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ABSTRACT

This thesis focuses on the study of a newly discovered two-dimensional CoO, layer
structured peroskite compound, Sr,CoO4. To explore doping effects on the physical
properties of the new compound, a systematic and detailed experimental study has been
carried out, relating to the aspects of synthesis, structure, transport and magneto-
transport behaviour, magnetism, and dielectricity. Theoretical investigations have also
been carried out for both crystal and electronic band structures, using Rietveld

refinement and first-principles band structure calculations.

Various rare earth element doped Sr,CoOy4 polycrystalline compounds (St xRExC00Qs4,
where x = 0.25 — 1.5 and RE = Pr, La, Gd, Eu, and Nd) were studied systematically. It
has been found that the size and valence, as well as the doping level of the rare elements,
control the physical properties of the Sr,CoO4. Ferromagnetic behaviour is found to
exist in some of the doped compounds and to have interesting properties. It was
observed that the lattice parameter a reminds relatively stable, with values around 3.7 to
3.8 A for x = 1 for various RE doped compounds of Sr, \RExCoQO4. The Co-O(2) in-
plane bond lengths were also not sensitive to different RE dopants for the x = 1 doping
level. In contrast, lattice parameter ¢, as well as the out-of-plane bond length Co-O(1),
varies with different RE dopants in the compound for the doping level of x = 1, and
consequently, the unit cell volume also changes, depending on the RE dopant. It was
found that Sr,CoQOyis the most tolerant to Pr as a dopant. For x values from 0.5 to 1.5,
single phase Sr,CoOj structured samples were achieved. La doping was compatible with

single phase compounds for x = 1 — 1.25, and for Eu doping, single phase compounds
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were formed for x = 0.75 — 1. For both Gd and Nd doping, near single phases are

formed for all the tested x values (x = 0.5 — 1.25),

Our results show that some of the Pr-doped and La-doped single phase samples have
large coercive fields, and hence, they have good potential industrial applications
(permanent magnets in electric motors, magnetic recording media, etc.), while Eu-doped
samples can have high magnetoresistance (MR) values, making the FEu-doped
compound a good candidate for application as a colossal magnetic resistance (CMR)

material.

For the Pr-doped Sr,.«PriCoOys, the lattice parameter ¢ decreased with the Pr doping
level x. The Curie temperature (T¢) was found to be 200 K for Sr;sProsCoQO4. The
resistivities were found to increase with doping level x. A large coercive field of about 1
Tesla (T) was found for the sample with x = 0.75. The values of the dielectric constant
() were over 2000 at low frequencies of less than 1 kHz (not shown here) and gradually
decreased with increasing frequencies. The € of the x = 1 sample is greater than that of
the x = 0.75 sample, indicating that the charge induced capacitance in the x = 1 sample
is greater than that of the x = 0.75 sample. This is in agreement with the trend of their

resistivity measurements.

For the Eu-doped compounds of Sr,CoQOys, single 214 phase was achieved for x = 0.75 -
1. The lattice parameter ¢ decreased with the Eu doping level. The Curie temperatures
were found to be around 160-200 K for samples with x = 0.75 and 1. An

antiferromagnetic transition is observed at 35 K for the x = 0.75 sample. Magnetic
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semiconductor characteristics were observed for all the Eu-doped samples. The
existence of unusually high magnetoresistance in these compounds makes them stands
out from the rest of the RE doped compounds in this regard. For example, the sample

with x = 1.25 showed a MR value of about 46% at 8 Tesla at 100 K.

For the La-doped Sr,CoO4 compounds, the temperature dependence of the resistivity
shows a semiconductor-like behavior over a wide range of temperatures, a metal-
insulator transition at 240 K, and an upturn at 160 K for the x =1 , 1.25, and 0.75
samples. The coercive field was about 1 T for the sample with x = 0.75, while it is about
0.05 T for the x = 0.75 and 0.1 T for the x = 1.25 sample. A negative field hysteresis in
the magnetoresistance in close correlation with the coercive field has been observed and
can be explained by the grain boundary tunneling effect. First-principles band structure
calculations were carried out for Sr; sL.agsCoQOs, and the results indicate that the system
is metallic, with a high spin polarization which is responsible for the observed large
magnetoresistance. The phonon density of states (PDOS) reveals that the Co 3d
electrons and planar oxygen electrons are responsible for the high spin polarization at

the Fermi surface in the compound.

The Gd-doped Sr,CoO4 compounds were found to be paramagnetic semiconductors
with MR values of only around 3 to 5%. Their transport properties can be described by
the hopping model for semiconductors. Band structure calculations indicate that the spin

polarization is high in the Gd-doped Sr,CoOs.



Nd-doped compounds were found to be ferromagnetic semiconductors at temperatures
of about 250 and 170 K for the x = 1 and 0.75 samples, respectively. Their MR valves
were about 5 %, similar to those of the Gd-doped samples. The Nd doping raised the
Curie temperature of Sr,CoQs, so that it reached 210 K for doping with Nd at levels up

tox =0.5.
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STUDY OF NEWLY DISCOVERED TWO DIMENSIONAL COBALT BASED PEROVSKITE COMPOUNDS
DOPED WITH VARIOUS RARE EARTH ELEMENTS

INTRODUCTION

Spintronics or spin electronics is a new emerging research field. It involves the study of
the active control and manipulation of spin degrees of freedom in solid-state systems.
Apart from adding an extra degree of freedom for controlling material properties
compared to conventional charge based solid-state systems, control of spin polarization,
spin dynamics, and spin-polarized transport in semiconductor-like materials differs from
control of charge transport in that spin is a non-conserved quantity in solids due to spin-
orbit and hyperfine coupling. As a result, spintronics provides much more complexity,
as well as raising issues of considerable interest to the research community. Spintronic
research in recent years has in fact attracted considerable attention from researchers
around the world '°. Over the past few decades, the restless exponential growth of the
amount of information that can be processed, stored, and transferred per unit time per
unit area of spintronic relevant devices can be clearly seen. The rapid development of
spin electronics has its roots in the conviction that the progress that is being achieved by
miniaturization of active elements (transistors and memory cells) cannot continue
without limit. Therefore, the invention of new information technologies is needed, and
that requires new ideas concerning the design of both devices and system architecture.
The main goal of spintronics is to gain knowledge on spin dependent materials (hence
spin dependent devices) and to exploit them for new functionalities for practical
applications. One major concern has been that the magnetic fields present in the ambient
environment are significantly weaker than the electric fields. Just because of this very
reason, magnetic memories are non-volatile, while memories based on accumulated
electric charge (dynamic random access memory, known as DRAM) require frequent
refreshing. The current research on spintronics involves virtually all material families,

the most studied and consequently the most mature area being the magnetic metal multi-
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layers, in which spin-dependent scattering and tunneling are being successfully applied
in practical use. As a result, the reading heads of high-density hard disks and magnetic
random access memories (MRAM) have experienced rapid progress in recent years.
However, in the context of spintronics, particularly promising advances relate to
ferromagnetic semiconductors, which combine complementary functionalities of
ferromagnetic and semiconductor material systems, but much further study is required

before they are suitable for more advanced applications.

Finding novel ferromagnetic materials showing negative magnetoresistance and studies
of polarized spin dependent tunneling magnetoresistance are hot topics within
spintronics'”. So far, several magnetoresistance (MR) oxide systems have been found
and extensively investigated: 1).The perovskite ferromagnetic manganites in the form of
RE| xAxMnOs, with RE standing for a rare earth and A for a divalent ion such as Ca, Sr,
or Ba, exhibit the well known type of colossal magnetoresistance (CMR) in fields of
several Tesla’. 2). Pyrochlore type TLMn,O; shows large MR near the Curie
temperature of 140 K*. The double-perovskite ferromagnets Sr,FeMoOg and Sr,FeReOg
exhibit large low-field MR below their high Curie temperatures, T¢, of about 400 K°.
MR is also present in simple oxides, such as CrO; and Fe;O4. CrO; crystallizes in the
rutile structure and exhibits giant tunneling MR at low temperatures®. Fe;0, is a good
candidate for room temperature device applications’ because it has a very high Tc of
858 K. Analogous to the perovskite manganites, giant magnetoresistance is also
observed in the cobalt based perovskite compounds, RE; ACoOs>’, as well as in
oxygen deficient LnBaCo,Os (Ln = Eu and Gd) compounds'®. When the
dimensionality is reduced from three to two dimensions, the MnO; or CoO; network is
confined to the ab-plane. Spin-related property changes are also expected, and their

correlation with anisotropy is of great interest. Layered perovskite manganites, defined
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as the Ruddlesden-Popper family of compounds, (RE,A),:1Mn,Os,+1, consist of n layers

of MnOy octahedra separated by n layers of REO,'".

'See for instance: MRS Bulletin, October 2003; .M. Ziese and M.J. Thornton (eds.), Spin

Electronics (Heidelberg: Springer, 2001).
M. Ziese, Rep. Prog. Phys., 65 (2002) 143.

3R. von Helmont, J. Wecker, B. Holzapfel, L. Schultz, K. Samwer, Phys. Rev. Lett., 71

(1993) 2331.

*Y. Shimakawa, Y. Kubo, T. Manako, Nature 379 (1996) 53.

> K.-I.Kobayashi, T. Kimura, H. Sawada, K. Terakura, Y. Tokura, Nature 395(1998) 677.
H.Y. Hwang and S.-W. Cheong, Science 278 (1997) 1607.

'R.A. de Groot et al., Phys. Rev. Lett., 50 (1983) 2024.

¥G. Briceno, H. Chang, X.D. Sun, P. G. Schultz, X.-D. Xiang, Science 270 (1995) 273.

’LO. Troyanchuk, N. V. Kasper, D. D. Khalyavin, H. Szymczak, R. Szymczak, M. Baran,

Phys. Rev. Lett., 80 (1998) 3380.

19C. Martin, A. Maignan, D. Pelloquin, N. Nguyen, B. Raveau, Appl. Phys. Lett., 71

(1997) 1421.

y Moritomo, A. Asamitsu, H. Kuwahara, Y. Tokura , Nature 380 (1996) 141.

12J. Matsuno Y. Okimoto, Z. Fang, X. Z. Yu, Y. Matsui, N. Nagaosa, M. Kawasaki, Y.

Tokura, Phys. Rev. Lett., 93 (2004) 167202.
"X .L.Wang and E. Takayama-Muromauchi, Phys. Rev. B., 72 (2005) 064401.
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Compounds with the K;NiF4-typ structure are a frequently studied topic in spintronics
[27-31]. Such compounds are well known to exhibit various intriguing physical
phenomena, such as high-temperature superconductivity in cuprates, spin-triplet
superconductivity in ruthenates, and spin/charge stripes in nickelates and manganites.
The discovery of superconductivity in NayCoO,*H,O [32] has generated great interest
in the study of two-dimensional (2D) CoO; layer structured compounds. Fig. 1.1 shows
a structural view, indicating how K. Takada et al. turned Nay;CoO, compound into a
superconducting compound, Na,CoO,* yH,0, with a critical temperature, T, of about 5
K, through a chemical oxidation process. This result was published in Nature in 2003

[32].

Fig. 1 Structural views of Nay.;CoO; (left) and NaxCoO; yH,O (right) [32].
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Note: In Fig. 1.1, Na and H,O sites are partially occupied. Nay;CoO, was prepared
from Na,COs (99.99%) and Co;04 (99.9%) by solid-state reaction at 800 °C for 8 h
under oxygen gas flow. A fivefold excess of Br,regarding the Na content was dissolved
in acetonitrile (CH3;CN). A well pulverized powder of Nay;CoO; was immersed in the
Bry/CH;CN solution for 5 days to deintercalate Na' ions; then the product was filtered,
washed with CH;CN and distilled water, and finally dried in an ambient atmosphere.

No impurities were detected by energy dispersive X-ray analysis (ED).

Very recently, metallic ferromagnetism with a Curie temperature T¢ of 250-255 K has
been discovered in the K,NiF, type two-dimensional layered perovskite Sr,CoQOy in the
form of single crystalline films fabricated by pulsed laser deposition (PLD)'? and bulks
produced by a high pressure and high temperature technique>. A metal insulator
transition with large negative MR values was observed in the vicinity of T¢. The MR
increases at low temperatures and reaches a maximum at the coercive field H,'>". Y**
doping into Sr** gradually changes the Sr,CoO, compound from a ferromagnetic metal
to an antiferromagnetic semiconductor’’. Band structure calculations by Lee and
Pickett'* revealed that the Sr,CoQy4 can be either a ferromagnetic metal for the thin film
samples or a half metal for the high pressure phase samples. They pointed out that the
newly discovered Sr;CoQOy, in the forms of bulks fabricated by the high pressure
technique and thin films made by pulsed laser deposition (PLD), introduces new
transition metal oxide physics that may be useful in spin electronics devices'*. In
addition, it should be mentioned that the MR is only about -7.5 % at 7 T at 5 K for the
high pressure phase Sr,Co0," polycrystalline samples. It would be interesting to see

how the physical properties, such as the MR values and Curie temperatures, as well as

the electronic structures of the Sr,CoO4 family, can be changed or improved by doping
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with other rare earth elements, in particular, with those having large magnetic moments

or no magnetic moments.

K,NiF4-type Sr,CoOy4 consists of CoO; planes separated by rock-salt-type SrO planes as

shown in Fig. 1.2.

Fig. 2 Crystal structure of Sr,CoQ,.

It has been reported that Sr,CoOjs single-crystalline thin films and polycrystalline
samples are metallic ferromagnets with a fairly high Curie temperature (7¢) of 255 K,
appreciable magnetic anisotropy, and quasi two-dimensional transport properties [1, 33].
It has been proposed that the CoO; layers can act as a stage for spintronic functionality
as well as superconductivity [33]. The valence of the Co is 4+ in Sr,CoQ4, which makes

the CoO, layer very conductive in the same way as in the SrCoO; three-dimensional
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(3D) perovskite compounds. When the Sr is totally replaced by rare earth elements
(namely the rare earth based RE,CoO, system), the compound still retains the K,NiF4
structure with 2D CoO, layers. In this case, the Co becomes 2+ and makes the system
insulating or semiconducting, as well as paramagnetic. This has been reflected in studies
of Y-doped Sr,-,Y,CoOj4 synthesized under high pressure [1] (see Fig. 1.3). The Y
doping effect caused the 7¢ to decrease from 255 K for y = 0 to 150 K for y = 0.5, and
ferromagnetism was not observed for y > 0.67 [1] (see Fig. 1.4). Large coercive fields

were observed for these compounds (Fig. 1.5).

Fig. 3 Temperature dependence of the resistivity for the Sr>.,Y,CoOy system. Inset shows
the activation energy, E, (reproduced from [1]).
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Fig. 4 Temperature dependence of the field cooled dc magnetization, measured at a
magnetic field of 20 Oe (reproduced from [1]).

Compared with other types of K,NiF4-type compounds, polycrystalline Sr,CoO4 as a
novel metallic ferromagnet has not been thoroughly studied to date when doped with
rare earth elements. Only a few reports on thin films have been seen so far [1, 34, 90].
As mentioned earlier, ferromagnetic and semiconductor material systems have great
potential in advanced material applications. We have found that when Sr;CoO4
polycrystalline compound is doped with rare earth ions, ferromagnetic semiconducting
behaviour is often observed. It would be very useful to know how the physical
properties of the layer structured K,NiF4-type polycrystalline Sr,CoO,4 compounds can
be changed, as well as be enhanced by rare earth element (RE) doping while
maintaining an industrially achievable and economically practical method of sample

fabrication.
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Fig. 5 Magnetic hysteresis loops for Sr,.,Y,CoOy (upper panel) and field-hysteretic
magnetoresistance (lower panel) for Sr>CoOy at 5 K (reproduced from [1]).

To achieve this, a series of RE doping studies, where RE = Pr, La, Eu, Gd and Nd, of
Sr,Co04 compound will be presented. The solid state reaction method was employed to
make samples, as it is one of the most industrially practical methods of sample
fabrications. The results will be presented, in detail, through individual discussions of

the RE-doped Sr,CoO4 compounds.
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The structure of the thesis is laid out to achieve the above-mentioned
motivations/targets. In Chapter 1, some basic fundamentals theories and models that are
applied in this study will be presented, and a brief relevant literature review on relevant

research on the K,;NiF4-type compounds from recent years will be provided.

In Chapter 2, sample fabrication and characterization will be discussed briefly, and the
equipment used in the experiments will also be introduced. After this, the RE-doped
sample studies will be presented, from Chapter 3 through Chapter 7, in the order of Pr,
La, Eu, Gd, and Nd doping, and in Chapter 8, a brief summary for all these dopings will

be provided.

In Chapter 3, we will see that the Pr-doped Sr,CoO4 polycrystalline compound presents
very obvious ferromagnetic behaviour at various Pr doping levels. In Chapter 4, La
doped Sr,CoOy4 polycrystalline compound in this study will enable comparisons with
known experimental results, and interesting typical ferromagnetic behaviour of the
samples is also found. In Chapter 5, the Eu-doped Sr,CoO4 polycrystalline compound
reveals a surprisingly high value of giant magnetoresistance (GMR) behaviour. In
Chapters 6 and 7, a very interesting similarity is found between the Gd- and Nd-doped

Sr,Co0Oy4 polycrystalline compounds.

