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Transition metal oxides are an important class aftemals for the wide variety
optical, electrical, dielectric, magnetic, and thal properties observed. Their unique
structure-property relationships allow for propetping and often provide insight into
the fundamentals of chemistry. The work in thissttewas focused on the design,
synthesis and physical property characterizationafel materials with applications in
mind. In particular, magneto-electric multiferroiesxd spintronics are a promising
technology for applications in many areas of etetts where either the magnetic or
electric properties can be manipulated with elearimagnetic fields respectively.

La,MnRhG; thin films were found to exhibit a change in thefettt structure, surface
morphology, and magnetic properties for films groat different oxygen pressures
revealing the importance of deposition methodskBdramic of LaMRhGs (M = Cr,
Mn, Fe, Co, Ni and Cu) were characterized and alewound to be orthorhombic p-type
semiconductors. Unique magnetism was found for Me=and Cr with both showing
magnetic hysteresis at 5K. The Cu analogue isyliteebe in a 2+/3+ oxidation state, and

showed a favorable power factor up to ~575 K. La®tOs compositions were found



to exhibit an interesting lattice crossoverxat 0.5. Strong evidence for at least some
conversion of RH/Co® to RH*/Co** is found in both structural and electrical tramspo
data. A thermoelectric figure-of-merit (ZT) of alto0.075 has been achieved for
LaCosRhys03 at 775 K

YMnO3 is a well known magneto-electric material,dam our study, we have
prepared complete or nearly complete solid solstiomith YInG; YAIO3; and
YCuosTipsO3 systems in order to better understand the streigitoperty relationships.
Our results indicate exciting optical propertiesaawide range of blue was observed in
the YInG; solid solution, the intensity of which was critigablependent on the apical
bond distances and the crystal field splitting. TH@O3; and YCuysTlipsOs systems
showed magnetic and magneto-electric suppressirandeasing values as expected, but
the field dependent capacitance for Yj€howed a unique improvement and sign swap
indicating a strong magneto-electric coupling. Watedmined the YAIQ structure to
have been improperly reported based on bond valesicalations. Our investigation into
the YAIOs-YMnO3 system is underway, however we believe a carbogiatep exists
within the basal plane resulting in a chemical folarsuch as YALMn,O3.(COs)y.

For the high-k dielectric CaGuMny,Tis.,Fg012 and CaCyli4012.4F, the limits of x,
y were determined. A structural study on ceramimmas determined single phase
materials, and dielectric measurements showed wepnent of properties for fluorinated
samples with the dielectric loss lowered while ntwiming a high dielectric constant. It is
likely that F may be concentrating on importanngladefect sites. A colossal decrease in
the dielectric constant was observed for Mn-Fe @ped samples and provides insight

into dual site occupations of dopants.
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Functional Transition Metal Oxides: Structure-property
Relationships

Chapter 1

Introduction

1.1 Transition Metal Oxides

Transition metal oxides, (TMOs), have a rich higtas the “go to” materials for
electronic devices. It is not just the stabilityathmakes these materials suitable for
many applications, but the wide range of electromoperties (insulators,
ferroelectrics, semiconductors, metals, and supelactors) [1], magnetic properties
(paramagnetism, ferro/ferrimagnetism, antiferronsigm, and diamagnetism), and
the cross coupling of electric and magnetic propgiimagneto-capacitance, magneto-
resistance, and multiferroics in general) of thesderials that are often found [1,2].
These properties can be tailored to specific apfiins by subtle distortions of the
coordination environments, or changes in compasitihis is certainly the case for
TMOs having a perovskite or hexagonal structure TBe simple, complex perovskite
and the hexagonal structure can accommodate mamsition, alkali, alkali earth, and
lanthanide metals, including some post transiti@ments. In this work, attempts are
made to design property-specific materials by casitipmal and structural control.
Specifically, CaCgli4012, L&egRhMNG;, and YMNQ are used as parent materials in

the search for new high-k dielectrics, magnetisng multiferroics respectively. Our



goal is to discuss in detail the synthesis, stmactand characterization of these ‘tuned’
materials.

The next few sections are designed to give a vegf mtroduction to the basics
necessary for later discussion. This may be trimiaome cases, but exposure to these
concepts is warranted. The electronic, dielecthermoelectric, and magnetic

properties will be discussed, and the perovskitecire will be introduced.

1.1.1Practical Applications

Transition metal oxides have a rich history in fahing the potential for
promising applications in state of the art fiel@gcause of the variety of properties
observed in these materials, TMOs fulfill rolestth@ake our everyday lives a little
more enjoyable. Fields of study including high-leldctrics, optical, magnetic and
electric field sensors, non-volatile storage, andtiferroics are progressing current
electronics into a new generation of devices antsamer based products. For the
current generation of handheld device users, shisdst apparent in the size, memory
capacity, and capabilities of electronics such @tular phones, PDAs, iPods, and
external hard drives. TMOs are also present inlyataconverters, regenerative
breaking, and solar energies, and are being studi¢dermoelectrics, and negative
thermal expansion for spacecraft and oral comp®$itetooth repair [2]. This thesis is
devoted to better understanding the synthesis dydiqgal properties of transition

metal oxides for a variety of potential applicagon



1.2 Electronic Properties

The solid state chemist generally takes a middteirgel between physicists and
engineers regarding the way properties of ceramitenals are approached. For
instance, a physicist may consider the quantitativderstanding of ionic/electronic
behavior of a material, while an engineer may atgrsithe material as having a
specific electronic value and character as a comporbased on electrical
measurements. The role of a solid state chemitus one that considers both the
applications in which the material will be used lhbeing able to understand the
effects of structure, composition, and eventudirsgtelating to electrical behavior.
With a basic understanding of structure-propertgti@nships, the electron transport
properties of a TMO (electrical conductivity, thexintonductivity, and thermopower)

can be predicted and manipulated to some degree.

Valence Valence
Band Band
> S >~
(=] oh
9 S
- -
L L
Conduction Conduction
Band Band
»DOS »DOS
Metals Semiconductors

& Insulators

Figure 1.1Generalized electronic band structure of transitiatal oxides with
metallic or semiconducting/insulating behaviorshibuld be noted that generally the
band gap in semiconductors is much smaller tharofhasulators.
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The electrical properties of a solid are generalfgsified based on the magnitude
of conduction or resistance. Whether a metal, semdigctor or insulator, only
electronic conduction subsists. The magnitude ef ¢onduction is thus strongly
correlated to the number of electrons available darticipation and is therefore
dictated by the arrangement and occupation ofreleict states and levels (i.e. electron
band structure, Fig 1.1) and the atomic interastidnsulators tend to be ionic or
strongly covalent, and thus the valence electroadightly bound to the atom (high
electron localization). Semiconductors, howeves, @edominately covalent and have
valence electrons that are weakly bound to the sittimus they are free to move upon
some thermal excitation.

In the ideal model of a solid at absolute zero,eatwill have an overlap of the
conduction band and valence band, or the occupafiefectrons in a band with states
above and adjacent available for excitation. Sendactors and insulators do not
have this overlap, rather a forbidden ‘band gapérehin a pure material there are no
allowed states for an electron to occupy. In sendcators, this gap is generally less
than 2 eV, whereas insulators have a band gapegrtban 2 eV.

With this understanding the effect of temperatunetitese classifications is thus
easier to understand. Metallic solids will conduldwn to the lowest attainable
temperature, and become less conducting upon siogeéemperature due to lattice
vibrations which cause barriers for the movement cafriers. Insulators and
semiconductors will become more conducting upomemsing temperatures (Fig 1.2)

due to thermal excitations of electrons into thepsmconduction band. Because



semiconductors generally have smaller band gaps thsulator, the increase in

conductivity will generally be larger and fasteamhin insulators [4, 5].

o Lh o

v
v

1/T 1/T

Metals Semiconductors
and Insulators

Figure 1.2Generalized temperature dependence of the electmonductivity for
metals, semiconductors, and insulators.

An Arrhenius plot (Lno vs. 1/T) is often used to show the temperaturedeéence of

the conductivity or resistivity of a material. Thell known relation is

a
C=6oeXp—

whereg, is a constant and Ea is the activation energh@tonductivity, K is
Boltzman'’s constant (8.617 E -5 eV/ K), and T is tamperature. Taking the log of

both sides of the



ans:anso+El
ke T

equation gives a linear relationship in which ddseactivation energy can be

calculated from the slope of a plot of &rvs. 1/T.

1.3 Dielectric Properties

Dielectric materials have a rich history in eleofos industries regardless of
application. Some applications include: printectuitr boards, substrates, electronic
and microwave components, sensor windows, microwabsorbers, wireless
communications, cellular base stations, radio liskeparators, wideband networks and
especially capacitors [6].

The electronic properties of insulators are oftezasured differently than metals
and semiconductors. Dielectric constant and losasorements are the most common
methods for evaluating a dielectric due to the edsanalysis. In addition, physical
characteristics, structure of the elements, anddéwesity of the solid can be derived
from the measured dielectric constant, capacitaamoe Joss information

As previously mentioned, dielectric materials ansulators. In dielectrics, or
nonmetallic solids, charges do not have a propensitmove easily and thus the
formation of ‘charge islands’ is possible (in Latithe wordinsula is defined as
‘island’ and is the origin of the word insulatorf]] The most common use of a
dielectric material is in that of a capacitor. Apaaitor is an insulating material that is,

in effect, sandwiched between two conducting plaiéhen an electric field is



applied, the charges that were once pinned aredadi@ migrate towards the opposite
charge that has accumulated at the conductingretkxt This is referred to as
polarization and occurs due the external electeid fthat distorts the electron clouds,
which in turn generates an opposing electric fiblat affects the macroscopic field

inside and outside the dielectric [5].

1.3.1 Dielectric Constant and Loss

The measure of a dielectric, or the ability of whelectric material to store a
charge relative to a vacuum, is quantified by tiededtric constant and loss. In a
parallel plate capacitor (dielectric material betwewo plates) the capacitance of a
material is directly related to the quantity of mj@stored in either plate. As a voltage

is applied across the capacitor, the plates be@ppesitely charged (one positive,

|

Figure 1.3 Parallel plate capacitor with dielec(s&y blue) between plates. A is the
area of the dielectric, and d is the thicknesshef dielectric. The + and — symbols
indicate charges that have migrated across thelsamp



one negative) with the electric field in the dirent of positive to negative flow, Fig

1.3. The capacitand@is thus a charg€ per voltagev,

c=2
\%

For a dielectric material between the plates withlative permittivitys, and plate

areaA, the capacity for a plate spacidgvould be,
A
C=g¢g E

And therefore,

_C £
&§= — = —
CO 50
whereg, is a universal constant known as the permittigityree space with a value of
8.854 x 10% FIm, ¢ is the permittivity of the dielectric material, darCy the
capacitance of vacuurihe ratio ofe / g, is a value greater than unity and reflects the
increase in charge storing capacity due to theriedanaterial. This value is referred

to as the relative permittivity, or the dielectric constart

_Cd
EA

K

Many factors can affect the dielectric constant; the most common factors are
temperature, frequency, bonding, crystal structanel defects [4, 5]. Changes due to
temperature variations can give important detdisué the crystal structure, and the
type of dielectric character present. This willdigcussed in detail later.

The magnitude of the dielectric constant depend$henlegree to which a material

polarizes, or the amount of charge displacementat@urs. Therefore, a material with



a low dielectric constant such as dry air: 1 at 1 kHz, is unable to maintain a charge
displacement. Some materials with a moderate drgeconstant include polymers,
porcelain, paper, Teflon, and dry wood. Transitroetal oxides, however, tend to
have higher dielectric constants (Ba¥i®= 10° at 100 Hz) [4-6, 8].

The dielectric constant alone does not determiree dierall ‘goodness’ of a
dielectric material. In most cases the dielectoss| (loss tangent) may be the
determining factor. In a perfect dielectric, cutrégads the voltage by 90° when an
alternating current is passed through the matdnathis case, the molecules in the
material are able instantaneously align and staphiase with the changing field.
However, most dielectrics are unable to stay irsphaith the changing field and thus
experience a phase lag. When a phase lag occuatsadkenergy is lost (or absorbed
by the material) in the form of heat. Thus, thegghkag changes the angle of leading
current bys. The dielectric loss is also referred to asdan

In addition, the power loss is often used as a areasf efficiency in a dielectric.

It can be quantified as:
Power loss = f V & tané

wheref is the frequencyy, the maximum value of the voltage, and the produtarn
is the loss factorThe loss factor therefore illustrates the usefidrefsa material as a
dielectric.

Under certain conditions all dielectrics will exj@rce dielectric breakdown. This
occurs when the applied electric field exceedsitcar value causing electrons to

migrate into the conduction band. The dielectrrersgth is therefore the maximum
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applied voltage the material can withstand befarakdown occurs. For use as a
capacitor, a good dielectric material should cos®unf a high dielectric constant, low
dielectric loss, and a high dielectric strength.e Téffect of temperature on these

qualities should also be minimal [4-6].

1.3.2 HighK Materials

In the last 20-30 years the material most freqyeasled as an insulator in gate
dielectrics and energy storage capacitors has 8&&ne, = 3.9. As the modernization
of electronics continues to shrink the size of desj certain components must also be
reduced. This reduction in size presents new issaegarding performance and
properties. In gate dielectrics, the ifdm has been reduced to nearly 2nm. Further
reduction in film thickness results in increasedkbge currents due to direct
tunneling. In order to continue decreasing the filntkness, the dielectric constant
must be enhanced. Therefor, highdielectrics are a suitable replacement and are the
focus of not only thin films, but also memory stgeacapacitors such as FeERAM
(ferroelectric random access memory).

Materials exhibiting a dielectric constant greatean ~8 are generally considered
to be high« dielectrics. However, for storage capacitors tiegedtric constant should
be far greaterg, > 1000. Most high dielectric constants are foundfdrroelectric
materials and are the result of a spontaneousipati@n associated with a structural
phase transition. Perovskites, especially perogdkidnates, tend to make up a large

portion of these materials, and tend to have higldectric constants in general. The
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perovskite BaTiQ is the most widely known example. Ferroelectricx;luding
relaxor behavior, despite having high dielectriostants, present problems regarding
stability due to their strong dependence on tentpexand frequency.

In 2000, Subramanian and coworkers measured tHectlie properties of the
pseudo perovskite material CafuO;, (CCTO) and found it to have a dielectric
constant of about 10,000 at 100 kHz that was neadigpendent of temperature in the
range of 150 to 600 K [9]. Due to the impressivelelitric properties, considerable
interest in CCTO materials has resulted in a pletlod research on them [10-17], and
makes it one of the frontrunners for use in a nude of applications in
microelectronics. To date there are over 500 ghbli articles on CCTO and similar

materials [18].

1.4 Thermoelectric Properties

Heightened interest in thermoelectrics has beearedrby the demand to reduce
fossil fuels dependence and improve alternativeggnechnologies [19]. At present,
several areas of alternative energy exist withntlost recognizable being geothermal,
solar, wind, and hydroelectric. While these areastinue to improve, new research
has developed additional sources for renewableggn@me of these potential sources
is thermoelectrics. Thermoelectric devices incoapmmaterials in which a thermal
gradient can generate electricity. Applicationssath thermoelectrics may include
industrial waste heat recovery in automobile exhagenthermal, or solar heat (steam

generators, photovoltaics), and in electronics wheomplimentary metal oxide
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semiconductors (CMOS) computer processors have pbeential to increase
processing speeds by up to 200% [20]. Therefoezntbelectrics have the potential to
recoup a vast amount of energy in current inddgtriacesses, and can additionally be

applied to modern devices and machinery [19-21].

Material A

Material B

/ \

Figure 1.4lllustration of the Seebeck effect of two differenaterials. Adapted from
Tritt et al. [20].

A fundamental discussion of thermoelectric materighould start with an
introduction to the Seebeck effect and the Pekigect. The Seebeck effect was
discovered in the early 1800’s when it was founat th thermal gradient across the
junctions of two dissimilar materials created at&gé that was proportional to the
thermal gradient, Fig 1.4. Thus, the Seebeck aoefft @), or thermopower, is the
ratio of a voltage generated for a temperatureedifice,a = AV/ AT, and is an
intrinsic property of the material. This is the isador power generation in
thermoelectric devices. Metals tend to have redlilow Seebeck coefficients, a few
uV/K, whereas semiconductors and insulators can hagebeck coefficients of

several hundredgV/K. Additional information can be extracted frorhet Seebeck
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coefficient including the type of charge carrienrFa positive Seebeck coefficient,
holes are considered the dominant carrier and areldd as p-type. For a negative
Seebeck coefficient, electrons are considered ¢n&rehnt carriers, and are labeled as
n-type. Different applications require the use ok aype instead of the other. A
common application of the Seebeck phenomena ishémmtocouples to measure
precise temperatures [21]. Generally, two condsabdknown thermal characteristics
are used to make thermocouples. The temperatuferatite between the two

materials can then be determined from previoudipreded voltages.

5

r— Material A Material B

4 X&\L\%

Figure 1.5 lllustration of the Peltier effect beemetwo different materials. Adapted
from Tritt et al.[20].

Not long after the Seebeck effect was discovetezl Peltier effect was reported.
Peltier described the observation that for an appdiectrical current at the junction of
two dissimilar materials, heat was either liberatedabsorbed depending on the
direction of current flow Fig 1.5. The Peltier effeis the basis for electronic
refrigeration. The Peltier and Seebeck effectdraegrelated as defined by the Peltier

coefficient,IT;
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H=aT
The rate to which heat is liberated or absorbebejunctionQp is thus a function of
the current through the junction, Seebeck coefilict# the material and temperature;
Qp=Ill=aTl
The Seebeck coefficient alone, however, doesullytdescribe the potential
or efficiency of the material as a thermoelectistead, the potential of the material

is determined by a dimensionless figure of menitadedZT,

K PK

Where,a is the Seebeck coefficient,is the electrical conductivity is the electrical
resistivity, andk is the total thermal conductivitk (= kg + «; electronic and lattice
contributions respectively). Thus, the ZT of a en@tl may be increased for higher
Seebeck coefficients and conductivities, and lothhermal conductivity. A significant
issue to deal with is that each of these termsimterrelated. Generally higher
conductivities are followed by lower Seebeck caifints and higher electronic

contributions to the thermal conductivity. It isitheasy to recognize that a good
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Total K
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Figure 1.6 Relationships between the ZT, thermataativity (<), electrical
conductivity ©) and Seebeck coefficient)(for insulators, semiconductors and metals

[22].

thermoelectric should have the properties of bo#tats and insulators, and are most
commonly found as semiconductors, Fig 1.6. Curtectinologies require a ZT > 1
for the efficiencies and power conversion to be timohile [23]. However, these

values are traditionally difficult to reach for myamlifferent types of materials,

especially oxides [24].
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1.5 Magnetic Properties

Magnetism is a phenomenon that has been knownuimilrieds of years. However
the underlying principals have eluded researcheti necently. Iron and the mineral
lodestone (magnetite or &) are arguably the most well known examples of
magnetic materials. In fact, Cleopatra was once &ahave worn a lodestone around
her head in order to prevent herself from normah@gand Pliny the Elder (a Greek
philosopher) had written of hills that attractednir These accounts are some of the
first recognitions of magnetic phenomena, but mattyibute the first true use of
magnetism by the Chinese in primitive compassesraviae splinter of lodestone
floating on water was found to always point isragie direction, North [25].

Today, it is known that many of our luxuries arenpoised of magnetic materials.
This includes computer memories, TV's, medical pments, generators,
transformers, etc. Many of these inventions arenmeones and are such due to the
complex and subtle nature of the phenomena; ewdaytthere is still a large effort to
understand and discover novel materials with novagjnetic properties. Indeed, the
many oxidation states of the transition metals m#iem suitable for research in

magnetic oxide materials and will thus be the foziuthis discussion.

1.5.1 Fundamentals of Magnetism

The magnetic properties of a magnetic materiallargely dependent upon the

materials interaction with an external applieddielThe magnetic induction, or field
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strength within the sample, is a function of theleggl magnetic field (H) and the
intensity of the magnetization (1),

B=H+4tl
where I/H is the magnetic moment per unit volumd enreferred to as the volume

susceptibility ), an extrinsic property. Thus, permeabilify {s defined as

u=5=1+4r =1+ 4y

LN
H
In order to discuss the intrinsic magnetic progsrof a magnetic material, the molar

susceptibilityym (units ofpug), is used,

Fw
Am =% —
Yo

where Fw is the formula weight apds the density. In most cases, materials can be
assigned to a specific group based on the behaf/ible susceptibility as a function of

temperature [26-28]
1.5.2Magnetic Ordering

Generally speaking, magnetism is due to the magmetiments associated with
individual electrons with regards to spin and orblie pauli exclusion principle along
with Hund’s rule states that no two electrons cawehithe same quantum numbers (ie
principle, azumuthal, magnetic and spin projectid@y, for a specific orbital, there
can only be two electrons, and when filled, onlg @tectron may exist in the spin up

or spin down orientation. When all of the electram®rbitals are paired, the atom is
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said to be diamagnetic. When placed in a magnétid, fthe material shows a
repulsive force, and because of this resistancarsvthe field, it shows a small and
negative magnetization. Many ceramic materials tlwettt contain a transition metal
or lanthanide are commonly found to be diamagnetic

When there are unpaired electrons, an atom is tealte paramagnetic. In the
absence of a magnetic field, the magnetic momeuwitst n random directions (Fig
1.7, column 1), and all of the moments cancel edbbr. However, the presence of a
magnetic field causes some of the magnetic momentdign preferentially in the
applied field direction, and thus enhances the m@grlux density. This produces a
net magnetic magnetization and results in a smallpositive magnetic susceptibility.
It should be noted that for paramagnetism, themoiseciprocal interaction between
adjacent unpaired electrons. Because diamagnetipaiamagnetic materials show no
net magnetization in the absence of a magnetid,fitley are considered non-
magnetic.

For some materials, the magnetic moments of distitems or ions may be
strongly correlated. Even in the absence of an iegpffield the moments
spontaneously align parallel to one another in argicalled domains. For a
ferromagnetic material, the exchange interactiamsea the electron spins to align in
the same direction (Fig 1.7), but for an antiferagmetic material spins align opposite
one another, or an antiparallel.

The characteristic behavior of the magnetic suddiéipt as a function of

temperature can also be seen in Figurel.7. Fernoetiagand antiferromagnetic
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materials exhibit a spontaneous alignment of sptns certain critical temperature at
which point the magnetic susceptibility shows asraon. At temperatures above this
transition, the material is commonly paramagndBiecause paramagnetic materials
have weakly correlated electrons, they obey theeQieiss law;

C
(T+6)

Am =

whereC is the Curie constant argtis the Weiss constant. When the Curie-Weiss law
is obeyed, a plot of the inverse susceptibilityaaginction of temperature yields a
straight line, and from this plot, the Curie comstéslope) and Weiss constant (x-
intercept) can be extracted. This is necessaryusecaaluable information regarding
the majority interactions present in the materal be deduced. The magnitude of the

moment can be determined by the Curie constara §min only approximation as

[3kC
n= |22 =2.84/C us
NA

Where k is Boltzman’s constantNa is Avagadro’s Number, angs is the Bohr

magneton. The sign of the Weiss constant is amcatidn of the short range
interactions between adjacent atoms. For adjacemwhsawith independent spins
(paramagnetism) the Weiss constant is zero. A negdWeiss constant indicates
antiparallel spin alignement (antiferromagnetichdaa positive Weiss constant

indicated parallel spin alignment (ferromagnetishgure 1.7 is a representation of
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Classification Critical Magnitude Temperature
& orientation temperature | of x,, dependence of x,,
of magnetic
moments
A
Diamagnetic None
-10-¢ £ T
x i
to — >
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Figure 1.7 Magnetic classifications for variousagmwf magnetic interactions. Column
one indicates the class type and correspondingas@ntation, while the remaining
columns specify information regarding temperatuepahdence of the susceptibility or
inverse susceptibility. Adapted from J.P. JakybsyvikP [29].
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these types of behavior. Additional interactiong/mesult in complex magnetic
behaviors which do not follow these trends; spimsg| superparamagnet, and

ferrimagnetism to name a few [26-28].

1.5.3 Magnetic exchange

Magnetism in solids is quite complex, more so timaisolated systems due to the
many possible interactions between atomic momefss.such, several types of
exchange mechanisms have been realized to exptmenations. When distances
between atoms are small and there is significaatlap of orbitals, direct exchange is
present. This exchange coupling is strong for snaliistances, but weakens rapidly as
interatomic distances increase. Indirect excharaye occur when atomic moments
couple over distances greater than atom-atom distaiGenerally this occurs through
an intermediary non-magnetic ion such as an anmosuperexchange (notably in
insulators), or through itinerant electrons in RKigiteractions (notably in metals).

Superexchange in oxides occurs through nonmagoefigen anions, the strength
of which depends on the distances between ionstlamdlegree of overlap of the
cation and anion orbitals, Figure 1.8. The mostigitforward example is for rock
salt or the ideal perovskite structure. In thdsgctures, there is a 180 degree M-O-M
angle in which magnetic moments on either sidehefdxygen anion couple, usually
anti-parallel. Due to the amount of overlap for fg 1.9 shows the symmetry
relationships for a ferromagnetic M-O-M interactiddere the electron transfer, or

partial covalence, is shown between the oxygemrbital and the metalyerbital of
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principal overlap. The shadedorbital of the second metal cation in (b) isgotbital,

and the intra-atomic interaction between electinrdifferent orbitals of this second

Non-Orthogonal Orthogonal

Orthogonal Non-Orthogonal

Figure 1.8 Degree of overlap for d-orbitals witlygen 2 orbitals

M 3d M 3d

Figure 1.9 Schematic representation of the GK rul#is a ferromagnetic interaction
between one metal cation with a half-fillderbital and the adjacent metal cation with
an emptyd orbital through an intervening oxygen ion in a 18uperexchange
interaction.
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metal cation would lead to a lower energy if theugmed 4 orbital also has a spin-up
electron.

Competing interactions (ferromagnetic or antiferagmetic) between two
magnetic cations and an intervening anion can laduated using the Goodenough-
Kanamori (GK) rules [27, 30-32]. Their assessmdnt&0° M-O-M superexchange
interactions concluded that the cation-anion oftuteerlap is greater for the catiog e
orbitals than the cationgtorbitals due to covalency of thebonds [27]. Thus, the
interactions between the, erbitals are stronger and tend to dominate thenetay
behavior. Based on these rules, it is generallyetstdod that ferromagnetism is
observed in oxides where interactions occur betvwarepty or filled eg orbitals and
half filled eg orbitals. Examples of this includé’N— O — MA™* or CP* — O — F&".
There are still unresolved observations for M-Ofteractions involving a 3d M-O-M

4d/5d. This will be of discussion in later chapters

1.5.3 Multiferroics

For the information storage industry, magnetism Ib@sn utilized in several
components of the traditional computer hard driMeese magnetic materials have a
storied history and can be seen in some of theiestrlcomputers where
magnetoresistance was exploited to read data wirdchstored in magnetic domains.
Miniaturized handheld memory devices and the exptale growth of storage

capacity as a function of size are now stapleshefibformation storage industry.
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Despite modernization, current devices continuetilize this mature field of study.
Novel theories contend to capitalize on not only¢harge (+ or -) of the electron, but
also the spin (up or down), the result of which idoloe faster hard drive processing
speeds (ie reading and writing of data) which tiees to a larger storage capability
for a given size. These devices are thus knowsstronics’.

Spintronics in theory utilize multiferroism, a terreferring to a material in
which at least two of the properties, FerromagnetiEM), Ferroelectricity (FE), or
Ferroelasticity (FElas) occur in the same phase.cbapling between the two order
parameters FM and FE, also referred to as magmeetdel multiferroics, a magnetic
field can be used to induce an electric polarizatio vice versa. It has become a hot
topic for many industries with widespread potensipplications raging from multiple
state memory elements and ‘spintronics’, to cur@itrolled magnetic valves and

magnetic field sensors.

R/R(H=0)

(Fe 30A/Cr18A);

(Fe 30 A/Cr 12A)5

(Fe 30 A/Cr9A),

Hs

1 1 1
10 20 30 %0
Magnetic field (kG)

Figure 1.10 Giant magnetoresistance effect fourfeehCr layers (Baibich et al).
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The discovery of GMR, giant magnetoresistance 988lushered in the spintronic
era [34, 35]. GMR is an effect in which a magnetiaterial or magnetic composite
(consisting of magnetic and non magnetic layergeernces a large change in the
electrical resistance as a function of varying eggpimagnetic fields, Figure 1.10 [36].
These materials were utilized by researchers at iBkhe read heads of hard drives.
The result was a dramatic increase in the storagaaity. Current hard drives use spin
valves, a similar design utilizing composite lay&sswitch magnetic layers by low
applied fields, and thus causing large changesandsistance.

The ordered double perovskite ;Na**Mn**Og was found to be a ferromagnetic
and semiconducting atcT= 275 K, the importance of which being the neasnmo
temperature transition [37-39]. This material him€es become the foundation for the
exploration of other semiconducting ferromagnetsuding L&RhMnGs which has a
Tc = 150 K [40]. Despite the lower Curie temperatutesre is still much to learn
about 3d and 4d or 5d transition metal double pEkites [40-42]. The focus of later
chapters will be on the design and investigatiohsimilar materials, including non
perovskite type oxides for magnetodielectrics. Tamc will be specifically discussed

later.
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Chapter 2

Experimental Methods of Analysis

For nearly all sciences and technologies, instruatenethods of analysis have
been the primary means for acquiring useful anidbkd information. The timeliness
and quality of research done today is the resulthef improved capabilities of
instrumentation, specifically automations, resalntisimultaneous detections, lower
limits of detection, and higher sensitivities [Because scientists in every field of
research base critical findings and important decgson the acquired data, it is an
obligation of the user to obtain a fundamental wsideding of the instrumentation
and applications in order to confidently apply tHeidings. It is for this reason that |
feel a discussion of the instrumentation and metlogy therein is necessary. This
chapter serves as an introduction to the instruatiemt and methodology used for
characterization in this thesis.

Most solid state bulk inorganic chemists would agiieat x-ray diffraction is
an absolute necessity in their toy chest of insémit@tion. However, since there is no
single technique that can comprehensively charaeter sample, a series of analyses
are often combined to provide a complete assessni&eterally most consider
diffraction and spectroscopy as a main tool, buhlwoe these with thermal analysis
and physical property measurements to reinforcdirfgs and fully characterize a

material.
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2.1 X-Ray Diffraction: MiniFlex Il diffractometer

One of the most important tools for characterizatin this thesis was X-ray
powder diffraction. As in most chemistries concegi solids, a complete
characterization requires an understanding of thtenals crystal structure (unit cell
parameters, atomic positions, etc.), impuritieslefiects (and quantity/location), size
and shape of crystallites, and compositional inhgeneities, if any. As mentioned
earlier, several methods of analysis may need tpdrormed to obtain all of this
information. X-ray diffraction, however, can offarcritical start in answering initial

questions regarding structure.

