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Abstract

This thesis describes the results from an experimental study of the mag-
netic and transport properties of two strongly correlated transition metal
oxides. The first material under study is the ferromagnetic half-metal dou-
ble perovskite, SrsFeMoQg, in which we have made isoelectronic (Ba*)
and electronic (La*") substitutions onto the strontium site. Magnetoresis-
tance measurements on Sry_,Ba,FeMoOg revealed that the low temper-
ature magnetoresistance is dominated by inter-grain transport while the
intra-grain contribution is evident when the temperature is close to the
ferromagnetic transition temperature. Transport measurements on
Sry_,La,FeMoOg clearly showed that the doping dependence of the ther-
moelectric power is surprisingly similar to the one observed in the super-
conducting cuprates. In addition, it was found that the electronic doping
leads to an increase in the ferromagnetic transition temperature, which
supports the band filling model. Substitution on the Fe site was also in-
vestigated by partially replacing Fe with the non-magnetic aluminium el-
ement (SroFe;_,Al,MoQg). It was found from thermoelectric power mea-
surement that the Fe electronic state is below 3+, which is inconsistent with
theoretical models but is in good agreement with Mossbauer measure-
ments. In addition, magnetic measurements showed that the reduction
in the ferromagnetic ordering temperature could be explained in terms of
a 3D percolation model.

The second compound is the oxygen deficient strontium iron oxide
SrFeO3_s. The temperature dependence of the thermoelectric power was
measured in this compound for the first time and shown to be reminiscent
of the charge-ordering Verwey transition observed in Fe;O,. Magnetic



measurements show an increase of a weak ferromagnetic signal versus
the oxygen deficiency that could originate from a Dzyaloshinsky-Moriya
interaction in the distorted FeOy octahedra. Finally, we observed a large
magnetoresistance near room temperature for compounds close to the or-

thorhombic SrFeO; 75 phase.
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Chapter 1
Introduction

The independent electron approximation model describes the properties
of most common solid state physics materials in which the repulsion be-
tween the electrons can be represented by using an average effective po-
tential [1]. However, in some narrow band systems and where the concen-
tration of the conduction electrons is low, this approximation is no longer
valid as the Coulomb interaction between the electrons becomes impor-
tant; the materials are then referred to as strongly correlated electron sys-
tems. Due to the highly correlated nature of the electrons, the materials
exhibit complex transport and magnetic properties (e.g. high temperature
superconductivity, half-metallicity, etc) and for this reason they have been
for many years one of the major research topics in solid state physics.

The most interesting Transition Metal Oxides (TMO) belong to this
class of material in which this interaction occurs within the d-electrons
and in which there is a strong Coulomb repulsion. A direct effect of this
strong correlation is the interplay between the electronic, spin and lat-
tice degrees of freedom. This coupling is subtle and therefore complex
to study; for example a small change in the chemical composition such as
oxygen deficiency or trivalent substitution on a divalent site can lead to
drastic changes in the properties.

The high temperature superconducting copper oxide is a TMO and was



discovered twenty years ago and has become one of the most studied ma-
terials in solid state physics. Before the discovery of Bednorz and Miiller in
1986 of “high temperature” superconductivity in the La,_,Ba,CuQO, per-
ovskite [2, 3], the highest known superconducting transition was Nb3;Ge
with a transition temperature of 7. = 24 K. Since then, many investigators
have synthesised these copper oxide based materials worldwide includ-
ing the well-know ”1:2:3” YBa,Cu3O7_; being the first solid showing su-
perconductivity above liquid nitrogen temperature (7. = 95 K). The quest
to find the highest transition temperature is still on with the Hg-based
cuprates leading at 7. = 164 K under high pressure [4].

