in alternating directions about the [111] axis by 13°,
corresponding to theaa tilt system in the Glazer tation. Two pseudocubic unit cells are

shown below irFigure1.3.

Figure 1.3. Structure of BiFeOs. Two pseudocubicunit cells are shown. Oxygen
octahedra are shaded blue.

It has been known for several decades th#t BiFeO; is ferroelectric, but it was not
until recently that the observed properJtlzme close to theoretical predictions of large
remnant polarization%l. In bulk crystals, BiFe@has aremnant polarizationp to 100

e C/ 2qomallel to the [111}axis and a coercive field of 12 kV/chh The remnant
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polarization is extremely large andaipproximately equal tthe polarization of common

ferroelectricssuch as B(Zr,Ti)O3 and BaTiQ that are currently used for ferroelectric

memories.The coercive field in bulk BiFegis much smaller than in thin films, similar to
other ferroelectric materials.

Despite the largamount of research done Bi-eO;, questions about the type of

antiferromagnetic ordering still remaifhe antiferromagnetism dBiFeO; results in

44,45

magnetiaeflectionsin neutron diffraction. BiFeOs is a Gtype antiferromagnet; spins

on F€" ions ae antiparallel to all their nearest neighbors creating planes of parallel spin

along the (111} planes This is thg001hexplanein the hexagonal settiraf the crystaf16
This description proved to be incompleteutron scattering evidence for an additional spin
spiral with a period of 62 nm was discovered by Sosnowska et al. in 1gggere is still

some debate in the literature of whettier magnetic modulation is cycloidal, elliptic, or even
a spin density ave 849 Nevertheless, all evidence points to short range antiparallel coupling

between F& nearest neighbors.

Coupling between the ferroelectric and antiferromagnetic orderiBg-#0; is also
linked to thestructure. The ferroelectrigpolarization diectionhas been shown to be linked
the antiferromagnetic wavevector in BiFgtin films. The spin direction and spiral
wavevector can be changed by applying an electric field to switch the éatrae|

polarization direction® The plane of parallel spins then switches so that the plane remains

perpendicular to the poIarizatic%ﬁ.The magnetic ordering is strongly influenced by the Fe
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O-Fe bond as described in the double exchange rﬁ%daIBiFeQ:,, density functional
theorycalculations suggest that the magnetic interaction is sensitive to the tilt androfatio
the Fe@ oxygen octahedr¥ One prominent consequence of the multiferroic order of
BiFeO; would be themagneteelectric effectin which the net magnetization would be
changed by applying an electric field, or the polarization increased by applyiagreetic
field. >%> Although the linear magnetelectric effect is supposedly forbidden by the
symmetry of bulk BiFe@54'55 a linear effect in BiFe®films has been reportesg'.‘L3 738

Problems with bulk single crystals have lead researchers to focus dintkiof
BiFeO;. Although the intrinsic ferroelectric and magnetic properties of bulk single crystals
and epitaxial thin films are similar, the single crystals may prove difficult to use in practical
applications. The biggest problem with single cryBi&eO;s is in the leakage and fatigue
properties. Lebeuglet al.found thatBiFeO; bulk crystals are susceptible to mechanical

damage caused by repeated polarization revet Jdde large changes in shape result in the

formation of cacks and defects during the switching proc%s%he defects have much

smaller resistivities, so during successive electrical cycling the leakage current heats and

degrades the sample, decreasing the remnant polarization. Lebealgghowed that the

remnant polarization in singlez,mjtrslyowtals can i
appreciable degradation after even one switching éﬁcle.comparison, (1119riented thin
flmsgrownon SITQhave remnant pol a f dnd can withstarsl biliops t o 95

of cycles of polarization switchin‘?f In other film orientations, the owtf-plane remnant
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polarization is consistent with angple geometric projection of the <111> onto the film
normal. The desirable ferroelectric, piezoelectric, and magnetic ordering are almost the same
as the bulk, but the improvement in fatigue properties and decrease in leakage current makes

the thin filmsmore useful than the bulk material.

1.5.2.BiFeOx thin films

BiFeO;s thin films have lower leakage currents and better resistance to fatigue than
bulk crystals, but the other properties are essentially the sagely reports did show a
dependence of net magfization and polarization on film thickne%6sHowever, later first
principles calculations using density functional theory predicted very little chariyarafM
as a function of straift’ Epitaxial strain rotates the polarization direction of (001) Big-eO
films, but does not have a significant effect on the magnitude of the polariglatﬁlmher

experimental studies of filmsith thicknesses ranginfigpom 40 nm to 960 nm confirmed that
there was very little change the magnitude of thpolarization, although they found the
coercive field decreases with thickné8sEven the orientation of the film does not change
the magnitude of the spontaneousapiaiation. The oubf-plane remnant polarizations for

(111), (101), and (00BiFeO; films were measured by ket al. ®3 werefound to beP111a
100 82,0?1(@ m8o % aDdPgo#n 55 £2CThesevalues are consistent with a
spontaneous polarizatiofoag [111} being projected on the different out of plane
directions, which predicts th&@ 118 #:3:8 dP3o1. It was thought that epitaxial strain in

thin films of BiFeO; might induce ferromagnetism, which would be much easier to detect and
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manipulaeé in potential applications such as multistate mer%ﬂ]he antiferromagnetic

ordering inBiFeO; has proved to be quite robust despite initial reports of switching

magnetization using an electric field.

Epitaxial BiFeQ;s films can remain coherent above the critical thickness predicted by

Matthews and Blakeslé8. Matthews and Blakeslee provide an estimate for the maximum
thickness for whichhin films can remain strained to the lattice constant of the substrate,

based on the elastic energy stored in the film. We can apply this method tg BiFeO

SrTiOs. Assuming that th@oisson ratio oBiFeO;s is 0.3 and misfit dislocations have [110]
type Burgers vectorghe thickest defect free film is expected to5E5 nm. Coherent,

metastabldilms up to 70 nmhave been observed experimentgﬁWossible explanation®r
the stability of thicker filmsnclude misfit dislocations with large nucleati energies,
rotation of the oxygen octahedra to reduce the lattice corf$anhonstoichiometryin the
film accommodanhg strain®’
Partiallyrelaxed films offer an opportunity to learn how strain affects the structural,

ferroelectric, and magnetic propertied/hether induced by thickness or less than optimal
growth conditions, relaxation of epitaxial films affethe magnetic ordering @iFeGO; films.
The magnetic momenkepend on strain In epitaxialBiFeO; films on SrTiQ substrates, the

saturation magnetization decreases as the film reisgxxsray linear dichroism

measurements of antiferromagnetic and ferroelectric domains in strained 200 nm and relaxed

1 ¢ mthick BiFeQ;s films indicate that the epitaxial strain in the thinner films changes the type
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of antiferromagnetic orderin%f. Theenergéic degeneracyor the spin direction within the
(111) planss lifted when epitaxial strain is applied, and there is an easy axis of

magnetization along the <112> direction.

1.6.Calculating x-ray scattering intensities

The work in this thesis largeonssts ofusingx-ray diffraction to determine
structural parameters including lattice constants, symmetry, and polar displacements. Many
of the experiments compare experimental diffractedyxintensities to predicted intensities
in order to determine theaalidity of different structural models. In this section, | outline the
how the intensities of-rayreflections can be calculated)sing these equations, | predict
how reflections can be split by the presence of multiple ferroelectric domains (Chigpiber
energy dependence of reflections and the effect of polarization direction (Chapter 3),
piezoelectric strain (Chapter 4), and theywriof scattered intensity at(bkl) type reflections
(Chapter 5).

Calculating the xay scattering intensity starwith the scattering from an atom, then
all the atoms in the crystalodés unit cell,
an xray is elastically scattered, we measure the intensity and angle of the scattered beam.

The difference in mmentum between the incidei) and scattered wavevectdr pmakes a

vector in reciprocal spacg, such thab A 2. e 9{ | 8The threedimensional components

Ox 0y andg;, are related to the-pay wavelength and angles labeledrigure1.4.

N P AiITAiro Ai1jO

anec
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Figure 1.4. Definition of g, scattering angles andncident and scattered xray
wavevectors. Uis the incident angle andb is the scattered angle such thathb =2 g ag.
2 is the azimuthal angle, and is generally s

The units ofgare1/A, such thafs ¢ OFEM  pFA This last relation can be
rearranged t o afRdsindiwhBh givgsgh® selatlormbetween the scattered

angle2 dnd the interplanar spacing.

1.6.1.Atomic scattering factors

The scattering from an atom is the sum of scattering from all the electrons bound to it.
The atomic scattering factor is expressed in unitg,dhe Thonpson scattering length.
Consequently, the atomic scattering factor depends on a number of fa@ment and
bonding of electrons in the scattering atom, the wavevector trapsfed thgphotonenergy.

All of these are summed up in a single atomic scattering fdctor,
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wheref %is the part dependent opf ' andf " are the real and imaginary parts of the energy
dependent portion, respectively.
f °is approximately the total number of electrons bound to the atgrs @t and goes
to zero agincreases.f ° can be approximated very well by the sumhwée exponential

functions with coefficients found by Cromer and MdRrThese functions fit observed

values off ° for [q|less than 2.0 A At large || or for ionized element$? is better described

by Waasmeier and K i"'wihioh Brédiscudsdd tnmore dgptailgnaSectiame t er s
3.5.

f' andf " are collectively called the dispersion correction and are assumed to be
independent of. Dispersion corrections for many elements have been calculated and are
tabulated for xay energies étween 10 and 30,000 9. The effect of the dispersion
correction on the intensity of Bragg reflections is examined in Section 3.1.2. Typically, it
does not have a large effect unless tliaykenergy is close to an absorption edge of an

element in the terial.

1.6.2.Structure factor
The structure factor is treiperposition of thecatteed wavefrom each atom in the

unit cell:
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whereq is the wavevector transfer angafe the atomic scattering factors for each atom
» is the position for thath atomand can be written as a linear superposition of the direct
lattice vectors, b, andc.
> o o} o4
The set@,v,w) are called the fractional indices of the atomic position. The origin (wWkere
0) is conventionally taken to be one of the corners ottieéc unit cell. For example, the
body-centered atom in a bcc unit cell would hawev) = (0.5, 0.5, 0.5).
Wheng is exactly equal to a reciprocal lattice vedoqga "&F G 'GF the

structure factor is simplified to

Gos  eACO W W @ oot ut o

G0y QAZE W: W W

because the reciprocal lattice veetdr 4w  and is orthogonal t¢f anddk The

intensity of a reflection is proportional EF*, whereF* is the complex conjugate of the
structure factor. The sign of the imaginary componeftirs reversed fof, and the phase
factor.
. . . : 73 . 74 . . . 75
X-ray diffraction texbooksincludingWarren ~ Als-Nielsen  Guinier, ~and
CuIIity76 differ slightly in their definitions ofg and the structure facté. The definitions
are different inl) the sign ofj and the sign of the phase factoF , and 2) whether a factor

o f @& indluded in the definition of q or in the phase factdfijg. No matter which

convention is chosen, the correct phase fasterx p [i th&+kb*+Ic*)(uatvb+wc)].
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1.6.3.Lattice sum
The scattering from the entire crystathe superpositioof the scatteng from each
unit cell. To illustrate this more clearly, I first consider the scattering from -aiomensional
line of M1 unit cells along tha direction. The scattering from the crystal is thpexposition

of the scattered wavé®m each unit cell

Y 0 Ag® "ag
whered] & =+ The sum can be rewritten as a geometric series
. e . 1L aw
Y 0o ol a8 a T b

so the sum ovan, becomes

Ao @ + o
Ao® @3 »p

Generalizing to thredimensional parallelpiped withl, cells along théd direction andMz

“y

along thec direction,

Ao @ + pAge® @b 4 pAg® @d + p

A Aoo @k p Aoo ad p Ag® @i o

As M approaches infinityas in a largeingle crystalthe lattice sum can be approximated by
a series of delta functions whgrequals a reciprocal lattice vectyi. The scattered

intensity is proportional to the scattering amplitude times its complex conjugate.