Figure 2.1 Rigaku MiniFlex Il diffractometer (a) cathe inner workings with x-ray
tube, sample platform and detector labeled (b).

Nearly all of the diffraction patterns collectedthis thesis were done so using the
Rigaku MiniFlex Il bench top diffractometer, Figuzela and b. A beam of electrons
is accelerated from a heated tungsten filamentrdaa anode through a large voltage

(V >10kV) and is directed toward a Copper metage¢aron the anode. X-rays are



31

generated from the striking incident electrons Wwhionize some of the Cu 1s
electrons. The outer orbitals release an eled¢tratcupy the 1s vacancy, and energy
is given off from the transition as x-radiation wihihave a characteristic x-ray
spectrum [2]. The x-rays are directed out a Bedawm toward the sample to be
measured. Often times a Ni filter is used to absdrbta peaks which are undesirable,
however this instrument uses a graphite monochmmmvatich has the same function.
The MiniFlex Il operates at fixed tube voltage @ BV and a fixed tube output
current of 15 mA [3].
The characteristic Cui (A =1.5406 A) radiation is diffracted off the sample

shown in Figure 2.2 which shows the ideal behaf@othe incident beam and the

Tube Detector O

Incident x-rays

Diffracted x-rays

Figure 2.2Bragg’s Law reflection showing a generalized geoimetlationship for an
incident and diffracted beam.

geometric relationships. Bragg’'s law states théitatition can occur whenever

n.=2d singd
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is satisfied. This is generally performed for powd#fraction by varying theta, and
fixing the wavelength).. In general, n (an integer) is the order of rdftet A is the
wavelength of the incident X-rays (1.54A for Ca) kd is the interplanar spacing afhd
is the angle of incidence. The powder consistsmddlscrystallites, or an assemblage
of small crystallites, and the orientation is ramdsuch that some of these crystallites
will diffract from the 111 plane, and others frommet110 plane for example. As a
whole, all planes will be represented. Because @sdgw has stringent conditions for
a given crystal, the structural attributes of thetemial will diffract from characteristic
planes giving unique intensities for specifit\alues [2, 4].

The measurement conditions and sample prepardtamwever can greatly affect
the intensity and shape of such peakg. dhd\ are known, the d-spacing or distance
between diffracting lattice planes, d, can be dated. From these values, it is
possible to calculate the lattice parameters angleanfor the crystal structure.
Likewise, if the lattice parameters and angles larewn for a crystal system, it is
possible to calculate where the characteristicgattfon lines should be present along
260. These relationships for this analysis are prgslghen it comes to learning about
the crystal systems of materials and in comparivepretical to observed patterns.
With an understanding of the structure, the physigeoperties can also be
rationalized, and thus it is easy to realize thpdrtance of this technique.

The Miniflex 1l (Figure 2.1a) utilizes either a @maple changer which rotates the
sample during the measurement, or a single sangidiethwithout rotation. Generally,

the 6-sample changer is used for most fast scasurgaents (scans where the 2
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variation is >2°/min) when phase identificationti® only objective. However, for
analysis of unit cell parameters and structurahesghents, a slow scan is necessary.
This means that the9dncrement is small and is varied slowly allowirg tintensity

to reach its maximum, and the d-spacing to be nawmmurately determined. This
affects the not only the peak shape which reladethé crystallite size and lattice

strain, but also unit cell parameters which areesdéant on d-spacing and gosition.

2.2 Dielectric: NorECs Probostat and LCR Meters

PPMS. Capacitance and loss tangent measuremerdggaken on HP 4275A and
HP 4284 LCR meters using most often using a NorEf@boStat setup. In order to
form a parallel plate capacitor, electrodes werenéal on the surfaces of the samples
using a silver paint (in n-butyl acetate or terpindhe Ag paint is cured at ~90C for

several hours. High temperature measurements geguiigher

Sample Pt Electrodes

Electrical Connections Full Ceramic Shielded Ceramics
(HP, LP, HC, LC) Casing Thermocouple

Figure 2.3 NorECs Probostat dielectric set-up useldigh temperature capacitance
measurements.
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annealing temperature, generally within ~100°Cheffinal measurement temperature.
Before measurements, an open (air) and short (copeket) correction was
performed to normalize the instrument to the apipnate thickness of the samples.
Capacitance measurements were performed with a @Q&rBrobostat at fixed
frequencies of 1, 10, 100, 500, 1000 kHz using Hfe 4284 LCR meter, and
frequencies from 1MHz -13 MHz were measured onHRe4275A LCR meter. As
needed, linear frequency sweeps were performedelis e NorECs Probostat was
used in the majority of high temperature capacgameasurements. Figure 2.3 shows

the set up used.

2.3 Quantum Design Physical Property Measurement Stem

The Physical Property Measurement System (PPM& versatile instrument built by
Quantum Design, Figure 2.4. It operates on a nsyliem platform that allows for
several measurements to be made (AC transport, Esistivity, AC & DC
magnetism), in a wide range of temperatures, withpke adjustments to the unit
itself. Liquid helium is used as the cooling agehich allows temperature dependent
measurements to be made from room temperature3cK=-The PPMS at Oregon
State University is equipped with an EverCool lgjhielium recycling system, which
essentially allows the instrument to self replenliginid helium lost during system
venting and regular measurements by use of a cemdgminit and external helium

gas. This eliminates the need for regular liquiliuine transfers.
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Vacuum DC servo motol Cryopump He(qg

Operational Containment Dewat Chiller
electronics

Figure 2.4 Quantum Design Physical Property Measant System set up for ACMS

measurements.

2.3.1 Magnetometry

The AC/DC Magnetometry System (ACMS) is an attaamnod the PPMS which
allows for AC susceptibility and DC magnetizatioMost of the magnetic
measurements performed in this thesis utilize &rigee for DC measurements
known as extraction magnetometry. The ACMS coil Bejure 2.5, is inserted into the
main dewar chamber, connected to the instrumerd {iz-pin connector at the base of
the sample chamber. The sample, loaded in a pdigoate straw is vibrated
vertically through the coil set by the DC servo arotSample preparation is an

important aspect of the measurement process asthgle should not be
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— x  ACMS Coilset Expanded

Polycarbonate

Sample Space Straw

(7.7mm inner diameter’
AC Drive Caoll

— Calibration Coill

30.6in. L,

Nonmagnetic
Thermometer

- Detection Coils Cotton

<4——AC Drive
Compensation Coil:

ACMS

Coilsel
4.6 1in.

Solid

Electrical Connects

Figure 2.5 Representation of the ACMS coil set tutek assemblage (left), expanded
view with labels of the ACMS coil set detection wifcenter), and mounted ‘as

prepared’ sample (right). ACMS coil set illustratso taken and modified from

Quantum Design application notes [5]

allowed to move freely in the straw as it can aftbe sample centering if the sample
does not move according to the DC servo motor. Tthgssample can be measured as
a sintered mass or as a tightly packed powder. Aplied field induces a
magnetization in the sample that is detected byAGMS coil set as an induced
voltage. The amplitude of the voltage signal isstihelated to the magnetic moment
and the speed of vertical movement for a givenaetion. Although automated, an
important aspect of the measurement is the spe&diich an extraction is made. A
faster speed for an extraction generally resultenihanced signal strength and thus
directly relates to the measurement accuracy. Bguaportant then is the samples
location with respect to the detection coils. Thtiss necessary to locate the sample

using a single point DC extraction. This allows thetrument to correct for the
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sample displacement when the DC servo motor isgathdf the sample has not been
centered, the operator runs the risk of inaccuraggnetization measurements.
Generally the AC excitation location is more actei@s there is better resolution, but
it is recommended to locate the sample using th¢éhadeemployed for actual
measurements [5].

For DC magnetization measurements, an applied igeflkcessary. The PPMS at
Oregon State University utilizes a superconductiragnet capable of magnetic fields
as high as 7 Tesla, however an applied field of-011Tesla is generally sufficient for
temperature dependent measurements. It should bed rtbat if attempting to
determine the effective moment, Curie constant taadisition temperatures through
the Curie-Weiss relationship, a sufficient tempamatrange above any transition
temperature is required. This temperature rangddvoe well into the paramagnetic
region. Thus, it is necessary to have some insigtd the potential magnetic
interactions present for a sample, and may regaveral measurement runs to resolve

temperature discrepancies.

2.3.2 Magnetocapacitance

A portion of this thesis is based on an interestiitiferroics and magnetodielectrics,
thus involving the study of the interplay betweelectic and magnetic order
parameters. The probe used, Figure 2.6, was desgbuilt at DuPont, and is used

in coordination with a commercial PPMS. The prabeet up to measure 2 samples
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simultaneously, but in most cases measurementsdeere on a single sample, Figure

2.6 ¢ shows 2 samples. The coaxial wires are coedéc copper posts soldered into

Figure 2.6 Representative views of the dielectricbp used in measuring the the
capacitance of samples within the PPMS. The praae land BNC connections (a),
sample holder attachment console (b), and sampdieih(c), are shown.

a stationary 14-pin IC socket. A removeable IC svek used to make sample loading
more efficient. Copper wires are connected to flkeeteded surfaces of the sample
with addition Ag paint, and the sample is gluedhe IC socket (pins in this area are
removed from the IC socket). The wires are soldéoepins of the IC socket where
pressure contact connections are made to thersaayidC socket. The probe, which is
connected to an HP 4194A impedance analyzer, ertaw into the PPMS sample
chamber. The PPMS is used for the temperature aghetic field control, and the
LCR meter is used to measure the dielectric praggertGenerally, measurements are
performed while warming through the magnetic omigriemperature. The data is

normalized and assessed as a change in the cagacita reference to a specific
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temperature, usually well above the magnetic onderiemperature. A second
measurement of field dependent capacitance is mexhsumell below the magnetic
ordering temperature. The magnetic filed is vamgdle measuring the capacitance.
The field variations effect of a magnetocapacitauid be an increase or decrease in
capacitance. There values are generally normalzéte capacitance at O field for at a

specific temperature.

2.3.3 DC Electrical Resistivity

Electrical transport is a very useful bulk physigaloperty to measure in
coordination with other analytical analysis assitvery sensitive to variations from
structural distortions, bond angles and magnetigzgiral transitions. This can give
unigue insight into the mechanisms present in warisamples, especially when
comparing a solid solution.

The PPMS can be easily set up to perform DC registmeasurements. The
resistivity puck shown in Figure 2.7 uses the sa@2wpin connector at the base of the
sample chamber as that used for a connection tcAGEIS coil set mentioned
previously. The PPMS resistivity puck is designedneasure four probe resistivity on
3 samples independently. Four probe resistivityrnis of two general techniques used
for measuring resistivity based on the resistivifythe sample. Normally the four
probe technique is employed when the sample reitysis p < 10 Q-cm. This is

necessary as the voltage leads and current leadeparated thus removing the
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e D

Figure 2.7 PPMS resistivity puck with a bar sangganected to position 1 using the
four probe contact technique. Notice the labeldthge and current contacts.
contribution of the lead wire and contact resistar®amples with resistivities aboye
= 10Q-cm can be measured by the two probe techniqueenther contact and lead
wire resistance will not have much affect on théaltaesistivity. For samples
measured in the PPMS, the four probe techniquéesonly option. As shown in
Figure 2.7, four contact wires are attached tosdmaple bar of known dimension by
means of silver paste or silver epoxy. When sarapteirregularly shaped, or cannot
be fashioned into bars, the van der Pauw methodeamsed in which there are no
restrictions on the size or shape of the samplahi work, however, all samples

could be fashioned into bars for analysis.

2.4 Seebeck and Resistivity: ZEM-3 thermoanalyzer

Another important bulk property, especially for rim@electrics, is the Seebeck

coefficient, or thermoelectric powes, Much like electrical resistivity, the Seebeck
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coefficient is largely on the nature charge castidihus, Seebeck measurements are
useful in the determination of the majority contition to the conduction process,
where a positive Seebeck coefficient is the restilholes (p-type), and a negative
Seebeck coefficient is the result of electronsyfe}. The Seebeck coefficients
measured were done so using the ULVAC-RIKO ZEMr&rmoanalyzer, Figure 2.8

a and b. Figure 2.8a is a view of the main comptmeonsisting of a heater and water
cooling unit which is generally flushed by He(ghig thermal chamber surrounds the

sample and probe contacts shown in Figure 2.8bs@hwle is

| Electroe Block
(hot end)

a) b)

Figure 2.8 ZEM Thermoanalyzer (a) and mounted sanmpthe thermal chamber (b).

placed on the spring loaded electrode blocks (Mitaxds) which are then tightened
against the sample. The electrode blocks are ctevhéo a power supply which is
used to generate the thermal gradient across thglsaThe Pt probes are brought into
contact with sample from the side. The voltage ssetbe sample is measured through
the probes (set at a standard distance of 3mm),tlaadlifference in the voltage

between the two probes\V, is measured using a digital multi-meter. Point
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temperature measurements are made using the te@ies as well. The measured
temperature is an average of these two point meamnts. Thus, the Seebeck
coefficient can be measured A%/ AT. The sign of the Seebeck coefficient is
determined by the charge flow for the thermal geatliThe cold end is then positive

for holes and negative for electrons. An exterhatmocouple is used to measure the
set furnace temperature of the thermal chamber [8].addition to Seebeck

measurements, the electrical resistivity may alBaimultaneously measured by the

four probe method using the ZEM-3.

2.5 Optical Measurements

Optical properties of powder samples were measiurddr. Janet Tate’s lab in
OSU Physics Department using either a W or Xe Igghirce, or a fiber optic system
characterized by diffuse reflectance in the UVhlisiregion.In the first setupthe
diffuse reflectance spectra of powdered sampleg wellected in the range of 250 — 900
nm using W or Xe lamps, and a grating double moraohator. The spectrometer is
calibrated from a He-Ne laser and known Xe sournes&on lines and positioThe
diffuse light reflected by the powders was colldcteith an integrating sphere and
detected using a Si diode detector, Figure 2.97(a)The data is then normalized to the
signal obtained from MgO powder under the same itiond. The Kubelka-Munk
function was used to convert reflectance dataftmation of absorbance. The plotted
absorbance as a function of electron volts, eV,wavelength, nm, gives a

characteristic pattern which is generally dependamtthe electron occupation of
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orbitals and can provide approximate band gap nhadgs. This can give a great deal

of insight into the electronic properties and reige electrical resistivity assessments.

Mirror
Light beam A

Integrating
Sphere

a)

Figure 2.9 lllustration of an integrating sphergdad a fiber optic system (b) used in
diffuse reflectance measurements (inset is antifitisn of the end of a fiber optic
cable). A standard sample of BaS€an be seen, (b) bottom right.

In addition to the integrating sphere approachrethg also a common method of
diffuse reflectance spectroscopy that utilizes rfibptic technology. In this method,
light from a light source is passed through a lodibed (Y-shaped) optical fiber
assembly (Figure 2.9 (b) inset shows the end df suwire with blue spheres as the
light output), onto the sample, and back into thHerbate optical fiber (Figure 2.9 (b)
inset center white circle) where it is taken tgpadrophotometer [8]. MgO or Ba$0O
is often used a light reference and is also usecb&t the inside of the integrating

spheres. Samples of YilgMn,O3; were measured by the first method, and all other
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samples were measured by the second method. Avéasperformed to compare the

two methods which proved to be quite similar.

2.6 Thermogravimetric Analysis

Thermogravimetric analysis (TGA) is an analyticabltoften used in researching
the characteristics of polymers, including degradattemperatures and/or the
evaporation of residual or absorbed moisture. rit thaus be used in the determination
of organic components in inorganic systems suchydsoxyl or carbonate groups as
these may be volatile fractions within the samflee instrument used in this work
was a Metler Toledo TGA 850. Generally, a small snaspowder samples (~10-30
mg) are put in a small pre-dried crucible and placa a platinum pan which is
attached to a high precision balance. The sampiass is constantly weighed as the
sample is heated at a standard rate in a selettambphere. The resulting data can

then be plotted as a weight percent or mass lassis¢emperature [2].
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Chapter 3

Structure and Physical Properties of Rhodium Base@erovskites

3.1 Abstract

Epitaxial LaRR,,Mn1,,03 thin flms have been grown on (001)-oriented LaAlO
and SrTiQ substrates using pulsed laser deposition. Theniged thin film samples
are semiconducting and ferromagnetic with a Cueimperature close to 100 K, a
coercive field of 1200 Oe, and a saturation magagtn of 1.7ug per formula unit.
The surface texture, structural, electrical, andymesic properties of LaRhMn,,03
was examined as a function of the oxygen conceotraluring deposition. While an
elevated oxygen concentration yields thin filmshwgptimal magnetic properties,
slightly lower oxygen concentrations result in tHilms with improved texture and
crystallinity.

The compositions L&eRhQ, LaaCrRhG;, L&eCuURhQ were prepared for the first
time, and their electrical and magnetic propertiwsre determined. Known
La,MnNRhG;, La;CoRhQ, and LaNiRhOs were also prepared and their properties
determined for comparison. All six phases have thmthorhombic perovskite
structure. Electrical resistivity measurementsadsinction of temperature indicate
that all phases are semiconducting. Seebeck nexasuts show that all are p-type
conductors. Magnetic measurements indicate giyardiferromagnetic interactions
for all compositions, although evidence for weakdmagnetism is found in the case

of LaoCrRhQ; and LaFeRh@Q. The oxidation state of M appears to be closg+or
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Fe and Cr, and a mixture of 2+/3+ for CWA favorable combination of electrical
conductivity and Seebeck coefficient results irelatively high thermoelectric power
(1.11 W/m-K at ~575K) factor for L&CuRhQ.

The full LaCqxRhOs; solid solution was investigated utilizing struetir
electrical transport, magnetic, and thermal condiigt characterization. Strong
evidence for at least some conversion of 'BED*" to RH*/Co™ is found in both
structural and electrical transport data. The tatysstructure is that of a
rhombohedrally distorted perovskite over the rafge@< x < 0.1. The common
orthorhombic distortion of the perovskite structisdound over the range 02x <
1.0. A crossover of all three orthorhombic celbesl occurs ax = 0.5 giving the
appearance of a cubic structure, which actuallyaiasnorthorhombic. The octahedra
in the orthorhombic structure must be distorted Xoralues less than 0.5, and the
observed distortion suggests orbital ordering foo?’C Electrical resistivity
measurements as a function of temperature showceathicting-like regions for all
compositions. There is a steady increase in @attresistivity as the Rh content
increases. Large positive thermopower values anergdy obtained above 475 K.
With increasing Rh substitution there is a decrdasthermal conductivity, which
slowly rises with increasing temperature due taaased electrical conductivity. The
electronic part of the thermal conductivity is stggsed significantly upon Rh
substitution. A thermoelectric figure-of-merit (Z©§ about 0.075 has been achieved

for LaCoysRhy 503 at 775 K, and is expected to reach 0.15 at 1000 K.
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3.2 Introduction

For most ternary oxides with the composition AM@he perovskite structure is
observed. The structural atomic arrangement wasréported upon the discovery and
investigation of the mineral CaTiOn 1839 by Gustav Rose. Rose was a chemist on
an expedition in the Ural mountains (Russia) whmee the material’s structural class
after an influential Russian aristocrat, Lev Alexegich Perovsky (1792-1856).
Thereafter, many materials were found adopting lamarystal structures. The term
‘perovskite’ was then used to categorize this larlgss of materials [1-2].

The vast number of compounds in the perovskitesclasdue to the extreme
flexibility of the structure. When both charge ammhic radii are considered, the
perovskite structure can accommodate nearly evegynimer of the periodic table
(excluding halogens, beryllium, phosphorus, andnfratomic number 94 on) [3].
Thus, it's relatively easy to conceive that exteasstudies have yielded many
interesting and unique properties in perovskitéesys. For example, perovskites have
been found to exhibit ferroelectric and dielect(BaTiOs), colossal dielectric
(CaCuTisO10), piezoelectric (PbZLTiOs), magnetoresistance (LpA*,MnOs),
ferromagnetism (L&NiMnOg), fluorescence (Gf:LaAlOs), superconductivity (BaRb
xBix03), and electro optical (KbadNbp3503) behavior [4-9]. In addition, subtle
distortions of bonds, bond angles, and coordinagamironments affect the bond
overlap, and band energy levels which also conibiw the unique properties

observed.
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To help understand later discussion, a short reviewvarranted. The ideal
perovskite structure has the AMXormula, where A and M are cations and X is an
anion. Since this work refers mainly to oxides, wi# only discuss the AM@ and
similar formulas. As mentioned previously, the AdaB cations can vary greatly
which means many cation charges are possible. 8ex@nbinations of these charges
are observed such as A = 1+, 2+, 3+ and M = 2+43+5+. Generally, the traditional
observation of the ideal perovskite lattice is thia@ A cation is large and in a
dodecahedral coordination with oxygen, and the Monais smaller and in an
octahedral coordination with oxygen. The ideal pskate unit cell is shown in Figure

3.1 with the A cation centered (a) and M cationtesed (b). It has a cubic symmetry

Figure 3.1 Common representations of the Aj\®@rovskite structure as (a) A-cation,
green spheres, centered with Mg@tahedra, M-blue and O-red, on cell corners, and
(right) MOs octahedra centered with A cations on corners

with space group pm-3m. The corner sharedsMd@ahedra have M-O-M bond angles

of 180° and O-M-O bond angles of 90° [3, 4, 6].
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To address the site size limitations of the perit@skGoldschmidt defined a
tolerance factort [10]. The ideal cubic perovskite structure is stlht €5 + ro)
=\/§(rM + ro), Wherera, ry andro are the radii of the A cation, M cation, and O
anion, respectively. The size requirements for italof the cubic structure are
relatively strict so when a size mismatch occursvben A and M cations, several
distortions are possible, such as the tilting dabedra, or deformity of the octahedra,
or cation offset. Thus, for the tolerance factot,(ra + ro)/[ﬁ(rM +ro)] where ideal
is unity, or 1, deviations have values that areagneor less than unity. For the most
part, the tolerance factor provides and idea oftvdymmetry may be observed at
room temperature and atmospheric pressure, bsitnibt unambiguous. Several other
factors play a large role in determining the suat symmetry such as covalency,
lone-pairs, or Jahn-Teller effects, and this is e/ cubic pm-3m space group can be
observed for tolerance factors of 081 < 1.11 [3].

In general, octahedral rotations occur due to ibe af the A cation in a position
too large for it. It happens that the A site engrally too large for most of the
lanthanides and thus, the most common symmetryhef inMG; class, and the
perovskite class in general, is the orthorhomopace group Pnma or Pbnm, (figures
will be provided within sections). The materialsaissed in this chapter tend towards

an orthorhombic symmetry.
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3.3 Effect of Oxygen Concentration on the Structurend Magneto-Electric
Properties of LaRhy;Mn 1,03 Thin Films

3.3.1 Introduction

The mixed M-site perovskites of composition Ma,Mn;;,03; have received
renewed attention recently owing to their coexigtinferromagnetic and
semiconducting/insulating properties [11-25]. Rekabte near room temperature
ferromagnetic transition temperatures of 280 and R3have been reported for both
bulk and thin film samples of LBIMNnOg (LNMO) [11, 26] and LaCoMnGs
(LCMO) [12, 27] perovskites, respectively. In thitm form, such ferromagnetic
semiconductors have potential applications in mExteration spintronic devices,
including spin-based transistors and advanced nti@gneemory storage elements
[28]. The structural and valence orderings of tla@gition metal cations on tlBesite
plays a vital role in determining the magnetic mndies of the samples. In ordered
samples it is expected that the emgfyrbitals of Mrt* interacts with the half-filled

g, orbitals ofM** (M = Co,Ni) through & 180° Mr"*—0O-M** Goodenough—Kanamori

interaction, resulting in a ferromagnetic couplidgdecrease in order on thé-site,
however, reduces the magnetic phase transitiongsahpe by increasing the number
of antiferromagnetic interactions. The compositioh the M-site cations in,
LaM1,,M1,,05 perovskites is not limited to third row transitiometals, and, indeed,
studies of bulk LaRhMO3 [29-33] and Lalf-MxOs; (M = Mn, Fe, or Ni) [34, 35]

samples have been reported previously.
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While high-spin configurations are anticipated fiost row (3d) transition metals,
a low-spin configuration is preferred for secondl)(4nd third row (8) transition
metals, owing to the increased splitting energykeen thes; andtyy orbitals. In order
to obtain a strong ferromagnetic virtual spin-sgimperexchange interaction with
heavier transition metal cations, such as*Rit I** possessing empts orbitals, a
complimentary high-spin first row transition catiwaith a partially filledey orbital is
required on thév-site (e.g., MA", FE*, or N#*). In this letter, we investigate the thin
film deposition of LaRkMn;;0; (LRMO) and examine how its structure,
morphology, and magnetic properties are altereddyysting the oxygen background
pressure during deposition.

Numerous studies have examined the structural aadnetic properties of
LaM1,Mn1,,05 samples to understand their local ordering onMkste sublattice, or
lack thereof. In particular, two different typesastiering are possible: the atomic (i.e.,
rocksalt, random, or a mixture of each) and oxafatstate order of the transition
metals (i.e.M?*/Mn*" or M**/Mn*"). Although a degree of mixed valency always can
be anticipated, there has been disagreement oeeprédominant cation oxidation
states. For example, three independent neutromadiibn studies report different
manganese and nickel oxidation states in LNMO sasapBlasco et al. [36] and
Rogado et al. [26] reported the presence 6f Bind Mrf* cations, whereas Bull et al.
[37] conclude that N and Mr* are present. More recently, data from electron
energy loss spectroscopy measurements, Ramanrsagtend X-ray photoelectron

spectroscopy indicate fiand Mri* to be the prevalent oxidation states in LNMO
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thin films[34]. However, the authors also observed increase in charge
disproportionation of Ni and Mri* to Ni** and Mri* when decreasing the oxygen
background pressure during film deposition. SimtarLNMO, an ideal RH{/Mn?*
charge distribution cannot be assumed for LRMOdjlowing to the similar stabilities
of tetravalent (Rf) and trivalent (RF) rhodium oxidation states. Schnizer [33]
proposed a RfiMn?* charge distribution because no structural distorfrom M,

a &* high-spin ion exhibiting a strong Jahn—Teller effavas evident in the Rietveld
refinement. On the other hand, Haque and Kamegashiggested RAMn** valence
states since the observed effective magnetic mantamived from the magnetic states
of LaRh/,Mn1,03 in the paramagnetic region are near to the spipsaadues of this
combination.

In terms of the atomic order, the majority of seslconclude that a large amount
of local rocksalt ordering occurs on the B-sitelatilze, but not across a long-range
scale. Indeed, all of the aforementioned neutrdfradtion studies of bulk LNMO
provide evidence for a locally ordered Ni/Mn atondcangement [26, 36, 37].
Refinements of these neutron diffraction studiesydwver, also suggest the presence
of antisite defects (i.e., Ni and Mn atoms areordered perfectly) within the ordered
M-site sublattice, which when accounted for imprtwe refinement of the data. Data
from polarized Raman spectra and measurement ofas@n magnetization values
near the theoretical maxima in LCMO and LNMO thim§ corroborate that a large
amount of cation ordering exists in such sampléds 12, 20, 21]. On a smaller scale,

selected area electron diffraction reveals a mgjdrcentered phase coexisting with
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domains of a minorityP-type phase, the latter which is dispersed througtieel-type
matrix [17, 24]. The presence of the mirror plaaen the I-type phase and the
numerous orientations observed for tRetype nanodomains argues against the
complete long-range ordering of the Ni/Mn sublatidn bulk LaRkh,Mn;-0s
samples, no evidence for long-range ordering wagmed in Rietveld refinements of
x-ray diffraction (XRD) patterns [23] However, thehagnetic properties indicate at
least a partially ordered arrangement of the Rh/Blations exists, enabling

ferromagnetic spin-spin superexchange interactions.

3.3.2 Thin Film Deposition

Although samples of LRMO have been examined inkthi, thin film samples
have not been fabricated or studied. Multiple filiims were grown on both the (001)-
oriented LaAlQ (LAO) and SrTiQ (STO) substrates. Stoichiometric LaRiMn1,03
was employed as a target, which was synthesizembiwentional solid state methods.
The films were deposited between 650-750°C by thB Eechnique using a KrF
excimer laser (248 nm, 3 Hz) at different (10-80Tom) atmospheres of flowing
oxygen under dynamic vacuum. On average, 5000 pwselded films with a
thickness of 100-150 nm, depending on the oxygeckdraund pressure. The
crystalline structure of the thin film samples weasmined by XRD using a Seifert

3000P diffractometer (ClKa, 2 A = 1.5406). A Philips X'Pert diffractometer was

used for the in-plane XRD measurements of the Samples. Figure 1a shows the

XRD 6-26 pattern for a LRMO film grown on LAO at 728C and 300 mTorr oxygen
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pressure. The peaks were indexed based on a psdcioait cell and only the peaks
corresponding (A reflections (wherd = 1,2,3,..) were observed, which indicates
that the out-of-plane lattice parameters is a migtiof the perovskite subcell
parameterds,s A) = 3.93. The absence of diffraction peaks from sdaonphases or
randomly orientated grains evidences the prefakatientation of the films. The full
widths at half maximum (FWHMs) is 0.072° for théd®) reflection of LRMO (inset

of Fig. 3.2), as measured by XRD rocking-curve gsial-scan), and when
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Figure 3.2 XRD#-20 scan curve of a typical LRMO film grown on LAO suiiate.
The substrate (0Pare marked in the figures. The inset shows aingckurve
recorded around the 001 reflection of the film.
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compared to the FWHM of 0.06° measured for the aAubstrate evidences the
high quality of the thin film sample. The in-planeientation, as evaluated by the
XRD ®-scan of the LRMO (103) reflection of the cubic sel [Fig. 3.2 b], shows
four peaks separated by 90° revealing the fourfyithmetry and indicating that the
LRMO film is epitaxial with respect to the subs&atA large degree of in-plane
texture FWHM, = 0.9° is observed for the films grown on LAO(001)

The out-of-plane lattice parameter ¢ and defeaictire of LRMO films on
STO(001) and LAO(001) substrates varies as a fomctf the oxygen pressure

present during deposition. As shown in Fig. 318 dideposited at lower oxygen
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Figure 3.3 A plot of the out-of-plareaxis lattice parameter of LRMO thin films
grown on STO and LAO substrates as a function®bttygen background pressure
during growth.

pressure have an expanded lattice parancetdren compared to the pseudocubic bulk

value (3.93 A), and increasing the oxygen pressueadily decreases the lattice
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parameterc, which eventually becomes less than that of thi balue. Previous
studies of other perovskite thin films have atttdulithis lattice expansion at lower
oxygen pressures to an increase in the defect ntatien [22, 24]. Two mechanisms
have been proposed to account for such an inciaak®ver oxygen pressures, (i)
oxygen vacancies caused by the lack of oxygen predaring deposition and (ii)
lattice damage resulting from the increase in #ind energy of species colliding with
the surface of the growing film. Studies compatting growth of LNMO films in 50
mTorr oxygen and a 50 mTorr Arf@L0/1 ratio) mixture indicate that the latter dxfe
type dominates [24]. The increased out-of-plangcktparametec observed in the
present study most likely have the same origin—dinown at lower oxygen pressure
having a greater defect concentration and lattiserder owing to the increased
surface bombardment by high energy species durirgvty. As summarized
previously, this defect structure is especially amant in mixedB-site perovskite
films owing to the high degree of lattice orderurgd to optimize their magnetic

properties.