Other interesting materials in the transition metal oxide family are the
manganites, having a single perovskite structure of the AMnOs; form. In
the perovskite manganite, the d-levels split into t,, and e, orbitals caused
by the surrounding oxygen anions. The electronic ground state with or-
bital degeneracy will distort to remove the degeneracy; this is known as
the Jahn-Teller distortion. In addition, these compounds are well-known
for their large change in resistance with applied magnetic field [5, 6] known
as Magnetoresistance (MR).

In recent years, magnetoresistance phenomena have been extensively
studied and in particular spin-polarised tunneling magnetoresistance since
its discovery at room temperature in ferromagnetic metal tunnel junc-
tions [7, 8]. Spin-polarised tunneling provides fascinating opportunities
not only for the understanding of fundamental aspects but also for appli-
cation purposes. The spin tunneling junction is the basic of spintronics
(spin transport electronics), which also uses the electron spin instead of
only the charge of the electron as in the standard semiconductor industry.
The tunneling magnetoresistance depends critically on the degree of spin
polarisation, P, which can be written as P = (n] - n)/(n] + n7), where
n|(n7) is the fraction of carriers in the majority(minority) spin state at the
Fermi energy. A fully spin polarised material (P = 1) at room temper-
ature is desirable to enhance the magnetoresistance in view of new de-



vices [9, 10].

This thesis presents the results from an experimental study of two
strongly correlated electron oxides: the ferromagnetic half-metal double
perovskite SroFeMoOg which has a large negative magnetoresistance at
room temperature and the strontium iron oxide perovskite material
(SrFeOs_5) which exhibits unconventional electronic and magnetic proper-
ties that change with the oxygen deficiency. Chapter 2 contains a review of
these two systems including their main properties and pointing out some
of the unsolved questions. Chapter 3 gives a description of the sample
preparation and experimental methods used for the characterisation of the
materials. Chapter 4 summarizes the experimental results obtained upon
an isoelectronic substitution (Ba?*) on the strontium site in SryFeMoQOj
and focuses on the magnetoresistance measurements. Chapter 5 reports
measurements on electron-doped samples (La®*" substitution on the Sr**
site) and is centred on the thermoelectric power results. Chapter 6 consists
of the magnetic and electronic transport measurements from a series of
aluminium substituted compounds, SryFe;_,Al,M0Og. And finally chap-
ter 7 focuses on the electronic and magnetic properties of the oxygen defi-
cient SrFeO;_; perovskite. Temperature dependence of the thermoelectric
power and magnetic measurements have been carried out to provide fur-
ther insight into the unusual properties of SrFeOs_;.



Chapter 2
Background

In this chapter, we introduce the two materials which were studied in this
thesis namely the double perovskites and the strontium iron oxides. In
addition, throughout this chapter, some of the remaining questions about

these strongly correlated electron systems are pointed out.

2.1 Sr,FeMoOg and related double perovskites

The ordered double perovskite A;BB’Og is composed of a rare-earth ion
(A) and two BOg and B’Og octahedra placed alternatively in the 3D crystal
lattice. The most studied double perovskite is SroFeMoOg; (SFMO) with
an assumed Fe*" (spin quantum number s = 5/2) and Mo®" (s = 1/2) (see
figure 2.1).

The Fe*™ 3d° up-spin electrons can be considered to be localised while
the Mo®" 4d' down-spin electrons are delocalised and contribute to the
itinerant electron transport. It has been argued from band structure cal-
culations that the up-spins are localised in the Fe(t,,) and (e,) orbitals and
the conduction band has Mo(ty,) and Fe(t,,) character and contains only
down-spins [11, 12]. The results predict that there is a gap of «~ 0.8 eV in
the up-spin Density Of States (DOS) across the Fermi energy, Er, while a
finite DOS is present for the down-spin.
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® o O Fe OO

Figure 2.1: Sketch of the Sr,FeMoOg double perovskite lattice structure.
The strontium element is in the centre of each of the cells but is not shown
for clarity.