In order to compare caltated scattering amplitudes to real numbers of diffracted
photons, | calculate the structure factor at a reciprocal lattice v@gi@nd compute the

intensity. For a small number of cells, I calculate the structure factor of the atoms of the
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structureby building a supercell made up of many unit cells separated by lattice vectors

(Chapter 3). For large numbers of unit cells, | typically omit the lattice sum and approximate
| = Fria F*hi, Since the lattice sum essentially picks Byl at each reciprocal lattice vector.

This does ignore the problems of mosaic spread in the crystal, dynamical diffraction, and the
effect of the film thickness. However, unless otherwise noted, the films studied here are
sufficiently thick and imperfect sthickness fringes and dynamical effects cannot be

observed. The issue of mosaic spread is addressed by comparing the integrated intensity of

the experimentally observed diffraction peak to the calculated maximum intengitygak.

1.7.Experimental methods

X-ray diffraction was used to characterize the structure and electromechanical
properties oBiFeQ;s thin films. To completely understand theay scattering, we
investigated the effects of polarization reversal on the diffracted intensity in Pb(ZthiyO
film capacitors. Hysteresis loops were taken to characteriZgifle®; and Pb(Zr,Ti)Q

capadors and measure the coercive fields. The stetale structure diFeO; films was

probed with areaveraged diffraction techniques as well as synchrotron microdiffraction.

Next, time resolved-xay microdiffraction was synchronized with electric diglapplied to
BiFeO; thin film capacitors to measure the piezoelectric response on a local scale. In order to

apply large fields while measuring the piezoelectricity, nanosesoalg time resolved

diffraction techniques were used.
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1.7.1.Sample fabrication

The epitaxiaBiFeO; andPb(Zr,Ti)O; (001) thin films for this study were grown in the
research group of Prof. ChaBgom Eom’’ BiFeO; andPb(Zr,Ti)O; layers were deposited
using offaxis sputtering on a SrT§001) substrateThe Pb(Zr,Ti)O; and 400 nm BiFe®
samples had an additiorilb nm thick SrRu@layerbetween the substrate and the
ferroelectric layers.SrRuQ; is a conducting oxide which served as a bottom electrode and
allowed us to create thin film capacitor structures. BireO; samples were grown on a
substrate that wamsiscut by 4° towards [010]. The miscut substrate helps promote epitaxial
growth and select the polarization direction of the domAins.

Bulk BiFeOQ; samples were grown by Saigo o k Cheongds ressarch gr
University using the flux growth method&ingle crystals oBiFeO; were grown using a
Bi»O3/Fe,03/B,03flux by cooling slowly from 870° to 620° €. Platelets several

millimeters across with faces parallel to the pseudocubic (001) were obtained. léMultip
ferroelectric domains were observed withay diffraction and with polarized light

microscopy.

1.7.2.Ferroelectric characterization and polarization switching

Electric fields were applied to the sample in theaiyplane direction by applying a

voltage acoss platinum top electrodes and the SrRla@er underneath theb(Zr,Ti)O; or
BiFeOs layers Circular platinum top electrodes with diameters of 25, 50, 75, 100, and 200

em were patt e PhTOam BFeRpiime f t he
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Top electrodes wereontacted with a high bandwid8um tungsterprobe tip

(Cascade Microtech, 16158). The SrRu@ bottom electrode was contacted by soldedang

thin platinum wire taan area at theorner of the sample where the film had besmoved to
expose th&rRuQ bottom electrode. This wire wasnnected to theuter coaxial
connection othe probe tip This connection is usually grounded in high frequency
experiments. In order to make hysteresis loops, however, we isolated the outer connection
from ground andised it to connect the sample to the resistor we used to measure the
displacement current flowing through the ferroelectric capacitor. Electric fields were applied
to the region underneath the top electrode by applying a vatagss the film thickness
using a function generator (Agilent 33120A)

Ferroelectric switching properties of the films were determined by measuring the
electrical hysteresis loops of capacitor structures. Several periods of a triangle waveform
with a amplitudes of 7 to 10 V wer@palied to the top electrode. A sample of the poling

pulse train and the switching current is showFkigure1.5.
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Figurel5. Vol tage and switching curregat from a 1
capacitor measured during a poling pulse train resulting in a &, state.

The current measurement shows that the capacitor is switching and does not have
significant leakage currenfThe sharp current spikes are the switching current from the
polarization reversing direction to align parallel to the electric field. In leaky devices, the
capacitor develops conduction paths which behave like a resistor in parallel with the
capacitor. At low frequencies, the current through a leaky device at is proportional to the
applied field. This was not observed for the device shoviaigure1.5.

To obtain a quantitative measurement of the coercive field, we calculated the
polarization versus electric field to get a ferroelectric hysteresis loop. The polarRation
measured bintegrating the displacement current otiere, normalizing to the electrode area,

and plottingcharge per areas a functiorof the applied voltage. A hysteresis loop for a 100
e mdiameter Pb(Zr, Ti)@capacitor in this sample is shownkigurel.6. The coercive fields

were +350 kV/cm anell50 kV/cm. Note that theoercive fields are not the same for positive
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and negative poling directions, causthg hysteresis loop to be shifted horizontally along the
electric field axis. The apparent difference in coercive field is an effect of different materials
in the top and bottom electrod®sTo avoid artifacts from charging effects, the polarization
wasmeasured by taking the difference in polarization when no bias is applied to the capacitor

to get twice the remnant polarizatior, 2

100 f ;

Polarization (uC/cm?)

20} gﬁ/ ]
-40 | :

B o b b by " 1 P 1 P 1 1

-1000-750 -500 250 0 250 500 750 1000
E (kV/cm)

Figure 1.6. Hysteresis loop of 100 um diameter {Zr, Ti)O3 capacitor at 10 kHz. The
vertical line near the origin is an artifact of the noise inthe voltage measurement across
the resistor. The polarization plotted here is the integrated displacement current from
Figure 1.5

1.7.3.X-ray diffraction structural characterization
This study uses two differehfpes ofx-ray sources. A latratoryx-ray diffractometer
was used to measure taeeaaveraged structure of the entire sample. The local structure of

the film was probed using focused synchrotron radiation.

1.7.3.1.Area-averagal structure
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Laboratory xray diffractometersvere used to probe the ar@eeragedtructureof
BiFeO; bulk and thin film samples. The millimeter sizeday spots diffract from the entire
sample, giving information about the average structure of the film. Two diffractometers
were used based on a sealed tube source (PanaKticé e r t) andidd @ roting anode
(Rigaku UltraX 18 Rotaflex) A monochromatic beam with the Cyavelengthas =
1.5406 is selected from the spectrum by diffracting fromrgstal monochromatorThe
sample is mounted on a feaircle diffractometer in a horizontal scattegigeometry. Three
degrees of freedom are available to rotate the sample to the Bragg confliicen@(i); the
rotation in2 drings the detector to the diffracted bedfig@rel.7). These naming

conventions are used to describe the diffraction geometry through the rest of this thesis.

Figure 1.7. Scattering geometryangle definitions for four circle diffractometers.

The Panalyticatliffractometer is designed to measureay diffraction and reflectivity

of thin epitaxial films. Two dimensional slices of reciprocal space were mapped out to
determine the orientatioof BiFeQ; films with respect to the substrate, as described in
Chapter 2. The-hounce Ge monochromator and large beammih x 10 mmat the source)

produce the highly collimated beam that is necessary for high resolution measurements of

thin films. Anguhr resolution ir2 dvas seto 0.1°by the atector slits. The film reflections
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were more than 0.5° wida 2 dlue to the mosaic spread, so higher angular resolution did not
provide any additional information.
The Rigaku rotating anode diffractometer waed for measurements of lemtensity
Bragg reflections. This diffractometer is optimized for imtensity measurements from
small samples. The rotation of the anode distributes the heat load more evenly so that higher

intensities of xrays can be pduced. This generator was operated in pfwotis mode, so
thexr ay spot si ze %\)Was slighdy smadlenthdn éor th{e dadnalytiaal.

Attenuation of the beam was reduced by removing the air inside flight paths between the
source and sampées well as in front of the detector. The Na:l scintillation detector (Saint
Gobain, Bicron 1XPMD40B) is capable of detecting single photons. A lead cap was placed
on the end of the detector to absorb high energy photons. Angular resol&iaftas

determined by slits placed in front of the detector.

1.7.3.2.Synchrotron x-ray microdiffraction

Synchrotron light sources provide the intensity required to measure small scattering
signals with a focusedpay beam.Synchrotron light is coherent and the flux is orders of
magnitude higher than th@boratoryx-ray sourced! These advantages allow for the use of
x-ray focusing opticsuch as zone plates and mirtoifghe xrays are generated 100 ps
pulses spaced 15% apartwhichis useful for timeresolved sc:atterin%2 A schematic of

the entire setup is shown belowRigure 1.8 and each element is discussed below.
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Figure 1.8. Schematic of synchrotron microdiffraction.

Synchrotrons generaterays by accelerating electrons in periodically curved path.

The electrons pass through undulaioksmnks of magnets with alternagipolarityi which

bend the electronbs pat h bapbdtonenergiesfisedint h at a
these experiments, the emitted beam primari |l
smal | component with wan/dalamaisgprdrsm%?"%f hi gher or

Monochromators were used to reduce the spectral bandwidth sufficiently to allow
precise diffraction measurements. In the monochromator, the beam is diffracted from two
(111)oriented Si crystals which are positioned at thegBrangles of the desired wavelength.
Only photons with wavelengths that meet the Bragg condition can pass through the

monochromator. The spectral width of the monochromatized beam is limited by the Darwin
width of the Si (111) reflection, typically aboweV.*

The incident beam intensity is monitored using a gas ionization chamber placed after

the monochromator in the experimental hutch. The beam passed through the air between two
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charged plates. The resulting ionization current is proportional to the bearsitytbut
decreases exponentially with increasing photon ensér’rgy.
For several measurements we focused the monochromatic beam using a Fresnel zone

plate. Fresnel zone plates are essentially circular diffraction gratings, with alternating circles

of mateials with different indices of refractiol. The zone plates used in these experiments
consist of patterns of concentric gold rings pattelme&gN, membrans. X-rays passing
through the gold Fresnel zones undergo a phase shift. The pattern isadlesignéhat the
phase shifts introduced causes constructive interference at focal spot. The focal distance and
spot size are determined by the zone plate diameter, photon energy, number of zones, and
width of the outermost zon8. Zone plates are typically used at synchrotron light sources
because coherentrays are required and there is a significant loss of intensity (only 10% of
the transmitted beam is fased at the first order focal poir§t7.)