10
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CHAPTER 1. FUNDAMENTALS AND LITERATURE REVIEW

1.1 FUNDAMENTALS

1.1.1 Magnetic material category

In regards to magnetic behaviour, materials can be roughly categorised into five
different types: Diamagnetic, paramagnetic, ferromagnetic, antiferromagnetic, and

ferrimagnetic materials, as shown in Table 1.1.

Table 1. 1 Summary of different types of magnetic behaviour (Source: University of

Birmingham website).

Material Atomic magnetic | Material's magnetic behaviour Examples
behaviour Isusceptibility
Diamagnetic Atoms have no b Au (-2*10)
]
magnetic Cu (-1¥10%)
moment
e-H
Paramagnetic Atoms have Pt (21*106
randomly A Y i M (66+109)
oriented N ¢ | —
magnetic
moments

11
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Ferromagnetic Atoms have M Fe (109)
parallel aligned [ x l l 1 !
- XX1X
magnetic
bod o -
moments
Antiferromagnetic | Atoms have W Cr (3.6*10%)
mixed parallel ] { [ * [
and anti-parallel T l T ’l' T
'l T l T l | »-H
aligned
magnetic
moments
Ferrimagnetic Atoms have T l T l T b Ba ferrite (3)
anti-parallel T ] T ] T
aligned T T T
XXX X -t
magnetic
moments

From the intrinsic examples given in Table 1.1 (where an intrinsic material is a pure un-
doped material), it is clearly seen that ferromagnetic materials have much higher
susceptibilities compared to other types of materials. (In electromagnetism, the
magnetic susceptibility is the degree of magnetization of a material in response to an
applied magnetic field.) Magnetoresistance and magnetic hysteresis are two of the major
aspects of magnetic (especially ferromagnetic) materials’ properties that are relevant to
applications. Magnetic materials are present in many areas of our modern life, from
electric motors to computer disks, from road vehicles and consumer electronics to

domestic appliances and credit cards. Their importance and complexity have resulted in

12
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intensive research on magnetism, which, in turn, has led to greatly improved materials
in recent decades [35]. Without a doubt, the two major aspects of magnetic materials
that have attracted most of the research focus are colossal magnetoresistance effects

(CMR) and the giant magneto-impedance (GMI) effects found in magnetic materials.

1.1.2 Colossal magnetoresistance (CMR)

Depending on the magnitude, large values of magnetoresistance are called either giant
magnetoresistance(GMR) or colossal  magnetoresistance(CMR). Colossal
magnetoresistance (CMR) is a property of some materials, mostly manganese-based
perovskite oxides, that enables them to dramatically change their electrical resistance in
the presence of a DC magnetic field. The magnetoresistance of conventional materials
enables changes in resistance of up to 5%, but materials featuring CMR may

demonstrate resistance changes by orders of magnitude.

The CMR effect is characterized by its large numerical MR ratio, as well as its negative
value and itsotropic nature (independent of field orientation) [36]. The

magnetoresistance (MR) ratio is defined as:

MR= R(0)-R(H)

R(H) (1.1)

where R(0) is the material’s resistance at zero magnetic field and R(H) is the resistance
at an applied magnetic field H. This usually corresponds to more than a thousand-fold
change in resistivity [37] for CMR materials. The MR ratio also can be expressed in

terms of the fractional change to the zero field resistance as given by Von Helmholt [38,

13
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39]:

MR= R(0)-R(H)

R(0) (1.2)

The MR effect has been of substantial importance technologically, especially in
connection with read-out heads for magnetic disks and as sensors of magnetic fields.
Until recently, however, there has not been much fundamental improvement of the
performance of magnetoresistive materials since the work of W. Kelvin 150 years ago
when he first found the MR effect [40, 41]. The general understanding in the 1980s was
that it was not possible to significantly improve on the performance of magnetic sensors
based on magnetoresistance. It was therefore a great surprise to researchers when in
1998 two research groups discovered the Giant Magnetoresistance (GMR) Effect
independently. One group was led by Peter Griinberg [42], which used a trilayer system
of Fe/Cr/Fe for their original experiment, and the other group, led by Albert Fert [43],
used multilayers of the form (Fe/Cr),, where n could be as high as 60. Consequently, the
2007 Nobel Prize in physics was awarded to Albert Fert and Peter Griinberg for the
discovery of GMR. Naturally, the discovery of GMR has led to a constantly increasing

interest in magnetic material research for both basic science and applications [44-54].

1.1.3 Giant Magneto-impedance (GMI)

When a soft ferromagnetic conductor is subjected to a small alternating current (ac), a
large change in the ac complex impedance of the conductor can be achieved upon

applying a magnetic field. This is known as the Giant Magneto-impedance (GMI) effect.

14
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The relative change of the impedance (Z) with applied field (H), which is defined as the

giant magneto-impedance (GMI) effect, is expressed by

AZ | Z(%%)=100% x 22 max)

Z(Hmax) (1.3)

where Hpax 1s usually the external magnetic field sufficient to saturate the impedance. In
practice, the value of Hmax depends on the given conditions. Some researchers use Hmax
= 0 in Eq. (1.3), although this definition may not be appropriate, because the value of
Z(0) depends on the remanent magnetic state of the material. Accordingly, the complex

impedance,

Z=R+joL (1.4)

where R and L are the resistance and the inductance, respectively.

By definition, the complex impedance Z for a uniform magnetic conductor is given by
the ratio V,/I,c where I, is the amplitude of a sinusoidal current I = I,cexp(-jmt) passing
through the conductor and V,. is the voltage measured between the ends of the
conductor. The inductance (or more accurately the self-inductance) in the imaginary
part in Eq. 1.4 is given by the ratio of magnetic flux (¢) to ac current (i) passing through

the conductor:

L=2

l (1.5)

The magneto-impedance (MI) field dependence is related to the transverse permeability.

As frequency increases, the current gets distributed near the surface of the conductor,

15
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changing both the resistive and the inductive components of the total voltage V. The

field dependence of the MI is dictated by the skin depth of the current:

_ c
5S o \2r@ou (1.6)

where c is the velocity of light, ¢ the conductivity, and p the permeability. (For

nonmagnetic ordinary metals, p=1.)

Typical MI behaviour is such that it increases with frequency, attains a maximum at
frequencies where the skin effect is strong (8s << a, where a is a characteristic length
scale, such as the wire radius or the thickness of a ribbon/film), and then decreases,

since the permeability becomes insensitive to the field at sufficiently high frequencies.

The MI effect is usually weak and did not attract much attention in the past, until the
early 1990s, when Panian and Mohri [55], and Beach and Berkowitz [56] reported a
very large (giant) MI effect at relatively low frequencies in amorphous ferromagnetic
FeCoSiB wires with small magnetic fields. Later, Machado [57] observed a smaller

effect in Fe4 6C0704S1;5B;5 thin films, and Beach and Berkowitz [58] in ribbons.

Giant magneto-impedance (GMI) is a classical phenomenon that can be explained

thoroughly on the basis of normal electromagnetic concepts [59-61].

16
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1.1.4 Interlayer coupling

It has been a well known fact for a long time that disturbances such as defects and
impurities in metallic systems can give rise to decaying oscillations of the electron
density as a function of the distance from the disruption (known as Friedel or
Ruderman-Kittel oscillations). In a similar way, a magnetic impurity atom in metallic
surroundings gives rise to an induced spin polarization, and the disturbance will also
decay in magnitude with distance (Fig. 1.1). If a second impurity is placed close to the
first impurity, the magnetic moment of the second impurity will become aligned parallel
or antiparallel to the first impurity, depending on the sign of the induced polarization for

that particular distance.

}j (exchange coupling)

\//\v—-f

Fig.1. 1 Schematic illustration of the behaviour of the exchange coupling vs. distance.

Majkrzak et al. [62] reported (in 1986) in their work on a Gd/Y/Gd superlattice that
antiparallel magnetic moment alignment between the Gd layers had been found for the
case of 10 monolayers of Y. At the same time, Griinberg et al. [63] discovered an
antiferromagnetic coupling between the iron layers for the Fe/Cr/Fe trilayer. This can be

understood in a similar way to the Gd/Y/Gd example. It occurs where a ferromagnetic

17
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Gd layer induces an oscillatory spin polarization of the normally non-magnetic Y metal
and the second Gd layer happens to be at a distance where an antiferromagnetic
alignment is preferred. Both of these examples show the important role of the electrons
in the non-magnetic layer(s), that they provide the coupling mechanism between the
magnetic layers. Naturally, many researchers then started to look at the dependence of
the coupling on the thickness of the intermediate non-magnetic layers. A few groups
had discovered a change of sign with increasing thickness [64-67]. Furthermore, Parkin
[68] utilized the GMR effect as a tool to study the dependence of the oscillatory
behaviour on the thickness of the non-magnetic layer and the dependence on the
material of the non-magnetic layer, as well as on the dependence on the material of the
magnetic layer itself. With Parkin’s method, it was possible to prepare a large number
of samples under comparable conditions. This work is regarded as important for the

further development of the GMR effect into a working device [69-71].

1.1.5 Tunneling magnetoresistance

Julliere [72] first reported the Tunneling magnetoresistance (TMR) in a trilayer junction
with the structure of Fe/amorphous Ge/Co. The experiments were done at low
temperature and a TMR effect as high as 14% was reported. Fig. 1.2 shows an

illustration of the TMR effect.

18
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Fig.1. 2 lllustration of tunneling magnetoresistance (TMR). Two ferromagnetic layers
separated by an insulating layer conduct a current i (reproduced from [41]).

Then the next work in this area was carried out by Maekawa [73], and the junction type
investigated was Ni/NiO/FM (FM = Fe, Co or Ni). Both Julliere’s and Maekawa’s
reports remained unnoticed for a long time. In fact it was only after the discovery by
Fert and Griinberg of the GMR effect that attention was brought back to these types of

systems again [74-79].

1.1.6. Ferromagnetism and its application

Ferromagnetic materials can be considered to be formed by microscopic magnetic
regions in which many small dipoles (ions) are aligned, satisfying the demands of most
of the electron bonds. However, the separate regions are aligned at random throughout
the sample, making a very weak net magnetic field. These regions are called magnetic

domains, and their behavior gives ferromagnetic materials their distinctive properties. If
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some of the magnetic ions or dipoles are subtracted from the net magnetization (if they
are partially anti-aligned), then the material is "ferrimagnetic". If the ions anti-align
completely so as to have zero net magnetization, despite the magnetic ordering, then it
is an antiferromagnet. All of these alignment effects only occur at temperatures below a
certain critical temperature, called the Curie temperature (for ferromagnets and
ferrimagnets) or the Néel temperature (for antiferromagnets). Above the Curie
temperature, the thermal motion of the atoms in the material is so violent that the
electrons in the bonds are no longer able to keep the dipole moments aligned. When this
happens, the ferromagnetic material changes into a paramagnetic material with the usual

weak magnetism.

If a ferromagnetic sample is placed in a magnetic field, the magnetic domains can be
forced to 'rearrange' themselves into large domains aligned with the external field.
When the external field is removed, the electrons in the bonds maintain the alignment,
and the magnetism remains. This means that ferromagnetic materials can remember
their past magnetic history - magnetic memory. This magnetic memory property is
called magnetic hysteresis. Magnetic hysteresis is the basis and the soul for magnetic

tapes and disk storage for computers.

The recording head of a tape recorder or the write head of a disk drive applies a field
that magnetizes a small portion of the tape or disk, and the magnetism in each portion
remains until another magnetic field changes it. When each magnetized section is
moved under the playback head of a tape player, or the read head of a disk drive, the

moving magnetic field induces small currents, which are amplified and turned into
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either music or data bits. If the domains were unable to “remember” the field that had

been applied to them, none of this would be possible.

1.1.7. Curie Weiss Law

The Curie-Weiss law is widely cited and applied in the ferromagnetic materials field. It
describes the magnetic susceptibility of a ferromagnet in the paramagnetic region, above

the Curie temperature, in this way:

y = CAT-T¢) (1.7)

where: y - is the magnetic susceptibility, which describes the degree of magnetization of
a material in response to an applied magnetic field, C is a material-specific Curie
constant 7' is absolute temperature, measured in kelvins, and 7¢ is the Curie temperature,

measured in kelvins.

The susceptibility has a singularity at T = T¢. At this temperature and below there exists

a spontaneous magnetization.

By re-ordering the Curie-Weiss equation, we can have:

v =(1/C)T + (-T/C). (1.8)

As C and T¢ are constants for a particular material, the relationship between ' and T is

linear.
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1.1.8. Variable Range Hopping (VHR) - - the Mott Theory

Basis: when electronic states are localized near the Fermi level (EF), it is well known
now that the electric conduction does not obey the classic process of diffusion, but
follows the Variable Range Hopping (VRH) theory of Mott [80,81]. According to this
theory, electrons are acting as if they are “intelligent”, since in the conduction process
they hop from an initial site “ 1 ” to another site ““ j ” with an energy hop as low as
possible. For such an energy, the site ““j ” is statistically located far from “1”, involving
a distance r(i, j) = R which is generally much larger than the decay length of the wave

function.

According to Mott, the conductivity ¢ in low temperature conduction in strongly
disordered systems with localized states would have a characteristic temperature

dependence of

o = o0 exp(-(To/T)" (1.9)

for three dimensional (3D) conductance, where Ty js a material specific characteristic
temperature in K, 6 is a material specific characteristic conductance, with unit Q'

and in general for d-dimensional compounds, it would be:

o = o0 exp(-(To/T)"* . (1.10)

Hopping conduction at low temperatures is of great interest because of the savings the
semiconductor industry could achieve if they were able to replace single-crystal devices
with glass layers. Interestingly, the VRH conduction mechanism is also found at a
relatively higher range of temperatures [82, 83]. Due to the limitations of our testing

equipment, we are unable to provide many experimental results for VRH in the low
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temperature range, but nevertheless, some of the samples fit into the higher temperature

range of the VRH mechanism, as will be shown in later chapters.

As the samples in this work are 2-dimensional (or quasi-two dimensional) compounds,

the most likely VRH fitting model for these samples would be:

o = oo exp(-(To/T)"). (1.11)

This means, In(c) o (1 /T)"?, that is, if we are to plot In(c) vs (1 /T, we will get a

straight line, if the VRH mechanism applies for the particular range of temperatures.

It should be noted that even though the VRH mechanism is a powerful tool for
explaining and characterizing electrical transport in semiconductors, it is not always
suitable for all semiconductors. There are other alternative mechanisms in addition to
VRH, for example the Nearest Neighbor Hopping (NNH) and Granular Metal (GM)

mechanisms, which are beyond the scope of this discussion.

1.2 RELEVANT RESEARCH - KoNIF4-TYPE COMPOUNDS

Layer structured, mixed-oxide compounds with Ruddlesden—Popper (RP) structures
have attracted many researchers’ attention in recent years due to their interesting
magnetic and electrical properties. The attention is particularly due to the discovery of
superconductivity in this family in 1986 [84] and 1994 [85], and of colossal

magnetoresistance in 1993 [39] and 1996 [86], as well as the dielectricity property [87].
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The K;NiF4-type compounds are the end members of a homologous series of the phases
given by the general formula A,;;B,O3,+1. This formula could also be written as
AO(ABOs)n, where 1 < n < o [88]. A Ruddlesden-Popper compound consists of
perovskite blocks that are n octahedra thick and separated by rock—salt AO layers along
the crystallographic c-axis. The presence of the AO layers reduces the three-
dimensional characteristics exhibited by the well-known perovskite structure, which is
the end member with n = oo for this family. A schematic presentation of RP-type phases
is given in Fig. 1.3. In these structures, the BOs octahedral corners are shared with other
such octahedra, extending infinitely in the ab plane, and the » units of such planes stack
in the c-direction to form the perovskite slab. In the case where A is a rare earth and/or
alkaline earth ion, and B is a transition metal ion in such compounds, the electric
transport and magnetic properties of these phases within a given series are governed by
the identity and valence state of the ions, the width of the n perovskite slabs, the B-O-B

bond angle, and the oxygen content [85-87].
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Fig.1. 3 Sketch of the crystal structure of the n = 1, 2, 3, and © members of the
perovskite-related layered homologous series AO(BOj3), projected along the a- (or b-)
axis. Circles represent the A cations. The layers are formed by corner-sharing BOs
octahedra within the ab-plane. Along the c-axis, the layers are n+1 octahedra thick;
thus, the thickness of the layers rises with increasing n. For n = o, the three-
dimensional perovskite structure ABQOj3 is realized. Light and heavy drawings of the BOs
octahedra, as well as filled and open circles, indicate a height difference perpendicular
to the drawing plane [88].
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For n = 1, the other limiting composition, A;BO4, another well known K,;NiFy structure,
is formed [89]. It is quasi-two dimensional and can be described as a sequence of BO,

layers in between AO rock—salt planes, in which the B ions are in a usually distorted

octahedral environment, while the A cations are 9-coordinated (Fig. 1.4).

Fig.1. 4. Schematic representation of the K;NiF; structure displayed by the n = I RP
phase A>:BOy [33].