There is debate concerning the exchange interaction that leads to the
ferromagnetic state. It has been argued that double exchange occurs in
SFMO, because the Curie temperature (1) increases with increasing itin-
erant charge density and width of the conduction band [13, 14] via partial
substitution of Sr** by La®** [15]. A similar increase in the Curie tempera-
ture was found in Ca,_,Nd,FeMoOg where Nd*" is partially substituted
onto the Ca*" site [16]. The double exchange interaction was first used
to explain the ferromagnetic properties of Fe;O4 and the manganite per-
ovskite system. In the latter, the alternate mixed valence of Mn** and
Mn*" separated by oxygen gives rise to a large conductivity and a fer-
romagnetic interaction. The localised (t,;) and delocalised (e,) electrons
are coupled ferromagnetically by a strong on-site Hund’s coupling. In
the double perovskite, the situation seems different, the Fe(t,,) | and the
Mo(ty,) | bands are empty and the electron can hop between these states.
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The Fe 3d 1 are full and therefore can accept only an antiparallel itinerant
electron from the Mo(t,,) | and not the up-spin [17, 18]. Sarma et al. [19, 20]
argued that double exchange does not occur in SEMO because the Fe 3d°
up-spin orbitals are full which pushes the down-spin electron to be delo-
calised. Therefore, Hund’s coupling cannot occur between the itinerant
down-spin Mo 4d* electron and the up-spin localised 3d® electrons on the
Fe site. Even though the analogy with the double exchange was tempt-
ing, the ferromagnetism in the double perovskite seems to originate from
a different mechanism.

The ferromagnetic superexchange coupling between the B-site in B-O-
B’-O-B (e.g. Fe-O-Mo-O-Fe) has also been proposed to explain the mag-
netic properties but this would assume an unoccupied state on the B’ site
as observed by neutron diffraction measurement [21]. This coupling could
explain the low Néel temperature transition (7 - 20-40 K) and insulating
behaviour observed in some double perovskites such as SroFeWOy [22].
However, this model contradicted the temperature dependent transport
data that show metallic behaviour in the SrosFeMoOg; compound. In ad-
dition, the high 7. value observed in Sr,FeMoOg would not be expected
from weak ferromagnetic coupling.

This leads to another model in which the Fe 3d - Mo 4d hybridisation
and an exchange splitting of the Mo orbitals result in antiferromagnetic
coupling between the localised Fe 3d® up-spins and the itinerant Mo 4d’
down-spin [19, 20]. It is assumed that there is significant hopping between
Mo and Fe that leads to an admixture of down-spin Fe(t,,;) and Mo(t,,) or-
bitals. Due to the hybridisation with the Fe states the Fe(ty,) | and Mo(ty,)
| orbitals are pushed down while the Fe(ty,) T and Mo(ty,) T orbitals go up.
The net result is that the Fermi level is contained within a band that has
down-spin Fe(ty,) and Mo(ty,) character and produces a spin polarisation
of the conduction electrons [12]. We are therefore in the case of an antifer-
romagnetic coupling between the itinerant Mo 4d' and the localised 3d®
electrons [23]. Despite the extensive amount of work performed on the
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double perovskites there is still an open debate about the exchange mech-
anism leading to the exotic magnetic and electronic transport properties.

Magnetisation data at low temperature and high field show a magnetic
moment of around 3 - 3.5 pup/f.u. (Bohr magnetons per formula unit),
which is smaller than the 4 pp/f.u. predicted from the simple antiferro-
magnetic coupling model with the Fe*™ (3d° ; t%, 1 e,2 1) - Mo®* (4d*;
t'y, |) arrangement. It is believed that the Anti-Site Disorder (ASD) is the
cause of the discrepancy from the perfect saturation magnetic moment of
4 p1p/ f.u. In the ideal picture, the Fe and Mo are alternatively placed in
the structure surrounded by oxygen. However, some disorder between
the two cations can occur, which means that two Fe atoms or Mo can sit
next to each other [24]. It can be easily understood that ASD affects the
transport and magnetic properties as the orbitals overlapping would be al-
tered upon the degree of ASD. For example, the degree of antisite disorder
plays a role on the Curie temperature [25] and the magnetoresistance [26].
However, the exact effect of the antisite disorder on the double perovskite
properties is still a dilemma that needs further investigation.