In order to avoid contamination from the unfocused beam, all but the focused beam is
blocked. The unfocused beam is absorbed in two partsentral beamstop and a pinhole
which acts as an ordseorting aperture. fle beamstop is a gold sphere either integrally
mounted on the zone plate or on a separabé, 3iindow. It blocks the direct beam through
the center of the zone plate. The order sorting aperture is placed between the zone plate and
the focal point in ordr to block the unfocused beam and any focused/g from higher
order focal points.

The focused beam is measured by scanning a chromium knife edge across the focal
point and measuring the Cr fluorescence. Akeifd ge s can f rdiametetzbee 160

plate at Sector-ID-D is shown inFigure 1.9.
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Figure 1.9. Chromium knife edge scan of focused-ray beam. Thesharpest part of the
knife edge was scanned across the focal point of theay beam and the fluorescence
was measured.

The fluorescence signal was fit to a Boltzmann function. The beam size was
estimated as being the width of the Boltzmann function.icBywalues for beam size using a
320 em di amet er -IDdmfdhe pdvanted Phatdn Scue arecaroun@ 400
nm.

Three types of detectors were used to meabardiffractedk-raybeam. Avalanche
photodiodes (APD) have a fast response tiibese detectors are useful for high count rates
up to 16 photons per secondAn APD was used faranosecondcaletime-resolved
diffraction experiments. A chargmupled device (CCD) area detector records the diffracted

intensity from a large portion of reciprocal space at once. It was used to locBiEdhe

(103) reflections and measure the splitting betwee(li®®) reflections from multiple
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domains. A scintillation detecto(SaintGobain Bicron) was used for low count rates,
because itvas capable of counting single photons aadldfilter out higher energy photons

to some degree.

1.7.4.Time-resolved microdiffraction

Time-resolved diffraction was used to measure the structural response to electric field
of BiFeGs films. Two time resolution techniques were used. The slower, milliseszaid

method employed a multichannel analyzeolbtainthe timeresolvedsignal. The faster,
nanosecondcalemethod was a pumprobe type experiment in which onlyray pulses
synchronized with electrical pulse&recounted. The millisecorsicale method had longer
countingtimes and was able to measure the responses ofveaty reflections.The
nanosecondcalemethod appliedhe electric field for very short times, enabling devices to

sustain very high electric fields without undergoing dielectric breakdown.

1.7.4.1.Time-resolved microdiffraction T millisecond time scale

Millis econdscale time resolved diffraction was used to meash@iezoelectric
response oBiFeO; and thechanges in the intensity of the k() reflections. The time

resolved intensitpf a reflection was measured while an electric field was applied to a
cgpacitor on the sample. Thus, the structural response to an electric field was determined.
There were three challenges hétame resolved diffraction, focusing the beam inside a
capacitor, and synchronizing the electric field with the time resolvedureraents.

The microdiffraction techniques discussed above were used to focusapdeam to

a small spot on the sample. Changes in the diffracted intensity and/or the fluorescence from
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the platinum electrodes were used to determine the positioe &frly beam on the sample
surface. By mapping areas on the surface, it was possible to image the electrode pattern and
place a focused beam on the same top electrode as the electrical probe tip. This ensured that
the diffraction volume was entirely withthe capacitor and only regions subjected to electric
field were probed.

A multichannel analyzer (MCA) was used to record the diffracted intensity as a
function of time. The MCA measured the counts from the detector over a 2 secondrperiod
2 ms step. Any counts which were detected during each 2 ms bin were summed together.
The MCA output the time resolved intensity in the form of total counts in each of the 2000
bins. Thus, the time resolution was determined by the MCA counting time per b&. Thi
counting time could be set as | ow as 8gs, but
for low-intensity reflections.

We applied an electric field and simultaneously measured thedémpendent
intensity. A function generator (Agilent 33120A) wamtigured to produce linearly varying
voltages similar to the triangle pulsesHigure1.5. The output of the function generator was
connected to the electrical probe tip contacting the capacitor top electrode. The bottom
electrode was grounded. The function generator was triggered at the same time as the MCA,
so the intensity was measuretlilg a series of triangle pulses was applied to the capacitor.
By matching the time dependence of the voltage with that of the intensity, we obtained the
diffracted intensity as a function of electric field. We summed over thousands of repetitions

in order to obtain the timelependent intensity at each point in reciprocal space.
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1.7.4.2.Time resolved microdiffraction T nanosecond time scale

Nanosecongcale time resolved diffraction was used to measure the piezoelectric
strain in BiFeQ@ at electric fields ative the DC dielectric breakdown limit. Previous studies
have found that ferroelectrics subjected to large electric fields do not undergo dielectric

breakdown if the pulses have short durations (tens of nanoseggrﬂsgxrt pulse durations
also reduce thamount of resistive heating from leakage current which helps increase device
longevity. By measuring the diffracted intensity from single bunches synchronized with short
pulses, we were able to measure the piezoelectric strain at large electric fields.

Short voltage pulses were applied to capacitors at the same timayabunches
diffracted from the sample. The electric field was applied to capacitors by a pulse generator
(Picosecond Pulse Labs, 2600C). Top electrodes were contacted by theatlercibie tip.

A thin platinum wire connected the SrRgyibttom electrode to the shielding of the probe tip.

Square voltage pulses were applied to the top electrode by a pulse generator with adjustable

amplitudes and durations. Typical pulse durationgevi® to 30 ns, with rise times below

300 ps. The pulse generator was triggered by a signal from the timing circuit described below.
The diffracted signal from onenray bunch wasynchronizedvith the electric field.

An APD detector was chosen to dettdet diffracted xrays because its response is short than

the time between-ray bunches. We selected the APD signal from a single bunch which

coincided with the applied voltage pulse. The detector gating and pulse generator triggering

electronics requirto do this are described in Grigoricelvall.89 The time between the
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selected xay bunch and voltage pulses was adjusted by delaying the trigger signals for the

pulse generator and APD gate with delay generators (Stanford Research Systems, DG535).

The &periment is shown schematicallykigure1.10.

Intensity

to detector
—

Figure 1.10. Schematic diagram of time resolved microdiffraction. The focused xray
beam probes the region of BiFe@underneath a top electrode contacted by the probe tip
while an electric field is applied.

The synchronization was tested by measuring the-tiependent intensity at the peak
of a Bragg reflection. Whean electric field was applied, the film was piezoelectrically
strained which modified the lattice constants. A decrease in diffracted intensity at the peak of
a reflection indicated that the voltage pulse was applied at the same time as the sesgcted x
bunch. The only xrays that were counted had diffracted from the sample when the electric
field was being applied.

Many voltage pulsesfxay bunches pairs had to be measured at each point in

reciprocal space. The APD could only measure one coupujss, so a typical-2 écan



36
would require thousands of pulses at each point in order to distinguish the Bragg reflection
from the background. Typically thousands of pulses were applied at each point in a scan in

order to improve counting statistics.

1.8.Summary

As BiFeQ; films relax, the epitaxial strain is relieved and the film approaches the bulk

structure. The magnetic properties are strongly influenced by tieFeebond angle, which
changes as a function of rotation of the oxygen octahddra.octahedral rotation angle is
affected by the epitaxial straandpiezoelectric expansion. In order to understand the
coupling between electrical and magnetic order paramet&i&&0;, we first have to

understand the relationship between substsatecture, and electric fieldn the following
chapters, | describe how theay diffraction techniques outlined above were used to
determine that the strain state, piezoelectric response, and cation displacements vary on the

micron scale in BiFe&thin films.
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Chapter 2. Anisotropic Relaxation of Epitaxial (001) BiFeQ Thin

Films

2.1.Introduction

The piezoelectricity, ferroelectric domain structure, and multiferroic propertigsnof
film BiFeOs are influenced bwyspects of thetructure at length scales ranging from single
unit cell to the mesoscopic scale of mosaic blodkg001)thin films, BiFeQ; is distorted by

o . : 12 4 -
epltaX|aI strain and signatures of monocllnld,etragonaﬁ or even coexisting

rhombohedral and tetragoﬁaﬂverall symmetries have been report€dr coherent thin films

without misfit dislocations, the consensus is that Bd#sGtrained into a monoclinic state

for moderate compressive strains up #8278 At compressive strains above 4.5%,

BiFeO; exhibits coexisting phasgsThe structure of partially relaxed films is more
complicated problem which has not yet been completely solved.

An additional difficulty in determining thstructure is that epitaxial thin films of
BiFe(O; are often deposited on miscut substrates to assist the epifeoidhprocess. A

substrate which is miscut by several degrees promotes epitaxial growth by providing a high

density of step edges at thefaige. Step edges are lowarergy nucleation sitesxdassist in

stabilizing the stefflow growth mode>™°

Furthermore, the magnitude aaxystallographic
directionof the substrate miscutfluence the polarization direction the BiFeQ,Iayers11

The large density of steps and kinks on the surface also appears to help refahton



45

volatile Bi species ithe film and maintain the desired stoichiomeltzryHowever, the vicinal
surface can affect the film symmetry in unexpected ways. Miscutratéssstretch or

compress the film along the plane defined by the average surface of the substrate. When the
atomic planes are not parallel to the surface, different stresses are projected orpdethe in
crystallographic directions of the film. Thasisotropic stress changes the structure.

The ferroelectric domain structure present in the film influences the electrical,

ferroelectric, and multiferroic properties. In BiFgthe conductivity of a (001) film depends

on the domain pattern and typedafmain wal*® The dynamics of ferroelectric switching is
affected by defects at the junctions between different types of domainWwalke domain
structure also changes the exchange bias with neighboring ferromagnetic layers and affects
the piezoelectd propertiesl.s'16 Understanding how the substrate affects the domain pattern
is an important step towards tailoring the properties of BiFés.

We have used-ray diffractionto study theeffects ofthe miscutof the substrate on
the ferroelectric doma structure, theelaxationof the thin film via dislocations and other
defects andontheanisotropic stressnposed on the film Diffraction patternscquired with
a large xray spot provide information that is averaged overthi@earea of thdilm. These
largespotsize diffraction patterns demonstrate that the crystallographic axesfoifrthveith
respect to the substrate tltaliseanisotropy in the atomiescale processes that lead to
relaxation. Synchrotron xray microdiffraction with a focused xay beamwas used to probe
the structure on the scadé individual mosaic blockgevealing thathere are multiple
ferroelectric domains within each mosaic block. The diffraction pattern$-specular

reflections from individual mosablocks are consistent with relaxed stripe domains
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following a ferroelectric domain structure previously obseiweather ferroelectric thin

films.

2.2.Experimental methods
The samples used in this study were (BiEeC; epitaxial thin films depositkusing
off-axisradio frequencgputtering:*** The sample consisted of a 400 ®iffeO; film on a

15 nm $RuO; (SrRuQ) layer deposited on a miscut (0083 substrate. The substrate

was miscut so the sample surface normal was rotated towards@elijrection by

approximatel\3° from the [001].
Theareaaveragedtructureof the BiFeQ layerswasanalyzedusingx-ray diffraction

( X6 Pert Pa n. ahisdiffractomdterusés Depmwith acrosssectionextending 1
mm in the horizontal diffraction and 10 mm in height, larger thamppeoximately 5 mm
lateral sizeof the sample.This instrument used the characteristic radiation from a copper
target with an xay energy of 8.05 keV. The diffracteéamthus providesnformation about
the structure of the enti&FeO; layer.