In 2003, Miiller-Buschbaum reviewed the crystal chemistry of AM,0,4 oxometallates
[89]. The AM,0O4 oxometallates were classified into more than 50 structure types
according to the categories of crystal structures by numbers of layers of octahedra,

tunnel structures, and planar polygons, as well as the presence of structures with small
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coordination numbers, such as O—-M-O dumb-bells.

The investigation of the crystal structure of K,;NiF4 [90] is chronologically older than
the discovery of the corresponding oxometallate A;MQO,. That is the reason for calling
the oxides K;NiF4-like compounds. The fluoride already shows the tendency that this
structure type can only exist if the A ions are definitely larger than the M ions. Good
examples include the urinates of lithium and sodium. Classic oxometallates [89] with
the K,NiF, structure are Ba4sPbO4, Ba,SnOy4; SroSnOy4; SroVOy4; and La,PdO4. Scholder
and Réde [91] assigned Ba,ZrO4, Ba,HfO4, Sr,ZrO4, and SroHfO4 to the KoNiF4-type in

an older paper.

The nature and size of the cations at the A and B sites significantly influence the
structure and properties of these layer structure phases. The size of the A-site ion at the
9-coordinated position affects the cell parameters and consequently, the structure of
these compounds. Larger cations at A sites elongate the interlayer distance, hence cause
an increase in ¢, while smaller ions shorten it. The size of the ion at an A site is
expected to affect lattice constant ¢ more prominently than a. Because B-O interactions
occur only along the ab plane, the cation at B sites is expected to predominantly

influence cell parameter a.

The acidity of the ions at the A and B sites influences the structure and properties.
According to Goodenough (1971), the more basic the cation at the A site, the higher is
the covalency of the m(B-O) bond which competes with the 6(A-O) bond. Another
factor which influences the behavior of these phases is the Jahn-Teller effect, which

comes into existence due to difference in the electronic population in the e, orbitals.
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It was observed that the sites of the A ions can be statistically occupied by two different
elements. Examples are the following substances: AMBO, with AM = Ca/La, B = Ga
[92], AM = Sr/Ce, B =Al [93]; AM = Sr/Pr, B=V [94]; AM = St/Nd, B = Co [95]; AM

— St/Sm, B = Ni [96].

In recent years, there has been considerable interest in A, \MyBO4.s mixed oxides (A =
Ln; M = Ca, Sr, Ba; B = Mn, Fe, Co, Ni, Cu) with the K,;NiFs-type crystal structure.
These compounds have high total electrical conductivity and are characterized by high
oxygen mobility as well as fast oxygen exchange kinetics between the solid and the gas
phases [97-99]. They are being considered as potential cathode materials for solid oxide
fuel cells (SOFC) [100, 101], oxygen pumps [102], oxygen permeable membranes [102,

103], and catalysts for oxidation of hydrocarbons [104].

The physical properties of the oxides of the 3d transition metals, such as Fe, Co, and Mn
with the K,;NiF4-type structure have attracted considerable attention, not only because of
the similarity of these oxides to the superconducting Cu oxides, but also because of the
underlying Mott—Hubbard physics [105-109]. Imada et al. [110] comprehensively
reviewed these compounds with 3d electron numbers from 1 to 9, and for electron and
hole doping (viz. increase and decrease of band filling, respectively, of the parent

correlated insulator). The properties of some of these compounds were also discussed.

In the 1960s all rare-earth oxometallates with the composition Ln,CuO4 (Ln = La, Gd)
were assigned to the K;NiF, structure. These compounds actually possess a modified

K,NiF,4 structure. The first investigations on the distorted orthorhombic structure of

28



STUDY OF NEWLY DISCOVERED TWO DIMENSIONAL COBALT BASED PEROVSKITE COMPOUNDS
DOPED WITH VARIOUS RARE EARTH ELEMENTS

La,CuO4 [111-112] were overshadowed at the end of the 1980s by the turbulent

investigations of the superconducting phases of La, \MxCuO.

In order to obtain a deeper understanding of the mechanisms of superconductivity, there
have been many studies of the physical and structural properties of Cu-free oxides, e.g.

titanates and ruthenates.

Fig. 1.5 [113] shows the results for Sr,RuO4 (n = 1), Sr;Ru,07 (n = 2) and SrRuO; (n =
o). Note that SrRuO; is well known as a ferromagnetic metal with a ferromagnetic
transition temperature Tc =160 K [113,114]. It is an itinerant ferromagnet, i.e. the
ferromagnetic ordering is due to delocalized electrons. It represents one of the very few
ferromagnetic materials without a 3d or 4f element. The resistivity behavior of SrRuO;
shown in Fig.1.5 is in accordance with the data published by Bouchard and Gillson in
1972 [116]. For the layered Sr,RuOs and Sr;RuO7, it seems likely that the true
resistivity behavior differs from that shown in Fig. 1.5, because the polycrystalline
nature of the samples hides their anisotropic features along and perpendicular to the

layers. Also, grain boundaries were expected to influence the resistivity behavior.
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Fig.1. 5 Resistivity as a function of temperature for polycrystalline Sr—Ru—O
compounds. The oxidation state of the Ru ions is the same for all of these compounds,
namely, Ru/4d’. The position of the ferromagnetic transition temperature Tc of
SrRuQjs is indicated by an arrow [88, F. Lichtenberg, 2002].

In 1994, Maeno and Hashimoto from the University of Hiroshima (Japan) searched for
superconductivity in Srp,RuOy4 at low temperatures below 4 K. Measurements on single

crystals revealed the presence of superconductivity with T, = 0.93 K in an unambiguous

way, as shown in Fig. 1.6 [116].
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Fig.1. 6 Low temperature behavior of SroRuQy single crystals. Left: Real part y'" and
imaginary part y' of the magnetic susceptibility. Right: Resistivity p. and pap
perpendicular to and along the layers, respectively. Note that p. =~ 10° x pa,. The
resistivity curves clearly display the existence of superconductivity with T, = 0.93 K.
These results were obtained in 1994 with crystals grown by F. Lichtenberg in 1990

[116].

Since that time, Sr,RuO4 has gained considerable attention, and more than 400 papers
have been published on this compound. It is an unconventional spin-triplet
superconductor with intriguing superconducting properties. These are discussed in two
excellent review articles by Mackenzie and Maeno [117] and by Maeno, Rice and
Sigrist [118]. Physical properties studies [119, 120] have firmly shown unconventional
superconducting properties at close to T, = 1.5 K. As a heavy fermion system, Sr,RuO4
is not an s-wave type superconductor [121]. The main consequence is a non-magnetic
impurity effect at very low concentration, which sharply reduces the superconducting

temperature to 0 K [122, 123].
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The superconductivity in Sr,RuQy is a very active field of research, and there are many

open questions.

The search for RP-type phases containing transition metals other than copper has
revealed giant and colossal magnetoresistive effects in RP-type cobaltites [124] and
manganites [125], respectively. Generally, RP chemistry is diverse, although RP-type
phases containing chromium are less common and difficult to prepare under
conventional synthetic conditions. Tom Baikie et al. [126] prepared the K,;NiF4-type
phase Sr,CrO4 at ambient pressure. The material displays antiferromagnetic interactions
(as shown in Fig. 1.7), but there is no transition to long-range magnetic ordering. The
magnetic susceptibility data for Sr,CrO4 are quite noisy, probably due to the small

magnetic moments of the sample and the presence of secondary phase(s).
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Fig.1. 7 Magnetic susceptibility versus temperature plot for SroCrOy4 in a magnetic field

0f 3000 Oe. [Baikie 2007]

Cobalt-based RP structure oxides are of particular interest due to the richness of the
available cobalt oxidation states and the intriguing competition between low-spin, high-
spin, and intermediate-spin configurations for Co. These different spin states are the key
to understanding the peculiar way the magnetic and transport properties change with

composition and temperature.

RP structures containing only Co*" ions are known for the n = o compound, SrCoOs,
which can be obtained as a completely stoichiometric perovskite either at high oxygen
pressure [127] or by electrochemical oxidation of SrCoO,s at room temperature in

alkaline media. The resultant sample is metallic and, at temperatures below T = 280K, it
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shows ferromagnetic behavior. The magnetic moment at 0 K is 2.1 ug [128]. The
electrochemical and chemical oxidation were shown to be reversible processes with the

appearance of intermediate compounds [129].

When doped with rare earth elements (Ln =Y, Ho, Dy, Sm-Tm), it was found that the
stability of the perovskite related structure decreases with decreasing size of the cations,
and the doping has also revealed the presence of a complex perovskite-related
superstructure phase [130, 131]. Ce doping turns strontium cobaltite into a stabilized,
highly conductive material [132]. The perovskite form of Ce;4SryCoO; is only
stabilized over a relatively narrow solid solution range (x > 0.85). It shows
ferromagnetic behavior under applied magnetic fields with an ordered cobalt moment of

1.7 g at 25 K [133].

The substitution of a tetravalent cation for Sr*" appears to be a promising route to
synthesize SrCoQj_; itinerant ferromagnets without the use of high oxygen pressure or

of electrochemical oxidation.

In 1995, Dann et al. [134] prepared an oxygen-deficient PR phase with n = 2, Sr3C0,07.
5 (0.94 <3 < 1.22). It was found that at low d (0.94), the system is tetragonal (/4/mmm),
but as o (1.06, 1.22) increases, a phase change to orthorhombic (/mmm) occurs. Viciu et
al. [135] successfully synthesized three cobalt-based oxygen deficient members of
orthorhombic Sr3Co0,0s:5 with 6 = 0.91, 0.64, and 0.38 in a nitrogen atmosphere. The
crystal structures were determined by powder neutron diffraction. Fig. 1.8 presents the
idealized crystal structure of Sr;C0,0s:5. Oxygen vacancies are found both in O(3) and

O(4) sites, but the majority are along one crystallographic axis in the CoO, plane,
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inducing an orthorhombic distortion of the normally tetragonal n = 2 Ruddelsden—

Popper structure.

Fig.1. 8 Idealized representation of Sr;Co,0s.s structure. The right side of the figure
shows the displacement of O(2) and how the polyhedra are distorted [136].

Superstructures due to oxygen ordering are observed by electron microscopy. The

magnetic measurements reveal complex behavior, with some ferromagnetic interactions
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present for Sr3C0,0s9; and Sr3C0,0s 64, as shown in Fig. 1.9 and Fig. 1.10, respectively.

Fig.1. 9 Temperature dependence of magnetic susceptibility for Sr;Co;0s ;.
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Fig.1. 10 Temperature dependence of magnetic susceptibility for Sr;Co;0s s4.

In attempts to increase the oxygen content, Sr3C0,0¢ 06 Was obtained, a material that is

not stable under atmospheric conditions, converting to an oxyhydrated form.

Hill et al. [136] soon extended the structural and magnetic phase diagrams of the bilayer
Ruddlesden-Popper phase Sr;Co,0, beyond previously reported limits of x = 6.1 to x =
6.60. The room temperature crystal structure for the x = 6.60 material is orthorhombic,
with oxygen vacancies located in the apical position that links the two nominally CoO;
layers in the perovskite block. An antiferromagnetic ground state is converted to

ferromagnetic by moderate magnetic fields, and high-temperature magnetic
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susceptibility data indicate short-range ferromagnetic order. Oxygen vacancies are
present in both the in-plane sites, as well as the linking apical site in the range of 5.64 <
x < 5.80. Additionally, low-temperature neutron powder diffraction (NPD) and
magnetization data show that the magnetic ground state of these oxygen-deficient
materials is a complex antiferromagnet, with considerable sensitivity to the precise
oxygen content. Fig. 1.11 presents the M/H data plotted as a function of T for Sr;C0,0,

(x < 6), clearly showing that the magnetic properties vary dramatically with small

changes in oxygen content.

Fig.1. 11 Magnetization divided by magnetic field vs. temperature data for Sr;Co0,
samples: A (x = 5.80), B (x = 5.71), C (x = 5.73), and D (x =5.64). For clarity, the D
data were shifted down by 0.003 cm’ /mol [137].
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It has been found that the most oxidized phases (6 = 1) of Sr;Co0,07.; are very unstable
in air, showing a very rapid reaction with water. The intercalation process starts with the
introduction of OH™ groups, to form (SrOH)" layers, and the intercalation of additional
H,0 molecules has been found to significantly expand the thickness of the block
separating two successive perovskite blocks [137]. The strong air sensitivity of the
Sr3C0,07.5 (0 = 1) phases could originate from the unstable CoOx polyhedra and thus
explain the experimental difficulty in stabilizing more oxidized phases, such as ¢ « 1.
The topotactic behavior of the hydrolysis process for the Sr;Co,0;-5 phase is

demonstrated in Fig.1.12.

Fig.1. 12 Left figure: hydrated oxyhydroxides Sr,+ ;MnQO3,—;(OH), H>O (M = transition

metal) obtained by hydrolysis/hydration of the corresponding members of the RP series
St iMnQOsy,yy (right figure). By removing one H,O molecule from the hydrated

oxyhydroxide, the oxyhydroxides Sr,+ 1 MnQOs,-1(OH), are obtained (central figure). The
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thickness evolution of the block separating two successive perovskite blocks depends on

the intercalated groups. The dashed lines are used to suggest the n layers [138].

A series of oxygen-deficient n = 2 Ruddlesden—Popper phases, Sr3Fe, yCoxO75 (0.25 <
x < 1.75), were prepared by solid state reaction [138]. These compounds are still
unstable in air, and the dominant magnetic interactions are ferromagnetic. All the Fe
doped phases are semiconducting with the variable-range hopping mechanism. Large
negative magnetoresistance (with the largest MR = -65% for x = 0.25) is observed for
all phases. Fe ions are tetravalent on average with a strong covalency-induced

superposition of d configurations.

The second member of the Ruddlesden—Popper series, n = 2 in Srp+1C0,03n+1, has been
stabilized by substituting cerium for strontium, leading to the pure compound
Sr,.75Ce0.25C0207.5. The oxygen vacancies of this phase can be partially filled by a post-
annealing oxidizing treatment, with 6 decreasing from 1.1 to 0.3 for the as-prepared and
oxidized phases, respectively. As the samples are oxidized from & = 1.1 to 0.3, the a and
b unit cell parameters decrease. Despite the average value of the cobalt valence state,
V(Co) = +3.5, obtained in the oxidized Sr,75Ce(25C0,0¢7 phase, a clear ferromagnetic
state with T¢ = 175K is reached. The results also confirm the ability of cerium to be

substituted into RP strontium based cobaltates in the n = o« and n = 1 phases [139].

In May 2005, Wang et al. made the very first such report on their successful synthesis of
the RP series of (SrO)(SrCo0O3), where n=1, 2, 3, 4, and «, and relevant discussions
on the structures, transport, and magnetic properties were presented [140]. They found

that these compounds crystallize in tetragonal structures for n < 4, and in cubic for n =

40



STUDY OF NEWLY DISCOVERED TWO DIMENSIONAL COBALT BASED PEROVSKITE COMPOUNDS
DOPED WITH VARIOUS RARE EARTH ELEMENTS

. These compounds are ferromagnetic, with the Curie temperatures decreasing as n

increases, as shown in Fig. 1.13, a graph reproduced from Wang’s report.

Fig.1. 13 DC magnetization vs. temperature for (SrO)(SrCoQO3),, wheren = 1, 2, 3, 4,
and co. Inset is the Curie—Weiss fitting for the n =1 sample [140].

Wang also presented a coercive field as large as 2.5 Tesla for the Sr,CoO4 compound at
5 K as shown in Fig. 1.14. This clearly shows the great potential of Sr,CoO4, which
could be a good candidate for high quality magnetic memory applications or similar

equipment for industrial purposes.

41



STUDY OF NEWLY DISCOVERED TWO DIMENSIONAL COBALT BASED PEROVSKITE COMPOUNDS
DOPED WITH VARIOUS RARE EARTH ELEMENTS

Fig.1. 14 Magnetic hysteresis loops (lower panel) and field-hysteretic
magnetoresistance

(upper panel) for SroCoOy at 5 K [140].

It should be noted that Wang’s method for achieving these unusual and seemingly
useful results on Sr,CoO4 compound was with a high pressure and high temperature
technique, but such methods are not practical for industrial production of these
compounds. Therefore, alternative practical methods for synthesizing such compounds

would be desirable.

Also in 2005, J. Matsuno et al. reported that they had successfully synthesized single

phase Sr;Co0Oy in the form of a single-crystalline thin film with square-lattice CoO;
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sheets (of KyNiF4-type structure) [34]. They found that this compound was a metallic
ferromagnet, with appreciable magnetic anisotropy and quasi-two-dimensional transport
properties. They thus claimed that the CoO, layers can act as a stage for two-
dimensional ferromagnetism as well as superconductivity. The fairly high T¢ (250 K)
that this group found for Sr,CoOy (the same as Wang’s result [140]) may provide, as we
can imagine, very intriguing opportunities to explore the spintronic functionality of
Co0; layers. Fig. 1.15 contains a reproduced graph from [140] giving the temperature

dependence of the magnetization M for Sr,CoQOy thin films. The inset shows the field

dependence of the magnetization M measured at 5 K.