Another interesting feature of this compound is the high critical tem-
perature, Curie temperature (7;) for a ferromagnet, of the order of 400 K [11].
According to the mean field theory [27], the Curie temperature is directly
correlated with inter-atomic exchange coupling between the two cations,
which in the case of the SroFeMoOg double perovskite is of the order of
40 meV [24]. However, the mean field approach is a poor approximation
and investigators are still looking for answers by varying 7T, using atomic
substitutions.

Interestingly, there are also some controversial results regarding the
electronic states of the Fe and Mo in SroFeMoOg. X-ray absorption and
photoemission spectroscopy have shown that the ground state is close to
Fe* [28]. Another alternative ionic description, which is in good agree-
ment with the saturation magnetic moment, m; = 4 pp/f.u., is Fe*™ (3d*)

and Mo®* (4d°) assuming a superexchange between the iron sites. How-
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ever, as stated above, if the valence of Fe is 2+ then Mo would be in a 4d°
6+ state and hence the compound would be expected to be insulating. This
is clearly not observed in the SroFeMoQOg transport data. Mossbauer data
has been interpreted in terms of a mixed Fe valence with an average value
near 2.5+ [29]. Thermoelectric power measurement on electron doped
Sty 5Lag sFeMoOg [30] showed that this technique could be exploited to
probe the doping state of the double perovskite and therefore potentially
provide further insight into the electronic states. Clearly some additional
work should be performed on SrosFeMoOg and related compounds to fur-
ther probe the Fe and Mo electronic states.

The consequence of the gap for only one spin is that the charge carri-
ers at £ are fully spin polarised. A 100 % spin polarisation of the charge
carriers at room temperature is desirable to enhance the tunneling magne-
toresistance of polycrystalline compounds for practical application. Even
at low field (< 1 Tesla (T)) and room temperature, a large spin-dependent
tunneling magnetoresistance is observed in the double perovskites (see
figure 2.2(b)) as the charge carriers tunnel more easily between the grains
if the neighbouring grains have the same magnetic orientation. The mag-
netic domains orientate in the direction parallel to the field and this has
the effect of reducing the spin scattering in the tunneling junctions and
therefore a drop in the resistivity is observed when a magnetic field is
applied. The SrosFeMoOg double perovskite exhibits large magnetoresis-
tance (v -10 %) at room temperature and large field while at liquid helium
temperature it can show a magnetoresistance as large as -~ -42 % (see fig-
ure 2.2). However, the correlation between the magnetoresistance and the
other properties is not clearly established. For example, some investiga-
tors have found a maximum low field MR in Sr,_,Ba,FeMoOg of -~ -20 %
at 0.8 T and 80 K for x = 1 [31]. It is not yet clear if the large MR arises
from the Ba substitution or if it is due to reduced disorder near the grain

boundaries.
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Figure 2.2: Magnetoresistance and magnetisation data at 4.2 K (a) and 300
K (b) from Kobayashi et al. in 1998 [11]. The magnetoresistance at 7 T is -
-42 % and « -10 % at 4.2 K and 300 K respectively.