Strucure on the local scale can be very different from the macroscopic average. By
focusing an xay beam, diffraction can be used to prtiiemicron-scale structure of the
layer. Synchrotron xay microdiffraction studies were conductedttion2-ID-D of the
Advanced Photon Sourcén 11.5 keV xray beam wafocused to 275nm spot by a
Fresnel zone plate as describe&ettion 1.7.4.The sample wasiountedon the

diffractometerso that the [010dlirection of theSrTiO3 substratevas perpendicular tihe
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scattering plane Diffracted photons wereollected by either an avalanche photodiode
detector (APD) or a chargsoupled device (CCD) area detector.
Reciprocal space maps wexrequiredby rotating the sample to vary thecident
angleof the xray beam, while theCCD detectowas held a& fixed position.The angular
position of each pixel in the CCD was calibrated by measuring the position of the direct beam
on the CCD at several positions of the detector arm. The detector arm was then n2oded to
of the Bragg condition and the incident angle was scanned in discrete steps. A CCD image
was captured at each incident angle. The reciprocal space vector of each pixel in the series of
images was calculated from three angles as in Sectio@ sidc wer e det er mi ned

pixel position,d by the incident angle. Twdimensional maps were created by summing the

intensity of all pixels at the sanZechnd calculating onlgy andqs.

2.3.Film rotation caused by substratemiscut

Miscut substrates appgnisotropic stresses to epitaxial flm§he effects of these
stresses on the araaeraged BiFe®lattice constants, relaxation processes,thed
orientation of the atomic planegere studied in a laboratoryray diffraction experiment.
The (002) rekctionfrom the BiFeQ thin film was used to determine thexislattice

constants and orientation of tBe~eO;. A similar set of planemdexed as (220were used

to analyze the SrRufdayer. By comparing the orientations of the BiFg&ahd SrRu@to

that of the substrate, we observe that both films are rotated. These rotations were in opposite

directions and were caused by two different relaxation mechanisms.
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2.3.1.Measurement of film rotation: direction and magnitude
Geometric relationships between the atomic planes of a film and substrate can be
inferred from the crystallographic orientatioris. pseudomorphic (001) oriented filgresand

b are identical to those of the substrate. This requires theré@procal attice vectors of
film and substrate to be parallghg =1 (axb) / V. ' Differences in the unit cell volumes
Vsiim andVgypstrateC@nchange the magnitude but not the directioggef Since reciprocal

lattice vectors are perpendicular to the plahey representhe (00) planes ofa
pseudomorphi€¢001)film and substratare expectetb be parallel.

Our initial x-ray diffraction experiments showed that thel{@omic planes in the
BiFeQ; thin film were not parallel to the planes of {88103 substrate. In order to
investigate further, xay diffraction patterns of the (002) reflections were taken to determine
the orientation of the BiFef Our first indication that the BiFeQvas rotated with respect to

the substrate was that thaxima forthe BiFeO; pseudocubic (002) reflecticand the

SrTiO3 (002) reflectioncould not be obtained in a single?2 cécan. Insteadhese reflections

were observed with a small difference between the incident and Bragg angles. We defined
the offsetangle to le the difference between the incident angjleneasured with respect to

the sample surfacand the Bragg angt® dsuch thabffset=d-%2(2 i Our observation that

the substrate and film could not be observed in the gaPgescan ndicated that th&TiO3
and BiFeQ@ had different offset angles and that tHé02) planes werthusnot parallel.

The key in defining the orientation of the BiFgfin film was to identify an

unambiguous reference for the angular positionsrafyxeflections. We determined the



49

orientation ofSrTiO3 (002) planes and characterized the misouydrovide this orientation
reference.We measured thacidentangle ofthe STiO3; (002) maximunfrom d scansas a

function of azimuthal anglé to determine the direction and magnitude of the substrate
miscut, as shown iRigure2.1. We called the azimuthal angfa@o be consistent with the
names of the angles orray diffractometers.The sample was placed so that two edges of the
square gbstratewvere horizontal wheri = 0° because the edges aeaty parallel to the

SrTiO3 <100> directiors. The offset at th&rTiO3 (002) maximum is the projection of the

miscut angle in the scattering plane. Awas scanned, the projection of the miscut angle
varied sinusoidally. A sinefunctionwas fitto the observed offset dependencef oto
determinghe magnitudend directiorof the miscut The amplitude givea miscut angle of
3.1° and the miscut direction is nearly parallel to the [010] direction &fh©s, such that
the surface normal of the substrate is rotated away from thet@®aids the [010].The
magnitude andicection of the substrate miscut was established reference point for

measuring th8iFeO; rotation.
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Figure 2.1 Incident angle of peak for (002) reflection as a function of azimuthal angle.
Data were fitto a sine wave with amplitude 3.1and a shift of f =15°. The miscut was

3.1° degreegtowards SrTiO3 [010].

The orientation of the BiFefand SrRu@films was measured with respect to the
SITiO3 substrate. We made a two dimensional scan of the offset and diffractedioangle
accurately measure the rotations between reflectidhg two dimensional reciprocal space
map spanned a plane in reciproca@containing th&TiO3 and BiFeQ (002) and SrRu®
(220) peaks.The scattering geometry was chosen such thatrffi®©$[010] was in the same
plane as the incident beam (corresponding+al05° inFigure2.1). The reciprocal space
map was takeatthe azimuthal angle corresponding to the maximum offset fdBifFeO;3

(002) so that thenaximumtilt angle could be measured, rather than a projection onto the

scattering planeiVe found that all three reflections had different orientations.
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Figure 2.2. Area-averaged reciprocal space map of thBiFeO3 (002), SrRuG; (220), and
SrTiO3(002) at 8.05 keV The offset angle is normalized to zero degrees at tiseTiO3
(002).

Rotations of the SrRu{and BiFeQ layers were measured from the reciprocal space
map of theSr'TiO3 (002), BiFe@ (002), and SrRugX220) reflectionskigure2.2). Both the
SrRuQG andBiFeO; (002) reflections are rotated from thel85 (002), as shown
schematically in the inset &igure2.2. The SrRu@reflection is rotated by 0.057° from the
substrate reflection away from the sample surfaceore accurate value of the SIBy

orientation can be obtained bgcording the difference in offsets 8fRuQG and 3$TiO3 peak

maxima when the miscut direction is in the scattering plane, repeating the measurement after

rotating the azimuthal angle 180°, and taking the averages wa 0.053. The offset for
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the BiFeO; reached a maximum when the miscut digactay in the scattering plane as in
Figure 2.2, meaning th#te BiFeQ; tilt directionwas parallel to the miscut of the substrate
TheBiFeO; (002)was rotated in the opposithrection by 0.073° from the substrate, a total

of 0.13° from the underlyin§rRuG; film. The BiFeQ andSrRuQ; layers wee rotated by

different mechanisms, both of which are discussed in the following sections.

2.3.2.SrRuOg3 rotation by expansion at step eges
The rotation of th&srRuG; film can be described by a simple model of elastic

relaxation at step edges. Nagaservedhis effect in GalnAs films on GaAs substra{%s

and explained it based on the insitit the film is clamped to the substratestep edges

where it is forced to hawhie same oubf-plane lattice constant as the substrate. At the edge

of a terrace, however, there is no clamping effect and the film can takeelastically

relaxedlattice constant This lattice constant care predicted using tha-plane compression

of the film enforced by the substratasto=3.905 A)Janda s sumi ng a Poi ssonos

197

0.3 Na g ariodelssonet i mes ¢ a leldeggk tehlxkep amsstilesratedficmad e | , 0

compressively strained film iRigure2.3.
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Figure 2.3. Step edge relaxation for a compressively strained epitaxial film, after Nagai
(ref. 18). Each unitcell is represented by a quadrilateral. The expansion and miscut

angle are greatly exagager @tisthe rotation andld ofitlset r at e t
fimatomic p | a n gigyisthe disddt angle.

A quantitative model of stepdgeexpansiorwas formulated by Ayers and Gandhi

which predicts the magnitude and direction of the film rotation based on the unit cell

parameteré(.) The rotation angle is given by:

S 6412 © oA
W

Hereodl;; is the rotation angle&s,psirate@NdCriim are the oubf-plane lattice constants of the

substrate andtrainedfilm respectively, andlhiscutis the miscutingle of the substrate. A

negative angle indicates rotation away from the surface normal. Note that this model assumes
that the distance bet vwlsictomplibneearelarge snougipts and t F

fully expand or contract at thelgeof aterrace.
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The stepedge expansion model accurately describes the rotatibie &rRuQ layers
in Figure 2.2 Usinga pseudocubic owdf-plane lattice constant afro= 3.97 A for the film,
a bulkSrTiO; lattice constant ofsypstrate= 3.905 A, and the measured miscut angle. &, 3
the predicted rotation f@rRuQ on STiO3is-0.050°. The observed rotation-&053° The

observed rotation ihusin excellent agreement with the predicted value, both in direction

and magnitude.

The stepedge expansion model does not explain the rotation d@itfeO; film. From
the reciprocal space map in Figure 2.2, we found that thefqalane BiFeQ lattice constant
wascgro = 3.99 A When we usesgs= 3.97 A for the substrate lattice coest, the predicted
rotation isqp &t -0.015°. The observed angle betweenBHeeO; andSrRuQG; was +0.135°.
The step edge expansion model is not even qualitatively correct and cannot be responsible for

the BiFeO; rotation.

2.3.3.BiFeOg rotation caused by anistropic defect nucleation
The disparity between the observed and predicted elastically induced rotations of the
BiFeO;s thin film lead us to consider other mechanisms that could be responsible for the

tilting. As noted by Ayers and Gandhi, the step relaxathodel assumes the film is

pseudomorphiand that there is n@laxation via the introduction of misfit dislocatioffs.

Elasticity theory predis anout-of-planelattice constandf BiFeQ; in apseudomorphic
elastically strainedilm on SrTiOz would be 414 A, assuming an iplane lattice constant

equal toSrTiO3 (3.905 A) and a Poisson ratio of 0The measured value és= 3.99A,



55

which isbetween théulk and pseudomorphic constanihe epitaxial strairis thuspartially
relaxed. We show here that édislocationmechanisnresponsible for the relaxationwshat
rotates the film.

We tested the hypothesis thagétrotation of th&iFeO;s results from preferential
nucleation of dislocations in response to shear stre§daseffect was discovered in
epitaxial SiGe on miscut Si (OO§;mbstrate.§1 Relaxation in SiGe occurs by nucleation of
defects at the film surface which glide along thé 1} planes to the filrsubstrate

: 2223
interface.”™

These dislocations have Burgers vectors along ¥2 <101> directions. The
component of the dislocation parallel to the fibmbstrate interface reduces the strain energy

stored in the film, which in this case the [100] or [010] direction.

miscut angle

substrate
(001) planes

Figure 2.4 Components of dislocations relaxing an epitaxial thin film on a miscut
substrate, after Mooneyet al, ref.21. The Burgers vectors h and b, can be decomposed
iInto bmissit and by . The component bysiic results from the projection of the Burgers
vector onto the epitaxial stress applied to the lin and is the component which relaxes
the film. by rotates the (001) planes of the film. The misfit component obhlis larger
than that of by, so that dislocations with Burgers vector pare preferentially nucleated.
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Two of the Burgers vectotstha can relax a compressively strained film are labeled
b1 andb, in Figure2.4. Each has a misfit compondmssii, relaxing shear stress in the film,
and a component;; that rotates (001) planes. On a miscut substrate there is a larger

resolved shear stress oneoof the two slip systems because the stress lies in the plane of the
average surface rather than in the (001) pldaree ativation energy for nucleating
dislocations decreases with stress parallbl &0 one of the slip systems is preferentially

nucleated. Tilt components of the preferred slip system for the compressively strained
BiFeO; on STiO3zsystemp, in Figure2.4, rotateBiFeO; towards tle surface normal. The

situation would be reversed for films under tensile stress, leading to rotations in the opposite
direction.