3.3.3 Results and Discussion

Scanning electron microscopy (SEM) and atomic foneeroscopy (AFM) images
confirm the successful manipulation of LRMO film arostructure by altering the
oxygen pressure during deposition (Fig. 3.4). T@mpgles were selected based upon
either their optimized crystallinity (300 mTorr) aragnetic properties (800 mTorr).

As shown in Fig. 3.4 b, SEM images of LRMO film®&gn at higher oxygen pressure
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(800 mTorr) reveal the films are composed of re&dyi small, discrete grains. A layer
of particles, which appear to be clusters of nartapes ~ nm 100 in diameter, is
clearly visible with a single grain overgrowth. dontrast, at lower oxygen pressures
(300 mTorr) the underlying films appear smooth deatureless by SEM (i.e., no

observable grains at the maximum magnification).

Figure 3.4 SEM images of LRMO films grown at a) 38Torr and b) 800 mTorr
along with three-dimensional AFM images showingghgace of LRMO films
deposited on LAO at ¢) 300 mTorr and d) 800 mTagrgen background pressure.
The scan size is 500 nm by 500 nm.

Small particulates remain on the surface (20-50, rbnj they are smaller in
diameter and cover less of the film surface [Figt 8]. AFM images also reveal a
distinct difference in the morphology between thegetypes of films [Figs. 3.4 c, 3.4

d], although at smaller length scales. In additiorthe visible difference in surface

morphology, differences exist in the root mean sguaughnessRs and the
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maximum peak-to-valley roughnes®,f values. Films grown at lower oxygen
concentration are smoothd®{s nm) = 10, although as can be observed in the SEM
images numerous granules up to 100 nm in helgfitnm) = 104 are scattered across
the surface of the film. At higher oxygen growthegsures, AFM images indicate
significant roughening has occurred, although aiB@ant increase in root mean
square roughness is not observieghdnm) = 12. The granular surface of LRMO thin
films grown at 800 mTorr is better evidenced by #mhanced maximum peak-to-
valley roughnessR,, nm) = 192 measured for these films.

Measurements of magnetizatioM)( versus applied magnetic fieldHY and
temperature ) were performed on all samples using a supercdamguguantum
interference device magnetometer. The zero-fielwewb (ZFC) and field-cooled (FC)
responses for LRMO films deposited under differ@xggen pressures was measured
under a low applied field of 500 Oe and at a higigplied field of 10 kOe. Figure 3.5
illustrates the ZFC and FC magnetization curvessonea at 500 Oe for samples
deposited at 100, 300, 600, and 800 mTorr oxygekdraund pressure. The values of
the ferromagnetic Curie temperatuig)( were estimated from the minimum of the
temperature derivative of the magnetizatioM/fT). Two different ferromagnetic
Curie temperatures are observed in the series dQRilms, and the presence,
absence, or coexistence of each ferromagnetic pisasependent on the oxygen
background pressure during film growth. Samplesodiged at high oxygen pressures
mTorr) ( > 600 display a single magnetic transition with ai€temperatureTc) of

K ~ 80, which corresponds well with tfig value of 72 K reported previously for
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Figure 3.5 A plot of the temperature dependende@®ZFC and FC responses
of LRMO films grown under different oxygen backgnalpressures of (a)
100 mTorr, (b) 300 mTorr, (c) 600 mTorr, and (dp8aTorr.

polycrystalline LRMO samples [33].

In contrast, films deposited at low oxygen backgibpressures £ mTorr) 100
demonstrate a much low@g ferromagnetic phaseld K) ~ 30. Films deposited at
intermediate oxygen background pressures [e.g.n3Dar in Figure 3.5 b] contain a
mixture of the two ferromagnetic phases, evidermetivo differentoM/oT minima—

one corresponding to the higla ferromagnetic phasd{ K) ~ 80 and the other with

the lower Tc ferromagnetic phaseTd K) ~ 30. The presence of two different
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ferromagnetic phases also has been observed in L&WOfiIm samples, and also
depends on the deposition conditions [12]. In palér, the lowerTc ferromagnetic
phase in LCMO films is associated with the exiseen€ oxygen vacancies [22]. For
all samples, the magnetization in the FC curvesase consistently with decreasing
temperature, whereas the ZFC curves demonstrateusp shape below the
ferromagneticTc. These cusps disappear when the magnetic figldcisased to 10
kOe [inset of Figure 3.5], which is a charactecistif spin-glass behavior [12].
Application of a stronger magnetic field also irases thelc of the LRMO film to
104 K as the enhanced field suppresses the cotdmbdrom antiferromagnetic
interactions [33]. The magnetic hysteresis in-plaops measured at 10 K for LRMO
films grown at certain oxygen background press(t88, 300, 600, and 800 mTorr) is
shown in Fig. 3.6. Both the saturation magnetiratiod coercive fields increase with
rising oxygen background pressure, and the maximualue of saturation
magnetization measured at 10 K for a LRMO film dsfeml at 800 mTorr is 1ug/f.u.
The loop for this optimized sample shows a welited hysteresis with a coercive
field approximately equal to 1.2 kOe, and a satomafield close to 5 kOe. The
enhancement in the saturation magnetization witlreesing background oxygen
pressure likely results from an increased numbdrsige of domains with ordering of
the M-site cations and a reduction of oxygen vacanci23, [24]. A similar
enhancement in the coercivity can be attributedh®® accompanied reduction in

magnetic wall domains within the thin film sample.
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The magnetic properties of each potential catiomlgoation between the
orbitals of high-spin Mfi(3d®) and low-spin Rf{(4d°) cations, through the oxygep 2
orbitals, can be interpreted based on the rulethiasign of spin-spin superexchange
interactions [38, 39], and are summarized in T&ble Virtual spin transfer between
half-filled to empty orbitals, Mff(e?)—~O-RHK*(€"), along with full to half-filled

orbitals, Mrf*(t9)—O-RH*(t*), yield ferromagnetic coupling. In contrast,
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Table 3.1 Expected superexchange interactionsrétared LRMO films

M-Cation M’ -Cation Interaction Result

RhH*, 4 (LS) Mn2+,-2-{-15 -(I-|S)

26 Empty 2¢y Half o FM

1 tyg Half 1 by Half 7 AFM
Rh**, 4d° (LS) RHY, 40  (LS)

1 tyg Full 26y Full T AFM
Mn*, 3>  (HS)  Mrft,3d®  (HS)

2¢ Half 2 ¢y Half o AFM

3 ty Half 3ty Half 7 AFM

antiferromagnetic coupling results from virtual rsgransfer between half-filled to
half-filled orbitals, for example, Mi(e’)-O-Mrf*(¢’) and RHK*(t")—O-RH*(tY).
Ferromagnetic interactions are stronger betweerbitals thart orbitals because the
overlap of thes-bonding e electrons is greater and thdiris smaller than that of the
m-bonding electrons farorbitals. Therefore, a well ordered LRMO film doraied by
o-bonding Mrf*(€?)-O-RH*(€”) interactions is expected to generate ferromagneti
coupling. An increase in point disorder, howevehances the number of Kfiee?)—
O-Mr?*(e?) and RE*(t)—O—RH*(t") antiferromagnetic interactions within the sample.
In addition, antiphase grain boundaries, wherectitéon positions are inverted, can
also yield a significant number of such antiferrgmetic interactions. Competition
between these ferromagnetic and antiferromagneteractions in partially B-site
disordered samples leads to complex magnetic bethawid most likely produces the

observed spin-glass behavior in LRMO films [22].eT&lternative high-spin Jahn—
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Teller Mr**(3d%) and low-spin R (4d°) cation combination must also be considered.
An ordered RF/Mn*" interaction generates batkbonding Mri*(e')—O—RHK*(€°) and
z-bonding Mri*(t)-O-RHK*(t°) ferromagnetic interactions. In the case of disgrd
however, three-dimensional ferromagnetic vibronupesexchange between Jahn-—
Teller cations Mi*(e")—~O-Mr*(e") and diamagnetic RHt®)—~O—RK*(t°) interactions
are also possible [40]. Such vibronic superexchamefereen Mi'(e")—O-Mr*(eh)
provides less stabilization when compared to theofeagnetic superexchange of
Mn*—~O-RH" cations, and may account for the loWerferromagnetic phase [22]. At
the same time, the observation of an additional temuperature maximum in the ac
susceptibility of polycrystalline LRMO has beenriatited to either (i) competing
interactions antiferromagnetic and ferromagnetteractions between identical and
different species of neighboring cations in stai@ly ordered domains or (ii)
ferromagnetic domains coexisting with an importpatamagnetic volume fraction
[33]. Nonetheless, an increase in oxygen vacancesuces the number of
ferromagnetic interactions from ordered ¥O-RH* lattices, and possibly explains
why the contribution from the highefc ferromagnetic phase is diminished
significantly in films deposited at lower oxygenckground pressure.

The maximum value of saturation magnetization/d/fa.) is below the expected
spin-only value fcao of 4.36we/f.u. for RH*/Mn?* valence states [33] or 4 6%f.u.
for RH**/Mn*®" valence states [31]. For polycrystalline LRMO sémp using the
former spin-only value, the magnetic data indicdtediferromagnetic volume fraction

to be~ 35%, which can be attributed to the fraction afazaordered domains, and
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therefore indicating that the majority of the Besgublattice remains disordered. A
similar calculation comparing the saturation maga¢ibn of the optimized LRMO
films at 10 K with the spin-only value yields agslily enhanced ferromagnetic

volume fraction of~ 40%. Films grown at lower oxygen concentrationssess

reduced ferromagnetic volume fractions with theimirm value reaching 7% for a
LRMO thin film grown at 10 mTorr oxygen backgroupdessure. These results are
consistent with an increase in structural defearsq] therefore antiferromagnetic
superexchange interactions, in thin films growtoater oxygen pressure.

The dc-electrical properties of the film samplesreveneasured by a physical
property measurement system in four-probe conftguraFigure 3.7 illustrates the
resistivity as a function of temperature. As expdctthe thin film samples were

semiconducting with a high resistivity of 10)Q cm at room temperature, which

increases with decreasing temperature until theteexe exceeds the maximum value

that can be measureBX10'Q) at K ~ 200. An Arrenhius plot of the log versus

inverse temperature (inset of Figure 3.7) revealbnear dependence, indicating
semiconductor behavior with a low activation enes§(.16 eV.

Magnetodielectric responses have been reportediopidy for ferromagnetic
LaM1,Mn;,,03 polycrystalline and thin film samples [23, 26]. iggial bilayer
LRMO/LNO films were grown on (00l-oriented LAO stilages to examine the
dielectric response of LRMO under various tempeestufrequencies, and magnetic
fields. Prior to the deposition of 100 nm thick LRMilm, a bottom electrode of

LaNiOs; (50 nm) was deposited at 70C at an oxygen pressure of 100 mTorr.
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Figure 3.8 A plot of the temperature dependendaefeal part of the dielectric
responses) measured at certain frequencies for a 100 nnk ttiRiMO film grown on

a 50 nm thick layer of LaNi©deposited on (001)-oriented LAO. The inset shows a
plot of the dielectric loss as a function of tengtere for the same selected
frequencies.
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Square gold pads o#00x40@m? dimensions (physical mask) were sputtered on top
of the LRMO films and the LNO regions unexposedhe LRMO deposition. The
fabricated heterostructures were characterized ke tmetal-insulator-metal
configuration to study their dielectric propertidsgure 3.8 shows the temperature
dependence of the dielectric permittivigy &t selected frequencies for a LRMO film
deposited with an oxygen back pressure of 800 mTatrlow temperature the
dielectric permittivity at all frequencies remainear 10-20 untik increases to a
maximum at temperatures near 150-175 K. Then, iteatkic permittivity decreases
to a minimum at higher temperature where values hemre reached. There is large
frequency dispersion as illustrated by both theekse in intensity and shift to higher
temperatures for the maximum value of the dielegermittivity with increasing
applied frequency. Although the dielectric anomadgurs near temperatures observed
for the magnetic ordering temperature of LRMO, sushhancements in the
capacitance of a semiconductor with observablengvaundaries likely are extrinsic
[41, 42]. As summarized by Scott [43], Maxwell-Wagreffects can occur at grain
boundaries near the magnetic ordering temperafurgagnetoresistive materials, and
can lead to enhancements of the dielectric constesgeding 1000%. Indeed, our plot
matches closely with the calculated real part efdielectric constant in a Maxwell—
Wagner equivalent circuit reported previously, sgjmng such artifacts predominate
[43]. As shown in Fig. 3.9, the films are lossy dhd dielectric loss remains relatively
constant at all temperatures, data which providéhén evidence that the observed

dielectric anomaly is unrelated to true magnetdgtecoupling. It should also be
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Figure 3.9 A plot of the dielectric loss as a fumctof temperature measured at certain
frequencies.

noted that unlike polycrystalline and thin film gales of the double perovskite
LNMO, no significant change in the dielectric pettiwity of LRMO films was
observed upon the application of magnetic fieldsaupO kOe at a constant frequency

(50 kHz).

3.3.4 Conclusion

In conclusion, epitaxial LRMO thin films have bedeposited on both (001)-
oriented STO and LAO using the pulsed laser depostechnique. A change in the
defect structure, surface morphology, and magnptaperties was observed for
LRMO films grown at different oxygen pressures. flins are semiconducting and

ferromagnetic; however, the Curie temperature, awver field, and saturation
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magnetization of LRMO films are dependent on thggex background pressure
during deposition. Higher oxygen deposition pressir 600 mTorr) yield films with

a rougher surface morphology and a reduced defeattsre, the latter which
improves the local ordering of théd-site cations and enhances the magnetization of
the film. Films deposited at lower oxygen pressulieplay a second low temperature
Tc ferromagnetic phase, which may be associated tith alternate Mfi/Rh**
valence state. Such results further demonstrateciitieal role oxygen background
pressure during film growth plays in controllinggetmorphology, crystalline structure,

and magnetic properties of Ma,,Mn1,03 perovskite films.
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3.4 Electrical and Magnetic Properties of New Rhodim Perovskites: L&MRhOg,
M =Cr, Fe, Cu

3.4.1 Introduction

Most semiconducting oxides can be doped n-type-type, with n-type doping
being much more common. However,*Rthodates have band gaps of about 2.2 eV
and both n- and p-type doping are generally posgt]. Thus, p-type LURh{has
been shown to be effective as a cathode in theogkobmposition of water using
sunlight in a cell that produced not onlg Bnd Q but produced electricity as well
[44]. The catalytic activity of LURh©is important for this cell, and perovskite-type
rhodates are generally known as good catalysts [86jme p-type rhodates have also
been of interest as transparent conductors [46With the discovery of good
thermoelectric properties for some Co oxides [4]-Bie potential of rhodates as
thermoelectrics has come under investigation becdls sits just under Co in the
periodic table [47, 50, 52-56]. Some Cu and Rhafdskites have also been
investigated as potential thermoelectric candid@®@s 57, 58]. CuRh@with Mg
doping was reported to showzZ ~ 0.15 at 1000 K [52]. In addition, the solid
solutions LaNi«RhO; and LaCeRh,O3 with the perovskite structure have recently
been shown to have promise as thermoelectric raid&9, 60]. For LaNixRhO3(x
= 0-0.3) aZT was estimated to be 0.044 at 800 K [69]. The gmls cobalt solid
solution (LaCa.xRhO3), also with an orthorhombic perovskite structuvas reported

as a possible route to promising thermoelectrits;high Seebeck coefficient and
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lower resistivity allowed for &T reaching 0.075 at 775 K [60]. These findings
suggested that other first row transition metaliocest should be evaluated in
combination with Rh in the perovskite structure.rédeve report on the synthesis,

magnetic and some thermoelectric properties ofraémew perovskite rhodates.

3.4.2. Results

Lattice parameters derived from our X-ray diffraatidata are provided in Table 3.2.
In no case were peaks observed that would indmatering of the M and Rh atoms.
Plots of logo vs. 1000/T are shown in Figure 3.10. Activatioergies derived from
these plots are given in Table 3.3. Room temperaglectrical resistivity and
Seebeck coefficients are also summarized in Tale Bhe sign of the Seebeck
coefficient is always positive, indicating that tdeminant carriers are holes in the
valence band. The highest electrical conductiwiis obtained for M = Ni and Cu.
Both electrical resistivity and Seebeck coefficeefior LCuRhQ are plotted vs.

temperature in Figure 3.11. The power factor foQulRhQ is shown in Figure 3.12.

Table 3.2 Cell dimensions and heating parameters

La,MRhOq Cr Mn Fe Co Ni Cu

a (A) 5.552 5.555 5.572 5.529 5.546 5.552
b (A) 5.565 5.599 5.599 5.538 5.541 5.709
c (A) 7.851 7.852 7.874 7.822 7.845 7.844
Vol (A% 24252 24422 24564 23952 241.01 248.6
Final Temp (°C) 1400 1100 1300 1250 1275 1300
Total Heat Time (hrs) 80 60 58 36 60 40

Color Brown Black Brown Black Black Black
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Figure 3.10 Electrical conductivity of klIRhOs pellets for M = Co, Ni, Cu (a) and M
= Cr, Mn, Fe (b). Note the difference in scaledand b.

Table 3.3Details of electrical measurements at 300 K

La,MRhOq Cr Mn* Fe Co* Ni* Cu

Resistivity €2-cm) 58.6 316.2 15706 5.1 0.0375  0.0563

Seebeck CoeffulV/K) 643.2 146.3 242.6 418.6 30.1 149.5
Activation Energy (eV) 0.204 0.203 0.218 0.1510.034 0.068

"Data here was reproduced and is consistent with reported values| 59, 60, 65]
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Magnetic susceptibility results for M = Fe, Cu, d@dare shown in Figures 3.13,
3.14 , and 3.15. Table 3.4 summarizes our magnati@surements for M = Cr, Mn,
Fe, Co, Ni, and Cu. Similar measurements have pemnously reported for M = Mn,
Co, and Ni; our results are in reasonable agreemigintthese reports [33, 48, 60-62].
For all M cations studied except M = Mn and %, is negative, indicative of
dominant antiferromagentic interactions. The daliad spin-only moments based on
the assumption that all the M cations are in +3lation state do not agree with those
calculated from Curie-Weiss plots. The discreparmymmonly occurs unless

measurements are extended to higher temperatuesvih have used, but may also
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Figure 3.13 Magnetic susceptibility (left) and inse® magnetic susceptibility (right)
for field cooled (FC, red) and zero field cooledr(Z black) for LaCuRhQ from 5 —
320 K under an applied field of 0.5 Tesla.
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Figure 3.14 Magnetic susceptibility (left) and ins® magnetic susceptibility (right)
for field cooled (FC, red) and zero field cooledr(Z, black) for LaFeRhQ from 5 —
320 K under an applied field of 0.5 Tesla.
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Figure 3.15 Magnetic susceptibility (left) and inse® magnetic susceptibility (right)
for field cooled (FC, red) and zero field cooledr(Z, black) for LaCrRhQ; from 5 —
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Table 3.4 Summary of magnetic measurements atésl bt 5 - 320 K

La,MRhOs Cr Mn* Fe Co* Ni* Cu
+28.0

0O, (K) -241.3 +131.8 -915 -109.5 -136.2 -32.1
2.057

C (emu K/mole) 2.156 4222 4,937 1.677 1.038 3.465

teac (MZRHY)  5.196 6.170 5.196 4.239 3.316 2.447
leac (M¥RR*)  3.873 4.900 5.920 4.900 1.730 2.828

4.059
Hobs (4s) 4.155 5.815  6.288 3.664 2.884 1.471

“Data herewas reproduced and isin relatively good agreement with reported values[33, 48, 60-62]
TTwo values are listed here based on two dissilogtes in the /vs. T plots, upper (150 - 320 K)
and lower (50 - 90 K)
indicate mixed valency in some systems. However large discrepancy in the case

of Cu strongly suggests that the oxidation stat€wfis not +3. Large discrepancies

have also been observed in other perovskite systentaining copper [35].

3.4.3. Discussion

No contribution to magnetism is expected forRh its normal 48 low-spin
configuration, and our magnetic measurements stippaoxidation state of 3+ for M
and Rh for LaMRhOs compounds with M = Cr, Fe. However, the magneticnent
in the case of Cu suggests a lower oxidation $tee 3+ and thus a higher oxidation
state for Rh. A similar situation is observed fo=M/n, Co and Ni. Although a
magnetic moment might be expected from R&"", in fact little or no moment is
typically found for RA* in oxides [63]. For L&CoRhQ, the observed low magnetic

moment may be due to an intermediate spin arrangef{8e= 1) and is probably
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similar to the magnetic behavior observed in Lagp8, 64]. A plot of M* cation
radii vs. cell volume (Fig. 3.16) for kMIRhOs compounds also points to a lower
oxidation state for Cu. A Gi/RH** combination is expected to give a larger cell
volume than a Cl/Rh** combination because &tis much larger than Gty but RH*
is only slightly smaller than Rf{65]. The high electrical conductivity of f@uRhQ
(Fig. 3.11, Table 3.3) relative to other,MRhOs (Fig.3.10, Table 3.3) compounds
suggests a strong contribution of both Cu and Btestat the top of the valence band.
Thus, integer values for the oxidation states ob@d Rh may not be meaningful.
This is likely valid for Ni and may be valid for Memd Co. The high electrical
conductivity of LaCuRhQ combined with its high Seebeck coefficient ha®sitive
impact on its thermoelectric power factor, espéce higher temperatures (Fig.

3.12).
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Figure 3.16 LaMRhOs unit cell volumes vs. M3+ radii
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The disorder of the M and Rh cations complicatésrpretation of the magnetic
properties. The interaction of the M cations watith other through M-O-M linkages
of approximately 180° is expected to be the donticansideration, and this would be
anitferromagnetic in nature explaining the negatiakie of®,, for Cr, Co, Ni and Cu.
Rather simple antiferromagnetic behavior is fouad M = Ni and Co as has been
previously reported [48, 60-62]. No indication magnetic ordering is found in the
case of L&CuRhQ (Fig. 3.13). However, the magnetic data forReRhQ and
La,CrRhQ; (Fig. 3.14 and 3.15) show evidence of weak fergmedism and is
reinforced by the observation of a hysteresis labp K (Fig. 3.17 and 3.18). The
observed magnetic behavior for,E@RhQ is probably due to disorder of Fe and Rh
in octahedral sites resulting in short-range FeeOaRd Fe-O-Rh interactions which

could give rise to antiferromagnetism coupled vgitiort range weak ferromagnetism.
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Figure 3.17  Hysteresis loop for iEeRhQ obtained at 5 K.
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Figure 3.18 Hysteresis loop for GrRhQ; obtained at 5 K.

Two values o®,, are proposed in Table 3.4. Further assessmeantessary to fully

understand the magnetic interactions in these cangso

3.4.4 Conclusion

The compositions L&eRhQ, LaCrRhQ;, LaaCuRhQ were prepared for the first
time, and their electrical and magnetic propertiwsre determined. Known
La,MnNRhQ;, La,CoRhQ, and LaNiRhOs were also prepared and their properties
determined for comparison. All six phases have thmthorhombic perovskite
structure.  Electrical resistivity measurementsadsnction of temperature indicate
that all phases are semiconducting. Seebeck nezasuats show that all are p-type

conductors. Magnetic measurements indicate giyardiferromagnetic interactions
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for all compositions, although evidence for weakdmagnetism is found in the case
of La,CrRhQ; and LaFeRhQ@. The oxidation state of M appears to be closgtdor

Fe and Cr, and a mixture of 2+/3+ for CWA favorable combination of electrical
conductivity and Seebeck coefficient results irelatively high thermoelectric power

(1.11 W/m-K at ~575K) factor for L&CuRhQ.

3.4.5. Experimental

Polycrystalline samples of kIRhOs with M = Cr, Mn, Fe, Co, Ni, and Cu were
synthesized by traditional solid state methodsrti&ta materials of LgO; (Aldrich
99.9%), Ca@O, (Alfa Aesar 99.7%), NiO (Alfa Aesar 99.998%), Cu@ldrich
99.99%), FeO3 (JIMC 99.99%), GO (Aldrich 99%), MnrO; (JMC 98%+) and RIO;
were mixed thoroughly in appropriate ratios..@hwas obtained by the oxidation of
Rhlz (JMC 98%-+) in an oxygen gas flow at 700°C for uts. LaOs; was dried at
850°C overnight before weighing. The mixed powdefsstarting materials were
calcined at 1000°C for 12 hours in air with ramfesaof 300°C/hr. The samples were
reground and sintered in air from 1100-1400°C foother 36-80 hours with
intermediate grinding. M = Cu and Ni were reactedar a steady oxygen flow. The
reacted powders were cold pressed into pelletsrbedmtering. Table 1 lists the
compounds made, final heating temperature, totatimg time, and color of the
powder. Powder X-ray diffraction data were collecteith a Rigaku MiniFlex I
powder diffractometer using CucKradiation and a graphite monochromator on the

diffracted beam. The low temperature electricaistegties were measured from ~100
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- 200 to 320 K by a standard four-probe techniqith @ PPMS (Physical Property
Measurement System). The electrical resistivitie$ Seebeck coefficients at=1320

K were measured by a standard four-probe technigitt a ULVAC-ZEM
themoanalyzer in a He(g) atmosphere. The SeebeeKiagient of constantan was
measured as a reference. The absolute uncertaimtiesth parameters are estimated
to be below 5%. Magnetism was also measured WRRMS from 5 to 320 K. A field
of 0.5 Tesla was applied for measurements aftey field cooling (ZFC) and field
cooling (FC). Magnetic moments were calculated ftbmhigher temperature regions

(~200 — 320 K) of ¥ vs. T plots.
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3.5 Lattice crossover and mixed valency in the LaGgRh,O3solid solution

3.5.1 Introduction

A constraint in the ideal cubic AM{perovskite structure is that the A-O bond
distance must equal the M-O bond distance titfes Thus, Goldschmidt defined a
tolerance factort, ast = (ra + ro)/[ﬁ(rM + ro)], wherera, ry andrg are the radii of
the A cation, M cation, and O anion, respectivdl§][ The relative sizes of the A and
M cations are such in most compounds with the pEkite structure thatis less than
1.0. Temperature impadidecause the A cations have higher thermal expauisan
the M cations; thus, increasing temperature inesasReducing from 1.0 results in
distortions of the perovskite structure, which @ase the coordination number of the
A cation. These distortions may be described @siray of the octahedra in the MO
network [66, 67]. The most common tilt structumsorthorhombic symmetry, and
this structure is found for many RM@erovskites where R is a rare earth cationtand
is less than about 0.985 [68, 69]. As the sizR aficreases increases, and a change
occurs to a tilt structure with rhombohedral symmetand with increasing
temperature the further increasetimesults in a transformation to the ideal cubic
structure [69]. However before the change frothahombic to rhombohedral
occurs for the RM@ perovskites, there is a crossover of all threbasltombic cell
edges such that powder diffraction patterns apfgele cubic at the crossover point.

This sequence observed for the RM@erovskites is not universal for all AMX
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compounds with the perovskite structure. For exampi the NaKMgFs solid
solution with increasing andt, there is no crossover of the orthorhombic cefjesd
which ultimately convert to tetragonal and thenicyB0]. Increasing temperature for
low x phases results in a smooth transition to the idedlic structure with no
crossover and no structure of intermediate symmjgtty. We have now observed
dramatic crossover behavior with a change of theakibn asc is varied in the LaGo
xRhO3 solid solution.

Transition metal oxides with perovskite-type stanes have been of interest for
many years due to their great variety of observempgrties, including very high
dielectric constants, high Tc superconductivityrdenagnetism, and useful catalytic
behavior [72]. Little attention was given to oxsdeas potentially efficient
thermoelectrics until good thermoelectric propeartveere found for some Co based
oxides [47, 73-76]. Subsequently, there has b&enincreased interest in the
thermoelectric properties of perovskite oxides [78]. In general, oxides have an
advantage over other thermoelectric materials,bikenuth chalcogenides, in that they
are stable to far higher temperatures. Solid smistiof LaCo@ and LaRh@ have
been studied for their electrical, magnetic an@lgtt properties [48, 49, 59, 79-83].
However, the crystallographic, electrical and magnproperties of the entire solid
solution in LaCexRhO3z have not been reported. Our goal was to investitfad
structural variation and physical properties of ttmenplete solid solution between

LaCoQ; and LaRhQG.
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3.5.2 Results and Discussion

3.5.2.1 Structural Behavior

X-ray powder diffraction patterns of the composisoLaCaRhO3 (x = 0 to 1)
are shown in Fig. 3.19. With the increasing amoahtRh, a rhombohedral-to-
orthorhombic transition occurs betwernvalues of 0.1 and 0.2. This transition is
evident from the change in the splittings of theeymocubic peaks of the ideal
perovskite structure and from the appearance aedofi new peaks such as the (111)

reflection near 25.5°@ The diffraction data were fitted by Rietveld

Orthorhombic| | | I I O U e
Tz

Intensity (a.u.)