The flexibility of the BB” combination [23] in the A;BB’Os double per-
ovskite gives rise to a wide range of possibilities and hence leads to vari-
ous magnetic and transport properties. There is still an open debate con-
cerning the origin of the exchange coupling between the BB’ sites and
more data and interpretation are required to fully understand the physics
behind these materials and therefore use them for spintronics applications.
Due to a strong coupling of the electrons, even a small partial substitution
on the A, B and B’ sites will have an effect on the orbitals overlap and
therefore alter the properties of the materials. Therefore, small chemical
changes on the various sites could be used as a tool to probe the trans-
port and magnetic properties in the double perovskite and hence further

understand these compounds.
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2.2 Strontium iron oxide, SrFeO;_;

The transition metal oxides ABO; contain a alkaline-earth ion, A (e.g. Ba,
Sr) and a transition metal, B (e.g. Mn, Co, Fe) surrounded by oxygen octa-
hedra. These compounds have been of interest for decades as they exhibit
unusual properties. For instance, the AMnO3; compounds have been stud-
ied in detail since the discovery of the colossal magnetoresistance. Per-
ovskite manganites exhibit interesting magnetic and transport behaviours
resulting from competing charge and orbital ordering. Even a small substi-
tution concentration on one of the sites or a change in the oxygen content
could lead to a distinct variation in structural, magnetic and electronic
behaviours. For example, LaMnOs_; is an antiferromagnetic insulator,
which exhibits a pronounced Jahn-Teller (JT) distortion as the electrons
are sufficiently localised [32]. The partial substitution of Fe on the Mn site
increases the e — O : 2p, — e interactions and the localised e orbitals be-
come a narrow ¢* band [33]. A metallic-type behaviour is observed for
complete Fe substitution, namely SrFeOs; [34]. The Fe-based perovskites
have recently drawn attention as they could provide further insight into
the other perovskite systems. Figure 2.3 shows the crystal structure of the
Fe-based perovskite oxide.

The SrFeO; material has a transition temperature at 7y -~ 140 K [35, 36]
and shows an helical magnetic spin structure with the helicoid vector par-
allel to the [111] direction and does not exhibit any sign of a JT distortion
down to 4.2 K [34]. On the other hand, oxygen deficient SrFeO;_; is known
to display a rich phase diagram for 3- ranging from 3 to 2.5. There is ev-
idence from Mossbauer measurements that an homogenous phase with
random oxygen vacancies does not exist [37, 35], and that instead there
is a mixture of cubic SrFeOs, tetragonal SrgFesO,3 (3-0 = 2.875) and or-
thorhombic Sr,Fe,Oq; (3-0 = 2.75) phases.

The end member, cubic SrFeOs, contains well-ordered FeOg octahedra

and a Fe valence of 4+ (figure 2.4(a)). As stated above, it displays helical
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Figure 2.3: Sketch of the AFeOj; perovskite structure. The A element is not

shown in the centre of each of the cells for clarity.

antiferromagnetic order at «~ 140 K [34] and a high conductivity [38]. The
Sr4Fe,O1; phase displays antiferromagnetism below 240 K and a
semiconductor-like resistivity [39]. It contains FeOs units that form dimers
and distorted FeOg4 octahedra, where the Fe valences are believed to be 3+
and 4+ respectively (see figure 2.4(c)). The intermediate SrsFesO,; phase
orders antiferromagnetically near 70 K and displays an order of magni-
tude resistivity increase below this temperature [40]. It contains Fe(1) ions
that are five-fold coordinated by oxygen and form dimers [41]. They are
adjacent to Fe(2) sites with distorted FeOgy octahedra that are adjacent to
Fe(3) sites with FeOy octahedra (figure 2.4(b)). It has been argued that
the Fe(1) and Fe(3) ions have a 4+ valence and the Fe(2) sites have a 3.5+
valence and that the increased resistivity near 70 K arises from Charge-
Ordering (CO) of the Fe(2) ions to Fe* and Fe** [40, 37].