The dislocations necessary for tiedaxation mechanism of rel havebeen
observed in epitaxial perovskite thin filmBislocations witha [011] Burgers vectorsvould
simultaneouslyelax the misfit strain and rotate tBé~eO; layer in theobservedlirection
Dislocations in this family have been observed in other perovskite films on $5rDidet al.
found misfit dislocations in SrRu@ilms on SrTiO3 substrates with <101> type Bjers

vectors?4 and Stemmeet al.observe stacking fault dislocations witl+ Y2 <101> in PbTi@

films on SITIG substrate4” We believeb = [011] defects could be nucleated preferentially

by the anisotropic stress and rotate the film, as in the SiGe systefiereAtial nucleation on
a miscut substrate leads to an overall tilt towards the surface normal in compressively strained

films, in agreement with experimental observations.
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The magnitude of the tilt produced by preferential nucleation of defects cannot be
easily predicted. The tilt angle depends on the density of defects in the film, the dynamics of
defect propagation through the film, and their rate of nucleation. The bidggdieinge is
guantifying the dynamics, since they depend on the energy required to nucleate a defect, the
growth temperature, epitaxial strain as a function of temperature, among otherfadthes.
dynamics of defect motion are complicated, making iidiff to predict the amount of

rotation of the film.

2.4.Mosaic block rotation

Probing smaller regions of the film with a focused beam gives information that a large
beam cannot. The lardgeam diffraction pattern is the average structure of the dihtire
On the local scale, the film is broken up into mosaic blocks which each have different
orientations. When the scattering volume includes many mosaic blocks, the variation in
mosaic block orientations broadensay reflections. This broadening nekit difficult to
observe more subtle features of the diffraction pattern, such as structural differences between
ferroelectric domains. Rather than averaging over many orientations, we used a fecused x
ray beam to study small regions of the film to avibie reflectiororoadening problem.
Synchrotron xray microdiffraction was used to image mosaic blocks and measure

their orientation.The (002) intensityvas mapped over an areithe sample and reciprocal

space maps were taken in multiple plaéégure2.5 (a) is a real space map of tBé-eO;
(002) reflectiorina 10mm T 1 Oreg@omof the sample. The diffractometer was aligned to

the maximum intensity of thBiFeO; (002) reflection at the position marked 1 and the



58
sample was scanned underneath the focused beam. High intensity corresponds to regions in

which the (002) planes have the sanmterplanarspacing and orientation as at position 1.

Low intensity regpns have different orientations than the region at position 1.

Intensity (arb. units)

365 |
364}
D 363 |
T 362}
T 361

36.0 |

359

L L L " L

21.8 220222 224 218 220222 224

6 (deg.) 0 (deg.)

Figure 2.5 (a) X-ray microdiffraction image of mosaic blocks using the (002) reflection
of BiFeOgs, acquired with diffractometer anglesheld at the maximum intensity in the

area marked 1. (b), (c) Reciprocal space maps taken at positions 1 and 2 on the surface
at 11.5 keV.
The orientations of two mosaic blocks were determined by acquiring reciprocal space

maps of the (002) reflection®keciprocal space maps were taken at the positions labeled 1

and 2 within the microdiffraction map and are showfigure2.5 (b) andFigure2.5 (c),
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respectively.There is a 0.15%otation between (002) planes at position 1 andlthough the

maxima of the peaks appear at different incident angles, the total magnitude of theakcipro

space vector is the same at both positions. T$gading of the planes is the same, but the

planes have been rotated with respect to each other. Furthermore, the reflections from regions

1 and 2 are part of the larger diffraction patterfigure2.2. These are signatures of mosaic

blocks. Inthisfimt he mosai c bl ocks are on the order
These diffraction patterns indicate that the orientation of the film is inhomogga¢o

the micron scale. The film as a whole is rotated on average by 0.13° with respect to the

SrRuQ immediately beneath it, but there is an addition random rotation for each mosaic

block. A second important observation is that, despite this inhomadgeneifind that there

is always only one (002) reflection within the scattering volume. If the focused beam were
bigger, then we would observe two or more reflections from multiple mosaic blocks. Within
this scattering volume there is only one orientatf the (001). Ay ferroelectricdomains

within the scattering volume have unit cellslhwgarallel (001) planes, which waelevant in

determining domain patterns.

2.5. Strained stripe domains within mosaic blocks

Determining the domain patternimportant because of its importance to the
conductivity, switching dynamics, and magnetic properties of BiFeGray diffraction
patterns provide information abbthe ferroelectric domaistructureby using the structural

signatures of the polarizati@omains. The domaijpattern can be inferred from (002) and

{103} diffraction patterns obtained with the focused beam. We obsersedjia (002)

o f
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reflection inFigure2.5, from which we can conclude that thendains withineachmosaic

block share a common basal plane formed bythedb lattice vectos. The polarization

within these domains can laonganyone of the eight members of the <111> figmiThere

are thus four possible shapes of the unit cell, which we wilstalttural variants. The four
variants can be considered as separate crystallites, rotated azimuthally in increments of 90°

about the [001] axis, as shown belowHgure?2.6.

(@) (b)

BiFeO,

' (c) [001]

SrTiO,

[001]
[010]

[100]

[100]

Figure 2.6 (a) Four structural variants of a rhombohedral ferroelectric film on a cubic
substrate. The red arrows indicate one of two possible polarization directions for each
variant. The other possible polarization is antiparallel.(b) Top down view along the

SrTiO3[001] direction. Each variant is labeled rtr4 and corresponds to an elongation
parallel to a different member of the <111> family. (c) Cross sectional view along the

SrTiO3[010] direction.
In a rhombohedral systenarhilies of reflectionshat would have identicalspacings
for a cubic crystaaire distinct. For example, in tpseudcubicnotation there are two

different dspacings associated with reflections from{th@3} family of planes. In
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diffraction patterns, we can thus find sevesdlectiors from BiFeQ at each of the reciprocal

space locations where we would have a sirgibic reflection.The diffraction condition for

the (103) of variant rl is very closieat ofthe (013) of another varign2, because the
BiFeO; unit cell is very close to a cube. By taking a large reciprocal space map, the Bragg

conditions can be nbén turn for reflections from all of the variants present in the diffraction
volume.

To eliminate the problem of mosaic spredu$curing multiple peaksve used xay
microdiffraction to probe a small area rather than the average of the entirérfilm.
experiments with larger, millimetescale xray beams, the mosaic spread broadened the
{103} reflections so much that it was not possible to distinguish between reflections from
different variants.The focused xay beam probed a diffraction volume taining one or
two mosaic blocks, compared to millions of mosaic blocks probed by a millisietzt
beam. Xray microdiffraction made it possible &mcuratly determine angles between

multiple reflections

2.5.1.BiFeO3 {103} reflections

We probed the uplane structure and determined the ferroelectric domain pattern from
microdiffraction patterns of the {103BiFeC; reflections. A real space map of the BiFgO
{103} intensity was acquired to determine the size of the ferroelectric domiBiesred
spacemapshown inFigure2.6(a) was obtained by holding the diffraction conditions constant
while scanning the sample underneath the focused beamangles of thencident and

outgoing beams with respect to the sanwpee fixed at the maximum of the strongest
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BiFeO; {103} reflection at the point labeled 1 Figure2.7(a). Regions of higmtensity

have the same lattice constant and orientatiat psesitionl. The incident angle fahe
BiFeO; pseudocubic {103} reflections wapproximately 44°leadingto a beam footprint of

400nm x275nm.

Intensity (arb. units)
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Figure 2.7 Microdiffraction image using the BiFeO3{ 103} refl ecti ons at
the area marked 1. Reciprocal space maps taken at positions 1 (b) and 2 (c) on the
surface.

There are multiple ferroelectraiomains in each mosaic block. There is more than
one BiFeQ reflection near th&TiO3 (103), which shows that multiple structural variants

were present in the scattering volumeacRrocal space mapgequiredat the points labeled 1

and 2are shown irFigure2.7(b) and (c) The reciprocal space mapshkigure2.7(b) and (c)
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show at least two dhreeBiFeQ; reflections, respectively. This indicates that there are
regions within the scattering volume which have different lattice spacings and orientations
with respect to the substrate. TBRUQ and 3TiO3 (103) reflections are on the right side

of the figures and have sharp peaks indicating uniform interplanar spadiegyidth of he

BiFeO;s reflections is increasdaly the complicated strain state imposed by incomplete

relaxation of epitaxy vih the substrate. Thm@resence ofnultiple BiFeO; {103 peaks are a
signature of multiple polarization domains within a single mosaic block.

The otations between multiple mosaic blocks within the diffraction volaméd have
produced a number offtections. The diffraction pattern of each block wobklrotated
aboutthe origin in reciprocal space and multiple Bragg reflections at all of the reciprocal
lattice vectors However, ve haveconsistently observed a single (002) reflection with the
focused beamThe diffraction volume in the film was smaller for the (002) than for the (103),
making it more likely® observe splitting in the (002) herefore, we d not believehat

mosaic block rotation is responsible for giresence of multipl8iFeO; {103} reflections in

each location

2.5.2.Strained rhombohedral stripe domain pattern
The ferroelectric domain structure of BiFg@as determined by comparing our
microdiffraction results to predictions for domain patterns of a ferroelectric rhombohedral

film on a cubic substrat&treifferet al.calculated the minimum energy configuration for a

modelferroelectric rhombod&dral film on a cubic substrate and found that the gttaln

energywas reducetby forming a striped domain patte2r7n



64
Streifferet al identified all possible domain wallsy determining planes for which

two domains have identical electrostrictive displacemédfiter transforming from thaigh-
temperaturgoaraelectric cubiphaseo the ferroelectric rhombohedral phdke domains are
displaced by electrostrictive forceBy calculating the energy required to deform
rhombohedral domains to epitaxially conform to the substrate, the strain energy can be
obtained. The strain energy is modeled by what has been referred to as coherenty. defe
Coherency defects are edge dislocations which account for the misfit strain. Screw
dislocations shear the unit cell to make a 90° angle beteavaadb lattice vectors. Te
electronic contributiomfrom the polarizationvereconsideredand domaimpatterns which
did not have electrically neutral domain walls could be eliminaldtese criteria were used
to identify geometric configurations of ferroelectric domains with the lowest possible strain
and electrostatic energies.

The ferroelectric domaipatterrs that minimize all of these energies have several
characteristics. The patterognsist of alternating stripeds two polarizatiors. Both
polarization domainare epitaxially constraindaly the substrateThere is a/1° angle

betweerpolarizaton vectors of neighboringomainsn four of the patterns71° stripe
domain patterns have been observed in sirBigeO; (001) films using PFM®% In these
particular patterns, thdomains share a common (001) plaféis is consistent with the
(002)diffraction pattern observed Figure2.5.