Fig.1. 15 Temperature dependence of the magnetization M for Sr.CoQy thin films. Inset
shows the field dependence of the magnetization M measured at 5 K [140].
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It should be noted again that Matsuno’s sample was produced by a complicated PLD
method with an initial target of polycrystalline Sr,CoO4 (with details on how the
polycrystalline target of Sr,CoO4 was produced not provided in his report), and the
experimental method described by Matsuno is rather complex and industrially
impossible for mass production purposes. Nevertheless, a similar coercive field for the
single crystal sample of Sr,CoO4 of about 2.5 T was achieved in his sample, so this
reconfirms Wang’s finding about the unusual properties of compounds with the

Sr,CoOy structure.

Hideki Taguchi reported (2007) that K;NiF4-type Ca;+xSm;CoO4 (0.00 < x < 0.15)
compounds were synthesized successfully by a polymerized complex route [141].
Taguchi claimed that the decrease in the cell parameters (¢ and b) with doping was
caused by the difference in the ionic radii between the Co’" and Co*" ions, while the
increase in the c lattice parameter was caused by the increase in the Ca,Sm - Ca,Sm
distance. Also, Ca;+xSm;xCoO4 is a p-type semiconductor and exhibits hopping
conductivity in the small-polaron model at low temperatures. Taguchi showed that the
1/% vs. T curves deviate from the Curie Weiss law, as Ca;Sm;CoO4 shows
paramagnetic behavior above 5 K. A reproduced figure from Taguchi’s paper of the

1/y vs. T curves is shown in Fig. 1.16.
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Fig.1. 16 The temperature dependence of the reciprocal of the magnetic susceptibility
(1/y) of Ca;+.Sm; CoOy [142].

Taguchi pointed out that both the Co®" and Co*" ions are localized and have low-spin
states. He thus claimed that the results indicate that the Co*" ion acts as an acceptor, and
that the electron transfer becomes active through the Co®" — O - Co*" path as the
proportion of Co*" ions is increased. Even though Taguchi’s complex experimental
method for obtaining the Ca;+xSm;CoOy4 is not very close to our set target of a
“industrially practical method for sample fabrication”, his findings on the changes in
lattice parameters vs. the compound compositions provided a good reference in our

study on RE-doped Sr,CoO4 polycrystalline compounds.

In late 2005, Liu et al. reported that polycrystalline SrLaCoO4 with the tetragonal
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K,NiF, structure had been successfully synthesized by a solid-state reaction process
[142], and they found that the sample had a paramagnetic—ferromagnetic transition that

occurred at around 250 K. In a magnetic field of 5 T, the maximum magnetoresistance

(MR) of 18.4% was obtained at 12 K for this compound, as shown in Fig. 1.17.

Fig.1.17 Temperature dependence of the magnetoresistance of polycrystalline
SrLaCoOy for 2.5 T and 5 T fields [21]. Reproduced from [143].

This was a good indication that doped polycrystalline Sr,CoO4 compounds could be
colossal magnetoresistance (CMR) materials. It should be noted that Liu’s sample had
“fractional diffraction lines of perovskite phase existing”. Perhaps with a slightly
different approach to sample preparation, this perovskite phase impurity could have

been eliminated — as can be seen in our results later on.

46



STUDY OF NEWLY DISCOVERED TWO DIMENSIONAL COBALT BASED PEROVSKITE COMPOUNDS
DOPED WITH VARIOUS RARE EARTH ELEMENTS

In 2005, Xu et al. reported that new layered cobalt oxides Sr,.xHoxCoO4 (0.00 < x < 1.0)
with square-lattice CoO; sheets (K,;NiF4-type structure) had been synthesized using a
high pressure and high temperature technique [143]. They found that for the Sr,CoOj4
compound, with increasing doping content of Ho, the T¢ decreased to 150 K for x = 0.5
and ferromagnetism was not observed for x = 0.67 (Fig. 1.18). The Ho substitution
effects on the magnetic and transport properties (Fig. 1.10), and the spin states of Co
were also studied for the Sry.\HoxCoOj4 system. They found that large magnetoresistance
was also observed at both low temperatures and the vicinity of T¢ (for x < 0.3) (Fig.
1.19), which can be ascribed to the tunneling magnetoresistance at grain (or domain)

boundaries and an intrinsic mechanism.

Fig.1. 18 Temperature dependence of the field-cooled dc magnetization of Sr;..Ho,CoOy
[144].
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Fig.1.19 Temperature dependence of the electrical resistivity for the Sri..Ho,CoOy
system [144].

Fig.1. 20 Temperature dependence of the magnetoresistance (MR) for the Sr, .Ho,CoOy
system under a 7 T field [144].
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Riza et al. also reported [144] that through a citrate synthesis and pyrolysis method, they
had found that doping of B-sites in A;BO4compounds greatly improved the electrical
conductivity of the mixed conductor La;CoQ4.s and slightly increased the linear thermal
expansion coefficient. They found that the doped oxides of the La,CoOg4ss system
exhibited better properties than the equivalent perovskites. Therefore, they claimed that
La;CoO4 compounds could be very good candidate materials for catalytic applications,
energy production as solid oxide fuel cell electrodes, and numerous other

electrochemical applications.

Other interesting and useful properties/applications were also found in tetragonal
K,NiF4 structure compounds, for example, reports on their applications as catalysts for
the partial oxidation of hydrocarbons, electrodes for solid oxide fuel cells, oxygen
pumps, ceramic membranes for oxygen separation, and also as dielectric, ferroelectric,
and piezoelectric materials. Due to their unusual amd interesting properties, researchers
have been attracted to the extensive study of the strontium-doped Ln,-.Sr,MO, phases
(Ln = rare earth ions; M = Mn, Ni, and Cu) [145 — 155]. With the exception of the
La,-Sr,CoO4 compounds [156-160], other rare earth cobalt based K,;NiF4 phases have

received relatively little attention [33, 161 ].

Wang et al. reported their studies on the band structures and on the magnetic and
magneto-transport properties of the high pressure phase of Sr, \RExCoO4 (RE = Gd and
Y, x = 0.1 - 0.5) compounds, which were synthesized by a high pressure and high
temperature technique [1]. They found that as x increases, the magnetoresistance, MR

{(pu-po)/po}, increases up to -17% at 5 K and 7 T (Fig. 1.21), which is 2.5 times higher
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than for the un-doped Sr,CoOy, although the ferromagnetic transition drops from 255 to

200 K for the Gd doping with x = 0.3 (Fig. 1.22).

Fig. 1. 21 Magnetoresistance (upper panel) and magnetization M (lower panel) for pure
and Y or Gd doped Sr;CoOy [1].

50



STUDY OF NEWLY DISCOVERED TWO DIMENSIONAL COBALT BASED PEROVSKITE COMPOUNDS
DOPED WITH VARIOUS RARE EARTH ELEMENTS

Fig.1. 22 Temperature dependence of the field-cooled magnetization for both Gd and Y
doped Sr.CoOy [1].

The saturation moments at low temperature are significantly enhanced for the Gd doped
Sr,Co0y4. Observation of a close correlation between resistance and field revealed a

strong spin-dependent tunneling magnetoresistance.

First principles band structure calculations have indicated that high spin polarization is
present for both the un-doped and the doped compounds, and that the p and d electrons

from oxygen, cobalt, and gadolinium atoms all contribute to the high spin polarizations.

In conclusion, we have found that the goal of an industrially achievable and
economically practical method of sample fabrication is desirable, and hence it was

implemented in my PhD research study with the focus point at the polycrystalline
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compound Sr,CoO4. This compound was studied via doping with various rare earth
elements, and the corresponding changes and enhancements due to their corresponding

doping states will be discussed later on in the thesis.
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CHAPTER 2. EXPERIMENTAL PROCEDURES AND TECHNIQUES

2.1. SAMPLE PREPARATION

Various experimental procedures have been employed to fabricate and characterize the
RE-doped Sr,CoOy4 polycrystalline compounds. A sample preparation chart is provided
in Fig. 2.1 to illustrate the process of sample preparation. The main method for the
experiments on preparing samples was the solid state reaction approach. Polycrystalline
samples of Sr, \RExCo04 (0.25 < x < 1.5) were synthesized by conventional solid-state
reaction methods. Highly pure powders of RE oxides (PrsO;1, La;03, Nd,O3, Gd,Os,
and Euy0s, all with 99.9% or above purities), SrCO;, and Co3;O4 were mixed in
stoichiometric quantities accordingly. Pelletized samples were then sintered in air at
1000 - 1100 °C for 12 hours with several intermediate grindings. The intermediate
grindings were necessary for thorough atomic-substitution to be realized in the samples.

More specific details will be provided in subsequent chapters.

A list of the polycrystalline samples of Sr, \RE<CoO4 for which synthesis was attempted

in this study is shown in Table 2.1.

Table 2. 1 Single phase polycrystalline samples Sr,..RE.CoQOy for which synthesis was

attempted.
RE dopant X values Single phase with K,;NiF,
structure
Pr 0,0.5,0.75,1,1.25, 1.5 x=0.5-1.25
Eu 0.25, 0.5, 0.75, 1, 1.25,|x=0.75-1
1.75
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La 0.5,0.75,1, 1.25 x=0.75-1.25

Gd 0.5,0.75, 1, 1.25 x = 0.5 — 1.25, all with
small amount of impurity

Nd 0.5,0.75,1, 1.25 x = 0.5 — 1.25, all with
small amount of impurity

Tm 0.5,0.75,1,1.25 none

Yb 0.5,0.75,1.25, 1.5 none

Tb 0.5,0.75,1,1.25 none

For the samples listed in Table 2.1, only those samples that can form single or near

single K,NiF4 phase structure were investigated further. Consequently, I will only be

presenting the studies of the samples that can form single (or close to single) K,NiFy4

phase structures, namely, only the samples of Sr,.\RE,CoO,4 where RE = Pr, Eu, La, Gd,

and Nd will be presented in this thesis.
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Sample preparation chart
Samples mixed accordingly for Sr,.,RE,CoO where x =0.25-1.5 (RE =Rare
Earth element)

Grinding in
room temperature

Dwell for 12 hours, in 1000 - 1100 °C

_._F
Reduced to room
4 hours
temperature in 4
hours

Room Temperature

Re-grinding

Process repeated

if necessary

Reduced to room

temperature in 4
hours

Room Temperature l

Fig. 2. 1 Sample preparation flow chart.
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2.2 SAMPLE CHARACTERISATION

The phases and structures of the samples were studied using powder x-ray diffraction
(XRD). The powder X-ray diffraction measurements were carried out on a Phillips
PW1730 model diffractometer using Cu-Ko radiation, and the Rietveld refinement
method was applied using the RIETICA program [119]. For the Rietveld refinement, the
background was modeled with a 5-term polynomial; the peak shapes were described by
a pseudo-Voigt function. A preferential orientation along the [001] direction was
included in the refinement. The initial structural model for these refinements was taken
from that of Sr,TiO4. The refined structures of these samples were found to be of the

K,NiF, type with space group I4/mmm?®.

Magnetic and transport properties were measured using a commercial Quantum Design
magnetic properties measurement system (MPMS) and a Qunatum Design physical
properties measurement system (PPMS) between 5 and 330 K in magnetic fields up to 8
Tesla. For some of the samples, the dielectric constant and loss were measured using a

HP 4194A Impedance Analyzer in the frequency range from 200 up to 10 MHz.

2.3 THE PHYSICAL PROPERTIES MEASUREMENT SYSTEM (PPMYS)

The basic PPMS measurement is accomplished by oscillating the sample near a
detection (pick-up) coil and synchronously detecting the voltage induced. By using a
compact gradiometer pick-up coil configuration, a relatively large oscillation amplitude
(1-3 mm peak), and a frequency of 40 Hz, the system is able to resolve magnetization
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changes of less than 10° emu at a data rate of 1 Hz. The Vibrating Sample
Magnetometer (VSM) measurement system for the PPMS consists primarily of a VSM
linear motor transport (head) for vibrating the sample, a coilset puck for detection,
electronics for driving the linear motor transport and detecting the response from the
pick-up coils, and a copy of the MultiVu software application for automation and
control. The sample is attached to the end of a sample rod that is driven sinusoidally.
The center of oscillation is positioned at the vertical center of a gradiometer pick-up coil.
The precise position and amplitude of oscillation is controlled from the VSM motor
module using an optical linear encoder signal that is read back from the VSM linear
motor transport. The voltage induced in the pick-up coil is amplified and detected by a
lock-in technique in the VSM detection module. The VSM detection module uses the
position encoder signal as a reference for synchronous detection. This encoder signal is
obtained from the VSM motor module, which interprets the raw encoder signals from
the VSM linear motor transport. The VSM detection module detects the in-phase and
quadrature-phase signals from the encoder and from the amplified voltage from the
pick-up coil. These signals are averaged and sent over the controller area network (CAN)
bus to the VSM application running on a personal computer (PC). The system is
designed to be user-installable and compatible with existing PPMS systems. Like the
other PPMS applications, the VSM is used only when required, leaving the PPMS to
run other applications as needed. Since the VSM system is a completely self-contained
measurement application, rather than one of the PPMS Base Systems, there are no other

PPMS applications or options required for its use (source: www.qdusa.com).

The samples were also measured using the Four Point Probe technique [120], which

uses four probes of four thin collinearly placed copper wires that are made to form
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contacts with the sample. The sample is usually ground to a small uniform bar with a
uniform rectangular cross-section. The four contact points were made by painting silver
paste on the sample. The silver paste was then annealed and dried (to minimise contact
resistance). Current (I) is made to flow between the two outer probes, and the voltage
(V) is measured between the two inner probes (with a very small amount of current
flow). The signal from the voltage wires is collected via a relay and measured with a
multimeter, and the sample resistance is then recorded by a computer via an IEEE488

bus interface card.

The resistivity of the sample can be calculated using Eq. 2.1:

p=R(A/L) (2.1)

where R (Q) is the measured resistance value, A (cm?) is the cross sectional area of the

sample, and L (cm) is the distance between the two inner voltage contacts.

2.4 THE MAGNETIC PROPERTIES MEASUREMENT SYSTEM (MPMYS)

The Magnetic Properties Measurement System (MPMS) utilizes Superconducting
Quantum Interference Device (SQUID) technology combined with patented
enhancements, so that the MPMS sample magnetometer achieves high measurement
sensitivity, dynamic range, and reproducibility. The modular MPMS design integrates a
SQUID detection system, a precision temperature control unit residing in the bore of a

high-field superconducting magnet, and a sophisticated computer operating system.
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Data collection and analysis are under software control. The integrated Windows

software allows full automation of all system parameters.

Magnetic measurements are critical in this study. DC magnetic measurements were
needed to determine the equilibrium value of the magnetization of a sample, while in
AC measurements, the AC moment of the sample is determined. The AC magnetic
measurements give information on magnetization that can not be gathered in DC
measurements. In this study, two types of magnetic measurements were performed. First,
the dependence of the magnetization (M) of the sample on the temperature under zero
magnetic field cooling (ZFC) and applied magnetic field cooling (FC) were measured.
The applied magnetic field during FC measurements was usually set to 2000 Oe, from
which the Curie or Neel temperature could be determined. Second, measurements of the
magnetization (M) of the sample under changing applied magnetic field (H) at a certain
temperature were taken, from which hysteresis effects and saturation magnetization can
be accessed using the M-H curves for the sample. The range of applied magnetic field

was from0to 6 T.

2.5 DIELECTRIC MEASUREMENTS

For some of the samples, the dielectric properties were measured using a HP 4194A
Impedance/Gain-Phase Analyzer. This analyzer is able to perform a wide range of

impedance measurements: 100 Hz to 40 MHz, 10mQ to 100MC, 10 kHz to 100 MHz,

Gain-phase measurements are in the range of : 10 Hz to 100 MHz, -107 dBm to +15
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dBm, 0.1 dB res. It has flexible measurement, computation, and analysis capabilities on

a color graphic display and is fully programmable.
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CHAPTER 3. PR DOPED SR,C0Oy (SR2.xPRxC004 x=0.25, 0.5, 0.75, 1, 1.25, 1.5)

3.1 INTRODUCTION

Polycrystalline samples of S 4PryCoO4 (0.25 < x < 1.75) were synthesized by the
conventional solid-state reaction method, as mentioned earlier in Chapter 2. Highly pure
powders of Pr¢O;;, SrCOs, and Co3;04 were used as the starting materials. The phases
and structures were studied using powder x-ray diffraction. The powder X-ray
diffraction measurements were carried out on a Phillips PW1730 model diffractometer
using Cu-Ka radiation, and the Rietveld refinement method was applied using the
RIETICA program [119]. Magnetic and transport properties were measured using
commercial Quantum Design magnetic and physical properties measurement systems
(MPMS and PPMS) between 5 and 330 K in magnetic fields up to 8 Tesla. Dielectric
constants and losses were measured using a HP 4194A Impedance Analyzer in the

range from 200 up to 10 MHz.

At room temperature, most of these samples appear to be semiconductive, while
samples with a small amount of Pr doping or non-doped SrCoOs samples were

conductive.
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3.2 STRUCTURAL PROPERTIES

XRD patterns for Srp«PryCoQO4 x = 0.25, 0.5, 0.75, 1, 1.25, 1.5 are shown in Fig. 3.1.