X=0
Rhombohedral

20

26 (°)

Figure 3.19 XRD patterns of LacdrhO; (open circles) and calculated data (solid
line) by Rietveld refinement. Allowed Bragg reflects are shown as vertical lines for
both structural variations.
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Figure 3.20 Rietveld refinement of LaG&hO3; (x = 0.5) with orthorhombic
structure. Observed data are shown as open cioaksilated data as the solid line,
allowed Bragg reflections as vertical lines, arffedence curvel(-1¢) at the bottom.
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refinements using the GSAS software suite [84, 8B]typical calculated profile is
given for LaCqxRhO3; (x = 0.5) in Figure 3.20. Unit cell parameters vanposition
are shown in Fig. 3.21. Thecell edge has been divided’ﬂ@ because this would
then have the same valueasandc, if the structure were the ideal cubic perovskite
structure (Fig. 3.21(a)). The unit cell volum¥) (vs. composition andv** vs.
composition are shown in Fig. 3.21(b). Végard'swLavould have a linear
relationship fon*®vs. composition, but it is generally found thavs. composition is
more likely to be linear [86]. Either way the voia plot shows a positive deviation.
The o angle for rhombohedral phases increases from 66r8¢ = 0 to 61.0° forx =
0.1 showing a slightly increased rhombohedral digto with increasing Rh
concentration. The possibility of ordering of CadaRh on the octahedral sites was
considered and was found not to occur for any vafue

The continuous solid solution of LaC&hO3; (x = 0.2 to 0.9) is found to be
isostructural with perovskite LaRR(87]. The structure for this very common
orthorhombic distortion of the cubic perovskite described in space group #62.
There are six different settings for this spacaugreeach with its unique space group
designation. The two most commonly used designatere Pnma and Pbnm. We
have chosen to use the Pnma setting for the odhadrit LaCqRhOs phases. The
cell volume increases as expected when replacingvi@lo larger Rh ions in the
LaCoG; structure (Fig. 3.21(b)), mainly a result of tlagtice expansion of the cell

edge. The cell edge remains almost unchanged. The refinedscupancies for



Table 3.5 Structural parameters for LagihO3 (0.0<x<1.0) system. The atomic
positions of Co/Rh are at (0,0,0) and (0,0,1/2Zhimmbohedral and orthorhombic

structures, respectively.

Rxh’ (‘Ssrpoatjcpe a A b, A c A v, A a° Occﬁgéncy

0.0 R-3cR  5.3730(1) 5.3730(1) 5.3730(1) 111.67(1) @0.8( 0

0.1 R-3cR  5.3928(1) 5.3928(1) 5.3928(1) 113.39(1) @&).0( 0.12(1)

0.2 Pnma  5.4238(2) 7.7157(3) 5.4849(1) 229.53(1) 90 3@2

0.3 Pnma  5.4532(2) 7.7454(3) 5.4979(2) 232.22(1) 90 1(@)3

0.4 Pnma  5.4875(3) 7.7830(5) 5.5131(2) 235.46(1) 90 2au

0.5 Pnma  55243(2) 7.8169(3) 5.5209(3) 238.41(1) 90 25

0.6 Pnma  55618(2) 7.8326(3) 5.5315(2) 240.97(1) 90 3(Q)%

0.7 Pnma  5.6011(2) 7.8518(3) 5.5412(2) 243.69(1) 90 1@y

0.8 Pnma  5.6342(2) 7.8654(3) 5.5396(2) 245.49(1) 90 1@p

0.9 Pnma  5.6711(1) 7.8792(1) 5.5317(1) 247.18(1) 90 1@

1.0 Pnma  5.6800(2) 7.8956(3) 5.5302(2) 248.01(1) 90 1

La 01 02

R)?’ X y z X y z X y z

0.0 1/4 1/4 1/4 0.205(2)  0.295(2) 3/4 — — —

0.1 1/4 1/4 1/4 0.1975(9)  0.3025(9) 3/4 — — —

0.2  0.4789(2) 1/4 0.4940(4) 0.229(2) 0.043(2) 0.771(2) 0.998(2) 14 0.508(5)

0.3  0.4733(2) 1/4 0.5035(6) 0.224(2) 0.043(2) 0.776(2) 0.002(2) 14  0.450(2)

04  0.4687(2) 1/4 0.5052(6) 0.217(2)  0.039(2)  0.783(2) 0.007(2) 14 0.439(3)

0.5  0.4637(2) 1/4 0.5058(4) 0.215(1) 0.039(1) 0.786(1) 0.008(2) 14  0.411(3)

0.6  0.4591(2) 1/4 0.5058(6) 0.207(1)  0.037(2)  0.792(2) 0.012(2) 14  0.404(2)

0.7  0.4548(3) 1/4 0.5060(6) 0.206(2)  0.041(2) 0.794(2) 0.010(2) 1/4  0.403(2)

0.8  0.4501(2) 1/4 0.5077(5) 0.209(1)  0.044(1)  0.791(1) 0.006(2) 1/4 0.397(2)

0.9  0.4463(1) 1/4 0.5118(2) 0.2037(9) 0.047(1)  0.796(1) 0.010(1) 1/4  0.393(2)

1.0 0.4446(2) 1/4 0.5132(3) 0.203(1) 0.048(1) 0.797(1) 0.013(2) 1/4  0.396(2)

Table 3.6 Bond distances (A) and angles (°) fdnanttombic LaCe,RhOs
(0.2<x<1.0).
x=0.2 x=0.3 x=04 x=0.5 x=0.6 x=0.7 Xx=0.8 x=0.9 x=1.0

M-O1,2x 1.965(4) 1.978(3) 1.985(3) 1.995(4) 2.007(4) 2.@p1( 2.027(4) 2.036(4) 2.044(4)
M-O1,2x 1.961(4) 1.973(3) 1.985(3) 1.994(4) 2.012(4) 2.@31( 2.036(4) 2.059(4) 2.059(4)
M-02 1.929(1) 1.956(2) 1.975(3) 2.015(4) 2.030(3).03B(3) 2.048(3) 2.058(3) 2.058(3)
La-01, % 2.59(2) 2.58(2) 2.64(2) 265(1) 2.70(2) 2.68(2) 3§  2.63(1) 2.63(1)
La-01, % 2.80(2) 2.81(2) 2.76(2) 275(1) 270(2) 2.73(2) 5¥F  2.76(1)  2.77(1)
La-O1, % 2.46(1) 2.428(9)  2.432(9) 2.445(8) 2.438(8) 2.428(82.448(8) 2.414(6) 2.411(8)
La-01, % 3.12(1) 3.203(9) 3.250(8)  3.291(8) 3.347(8) 3.406(83.432(8) 3.508(6) 3.531(8)
La-02 2.61(1) 2.59(1) 2.56(1) 257(1) 2547(9) P55 2.58(1) 256(1)  2.54(1)
La-02 2.74(3) 2.50(1) 2.46(2) 2.32(2) 2291) 2139( 2.26(1) 227(1)  2.30(1)
La-02 2.82(1) 2.90(1) 2.97(1) 305(1) 3.11(1) 316( 3.19(1) 3.26(1)  3.29(1)
La-02 2.75(3) 3.01(1) 3.07(2) 3.23(2) 3.28(1) 3139( 3.31(1) 3.32(1)  3.29(1)
01-M-01  92.2(1) 92.1(1) 91.6(1) 91.3(1) 90.9(1) O) 90.8(1)  90.6(1)  90.5(1)
01-M-02  100.1(7)  93.6(6) 91.7(7) 91.9(7) 93.06) .}B) 92.8(5) 925(4) 91.7(5)
01-M-02  100.5(6)  94.4(5) 92.0(6) 90.9(6)  92.2(5) .0¢3)  90.5(4)  90.5(3)  90.4(4)
M-O1-M  158.5(6) 157.1(5) 156.8(5) 156.3(4) 154.7(5152.9(4) 153.0(4) 150.7(3) 150.1(4)
M-O2-M  177.9(5) 163.8(8) 160.4(5) 151.7(5) 149.5(70149.3(7) 147.5(6) 146.3(5) 147.2(6)

88
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Rh are in good agreement with the intended sulistitulevels. Detailed
crystallographic results for Lag@RhO3 are available in Tables 3.5 and 3.6. The
correctness of our assignments of ¢handc axes was verified by comparison with
refinements whera andc were interchanged.

The most common perovskite tilt structure is théhnathombic structure that we
describe in the Pnma space group [68]. Howeves tilh structure normally converts
to a tilt structure of higher symmetry with incresst before finally converting to the
ideal cubic structure with no tilting. For RM@hases where R is a trivalent rare earth
cation, the Pnma orthorhombic structure transfotona rhombohedral tilt structure
with increasing [69, 88]. Such behavior occurs for M = Co, Nidah as the size of
the rare earth cation increases [69]. However reefthe transformation to
rhombohedral, there is a crossover of the cell gadgehe orthorhombic phase such
thata = ¢ = b/+/2 at the crossover point. The diffraction patterrthés point can be
indexed as cubic even though the true symmetry irmmarthorhombic. Tilting of
ideal octahedra in Pnma necessarily results in b/+/2 > c. This is the order
observed for the lower values ©fbut after the crossover with increasinthe order
becomesa < b/+/2 < c. This order can only be achieved through a distorof the
MOg octahedra, and a deviation of O-M-O angles of drilfrom 90° can account for
the crossover [89].

The behavior that we observe for LaGRh:O; phases with changing is thus
analogous to that reported for RM@hases. A« for LaCa «RhO; phases decreases

t increases, and there is first a crossover of ttiediombic cell edges
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Figure 3.22 Cell edges and tolerance fattaiculated by SPuDS (a), and observed
and predicted tilt angles calculated by Tubers@iRdDS, respectively (b).

and then a transformation to a rhombohedral stract$&PuDS software calculates
cell dimensions and tilt angles based on catioessand an assumed tilt structure with
ideal octahedra [90]. These values calculated ®RuDS for the LaGgRhOs3 solid
solution are shown in Fig. 3.22. As expected, SPpedicts a monotonic decrease
of cell edges with decreasixgand a smooth transition to cubic symmetry. Itncdn
predict the crossover because the crossover casowtr for the ideal octahedra
assumed by SPuDS. The observed crossover poibafon RhO; occurs ak = 0.5
where there are equal amounts of Rh and Co. Thieeastrain caused by the

orthorhombic distortion has become zero at thesoneer point (Fig. 3.23). When the
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octahedra become distorted, there is no longereaiga definition of the tilt angle.

However, using the equations of O’Keeffe and Hy@iH [
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0.000 |- .

0.0 01 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1.0
Rh, x

Figure 3.23 Compositional dependence of latticairs{2@” + b® + ¢ —ab —bc —
ca)/3a2]' caused by orthorhombic distortion.

the tilt angles (Fig. 3.22) were calculated fronr cefined O positions using Tubers
software [90]. The slopes of the tilt angle xsurves are essentially the same from
SPuDS and Tubers, but the values calculated fronrefined structures are always
somewhat higher.

An x value for the crossover of 0.5 might seem a meirctence, except that
such behavior has been previously observed in thgSERUO; system [92]. The
orthorhombic Pnma structure exists for all valuéx @ this system, but there is a
crossover ax = 0.5 where there are equal amounts of La ansi&o&Ru* and Rd".
This suggests the possibility that the crossovémtpaf x = 0.5 in both systems is not
accidental and merits a more intensive study. Vhlee oft is the same at the

crossover point for both LaG@RhOs; and LaxSKRuQ;, 0.96 as calculated by
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SPuDS. However, the crossover point for the RN$@ries is found for NdNi©

where the value dfis 0.92 as calculated by SPuDS [69].

Bond distances and bond angles vs. compositionL&®o, ROz phases are

shown in Fig. 3.24 and 3.25. We know that thegd@ahedra must be
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distorted on the Co rich side of the crossoversoate distortion is also expected on

the Rh rich side because such distortion has kegorted for LaRh®[87]. We

observe an increase in octahedral distortion waitrelsing and increasing and the

distortion becomes more pronounced with regardth bond angles and M-O

distances on the Co rich side of the crossovee shorter M-O distance along the
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axis atx = 0.2 is suggestive of orbital ordering for’&dout further studies would be

required to establish this. We cannot assumetieabxidation states of Co and
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Figure 3.25 Bond angles vsin LaCao xRhOs.
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Rh are +3 in the solid solution. In the case eflthCS'O;— CaR(t* O3 solid solution,

the oxidation states are €oand R4 for the composition LaCaCoRg¢d93].

Furthermore, evidence is found at this composif@rorbital ordering for C8. The

electronic configuration otF’des for high spin C&' favors a tetragonal distortion of an

octahedron to produce 4 long and 2 short M-O destsnas observed in LaCaCoRuO

and apparently also at low values in orthorhombic LaGgRhO3; phases. No

configuration of C8' is expected to give such a distortion. This digin of the
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octahedra is facilitated in the loworthorhombic LaCoRhOs phases because the

octahedron must be distorted on that side of thestaver.

3.5.2.2 Electrical Properties

Both RK* and C3* ared® cations. For RH oxides the low spin state always
pertains due to the gap of about 2.2 eV betweernthend e, bands. Thus, Rh
oxides are insulating with room temperature restis higher than 10Qcm unless
they are doped, which may be inadvertent [44]. iDgppr nonstoichiometry can lead
to holes in the,g band or electrons in they band, thus giving either p-type or n-type
conductivity. The gap between thg andey bands in C8 oxides is much less than
for Rh** oxides. At the lowest temperatures all of theeBectrons for LaCo@are in
the tog levels, which are filled giving low spin o The gap to they levels is so
small that electrons from thigy levels are excited into these levels with incregsi
temperature [94]. On reaching 640 K there areakgmounts of low spin and high
spin CA*. The excitations of electrons froty to e, levels do not necessarily occur
on the same Co atom. Thus, this excitation crestese C6" and C4*, and this is
believed to be an important aspect of the condogiimcess in LaCo§)94]. As Rh
is substituted for Co we see an increase in registilue to the dilution of the 3d
electrons (Fig. 3.26).

The situation is much simpler on the Rh rich endtlhed LaCqxRhO3 solid

solution. The observed electrical conductivity xor 1.0 (Fig. 3.26) is due to holes in
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the Rh 4 t,y band. The drop in both resistivity and Seebeosffment is most
pronounced for the first 10% replacement of CoRbr especially noticeable at higher
temperatures (Fig. 3.26). The increase in condigtvith the 10% Co substitution

indicates that Co is an effective p-type dopantfaiRhQ. This is equivalent to the
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Figure 3.26 Temperature dependence of the Seebetfkcaent (a) and electrical
resistivity (b) for LaCexRhOs.

conversion of RH/Co*" to RH/Co™. The positive deviation from linearity of the
unit cell volume vs. composition plot (Fig. 2(b)arc now be explained because a
Rh*/Co?* combination occupies more space than &"Rio®* combination. The

radius sum for RH/Co®* is 1.35 A compared to a radius sum for#RBo*" of 1.21 or
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1.27 A, depending on whether €ds low spin or high spin [65]. The positive
deviation in Fig. 3.21(b) suggests that some caiwrrof RH*/Co*" to RH*/Co**
occurs over the entire range where both Co andrRIpeesent. This is thus a very
complicated region where Rh RH", C&*, Co™*(low-spin), and C¥ (high-spin) are
all present, and their relative amounts are likdlgnging with temperature.

The Seebeck coefficient behavior we find for LaGo@th a crossover from
negative to positive values at about 450 K is @b that reported by He, et al. [79].
With increasing Rh substitution and increasing stesty, the Seebeck coefficient

(Fig. 3.26) also increases.
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Figure 3.27 Temperature dependence of the theromauctivity (a) and
dimensionless figure-of-merit ZT (b) for LaC&RhOs.
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The temperature dependence of thermal conductawity ZT for LaCeRhOs (X
= 0 to 0.5) phases are shown in Fig. 3.27. Thenthkrconductivity of LaCo@
reported here is consistent with previous repdf€s P5, 96]. Substitution of Rh for
Co decreases the thermal conductivity dramaticélging the Wiedmann-Franz law,
x = LoTlp (where Iy = 2.44x 10® V¥K?) and our experimental results, the electronic
contribution to the thermal conductivity was caéted for LaCo@ (~ 13 % at ~520
K) and LaCaxRhO3; wherex = 0.1 to 0.5 (9.5%, 6.5%, 4%, 2.5%, 2% respectiat|
520 K ). The electronic contribution to the thernwnductivity increases with
increasing temperature. Thus, the lattice thernoaldactivity is important and the
introduction of Rh suppresses the electronic cbation to the total thermal
conductivity. This reduction may be attributed necreased phonon scattering due to
the lattice disruption caused by having *RhRH", Cd&*, Cc*(low-spin), and
Cc**(high-spin) all occupying the octahedral sites. Tlkege changes in the
thermopower, resistivity, and thermal conductivdagcur consistently in the same
temperature range. An increase in the ZT occurddfoRhO; phases ax
increases to 0.5 (Fig. 3.27). In all cases ZTaases with increasing temperature. A
ZT of ~0.075 is obtained for LaGeRhy 503 at 775K. It is expected that the ZT of this

sample may reach as high as 0.1% at1000 K based on best fit approximations.

3.5.2.3 Magnetic Properties

The magnetic properties of LaCg¢8ave been previously investigated by many
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groups. The I¥ vs. T plot (Fig. 3.28) for LaCo® might suggest Curie-Weiss

behavior abovéll50 K. However, we know that there is actuallyt@mperature
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Figure 3.28 Magnetic susceptibility (a) and ineessisceptibility (b) for LaGo
xRhO3 measured at 0.5 Tesla.
region of Curie-Weiss behavior for LaCe@OThis is because the relative amount of
high spin C8" is steadily increasing with increasing temperaturéhe situation
becomes even more complex in the LaghOs solid solution because Bh RH",
Cc?*, Co**(low-spin), and C¥'(high-spin) are all present, and the relative an®of
these species are likely temperature dependentaett eomposition. Thus, an

interpretation of the plots as Curie-Weiss behaigarot possible.
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3.5.3 Effect of Sr on the thermoelectric performane of LaCo,.sRhxO3

In an effort to improve the thermoelectric propestiof Rh substituted
LaCoG;, samples were also prepared with Sr substitutborLé. All Sr substituted
samples were indexed with an orthorhombic structui previous report by
Androulakis, 2004, showed that slight Sr substitatiof the A site in LaCo®
significantly improved the&ZT from negligible toZT ~ 0.18 at room temperature
[73]. A later report by Iwasaki, 2008, was unalde¢produce the high ZT at room
temperature and observed a value of ZT = ~0.04&aus[95]. It should be noted
however, that these reports are different by tlee@ssing method and may provide
a key to the importance of grain size on the thelextric properties.

The Seebeck coefficient (Figure 3.29) is large aoditive for all samples
indicating again holes as the conduction meansxj®ected, when Sr is present in
the structure, there is no transition from negativgosititive Seebeck coefficient
for x = 0.1 due to the increased number of holethenconduction band. A gradual
decrease in the Seebeck coefficient over the temtyer range can be seen for all
samples, but is higher than that reported, agaowsiy that the Rh substitution
increases the overall Seebeck character. Increase Seebeck coefficient have
also been reported elsewhere [59]. These valuesemsonable considering the
observed values by Iwasaki for d&Sr 0sC0o0Os. Sr substitution decreases the
resistivity (Figure 3.29) considerably in all samplcompared to LaCaPand are

semiconducting similar to Rh substituted samplesn@es containing Sr are better
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Figure 3.29Temperature dependence of the Seebeck coeffic@rtnd electrical

resistivity (b) for La.,Sr,Co;.xRhO3 samples from 300 to 800 K.

conductors at lower temperatures, but do not shoeh substantial differences at

high temperatures. The commonly low values of thggawer in highly

conducting samples tend to yield lower power faxt@r and Rh co-doping may

provide a route around this trend. Thermal conditgtiand figure-of-merit of La

ySI,Co1xRNO3; are shown in Figure 3.30. Sr substitution decrgates total

thermal conductivity of all samples in LaC&h,O3; compared to samples without

Sr. From experimental values, the calculated ed@etrcontribution to the total
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Figure 3.30 Temperature dependence of the thermal conductiygy and

dimensionless figure-of-merigT, for La;.,Sr,Co0:.xRhO3 from 300 to 800 K

thermal conductivity was 26.75%, 12.75%, 5.75% &an®% for La.,SCoRhOs3

where y = 0.05 and x = 0.1, 0.2, 0.3 and y = 0rddra= 0.5 respectively. The values

represent increases in the electronic contribugind are similarly observed in other

A-site  to substituted samples [79]. This contridtwould correspondingly be

attributed the reduction of the lattice thermal dactivity through lattice strain from

A-site disorder in addition to B-site disorder ghd combination of several oxidation
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states and spin states for Co and Rh. As can be #8e=ZT is improved for all Sr
substituted samples in the full temperature rargepared to LaCo® A peak in the
ZT is observed at ~ 425 K for all Sr substituted despefore decreasing and again
increasing. For LgpsShosCon R 103, a ZT = 0.045 is observed at 425 K
representing an improvement as the absence oftBeisame Rh compositions are all

well belowZT ~ 0.02.

3.5.4 Conclusions

We have no explanation as to why crossover oicé&fparameters occurs in
both the LaC@RhO; and La,SKRuUO; systems aix = 0.5, and perhaps this is
accidental. It is, however, the value xfwhere charge ordering is most likely to
occur. Charge ordering of Buand Rd" might seem a possibility in the L&rRuO;
system, but this will be impeded by the disordet@fand Sr on the A sites and by the
delocalized nature of thedZelectrons of Ru. Likewise, charge order wouldvbey
difficult in the LaCq xRhO3; system considering the likely simultaneous presesfc
Rh**, RH"*, €&, Co*(low-spin), and C¥'(high-spin) species. Furthermore, it is not
obvious how charge ordering might relate to thessower. There are no reported
structure refinements near the crossover for the,&gRuO; system, and our
structure refinements in the LaG&hO3; system are not very accurate. We plan to
refine structures close to the crossover pointath lsystems using neutron diffraction

data. This should also help define whether thera good basis for orbital ordering
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for C&®*. Although there is reason to believe that someversion of RA/Co®" to
Rh**/Co®* occurs in the LaGgRhO; system, the degree to which this occurs is
uncertain. Resolving this would be a very challeggspectroscopic study. Our
transport measurements indicate that increasindiuhoin the LaC@RhO3 system
improves thermoelectric properties, and Sr suligiiuin this system improve the

thermoelectric properties at lower temperatures.

3.5.5 Experimental

Polycrystalline samples of LaggRhO; (x = 0 - 1) were synthesized using
traditional solid state methods. Starting mater@ld.a03 (Aldrich 99.9%), SrC@
(Aldrich 99.9+%), CgO, (Alfa Aesar 99%), and RBs; were mixed thoroughly in
appropriate ratios. R®; was obtained by the oxidation of RHUMC 98%) in an
oxygen gas flow at 700°C for 12 hours.,0g was dried at 850°C overnight and
SrCo3 was dried at 80°C 3-5 hours before weighige mixed powders of starting
materials were calcined at 1200°C for 12 hourdrinvdh ramp rates of 300°C/hr. The
samples were reground and sintered twice in alr2&0°C for 12 hours with a ramp
up rate of 150°C/hr and a ramp down rate of 100°A/ARhG was prepared by
heating at 1200°C in an oxygen gas flow. The rehgewders were cold pressed
before sintering. Powder X-ray diffraction data evepllected with a Rigaku MiniFlex
Il powder diffractometer using Cucdkradiation and a graphite monochromator on the

diffracted beam. The electrical resistivities areklseck coefficients were measured
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from 300 to 800 K by a standard four-probe techaiguith a ULVAC-ZEM
themoanalyzer in a He atmosphere. The Seebeckiaerff was measured with
constantan as a reference. The absolute uncertaibiyth parameters is estimated to
be below 5%. The thermal conductivity was determhinsing a Netzsch Laser
Microflash with reference material of graphite-@mhtPyroceram for diffusivity and
the heat capacity was assumed to be that of LgCole samples were measured
without graphite coatings. Magnetism was measurigd asPPMS Physical Property

Measurement System from 5 to 300 K under an egpield of 0.5 Tesla.

3.6 References

1. A. Navrotsky, D.J. WiednePerovskite: A Sructure of Great Interest to
Geophysics and Materials Science, American Geophysical Union, Washington,
D.C., 1989; vol 45, pp xi.

2. P.M. WoodwardStructural Distortions, Phase Transitions, and Cation
Ordering in the Perovskite and Tungsten Trioxide Structures, Ph.D. Thesis,
Oregon State University, Corvallis, OR, 1996

3. R. H. Mitchell.Perovskites-Modern and Ancient, Alamaz Press Inc.: Ontario,
Canada, 2002

4. W. D. Kingery, H. K. Bowen, D. R. Uhlmanimtroduction to Ceramics, 2nd
ed.; John Wiley & Sons: New York, 1976

5. M. A. Subramanian, D. Li, N. Duan, B.A. Reisn&r\W. SleightJ. Sol. Sate
Chem., 151 (2000) 323

6. A.R. WestBasic Solid State Chemistry, 2nd ed.; John Wiley & Sons: New
York, 1999

7. B. Raveau, A. Maignan, C. Martin, M. Hervi€hem. Mater., 10 (1998) 2641

8. N.S. Rogado, J. Li, A.W. Sleight, M.A. Subranaax) Adv. Mater. 2005, 17,
2225-2227



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

105

A.W. Sleight, J.L. Gillson, P.E. Bierdstefit|id Sate Comm., 17 (1975) 27
V.M. GoldschmidtNaturwissenschaften 14 (1926) 477

H. Guo, J. Burgess, S. Street, A. Gupta, TC&varese, and M. A.
Subramanianippl. Phys. Lett., 89 (2006) 022509

H. Guo, A. Gupta, T. G. Calvarese, and M. #br@manianAppl. Phys. Lett.,
89 (2006) 262503

M. Hashisaka, D. Kan, A. Masuno, M. Takana ¥n ShimakawaAppl. Phys.
Lett., 89 (2006) 032504

S. Zhou, L. Shi, H. Yang, and J. ZhAppl. Phys. Lett., 91 (2007) 172505

K. D. Truong, J. Laverdiere, M. P. Singh, &dl, and P. FournieRhys. Rev.
B, 76 (2007) 132413

M. P. Singh, K. D. Truong, and P. Fournfgmpl. Phys. Lett., 91 (2007) 042504

M. P. Singh, C. Grygiel, W. C. Sheets, P. BouylM. Hervieu, W. Prellier, B.
Mercey, C. Simon, and B. Ravea&ppl. Phys. Lett., 91 (2007) 012503

M. P. Singh, S. Charpentier, K. D. Truong, 8adrournierAppl. Phys. Lett., 90
(2007) 211915

S. F. Matar, M. A. Subramanian, A. Villesuzeany. Eyert, and M. H.
Whangbo,J. Mag. Magn. Mater., 308 (2007) 116

M. N. lliev, H. Guo, and A. Guptappl. Phys. Lett., 90 (2007) 151914

M. N. lliev, M. V. Abrashev, A. P. Litvinchuk/. G. Hadjiev, H. Guo, and A.
Gupta,Phys. Rev. B, 75 (2007) 104118

H. Z. Guo, A. Gupta, J. Zhang, M. Varela, &d. Pennycooldppl. Phys.
Lett., 91 (2007) 202509

P. Padhan, H. Z. Guo, P. LeClair, and A. Gujpal. Phys. Lett., 92 (2008)
022909

H. Z. Guo, J. Burgess, E. Ada, S. Street, épt&, M. N. lliev, A. J. Kellock, C.
Magen, M. Varela, and S. J. Pennycdelkys. Rev. B, 77 (2008) 174423



25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

106

H. Das, U. V. Waghmare, T. Saha-Dasguptal[arid. SarmaPhys. Rev. Lett.,
100 (2008) 186402

N. S. Rogado, J. Li, A. W. Sleight, and M.S\ibramanianAdv. Mater., 17
(2005) 2225

R. I. Dass, J.-Q. Yan, and J. B. GoodenoBbjis. Rev. B, 68 (2003) 064415
W. Eerenstein, N. D. Mathur, and J. F. Sdddture, 442 (2006) 759

M. T. Haque, H. Satoh, and N. KamegasHiralloys Compd., 390 (2005) 115
M. T. Haque and N. KamegashilaAlloys Compd., 395 (2005) 220

M. T. Haque, H. Satoh, and N. Kamegasitater. Res. Bull., 39 (2004) 375
M. T. Haque, H. Satoh, and N. Kamegasiitater. Lett., 58 (2004) 1571

C. Schinzexr]. Phys. Chem. Solids, 61 (2000) 1543

R. C. Currie, J. F. Vente, E. Frikkee, and DWV. ljdo,J. Solid State Chem., 116
(1995) 199

A. V. Powell, J. G. Gore, and P. D. BatfleAlloys Compd., 201 (1993) 73

J. Blasco, M. C. Sanchez, J. Perez-Cachaiti&; G. Subias, and J. Campo,
Phys. Chem. Solids, 63 (2002) 781

C. L. Bull, D. Gleeson, and K. S. KnightPhys.: Condens. Matter, 15 (2003)
4927

J. B. Goodenoughi, Phys. Chem. Solids, 6 (1958) 287
J. Kanamori). Phys. Chem. Solids, 10 (1959) 87
R. I. Dass and J. B. Goodenoughys. Rev. B, 67 (2003) 014401

M. Filippi, B. Kundys, R. Ranjith, A. K. Kundand W. PrellierAppl. Phys.
Lett., 92 (2008) 212905

G. Catalanippl. Phys. Lett., 88 (2006) 102902

J. F. Scott]. Mater. Res., 22 (2007) 2053



44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54,

55.

56.

S57.

58.

59.

107

H.S. Jarrett, A.W. Sleight, H.H. Kung, J.LIg6n,J. Appl. Phys., 51 (1980)
3916

L. Giebeler, D. Kiebling, G. WendEZhem. Eng. Tech., 30 (2007) 889

H. Mizoguchi, M. Hirano, S. Fujitsu, T. TakéiicK. Ueda, H. HosondAppl.
Phys. Lett., 80 (2002) 1207

I. Terasaki, N. Murayama (Ed<Jxide Thermoelectrics, Research Signpost,
Trivandrum, India, (2002)

T. Kyomen, Y. Asaka, M. Itolthys. Rev. B, 67 (2003) 144424
M.A. Senaris-Rodriguez, J.B. Goodenoult¥olid Sate Chem., 118 (1995) 323
K. Kurosaki, H. Muta, M. Uno, S. YamanaliaAlloys Comp., 315 (2001) 234

T. Seetawan, V. Amornkitbamrung, T. BurinprakhS. Maensiri, K. Kurosaki,
H. Mutab, M. Uno, and S. YamanakhAlloys Comp., 407 (2006) 314

H. Kuriyama, M. Nohara, T. Sasagawa, K. Taktlbdizokawa, K. Kimura, H.
Takagi,International Conference on Thermoelectrics (2006), 25th(Pt. 1), 97-
98

H. Mizoguchi, W. J. Marshall, A.P. Ramirez)M.Sleight, and M.A.
Subramanian). Solid State Chem., 180 (2007) 3463

H. Mizoguchi, A.P. Ramirez, L. N. Zakharov\A. Sleight, M.A. Subramanian,
J. Solid State Chem., 181 (2008) 56

H. Mizoguchi, L. N. Zakharov, A. P. Ramirez, W. Sleight, M. A.
Subramaniannorg. Chem., 48 (2009) 204

H. Mizoguchi, L. N. Zakharov, W. J. Marsh&l, W. Sleight, M. A.
SubramanianChem. Mater., 21 (2009) 994

K. Hayashi, T. Nozaki, T. Kajitanlap. J. Appl. Phys., 46 (2007) 5226
S. Shibasaki, W. Kobayashi, |. Terasikiys. Rev. B, 74 (2006) 235110

S Shibasaki, Y Takahashi and | Terasalhys.: Condens. Matter, 21
(2009) 115501



60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

7.