The rhombohedral stripe domain modelsused to predictvhich reflections could be
observed at the reciprocal spageations of the BiFe§{103} reflections. In the model

domain pattern we propose, the r1, r2, r3, and r4 structural variants have a shared set of (001)
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planes. To predict the diffraction pattern of this configuration, we calculated the wavevectors

g coresponding to xay reflections from each variant. This was done for two models; a
monoclinic state as would occur in a pseudomorphic, unrelaxed film and a strained

rhombohedral state found in partially relaxed film. Neither model proposes new phases of
BiFeQ;. Instead these model test different strainedegunlibrium states of the
rhombohedral phase.

First, we tested the monoclinic modkdscribedy Streifferet al?’ This model

assumes thdhe film is strained into a metastable monoclinic structive calculagédthe
reciprocal lattice vectors for all four variants of a fully coherent film witmemosaic block
and compagd thepredctedvalues to the three dimensional reciprocal space map of the {103}
reflections shown ifrigure2.8. We used anonoclinic Mc structure (in which the lattice
vector is rotated in the (110) planeith lattice constanta = b = 3.905A,c = 3.99A, and
monoclinic tilt angle 0.6° to calculate the reciprocal lattice vectdvgo sets ofvariants
produced reflections at the sameipeocal space vectos® the rl1 (103) and r4 (013) have
Oozy = (1.609, 0, 4.712), while the r2 (0 -13) and r3 ( - 103)

have 03 =(1.609, 0, 4.736). The inplane components of the predicted
reflections do not match those observed in a three dimehsemiarocal space magf the

(103) reflection.Moreover, there is no way for two variants with monoclinic symmetry in a
coherent block to be split iy as found experimentally iRigure2.8 (b). The monoclinic

model is incorrect because the film is not coherent
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Figure 2.8. Three dimensional reciprocal space map of ther$iO3z, STRuO3, and BiFeO3
{103} reflections projected onto the (aj-g, plane and (b) theqy-g, plane.

A relaxed rhombohedral stripe domain mogkeinsight into the domain pattern.
The peak splittinggbserved in Figure 2i8 consistent witlielaxedstripe domains. Models
in which the angle between thseudocubi@ andb lattice vectors is less than 90° fit the
splitting of the {103} quite well. After lifting this constraint theravere too many variables to
uniquelysolve the structure and identify the exact structuaaiintbased solely on the {103}
reciprocal space mapOnly triclinic models were able to match the observed pattern exactly.
We examined a series of rhombohedral and trichmiclels with different lattice
constants and discovered they shared anitapbtrend. Foall tested structureshe

reciprocal lattice vectors for the r1 (103) and r4 (013) reflections always have a larger
magnitude thathose of the r2 (i]B) and r3 iOS) reflections.The peak labeleBFO 2 canbe

assigred toeither rl or r4and r2 or r3 to BFO 1All of the four possible variant
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combinations are consistent with the 71° stripe domain pattecastied abovel herefore
we conclude that these films contain the stripe domains in Stretf@rwhich have been

anisotropically strained into a triclinic state.

2.6.Conclusions
Epitaxial BiFeO; (001) films grown on miscut substrates undergo anipatro

relaxation. The anisotropy in stress applied to the film causestrapie nucleation of
defects, destroying the-plane symmetry as well as resulting in a net rotation of the entire
film. X-ray microdiffraction further shows the presence of midtgiructural domains within
individual mosaic blocks. The splitting of especular reflectionsere comparedvith
predicted scattering froml°rhombohedral stripe domains which share {101} type domain
walls.

These results are consistent wstrainedrhombohedral stripe domains. As the

epitaxial strain is relaxed via the introduction of defects, BFHd@s return to the
equilibrium rhombohedral symmetry. Unrelaxed (001) Bigé&ltns are strained into

monoclinic symmetry by the epitaxial stress of the subs?rzﬁartially relaxed films like the

ones studied here have triclinic symimes somewhere between monoclinic and
rhombohedral. BiFegXilms with different symmetries are not new thermodynamic phases,

just variations in the degree of epitaxial strain.
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Chapter 3. X-ray Diffraction Signatures of Ferroelectric

Polarization

The intensity of xray diffraction reflections in ferroelectric materials depends on the
polarization direction. In facthis change in intensity can be used to image ferroelectric
domains’ In order to exploit this phenomenon, however, it is necessary to understand the
origin of the intensity change. Kinematic scattering models predict changes in diffracted
intensity orignating from the change in atomic positions when the ferroelectric polarization is
switched. For perovskite materials which are ferroelectric, the change is predicted to be
several percent of the Bragg reflection intensity. Previous studies in othes drave
observed intensity changes up to a few percent of the intensity in Baalmdilms, which fit
the kinematic models quite wéllDo et al, in previous work within our research group, have
previously observed large changes of up to 30% in teasitly of the (002) reflection of

Pb(zr,Ti)G; (PZT) thin films when the direction of the polarization is chan&éd.

Calculating the structure factor for PbEi@ ferroelectric with a structure similar to PZT,

gives an intensity contrast of 5 to 10%, lisss than the experimental observadoBased on

the success of the kinematic scattering model with Bg W@ theorized that with slight
modifications the model could accurately predict the scattering from PZT films as well.
Discrepanciedpetween the predicted and experimental intensities were used to refine the
kinematic scattering model. In the process, we improved our understanding of the structure

of PZT films.
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Refining the kinematic scattering model for PZT is also @it BiFeQ. We
observeintensity changes of 20% to 30% upon polarization switching in Bifies,
similar to PZT (001) films. Unlike PZT, BiFe@001) films have a complex structure as seen
in Chapter 2, making it difficult to determine atomic pasis accurately. Furthermore, when
an electric field is applied along the [0Ogddlirection, the ferroelectric polarization switches
to one of four possible directions. The uncertainty in atomic positions and multiple switching
paths makes it extremelyfficult to accurately predict the change in intensity of BigeO
reflections after polarization switching.

Compared to BiFeg) PZT has a simple structure. At compositions far from the
morphotropic phase boundary neaf.5 PZT has a wellefined rhnombohedl or tetragonal
structural state at room temperatlsjré’etragonal PZT, which occurs for compositions with
< 0.5Q has a polarization parallel to thexis of the unit cell. It is possible to deposit
epitaxial films of tetragonal PZT q©01) SrTiO; substrates which have thexis of the unit
cell along the surface normal. The polarization in tetragonaltRiiTiilms of this type is
constrained to be along one of otwo polarization directionst can be either parallel or
antiparallel to thesurface normal When an electric field above the coercive figlds
applied, there is only orsable polarization direction, making comparisons to intensity
calculations for a singlenkl) reflection straightforward.

We hypothesize that the polarizat-dependent intensity contrast is caused by similar

phenomena for PZT and BiFe(Both materials are perovskite ferroelectrics. Both are

compressively strained epitaxial thin films. Th&'Bir P cations in BiFe@and PZT have
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similar ionic radii @d unbonded lone pai?s.The structural similarities between BiFgénd

PZT lead us to believe that the intensity change upon polarization switching is likely to have
similar origins in both materials. Thus, in order to determine the origin of theitdegesity
contrast in BiFe@and simultaneously solve an open question about previous work, we
studied the polarizatiedependent intensity of the structurally simpler material, PZT.

Our hypothesis was that the atomic positions, scattering factors,gordoge
ordering assumed in the kinematic scattering model were incorrect, making the predicted
intensities inaccurate. The key issue involved in simulating the diffraction patterns accurately
is to account for these phenomena quantitatively. We testedad variations of the structure
which could in principle lead to the large intensity contrast observed experimentally. One
possible origin of this difference is inaccurate knowledge of the atomic positions within the

PZT unit cell. The intensity coratst is sensitive to the distance between atoms, especially
those with large atomic scattering factors. Even small displacements ofther 26" */Ti**

ions change the intensity contrast. A second possibility is that the atomic scattering factors
of the atoms in PZT films differ from those used in the calculation. Because the intensity of a
Bragg reflection depends on the imaginary part of the atomic scattering factor, uncertainties
in these scattering factors can have a large impact on the resodtdindl possibility we
considered is that the Zr and Ti atoms have a structure with sufficientdagg order to
make the prediction inaccurate.

In order to determine the cause of the increased contrast between polarization domains
in PZT, we measuretthe intensity contrast as a function of energy for several differeay x

reflections. Experimental results were compared to predictions from several kinematic
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scattering models. First, the kinematic scattering from P& calculated to

gualitatively predict the intensity change for several reflections. The Pyanalel predicts a
sharp increase of the intensity contrast at absorptiges, so we focused energies near

the PbL3 edge at 13.035 keV. The intensities of several reflections weasured as a
function of polarization direction and photon energy. We observed an increased intensity
contrast at the Pbzledge as predicted. Comparison between experimental and predicted

intensities showed that the contrast depends on the distancehedtve Pb and Zr/Ti atoms

and the imaginary part of the atomic scattering factor.

3.1.Kinematic scattering from PbTiO3 : A qualitative prediction for PZT

intensity contrast

We hypothesized that the intensity contrast arises from the location ofvitihns the
Pb(Zr, Ti)G; unit cell. These ions do not occupy centrosymmetric positions, and thus there
can be a difference between the intensities of reflections with opposite indices. This effect
has been used to determine the orientation of aceatroymmetric crystal using the
difference in intensities ofL(L1) and(-1-1-1) reflections in a ZnS crystgd.ln these early x
ray scattering experiments, the experimenters measured the intensity of reflections with
indices (111), rotated the crystal, andrtimeeasured the intensity of théd-1-1) reflection. In
terms of atomic positions, rotating the ZnS crystal is similar to switching the polarization

direction in a perovskite.
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The same phenomenon can be used to determine the direction of the remnant
polarization in ferroelectric perovskites. We model the crystallographic effect of reversing
the direction of the polarization as being equivalent to inverting the crystal, so thiailjhe (
planesafter polarization switching are equivalent to thb-k-I) planesbeforeswitching. In
order to predict the intensity contrast between polarization directions, we calculate the
difference in structure factors of thiek() and ¢h-k-I) reflections as a function of energy for

several different planes.

3.1.1.Analytical expression for polarizationdependent intensity

The difference betweethe intensities of théhkl) and ¢h-k-I) reflectionsis predicted
by calculatingheir structure factors. Trstructure factoF depends on the scattering
wavevectol, the atomic psitions within the unit cell,, the wavevector dependent part of
the scattering factdr®, and the energy dependent dispersion corrections to the real and
imaginary partsf ' andf ", respectively. Wheqis equal to a reciprocal lattice vectpy, the

structure factor reduces to:

"0OMa M QM Q

whereu, v, andw are the fractional indices of the atomic positions, suchQhat AO

AO A< . Intetragonal materials with afdld rotation about the axis,h andk are

degenerate so there is no difference between the structure factors foelthend ¢h-k-I)

planes. The analytical expression for the difference in intensities can be found by subtracting

the structure factors f¢hkl) and ¢h-k-I) and simplifying the expression. For a unit cell with
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n atoms, the difference in intensities is given by:

"00 Qo "00 'Ma T ) I'dQ Okt Q6 o Q0 v av 0

The difference in intensity depés on the imaginary parts of the atomic scattering
factors, the Miller indices of the particular reflection, and the atomic positions. The
argument of the sine function above is the phase difference betwags scattered from
atomsj andk. The diference in phase is caused by the difference in path lengths taken by x
rays scattering from the two atoms.

There would be no difference between thie)(and ¢h-k-1) intensities if the
imaginary part of the scattering factor were zero. There were two simple ways to test this
theory- alteringh, k, andl by diffracting from several different planes, and varyitidpy

changing photon energy.