XRDs for S, Pr CoO,
15000
-AJ /‘F‘\\w /‘ﬁ\\v X:15 B A
120001 8 § o g8y g
| 5 2 xaxm == ©
9000
@ x=1 rN N
c
S
O 6000 x=0.75
m_ﬂ 05 o N
x=0.25
0 e —
30 3H 40 45 0
2 Theta - Degrees

Fig. 3. 1 XRD patterns for Sry PriCoQOy where x = 0.25-1.5.

For x = 0.5 — 1.5, most of the peaks in the XRD patterns can be indexed based on a
tetragonal unit cell similar to that of Sr,TiO4. Peaks from impurity phases are very weak
or negligible in these specimens. For x = 0.25, impurity or multi-phases become
obvious. It was observed that samples with x < 0.5 were not stable in air and tended to
decompose within less than two hours for the x = 0.25 sample and within a few days for
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the x = 0.5 sample. This is because of the high chemical reactivity of Co*" with H,O for
those samples containing a high concentration of Co*" ions. This phenomenon is also
observed in other rare earth element doped Sr,CoO4 samples with low doping levels, as

will be seen in other chapters.

The structure of Sr,CoO4 consists of corner-sharing CoOg octahedra with 2D CoO,

planes separated by insulating double layers of SrO, as shown in Fig. 3.2 [33].

Fig. 3. 2 Crystal structure of SroCoQOy [33].
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Rietveld refinement was carried out based on the XRD results for all the
abovementioned samples. The observed (crosses), calculated (solid lines), and
difference diffraction (bottom lines) profiles at 300 K for all the samples with x = 0.5,
0.75, 1, 1.25, and 1.5 are shown in Figures 3.3, 3.4, 3.5, 3.6, and 3.7, respectively. It can
be seen that the calculated results match well with the experimental data. It should be
pointed out that a few peaks which are not refined are from unknown impurities for the

x = 1.5 sample.

Rietveld refinerrent: Sr(1.5)Pr(0.5)CoO(4)
1,950
= 1,300
S
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O
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20 2 28 31 32 H#A 3B B 0 £ 4 4 48 0

Fig. 3. 3 Rietveld refinement for Sr;sProsCoQOy4 The observed (crosses), calculated
(solid line), and difference diffraction (bottom line) profiles at 300K. (Refinement
factors: Rp=11.8%, RB=3.31%, with the blue-strip range ignored in the refinement for
the x=0.5 sample).
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Rietveld refinerment: St(1.25)Pr(0.75)CoO(4)
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Fig. 3. 4 Rietveld refinement for Sr;,sPrg;5CoQOy4. The observed (crosses), calculated

(solid line), and difference diffraction (bottom line) profiles at 300K (Refinement factors
Rp=11.7%, RB=4.3% for the x=0.75 sample).
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Rietveld refinement: SrCo(O(4)

Counts (a. u.)
g
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Fig. 3. 5 Rietveld refinement for SrPrCoQy,. The observed (crosses), calculated (solid
line), and difference diffraction (bottom line) profiles at 300K (Refinement factors
Rp=17.8%, RB=3.4% for the x=1 sample).

100l i Rietveld refinement: Sr(0.75)Pr(1.25)CoO(4)
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Fig. 3. 6 Rietveld refinement for Sry 75Pr; 25CoOy4. The observed (crosses), calculated
(solid line), & difference diffraction (bottom line) profiles at 300K (Refinement factors
Rp=9.4%, RB=2.0% for the x=1.25 sample).
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Rietveld refinement: Sr(0.5)Pr(1.5)CoO4
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Fig. 3. 7 Rietveld refinement for SrysPr;sCoQOy4 The observed (crosses), calculated
(solid line), & difference diffraction (bottom line) profiles at 300K (Refinement factors
Rp=13.0%, RB=2.3% for the x=1. 5 sample).

The atomic parameters, isotropic temperature factors, Co-O bond lengths and unit cell

volumes obtained from the refinement results are summarized in Tables 3.1 and 3.2.

Table 3.1 Crystal data for Sr,—.Pr,CoOy (x = 0.5, 0.75, 1, 1.25) - Space group: I4/mmm.

Atom Samples X y z Biso"

Co Sro.sPr; sCoOy 0 0 0
Sro.75Pr125Co04 | 0 0 0 0.14
SrPrCoQOy4 0 0 0 0.14
St 25P19.75C004 | O 0 0 0.14
Sty 5Pro5C004 0 0 0 0.14
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Sr/Pr Sro.5Pr; sCo04 0 0 0.3605
Sro.75Pr125Co04 | O 0 0.3605 | 0.14(Pr)
0.14(Sr)
SrPrCoO4 0 0 0.3605 | 0.14(Pr)
0.184(Sr)
Sry25Prg75Co04 | O 0 0.3605 | 0.09(Pr)
0.18(Sr)
Sr 5PrsCoO4 0 0 0.3605 | 0.07(Pr)
0.21(Sr)
o () St 5Pr; 5C0o04 0 0.5 0
Srg75Pr; 25C004 | 0 0.5 0 0.32
SrPrCoO4 0 0.5 0 0.29
Sry25Prg75Co04 | O 0.5 0 0.30
Sty 5PrysCo0O4 0 0.5 0 0.29
0 (2) Sro.sPr; sCoO4 0 0 0.1701
Srg.75Pr125Co04 | O 0 0.1618 |0.23
SrPrCoO4 0 0 0.1597 |0.29
Sty 25Prg75Co04 | O 0 0.1619 | 0.27
Sty 5PrysCo0O4 0 0 0.1610 | 0.25

? Biso is an isotropic thermal parameter.
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Table 3.2 Crystal data for Sr>—Pr,.CoOy (x=0.5, 0.75, 1, 1.25) - Space group: 14/mmm.

Samples a(A) c(A) Co-O(1) | Co-O(2) | Cell Volume

(A) (A) (A%)

S1o.5Pr;sCo0O4 | 3.8008 12.341 2.0989 1.9004

St0.75Pr125C004 | 3.79351 12.32776 | 2.0493 1.8968 177.51

SrPrCoO4 3.78155 12.34973 | 1.9212 1.8908 176.60

St1.25P10.75C004 | 3.78058 12.42291 | 2.0192 1.8903 177.42

Sty 5PrgsCoOs | 3.7824 12.4518 | 1.9999 1.8912 178.14

From Table 1, we can see that the atomic position for Sr/Pr is not sensitive to the Pr
doping level. However, the O2 position does vary with the doping level, although the
variations are not significant. This reflects the change in the bond length of Co-O(2).

The bond length of the Co-O bonds vs. doping level is plotted in Fig. 3.10.

We can see from Table 2 that Pr doping reduces the ¢ parameter fairly consistently,
while the a parameter is not significantly changed. Lattice parameter a increases
gradually with increasing x for x > 0.5. However, lattice parameter ¢ decreases with
increasing X, until x reaches 1.5. The trends in both the a and ¢ parameters can be more
clearly seen in the plots of x vs. lattice parameter as shown in Figs. 3.8 and 3.9. The a

parameter for the x > 1 samples increases more quickly compared to the samples with x
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< 1. However, the values of lattice parameter ¢ exhibit an opposite trend. Generally
speaking, the changes in the a parameter are much smaller compared to the changes
observed in the ¢ parameter, in regards to the doping level. The maximum change in the

a parameter is about 0.02 A, while it is about 0.14 A for the ¢ parameter.

3.800 .

3.795 + .

3.790 .

3.785 =

3.780 - .

0.4 0.6 0.8 1.0 1.2 1.4 1.6

Fig. 3. 8 Lattice parameter a vs. x for Sr>—Pr,CoOy..
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Fig. 3. 9 Lattice parameter c vs. x for Sr,—.PriCoQO,..

The unit cell volume as a function of doping level x is shown in Fig. 3.11. A closer
comparison between the data for the Co-O(1) bond length (Fig. 3.10) and the cell
volume gives a similar trend of change against the doping level: both cell volume and
Co-O(1) values are gradually reduced as the Pr content increases from x = 0.5 to 1; as
the Pr content further increases, the corresponding values start to increase. However, the
in-plane Co-O(2) bond length increases very slightly as x increases. These results
suggest that the Pr substitution for Sr mainly affects the out-of-plane Co-O(1) bond

lengths.
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Fig. 3. 10 The Co-O bond length vs. x for Sr>—Pr.CoO,.
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Fig. 3. 11 The unit cell volume vs. x for Sr—.Pr.CoOy.
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The reduction of lattice parameter ¢ and the unit cell volume by Pr doping for the x < 1
samples is in agreement with the fact that the Pr’* ion has a smaller size (radius 1.06 A)
than that of the Sr** (radius 1.31 A ) ion. However, with further increases in the Pr
doping level, both lattice parameter a and the unit cell volume increase instead of
decreasing. As the Pr content increases, the valence of the Coion is gradually reduced
from 4+ to 3+ and becomes entirely 3+ when x reaches 1. It will be further reduced to a
mixed state of Co’* (radius 0.55 A) and Co*" (radius 0.73 A) as a result of higher Pr
doping content. The Co ion’s size increases as its valence is reduced from 4+ (radius
0.53 A) to 2+ (radius 0.73 A). The increase in the atomic size of the Co ions is believed
to be quicker than the decrease in the average size of the Sr and Pr ions forx > 1,soas a

result, the unit cell volume increases.

From Table 3.2, we can see that the value for the in-plane Co-O(2) bond length is
almost the same, around 1.89 A, for all the doping levels. However, for all samples, the
out-of-plane Co-O(1) bond length value is greater than 1.92 A, and it increases with x,
except at x = 1. These results indicate that the Pr doping causes distortion of the CoOg

octahedron with elongation along the c-axis (the Co-O(1) direction).

3.4 TRANSPORT PROPERTIES

The temperature dependence of the resistivity for the x = 1.25 sample is shown in Fig.
3.12. It can be seen that this sample displays semiconductive behaviour. By measuring
the resistance of all the samples, we have found that the resistivities of these samples

increase with increasing doping levels of Pr.
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The electrical resistivity for this compound can be well fitted by the equation p =
poexp(To/T)" over our measurement range, as shown in Fig. 3.13. This suggests the 2D
variable-range hopping (VRH) mechanism [121]. For temperatures any lower than 165
K (where (1/T)" > 0.175), the compound’s resistivity becomes so large that it is out of

the measurable range of our equipment.
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Fig. 3. 12 Resistance vs. temperature for S,; 25Prg.75CoQOy.
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Fig. 3. 13 pvs. exp(]/Y)wfor Sr1.25Prg.75Co0y. Straight line is a linear fitting to the 2D
VRH model.

3.5 MAGNETIZATION PROPERTIES

The temperature dependence of the field cooled and zero field cooled dc magnetization
measured at 0.2 Tesla for all the samples is shown in Fig. 3.14. An enlargement of the
temperature dependence of the Sr;«PryCoO4 samples’ magnetization in the low
temperature range is shown in Fig. 3.15. Generally, the Pr doping changes the system
from ferromagnetic to paramagnetic. The magnetization decreases with increasing Pr
doping levels. We found that ferromagnetic behavior in these samples is obvious for
both the x = 0.25 and 0.5 samples, with a T¢ around 200 K. As x increases, the
ferromagnetism starts to weaken. For the samples with x > 0.75, paramagnetic

behavior is dominant over a wide range of temperatures.
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Fig. 3. 14 The temperature dependence from 5 K to 300 K of the magnetization of the
Sr2xPriCoOy4 samples with x = 0.25, 0.5, 0.75, 1, 1.25, measured in a magnetic field of
0.2 Tesla.
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Fig. 3. 15 Temperature dependence of the Sr, <PryCoO4 samples’ magnetization in the
low temperature range.

Fig. 3.16 shows the inverse susceptibility (') vs. temperature for Sry.,PryCoOy. It
reveals a ferromagnetic transition for the sample with x = 1.25, with a T¢ of about 230
K (at the point where the concavity of the graph changes). This indicates that a short
range ferromagnetic interaction starts at this transition temperature. A similar transition
is observed at around 180 K for both the x = 1.5 and the x = 0.75 samples. The Weiss
temperatures obtained by fitting the Curie-Weiss linear law are 150, 130, and 75 K for

the x = 1.25, 0.75, and 0.5 samples, respectively.
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Fig. 3. 16 Temperature dependence of the inverse molar susceptibility (y") for Sr.
PrCoQy, measured at a magnetic field of 2 kOe. The straight lines show the relevant
Curie-Weiss law fittings.

Fig. 3.17 shows the MH loops up to 50000 Oe for the x = 0.5 and 0.75 samples
measured at 5 K. These MH loops further confirm the typical ferromagnetic behavior
observed for the x = 0.5 sample in Fig. 2.14. The magnetic moment at 5 T and 5 K is
about 16 emu/gram, and a coercive field of about 1 T exists for the x = 0.5 sample.
However, for the x = 0.75 sample, the hysteretic behavior is drastically reduced

compared to the x = 0.5 sample.
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Fig. 3. 17 Magnetic hysteresis loops for Pr.Sr>—.CoO,.

3.6 DIELECTRIC PROPERTIES

The dielectric properties in the frequency range of 100 to 1.5 x 10’ Hz were measured
for samples with x = 1 and 1.25 at room temperature, as shown in Figs. 3.18 and 3.19.
The values of the dielectric constant (¢) are over 2000 at low frequencies of less than 1
kHz (not shown here) and gradually decrease with increasing frequency. The ¢ of the x
= 1 sample is greater than that of the x = 0.75 sample, indicating that the charge induced
capacitance in the x = 1 sample is greater than that of the x = 0.75 sample, in agreement
with the trend of their resistivity measurements. € remains above 50 at frequencies up to
10 MHz for the x = 1 sample, in contrast to about 10 at 10 MHz for the x = 0.75 sample.

The dielectric loss, 6, drops down to 2 - 3 at a frequency of 1 MHz and then increases
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very smoothly with increasing frequency up to 10 MHz, indicating that an extra

conducting mechanism may be responsible.

Dielectric Constant

10° 10° 10/

Frequency (Hz)

Fig. 3. 18 Frequency dependence of the dielectric constant for Sr, PriCoOy(x = 1, 1.25)
at room temperature.

80



STUDY OF NEWLY DISCOVERED TWO DIMENSIONAL COBALT BASED PEROVSKITE COMPOUNDS
DOPED WITH VARIOUS RARE EARTH ELEMENTS

25- o
o) i
- Sr, Pr CoO,
o
o 151
o . —
S 4 X =
8 10- .\ \O\ — & x=1.25
D 5.
Q
O _
A

10° 10°
Frequency (Hz)

Fig. 3. 19 Frequency dependence of the dielectric loss for Sry..PriCoOy4(x = 1, 1.25) at
room temperature.

3.7 SUMMARY

It was found that the Pr doped Sr,«PriCoO4 samples crystallized in K;NiF4-type
structures with space group I4/mmm. Lattice parameter ¢ decreased with Pr doping
level x. The Curie temperature (T¢) was found to be 200 K for Sr;sProsCoOs4. The
resistivities were found to increase with doping level x. A large coercive field of about 1
T was found for the sample with x = 0.75. The x = 1.25 sample shows semiconductor-
like behavior in terms of resistivity in the low temperature range, and its conductivity
can be described, based on the Variable Range Hopping mechanism. A large dielectric

constant above 2000 is observed at 1 kHz, which may be caused by free charge effects.
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CHAPTER 4. LA DOPED SR,C0OQ4 (SR, xLLAxCOO4, Xx=0.5,0.75, 1, 1.25)

4.1 INTRODUCTION

Ferromagnetic semiconducting behavior has been observed in La;4SriCoO4
compounds fabricated under ambient pressure in O, [113, 123]. With increasing Sr
content, the system changes from antiferromagnetic insulator to ferromagnetic
semiconductor. The Curie temperature is about 200 K for x = 1.25, as estimated from
measurements of the temperature dependence of the magnetization [123], but LaSrCoQOy4
seems to be a paramagnetic semiconductor. In this work, we report our investigations
into the structural, the magnetic, and the magnetotransport properties of La doped
Sr,CoQy4 fabricated by the conventional solid state reaction method, and compare our

results with what has been previously reported.

4.2 EXPERIMENTAL

Polycrystalline samples of Sry.xLayCoO4 (x = 0.5, 0.75, 1, 1.25) were synthesized by a
conventional solid-state reaction method, as described in Chapter 2. Powders of La,0Os,
SrCOs, and Co3;04 with high purity were used as starting materials. The phases and
structures of the resulting samples at room temperature were studied using x-ray powder
diffraction (XRD). Structure refinements were carried out by the Rietveld method using
the RIETICA program. Magnetic and electrical transport properties were investigated
using commercial Quantum Design Magnetic and Physical Properties Measurement
Systems (MPMS and PPMYS) in a temperature range from 5 to 330 K, and in magnetic
fields up to 8 Tesla. Band structures were studied by first principles calculations using
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the CASTEP package [122]. We adopted the standard generalized gradient

approximation (GGA), with the Perdew-Burke-Ernzerhof functional.