78.

108

K.-S. Kwong, Andrew E. Smith, M.A. Subramaniifat. Res. Soc. Symp. DD:
Thermoelectric Materials, (In press: vol. 1267) (2010)

C. Schinzeq]. Alloys Comp., 288 (1999) 65
P.D. Battle, J.F. Vent&, Solid State Chem., 146 (1999) 163
C. Schinzer, and G. DemazeaWlater. Sci., 34 (1999) 251

C. Zobel, M. Kriener, D. Bruns, J. Baier, Mu@inger, T. LorenzPhys. Rev. B,
66 (2002) 020402

R.D. ShannorActa Cryst. A, 32 (1976) 751
A.M. GlaserActa Cryst. B, 28 (1972) 3384
P.M. WoodwardActa Cryst. B53 (1997) 32
P.M. WoodwardActa Cryst. B, 53 (1997) 44

P. Lacorre, J.B. Torance, J. Pannetier, AakzZdl, P.W. Wang, Y.C. Huang,
Solid Sate Chem., 91 (1991) 225

Y. Zhao. Solid State Chem., 141 (1998) 121

A. Yoshiasa, D. Sakamoto, H. Okudera, M. Ohkdtv Ota Mat. Res. Bull., 38
(2003) 421

F. C. Galasso, Perovskites and High Tc Superatiors, Gordon and Breach
Science Publishers, New York, 1990

J. Androulakis, P. Migiakis, J. Giapintzaldgpl. Phys. Lett., 84 (2004) 1099
Y. Wang, Y. Suia, J. Cheng, X. Wang, W. SuAlloys Compd., 477 (2009) 817
K. Kurosaki, H. Muta, M. Uno, S. YamanaldaAlloys Compd., 315 (2001) 234

T. Seetawan, V. Amornkitbamrung, T. BurinprakhS. Maensiri, K. Kurosaki,
H. Mutab, M. Uno, and S. YamanakkAlloys Compd., 407 (2006) 314

T. M. Tritt, M. A. Subramaniafat. Res. Soc. Bull., 31 (2006) 188

A. E. Smith, A. W. Sleight, M. A. Subramaniht. Res. Bull., 45 (2010) 460



79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

109

T. He, J. Chen, T.G. Calvarese, M.A. Subraagiblid Sate Sci., 8 (2006)
467

S. Shibasaki, Y Takahashi and I. Terashlg]ectronic Mat., 38 (2009) 1013

M. Kriener, C. Zobel, A. Reichl, J. Baier, Bwik, K. Berggold, H. Kierspel, O.
Zabara, A. Freimuth, and T. Lorer2hys. Rev. B, 69 (2004) 094417

P.R. Watson, G.A. Somorjdi,Catal., 74 (1982) 282

N.N. Lubinskii, L.A. Bashkirov, G.S. PetroVSSchevchenko, I.N.
Kandidatova, M.V. BushinskiGGlass and Ceramics, 66 (2009) 59

A.C. Larson, R.B. Von Dreele, “General Struetdnalysis System (GSAS),”
Los Alamos National Laboratory Report LAUR 86-720Q4)

B.H. Toby, EXPGUI, a graphical user interféfmeGSAS,J. Appl. Cryst., 34
(2001) 210

K.A.Gschneiderner, G.H. VineyaAppl. Phys., 33 (1962) 3444.

R.B. Macquart, M.D. Smith, H.C. zur Loyéryst. Growth Design, 6 (2006)
1361

J.-S. Zhou, J.B. Goodenougiys. Rev. Lett. 94 (2005) 065501

P.M. Woodward, T. Vogt, D.E. Cox, A. Arulrg},N.R. Rao, P. Karen, A.K.
CheethamChem. Mater., 10 (1998) 3652

M.W. Lufaso, P.M. Woodwardcta Cryst. B, 57 (2001) 725

M. O’Keeffe, B.G. HydeActa Cryst. B., 33 (1977) 3802

R.J. Bouchard, J.F. WeihdrSolid Sate Chem., 3 (1972) 80

J.W.G. Bos, J.P. Attfield, L.-Y. JarRjys. Rev. B, 72 (2005) 014101

M.A. Senaris-Rodriguez, J.B. Goodenouplolid State Chem., 116 (1995) 224

K. lwasaki, T. Ito, T. Nagasaki, Y. Arita, Moshino, T. Matsuiy). Solid Sate
Chem., 181 (2008) 3145

C. G. S. Pillai, A. M. Georgént. J. Thermophys., 4 (1983) 183



110

Chapter 4

Effect of Cation Substitution on the Structure, Magetic, Electrical
and Optical Properties of Hexagonal YMnQ Based Oxides

4.1 Abstract

In this chapter we discuss the synthesis and pdlygioperties of some new
hexagonal oxides based on YMnGror the first time, we have prepared complete
solid solutions in YIN@ — YMNnOs, YAIO3 — YMNnOs and YCuysligs03 — YMNOs
systems. The YIn®@— YMnO; solid solution was found to exhibit an interesting
change in the structure and thus correspondingeptiep. We have discovered that a
surprisingly intense bright-blue color is obtainetien Mri* is introduced into the
trigonal bipyramidal sites of metal oxides. We alisea blue color over much of the
YIn1xMn,O;3 solid-solution range, in spite of the fact thah® and YMnQ are white
and black, respectively. We conclude that the lbhler is a consequence of both the
crystal field splitting associated with the trigbrmpyramidal coordination and the
short apical Mn-O bonds. In addition, the magnetielectric, and thermodynamic
properties of In substituted YMnrQvere investigated to elucidate the suppression of
the multiferroic phase developing below.T We find that the magnetodielectric
coupling associated with the multiferroic phases{®s in the In substituted samples,
but that '\ decreases approximately linearly with increasingraction. We have
found that there is a significant enhancement i itiegnitude magnetocapacitive
coupling with In substitution, although the signtbis coupling varies with x through

some mechanism that is not at all clear at this.tim
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The co-substitution of CGii and Tf* (in equal quantities) into the hexagonal
YMnO3; compound at the Mn site yielded the hexagonalcsira. All Mn
compositions were black. Suppression of magnegigsitions are observed upon co-
doping of Cu/Ti into YMnQ, and this is comparable to previous reports ofl@aand
Cu/Mo substitutions. The Neel temperatures detezthiinom magnetic susceptibility
and capacitance measurements agree well for vdhopping from 73.1 K to 45.5 K
to 10.5 K for x = 0, 0.2 and 0.4 respectively. &idependent capacitance is needed to
properly asses these materials as magneto-elestiitferroics. Al substitution into
pale green YCusTiosOs3 enhanced the color resulting in an intense gré€astical
measurements agree well with the observed color aardconsistent with optical
properties observed for YiaMn,Os.

In light of our discoveries in YMnO3 as a blue chromophore, it was
determined that the cost of such materials as pignis hampered mainly by the
expense of indium. Our initial interest in YA{Qalso having the hexagonal structure,
was for use as a platform for cheaper blue inopigments, as the cost of Al much
less compared to In. The structure of YAlChowever, has not been recently
addressed, and a close investigation of the labkbaty structural description revealed
improper bond valence values. Our investigationtRe$pectroscopy, acid tests, and
TGA concluded that a GOgroup is likely present in the basal plane, arat for
YAIO; and Mn substituted compositions, the formulas tm@ynore properly written

as YA|Q3_x(C03)X and YAll_anxO3_y(CO3)y.
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4.2 Introduction

In recent years, there has been a renewed interestltiferroic materials based
on perovskites and hexagonal structures. This estestems from the potential
applications ranging from multiple state memoryngdats, transformers, transducers
and spintronics, to current controlled magnetiozga] GMR reed heads and magnetic
field sensors [1, 2]. Multiferroism is a generaintefor a class of materials having
more than one of the ‘ferroic’ properties; ferromagism (incuding
antiferromagnetism or ferrimagnetism), ferroeletyi and ferroeleasticity. In
multiferroics, these properties generally have a@ongt coupling where the
magnetization (M), electric polarization (P), artdh# () can be manipulated by a

magnetic field (H), electric field (E), and strés} respectively (Fig. 4.1).

Magnetoelasticity

Figure 4.1 Interrelationships of the propertiesnofitiferroics; ferromagnetism,
ferroelectricity, and ferroeleasticity. AdaptedrfrdN.A. Spaldin et al [2].
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In a ferroic material, M, P, ar occur spontaneously resulting in ferromagnetism,
ferroelectrcity, or ferroelasticity, respectivelyThose materials possessing
ferromagnetism (a linear change in the magnetimad®a result of an applied electric
field) and ferroelectricity (a linear change in th@arization as a result of an applied
magnetic field) are known as magnet-oelectric rfaritdbics. Multiferroics are
exceedingly rare materials with few existing inuratand few synthesized in the
laboratory. The difficulty in preparation is due ttee contradicting properties where
magnetism arises from partially filled atomic oatst @" where n = 1 — 9) and electric
dipoles arise from either empty or filled atomiditals @" where n = 0, 10) and/or
where electron lone pairs are present. These pgrepare thus considered chemically
incompatible.

Nickel lodine boracite, (NB,O13l) was the first material to show multiferroism
with ferroelectric and ferromagnetic behavior ceéirg below 64 K [1]. There has
since been a heightened interest in discoveringelnawaterials with such
magnetoelectric coupling. Some of the better knematerials include BiMn@[3],
BiFeO; [4], PCoWGs [5], RMn:Os [6], and RMNnQ [7] (R = Y and Dy — Lu) [8], all
of which have the perovskite or hexagonal structBieeQ;, a perovskite, is currently
the only material to exhibit coupling between theagmetic and electric order
parameters above room temperature (AFM 643 K, FID K.

Rare-earth manganites of the RMnformula, where R is trivalent, crystallize in
two structures depending on the ionic radius of rdre earth. For those rare earths

with large ionic radii, La — Dy, the orthorhombi®r(ma) perovskite structure is
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prevails, and for those rare earths with smalldgadii, Y and Ho — Lu, the hexagonal
(P6scm) structure is prevails. When R = La — Dy, RMii@s the orthorhombically
distorted perovskite structure, Figure 4.2, with *Mroccupying an octahedral
coordination with oxygen. The octahedral coordmatihowever, is not ideal due to
the Jahn-Teller effect of Mf which causes orbital ordering. A cooperative ot
distortion of the polyhedra is due to the size naigrh between the bond lengths of

Mn-O and R-O. These octahedra are corner connacgdhare a Mn-O-Mn bond

Figure 4.2 Orthorhombic structure for RMnO3 oxidd®ere R = La — Dy. Green
spheres are Rcations, Red spheres are oxygen cations, and Mip@sthe center of
the octahedra, light grey.

angle generally less than 180°. This supports afiraat magnetic exchange
interaction that results in antiferrmagnetic ordgri In addition, paraelectric and

antiferroelectric ordering temperatures are alsseoked and occur from 40-140 K [9,

10].
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Despite the similar formula to perovskites, RMn@here R =Y, Dy — Lu, have
the hexagonal (B6m) YAIO; structure [8]. This structure has distinct diffeces in
comparison to the AM@perovskites and can be described as corner shaéad
trigonal bipyramids sheets with unique apical oxygens connected to RO

polyhedra Figure 4.3.

01 apical

02 apical

Figure 4.3 Representation of the asymmetric hexalgéMnOs structure with unique
atoms labeled. Note the displaced Y1 and Y2 atomasthe unique coordination of
Mn** in rotationally distorted Mn©polyhedra.

The Mr* ions occupy the barycenter of trigonal bipyramitsg form a triangular
network separated from adjacent layers by apicggen ions and intervening yttrium

ions. Below the ferroelectric ordering temperative MnG, polyhedra cooperatively

rotate displacing & ions along the c-axis. The existence of ferroeiity, generally
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requiring empty d-orbitals, is inconsistent with ¥rgd*) in which the d-orbitals are
partially filled. The displacement of’Ris considered to be the root of the ferroelectric
observation. The hexagonal RMa@R = Y and Dy - Lu) show a ferroelectric
polarization generally between ~ 550 K and 1000 akd an antiferromagnetic
ordering below ~ 100 K [7, 11, 12]. A wide range tbe FE ordering temperature is
suggested because of the difficulties in measurésytire to increased conductivity at
higher temperatures.

Due to the large magnetoelectric effect presentmianganate materials like
RMnO; and TbMnOs there have been extensive studies to realize #gneatic and
electric behavior. YMn@in particular has received a great deal of atbentiue to the
initial interest as a promising ferroelectric. Howe the coexistence of
ferroelectricity and antiferromagnetism, in additito the coupling between these
parameters, has made it a fundamentally importaatemal for the study of
multiferroic systems. In YMn®the antiferromagnetic Néel temperature is ~80K and
the ferroelectric Curie temperature is ~914K.

The fact that both YIn@and YGaQ are isostructural with YMn@and are also
ferroelectric [13, 14], demonstrates again that dhigin of ferroelectricity is not
related tod orbitals, a characteristic unlike most oxide feteatrics. Instead, the
origin of the spontaneous polarization parallethe c-axis (perpendicular to theb
basal plane) has been attributed to the displacenfeR®" ions relative to the basal
plane due to canting or buckling of the MtEigonal bipyramids. In YMng the Mr?*

ions in the MnQ@ polyhedra are located near the barycenter anddmoatl contribute
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to the polarization. In contrast, the polarizatfonnd in BaTiQ is due to Ti* offset
from the barycenter in the TiOpolyhedra, whereas in BiMnQCand BiFeQ@, the
polarization is caused by Bi lone pairs and Bi-(bidization [3, 4, 13]. It is also
interesting that the dielectric constant for YMn@h the a-b plane decreases
significantly near the Néel temperaturg, ¥ 80 K and not in the polar c-axis where it
would be expected. The magnetism observed in YMaOD~ 80 K arises from a
canting of the Mn® polyhedra along the basal plane and antiferrontagoedering
of Mn*" spins [9, 15]. In magnetoelectric multiferroickietmagnetic ordering is
generally driven by super exchange interactiong 3inength depends primarily on
the overlap of orbitals and is generally determibgdM — O — M bond angles and
bond lengths. Local distortions are induced by apglication of an electric field
which affects the ligand field and therefore théitad contribution to the magnetic
moment of the metal ions [16].

In view of the interest in the hexagonal RMn@hases as potential room
temperature multiferroic materials, there have beessny attempts to substitute
various cations on the A site. However, substingion the Mn site have only been
mildly considered. Substitutions include Fe, Co, @I, Ti, Ga, Cu, Cu/Mo, and Al
(Fig. 4.4). The amount of substitution is alwaysyvémited before the structure
converts from hexagonal to the rhombic or orthorbmmperovskite structure.
Interestingly enough, attempts to synthesize folids solutions between YGaQ
YFeO; and YAIG; with YMNnOg3 have all failed despite being isostructural [8, 13].

Figure 4.4 shows the substitutions allowed andélpective structure for those
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bars are unreported compositions or incompleteyaizat*Cu-Mo co substitution is a
3:1 ratio [8,17-26]

substitutions. It is interesting to note that thare no full solid solutions formed upon
substitution in YMnQ. The importance of substitutions with various @asi is that it
allows for structural tuning (i.e. bond angles, thdengths, and covalency) and
property specific tuning (orbital overlap, magnetisand electrical behavior). For
example, Ga doping in RMRQR = Y and Ho) increased the ferroelectric Curie
temperature and decreased the Néel temperature d@d] Fe doping increased the
Néel temperature [17]. It is thus necessary to tstded in detail the structural effects

of substitutions in order to fabricate materialstims structure with specific and

enhanced properties.
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4.3 Effects of Indium Substitution in YMnOs; Ceramics

We have investigated the effects of substitutingpimMn on the antiferromagnetic
phase transition in YMngusing magnetic, dielectric, and specific heat messents.
We prepared a set of isostructural phase pure lbeshd MnIn,O3 samples having
x=0 to x=0.9, which exhibit a systematic decreaséhe antiferromagnetic ordering
temperature with increasing In content. The medtdic phase, which develops below
Tn, appears to be completely suppressed for ¥.5 in the temperature range
investigated, which can be attributed solely todhetion of magnetic interactions as
the crystal structure remains hexagonal. Similarptevious reports, we find an
enhancement of the magnetocapacitive coupling hiah with non-magnetic ions.
In addition, we have discovered that a surprisinglgnse and bright blue color is
obtained when Mifis introduced into the trigonal bipyramidal sitdsnetal oxides.
We demonstrate this behavior by substituting Mn Ilforin hexagonal YIn@ and
obtain a blue color over much of the YlMn,O; solid solution range, in spite of the
fact that YInQ and YMnGQ are white and black, respectively. We show ¢hatue
color is obtained when M# is introduced into trigonal bipyramidal sites ither
layered oxides. We conclude that the blue cola onsequence of both the crystal
field splitting associated with the trigonal bipgriglal coordination and the short
apical Mn-O bonds. We expect that our results dld to routes for the development
of inexpensive, earth-abundant, environmentallyigrerhighly stable blue inorganic

pigments.
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4.3.1 Suppression of Multiferroic Order in Hexagon&dYMn 1.,InO3 Ceramics

4.3.1.1 Introduction

The hexagonal rare earth manganites, Ryiwidh R=Ho, Er, Tm, Yb, Lu, or Y,
have been widely studied because of their magresttved properties [27-32].
YMnOg3;, which develops ferroelectric order at1900 K and antiferromagnetic order
below Ty ~ 80 K, and is therefore multiferroic below,Thas been the subject of
numerous investigations exploring the nature ofrtfagnetoelectric coupling in this
class of materials. Early measurements on theeemure dependent dielectric
constant of YMn@ found clear anomalies associated with the antifeagnetic
transition, pointing to coupling between the feleatric and magnetic orders [27].
Optical studies on YMn® also find clear evidence for coupling between the
ferroelectric and antiferromagnetic domain wall®][2with measurements on the
related compound HoMn@lemonstrating control of the magnetic phase usiatatic
electric field [33]. The microscopic origins of tkpin-charge coupling in YMn{has
also been investigated in detail using Raman soaft¢34, 35] and magnetoelastic
measurements [32]. Raman studies on YMt@n films provide evidence for spin-
phonon coupling below NI [35], while neutron measurements of spin excitedio
highlight the importance of magnetoelastic couplimghis system [32]. Theoretical

studies on YMn@ point to the importance of the displacement of Y& ions [36],
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which is facilitated by hybridization of the Y 4dhitals with the O 2p orbitals and the
buckling of the Mn@ bipyramids [37].

Because the multiferroic properties of YMn@re relatively well understood, it is
illuminating to determine how the magnetic anddetectric characteristics change on
substituting on the both the Y and Mn sites. Téreokelectric distortion and magnetic
ordering are found to be suppressed when Zr replgd&], which also decreases the
carrier concentration [38]. The carrier concemratan be increased by replacing Y
with Mg or Li, the latter of which also produces akeferromagnetic behavior [38].
The magnetocapacitive coupling in YMa@ found to increase when Mn is replaced
by modest amounts of Ti [39] or Ga [20], althougkreasing the Ti content above
approximately 20% is found to suppress the fercagteP63cm structure in favor of a
centrosymmetric RS structure [39]. Previous studies have shown @atdoping,
which does not produce any change in crystal stractsignificantly affects the
magnetocapacitive coupling along the c-axis, wipteducing much more modest
changes for the dielectric constant measured pdmpédar to the c-axis [20].
Substituting non-magnetic Ga on the ¥insites slightly increases the Curie
temperature while systematically reducing the antifmagnetic ordering temperature
[21]. However, the reduction of the spin-latticeeractions in the Ga doped system
increases the thermal conductivity, despite theothiction of additional impurity
scattering [8]. The central focus of this invedtigla was to determine how the
magnetic, thermodynamic, and dielectric properties YIniMnO; at the

antiferromagnetic phase transition depend on x aweide range of compositions.
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In order to more fully investigate the magnetoelegiroperties of YMnQ@ at the

antiferromagnetic phase transition with substitutom the Mn site we investigated

solid solutions of YMn@ and YInQ. Both of these compounds can be stabilized in

the hexagonal structure, having similar M-O bonagtas in the basal plane but with

the Mn-O apical bond length being considerably t@rothat the In-O apical bond

length [19]. Because both end members of the Y MRO; series can be prepared in
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Figure 4.5 Normalized powder x-ray diffraction jgatts for the full solid solution in
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clear that the similar basal-plane bond lengthsema members lead to a weak
variation of across the solid solution series. Theratio varies strongly due to the
large apical bond-length difference for In-O and-Mn
the hexagonal structure, we presume that the stalcinstabilities that affect other
systems, such as YMgTiO3, can be avoided over the entire range of compositi
0<x<1. The XRD powder patterns are shown in Figube 4ll peaks can be fully
indexed to the hexagonal P63cm structure, withvideace for the formation of any
secondary phases. A number of peak positions ehaysgfematically with the Mn:In
ratio and the variation is illustrated in a Végart#iw plots in Figure 4.6.

The linear variations im andc lattice parameter are consistent with the lendth o

the apical M-O bond increasing as the In fractibthe compound increases. Because
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it is possible to stabilize high concentrations bf in this structure, the
antiferromagnetic transition can be suppressed tzisip for large x, which allows us

to probe the properties of the paramagnetic sysigmm to low temperatures.
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Figure 4.7 (a) Temperature dependence of the miagsesceptibility measured at
HoH=0.5 T for different YIn..Mn,O3 samples, as indicated. The inset plots the
susceptibility less a background correction to mdesarly emphasize the magnetic
anomalies in the x=1 and x=0.25 samples. (b) Sigdu#fat, plotted as C/T versus T ,
for the YIn,Mn,O3; samples, as indicated.
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The temperature dependent magnetic susceptibifitieshe x=1, x=0.75, x=0.5,
and x=0.25 samples measuredugti=0.5 T are plotted in Figure 4.7a. There is a
systematic decrease in the high temperature sulsitiéptvith increasing x, consistent
with replacing MA* with non-magnetic ifi ions. The Curie-Weiss temperatug,
estimated from the high temperature susceptibiégies systematically fror®cw=-
337 K for x=1 to -325 K, -240 K, and -83 K for x¥8, x=0.5, and x=0.25
respectively. The effective moment per Mn estimate®m the high temperature
susceptibility is 4.2+0.5ug for all samples. At low temperatures, the pargmesic
Curie-Weiss behaviour for the x=0.5 and x=0.25 dampleads to a larger
susceptibility than in the magnetically ordered »artl x=0.75 samples. The magnetic
anomalies associated with the development of ardifi@gagnetic order for the x=1 and
x=0.75 samples can be seen more clearly in the tosEigure 4.7a, which plots the
susceptibility corrected for the background paramedig behavior. The magnetic
transition occurs atyE72 K for YMnQ;, consistent with previously observed values
[27]. The transition temperature is suppressellimass replaced by non-magnetic In,
falling to Ty=42 K for the YMn 7dno.2503 sample. The magnitude of this suppression
is what has been observed previously in Ga subetitYMnQO; having a similar
fraction of non-magnetic Ga replacing the ¥ipns [20]. We do not observe any
clear anomalies in the magnetization curves for@asnhaving x0.5, suggesting that
the antiferromagnetic transition temperature ishpdsto below T=20 K, where the
paramagnetic Curie tail obscures the magnetizatata.

We plot the temperature dependent specific healiffarent YIn.«MnyO3
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samples in Fig. 4.7b, all measured at zero apgledd. This plot shows only the
contribution from the magnanite samples; the bamkgd silver contributed was
measured separately and removed. The samplesghawialler In fractions exhibit a
clear peak in heat capacity at the antiferromagr@iase transition, while the In-rich
samples do not show any clear anomalies. For xaQdbabove, the heat capacity is
roughly the same for all compositions, confirmihgttthe differences in specific heat
arise solely from the magnetic order of the Mn i@ml not from any significant
difference in lattice contributions. Estimatingethattice contribution to the YMnO
heat capacity from the YMnIny sO3 data, and neglecting the slight difference in mass
between Mn and In, we find that the magnetic entrbptween 25 K and 85 K
associated with Mn spin ordering is approximateB/ ¥mole K. This is considerably
smaller than the RIn5=13.4 J/mole K expected ferfthl ordering of S=2 M# ions,
which has been observed in previous studies of YMsénples [30]. We attribute
this discrepancy to the considerable entropy dewetp above T=85 K, which is
excluded from our estimate, as well as errors aasatwith correcting for the silver
background contributions.

One of the signatures of the coupling between thgnatic and ferroelectric order
parameters in YMn@is the presence of a dielectric anomaly at thdearamagnetic
transition temperature. The relative temperatugpeddent dielectric constants for
selected YlaMn,O3 samples, scaled to the value at T=80 K just altlogdransition
temperature for YMng) are plotted in Figure 4.8.

The slight anomalies in the dielectric constanhcmient with antiferromagnetic
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ordering, visible mainly as a small change in sjope indicated by arrows. The
value of Ty is slightly reduced for YMgwlng 103 as compared to YMng) and still
further reduced in YMgizdno2803. There is no dielectric anomaly in the temperatur
range investigated for <0.5, consistent with our magnetic and specific heat
measurements, neither of which show any phaseiticams The dielectric constant for
the x=0.75 sample varies more with temperature ttren other samples. We
tentatively attribute this to the fact that the leagric loss (not shown) for this
particular sample is slightly larger than the Idsss other compositions, rather than

reflecting any intrinsic response to In substitatio

. %=0.90 x=0.75|]
o x=050 < x=0.251

!
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Figure 4.8 Relative change in capacitance for, Ytn,O3; samples as labeled. The

dielectric anomalies associated with the magnetiering transitions are indicated by

the dashed arrow.

Previous studies on YMnOdoped with Ga found evidence for a significant

enhancement of the magnetocapacitance, which wrasuéed, at least in part, to the
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non-magnetic ions relieving the frustration leadiodarger magnetoelectric coupling
along the c axis [20]. To explore whether simbahavior would develop in In doped
YMnO3; and whether the enhancement in the coupling wpetdist to larger fractions
of non-magnetic ions, we measured the temperahderagnetic field dependence of
the capacitance for the different samples. THd fiependence of the relative change
in capacitance measured at T=10 K is shown fordifferent samples in Figure 4.9.
This temperature is below the magnetic orderingponature for the x=1, x=0.9, and
x=0.75 samples, and above any possible orderingdeature for the x=0.25 sample.
Because of the very capacitive signal in these tesnfhe data were rather noisy, so
the results shown in Figure 4.9 plot the resultsragmoothing. The solid bars on the

x=0, x=0.5, x=0.25 curves provide a visual estinzdtthe spread in the data before
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Figure 4.9 Magnetic field dependence of the capacresponse for different samples,
as indicated. The solid bars on the x=1, x=0.%5l ¥r0.25 curves provide a visual
estimate of the scatter in the data before smogthifihe dashed line on the x=0.25
curve shows the fit described in the text.
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magnetocapacitive coupling, with some small shifthe capacitance observed for the
x=0.75 sample. The x=0.5 and x=0.25 samples shgnifisant larger field-induced
shifts in capacitance, with the change in capacé@areaching over 0.05% in an
applied field ofypH=8 T. These changes may be consistent with thbserved for
single crystal YMp/Ga& 303 samples, where the shift reached approximateB5%.
for E || ¢ and 0.025% for E _|_ c at similar magnéelds [20]. As the the
magnetocapacitive shift in Fig. 9 represents a mowaerage of the response for E || ¢
and E _|_ c, we would expect the magnitude of ttii t® be intermediate between the
values for the single crystal Ga:YMp®ample.

One of the most striking features of the magnetaciipe shift shown in Figure
4.9 is the change in sign between different sampfdsa mean field level, the relative
magnetocapacitive shift is expected to be propealido the square of the applied
magnetic field, AC/CxyH?, arising from the lowest order term coupling P and
allowed by symmetry in the free energy [40]. Aftft this functional form for the
x=0.75 sample (allowing a small offset) is indichtey the dashed line in Fig. 9. We
fit the temperature dependence of the couplingmeatar gamma for the x=0.5 and
x=0.25 samples, selected as these show the |lamggtetocapacitive shifts, having
roughly similar magnitudes, and remain paramagnetier the entire temperature
range, and plot the results in Fig. 9.

We find thaty(T) decreases systematically with increasing teatpee for the
x=0.5 sample, which we attribute to first approxiima to the reduction in the

magnetic susceptibility. The response for the 2s&Gample however shows a rather
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Figure 4.10 Temperature dependence of the magmetoiti&ze coupling constant (as
described in the text) for the x=0.5 and x=0.25:¥Mn,O3 samples.

different temperature dependence, with a negatiegnetocapacitive shift at low
temperatures crossing over to a positive shift ighdr temperatures.  Repeated
measurements show qualitatively similar behavioutlie temperature dependence of
the coupling, although the magnitudeyfr) shows some small changes.

It has been suggested that since both the dieleesponse of layered YMnrQs
highly anisotropic, the magnetocapacitive couplingy be different parallel to and
perpendicular to the ¢ axis, leading to magnetatitipa shifts asAC/CiryH® and
AC | /C | =y | H? (neglecting contributions from the sublattice metigation, which
are expected to be absent for our paramagneticoxafd x=0.25 samples) [20].

Studies on YMn,Ga,O; find that they; component measured at T=5 K changes sign
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as y changes from 0 to 0.3, leading to both pasiéimd negative magnetocapacitive
shifts in the compound series [20]. As the capaci plotted in Fig. 10 represents the
powder average of the anisotropic response, a ehanghe sign ofy(T) could be
produced by a change of signyjfT). However, since both the x=0.5 and x=0.25
samples are expected to be paramagnetic over tine tsmperature range considered,
it is unclear why there would be any change in setier as a function of In fraction
or as a function of temperature. Understandingnieehanisms responsible for the
change in sign of the low temperature magnetoctipaaoupling between the x=0.5
and x=0.25 samples may help to clarify the natdrthe spin-charge coupling in the
parent YMnQ compound.