3.1.2.PbTiO3 structure factor and definition of intensity contrast ratio

A framework for understanding energy dependence and sign of the intensity contrast
was given in section 3.1.1. We can apply this model first to Ppdich has the same
symmetry as the PZT crystal we havedséd extensively. PbTialso has a simpler
structure than PZT because it includes only one type of central atom and it thus can be
described using a structure with a small unit cell that includes only single Pb and Ti atoms.

The PbTiQ structure factors calculated for two polarization states to predict the

intensity contrast ratio. The arrangements of atoms and the directions of the polarizations in

the two states are shownkigure3.1. Thedownpolarization stat€¢Pyowr) hasthe
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polarization pointingantiparallel to thec axis towards the interface between the film and the

substrate This state can be produced by appdya positivevoltage to the top electrode of a

capacitomwith the bottom electrode grounded. In a thin film diffraction experiment in which

the xray beam enters and exits through the surface of the thin filmgghgd®main state
produces xay reflet¢ions with indicesitkl) in whichl is positive. In theup polarization

state,P,p, the same xay scattering geometry produces reflections with negative valles of

The Ry, state can be reached with by applying a negative \@ltathetop electrode

(a) | (+h+k+) (b) | (-h-k-)

+V to top electrode

£l ¢

-V to top electrode

» @
Ti/zr @

'] ©®

rt X3

Figure 3.1. PZT unit cell in the (a) polarization down and (b) polarization up states The
central Ti/Zr atom and oxygen atoms changéheir positionsalong the c axis when the
polarization is switched.

Structure factor calculations for PbTi@ere performed using atomic scattering

factors and atomic positions found in the literature. Atomic scattering fdgidrs andfo

were taken from Henket al andcalculatedusing thexOP computer prograr:%'11 Atomic

positions for PbTi@were taken from Wyckof?. In order to quantify the contrast in intensity
between thé,, andPyown States, we defirtka ratio of intensities:

oo e OtRa "OtRG0 ha 0tRo M
S o 7o o T 0G0 0
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This parameter is used to compare calculated and experimental values of the polarization
dependent intensityThe intensity ratio for severagflections was calculated as functions of

energy for comparison with experimental results.

3.1.3.Intensity ratio predictions
When there is no absorption of theay photons by a crystal the scattering factors are
completely real anfl @&s@&ero. In this hyothetical case, the scattering fadtgdhkl) is equal
to the complex conjugate B{-h-k-I) and as a result the intensity givenfy does not
change when all of the indices of the reflect
Law,anditpovi des a wusef ul rul e of thumb. As a re
opposite indices have equal intensities eveng®@rirosymmetric crystals, as long as
absorption can be neglected. This premise breaks down as ddobeg®mes significant,
most noticeably near absorption edges.
The magnitude of the intensity contrast depends on the energy oefdlyeokotons.
In a general sense, the intensities of Bragg reflections depend on the energy@afythe x
photons because the dispersion corrections to the atomic scatteringffaataif, ", have
strong energy dependencélhe imaginary part of the scattering factbf, is proportional to

the absorption cross sectifg

As a resultf " increases sharpht the absorption edges. The relationship betweamd f "

can be describeda the Kramersronig relation™
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In practice, we can useliulated values of thdispersion corrections to predict the atomic

scattering factors. Henlet al provide tables of ' andf " for elementswith atomic numbers

1t0 92 1

The increase ih" at absorption edges makes the intensity ratio largest at these photon

energies. We carefully studied the intensity ratio at energies near theaBbdrption edge

for two reasons. First, the predicted rapid variation in ratio predicted by the model would be

easy to observe experimentally. Furthermore, the photon energies of absorption edges for the

other constituents of PZT have wavelengths thaegher too large or too small for

microdiffraction experiments. The predicted intensity ratio is plotted as a function of energy

near the Pb 4 absorption edge is plottédgure 3.2 for several reflections.
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Figure 3.2. Qualitative prediction for intensity contrast ratio based on calculated values
of the energy dependent PbTi@ structure factor.
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The large jump ithe magnitude of the ratio near 13 keV is caused by the increase in
the imaginary part of the scattering factor of Pb at thaldsorption edge near 13.035 keV.

The intensity ratio is also strongly dependent on the distance between the Pb and Ti ions,
which affects the phase factor. This factor also depends on the difference in the imaginary

components of the Pb and Ti scattering factors.

In Figure 3.2, a positive ratio indicates that the diffracted intensity fordkg State
is more intense than the R, state. The sign of the ratio at these energies is determined by
the sum of Miller indice#, k, andl. Whenh+k+l is even, the reflection is more intense in
the Riown State; whem+k+l is odd, the reflection is more intense in thg fate. These sign

rules only apply for PbTigat photon energies within several keV of the Bledge because

at photon energies near the Pjeldge the intensity ratio is dominated by the lead and

titaniumf ".

3.2.Intensity contrast measurements

A series of measurements were designed to test the hypothesis that the polarization
dependent variation in the intensity ofay reflections is solely the crystallographic location
of ions away from centrosymmetric positions. On the basis of the quantitetgealion
developed in the previous section, we could test that hypothesis with the following specific

predictions:
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1) The Rownhas higher intensity than,fXor reflections withh+k+I= 2n.

2) The R state has higher intensity thag,g, for reflections withh+k+1=2n+1
3) The magnitude of the intensity ratio will be maximized at photon energies near the
Pb L3 edge, 13.035 keV.
Based on these criteria, we measured the polarization dependent intensity for several

reflections as a function of the phatenergy, for a range of energies near the Rixpe.

The sample used in this studyais epitaxial thin film of (001) oriented

Pb(Z1p 45Tip.55030n an SrTiQ substrate.This composition of PZT is tetragonal at room
temperature and has a lamgennant polarizatiorlf A 100 nmthick conducting SrRu@layer
between the PZT and the substrate acted as a bottom electrode. The PZT andt$nRuO
films were deposited on a (001) Srgi€ubstrate using offixis radiefrequencysputteringoy

our collabeators in Prof. Chane om Eo m.éssCirogllar top glectrodes with various
di ameters from 25 em to 200 em were patternec
the PZT through a shadow mask. We used capac
for these experiments. The enftplane lattice constants of the thin films were measured
with ad-2 &can along the substragerface normal direction of reciprocal space, including

the SrTiQ (002), PZT (002), and SrRu@220) reflections.

We applied eldric fields to capacitors to switch the ferroelectric polarization so we
could measure thepay scattering from a region with a known, uniform polarization. Top

electrodes were contacted with a high bandwigltin tungsterprobe tip(Cascade Microtech,

107-158). The SrRu@ bottom electrode was contacted by soldearigin platinum wire to
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an area at theorner of the sample where the film had besmoved to expose tI&RuQ

bottom electrode. This wire wasnnected to theuter coaxiatonnection othe probe tip
Electric fields were applied to the region underneath the top electrode by applying a voltage

across the film thickneassing a function generator (Agilent 33120A)

3.2.1.Microdiffraction experiments

The variation in the intensity ofpay reflections of the PZT thin film was measured
using synchrotron microdiffraction. The focused beam was used to probe regions under
electrodes, each of which were uniformly poled. The intensity of each reflection was

measured after poling the capacitor bylgiy positive voltages to the top electrode, which

produced the R state, and negative voltages, which lead to thesfate. The ratio of these

intensities was computed from the data in order to compare with predictions from g PbTiO

kinematic scatteng model.

A focused, monochromaticray beam was usddr the microdiffraction gperiments

The xray beam was produced by a minigap undulator insertion dédtbeamline X13b of
the National Synchrotron Light Sour@€SLS). The undulator had a gap of 3.3 mm and a
corresponding maximum intensity at 11.46 keV. A Si (111) monochromator was used to
select a monochromatic beam at various energies. The photon energy was calibrated at
11.103 keV using the Ge K edgbsoption by measuring the drop in intensity with an
ionization chamber after the beam had passed through a Ge foil. During the course of the

experiment, the energy calibration was checked by measuringréheftsiorescence from

lead tape at the Plxledge. The beam was focused using Kirkpatrisez(K-B) mirrorsto
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a spotsizeof 102 0 ¥ -B mirrorswere used because they are achromatic, and thus
their focal length does not change when the energy of-thgsxis varied.

Normalizing the diffracted gnal to intensity variations in the incident beam was an
essential step in accurately comparing multiple intensity measurenidr@snain source of
variation in the incident beam came from the decay of the current inside the storage ring of
the synchrotron. Electrons in a storage ring are continuously lost from the stored beam,
leading effectively to a finite lifetime on tlerder of hours.This means that the current in the
ring (and therefore the intensity ofrays being produced) is constantly desieg unless
more electrons are injected into the ring. The current in the synchrotron storage ring at NSLS
was injected once every twelve hours after dumping the residual stored electron beam. The
beam current decreases significantly even over the cotissehour, so it is necessary to
monitor intensity of the incident beam in order to avoid artifacts in the experimental results.
This is commonly done by installing an ion chamber upstream of the diffractometer. In this
experiment, diffracted intens#s were normalized to the readout from an ion chamber that
was placed in thautch upstream from the sample, between tH& dirrors.

The sample was mounted on a diffractometer in a vertical scattering geometry. The
K-B mirrors focused the-xay beam athe center of rotation of the diffractometer. The
electrical probe tip was mounted on the diffractometer such that the tip could make contact
with the top electrodes of capacitors on the sample. The tip, sample, and bottom electrode
were set up to enabpwling and hysteresis loop measurements of capacitors.

The diffracted beam was detected using a scintillation detector {Sabin,

Bicron). The scintillation detector produces a single voltage pulse for each detected photon,
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with a pulse height pulse proportional to the photon energy. The detector output was
amplified and filtered using a single channel analyzer (SCA). We chose the SCA limits so
only photons that were elastically scattered were counted. High energy pinotorggher
order harmonics of the undulator and low energy fluorescent photons were filtered out. The
particular scintillation detector we used produces pulses with poorly defined heights, with a
pulseto-pulse variation of approximately 50% even for moimromatic photons. The SCA
thus provided efficient discrimination against higher harmonics, but did not efficiently reduce
the fluorescent noise from elements with edges just below the incident energy.

The angular resolution of the detector was setguslits placed directly in front of the
detector. The 10mrm 6 mm slits were 36.8 cm from the sample and had an angular
acceptance of 0.93° i éand 1.55° in the horizontal direction, which was perpendicular to
the scattering plane. This large accepéallowed the integrated intensity of the reflection to

be measured.

3.2.2.X-ray fluorescence

X-ray fluorescence provided a way to determine where-tag keam was on the
sample. The fluorescentrays emitted from the sample were analyzed using a-8igiode
fluorescence detector (AMPTEK XEOOCR) and a multichannel analyzer (Amptek
MCA8000A). The presence or absence of fluorescenatys at energies corresponding to W,

Pt, and Pb determined whether the focused beam was striking the tungsten peobe tip,

platinum electrode, or the Pb(Zr, T@m, respectively.
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Figure 3.3. X-ray fluorescence spectrum from the PZT thin film at 12.835 and 13.235
keV.