4.3 STRUCTURAL PROPERTIES

The XRD patterns for samples with x = 0.75, 1, and 1.25 are shown in Fig. 4.1. From
the XRD results, we found that samples with x = 1 and 1.25 are single Sr,CoOj4 phase,
while the x = 0.75 sample is almost single phase with a tiny amount of an unknown
impurity made evident by a small peak between the two tallest peaks. The x = 0.5
sample is a mixture of Sr,CoO4 phase and Sr;Co,07 phase (not shown here). However,
a single phase sample with x = 0.5 can be successfully obtained by using different

starting materials [113, 124].
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Fig. 4. 1 XRD patterns of Sro.xLa,CoOywithx = 0.75, 1, 1.25

Rietveld refinement was carried out based on the XRD results for the samples with x =
0.75, 1, and 1.25, which are shown in Figs. 4.2, 4.3, and 4.4, respectively. The observed
(crosses), calculated (solid lines), and difference diffraction (bottom lines) profiles are
plotted in each figure. It can be seen that the calculated results match well with the

experimental data.
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Fig. 4. 2 Rietveld refinement for Sr;zsLay7;5CoQOy4 The observed (crosses), calculated
(solid line) and difference (bottom line) profiles at 300K for the x=0.75 sample
(refinement factors Rp=14.8%, Rb=2.9%, blue-strip range was ignored in refinement).
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Fig. 4. 3 Rietveld refinement for SrLaCoOy. The observed (crosses), calculated (solid

line), and difference (bottom line) profiles at 300K for the x = 1 sample (refinement
factors Rp=12.58%, Rb=7.3%).
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Fig. 4. 4 Rietveld refinement for Sry7sLa; ,5CoOy. The observed (crosses), calculated
(solid line) and difference (bottom line) profiles at 300K (refinement factors
Rp=12.58%, Rb=7.3% for the x = 1.25 sample).

The structural parameters shown in Table 4.1 were obtained from the Rietveld
refinement of the XRD results on the Sry \LayCoO4 samples with x = 0.75, 1, and 1.25.
Lattice parameter a and the unit cell volume increase with increasing La content, while
lattice parameter ¢ increases as x increases from 0.75 to 1, then decreases slightly as x
further increases to 1.25. Our refinement data is in accordance with the results on La
doped Sr,CoO4 samples prepared using a solution method [39,113]. From Table 4.1, we
can see that the atomic position for Sr/La is not sensitive to the La doping level.

However, the O2 position varies with the individual doping levels. This is a reflection

from the change in the Co-O(2) bond length, as will be discussed later on.

Structural parameters of SryLa,CoOs, with x = 0.75, 1, and 1.25, from the Rietveld

refinement (space group [4/mmm) results are presented in Table 4.2, from which we can
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see that the value for the out-of-plane Co-O(1) bond length is relatively stable against
the La doping level x, retaining a value around 2.0 A for all three samples. However, a
steady increase in the in-plane Co-O(2) bond length is observed with increasing x. It is
also obvious that the Co-O(1) bond length is greater than the corresponding Co-O(2)
bond length for all three samples (Fig. 4.5). This indicates that La doping causes
distortion of the CoOg octahedron with elongation along the c-axis (the Co-O(1)

direction).

Table 4. 1 Crystal data on Sry—.La,CoOy4 (x=0.75, 1, 1.25) - Space group: 14/mmm.

Atom Sample X y z Biso"
Co Sro7sLa; 25Co04 | O 0 0 0.14
SrLaCoOy4 0 0 0 0.14
Sry2sLag75Co04 | O 0 0 0.14
Sr/La Sro7sLa; 25Co04 | 0 0 0.3605 0.11(La)
0.18(Sr)
SrLaCoO, 0 0 0.3605 | 0.14(Pr)
0.14(Sr)
Sty 25Lag7sCo0s | 0 0 0.3605 | 0.09(Pr)
0.18(Sr)
O(1) | SrossLai»sCo0s | O 0.5 0 0.26
SrLaCoOg4 0 0.5 0 0.29
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SI’1_25L3()_75C004 0.5 0 0.26
0(?) Srg75La; 25C004 0 0.1631 0.35
SrLaCoQOq4 0 0.1595 0.29
Sty 25Lag75C004 0 0.1619 0.31

* Biso is an isotropic thermal parameter.

Table 4.2 Structural parameters of Sro.La,CoO4 with x = 0.75, 1, and 1.25 from the

Rietveld refinement (space group 14/mmm) results.

x=0.75 x=1 x=1.25
a(A) 3.7936 3.8044 3.8169
c (4) 12.4634 12.4904 12.4816
Co-0(2) (A) 1.8968 1.9022 1.9084
Co-O(1) (A) 2.0604 1.9925 2.0353
V4d) 179.37 180.80 181.84
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Fig. 4. 5 Co-O bond lengths vs. doping level x.

4.3 TRANSPORT PROPERTIES

The temperature dependence of the electrical resistivity in a temperature range of 5 K to
350 K for the Sr;4LayCoO4 samples with x =0.75, 1, and 1.25 is shown in Fig. 4.6. The
x = 1 sample exhibits semiconductor-like behavior over a wide range of temperatures
below 350 K, in agreement with Ref. [113]. A metal-insulator transition was seen
around 250 K when the x = 1.25 sample was heated up. However, the x = 0.75 sample
reveals an increase in resistivity at T = 150 K. The resistivity of the samples increases
with decreasing La doping level in the high temperature regime above 150 K. At room

temperature, the resistivities for the x = 1 and 1.25 samples have approximately the
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same value, which is about 10 Ohm-cm, while the resistivity of the x = 0.75 sample is
about one order of magnitude larger than for the other two samples. In the lower
temperature range (below 150 K), the rapid increase in resistivity with decreasing
temperature for the x = 1 sample indicates more electron localization than in the x =

0.75 and 1.25 samples.

Resistivity (p) vs. exp(l/T)l/ 3 for the Sry.La,CoOy samples with x =0.75, 1, and 1.25
is shown in Fig. 4.7. It was found that these three samples fit the VRH model in
different temperature ranges, as shown by the straight line fittings. For the x = 0.75
compound, the VRH mechanism only occurs at temperatures below 95°C (where
(1/T)'® > 0.22). For the sample with x = 1, the VRH model fits well over the whole
measured temperature range. For the sample with x = 1.25, the VRH model fits well for

temperatures below 200 K (where (1/T)"* > 0.17).
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Fig. 4. 6 The temperature dependence of the electrical resistivity (p) of the Sr:..La,CoOy
samples with x = 0.75, 1, 1.25, from 5 K to 350 K, measured in zero field.

91



STUDY OF NEWLY DISCOVERED TWO DIMENSIONAL COBALT BASED PEROVSKITE COMPOUNDS
DOPED WITH VARIOUS RARE EARTH ELEMENTS

lxels
Sr, La CoO, sk’
10- /“%
" O x=125
© X =
£ 3 A x=0.75
1xes-§
El T
03
c T T

015 020 025  0.30
(1/T)l/3 (Kl/3)

Fig. 4. 7 In(p) vs. exp(1/T)"" for Srs.LaxCoOy. Straight lines are linear fittings to the
2D VRH model.

4.4 MAGNETIZATION PROPERTIES

Fig. 4.8 shows the temperature dependence from 5 K to 350 K of the magnetization of
the Sr,«<La,CoO4 samples with x =0.75, 1, and 1.25, measured in a magnetic field of 0.2
Tesla. Samples exhibited a paramagnetic to ferromagnetic transition at temperatures of
about 250, 230, and 220 K for the x = 1.25, 1, and 0.75 samples, respectively. It is
observed that La doping in Sr, La,CoOy drives the Curie temperature to higher values.
The kink at about 160 K for the x = 0.75 sample is in accordance with the upturn in the

temperature dependence of the resistivity observed at 160 K.
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Fig. 4.9 shows the temperature dependence of the inverse susceptibility (') for Sr,.
xLaxCo04, measured at a magnetic field of 2000 Oe. From this figure, the Curie
temperature was determined to be 190 K, 230 K, and 250 K for the x = 0.75, 1, and 1.25
samples, respectively. The Weiss temperatures obtained by fitting to the Curie Weiss
linear law were found to be 175 K, 220 K, and 240 K for the samples with x = 0.75, 1,

and 1.25, respectively.

The magnetic hysteresis (MH) loops measured at 10 K for the Sr,,L.ayCoOs samples
with x = 0.75, 1, and 1.25 are shown in Fig. 4.10. The x = 0.75 sample shows a large
coercive field of 1 Tesla. This implies a large crystal anisotropy energy. As for the other
two samples, their coercive fields are much smaller (0.05 Tesla for the x = 1 and 0.1
Tesla for the x = 1.25 samples). The magnetization values at 5 Tesla and 10 K for the
Sty xLayCoO4 samples with x = 0.75, 1, and 1.25 were about 8, 7, and 7 emu/gram,

respectively.
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Fig. 4. 8 The temperature dependence from 5 K to 350 K of the magnetization of the Sr,.
La,CoOysamples with x = 0.75, 1, 1.25, measured in a magnetic field of 0.2 Tesla.
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Fig. 4. 9 Temperature dependence of the inverse susceptibility (y") for the SrsLa,CoOy
samples, measured at a magnetic field of 2000 Oe.
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Magnetization (emu/gram)

Fig. 4. 10 Magnetization hysteresis loops for the Sry..La,CoO4 samples with x = 0.75, 1,
and 1.25, measured at 10 K.

4.5 MAGNETORESISTANCE

The magnetoresistance (MR) effect is observed for all three samples. The MR values
(defined as (p(H)- p(H=0)) /p(H=0)) at 6 Tesla are 1%, 2%, and 3% at 150 K for the x =
1, 0.75, and 1.25 samples, respectively, as shown in Fig. 4.11. The MR is enhanced to
7% at 5 K and at 6 Tesla for the x = 1.25 sample (Figs. 4.12 and 4.13). The MR values
at 10 K were not measurable for the samples with x = 0.75 and 1, as their resistance
rapidly increases beyond the measurement range of the equipment. Magnetoresistance
hysteresis behavior is also observed for the x = 0.75 sample, which is in accordance

with the observed magnetic hysteresis loop for this sample, as mentioned above.
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Fig. 4. 11 Field hysteretic magnetoresistance for Sr; zsLag75CoOy4 at 150 K.
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Fig. 4. 12 Magnetoresistance hysteresis for Srg7sLa; 2sCoOy at 5 K.
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Fig. 4. 13 Rate of change of the resistivity for the sample with x = 1.25 at various
temperatures in magnetic field.

4.6 BAND STRUCTURE

We performed band structure calculations for the Sr; sL.ag sCoO4 compound, as shown in
Fig 4.14. The object was to determine the total density of states (DOS) and the partial
density of states (PDOS) for the Co atom and the in-plane and apical oxygen atoms. It
can be seen that the compound shows a metallic nature, which is in accordance with the
calculated result for pure Sr,CoOg4 [1]. A significant density of states for the spin-down
electrons is formed at the Fermi surface (Ef), indicating that this compound is spin

polarized at the Fermi surface. The PDOS reveals that Co 3d electrons and planar
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oxygen electrons are responsible for the high spin polarization at the Fermi surface in

this compound.
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Fig. 4. 14 Calculated total density of states of Sr; sLaysCoO4 compound and the partial
density of states of Co 3d (upper panel),; and the partial density of states of planar and
apical oxygen (lower panel), with the Fermi energy set at zero.

4.7 SUMMARY

La doped Sr,CoO4 compounds are crystallized in the K,NiF4-type structures with space
group /4/mmm. The temperature dependence of the resistivity shows semiconductor-like
behavior over a wide range of temperatures, a metal-insulator transition at 240 K, and
an upturn at 160 K for the x = 1, 1.25, and 0.75 samples. The coercive field is about 1 T

for the sample with x = 0.75, while it is about 0.05 T for the x = 0.75 and 0.1 T for the x
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= 1.25 samples. A negative field hysteresis in the magnetoresistance in close correlation
with the coercive field has been observed and can be explained by the grain boundary
tunneling effect. First-principles band structure calculations were carried out for
SrysLagsCo04, and the results indicate that the system is metallic with a high spin
polarization, which is responsible for the observed large magnetoresistance. The band
structure calculations for Sr; sLagsCoO4 compound indicate that this compound is spin
polarized at the Fermi surface. The PDOS reveals that the Co 3d electrons and planar
oxygen electrons are responsible for the high spin polarization at the Fermi surface in

this compound.
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CHAPTER 5. Eu DOPED SR,C0Q, (SR2.xEUxC0OO4, X =0.25,0.75, 1, 1.25)

5.1 INTRODUCTION

Polycrystalline samples of Sr, xEuxCoO4 (x = 0.25, 0.75, 1, 1.25) were synthesized by a
conventional solid-state reaction method as mentioned in section II. Powders of Eu,0s,
SrCOs, and Co3;04 with high purity were used as starting materials. The phases and
structures of the resulting samples at room temperature were studied using x-ray powder
diffraction (XRD). Structure refinements were carried out by the Rietveld method using
the RIETICA program. Magnetic and electrical transport properties were investigated
using commercial Quantum Design Magnetic and Physical Properties Measurement
Systems (MPMS and PPMS) in a temperature range from 5 to 350 K, and in magnetic

fields up to 8 Tesla.

5.2 STRUCTURAL PROPERTIES

The XRD patterns of the samples of Sr, xEu,CoO4 (where x = 0.25, 0.75, 1, 1.25) for the
2 0 range from 25 to 65 degrees, measured at room temperature, are shown in Fig. 5.1.
It can be seen that the diffraction peaks of the samples with x = 0.75 and 1 fit well with
the XRD pattern of the Sr,CoQO4 phase, indicating that pure phase was obtained for these
two doping levels. All the diffraction peaks were indexed and labeled for the sample
with x = 1. However, the other two samples with x = 0.25 and 1.25 contain diffraction
peaks of unknown impurities with the sample with x = 0.25 containing more impurities

than the sample with x = 1.25. These results shows that both a low doping level (x =
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0.25) and a high doping level (x = 1.25) of Eu will introduce impurities into the
samples. Pure K,;NiF4 phase of Sr,CoO4 can be obtained when x is from 0.75 to 1,

indicating that Sr,CoQj is quite sensitive to the Eu doping level.

Sr, Eu,CoO,

x=123

Intensity (a. u.)

x=073

60

30 40 | 50
28 (deg)

Fig. 5. 1 XRD patterns of the Sro..Eu,CoOysamples with x = 0.25, 0.75, 1, 1.25,
measured at room temperature.

Rietveld refinement was carried out based on the XRD results for the Sry \EuyCoOj4
samples with x = 0.75, 1, and 1.25, which are shown in Figs. 5.2, 5.3, and 5.4,
respectively. The observed (crosses), calculated (solid lines), and difference diffraction
(bottom lines) profiles were plotted in each figure. It can be seen that the calculated
results match well with the experimental data for all the three samples. Our refinement

shows that the samples of Sr, \EuyCoO4 with x = 0.75, 1, 1.25 have the K,NiF, structure.

101



STUDY OF NEWLY DISCOVERED TWO DIMENSIONAL COBALT BASED PEROVSKITE COMPOUNDS
DOPED WITH VARIOUS RARE EARTH ELEMENTS

++

2,600 Rietveld refinerment: Sr(1.25)Bu(0.75)CoO(4)

Counts (a. u.)
8

I I [ [N ] i )

0 N « 1

VRN oA p ot Wﬂ J\}L‘v““w‘w\"w\wmﬂwbw\rr«“\rJJWNJ\(‘VKVMWMANMVVMVVJM‘WMMVVWVN (Wv\
20 25 30 35 40 45 50 55 60 65 70 6
2 theta (deg)

Fig. 5. 2 Rietveld refinement for Sr; ;sEug 75CoO4 showing the observed (crosses),
calculated (solid line) and difference (bottom line) profiles at 300K (refinement factors

Rp=11.4%, Rb=2.9%).
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Fig. 5. 3 Rietveld refinement for SrEuCoQO, showing the observed (crosses), calculated
(solid line) and difference (bottom line) profiles at 300K (refinement factors Rp=13.4%,
Rb=2.1%;,, blue-strip range was ignored in refinement).
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22901

g

Counts (a. u.)
g

Fig. 5. 4 Rietveld refinement for Sry 7sEu; ,5CoO4 showing the observed (crosses),
calculated (solid line) and difference (bottom line) profiles at 300K (refinement factors
Rp=13.8%, Rb=4.6%, blue-strip ranges were ignored in refinement).

The atomic parameters, isotropic temperature factors, Co-O bond lengths and unit cell
volumes obtained from the refinement results are summarized in Tables 5.1 and 5.2.
From Table 5.1, we can see that the atomic position for St/Eu is not sensitive to the Eu
doping level. However, the O2 position changes slightly for the sample with x = 1.
From Table 5.2, it is observed that lattice parameter a is not sensitive to the doping level
of Eu. Table 5.2 also reveals a close correlation with respect to the doping level of Eu
between lattice parameter ¢ and the Co-O(1) bond length: they are at a maximum for x
= 0.75, but as x increases to 1, there is an obvious decrease in both lattice parameter ¢
and the Co-O(1) bond length. As x further increases to 1.25, both values show no

significant changes.

The values for the in-plane Co-O(2) bond length remain at around 1.87 A for all the
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doping levels. However, for all the samples, the out-of-plane Co-O(1) bond length
values are greater than 1.96 A, and they decrease with x (Fig. 5.5). These results
indicate that the Eu doping causes distortion of the CoOs octahedron with elongation

along the c-axis (the Co-O(1) direction).