Other compounds in this family such as CaFeOj; exhibit Charge Dis-
proportion (CD) between Fe** and Fe** at low temperature. This CD has
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also been observed in other materials such as La,/3Sr,/3FeO; following a
sequence of Fe?* (1), Fe**(1), Fe>™(1), Fe*™(|), Fe**(|), Fe’*(]) along the
(111) direction. La,;/3Sry,3FeO3 undergoes a charge-ordering phase tran-
sition at 198 K. Substitutions on the A site with smaller ionic radii ions
(e.g. Pr, Nd) causes the p — d hybridisation interaction to decrease and 7o
drops [42]. The CO transition completely vanishes with Sm and Gd sub-
stitution due to the greater lattice distortion and Variable Range Hopping
(VRH) is observed [42].

Initially, the SrFeO;_; compound was of interest for our research as
it is one of the double perovskite minority phases (see chapter 3) but it
turned out to be a case study on its own. For instance, the relation be-
tween charge-ordering and the magnetic behaviour is still not clearly un-
derstood in SrFeO;_s;. The magneto-transport data exhibits unexpected
behaviour such as negative and positive magnetoresistance around the
charge-ordering temperature with increasing oxygen deficiency in
SrFeO3_5 [37]. As mentioned in a previous report [40], this CO is rem-
iniscent of the Verwey transition observed in Fe;O, but additional ex-
periments are necessary to ascertain if a similar interpretation is valid
in SrFeO3_s. Thermoelectric power measurements have never been pub-
lished for this compound but could clearly provide further information
about the charge-ordering state as seen in the FesO, system [43, 44]. In
addition, there are still some unsolved questions concerning the magnetic
properties of SrFeOj;_s. Further magnetisation data should be taken over a
broader range of oxygen content, ideally down to SrFeOs, 5, in order to un-
derstand the various magnetic contributions from the different iron sites.
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Figure 2.4: (a) SrFeOs, (b) Sr4Fe Oq; and (c) SrsFesO,3 crystal structures.
SrFeQOs; is made of ideal FeOg octahedra shown in black. Sr,Fe,O;; are
made of Fe(1)O5 dimers (grey), distorted Fe(2)Os (light grey) and Fe(3)Og
octahedra (black). SrsFesO,3 is composed of Fe(1)O; (grey) and distorted
Fe(2)Og (light grey) [37].



Chapter 3
Experimental details

This chapter outlines the double perovskite A;BMoOg and strontium iron
oxide SrFeO;_; sample preparation details as well as the various instru-
ments used for their structural, transport and magnetic characterisations.

3.1 Sample preparation

3.1.1 Double perovskites

Double perovskites, A;BMoOg, were prepared by a solid-state reaction
method from stoichiometric mixes of A(NOs), (A = Sr, Ba and La), B,Os (B
=Fe and Al) and MoO;. The powders were mixed, ground and de-nitrated
at 700 °C in air for 1 hour. If one of the powders contained water of hy-
dration (e.g. La(NOj3); 6H20O) then a slower de-nitration ramp was used
from 200 to 700 °C in order to remove all the water of hydration from the
powder. The powder was then pressed, at 40 000 kPa, into pellets using
a die. The typical dimensions of the pellet were 10 mm in diameter and 2
mm thick.

The pellets were placed in a crucible in air at 1200 °C for 4 hours. In
order to avoid any cracks due to thermal shocks the pellets were removed
from the furnace at low temperature (v~ 100 °C). After this step the two
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preliminary phases were present, namely AMoO, and AFeOs;_; and are
shown by (+) and (x) respectively in figure 3.1 for a strontium-based com-
pound.

intensity (arb. unit)

10 20 30 40 50 60 70 80
26 (degree)

Figure 3.1: X-ray diffraction pattern using CoK, radiation after the inter-
mediate step in air. It shows the two preliminary phases of StMoO, (+)
and SrFeO;_;s (x).