We summarize the results of our magnetic, dielecémnd specific heat studies in
Fig. 11, which plots the antiferromagnetic orderiagiperature estimated from these
different measurements against the In content ef sample. The transition
temperatures extracted using these different meammt techniques all agree,
confirming that there is a single magnetic traositigiving rise to the dielectric
anomalies even in the In substituted samples. mM&gnitude of the suppression of T
in YMnOg3 with In substitution is very similar to what wabserved previously with
Ga substitution, where the antiferromagnetic otderperature is suppressed {g=85
K with 30% Ga substitution [20]. This scaling of With x can be understood in
terms of simple site dilution by non-magnetic ionsThe initial slope of the
suppression of J with In substitution, p= -(dW/dx)/Ty, is approximately 1.6. This

reduction in | on substituting non-magnetic ions is larger thaa would typically
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Figure 4.11 Temperature dependence of the antifexgnetic ordering transition on x
in YIin;,Mn,O3. The different symbols represent the transitiongerature extracted
from different measurements, as indicated. Théethdine shows the curve used to
estimate the initial suppression of, s described in the text.
expect for a three dimensional system, wherk. D [28], and is more consistent with
that expected for Ising spins in two dimensionserehp normally ranges from 1.6 to

1.9 [41]. This confirms the importance of the laf®e interactions among Mhions

in developing long range antiferromagnetic order.

4.3.2 Mr?* in Trigonal Bipyramidal Coordination: A New Blue Chromophore

4.3.2.1 Introduction

Development of the first known synthetic blue pigithe Egyptian blue,

(CaCusSiOyy), is believed to have been patronized by the Haggppharaohs who
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promoted the advancement of pigment technologiesuse in the arts [42]. The
subsequent quest for blue pigments has a rich risisioked with powerful
civilizations, such as the Han Chinese (Han bllBa€uSjO;0.) and the Maya (Maya
blue — indigo intercalated in magnesium aluminoati clays). Currently used blue
inorganic pigments are cobalt-blue (Cg®l) [43], ultramarine (NgAl6Sic024S3) [44],
Prussian Blue (RfFe(CN)]s) [45] and azurite (GCOs3)(OH),.) [46]. All suffer
from environmental and/or durability issues (cobalt considered highly toxic,
ultramarine and azurite are not stable to heataamdic conditions. In addition, the
manufacture of ultramarine involves a large amadB@% emission. Prussian blue
liberates HCN under mild acidic conditions). Hemice identification of intense blue
inorganic pigments that are environmentally benigarth-abundant, and durable is

important but remains a challenge today.

4.3.2.2 Results and Discussion

Both YInO; and YMnQ are known in the common orthorhombic and centionf
of the perovskite structure [47, 48], but they also readily prepared in an acentric
hexagonal structure (Fig. 12) that is not peroeskélated [14, 49].This hexagonal
structure consists of layers of Yons separating layers of corner-sharedsNi@onal
bipyramids (M = In or Mn). This structure has besnconsiderable recent interest
because it exhibits an unusual form of improper ngetoic ferroelectricity

accompanied by tilting of the MOpolyhedra [37, 50, 51]. Such ferroelectricity is



135

compatible with M-site magnetism and therefore vedlanultiferroic behavior. Two
detailed features of isostructural hexagonal Yd@@d YMnQ are important for this
work. First, their basal-plane M-O bond lengths aimost equal (2.05 A for YMnO
and 2.1 A for YIn@). Second, in YMn@the apical Mn-O distances are considerably
shorter (1.86 A) than those in the basal planelenini YInOs, all In-O bonds are
roughly the same length. The crystal field splgtof thed orbital energies in trigonal
bipyramidal coordination is shown in Figure 4.12otide that the e' to a' energy
splitting, which is the lowest energy excitatiorr fod* cation in the cluster limit,

depends sensitively on the apical M-O bond lenigtbugh its influence on the energy

a' (dp)

e" (dyz,dyz) —'— -f—
\
. -

Figure 4.12 The structures of YMp@left) and YbFeO, (right) as blue trigonal
bipyramids (Mn or Fe), grey Y or Yb and cyan O asorithe YMnQ structure
consists of layers of corner-shared Mn@igonal bipyramids. The YbE®, structure

is similar, but has a double-layer of corner-sharggbnal bipyramids that edge share
between the layers. Schematic energy levels forstiia up MA* 3d orbitals in
trigonal bipyramidal coordination are shown. Weenthtat transitions from e' to a' are
formally dipole allowed in this symmetry.
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of the d,2 orbital. While the crystal field stabilizationsasiated with al* cation in
trigonal bipyramidal coordination has been invoked explain the stability of
hexagonal YMnQ@relative to the competing perovskite structurigomal bipyramidal

is not a common coordination for Mn and we are not aware of its occurrence in
compounds other than the hexagonal RMo@mpounds where R is a small rare earth
cation [35].

In view of the interest in the hexagonal RMng@hases as multiferroic materials,
there have been many attempts to substitute Mwddous cations, such as Fe, Co,
Ni, Cr, Ti, Ga, and Al [17, 20-25]. The amount aibstitution is always very limited
before the structure converts to the perovskitectiire even in those solid-solution
compositions where the end-point compound is stabtbe hexagonal phase. It is
thus surprising that we have been able to prepacerplete single phase YilgMn,O3
solid solution (synthesis details are given in sh@porting information), despite the
fact that the size mismatch betweer"land Mr* is greater than in the cases where
the solid solution is more limited. We attribukéstcomplete miscibility to the similar
In-O and Mn-O basal plane distances in hexagonaDyand YMnQ. The large size
difference between f and M* only manifests in apical distances. A plot oftuni
cell edges for the YinMn,O; solid solution is shown in Figure 4.13. Both the ¢
lattice parameter and the c/a ratio decrease dieatigtwith x due to the short apical
Mn-O distances.

The blue color of the YliyMn,O3 powders is evident in Figure 4.14 for even very

low values of x. To understand the origin of thiseébcolor we perform diffuse
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Figure 4.13Unit cell dimensions and c/a ratio for the Y}iMn,Os solid solution. It is
clear that the similar basal-plane bond lengthseimd members lead to a weak
variation ofa across the solid solution series. The c/a ratigesastrongly due to the
large apical bond-length difference for In-O and-Mn
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Figure 4.14 Colors of pellets and powders at setecompositions. The intense blue
color appears at our lowest concentration of Mnimppn YMnOs. With increasing
Mn composition, the color darkens until eventudMnOs is found to be black.
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reflectance spectra and first-principles densityctional calculations within the
LSDA+U method, which has been previously shown tee geliable results for
YMnOj3 [50]. Results of our diffuse reflectance measurdsmeme shown in Figure
4.15. We see that, at low doping concentrationsteths a strong, narrow (~1 eV
width) absorption centered at around 2 eV, whickodhts in the red-green region of
the visible spectrum. Absorption then drops betw2é&n- 3 eV before a second onset
near 3 eV. The absence of absorption in the 2.5V Blue) region of the spectrum
results in the blue color. As the concentrationvif is increased, the lower energy

absorption peak broadens and the higher energy shidis to lower energy consistent

g
o
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Figure 4.15 Diffuse reflectance spectra for the ;¥Mn,O3 solid solution. Strong
absorption in the red-green spectral region, costbinith a relatively weak
absorption in the blue region, is responsible lfar dbserved intense blue color. With
increasing Mn composition, the first absorption kpeeaoadens and the second onset
lowers in energy, such that YMaQbsorbs almost equally throughout the visible
region (see text).



139

with the gradual darkening of the samples towardgyrblue. In pure YMn®
absorption occurs through the entire visible regresulting in the black color.
Although we know of no precedent for a blue coldsiag from Mr* in trigonal
bipyramidal coordination, a blue color is obserfedthe d* cation Cf* in trigonal
bipyramidal coordination in [Cr(Me,tren)Br]Br [52]To our knowledge, divalent
chromium is not known in oxides.

Our density functional calculations of the densitié¢ states and optical properties
of the fully relaxed end-point compounds and sel@éhtermediates (for details see
Supplementary Online Material) indicate that thekat ~2 eV arises from the
transition between the valence band maximum, congi®f Mn 3d2.,2 ,, states
strongly hybridized with O 2g states, and the lowest unoccupied energy levathwvh
in lightly Mn-doped YInQ is a narrow band formed from the Mn,3dtate that lies in
the band gap of YIn® (The absence of mid-gap Mn_3dstates in pure YIn{eaves
it colorless). Note that in the locakpPsymmetry of the trigonal bipyramids, the d-d
component of this transition — between symmetrglga’ and e' in Figure 4.12 — is
formally symmetry allowed according to the Lapastdection rule. This results in a
high transition probability and intense absorptidhe strong d-d absorption here is in
striking contrast to the behavior in the approxen@), crystal field environment of
perovskites, where it is formally symmetry forbiddén Q, symmetry, hybridization
with ligands or structural distortions are requitedcircumvent the dipole selection
rules, and d-d transitions are usually weak. Indegd find no blue color on

substitution of MA* into YGaQ or YAIO3 with the perovskite structure where the
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Mn** would be in approximate &ymmetry.

We assign the higher energy peak to the onsetedfrémsition from the Ofband
to the Mn 3,2 band. Note that our assignments are consisteht egrlier optical
studies of YMnQ using second-harmonic generation [53], but thatttipic has been
controversial [54].With increasing Mn concentrationr calculations indicate that the
Mn 3d levels — particularly the lowest unoccupied stateresponding to the 22
band — broaden substantially, causing the absorpeaks to become broader.

Next we investigate the structural properties aheantermediate compositions in
order to determine which structural features cateelvith the blue color, and in turn
to develop guidelines for a general search for ompounds. Interestingly, our
density functional calculations of the relaxed stwes for both ¥Mn,lngO,4 and

Y sMneln2O24 units show that, while the basal plane Mn-O an@Idistances in these

Table 4.1 Bond lengths (A) for YdaMno 03

Y1-01 X3 2.44(3)

Y1-01' X3 2.18(3)

Y1-02 X3 2.36(2)

Y1-02' X3 2.17(3)

Y1-03 2.38(2)/3.51(2)
Y2-01 X3 2.32(2)

Y2-01' X3 2.36(2)

Y2-02 X3 2.28(1)

Y2-02' X3 2.18(1)

Y2-04 X3 2.53(1)/3.35(1)
Mn/In-O1 1.86(3)
Mn/In-O1"' 2.05(3)
Mn/In-0O2 1.89(2)
Mn/In-O2' 2.20(3)
Mn/In-O3 2.074(3)

Mn/In-04 X2 2.080(3)
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Table 4.2 Atomic coordinates and equivalent igotraisplacement parametersZ(A
103). U(eq) is defined as one third of the tracéheforthogonalized Utensor.

X y z U(eq)
Y1 0 0 0 3(1)
Y2 1/3 2/3  0.9636(1) 13(1)
Mn/In? 0.3342(4) 0 0.7211(4) 6(1)
o1 0.322(4) 0 0.879(3) 21(6)
o1’ 0.289(5) 0 0.893(2) 0(6)
02 0.635(3) 0 0.061(2) 0(3)
02 0.655(5) 0 0.034(2) 7(6)
03 0 0 0.202(2) 24(4)
04 1/3 2/3  0.749(1) 13(3)

®Refining occupation parameters gave an Mn/In rattib.70 for this site. The 01/01'
and 02/02' occupancy ratios are fixed at the Mrdtio.

Table 4.3 Crystal data and structure refinementfag ;Mg 803 at 173 K

Formula weight

Wavelength

Crystal system

Space group

Unit cell dimensions

Volume, Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 28.31°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on ¥

Final R indices [I>2sigma(l)]
R indices (all data)

Largest diff. peak and hole

214.00
0.71073 A
Hexagonal
Rém
a=6.1709(6) A;
388.17(9) A 6
5.437 mg/m
28.267 m
576
0.05 x 0.03 x 0.01 rim
3.46 t0 28.31°
Zh<8,-7<k<7,-15<1<15
3766
363 [R(int) = 0.0263]
98.0 %
Semi-empirical from equesss
0.7653 and 0.3322
Full-matrix least-squares on F2
363/0/31
1.178
R1 = 0.0219, wR2 9407
R1 =0.0288, wR2 = 0.0438
0.934 and -0.62%e/A

c=T0R) A
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intermediates are similar to each other and toethafsthe end members, the apical
Mn-O and In-O distances are very different fromheather, maintaining values close
to those of the respective end members (Table 1-3).

Because the energy of thg2dstate relative to the valence band maximum is
determined primarily by the Mn-O apical bond lendths explains the lack of shift in
the energy of the 2 eV absorption peak as a fumabio Mn concentration. If we
artificially insert Mn into the YIn@structure without allowing the structure to retax
its energy minimum, the ,8 peak shifts to considerably lower energy and the
calculated absorption spectrum changes markedly.

For our single crystal X-ray diffraction study, wecus specifically on the
YMngdno 303 compound and refine the structure using theci6space group of
hexagonal YMn@ and YInQ. The structure refined normally except for the
displacement parameters for one of the apical @hstsuggesting the presence of
static disorder arising from the different In-O aid-O distances. Indeed, refinement
of the YMny sdng 3703 structure with two O atoms at each apical sitéh wccupation
values fixed based on the Mn/In ratio, convergeth whorter distances for the sites
with the higher occupation. We extract apical Mmitances of 1.86 and 1.89 A and
apical In-O distances of 2.05 and 2.20 A, in exsglagreement with the results of our
first-principles calculations Tables 1-3. Violat®of Friedel’s law in our diffraction
data confirm a polar space group. Relative topdr@electric structure, displacements
of atoms along the c axis, which is the polar agii found to be of the same

magnitude as in YMn& However, our first-principles calculations sugigthat the



143

polarization might be substantially suppressed fittwn values in the end-member
compounds due to frustration of the cooperativiengis by the different sizes of the
MOs polyhedra, which may be the reason for the iningudielectric properties

observed.

Finally, motivated by our findings in the YigMn,Os system, we substituted Kfn
into another structure with trigonal-bipyramidaksi, the YbFgO, structure [55]. This
structure (Figure 4.12) consists of layers of magh cations alternating with double
layers of MQ trigonal bipyramids. As in YMn@) the polyhedra in each M(lane
corner-share through their basal-plane oxygen gtdrase the second plane shares
edges between an apical and a basal oxygen witlirsheAs in YMnG;, the topology
of the layering should allow the apical bond lesgth adopt different values for the
different M-site cations without introducing largdrain energies into the lattice.
Although YbFeOQ, is not a suitable host due to its black colorteelato F&"/Fe**
mixed valency, there are a selection of oxides Wik structure that are transparent
throughout the visible spectrum [56].Again we fitltat an intense blue color is
produced with 5% doping of Mfinto these compounds, which include ScAIMgO
ScGaMgQ, LuGaMgQ, ScGazZn@, and InGaMgQ. Thus, we conclude that the blue
color is a general characteristic of firin a trigonal-bipyramidal site in oxides,
provided that structural features such as layeaitayv for the appropriate apical Mn-

O bond length.
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4.3.3 Conclusion

In summary, we have characterized the magnetitedrec, and thermodynamic
properties of In substituted YMnQo investigate the suppression of the multiferroic
phase developing belowyT We find that the magnetodielectric coupling assed
with the multiferroic phase persists in the In gitbsed samples, but thaiyTdecreases
approximately linearly with increasing In fractioffhe antiferromagnetically ordered
state in YIn,Mn,O3; appears to vanish for X 0.5 and the behaviour of the initial
suppression is consistent with two dimensional systems. There is a significant
enhancement in the magnitude magnetocapacitive lingupvith In substitution,
although the sign of this coupling varies with roilgh some mechanism that is not at
all clear at this time. Taken collectively, theseasurements confirm that replacing
Mn by non-magnetic In simply suppresses magnetierang without introducing any
new phase transitions while simultaneously enhancthe magnetocapacitive
coupling. Since it is possible to form a completéid solution series of YinMn,Os
compounds, more detailed measurements on the roapasproperties of this system
may help to clarify the mechanisms giving rise ie tultiferroic behaviour in the
parent compound.

In addition, we have shown for the first time thatintense and bright blue color
occurs through most of the YilgMn,O3 solid solution, in spite of the fact that the
YInO; and YMnQ end members are colorless and black, respectivelyhe

compositions as well as color are quite stablectdi@and basic conditions. We have
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explained the origin of the color through a dethiltructural investigation and by
first-principles density functional calculations.i3 shown that this color is a general
feature of MA" in trigonal bipyramidal coordination where the usture can
accommodate the required short Mn-O apical bonds #hould be particularly
favorable in layered structures. Our results ssg@ route to the development of
inexpensive, earth-abundant, environmentally bebige pigments that are based on

manganese [57].

4.3.4 Experimental

Ceramic samples of YMnIn,O3 for compositions ranging from x=0 to 1 were
prepared by heating the appropriate ratio of m@tales at elevated temperatures with
intermediate grindings.Reactants were 703 (Nucor: Research Chemicals, 99.99 %),
Mn,O3 (JMC, 99%-+), and kD3 (Aldrich, 99.99%). Powders of XD;were dried at 850°C
before weighing. Appropriate quantities of reactamére mixed thoroughly under ethanol
in an agate mortar. Intimately mixed powders weesged into pellets under a pressure of
approximately 500 psi. The pellets were calciradtivelve hours once in air at 1200°C,
and twice in air at 1300°C with intermediate grimgliRamp rates were 300°C/H8ingle
crystals were grown in a PpRux using a 10-fold excess by weight of flux. The
mixture was placed in a platinum crucible, whichswiaserted into an alumina
crucible and capped. The mixture was rapidly heateadr to 840°C (melting point of
PbFR,) and held for 3 hours. The sample was then hetsdy (5°C/hr) to the 950°C

at which point Pbf evaporates, and held for 6 hours before coolingraom



146

temperature at 300°C/hr. The flux was dissolveditric acid. The product consisted
of thin black hexagonal plates.

X-ray powder diffraction data (XRD) was collectedraom temperature with a
RIGAKU MINIFLEX Il diffractometer using Cu l& and a graphite monochromator.
Single crystal X-ray diffraction data were colletten a Bruker SMART APEXII
CCD system at 173 K. A standard focus tube was wsdan anode power of 50 kV
at 30 mA, a crystal to plate distance of 5.0 cn2_ B2 pixels/frame, beam center
(256.52, 253.16), total frames of 6602, oscillatieme of 0.501, exposure/frame of
10.0 s/frame and SAINT integration. A subsequenD8BS correction was applied.
The crystal structure was solved with the directhod program SHELXS and refined
with full-matrix least-squares program SHELXTL). Results are given in Tables 1S-
4S. The crystal was found to be twinned with ardawh polarization ratio of 0.35(3).

A Quantum Design MPMS SQUID magnetometer and a @uaDesign Physical
Property Measurement System (PPMS) were used teuree¢ghe magnetic properties
of ~30 mg of the powder samples. For the speh#@&t measurements, we thoroughly
mixed approximately 50 mg of each sample with thmes mass of Ag powder then
pressed this composite into small disks to ensace ghermal contact throughout the
entire sample. The heat capacity was then measisiad the standard option on the
Quantum Design PPMS. This system was also usegrdeide temperature and
magnetic field control for the capacitance measerés) which were done on cold-
pressed pellets prepared from the YiMn,O3; powders having electrodes fashioned

from silver epoxy. The dielectric measurementsengone at a measuring frequency
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of 30 kHz. Separate measurements (not shown)ateticthat the frequency response
of these samples was flat in the region betweedZdnd 100 kHz.

The diffuse reflectance spectra of powdered samplébe range of 250 — 900 nm
were obtained using Xe lamp and a grating doubleanloromator as the sourcEhe
spectrometer is calibrated from a He-Ne laser armmvk Xe source emission lines and
position. The diffuse light reflected by the powders was exiitd with an integrating
sphere and detected using a Si diode detector.détee were normalized to the signal
obtained from MgO powder under the same conditidhs. data were transformed into

absorbance using Kebulka-Munk function.
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4.4 Synthesis and Magnetic Properties of YMn©- YCugsTi0503 Solid Solution

4.4.1 Introduction

Strong coupling of magnetic and electric parameiters behavior unique to few
systems. This is due to the fundamental understgntfiat ferroelectrics inherently
lack unpaired electrons, and ferromagnetic masedal not. Where this coupling does
exist, the induced electric polarization or magradton is generally too weak for
proposed applications such as a magneto-electritctsyf58]. It is thus easy to
recognize that the understanding and coexistencéhade properties is not only
necessary, but also of great importance to thelderent of next generation devices.

One of the few classes of materials that exhibigme#o-electric coupling is the
RMnQO; system (R = Ho-Lu, and Y). This class has the umifexagonal structure
where Mn occupies layers of corner shared trigbimtramids (TBP), Figure 4.3.3R
cations sit in an off-center position due to thgstal field splitting of (8 Mn®*" in
TBP coordination where the unoccupied drbital is hybridized with O 2p along the
c-axis [7, 9, 49, 59]. The result of the off-cemgris a polar structure where
ferroelectricity is observed. In YMnDferroelectric and antiferromagnetic ordering
temperatures have been identified gt~T900 K and { ~ 80 K respectively [27, 30,
59, 60]. Capacitance measurements show there itear @anomaly at J, an
observation indicative of coupling between elecaitd magnetic order parameters

[27].
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Figure 4.16 Structural variation for substitutions'Mn;.xM4Os.

In recent years, investigations have attemptedl|doidate the magnetoelectric
coupling in YMnQ by doping on the Mn sites [17 19-26] Figure 4.16r Example
low doping of gallium onto the Mn site retained thexagonal structure and resulted
in a slight increase of the ferroelectric orderiegperature and an enhancement of the
magnetocapacitive coupling [20, 21]. Despite theess accounts of substitutions on
the Mn site for materials where the end compountiesagonal (YGag) YAIOs,
YFe(;), the recently reported solid solution of YMy@nd hexagonal YIn©is the
only full solid solution to maintain the hexagorsatucture [17, 19-21, 61, 62]. This

was a unique discovery as the structural instgbiiiserved with other dopants was
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eliminated, thus allowing for magnetoelectric canglto be assessed as the magnetic
transition was suppressed. In addition, it was fotimat a brilliant blue color was
present over much of the substitution range despil@Os; and YInQ being black
and white respectively. This presents the foundafiitw hexagonal oxides containing
Mn®* as potentially inexpensive, environmentally benigorganic pigments in
addition to the interest as potential multiferraicaterials. As such, continued
exploration of miscibility in YMnQ based phases is warranted due to the potential for
novel properties.

There also exists a family of copper containing enats related to the RMnO
phases including RGuTips03 (R = Th-Lu, Y) and LaCigV 1,303 with the hexagonal
structure [63, 64]. In addition, Mn doped Y4{Mo01,403 also has the hexagonal
structure for Mn compositions above 0.1 [65]. Apidg of a single cation onto the
Mn site in YMnQ is limited, it is perplexing to consider co-doping the Mn site
may yield new compositions of hexagonal YMyleased materials. To date, there are
currently no investigations on the stability of Tuto-doping onto the Mn site to
enhance the magneto-electric properties in YNIN®e present here on the magnetic
and dielectric properties of a new full solid s@uat between YMn@ and

YCu0_5Ti0,503.

4.4.2 Results and Discussion

Up until the recent report on In doped YMg@here had been no reports of a full,
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single phase solid solution with YMaQOthat retained the hexagonal structure.
Interestingly, we have been able to form a fullid@olution between YMn@and
YCupsTiosO3 (Cu:Ti ratio is kept at 1:1) which also has thedgonal structure and
could be indexed to Rém space group. The powder diffraction patterns for

polycrystallineYMn (Cu 5Tio.5)xO3 (0 < x < 1) are shown in Figure 4.17.
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Figure 4.17 X-ray diffraction patterns for YMKCuw 5Ti05)xOs. End members are at
the bottom (YCusTips03) and top (YMnQ).

Aside from the similarities in the powder patternbe variation of relative
intensities can be seen for several crystallogm@aphflections such as the (102)

reflection at 22-23° @ and others marked with arrows in Figure 4.17YMnOs,
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these reflections are representative of ¥Bex V3 distortion of MA* trimers [7]. As
seen elsewhere for substitutions, Cu/Ti co-suligiits in YMnG; also results in a

decrease of these reflections [65].

LaMnO
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Figure 4.18 Local coordination environment and gpéevel diagrams from MH in
the perovskite (LaMn@- left) and hexagonal (YMng3 right) structures.

We expect the substitution of €wand Tf* for Mn®* to result in two effects on the
TBP site. First, a change of the orbital occupatidue to the substitution ofJjdCL?*
and (&) Ti*" is expected. A § Ci#* atom would have an electron occupying the d
orbital and would cause an elongation of the c-arid a decrease of the TBP tilt (it
should be noted that Yd Mn** is not Jahn-Teller active, and has no electron
occupation of the non-degenerat@aibital, Figure 4.18). However, YdTi** has no
electron occupation of 3d orbitals and would notbtdbute to c-axis changes. The

second effect of substitutions to be expected éstdithe size differences of €wand
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Ti** compared to M# in TBP coordination. The average ionic radius of‘Cand

Ti**, 0.58 A, is the same as Nrfor a 5 coordinated polyhedra [66]. Thus, we expec
there to be little change in tlagparameter due to ionic radii. However, as theatilgle
should slightly decrease with an elongation of #pécal Mn-O bond distance, we
would expect a slight change in thgparameter. Indeed, we observe an increase in the

a andc lattice parameters calculated from powder x-rdfyatition (Figure 4.19). The

1.88 |-
1.87
o
218610 g oo © oo © 2 @
g ® e
©
S 185}
184
A e 1 155
6.35 -111.50
. N A .
A —_
6.30 |- -11.45
6.2 [ ] 0o
g/ 25 F —11.4 g
@
6.20 }HMH%
6.15 | -11.30
O T B P T T L L H
0.0 0.2 0.4 0.6 0.8 1.0

XinYMn_ (Cu  Ti )O

05 '05x "3

Figure 4.19 Unit cell dimensions (bottom) and @fior (top) for YMn.

x(CUO.5Ti0.5)xO3-

c/a ratio stays relatively flat indicating that fearying compositions, the apical and
basal M-O bond distances change consistently veitih @ther A ¢ ~2A a). In order to

address this further, single crystal analysis essary and will be the subject of
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future work.

The temperature dependence of the magnetic susiigpti(y) and inverse
magnetic susceptibility () for all compositions of YMp,(CuysTio5)xOs measured at
H = 0.5T are illustrated in Figures 4.20 (a) anyréspectivelyAll samples can be
fitted reasonably to the Curie-Weiss law for tenapares greater than 175 K,
however, fitting to temperatures above the measenésnmade here would be more
accurate. Therefore, some deviation from theoretialues is expected. A systematic
decrease in the high temperaty(&) is observed with increasing x which is to be
expected for diluting a magnetic lattice with a dmation of non-magnetic $ri**
and less magnetic {dCu** cations. A pronounced anomaly in the slope gfT)/can
be seen for values 0fx0.4 indicating an antiferromagnetic ordering traos. Upon
dilution in YMnO; (Ty ~ 73 K) by Ca*(S=1/2) / T#*(S=0), the antiferromagnetic

transition is suppressed until no ordering anonrall/y(T) is observed for x = 0.5

Table 4.4 Results for Curie-Weiss analysis of mégrseisceptibility.

C calculated  Observed Frustration
X Ocw (K)  (mole/emu*K) Hett M *Uett g Tu(K) | Oy |/ Ty
1 -75.09 0.686 1.223 2.338 - -
0.9 -50.92 0.389 1.936 1.764 - -
0.8 -65.78 0.644 2.449 2.271 - -
0.7 -100.48 0.949 2.872 2.757 - -
0.6 -113.08 1.124 3.241 3.001 - -
0.5 -157.64 1.480 3.571 3.442 - -
0.4 -173.39 1.668 3.874 3.654 10.5 16.51
0.3 -226.98 2.027 4.154 4.029 25.6 8.86
0.2 -298.01 2.456 4.417 4.435 45,5 6.55
0.1 -357.90 2.831 4.665 4,761 55.6 6.44

0 -415.49 3.065 4.900 4.954 73.1 5.68
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(Figure 4.20 (a) and inset). This indicates thaft'CTi** doping disrupts the magnetic
array, weakening the Mh — O — Mr" interactions until they are completely
quenched. Theoretical and experimental values leaémi from the Curie-Weiss
analysis are listed in Table 4.4, and indicate gy weady change in the effective
magnetic moment, Neel temperature (faf @.4), and Curie-Weiss temperature.

Negative Curie-Weiss temperatures are observedlfacompositions revealing
antiferromagnetic interactions are dominant. In ioldl there is a consistent
broadening of 3(T) as the Mn content is decreased. We attributetththe disorder
caused froma random distribution of M/Cu*/Ti** on the same site. The magnetic
properties of YCuisTiosO3 have not been previously assessed, but indicatethibre
IS no long range magnetic ordering.

Due to the triangular geometric array of ¥ions, a spin frustration is present.
Ramirez [67] determined that the frustration inifentomagnetic geometric systems
could be quantified as a ratio of the Curie-Weismgerature to the ordering
temperature, f =6, |/ Ty. For slight doping of CU/Ti** there is an increase in the
frustration from f = 5.68 to 6.44 and up t016.54 ¥o= 0, 0.1 and 0.4 respectively.
The value of 5.68 is comparable to previous repafrtaoderate frustration (f >10 is a
highly frustrated system) in YMn{30]. We attribute the decrease in the magnetic
ordering temperature to the increase in the magietstration from disorder of the
Mn site.

Previous studies have revealed that magneto-elemtrpling in YMnQ can be

observed by the presence of a magnetic anomallieatitiferromagnetic ordering
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temperature. As the intent of this work was to addithe impact of cation substitution
on the magnetic properties, the dielectric behawabr the magnetic ordering
temperature was also measured. Figure 4.21 ilkestthe temperature dependence of
the relative capacitance for various compositi@ight anomalies are observed at the
magnetic ordering temperatures which is indicatbfemagneto-electric coupling.
Only compositions 0 < x 0.4 are plotted with ordering temperatures in@idaby
arrows. The inset (YGuTios0s3) is plotted for comparison as no magnetic ordering

temperature is observed in the magnetic suscaptiidta. The results of the
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Figure 4.21 Temperature dependence of the relatipacitance for YMn
x(Cly 5T 5)xO3 With arrows indicating the magnetic ordering tenapeire.

magnetic analysis (Neel temperature from magne#iaoh capacitance, Curie-Weiss
temperature, and effective magnetic moments) arererized in Figure 4.22.
Due to the interest in inorganic oxide pigmentghsas that found in YinMn,Os,

we also considered the potential for color in thigk. YCw sTios03 has a unique
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moments (top) for YMp(Cuo 5Tio 5)xOs.

light green color. However, upon Mn substitutiortoirthe lattice, there was an

immediate change to black which persisted for adimpositions. Additional

compositions were also considered to address theibility limits of the structure and

the potential for enhancing the color. Compositiméuded Cr, Fe, Al, Ga, and In for

values up to x =0.5. It was found that regardlessation, all substitutions formed

impurity phases for x > 0.2, Figure 4.23.
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Because Al, Ga, and In lack unpaired electrons wege&ed to observed a more
diluted green color. However, a more intense gadar is evident for all at x = 0.1.
Al substitution was found to be most efficient agratensifier and is evident in diffuse
reflectance spectra. Results of the optical measemés are illustrated in Figure 4.24.
We see that, at low doping concentrations, thera $¢rong and narrow (~1 eV
width) absorption centered at around 1.6 eV, whibkorbs in the red region of the
visible spectrum. Absorption then drops betweed +2.5 eV before a second onset
near 3 eV. Strong absorption in the red and bleetsal region, and the absence of
absorption in the 1.75 — 2.5 eV (yellow-green) oegis responsible for the observed
intense green color. As the concentration of Aléases, the lower energy absorption

peak is slowly quenched, and the higher energy tosseslowly diminished and
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broadened, consistent with the gradual lightenih¢the samples towards pale green

and then white. In pure YAlabsorption is absent through the entire visibigore

——YCu,Ti, .0

053
Al 0.1
— AI0.2

Absorbance (a.u.)