Table 5.1 Crystal data of Sro—xEu,CoQOy (x = 0.75, 1, 1.25) - Space group: 14/mmm.

Atom Samples X y z Biso"
Co Srp.75Eu125C004 | O 0 0 0.14
SrEuCoOy4 0 0 0 0.14
St 25Eu975C004 | O 0 0 0.14
St/Eu Srp.75Eu125C004 | O 0 0.3605 | -0.33(Eu)
0.72(Sr)
SrEuCoO, 0 0 0.3605 | 0.14(Eu)
0.14(Sr)
St1.25E0.75C00s | 0 0 0.3605 | 0.09(Eu)
0.18(Sr)
0 (1) Sto.75Et;1 25C00s | 0 0.5 0 0.26
SrEuCoO4 0 0.5 0 0.30
St125Eu0.75C004 | 0 0.5 0 0.29
02 Srp.75Eu125C004 | 0 0 0.1618 | 0.24
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StEuCo04 0 0 0.1664 | 0.32

St1.25Eu075C004 | 0 0 0.1618 | 0.29

? Biso is an isotropic thermal parameter.

Table 5.2 Structural parameters of Sro.Eu,CoO4 withx = 0.75, 1 & 1.25 from the

Rietveld refinement (space group 14/mmm) results.

x=0.75 x=1 x=1.25
a (4) 3.76 3.77 3.76
¢ (A) 12.32 12.17 12.17
Co-0(2) (4) 1.8776 1.8766 1.8784
Co-0O(1) (4) 1.9929 1.9732 1.9691
V(A4 173.7 171.8 171.8
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Fig. 5. 5 Co-O bond lengths vs. doping level x.

5.3 TRANSPORT PROPERTIES

The temperature dependence of the electrical resistivity in the temperature range of 5 K
to 350 K for the Sr, x\Eu,CoO4 samples with x = 0.75, 1, 1.25 is shown in Fig. 5.6. It can
be seen that all the samples show semiconductor-like behaviour. However, the values of
the resistivity are quite different for the three samples with different doping levels. The
samples with x = 0.75 and 1.25 have very low resistivities that are less than 20
Ohms-cm in the high temperature range above 150 K. However, the sample with x = 1

is much more insulating than the other two samples (with a resistivity value of about 10

Ohm-cm at 150 K). Therefore, regularity in the samples’ resistivity corresponding to the
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Eu doping level is not observed in this case.

100 - T T T T T T T T T T T T
50 100 150 200 250 300
Temperature (K)

Fig. 5. 6 Temperature dependence of the resistivity of Sro—.Eu,CoO4with x = 0.75, 1,
1.25.

Log of the resistivity (p) vs. exp(1/T)"* for the Sr».xEu,CoOy4 samples with x = 0.75, 1,
and 1.25 is shown in Fig. 5.7. These three compounds are observed to behave
differently in the VRH 2D model fitting. For x = 1, the compound is well fitted by the
VRH model for the entire measurable range of its resistivity over a temperature range
from 100 K to 300 K (where 0.15 < (1/T)"* < 0.21). For x = 0.75, the compound does
not really follow the VRH mechanism. For the x = 1.25 compound, the VRH
mechanism is only observed in the small low temperature range of 7 K to 15 K (where

0.4 < (1/T)"* <0.55).
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Fig. 5. 7 In(p) vs. exp(l/T)wfor SroEucCoOywith x =0.75, 1, 1.25. Straight lines are
linear fittings to the 2D VRH model.

5.4 MAGNETIZATION PROPERTIES

Fig. 5.8 shows the temperature dependence from 5 K to 350 K of the magnetization of
the Sty <EuxCoO4 samples with x = 0.75 and 1, measured in a magnetic field of 0.2 Tesla.
The sample with x = 0.75 exhibits a paramagnetic to ferromagnetic transition at around
200 K. However, the sample with x = 1 shows paramagnetic behavior down to 5 K,

although a weak, but wide hump was observed in the temperature range from 100 K to
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180 K, which may relate to an antiferromagnetic transition, as both ZFC and FC results

show the same decrease.

%

0.00025- St, Eu GO,

0.00020+

0.00015+

o
S

IR 2

Magnetization (emu/gram)

| -

0O 50 100 150 200 250 300 350
Temperature (K)

Fig. 5. 8 Field cooled and zero field cooled temperature dependence of magnetization
for SryEu,CoOywith x = 0.75 and 1.

5.5 MAGNETORESISTANCE

Figs. 5.9, 5.10 and 5.11 respectively show the field dependence of the
magnetoresistance (MR) effect (defined as (p(H) - p(H=0)) /p(H=0)), measured at a
temperature of 100 K for the samples with x =0.75, 1, and 1.25. It is observed that these
samples have large MR values. For example, for the sample with x = 1.25, the MR

value is about 46% at & Tesla at 100 K.
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The unusual large magnetoresistance value for these samples is encouraging with

regards to the potential application of colossal MR (CMR) materials.

(%) AN

H (T)

Fig. 5. 9 Magnetoresistance hysteresis for the Sr; ;sEug 75CoO4 sample at 100 K.

H (T)

Fig. 5. 10 Magnetoresistance hysteresis for the SrEuCoQOy sample at 100 K.
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MR (%)

Fig. 5. 11 Magnetoresistance hysteresis for the Sry.7;sEu; :5CoO4 sample at 100 K.

5.6 SUMMARY

For the Eu doped compounds of Sr,CoQy, single 214 phase was achieved for x = 0.75 -
1. Lattice parameter ¢ decreases with Eu doping levels. The Curie temperatures were
found to be around 160-200 K for samples with x = 0.75 and 1. An antiferromagnetic
transition is observed at 35 K for the x = 0.75 sample. Magnetic semiconductor features
are observed for all the doped samples. The existence of the unusual high
magnetoresistance in these compounds make them stands out compared to the rest of
the other RE doped compounds in this regard. For example, the sample with x = 1.25

shows a MR value of about 46% at 8 Tesla at 100 K. Finding such unusual large
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magnetoresistance values for these samples is encouraging, as regards to the potential

applications of CMR materials.

CHAPTER 6. GD DOPED SR,C0Q, (SR2-xGDxC0O4, X =0.5,0.75, 1, 1.25)

6.1 INTRODUCTION

Polycrystalline samples of Sr,,GdxCoO4 (x = 0.5, 0.75, 1, 1.25) were synthesized by a
conventional solid-state reaction method as mentioned in section II. Powders of Gd,0s,
SrCOs, and Co3;04 with high purity were used as starting materials. The phases and
structures of the resulting samples at room temperature were studied using x-ray powder
diffraction (XRD). Structure refinements were carried out by the Rietveld method using
the RIETICA program. Magnetic and electrical transport properties were investigated
using commercial Quantum Design Magnetic and Physical Properties Measurement
Systems (MPMS and PPMS) in a temperature range from 5 to 350 K, and in magnetic

fields up to 8 Tesla.

6.2 STRUCTURAL PROPERTIES

The XRD patterns of the Sr,GdxCoO4 samples (where x = 0.5, 0.75, 1, 1.25) for the 2 6
range from 30 to 70 degrees, measured at room temperature, are shown in Fig. 6.1. It
can be seen that the diffraction peaks of all the four samples fit well with the XRD

profile of Sr,CoO, single phase, However, there is an unknown impurity shown in the
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range of 32.5 to 33 degrees in the XRD patterns. For each of the samples, the unknown

peak is marked with an asterisk.

Rietveld refinement was carried out based on the XRD results for all four samples of
Sr,.xGdxCoOy4, They are shown in Figs. 6.2, 6.3, 6.4, and 6.5, respectively. The observed
(crosses), calculated (solid lines), and difference diffraction (bottom lines) profiles were
plotted in each figure. It can be seen that the calculated results match well with the
experimental data for all four samples. Our refinement shows that these samples have

the K,NiF, structure.
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Fig. 6. 1 XRD patterns of Sr;..GdCoO with x = 0.5, 0.75, 1, 1.25 (* indicates unknown
impurity).
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Fig. 6. 2 Rietveld refinement for Sr;sGdysCoO4 showing the observed (crosses),
calculated (solid line) and difference (bottom line) profiles at 300K (refinement factors
Rp=14.5%, Rb=5.6%, blue-strip ranges were ignored in refinement).
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Fig. 6. 3 Rietveld refinement for Sr; ,5Gdy 75CoOy4 showing the observed (crosses),
calculated (solid line) and difference (bottom line) profiles at 300K (refinement factors
Rp=14.3%, Rb=6.2%,, blue-strip range was ignored in refinement).
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Fig. 6. 4 Rietveld refinement for SrGdCoO, showing the observed (crosses), calculated
(solid line) and difference (bottom line) profiles at 300K (refinement factors
Rp=12.0%, Rb=3.2%, blue-strip range was ignored in refinement).
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Fig. 6. 5 Rietveld refinement for Sry75Gd; ,sCoOy4 showing the observed (crosses),
calculated (solid line) and difference (bottom line) profiles at 300K (refinement factors
Rp=16.6%, Rb=7.6%, blue-strip range was ignored in refinement).
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The atomic parameters, isotropic temperature factors, Co-O bond lengths, and unit cell
volumes obtained from the refinement results are summarized in Tables 6.1 and 6.2.
From Table 6.1, we can see that the atomic position for Sr/Gd is not sensitive to the Gd

doping level. However, the O2 position changes for each of the doping levels.

The refined results on lattice parameters a and ¢ are plotted in Fig. 6.6. It can be seen
clearly that lattice parameter a is not sensitive to the Gd doping level, and it changes
very slightly for different doping level x, while lattice parameter ¢ decreases as the
doping level x increases. This is in agreement with the fact that the ion size of Gd**

(radius 0.94 A ) is smaller than the ion size of Sr*" (radius 1.32 A).

The value for the in-plane Co-O(2) bond length has almost the same value, around 1.88
A, for all the doping levels, while the out-of-plane Co-O(1) bond length values vary for
different doping level x. It was also observed that for all the samples, the out-of-pane
Co-O(1) bond length is at least 0.1 A greater than the corresponding in-plane bound
length. This indicates that the Gd doping causes a distortion of the CoOg octahedron

with elongation along the c-axis (the Co-O(1) direction) (Fig. 6.7).

Table 6.1 Crystal data of Sr;-,Gd,CoOy (x = 0.5, 0.75, 1, 1.25) - Space group: 14/mmm.

Atom Samples X y z Biso"

Co SI’o.75Gd1.25COO4 0 0 0 0.14

SrGdCoOy4 0 0 0 0.14
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Sr1.25Gdy7sC00y4 0 [0 0.14
Sr1.5GdysCoOy4 0 |0 0.14

Sr/Gd Sr.75Gd; 25C00y4 0 03605 | 0.14(Gd)

0.14(Sr)

SrGdCoO, 0 03605 | 0.14(Gd)

0.14(Sr)

Sr1.25Gdg.75C004 0 |0.3605 | 0.14(Gd)

0.14(Sr)

Sry.5Gdo sCoO4 0 |0.3605 | 0.14(Gd)

0.14(Sr)
0 (1) St.75Gd; 25C004 05 |0 0.32
SrGdCoOy, 05 |0 0.23
Sr1.25Gdy75C004 05 |0 0.28
Sr1.5GdosCoO4 05 |0 0.23
0 (2) Sro.75Gd; 25C004 0 |0.1742 [0.22
SrGdCoO, 0 |0.1657 | 0.30
Sr1.25Gdy7sC00y4 0 |0.1619 |0.27
Sr1.5Gdo sCoOy4 0 |0.1632 |0.25

* Biso is an isotropic thermal parameter.
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Table 6.2 Structural parameters of Sr>.,Gd,CoO4 with x = 0.5, 0.75, 1, 1.25 from the

Rietveld refinement (space group 14/mmm) results.

x=0.5 x=0.75 x=1 x=1.25
a (4) 3.761 3.759 3.750 3.762
¢ (4) 12.3669 12.307 12.163 12.118
Co-0(2) (A) | 1.881 1.880 1.875 1.881
Co-O(1) (4) | 2.019 1.993 2.015 2.111
V(4% 175.0 171.9 171.0 171.5
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Fig. 6. 6 Lattice parameters a and c vs. x for Sr,—,Gd,CoO,.
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Fig. 6. 7 Co-O bond lengths vs. doping level x.

6.3 TRANSPORT PROPERTIES

The temperature dependence of the electrical resistivity in the temperature range from
25 K to 350 K for the Sr, GdxCoO4 samples with x = 0.75, 1, and 1.25 is shown in Fig.
6.8. The resistivity of all these samples in temperatures below 25 K became too large
that they were beyond the measurable range of the PPMS. All three samples exhibited
semiconductor-like behavior over the measurable range of temperatures below 350 K.
The resistivity of the sample with x = 0.75 is in the typical conductor range at higher
temperatures. For example, for temperatures greater than 200 K, the resistivity of this
sample is less than 10 Ohm-cm. The resistivity of samples increases with increasing Gd
doping level over the entire temperature range. At room temperature, the resistivities for

the x =0.75, 1, and 1.25 samples are about 2.5, 119, and 263 Ohm-cm, respectively.
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The log of the resistivity (p) vs. exp(l/T)l/ 3 for the SryxLayCoOy4 samples with x = 0.75,
1, and 1.25 is shown in Fig. 6.9. It can be seen that the data for the sample with x = 1.25
fit well with the VRH model in the range of 170 K to 350 K (where 0.14 < (1/T)"" <
0.18). For the samples with x = 1 and 0.75, the data fit well to the VRH model for the

entire measured temperature range.

p (Ohm-cm)

10—
50 100

T T T T

150 200 250 300 350
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Fig. 6. 8 Temperature dependence of the resistivity of Sr,-,Gd,CoO4with x = 0.75, 1,
1.25.
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Fig. 6. 9 In(p) vs exp(1/T)"” for Sr>..Gd.CoO, with x = 0.75, 1, 1.25. Straight lines are
linear fittings to the 2D VRH model.

6.4 MAGNETIZATION PROPERTIES

Fig. 6.10 shows the temperature dependence from 5 K to 340 K of the magnetization of
the Sr;4GdxCoO4 samples with x = 0.75 and 1, measured in a magnetic field of 0.2
Tesla. Both samples appear to be in the paramagnetic state over the whole measured

temperature range. The x = 1 sample shows typical features of a paramagnet.

Fig. 6.11 shows the temperature dependence of the inverse susceptibility (x") for the

samples with x = 0.75 and 1, measured at a magnetic field of 0.2 T. A slight concavity
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in the temperature dependence is observed at around 120 K for the sample with x = 0.75,

indicating a short range ferromagnetic state change at this point for this compound.

Magnetization hysteresis measurements for the Sr, yGdxCoO4samples with x = 0.75 and
1, measured at 10 K, are shown in Fig. 6.12. As expected, no magnetic hysteresis is
observed for either sample. However, the x = 1 sample shows typical features of
paramagnetism, while the x = 0.75 sample exhibits a weak ferromagnetic interaction in
the low field range, which is in agreement with what is expected from the temperature

dependence of the magnetization.

6%3 St,_Gd_CoO0,

4"_ 8 —O—x=1

Magnetization (emu/gram)

:-
3_% - mx=0.75
Iy
21 R
NS
9,
14 2D,
0 T T T T T T
0 50 100 150 200 250 300
T (K)

Fig. 6. 10 Temperature dependence of the magnetization for Sr;..Gd.CoO4 with x = 0.75
and 1.
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Fig. 6. 11 Temperature dependence of the inverse susceptibility (") for Sr>xGd.CoO,,
measured at a magnetic field of 2000 Oe.

Magnetisation(emu/gram)

H (T)

Fig. 6. 12 Magnetization hysteresis measurements for Sr,,Gd,CoO, with x = 0.75 and 1,
measured at 10 K.
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6.5 MAGNETORESISTANCE

Figs. 6.13 and 6.14 show the field dependence of the magnetoresistance (MR) effect
measured at a temperature of 100 K (defined as (p(H ) - p(H=0)) /p(H=0)) for the
samples with x = 0.75 and 1, respectively. As expected, these samples have small MRs
that are less than 5%. It is interesting to note that although the MR is only 3 or 5%, both
compounds are dominated by the paramagnetic state, especially for the x = 1 sample,

which is a pure paramagnetic semiconductor.

MR (%)

H (T)

Fig. 6. 13 Magnetoresistance hysteresis for Sr; ,5Gdy 75CoOy4 at 100 K.
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Fig. 6. 14 Magnetoresistance hysteresis for SrGdCoOy at 100 K.

The band structure of the Sr;sGdysCoOs sample was obtained by first-principles
calculations in the framework of density functional theory (Fig. 6.15). The calculations
were performed using the plane-wave pseudo-potential method based on density
functional theory (DFT) with the generalized gradient approximation (GGA) in the
scheme of Perdew-Burke-Ernzerhof. The ion-electron interaction was modeled by ultra-
soft Vanderbilt-type pseudo-potentials. An experimental lattice parameter obtained

through structure refinement was used in this calculation.
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Fig. 6. 15 The band structure (upper panel) and density of states (lower panel) of the
Sr1.5GdysCoOy4 sample.