Spectra with incident photon energies abovelzidw the Pb . edge were recorded
to calibrate the fluorescence detector and identify the fluorescent signal from each element
(Figure3.3). The difference in peakogition of the two elastic peaks was used to calibrate
the energy range per bin in the MCA outptite peaks labeled elastic scattering include the
truly elastic scattering as well as inelastically scattereays that have been shifted to lower
energiesrom Compton scatteringPeaks were identified by comparing to known emission
spectra of Pb, Pt, Ti, and W. The Pb Iy edge fluorescent peak at 10.7 keV appears only
when the incident energy is above the Bledge at 13.035 keV.

The fluorescent sigal was used to map the position of the focused beam on the

sample. In order to measure the fluorescence signal arising from thgrahdition, we
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integrated the photons with energies arriving in a region of interest (ROI) between 10 keV

and 10.5keV.The i ncr e glsoeescenoe afttie Pl Lledge was used to recalibrate

the monochromator energy during the course of the experiment. Thard MV Ly

transitions occur at nearly the same energies, so we defined an ROl which measured the sum
of Ptand W signal. The Pt and W fluorescence proved to be useful in finding the electrical
probe tip and capacitor top electrodes with the focused bEagure 3.4 showsthe diffracted
intensity from the PZT (004) and the Pt/W fluorescent signal that were recorded

simultaneously as the sample was scanned underneath the beam.

Diffracted Intensity Pt/ W Fluorescence
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Figure 3.4. PZT (004) diffracted intensityand Pb / W xray fluorescence map of a 100
pum capacitor and the probe tip.

The diffracted intensity and fluorescence provided complimentary information during
sample maps; the diffracted beam was attenuated by the probe tip and its shadow while the
fluorexcence clearly showed the presence of the electrode. The Pt top electrode absorbed
some of the diffracted beam, but the intensity dependence on polarization direction and

photon energy was larger than the absorption decrease. The Pt fluorescenceatigwibhv
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photon energy or polarization direction, making it a reliable indication of whether the beam

was on a capacitor.

3.2.3.Ferroelectric polarization switching
In order to measure the diffracted intensity from a sefined polarization domain
configuraion, the capacitors were poled by applying an electric field. We measured
ferroelectric hysteresis loops and used them to determine the coercive fields for this PZT film
to ensure the polarization was completely switched, as described in SectionThré.
periods of a triangle waveform with an amplitude of 7 V and a frequency of 10 kHz were
applied to top electrodes withdai a met er s of 100¢ m. The coerciwv
and-150 kV/cm. The apparent difference in coercive field is an effedifferent materials
in the top and bottom electrodes.
The remnant polarization measured from the hysteresis loops was used to estimate the

damage to the device. Exposure to intensgys can introduce electrical and structural

defects in ferroelectithin films. The remnant polarizatio2= 93¢ C / “aneasured in
Figure 1.6 was used as a baselifigpical values oP; for an asgrown capacitor in this film
were around 4@ 5 ¢ € whicimclosely matches literature values in films of similar
compoidtions (0.4 > x > 0.52) which range from 35uC/cto 45uC/crﬁ.18’19 P, decreased
with the number of switching cycles and exposure-tays. We used the decreas®jras a

gauge for fatigue and beam damage during the course of the experiment.
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The capadors were poled immediately before measuring thayxreflection
intensity. The series of voltages in Figure Wd&sused to measure and to pole the
capacitor. Because the last triangular voltage pulse is negative this sequence leaves the

capacitor n the Ry state. Pulse trains with the same frequency and opposite polarity were

used to switch the polarization to thg, state. These pulses produced maximum

amplitudes oft875 kV/cm, well above the coercive field, which was at m8&0+kV/cmfor

the positive direction.

3.2.4.Spatial average of intensity contrast

The intensities of several Bragg reflections were measured before and after
polarization reversal at several photon energies in order to test the predictions of our
kinematic scatteringhodel. Firstwe scanned the incident angle and detector to find the
Bragg angle of each reflection. Next, we chose a particular capacitor and put the electrical
probe tip on the top electrode. A hysteresis loop was measured to determine if theaparticul

device was functional and had a remnant polarization aroBne 80 pC/cni. The position

of the beam on the sample relative to the probe tip and capacitor was determined by rastering
the sample underneath the beam @wdrding the Pb and Pt fluoresce at each position as
in Figure 3.4 to image the film, probe tip, and platinum top electrodes. Once the focused
beam was on the top electrode, the capacitor wasl@oid intensity of the reflection was
recorded.

Rotations of the atomic planes between mosaic blocks affected the measurement of

intensity ratio The variation of the intensity associated with the position of the beam on the
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samplemade it difficult toobtainan accurate measurement from a single point on the film.
The PZT thin film hd a significant mosaic spread of 0.3° in the (002) reflectiDme atomic
planes within each mosaic block have a slightly different orientation with respect to the
substate atomic planes, meaning the incident angle to satisfy the Bragg condition is slightly
different for each mosaic block. To eliminate variations in the intensity from different mosaic
blocks, the sample was poled as described in Section 3.2.3 antktimtjnwas measured at
several points in a line. The sample was poled in the opposite direction and the scan was
repeated across the sample. An example of this method is shé&guia3.5.

The ratio is calculated at each point in the scan so that variations in the orientation or
absorption will be canceled out. A region within the scan that was underneath the top
electrode and did not contain defects or scratetes defined as the responsive region,
shown as the shaded regiorFigure 3.5 Thefinal value for the ratio is the average over the
responsive portion of the capacitor. We used the standard deviation from the average value to

estimate the uncertainiy the measurement.
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Figure 3.5. Intensity as a function ofposition acrossa 100e m-diameter capacitor in Py,
(black) or Pgown (red) states (b) Intensity ratio as a function ofposition. The responsive
region isshaded.

Although the use of these spatial averages eliminates error from slight changes in

orientation with respect to the substrate atomic planes, it does not take other factors into
account. We observed that beam damage reduces the intdribyR, state faster than the
Pgown State. This caused the measured value of the intensity ratio to decrease artificially.

Reducing the time per point while scanning the sample and closing the shutter between scans

helped to reduce exposure time ao@ltdose in a given area on the sample surface.

3.3.Intensity contrast at 14 keV

The PbTiQ model predicts changes in the sign of intensity contrast for diffelm&ht (

reflections. We tested the Pbgi®odel by measuring the intensity contrast raticstreral
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reflections at 14 keV. Line scans across the capacitor for each polarization direction were
compared to give the intensity ratio, as in Section 3.2.4. The experimental values for each
reflection in Table 3. are the average of two to three sepaursets of line scans with the

standard deviation taken as an estimate of the error.

Reflection | Experimental Ratio | PbTiOs; model
(003) -0.237 £ 0.022 -0.167
(004) 0.205 + 0.027 0.160
(104) -0.345 £ 0.017 -0.145
(105) 0.150 + 0.024 0.117

Table 3.1. Comparison between predicted and experimental values of the intensity
contrast ratio at 14 keV.

The PbTiQ scattering model predicts the correct sign for the ratio at 14 keV, but it

does not accuratefyredict the amplitude. This suggests that the atomic displacements after
polarization reversal can accounted for by tek¢l) structure factor, but that the scattering
factors and atomic positions in the PZT solid solution need to be taken into foun

accurately predict the magnitude of intensity contrast.

3.4.Resonant enhancement of intensity contrast

We measured the energy dependence of the intensity contrast ratio for the {004}
reflections above and below the P, edge in order to test theergy dependence of the
PbTiO; model. In our PbTi@model, the increase il andf " at the absorption edges causes

a similar increase in the contrast ratio at absorption edges. At energies below the absorption
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edge, our PbTigmodel predicted that thratio would besmall (less than 0.0%nd constant.
Above the edge, the PbTi@atio model predicts a larger value of the contrast, up to 0.4 or
0.5, and that this value will gradually decrease for high@yxenergies.

Measurements were conducted quickly to minimize beam damage to the sample. The
remnant polarization and the intensity of Bragg reflections decreased when the beam was left
in one spot for an hour or two. Hysteresis loops were taken periodically to emBaand
avoid taking data from damaged capacitors. For the {004} intensity ratio measurements, we
arbitrarily chose a value of the remnant polarization at which we would no longer use the
devices. WhenR; droppecb e | o w  6°dor &p@rficulancapattr, we stopped using it
and moved to a new device to continue the measurement. The ratios of the {003} and {004}

reflections were measured at energies from 12.4 keV to 14.0 keV are shb\gares.6.

0.4
—m—{004}
T —=—{003}
,,/ T~ ] E —
I :
o 0.0 .
©
o
-0.2 \ ?
-0.6 12.5 13.0 13.5 14.0

Energy (keV)

Figure 3.6. Intensity ratio of {003} and{004} PZT reflections versus incident xray
energy. Thesharp increase in the {004} ratio is at thd®b L3 edge at 13.035 keV.
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The sharp increase in the intensity ratio of the {004} reflection at the; Bdde near
13.035 keV is exactly what we expected, based on the increB$atithe absorption edge.

Small oscillations slightly above the edge may be due to the fine straftthe orbitals in
the coordinated PZT molecules, as opposed to the elemental Pb atoms considered in the
gualitative predictions dbection 3.1.2.

The large fluctuations far from the absorption edge cannot be explained in the same
way. For example, the ratio is predicted to be lesst{a05 for all reflections between 12.4
and 13.0 keV. There are no absorption edges in any of the other congiameents (Zr, Ti,
and Q anywhere near these energies.

The maximum value of the {003} ratio versus energy was observed at 13.035 keV.
However, the rest of the data do not match our qualitative predictions. We know that the
error bars do not accurfgeepresent the variation between measurements at the same energy,
so that may account for some of the deviation. The qualitative model does not account for the
sign of the positive ratio at 12.7 keVThis point was measured twice to confirm the sifjn o
the intensity change at this energy.

Several potential sources of error were eliminated. The mosaic block rotations were
averaged out by taking line scans. We do not believe that fatigue is a major cause for
uncertainty in the ratio measurementsgsithe capacitors were switched less than 1,000

times before noticing a decrease in intensity ratio at the same energy. Fatigue typically sets in
after 16-10" switching cycles in similar device¥. Artifacts from beam damage were

avoided as well. We found that the degradatio®.ioccurred before the diffracted intensity
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was affected. For example, over the course of three ratio measurdPhdetsease from

0. 93 % ®/ Om 7%while @Gtio measurements remained the same.

3.5.Refinement of the kinematic scattering model

Structure factor calculations using a PbJiit cell do not account for some features
in the experimental measurements ofittiensity contrast ratio. Several models were tested
to determine why the observed intensity ratio is larger than the predicted one. In each model,
the structure factor for théKl) and ¢h-k-1) reflections is derived and the intensity ratio is
calculded.

We carefully selected values of the atomic scattering factors to be sure that they were
as accurate as possible. Valueofere taken from a pameterization derived by
Waasméer and Kirfel?® The WaasmaieKirfel ionic scattering factors are available for a

wide variety of ions for values of= 0-6 A, whereq s in units of sind)/_. Calculated

values offo(g) were exported from the DABAX function in XOP Jin 0.02 A? steps for

P, zi*, Ti**, and &. They were then imported into Mathematica and linearly
interpolated for use in the structure factor calculations.

We used the most accurate values available for the dispersion corrections. Vdlues of
*andf " were taken from tabulations in Henéeal'* which are the efault values in XOP.

They are for the elemental, not the ionized form of the atoms. There are data points 0.1 eV
above and below the absorption edge and 500 more data points on a logarithmic scale from 10

to 30,000 eV. Note that XOP outpditsin unitsof f' + fy (= 0).






























































































































































































