0 25 30 35 40 45 50 55
Photon Energy (eV)
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15 2
Figure 4.24 Diffuse reflectance spectra for the 0(£JFio.5)1-xAl O3 for x < 0.5.

resulting in the white color. It should be notedttfrom x = 0 (YCy5sTigs0s3) to X =
0.1 the sharpness and intensity of the 1.6 eV pleaatically increases. In addition,
the peak sharpness of the second onset also iestéHse result of this is a brighter
and more intense green color as opposed to the padeecolor of YCuysTigs03. The

same scenario is also observed in hexagonal,¥In,O3; as discussed earlier.
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4.4.3 Conclusions

The co-substitution of CGii and Tf* (in equal quantities) into the hexagonal
YMnO3; compound yields only the hexagonal structure fbrcampositions. Some
slight formation of the pyrochlore;Yi,O; phase exists for the parent Y{glio 503,
as reported, and for x 0.3, however the quantities are quite small. Nditauhal
impurities could be identified by x-ray powder d#ttion. The structural trends from
a andc parameter changes are consistent with expectatmsed on orbital occupancy
and ionic radii differences. There is a clear amhststent trend of magnetic
suppression upon doping of Cu/Ti into YMg@nd this is comparable to previous
reports on the effect of Ga, In, and Cu/Mo substihs on the magnetic properties
[21, 61, 65]. The Néel temperatures determined froagnetic susceptibility and
capacitance measurements agree well with valuggpohg from 73.1 K to 45.5 K to
10.5 K for x = 0, 0.2 and 0.4 respectively. Stramgractions between neighboring Cu
atoms in YCysTigsO3 are also suppressed upon Mn introduction as ieeaviin the
magnetic moment calculations. Field dependent ¢t&pee is needed to properly
assess these materials as magneto-electric mudidfer As reinforced here, there
remains compositions to be found were co-substitubin the Mn site can stabilize the

hexagonal structure.
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4.4.4 Experimental

Polycrystalline samples of YM{CuwjsTigs)1xO3 (X = 0 - 1) used in this
investigation were prepared by conventional sdigdessynthesis by powder-sintering
samples with precursors of 98.0% or higher. Re&stah Y,03; (Nucor Research
Chemicals 99.9%), MiD; (JMC 98%-+), CuO(Aldrich 99.99%), and Ti@QIMC
99.99%), were mixed thoroughly in stoichiometritioan ethanol. ¥O3; was first
heated to 850°C for 6-8 hours to remove any masftline mixed powders of starting
materials were calcined at 900°C for 12 hours &ed tat 1050°C for an additional 24
hours with intermediate grinding. The intimatelyxed powder was cold pressed into
pellets under a pressure of ~ 1000 psi. The pellete sintered in air at 1050°C for 12
hours. Ramping rates were 300°C/hr. X-ray powdéragition (XRD) patterns were
obtained after each heating with a Rigaku MiniFlexiffractometer using Cu K
radiation and a graphite monochromator. Pattercgasing and phase identification
were determined using JADE Materials Data softwatibzing several diffraction
databases. Lattice parameter refinements were lasduusing WinCell, and were
done so with ~12-18 reflections in the range of800-B. Magnetism was measured
using a Physical Property Measurement System fidrtoS300K. A field of 0.5Tesla
was applied after zero field cooling. For capa@gameasurements, pellets of samples
were polished, electroded with silver paint (Haehigh temp Ag-paste in n-butyl
acetate) and then dried for 3-5h at 100°C. Measeméson the pellets utilized an HP-

4275A LCR meter in the temperature range of 5-1@Q equencies up to 13 MHz.
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4.5 Structural Investigation of Hexagonal YAIQ and Related Compositions

4.5.1 Introduction

The hexagonal structure has been reported for @eWMO; compounds
where M is Mn, Ga, In, Fe, or Al as mentioned poesly [9, 28, 62, 68-70]. The R
cation is generally In, Y, or a heavier rare eaWthin this hexagonal group, there are
two common symmetries observed, the simpler, aeatrd paraelectric Bnmc (Z =

2) and the more complicated, non-centric and féeadec P6G/cm

01 apical
01 apica ;

03, 4 basal
02

Figure 4.25 Centric YAIQ(left) and non-centric YMngXright) (Z = 6), Figure 4.25.
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The non-centric form is distorted thus causingremease in the cell edges, compared

to the non- centric from, by a factor¥8, thus changing Z from 2 to 6. These two
structural variations are illustrated in FigureTXie centric paraelectric structure has
been observed from InMQvhere M = Ga, Fe and Mn, and also for RMO3 wherig R
a heavier rare earth, and M is Fe or Al. The stnadtreports on these materials are far
from few, and are quite reliable. The only excepi®for the RAIO3 compositions
which were originally reported in 1963 based on gemdriffraction data acquired
from films [62]. This series is the only one in whithe lattice parameters are
dramatically different from all other observatioBased on simple bond valence
calculations and an understanding of the structuedfeel this structure hasn’t been
properly reported. The focus of this work is to @$3 the structural inconsistencies
reported for YAIQ and to report on structure and synthesis of thd solution YAl,-

xMn,O3 with the hexagonal structure.

4.5.2 Results and Discussion

The formation of hexagonal phases is generallygh emperature synthesis
when RMnQ is considered (R = heavier rare earth). HowevelY®lO3; and YFeQ
the synthetic methods for preparation are quitéediht, distinguished mainly by a
low temperature solutions route due to the easmmdrity formation. If one considers
the Y,03-Al,O; phase diagram, they will find several materials cohsiderable

interest, specifically ¥Al.Og and Y03 as a phosphor host matrixzAMs0;, as a
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component of phosphors in cathode ray tubes, amvgidte YAIO; and Y;Als0;2

(YAG) as potential host matrices for solid stateels [71]. It is also interesting to note

that the formations of many of these phases argepteincluding hexagonal YA

in the synthesis of any individual phase. Therefargreat deal of consideration must

be put into synthetic methods when preparing a madta this phase diagram. As

such, it was found that h-YAKDcan be synthesized in single phase by a low

temperature solution based method [62]. Our attergptepeat this failed. We used a

modified citrate-gel precursor method to prepararlyesingle phase YAI® The

citrate-gel route is important because it can losyerthesis temperatures, and increase

YAIO,
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Figure 4.26 Powder x-ray diffraction powders for [A. Arrows indicate the

impurity phase YAl 0.

surface area leading to increased reactivity, tagllze meta-stable phases which are
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otherwise impossible to stabilize in high tempeamtbulk reactions. Figure 4.26
illustrates the x-ray powder diffraction data cotld for h-YAIQ; synthesis. The
formation of h-YAIQ; was found to occur is a very narrow temperatungeaDespite
previous reports on the formation at 900°C - 10QGW€ found the formation to only
occur at 875°C [62] through thermal gravimetric lgsia, Figure 4.27. Powder x-ray
diffraction was collected on samples after TGA loa dried gel and on samples heated
to 750°C prior to TGA. It is clear that there isvaight loss onset at about 825°C
which ends approximately at 875°C and then agaimtimoes to drop. Impurity
formations at 900°C are listed in Figure 4.27. éased dwell times resulted in more

phase pure compositions, however, the presencgAlt®s was always observed

5-5 LENLILEL I LILELEL I LILELEL I LENLELEL I LILELEL I LENLELEL I LENLELEL I LILELEL I LENLELEL I LI

i Water loss T
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Figure 4.27 Thermal Gravimetric Analysis of YAI®om a dehydrated citrate gel.
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(marked as arrows in Figure 4.26). Further attengisiprove this were unsuccessful.
A closer examination YAI@and other hexagonal compositions reveals that the

unit cell reporteda = 3.68 A ancb = 10.52 A, is strikingly large compared to YMO
which has unit cell parametersaf 6.14 A and = 11.44 A [28]. This occurs despite
the fact that Al" is smaller than M in trigonal bipyramidal coordination. Based on
ionic radii alone, the average Al-O bond distanbheutd be ~1.86 A, and this is
similar to the reported value of 1.82 A. The valémsthe three basal plane oxygen is
~2.125 A meaning that the average Al-O bond distasc2.01 A, or about 0.2 A
larger than expectations based on ionic radii. Thia convincing argument that the
reported structure may be incorrect. In additidre bond valence sums for Y (3.35)
and Al (2.39) are unacceptable. Simple modificatddrihe structure by moving the
apical oxygen away from Y and toward Al also resdltin BVS that were
unacceptable for Al, although an improvement wander Y. If we adjust the unit
celltoa = 3.2 A andb = 12.8 A, reasonable BVS values are observed foklYand
Oa, but not Ob. We conclude that this must mean@haatoms are weakly bound no
matter where they lay in the Al plane. Moving thie &@oms from a 2b position to a 6h
position means that O is moving from a completedgupied site to a 1/3 occupied
site. In order to keep the Al coordination at 3f lo& the sites need to be filled. This
suggests a ratio for Y:Al:O of 1:1:3.5 which coldd achieved by hydration such as
YAIO,5(OH). Figure 4.28 shows the IR spectra for Bg&fandard and for two
samples of YAIQ. BaCQ was used as a reference as it has been well thiarad,

and also would provide insight to whether samplesevearbon containing as in that
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Figure 4.28 IR-spectra of YAIKand BaCQ@ as reference.

of carbonate groups. The peaks observed below0-t@¥ generally represent a
finger print region which, for YAIQ is unique to Al-O and Y-O interactions. It is
interesting to note the O-H stretch at about 3560.dVe believe this may in fact be
due to a hydroxyl group present in our samples, wock done by J. Mareschal
suggests this may likely be from physisorbed wdi#t]. This would then be

consistent of our conclusion that tl@b atoms are weakly bound, and would
potentially allow weakly bound hydroxyl groups bgrvder Waals forces which is the
main mechanism for physisorption [73]. The resufisre are still relatively

inconclusive. A further investigation of the potahtfor a carbonate group was
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perhaps more convincing. The TGA pattern in Figug¥ shows a distinct loss above
900°C. This is potentially due to the decompositadna carbonate group as many
carbonates are known to be stable up to high testyes, some as high 1200°C. A
simple acid test on YAl@resulted in dramatic bubbling which is indicatioeCO;,
release. A test of some YAt@owder in water resulted in no bubbling.

As our initial interest in YAIQ was to provide a host for cheaper inexpensive

pigments from our work on YinMn,Os3, we addressed the influence of Mn
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Figure 4.29 Powder x-ray diffraction patterns faklY,Mn,Osin x = 0.1 intervals.
substitution on not only the structure, but alse tolor. Figure 4.29 illustrates the

powder diffraction patterns for Mn substituted YAl@repared at 900°C, and Figure

4.30 shows the unit cell parameter variation. Cositfums of YAL.,Mn,O3, where
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0.3< x < 0.8, were found to be single phase. Initial refieats on x = 0.2 proved
difficult, similar to YAIO3;. A deep navy blue was observed for composition8.4&

x < 0.6, however there was no range in which an imtérhse was present such as that
in YIn1xMn,Os. This may be due to the size differences of Al pared to In and the
resulting effect on the apical bond distance. Awas determined that YAKOmay
contain a carbonate group, an acid test was algorped on YAbsMnpsOs and
YAl .7/Mnp 303 compositions. It was found that both compositicesulted in bubbling
upon the addition of acid, however, there did myear to be a large difference in the

amount of bubbling between the compositions. Timiciates that a carbonate group is
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present. Metallic Mn or Cu may also result in bitdplupon acid addition, however,
this can be excluded as all compositions are madariat high temperatures. The
presence of the carbonate group may not be depeaderomposition and is likely to
have an allowed range such as YAlnOs.,(CGs)y. This was reinforced by sporadic
unit cell volumes for the YALMn,O3 compositions. A more detailed structural
investigation will provide a better understandirighee YAIO; structure and the effect

of Mn substitution. Neutron diffraction is currgntinderway.

4.5.3 Conclusion

Our investigation into YAI@ and Mn substituted YAl@leads us to believe that
the initial structural report is incorrect. We bates on an assessment of the
hexagonal structure family and on bond valence strom the report on YAIQ
Although YMny 6Al 103 has been previously prepared, there has beerpod @& low
temperature synthesis compositions within thisdssblution [18]. We realize that an
in-depth structural investigation is warranted aundrently have beam time assigned
on the BT1 High Resolution Neutron Powder Diffrantder at NIST for YAIQ and
several Mn substituted compositions. We expect tthet resolution in these
measurements will give us unique details in atopasitions and structural variation
for various compositions and will lead to a bettederstanding of the structural
variations in this family of materials. We also mpléo address the magnetic and

magneto-dielectric properties of Mn substituted positions.
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4.5.4 Experimental

Analytical grade metal nitrates can also be usethénpreparation of hexagonal
YAl 1,Mn,O3. Y(NO3)3-6H,O (Alfa Aesar, 99.9%), AI(NQs-9HO (Alfa Aesar,
99.99%) and Mn(Ng),-4HO (Aldrich, 99%) were dissolved in approximately 20
of deionized water under stirring. The solution aated to 60°C and allowed to sit
under stirring for about 15 minutes to ensure akcprsors are dissolved into solution.
Citric acid (Mallinckrodt) was then added in a motatio of 2:1 metal nitrate. The
solution was then neutralized with ammonium hydidexand then evaporated at ~
90°C for several hours until a viscous gel was fadmThe dried gel was then
combusted at 250°C for 2 hours to decompose thatest The resulting black product
was then ground and heated at 700°C for 10 hourelitainate the organic
components. Initial powder x-ray diffraction measuents of samples heated at
700°C indicated the materials were completely amous. An additional heating at
900°C in air as pellets for a total of about 12Hsaesulted in a phase pure hexagonal
phase for most compositions. YAJQvas prepared in an alternate method due the
metastability and ease of impurity formation. Thieed gel of was ground and spread
out in an alumina tray as a shallow bed. The samgle inserted into a preheated
furnace at 875°C for 65 hours, and quenched to rtemperature. X-ray powder
diffraction (XRD) patterns were obtained after eaelating with a Rigaku MiniFlex Il
diffractometer using Cu & radiation and a graphite monochromator. Pattern
processing and phase identification were determingdg JADE Materials Data

software utilizing several diffraction databases.
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Chapter 5

Tuning the Dielectric Properties of CaCuyTi4O;,Through
Compositional Control

5.1 Abstract

In this chapter we discuss the compositional viamabf the parent compound
CaCuTisO;2 and its effect on the dielectric properties. Hoe first time, we have
shown that single phases of fluorine substitutiorthee oxygen site can be prepared at
compositions as high as x =1.3 in CgluyO,,.4F«. The variation in the dielectric
behavior for lower fluorine compositions resultedimproved loss values and a high
dielectric constant. We attribute the lower losd egtained high dielectric constant to
the difficulty of electron movement through fluagims compared to oxygen, and that
fluorine may be occupying important planar deféct€aCuTisO;2.

The co-substitution of Mn and Fe for Cu and Ti,pexgively, in CaCslli4012
resulted in single phase materials from x = 0 - el 1. Mossbauer analysis
confirmed Fe occupies both the Ti octahedral site] Cu square planar site. Other
known samples such as LawFeQ, are similar. We attribute the drop in the
dielectric constant to the disorder of 3 cationsath the Cu and Ti sites and the

quenching of magnetic order to weakened superexgehiaeractions.

Publications based on this chapter:

1) Smith, Andrew E., Sleight, Arthur W., Subramanih,A., An anion
substitution route to low loss colossal dielec8&CuTi4O1-. Journal of Solid
Sate Chemistry, 182 (2009) 409-411



179

5.2 Introduction

Many oxides with the perovskite or closely relatgducture have unique and
intriguing properties which include supercondudtivi multiferroism, high-K
dielectricity, thermoelectricity, piezoelectricitand distinct magnetic behavior [1].
The variety of properties has made the perovskitectuire one of the most studied
and most used in industrial technologies. Intengbfi they continue to raise many
questions regarding the fundamentals of structuoeqaty relationships [2]. Current
applications are largely focused in integratedwirtechnologies, which are not only
evolving quickly, but are also tending towards thaniaturization of most
components. Generally, this miniaturization regairovel materials with enhanced
properties. As in capacitive components for dynaamd static memory, the degree of
enhancement will likely be determined by the magietof the dielectric constant and
loss. Thus, the study of materials with high digleacconstants and low losses are of
great importance.

Several simple and complex perovskite oxides hagenbreported to show
relatively high dielectric constants and are cuiyeimtegrated as components in
modern devices. This includes the simple perovskBeTiQy and BaTiQ [3-5].
Generally, high dielectric constants are associatgith ferroelectric or relaxor
behavior where the dielectric constant shows a psak function of temperature. The
behavior is dictated by a spontaneous polarizatedated to a structural transition
from higher to lower symmetry. This limits the fdionality of the material and

therefore limits its practical use in devices. Bagiis a perfect case study of a
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ferroelectric material due to the systematic stmait phase transitions and thus
changes in the spontaneous polarization resultintgh dielectric constants. TheTi
displace from its barycenter toward an oxygen arigon lowering temperature,
Figure 5.1, thus resulting in a structural traositfrom cubic to tetragonal which
occurs at 120°C. Upon further cooling, thé* Tdisplace toward yet another oxygen
anion, resulting in a structural transition fromragonal to orthorhombic. A third
distortion of Tf* toward a % oxygen anion results in a structural transitioonfr
orthorhombic to rhombohedral. Each of these distost and thus structural or
ferroelectric transitions coincides and a peakhm dielectric constant (in relaxors, a
broad hill is observed at the transition tempeggtwersus temperature, Figure 5.2 [3,
5]. Small substitutions in the lattice can be médestabilize some features of the
dielectric properties, including the temperaturpatelence. For example, due to the

large change in the dielectric constant in BalaOthe ferroelectric ordering

o Mo
15914
°o - 8 _‘9}3\

°g °ua4;*;:-

Figure 5.1 Structural illustration of cubic peroiekBaTiO; with arrows indicating
Ti** offset within corner shared octahedra upon deirgdsmperature from cubic to
tetragonal structure. Red spheres are oxygen,hen@iteen central sphere is barium.



181

100c
| Rhombohedral  Orthorhombic Tetragonal s
<
B a
B a
6oc v oL : N
F <500 * B=90?
40CH B
B MQ_N_ -
20Cr 7

18C  -14C  -10C 60 20 20 60 10C
Temperature (°C)

Figure 5.2Dielectric constant of BaTi¢as a function of temperature. Structures are
inset at the proper temperature ranges. Adaptead WbJ. Merz [5].

temperature, it is often doped with Sr. This suppes the dielectric anomalies
associated with the ferroelectric transition terapaes.

When ionic radii and coordination environments enasidered, the majority of
the periodic table can be accommodated into theovgkite structure. When
substitutions are made into the simple perovskiten@ila ABX;, ordering of the
substituted site can occur such as.A'BO3; and AB.Bx'Os. Here, A or A’
generally represent a lanthanide, alkali metal laelaearth metal, and B or B’
represents a transition metal. In 1967 Deschanetred reported on a unique new
structure of the materials CagliyO,;, and CdCuyTi40;,, Figure 5.3 [6]. Between
1967 and 1988 there were a handful of reports theluded detailed structural

investigations by neutron diffraction [7], magnetieasurements, and the effect of
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high pressures on the synthesis of new and simmkgerials. It was then shown that
when A’ is Cu or Mn, A site ordering generally ocs@at a 1:3 ratio, fesA’ 07803
(more commonly reported as Af8,0;2) where A = Ca, Sr, Na, Bi, Ln or a vacancy,

and B = Ge, Ti, Cr, Mn, or Ru.
.o%;g#a,’ oﬁﬂﬁ \
.\mq, .os >
e ¥

1:3 ordering
AMO3 (Pm3m) Ap.25A 0.7sMO3 (IM3m) CaCuTisOq2(IM3)

Figure 5.3 Transformation of AM{ubic perovskite (left) to the A-site ordered
perovskite (center), and the distorted pseudo-goéiovskite CaCiTi,012 (right).
Yellow TiOg octahedra, calcium at the body center (12 CN),aad,copper square
planar coordination, dark blue. Oxygen anions arguoise.

The ideal perovskite has a unit cell parameter &, &igure 5.3. However, by
ordering of either the a-site of b-site, the umill doubles and thus expands to ~ 8 A.
The ordering of the A-site, specifically for Copperccurs due to a size difference
between Cu and Ca, and the rotational distortiothefB-site octahedra (along four
different [111] directions). The rotational disfort also occurs to accommodate a
CU** square planar coordination. These factors togethese a decrease in the unit
cell to ~7.4 A. This rotation also decreases therdioation of the or A-site cation

from 12 to 8, and removes a mirror plane. The temulthe rigid pseudo-cubic

CaCuTi40,, structure [6].
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In 2000, Subramaniaet al reported a colossal dielectric constantiof 10,000,
and a loss of Tan D ~ 0.15 in polycrystalline pslld&Even more interesting was the
observation of little change in the dielectric peapes from 100-500K and the absence
of a structural phase transition throughout thetérhperature range [8]. Studies in the
last two decades have determined that this behaaiomot related to a ferroelectric
transition, but there is still disagreement as tpraper explanation for the unique
behavior [9]. A general consensus is that the hehaw not intrinsic as the high has
been correlated to semiconducting grains and itinglgrain boundaries. This is often
referred to as an internal barrier layer mechanamd models the behavior in
CaCuTi40O;, to a reasonable degree [10-12]. The observatianaéxtremely high
in single crystals [13] points toward insulatingribars within the crystals as opposed
to the grain boundaries in polycrystalline samplesinning, in high concentrations,
was observed in single crystals and is suggested the source of insulating barriers
resulting in the high dielectric constant. It sltbbke noted, however, that other lattice
imperfections may also act as insulating barriers.

Great success has been made in furthering our stadeling the unique properties
of CaCuTi4O1, but there is still disagreement as to the sothreecolossal dielectric
constant. It is thus necessary to continue reseaythe effect of substitutions on the
dielectric properties in order to further understéime anomalies present. In the recent
past, there has been a great deal of work conagraubstitutional effects in
CaCuTisO42 and related materials. Much of this has revolvediad substitutions on

the A or B sites to lower the dielectric loss azrense the dielectric constant.
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5.3 Substitutional Variations in the Highk Dielectric CaCuTi4012

5.3.1 An Anion Substitution Route to Low Loss Colasal Dielectric CaCwTi 4012

5.3.1.1 Introduction

Perovskite type oxides (AB{phave long been an important focus for
development of new materials with high dielectonstants. With the discovery of the
colossal dielectric constant in the body-centergalapseudo-perovskite
CaCuTisOq,, Figure 5.4, there has been much interest inthenasually high
dielectric constantx = ~10,000, over a broad range of temperature3-G80K)

without a phase transition.

Figure 5.4 Structure of the cubic pseudo-perovgkitd) CaCyTisO;, with TiOg
octahedra, Cu in square planar coordination (sbiatlk spheres) about O (small light
grey spheres) and Ca at the origin and cube cénestium size grey spheres).
Unfortunately, the CaGlii4O;, loss tangent of ~0.15 is high for present ceramic
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application requirements [8]. The best known highéielectric material is barium
titanate, BaTi@, which has a dielectric constant and loss faverdt applicationk

= ~1,500 and tard = ~0.01 There are several reports of cation substitution i
CaCuTisO42. Substitution has included Co, Fe, Ni, Zr, Sc altdon the Ti site, and
La or Na on the Ca site [14-18]. Some reports mgicsuccess in lowering the
dielectric loss. For example, a loss of 0.015 wegsorted for Caglag 2CusTisO12;
however, the dielectric constant was also suppdets&,000 [18]. Some compounds
with the CaCuyTli4O, structure show a low loss tangent but not a gdiakectric
constant [19]. In this communication, we presenbeel route for decreasing the t@an

of CaCuTi4012by anion substitution.

5.3.1.2 Results and Discussion

Analysis of powder XRD patterns indicated that gubstitution of fluorine for
oxygen was successful for doping levels of x = 6-05.3. Attempted doping levels
above x = 1.3 resulted in secondary phases, m@afy and TiQ. Figure 5.5 shows
XRD patterns for pure CaGli4O;, and doping levels of x = 0.2, 0.4, 0.6, and 0.8.
The shift of peaks to loweB2ralues with increasing F content indicates aneiase in
the lattice constant of the cubic phase (Figure ibset). With the addition of F,
increased grain (crystallite) size could be expmkcidis would account for the initial
sharpening of the peaks upon F addition. The loiad that occurs with further F

addition is most likely due to inhomogeneity of théand C4") distribution, which
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Figure 5.5 Room temperature XRD powder pattern€BCuTi4O;24F« Samples
wherex = 0-0.8. The inset in the upper left corner i€apanded view of the shift in
(222) peak aroundi242.5°. Shoulders in the peaks are due tdzwadiation.

Table 5.1Fluorine content of selected samples

Sample Calculated (Wt.%) Measured (Wt.%)
CaCuTisO11.670.4 1.23 1.1+0.1
CaCuTisO11.406 1.85 1.7+0.2
CaCuTis011. 408 2.46 2.3+0.2
CaCuyTisOnF 3.08 3.1+0.1
CaCuTisO10.dF12 3.67 3.6+0.1

KoNbOsF * 7.99 8.1+0.1
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loss (loss tangent, tax) for pure and F-doped Cagli O1,.4~ where x = 0-1.2 at
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apparently causes lattice strain [20]. The iondiua difference between fluorine and
oxygen is negligible [21]. The observed increasthe lattice constant (Figure 5.6) is
attributed to the conversion of €uto Cu* as B is substituted for & Thus, the
formula for these phases is represented as GaQu, Ti«O; Fy. The F
substitution was verified by chemical analysis (€aéh1). The F content was always
as expected within the error of the analysis. Anyoss that occurs during the
calcination in air is negligible.

Figure 5.7 shows the dielectric constant and tledediric loss as a function of
fluorine content in CaGiIi4O12 at 25°C and 100 kHz. As fluorine doping increases,
the dielectric constant and loss tangent decrdesthe fluorine doping increases from
x = 0.1 to 0.5, a large dielectric constant id stilserved but is decreased fro=
10,080 to 4,404, and tanis decreased from 0.11 to 0.075. Taking into atersition
both the constant and loss, an optimal fluorinetexanis x = 0.3 where the dielectric
constant i = 6,310 and taf is 0.075

The temperature dependence of the dielectric cohstad loss tangent
relationships for select fluorine doped levels mCQsTi 0124« iS presented in Figure
5.8 and 5.9 respectively. The dielectric constaietmain essentially temperature
independent for the various doping levels from 25175°C. This is an improvement
over pure CaC4Ti40;, at 100 kHz where the dielectric constant increagteadily
with tand throughout the full temperature range.

There is a consensus that the giant dielectrictaahsn CaCuili401, is due to an

internal barrier layer mechanism (IBLM). This maalsm normally applies to
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Figure 5.8 Temperature dependence of the dielemtristant«) for pure and F-doped
CaCuTisO10.4F« at a frequency of 100 kHz.
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materials with conducting grains and insulatingimgrboundaries. However, in

CaCuTisOq2 it has been shown that the giant dielectric comnsig obtained within

grains [8, 11, 18, 22]. Thus, there must be inggaplanar defects in these grains.
Despite much effort, there is still no good defomt of these defects. Dopants
frequently concentrate at lattice defects. Thhse, E may be concentrating on the
important planar defects in CagJiuO;,. This could increase the electrical resistivity
of the internal barrier and decrease the dieletbss. Movement of electrons from

cation to cation through F is much more diffichian through O.

5.3.1.3 Conclusion

It has been shown in this study that anion suligiittby fluorine in CaCglli4O2.
xFx was successful, and that single phase samplespepared for fluorine doping
levels of x < 1.3. A lower dielectric loss tangetatn ® = 0.075, and a giant dielectric

constantk = 6310, was obtained for a fluorine doped levet &f0.3.

5.3.1.4 Experimental

The samples in this investigation were preparedcbgventional solid state
synthesis. Reactants were CaQ@9%+, Spectrum), CuO (99.9%+, Aldrich), GuF
(99.5%+, Alfa Aesar), and T#D(99.9%+, Aldrich). Appropriate quantities were

thoroughly mixed by grinding in an agate mortar.eTimixed powder was first
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calcined in air at 900°C for about 12 hours, arehtheground, pressed into pellets,
and sintered in air at 1025°C for 12 hours. In bloglating cycles, the ramping and
cooling rate were 300°C/hr. X-ray powder diffractioXRD) patterns were recorded
with a Rigaku MiniFlex Il diffractometer (Cu dradiation) in the rage of 10-6092
In order to analyze the F content of the sampkefltiorine was first leached from the
sample by means of sodium hydroxide fusion in &mlan crucible. This process was
carried out in a closed Inconel vessel to avoidftherine loss. The percentage of
fluorine was determined using a fluoride ion seélectelectrode. A sample of
KoNbOsF was used as a reference and to check the accafabg measurements.
Accuracy depends on F content and size of sam@eé. usor dielectric constant and
loss tangent measurements pellets of samples vadished, electroded with silver
paint and then dried for 3-5 hours at 100°C. Meaments on the pellets utilized an
HP-4275A LCR meter in the temperature range of 26f@G00°C at a frequency of

100 kHz.
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5.3.2 Colossal Drop in the Colossal Dielectric CaGli 4012

5.3.2.1 Introduction

As mentioned previously, the perovskite structsradcommodating of most
cations when charge and ionic radii are takenéotwsideration. However, the
perovskite structure of Cagli4O;, is quite rigid due to the rotational distortiorfs o
the TiG; polyhedra, Figure 5.4 [8]. The rotations are duthe preferential square
planar coordination of a Jahn-Teller copper ion tanthe size of the A-site cation Ca
in a site somewhat too small. Because of this itigithe dielectric constant of
CaCuTi4042is actually enhanced [8, 19]. The enhancement, iexyeomes at a cost
to the allowance of substitution on any of thessii&e’ve shown in the last chapter
that for small fluorine substitutions, there issagonable change in the dielectric
constant and loss values that prove beneficiale Hge will show that substitutional
variations of the Cu and Ti site are much more apisicle to quenching the dielectric

properties.