The band structure and DOS clearly show that the material is metallic, as evidenced by
the large number density of states penetrating the Fermi surface. Furthermore, the
electrons around the Fermi surface are mainly spin-down electrons, indicating a strong

half-metallic nature.

The partial density of states of Co (Fig. 6.16) shows that the density of states for both
the majority and minority carriers around the Fermi surface arises from the 3d electrons
of Co. The half-metallic nature of this compound is also determined by the Co 3d

electrons.

CASTEP Partial Density of States

Diensity of States (electrons /2y

[

-7 -f -5 -4 -3 -2 -1 ] 1 2 3 4 3 6
Energy (YY)

o alpha o beta d alpha
d beta Sum alpha Sum beta

Fig. 6. 16 Partial density of states of Co in the Sr; sGdysCoO4 sample.
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6.6 SUMMARY

The Gd-doped Sr,CoO4 samples were found to be paramagnetic semiconductors with
MR of only 3 or 5%. Their transport properties can be described by the hopping model
for semiconductors. Band structure calculations indicate that the spin polarization is

high in the Gd-doped Sr,C0Os.
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CHAPTER 7. ND DOPED SR2C00Q, (SR2.xNDxC0O4, X =0.5, 0.75, 1, 1.25)

7.1 INTRODUCTION

Polycrystalline samples of Sr, \NdxCoO4 (x = 0.5, 0.75, 1, 1.25) were synthesized by a
conventional solid-state reaction method, as described in section II. Powders of Nd,Os,
SrCOs, and Co3;04 with high purity were used as starting materials. The phases and
structures of the resulting samples were studied at room temperature using x-ray powder
diffraction (XRD). Structure refinements were carried out by the Rietveld method using
the RIETICA program. Magnetic and electrical transport properties were investigated
using commercial Quantum Design Magnetic and Physical Properties Measurement
Systems (MPMS and PPMS) over a temperature range from 5 to 350 K, and in

magnetic fields up to 8 Tesla.

7.2 STRUCTURAL PROPERTIES

The XRD patterns of the Sr, \NdxCoO4 samples (where x = 0.5, 0.75, 1, 1.25) for the 2 6
range from 30 to 70 degrees, measured at room temperature, are shown in Fig. 7.1. It
can be seen that the diffraction peaks of all the four samples fit well with the of the
Sr,Co0y4 single phase XRD pattern. However there is a peak of an unknown impurity
that appears in the range of 32.5 to 33 degrees in the XRD patterns. For the three
samples where x = 0.5, 0.75, and 1, the unknown peak is marked with an asterisk. The

sample with x = 1.25 is a single phase compound with the structure of Sr,CoO4,
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Rietveld refinement was carried out based on the XRD results for all four samples. They
are shown in Figs. 7.2, 7.3, 7.4 and 7.5, respectively. The observed (crosses), calculated
(solid lines), and difference diffraction (bottom lines) profiles are plotted in each figure.
It can be seen that the calculated results match well with the experimental data for all

the samples. Our refinement shows that these samples have the basic K,NiF, structure.

Sr. Nd CoO
2x X 4
%=1.25
5
&, . x=1
a )
=
3
O
U
=075
Y N
%05
% | 30 | 40 | 50 | & | 70
20 (deg)

Fig. 7. 1 XRD patterns of Sr2..Nd.CoO, with x = 0.5, 0.75, 1, 1.25.
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4000 Rietveld refinerrent: Sa(1.5)NJ0.5)CoO4)
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Fig. 7. 2 Rietveld refinement for Sr; sNdysCoOy showing the observed (crosses),
calculated (solid line) and difference (bottom line) profiles at 300K for the x = 0.5

sample (refinement factors Rp=14. 9%, Rb=7.4%; blue-strip ranges were ignored in
refinement).

mrent: Si(1.25)NKO. 75)CoO@)

1,500

0 [ [T

el uw»«“(w n crmad Ml

2 > 0

Fig. 7. 3 Rietveld refinement for Sr; ;sNdy 75CoO, shpwing the observed (crosses),
calculated (solid line) and difference (bottom line) profiles at 300K for the x = 0.75

sample (refinement factors Rp=18. 4%, Rb=11.5%, blue-strip ranges were ignored in
refinement).
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Fig. 7. 4 Rietveld refinement for SrNdCoQO, showing the observed (crosses), calculated
(solid line) and difference (bottom line) profiles at 300K for the x = I sample
(refinement factors Rp=10. 9%, Rb=6.4%, blue-strip range was ignored in refinement).

] Rietveld refinenent: St(0.75)NA(1.25)CoOd)
_~
3 a0
\g M
g 1,50 A + "
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2 S 0 B 40 % & &6 Kol s
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Fig. 7. 5 Rietveld refinement for Sry 7sNd; 25CoO4 showing the observed (crosses),
calculated (solid line) and difference (bottom line) profiles at 300K for the x = 1 sample
(refinement factors Rp=13. 9%, Rb=8.4%).

The atomic parameters, isotropic temperature factors, Co-O bond lengths and unit cell

volumes obtained from the refinement results are summarized in Tables 7.1 and 7.2.
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From Table 7.1, we can see that the atomic position for Sr/Nd is not sensitive to the Nd

doping level. However, the O2 position changes for each of the doping levels.

The refined results for lattice parameters a and ¢ are plotted in Fig. 7.7. It can be seen
clearly that lattice parameter a is not sensitive to the doping level of Nd and remains
around 3.7 A for the different doping levels x, while lattice parameter ¢ decreases as the
doping level x increases This is in agreement with the fact that the ion size of Nd**

(radius 0.98 A ) is smaller than the ion size of Sr** (radius 1.32 A).

The value for the in-plane Co-O(2) bond length are almost the same, around 1.8 A for
all the doping levels, while the out-of-plane Co-O(1) bond length values vary for

different doping level x.

Fig. 7.6 shows the Co-O(1) and Co-O(2) bond lengths vs. the doping level x. It can be
seen that all the samples’ out-of-plane Co-O(1) bond lengths are greater than their
corresponding in-plane bond lengths. This indicates that the Nd doping causes a
distortion of the CoOg octahedron with elongation along the c-axis (the Co-O(1)
direction). Fig. 7.8 shows the unit cell volume vs. x for Sr, \NdxCoO,. Generally

speaking, the Nd doping reduces the unit cell volume of S,CoOs,.

Table 7.1 Crystal data of Sr>—Nd,CoOy (x = 0.5, 0.75, 1, 1.25) - Space group: [4/mmm.

Atom Samples X y z Biso"
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Co Sr.7sNd; 25C00y4 0 [0 0.14
StNdCoO, 0 |0 0.14
Sr1.25Ndy7sCoOy4 0 |0 0.14
Sr1.sNdysCoOy4 0 |0 0.14

St/Nd St.7sNd; 25C004 0 |0.3605 | 0.14(Nd)

0.14(Sr)
StNdCoO, 0 | 03605 | 0.14(Nd)
0.14(Sr)
Sr1.25Ndy7sCoOy4 0 |0.3605 | 0.14(Nd)
0.14(Sr)
Sr1.sNdysCoOy4 0 |0.3605 | 0.14(Nd)
0.14(Sr)

0 (1) Sro.75Nd; 25C004 0.5 |0 0.26
StNdCoOy, 0.5 |0 0.27
Sr1.25Ndg.75C004 0.5 |0 0.32
Sr1.sNdosCoOy4 0.5 |0 0.32

0(2) Sro.75Nd; 25C004 0 |0.1618 |0.33
StNdCoOy4 0 |0.1625 | 031
Sr1.25Ndg.75C004 0 |0.1568 | 0.26
Sr1.sNdysCoOy4 0 |0.1640 | 0.28
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Table 7.2 Structural parameters of Sr;.xNd,CoO,with x = 0.5, 0.75, 1, 1.25 from the

Rietveld refinement (space group 14/mmm) results.

x=0.5 x=0.75 x=1 x=1.25
a (4) 3.776 3.774 3.774 3.783
¢ () 12.417 12.370 12.313 12.275
Co-0(2) (4) 1.888 1.887 1.887 1.891
Co-O(1) (A) | 2.036 1.939 2.001 1.986
V(4% 177.1 176.2 175.4 175.6
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Fig. 7. 6 Co-O bond lengths v.s doping level x
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Fig. 7. 7 Lattice parameters a and c vs. x for Sr,—.Nd,CoOy.
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Fig. 7. 8 The unit cell volume vs. x for Sr,—.Nd,CoO,.

7.3 TRANSPORT PROPERTIES

The temperature dependence of the electrical resistivity in a temperature range of 5 K to
340 K for the Sr;xNdyCoO4 samples with x = 0.75 and 1 is shown in Fig. 7.9. The
resistivity of the x = 1 sample is always greater than the resistivity of the sample with x
= 0.75 at the same temperature. This clearly indicates that the Nd doping increases the
resistivity of the compound. At room temperature, 300 K, the resistivity for the samples
with x = 0.75 and 1 are 0.6 and 4 Ohm-cm, respectively. Both samples show

semiconductor-like behaviour over the whole measured temperature range.

138



STUDY OF NEWLY DISCOVERED TWO DIMENSIONAL COBALT BASED PEROVSKITE COMPOUNDS
DOPED WITH VARIOUS RARE EARTH ELEMENTS

10°3
i Q Sr, Nd CoO,
1044 © o
3 O
P 3E %"o
10 ¥
ool
£ 10
o ]
~ 1
a 10';
0 —0O—
10" 3 2
3 ——X=
-1 7

0 50 100 150 200 250 300 350
Temperature (K)

Fig. 7. 9 Resistance vs. temperature for Sr, \NdxCoO4 (x = 0.75, 1).

The log of the resistivity (p) vs. exp(1/T)"* for the Sr,,Nd,CoOy samples with x = 0.75
and 1 is shown in Fig. 7.10. Both samples can be well fitted by the VRH model p = p,
exp(To/T)">. This again suggests that the 2D variable-range hopping (VRH) mechanism

could be used to account for the conducting mechanism for both of these samples.
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Fig. 7. 10 In(p) vs. exp(l/T)l/3 for SryxNdxCoO4 (x = 0.75, 1). Straight lines are linear
fittings to the 2D VRH model.

7.4 MAGNETIZATION PROPERTIES

Fig. 7.11 shows the temperature dependence for field-cooled and zero-field-cooled
measurements from 5 K to 340 K of the magnetization of the Sr,«NdxCoO, samples
with x = 0.75 and 1, measured in a magnetic field of 0.2 Tesla. It is obvious that both of
the samples are ferromagnetic in the low temperature range. Samples exhibit a
paramagnetic to ferromagnetic transition at temperatures of about 250, 170 K for the x =
1 and 0.75 samples, respectively, It is observed that the Nd doping in Sr, NdxCoO4
drives the critical temperature to a higher value. The magnetization value at 100 K is 0.7

emu/gram for the x = 0.75 sample and 2.9 emu/gram for the sample with x = 1.
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It should be noted that the resistivity monotonically increases with decreasing
temperature from 340 to 5 K (Fig. 7.8), and no anomaly occurs at magnetic transition
temperatures for either of the samples with x = 0.75 and 1. Both show a semiconducting
character. This reveals that the variation in the resistivity with temperature for these
compounds is not dominated by spin-dependent scattering of carriers, but by carrier

concentration. [94]
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Fig. 7. 11 The temperature dependence from 10 K to 340 K of the magnetization of the
Sr,:Nd,CoO4 samples with x = 0.75, 1, measured in a magnetic field of 0.2 Tesla.

Fig. 7.12 shows the temperature dependence of the inverse susceptibility () for Sr,.

«NdxCoO4, measured at a magnetic field of 2000 Oe. From this figure, the Curie-Weiss
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temperatures obtained by fitting to the Curie Weiss linear law were found to be 130 K,

210 K, for the samples with x = 0.75 and 1, respectively.

40000
§ Sr, Nd CoO,
£ 30000 y
) —0—x=0.75
O 20000-
) —
=
T
= 100001 T (x=0.75) ‘A
— A
x i / Ty ®=1)
0 -5

50 100 150 200 250 300
Temperature (K)

Fig. 7. 12 Temperature dependence of the inverse susceptibility (x') for Sro.Nd.CoO,,
measured at a magnetic field of 2000 Oe.

The magnetic hysteresis (MH) loops for the St \NdxCoO4 samples with x =0.75 and 1,
measured at 10 K are shown in Fig. 7.13. The x = 0.75 sample shows a large coercive
field of about 0.5 Tesla. This implies large crystal anisotropy energy. As for the sample
with x = 0.75, its coercive field is about 0.21 Tesla. The magnetization values at 5 Tesla
and 10 K for the Sr, (NdxCoO4 sample with x = 0.75, 1 are around 12 emu/gram for

both of them.
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Fig. 7. 13 Magnetic hysteresis loops for Sro—Nd,CoO4 with x = 0.75, 1.

7.5 MAGNETORESISTANCE

Figs. 7.14 and 7.15 show the field dependence of the magnetoresistance (MR) effect,
measured at a temperature of 100 K (defined as (p(H) - p(H=0)) /p(H=0)) for the
samples with x =1 and 0.75, respectively. These samples have small MRs that are less

than 5%.
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Fig. 7. 14 Magnetoresistance hysteresis for SrNdCoOy at 100 K.

MR (%)

H (T)

Fig. 7. 15 Magnetoresistance hysteresis for Sr; ,sNdy75CoO4 at 100 K.
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7.6 SUMMARY.

Nd doped compounds become ferromagnetic semiconductors at temperatures of about
250 and 170 K for the x = 1 and 0.75 samples, respectively. Their MR values are about
5 %, the same as for Gd-doped samples. The Nd doping raises the Curie temperature of

Sr,Co0y4, and it reaches 210 K for doping with Nd up to 50%.
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CHAPTER 8.

A summary of the properties for the different doped compounds is presented in Table

8.1.

SUMMARY FOR VARIES DOPED COMPOUNDS

Table 8.1 Summary of the properties for different doped compounds.

Values for
Pr doped La doped Eu doped
x=1 Gd doped Nd doped
Doped-ion radii Pr3+ La3+ Eu2+ Gd3+ Nd3+
Sr2+ 1.32A 1.06 A 1.03A 0.95A 0.94 A 0.98A
a(h) 3.78 3.80 3.77 3.75 3.77
c(A) 12.35 12.49 12.17 12.16 12.31
Co-0(2) (A 1.89 1.90 1.88 1.88 1.89
Co-0(1) (A) 1.92 1.99 1.97 2.02 2.00
V (A3 176.6 180.8 171.8 171.0 175.4
X values for|05-15 1-1.25 0.75-1 non 1.25
single 214 phase
Ferromagnetic X=0.25-0.75 X=0.75- X=0.75-1, negligible | X=0.75-1
behavior 1.25 but
negligible

Resistivity Semiconductive | Semicondu | Semicondu | Semicond | Semiconducti
behaviour 1000 Ohm.cm at | ctive, 10 | ctive, 1060 | uctive, ve, 4 Ohm-

room temp Ohm-cm at | Ohm-cm at | 360 Ohm- | cm at room
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roomtemp | roomtemp | cm at | temp
room temp
Coercive field 1T (x=0.5) 1T (x=0.75) | negligible negligible | 0.75 T
) (x=0.75)
MR Values Not available <7% for T|Large MR | <5% for T|<5% for T
below 150K | values below below 100K

found (up to | 100K

48%)
Dielectric Above 2000 at 1 | Not Not Not Not available
constant kHz available available available

From Table 8.1, it is observed that lattice parameter a remains relatively stable around
the value of 3.7 to 3.8 A for x = 1, for various RE doping compounds of Sr,.,RE,C0Oj.
The Co-O(2) in-plane bond length was also not sensitive to the particular type of RE
doping, for the x = 1 doping level. However, lattice parameter ¢, as well as the out-of-
plane bond length Co-O(1), varies with different RE doping, for the doping level of x =

1, and consequently, the unit cell volume also changes with the type of RE doping.

Among the various RE dopings that we have examined, we have only presented five
types of doping in this thesis, as these five types of doping seem to have the best
potential for applications. We have found that Sr,CoO4 compound is most tolerant to Pr
doping. For x value from 0.5 to 1.5, we can achieve single phase Sr,CoOj structured
samples, while La doping could achieve a single phase compound for x = 1 — 1.25 and,
for Eu doping, single phase compounds are formed for x = 0.75 — 1. For both Gd and
Nd doping compounds, near single phase is formed for all the tested x values (x = 0.5 —
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1.25), but an extra unknown peak is found im the 2 0 range of 32.5 to 33 degrees in the
XRD patterns. The 2D VRH mechanism is only observed for compounds in a relatively
high resistivity state. The VRH model does not apply to some of the compounds with

very low resistivity.

FURTHER WORK

It would be useful to examine more of the detailed trends in changes to each of the RE
doped Sr,CoO4 compound series, by adding more intermediate values of x to each of
the doped compounds. For example, for the Pr doped compounds, x values can be
chosen to have these values for a more detailed study of this compound: x = 0.25, 0.375,
0.5, 0.625, 0.75, 0.875, 1, 1.125, 1.25, 1.375, 1.5. The same is true for the other RE

doped series.
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