5.3.2.2 Results and Discussion

Figure 5.10 shows the powder x-ray diffraction @ats for pure CaGiii4O:, and
substituent levels of x = 0.05 - 0.5 and 1. Chamgetrality was preserved by keeping
the ratio of substituent M# to FE" the same as Glto Ti*". Analysis of the
diffraction patterns indicated that the co-subsittuof manganese and iron for copper

and titanium was successful for doping levels ef&x05 — 0.5 and 1 in
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Figure 5.10 Room temperature powder x-ray diffacipatters for CaGlii4Oq2-4Fx
samples wherg = 0-0.5, 1.

Ca®> Cu¥ Mn¥Tij" Fe¥*0OZ, and all samples could be indexed to a cubic Im3

space group. It should be noted that there wad dr@ulty in repeated attempts to
synthesize 0.5 < x 1, and as such, they are not reported here. Cisesecondary
phases for x > 1 were found to be primarilg®eand CaTiQ. The narrowness of the
diffraction lines is comparable in all the samplehjch confirms reasonable sintering
and similar values of the crystallite size. A rougstimation of crystallite size by
Williamson Hall plots utilizing a profile analysief peaks for full width at half

maximum (FWHM) and suggests values greater tha®0-n8n.
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The inconsistent shift of peaks with increasing Mntontent, and the monotonic
variation in the Végard's law plot (Figure 5.11)dicates the possibility of site
swapping for various compositions, meaning thdtoalgh we intend for Fe to occupy
the Ti site, there is a possibility it may also @gg the Cu site. If the site compositions
are allowed to intermix with some kind of randonsethis would explain the
variation in the powder diffraction patterns, artild the Vegard’'s low plots.
Mdssbauer analysis was utilized to address thelpliysof Fe site swapping. Figure
5.12 illustrates the Mossbauer data collected.i3twver shift and quadrupole splitting
(bottom of Figure 5.12) indicate that Fe occupie® tdifferent coordination
environments, namely thesP(square planar) and,(octahedral) at percentages of
~17% and 83% respectively. This makes the situatimch more complicated, but
now confirms our suspicion that the lattice vagatmay be due to site swapping. The
true composition may thus be regarded as
Ca(Cu.sMnNg.419€.089(Ti3.5F€.419VIN0 0859 O12.

Several reports have shown the substitutional almes of CaGTisO1
including Mn on the copper site and Fe on the @ 8, 19, 23-25]. These reports
have also shown that dramatic changes can occtheirdielectric values for small
compositional variations, especially for the coppee. For a copper deficiency of
0.05, the dielectric constant was halved from 10,80 ~5,500, illustrating the
sensitivity of the site to manipulations [8]. Hoveeythis is not to say that the copper

site is the sole factor in the large dielectricstant of CaCslli4O;12as many other
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Figure 5.11 Lattice parameter expansion as a re6Mn and Fe co-substitution for
Cu and Ti respectively.

Absorption (%)

Velocity (mm/s)

Site Isomer Shift Quadrupole Splitting FWHM % Site

6 (mm/s) (Avg.) (mm/s) I (mm/s)
1 0.411(8) 1.708(8) 0.290(5) | 17 | Fé*[D,]
2 0.369(3) 0.318(3) 0.485(3) | 83 | Fe*[0,]

Figure 5.12 Mossbauer analysis of the nominal catipn CaCy sMng sTi3sFe) s012.
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Figure 5.13 Temperature dependence of (a) theafiEleonstant, and (b) the
dielectric loss for CaGuMn,Tis<FeO;, at a frequency of 1 MHz.

compositions containing stoichiometric copper dostmw a large dielectric constant.
The ACuTisFeOy, series for which A =Y, La, Nd, Sm-Tm, Y, Bi alhewv a

dielectric constant below 1,000 [8].
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Figure 5.13 shows the dielectric constant and diete loss as a function of
temperature. A colossal drop can be observed fosudistitutions regardless of the
amount of substitution. The inset of figure 5.1®wh the variation in the dielectric
constant for all values of x. The substitutionswgha dramatic effect much like that
reported by Liet al. for CaCu.oiMnooeTi4sO12 Where the dielectric constant was
suppressed t0 ~45 at 1 k Hz [26]. Our measuremedisate a similar effect as
expected. However, if we now assume that all comipas have site swapping to
some extent, we find it is not extremely difficutt rationalize the drop in the
dielectric constant specifically to Mn or Fe occlipa as Cai et al. also showed that
for CaCuTisxMnO;, (X < 0.2) a colossal drop in the dielectric constans \aéso
observed [23]. The expected dielectric constansedban the polarizabilities of the
present elements are less than 100 based on ¢aloslaising the Clausius-Mosotti
equation [27].

The magnetic molar susceptibilities cm of Mn andcBesubstituted samples were
measured in an applied magnetic field of 10000 Dd¢sla) from 5 K to 300 K.
CaCuTisO;2 shows a classic antiferromagnetic ordering treorsiat Ty ~ 25 K here
and as reported elsewhere, Figure 3.14 [17, 28anRagnetic behavior of the inverse
susceptibility well above J (150 - 300 K) was fitted by the Curie-Weiss lavat®
calculated from these fits, namely,TOcw, and thepes, are listed in Table 5.2. In
CaCuTisO12 the CE* (o) spins order in ferromagnetic planes with adjaqeahes
ordering antiferromagnetically along the body dizgo[111]. The superexchange

interaction occurs through nonmagnetic Ti rathant® as would be expected for
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Figure 5.14 Magnetic susceptibility versus tempeeabdf CaCel,Mn,Ti4<FeO1, for
x =0, and 0.1-0.5 measured at 1 Tesla. Insetrgaveusceptibility of the
aforementioned compositions.

Table 5.2 Magnetic data calculated from paramagmegion, T>150K

X C (emu-K/mole) Peit (ng) Ocw (K) Tn (K)

0 1.261 3.18 -24.6 ~25
0.05 1.590 3.57 -36.0 ~25
0.1 1.941 3.94 -52.8 ~ 20
0.2 2.503 4.48 -72.5 ~15
0.3 3.070 4.96 -87.6 -
0.4 4.307 5.87 -90.4 -
0.5 9.058 8.52 -175.1 -
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LaCLhTi4O;|_2
-4--3--2--1-0-1-2-3-4
Velocity (mm/s)
Site Isomer Shift Quadrupole Splitting FWHM % Site
& (mm/s) (Avg.) (mm/s) r (mm/s)
1 0.42(8) 1.71(8) 0.30(5) 4 | Fet [D4h]
2 0.38(3) 0.36(3) 0.48(3) | 96 | Fe*[0,]

Figure 5.15 Mossbauer analysis of the nominal caitipon LaCuTisFeO..

cubic perovskites [17]. Thus, the effect of Mn drelco-substitution on the magnetic
character is two-fold. First, the substitution ohetTi site perturbs the Cu
superexchange resulting in a weakening of the dvietaractions. This results in a
gradual quench of the antiferromagnetic orderimgperature from § ~ 25 K to ~15
K for x = 0.2. The second effect is the onset greater ferromagnetic component
which can be observed in the susceptibility data @ybowing near 50 K.
ACusTisFeO, where A = Bi and La were also found to exhibittardmagnetic-like
onset. Due to the number of magnetic cations aeddiml site occupations, it is

extremely difficult to suggest specific interacton
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Due to our observation of Fe site swapping, we idened that the drop in the
dielectric constant of Cu stoichiometric compougdataining Fe on the Ti site may
in fact be due to the occupation of Fe on the GeL $inCuyTisFeO, compositions
where Ln =Y, La, Nd, Sm-Tm, Y, Bi have all beeryously reported [8, 19]. There
have since been no reports of Mdssbauer analysdetermine the coordination
environment of Fe in these materials. Figure 5llLstrates Mossbauer analysis for
LaCwTisFeO,. Again, we see that Fe does in fact occupy thesi@uand may thus
be a large contributing factor in the suppressibthe dielectric constant observed,
~ 60 at room temperature and 1 M Hz. A more corepéatalysis of Fe containing

materials with the CaGili,O1, type structure is warranted.

5.3.2.3 Conclusion

We have shown that single phase samples with néroorapositions of CaGu
xMN,Ti4xFe012, X = 0.05-0.5 and 1 were prepared. Mossbauer sisabpnfirmed
that Fe occupies both the Ti octahedral site aedGh square planar site. Previous
reports have shown that Mn suppresses the dielemristant whether substituted on
the Cu or Ti site. As Fe occupies both sites, Mrstmalso, and as such it is not
surprising we also observe a colossal drop in iekedric constant. In addition we
also observed that other known compositions redokiéh Fe on the Ti site also have
minor amounts of Fe on the Cu site. Substitutiond deficiencies of the Cu site

normally result in suppressed dielectric propertespecially when substituent cations
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are Fe. This work may prove useful in understanaihyg CaCuyTi,O;> is the only of

its family to have a dielectric constant above 8,80room temperature.

5.3.2.4 Experimental

The samples in this investigation were preparedcbgventional solid state
synthesis. Reactants were Ca(d@9%+, Spectrum), CuO (99.9%+, Aldrich), M
(IMC 98%-+), FegD3 (99.99%, Alfa Aesar), Ti©(99.9%+, Aldrich), LaO3 (99.99%,
Alfa Aesar), ByO3(99.99%, Aldrich). Appropriate quantities were thaghly mixed
by grinding in an agate mortar. The mixed powdes Wt calcined in air at 900°C
for about 12 hours, and then reground, pressed petets, and sintered in air at
1025°C for 12 hours. In both heating cycles, thep@ag and cooling rate were
300°C/hr. Powder x-ray diffraction patterns wereoreled using a Rigaku MiniFlex Il
diffractometer (Cu l& radiation) in the rage of 10-6092Mdssbauer analysis was
performed in order to analyze the Fe coordinationirenment in the samples.
However, due to the low Fe content and potentglas with resolution of Méssbauer
peaks, we prepared several compositions Wik in FeOs (Isotec Inc., 95.27 atom%
>’Fe Lot# PV1324) at 3 mole % in our compositions sktiauer was measured by Dr.
Alain Wattiaux at ICMCB-CNRS, France. For dielectgonstant and loss tangent
measurements, pellets of samples were polishedy@ied with silver paint and then
dried for 3-5 hours at 100°C. Measurements on #llefs utilized an HP-4275A LCR

meter in the temperature range of 25°C to 300°@ fkquencies from 1 kHz to 1
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MHz, and cole-cole plots were prepared using adBB4A LCR meter. Magnetism

was measured using a PPMS Physical Property MeaasuteSystem with He(l)

recycling system from 5K to 300K. A field of 0.5Tasvas applied after zero field

cooling
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Chapter 6

Miscelaneous Oxide Systems

6.1 Introduction

During the course of this thesis, there were séatrampts to investigate different
systems that were related to the compositions siészliin the bulk of chapters 3, 4,
and 5. In order to investigate the other works @tad, these compositions were set
aside. Due to the amount of work already complétethese systems, TiChased
bronzes and perovskite iridates it is worth distwgssThis work should be considered
preliminary, and the conclusions made merely sugges rather than concrete.

Further work in these systems is certainly necgssar

6.2 Transition metal bronzes based ofi-TiO,

Our work on CaCiI'i4O12 had partially focused on the design and charaetéon
of novel compositions containing Na on the A-sgenje Na containing CCTO-based
compositions are known [1]). During this investigat a sample was prepared which
melted in the furnace and resulted in single ctyst@hose crystals were analyzed
using single crystal diffraction. The work in théection is largely the result of this
single crystal analysis and the compositional fdendetermined.

In 1962, Anderson and Wadsley reported a new congbaid structural interest,

NaTiO,, the alkali metal titanium dioxide bronze [2]. Thkkali metal bronze drew
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attention for the possibility of conduction by tfiee electron in the framework from
the alkali metal, but also due to the odd strudtstabilization by sodium. Later work
found the Ng@rliO, composition to show a metal-insulator transiti@h Na can also
be washed away thus resulting in the pHEIO, structure. The beta form of TiO
also referred to as a bronze structure, is one ewkrs known TiQ structures
(Columbite, Rutile, Brookite, Anatase, RamsdelliB¥pnze and Hollandite). It is a
monoclinic system with space group C2/m [2,4]. Tietated phases, anatase,
ramsdellite and hollandite, share octahedral uanvtsraging 4 corners and 4 edges
each. The bronze Ti¥Jorm also shares 4 corners, but is different ftbmother TiQ
phases in that it averages 4.5 octahedral edgeedsiid]. This non-integer value
represents the two distinct octahedral sites irclwione shares 4 edges and the other
shares 5 edges. The distinct octahedral sites eaedén in Figure 6.1a. The structure
contains a ‘zig-zag ribbon’ of double octahedroongl the a-axis and closely related
edge and corner shared alternating distorted pkitevgke units, Figure 6.1b. In the
case of alkali metal Ti©bronze [3], sodium is situated in the 2(a) poiosipon in a
disordered fashion within channels formed by tilamioctahedral linkages. These
channels lie along the b-axis and can also be iseBigure 6.1b. A detailed structural
analysis of N@rliO, is given in reference 2.

Our single crystal analysis on crystals formed frammelt in the preparation of
NaCuwTi4Os2 is presented in Table 6.1. The formula was refitteMa sCup 4Ti3.60s.
The formula and unit cell parameters agree quitk wi¢gh the report by Avdeev in

2001 by ICDD grant-in-aid, which reported x-rayfdittion data on the sodium
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Figure 6.1 Monoclinic C2/m bronze structure of,IN®,. The structure contains a
zig-zag row of double octahedra (black lined reglka)y two distinct octahedral sites
(one with 4 edges shared, blue, and 5 edges shareeln), and a closely related
perovskite unit (black lined square). This représgéon shows a full occupation of the
Na site. In reality, there would be a disorderedigleoccupation.

copper titanium bronze system (N&Cup 43Ti35/0s) [5].

Our analysis of the Cu analogue led us to belibaeddditional compositions may
also be possible for Mn, Fe, Co, Ni, Zn and Mg liacp of copper. A more in depth
literature search concluded that the mineral Frebeegite, NaFeTE0g, and various
derivatives were known [6-7]. Despite previous mo little work had been

performed on the physical properties. Our goal teaaddress some of the physical

properties. The compositions prepared were basedeoformula NgigdV.43T13.5/ 03
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Table 6.: Crystallograplc data and unit cell parameters from single crymtalysis
of NaCuTisO.melt. The refined values yielded a formula of Maug 4Tiz¢012

X y z U(eq)

Ti(1) 3978(1) 0 7992(2) 7(1)
Ti(2) 2013(1) -5000 7901(1) 9(1)
Cu(2) 2013(1) -5000 7901(1) 9(1)
Oo(1) 2355(4) 0 8441(7) 9(1)
0o(2) 4417(4) 0 1329(7) 8(1)
O(3) 3713(4) 0 4961(6) 10(1)
0(4) 3642(4) -5000 7913(7) 8(1)
Na(1, 5000 -5000 5000 27(1)
Unit cell dimensions FW 344.25 g/mol
a=12.2278(14) A o =90° Temp 173(2) K

b=3.7970(4) A B =107.268(2)° Wavelength Mokt 0.71073 A

€ =6.4920(7) A vy =90° Crystal system  Monoclinic
Volume 287.83(5) A Space group Cc2/m

Z=2

Table 6.2 Cell dimensions based on monoclinic C3sace group, dielectric properties
and color NagdVlo.43Tis5:0g

M= Mg Zn Mn Fe* Co Ni Cu Cu(0.4)
a(A) 12,253 12.279 12.272 12.302 12.333 12.259.2412 12.228
b (A) 3.771  3.767 3.784 3.812 3.846  3.8093 3.80F797
c (A 6.423 6.438 6.524 6.547 6.521 6.468  6.506 495.
Beta, (°) 106.96 107.25 106.86 107.16 107.21 107.01 .2D7107.27
Vol (A3 283.98 284.35 289.93 293.34 29546 288.84 2892%7.84
Calc.x 17.77 18.46 17.28 15.68 16.14 15.65 16.67 -
Obs.x
(1MHz) 15.81 11.69 19.74 18.36 19.19 16.46  22.83 -
Obs. Tard 0.0168 0.0051 0.0346 0.0803 0.0183 0.0136 0.0065

Color White  White Black  Orange Grey Green Green -
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in which case the M cation is in ¥ For F&*, the formula was adjusted to
accommodate the charge difference, Nag@disuch as in Freudenbergite [6]. Oxide
precursors were mixed in stoichiometric ratios apdted from 900-1000°C for ~24-
36 hours with intermittent grinding. Pure phaseseaabtained for Mg, Co, Ni, Cu,
and Zn. The impurity phases found in Mn and Fe wmimarily rutile TiO, and
NaTigO13 indicating that composition stoichiometry was otisingle phased limits. It
some cases repeated synthesis of Co and Mg alstiecesn the aforementioned
impurities. It is well known that the Na and M cent can vary, and several
compositions have been reported previously [7].irRef unit cell parameters from
powder XRD are reported, Table 6.2, and includesé¢hcompositions found with

impurities as a comparison. The values calculageeeawith reported values.

Table 6.3 Summary of magnetic measurements fggdMa 43T i35 0s
measured at 1.0 Tesla from 5 — 300 K

M= Mn Fe* Co Ni Cu
O (K) -0.50 -27.09 -5.40 0.35 1.65
C (emu K/mole) 1.3829 1.4302 1.1963 0.5179 0.1126
tea(us) M** 3.882 3.207 2.538 1.856 1.134
teadpts) M3 3.207 3.882 3.207 1.134 -
Hobs (Ug) 3.348 3.384 3.095 2.037 0.9496

Curie —Weiss relationship is based off ¥6. T plots (100 - 300 K)

Preliminary magnetic measurements indicate that edimpositions are
paramagnetic with Curie-Weiss temperatures closé t&elvin, Table 6.3. The

observed and calculate magnetic moments for CuNarayree, but the moments for
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Mn, Fe and Co do not. This is likely due to paran&ig impurities such as NEO13
and deviation from calculated stoichiometry. Praliany optical measurements

indicate band gaps ranging from 1.65eV to 2.70eV.

6.3 Perovskite Lanthanide Iridates

The ternary and quarternary oxides of Ru, Rh, antiave a rich history as
complex magnetic materials; {BhMnQ; is a well known ferromagnet, the 1a
xSKCORUQ series shows antiferromagnetic, ferromagneticsgmal-glass regions, and
LaoNilrOg exhibits an antiferromagnetic order with a ferrgmetic component [8-10].
Most of the chemistry involving Ir is that of*irwhich has a 5d(LS) electron
configuration (although 1f is also known) [11]. This electron occupation tesin
empty eg orbitals, and for*frO-M interactions where the M is cation has halé(i
or filled eg orbitals, Goodenough-Kanamori rulestale strong ferromagnetic
exchange interactions. The 3d-O-3d interactionsraegively well known, however,
that of the 4d/5d-O-3d are sparse. In additioms ot particularly clear whether the
Goodenough-Kanamori rules are followed for 4d addcations. Thus, the study of
oxides containing 4d/5d cations and a 3d cationmapertant.

As mentioned previously, LHilrOg has been shown to exhibit complex
magnetism, however, the other lanthanides in tbiges have not been reported. In
this study, we synthesized iMilrOs where Ln = La, Pr, Nd, Sm by solid state

methods. Figure 6.2 shows the powder diffractiottepas. A very systematic peak
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evolution can be seen upon going from La to Pr tbtdl Sm as evidenced by the
central 100% intensity peak comprised of the (0202), and (200) reflections which
tend to separate. In addition, it was originallypaded that LgNilrOg could
potentially be orthorhombic with space group pbrue tb the lattice parameters of a
~b=5.6 A, and3 = 90°. However, the first peak at ~19% ®as quite wide indicating

two peaks are likely present, the (011) and

T T T T T T T T T T
[ Ln,NilrO, 7]
5 ]
8 4
> 4
G ]
c 4
Q .
£ ]
1 1 1 1 L]
20 30 40 50 60
a) 2 b)

Figure 6.2 Powder diffraction patterns for,NilrOg where Ln = La, Pr, Nd, Sm (a)
and monoclinic structure along the y-axis with Nddr ordered in octahedral centers,
and Ln as green spheres.

(101). The (011) reflection is forbidden for anhathombic space group pbnm. Thus,
Blasse and Currie determined the system to be niarowith space group Rt [12,
13]. Moreover, the Pr, Nd, and Sm powder patteemonted here all show this

obvious splitting at ~19°® As such, all compositions here could also bexadeto

the monoclinic structure with & space group, Table 6.4.
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Table 6.4 Unit Cell dimensions

LnoNilrOg La Pr Nd Sm

a (A) 5.552 5.555 5.572 5.529

b (A) 5.565 5.599 5.599 5.538

c (R) 7.851 7.852 7.874 7.822
Vol (A3 242.52 244.22 245.64 239.52
t (tolerance factor) 0.8682 0.8567 0.8509 0.8407
Color Black Black Black Black

The magnetic properties of potential combinatiohsation interaction between
the d orbitals of Nf*(3d®) and low-spin [t*(4d®) cations, through oxygerparbitals
are summarized in Table 6.5. These interactionsbeannderstood on the basis of
rules for spin-spin super-exchange interactionsGopdenough and Kanamori [14,

15]. Spin interactions between empty orbitals ti-fiéed, Ir4+(eg)—O— N?*(eg), along

Table 6.5 Expected super-exchange interactiongrttered LaNilrOg

M-Cation M’ -Cation Interaction Result

Ir**, 4d® (LS) Ni?*, 3  (HS)

2¢ Empty 2¢y Half o FM

1 tyg Half 1 by Full 7 FM

2 tyg Full 2 by Full 7 AFM
Ir**, ad® (LS) Ir**, 4d° (LS)

1 tyg Half 1 by Half 7 AFM

1 tg Half 2 by Full 7 FM



212

with half-filled to full orbitals, N?*(tzg)—O—Ir‘“(tzg), yield ferromagnetic coupling. In
contrast, antiferromagnetic coupling results frgpimgransfer between half-filled to
half-filled orbitals, for example, Ri(tog)—O—I""(tag), Ir*(tag)-O—1r"(tag), and
Ni2+(eg)—0— Ni2+(eg). Due to the greater overlap &fvs.ty orbitals, previously
discussed in Chapter one, ferromagnetic interastawa stronger, and a ferromagnetic
coupling is expected. It should be noted that asgrder in the system would produce
additional antiferromagnetic interactions withie ttample, and would be especially
strong for Nf*(e,)-O— NF*(gy).

Magnetic measurements are presented in Figurend.8.4. All samples show an
obvious ferromagnetic component as expected faraered system. However, each
sample also shows the complex magnetic componéotnpeting AFM and FM
interactions. Although we expect an ordered sydiased on the monoclinic structure,
oxidation state differences, cationic size diffees; and the observation of FM in
magnetic susceptibility data, it is apparent tl@hpdefects or phase transitions may
play a role at low temperatures. We conclude thest the additional ordering
anomalies at low temperature, and the negative $¥emperature which would
indicate AFM. Table 6.6 summarizes the magnetia dalculated from the Curie-
Weiss relationship. The calculated and observechetagmoments agree well with
spin-orbit approximations. One may notice thatdakeulated magnetic moments are
larger for Pr, Nd, and Sm, and this is due to taribution of unpaired 4felectrons
(0<n< 14) from the lanthanide. In calculating the magnetoments for the

lanthanide contribution, it is often necessaryniude a spin-orbit coupling term.
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This accounts for the angular momentum which castdrally affect the calculated

and often the observed magnetic moment. The caétlialues in Table 6.6 have the

spin-orbit coupling terms applied. An interestirgmt to note is the extremely

a) o018
0.016
0.014
0.012
0.010

0.008

x (emu/mole)

0.006

0.004

0.002

T T T T T T T T T T T
i 4 250
% La NilrO,
I
®
..-’ L] 1200
\
D\q ><
5
: 4150 3§
o
S~
o)
------ {100 3
....... c
.......... ~
......................... 150
1 1 1 " 1 1 1

0 50 100 150 200 250 300 350

Temperature (K)

12

1.0

0.8

X (emu/mole)

0.2

0.0

0.6

0.4

T T T T T T T T T T T

PeriIrO6

3 8 8
(nwa/ajow) X/t

1 n
=
o

0

0 50 100 150 200 250 300 350

Temperature (K)

Figure 6.3 Magnetic susceptibility and inverse negnsusceptibility for ZFC (blue)
and FC (red) measurements on (gNirOg, and (b) PaNilrOe.
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complex magnetic behavior of the Sm analogue. Tikeeptibility data shows a
diamagnetic phase at temperatures up to 50 K athathme there are two distinct

AFM peaks before a FM type onset. This is extrerpelgplexing and warrants the
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Figure 6.4 Magnetic susceptibility and inverse negnsusceptibility for ZFC (blue)
and FC (red) measurements on (a}MtOg, and (b) SNilrOs.
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Table 6.6 Summary of ZFC and FC magnetic measuresna¢f.5 Tesla at 5 — 320 K

La La Pr Nd Nd Sm Sm
Ln2NilrOg ZFC FC ZFC PrFC| ZFC FC ZFC FC
Ow (K -324 -36.3| -344 -39.0 -384 -37.1 -45.2 n/a
Cemukmole) | 1.429 1.445| 4591 4510 4.869 4.841 2.084 n/a
Hcalc (so) 3.317 6.053 6.100 4.09
Hobs 3.383 3402 6.064 6.01p 6.245 6.227 4.085 n/a
Tio (K) 70 105 110 145

Data for Ln = La was reproduced and is relatively consistent with reported values [ 10, 12] . The paramagnetic region of 1/y vs.
T plots (~200 - 300 K) was used for calculations.

consideration of potential impurities. No impurgtieere found after another analysis
of the powder x-ray diffraction data. Due to thaesvity of magnetic susceptibility
to magnetic impurities, SmMNDSMO3, IrO,, and NiO were investigated. SmNI3
AFM at ~220 K, Si03; does not show an ordering temperature down tol20% is
paramagnetic, and NiO is AFM at ~520K, well abdve anomalies seen here [16].
Thus, the multiple anomalies in the magnetic susuéy for these compositions
cannot be fully explained. It would be interestiogacquire neutron diffraction data
over a range of temperatures to gain more insigbtthe magnetic structure.
Additional magnetic measurements including fielpetedence and AC susceptibility
may also provide insight into the ordering behawibserved.

The results shown here reinforce the observatiwaisir based materials are
rich and diverse in magnetic behavior. The obs@awmaif separate, distinct ordering
regimes is unique and intriguing, and a better tstdading of the spin interactions

and magnetic contributions may prove useful indégign of novel materials.
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General Conclusions and Future Work

The nature of transition metal oxides, and theietrongly interacting electron
systems, offer a wide range of electronic propefilesulators, ferroelectrics,
semiconductors, metals, and superconductors), riagnmeperties (paramagnetism,
ferro/ferrimagnetism, antiferromagnetism, and digneism), and cross coupling of
electric and magnetic properties (magneto capamtanagnetoresistance, and
multiferroics in general). Nearly each of thesegbgl property examples was
discussed in this thesis on the basis of 3 mairefgacompositions, CaGilii4Os,
LaoRhMnG;, and YMnQ. This indicates the importance of material exgioraas the
future of electronic devices is dependent on theeldgment of novel materials with
improved or novel properties.

We discussed the design, synthesis, structure, @hgsical property
characterization of novel materials. We showed that well known family of
materials, LaVIRhGs, that unique magnetic and electric properties aaatill be
discovered. The LLMnRhO; thin films were found to exhibit a change in thefettt
structure, surface morphology, and magnetic praggeifor films grown at different
oxygen pressures revealing the importance of dgéposinethods. Bulk ceramics of
La,MRhGOs (M = Cr, Mn, Fe, Co, Ni and Cu) were found to béhorhombic p-type
semiconductors. Complex magnetism was found for B&=and Cr with both showing
magnetic hysteresis at 5K. The Cu analogue isylikelbe in a 2+/3+ oxidation state,
and showed a favorable power factor up to ~575aCd._«Rh,O3; compositions were

found to exhibit an interesting lattice crossover 0.5. Strong evidence for at least
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some conversion of RHCo* to RH*/Cc?* is found in both structural and electrical
transport data. A thermoelectric figure-of-meriT{zf about 0.075 has been achieved
for LaCqsRhys03 at 775 K

The well known magnetoelectric, YMaOwas found to form complete or nearly
complete solid solutions with YIDYAIO3, and YCysTipsO3 systems. Our results
indicate exciting optical properties as a wide mn§blue was observed in the YInO
solid solution, the intensity of which was critigaldependent on the apical bond
distances and the crystal field splitting. The Y4redd YCuysTip 503 systems showed
magnetic and magnetoelectric suppression for isargavalues as expected, but the
field dependent capacitance for the Ypg€howed a unique improvement and sign
swap indicating a magneto-electric coupling. Weedatned the YAIQ structure to
have been improperly reported based on bond valesicelations. Our investigation
into the YAIOs-YMnOg3 system is likely to help in this structural clarétion.

For the high-k dielectric CaGTi4O12, the limits of x, y were determined for
CaCu.xMn,TisFg012 and CaCylli4012.F. With small compositional variations, we
showed an improvement and a colossal suppressithe afielectric properties. The
results here show the unique rigidity of the stuoetand its effect on the physical
properties for small substitutions. This may previdto the future design of improved
dielectrics based on CaglisOs2.

If there is one lesson I've learned in this theaisk, it is that the work is never
over. Our desire to learn as researchers is iftdatiand as such, there is much more |

would like to investigate within these familiesrofterials. For example, the YMgO



219

solid solutions provide several pathways for cardiion. For such a well known
material, it is perplexing to consider such disec@sas intense blues and greens are
possible. We have only touched the surface of Wtrank is possible in this class.
Therefore, a continuation of compositional expliomis warranted. In addition, it is
necessary to clarify the original structure thahynase to classify these types of
materials. Neutron diffraction on YMn&Y' AlO ;3 can help determine the exact
structure and likely shed light on the variatioruaft cell dimensions compared to
other materials in this class. As the miniatur@ag of electronic devices continue,
the components are shifting towards thin films. #os reason, and investigation of

thin film YMnOg3 solid solutions may yield unique properties artdnactions.
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