The samples were then ground, pressed into pellets and then sintered
at a temperature of between 1000 to 1200 °C in an atmosphere of 5 % Hj -
95 % Ny (Hy/Nj) for 3 > t > 6 hours. The flow of Hy /N, was turned on 30
minutes before going up in temperature to ensure that the tube contained
only Hy/N, gas and not air. Even though a range of temperatures seems
to work for the sintering of the double perovskite, results from various
experiments (not presented here) showed that 1100 °C is the more appro-
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priate temperature to obtain single phase material. The latter process was
repeated one more time, after regrinding and re-pelleting, in order to re-
move any minority phase XRD peaks and obtain homogeneous samples.
Depending on the composition of the sample, checked by x-ray diffraction,
the H, /N, sintering was repeated several times. Note that the double per-
ovskite can be formed by directly using the Hy /N5 treatment. However it
was found that pre-firing in air is necessary to obtain denser samples that

are more stable in ambient atmosphere over time [45].

3.1.2 SrFeOs_;

Polycrystalline samples of SrFeO;_; were synthesised by solid-state reac-
tion from stoichiometric mixtures of Sr(NO;), and Fe;O3. The powder was
de-nitrated at 700 °C, pressed into pellets at around 40 000 kPa and then
placed in air at 1200 °C for 24 hours. Slow cooling was performed before
removing the samples out of the furnace. The pellets were then ground
for better homogeneity and then re-sintered in air for 12 hours at a similar
temperature.

In order to load the samples with oxygen, the pellets were placed at
high pressure, 6000 kPa, in pure oxygen for 24 hours. To diffuse the oxy-
gen throughout the samples the high pressure treatment needed to be per-
formed at high temperature (700 °C). The samples were then slow cooled
to room temperature. To vary the oxygen content (§), the samples were
then placed in 7.5, 2 or 0.2 % oxygen in N,. As well as the atmosphere
composition, the temperature could also be changed, typically from 400 to
600 °C, to obtain different § values. The higher N, content and tempera-
ture, the more oxygen that could be removed from the samples. Therefore
in order to obtain various oxygen deficient samples we varied these two
parameters and obtained samples from SrFeO, g5 to SrFeO, 7,.

Determination of the oxygen content is usually performed by Thermal
Gravimetry Analysis (TGA) but this instrument was not available. There-
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fore in order to determine the exact change in the oxygen content (A¢), the
mass of the samples were measured before (m;) and after the N, treatment
(my). From these changes the Ad can be extracted using the following
equation,

MgMmsrFeOs_ps; — MiMSrFeOs (3-1)

ms
(m_;)mST‘FCO;g — Mgy —Mpe — 37TLO

AS = (3.2)

mo
where m; and m; are the initial and final masses respectively, mg,, mp.,
mo, Msrreo, are the atomic masses of Sr, Fe, O and SrFeOj; respectively.
Note that this provides a change in the oxygen content, Ad, and not the
actual oxygen content, , which would be required to compare our results
with the data in the literature. We show in chapter 7 that the magnetic
susceptibility provides a good estimate of the ¢ value in the as-prepared

materials.

3.2 X-Ray Diffraction (XRD)

The phase composition and purity of each sample was determined from
x-ray diffraction. Monochromatic x-rays are used to determine the inter-
planar spacing (d) of unknown specimens. The interaction of the x-ray
with a sample creates secondary diffracted beams which are related to d
following Bragg’s law,

nA = 2dsin® (3.3)

where n is an integer number, ) is the x-ray wavelength, d the interplanar
spacing and O is the diffraction angle. The XRD instrument used was a PW
1729 X-ray generator located at Industrial Research Ltd, Wellington, New
Zealand with a cobalt tube (CoK , radiation) having a wavelength of 1.789
A. The operating voltage was 40 kV and the current was 20 mA. All the
x-ray diffraction patterns were obtained at room temperature. The spec-

imen were abraded uniformly using fine sandpaper and then mounted
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on an aluminium holder, which did not contribute to the background sig-
nal. In our polycrystalline samples there is no preferential orientation and
therefore all the XRD peaks should be present.

Several parameters such as the angles scanned, integration time and
stepping angle were available in the software controlling the instrument.
For the characterisation of our samples, the measurement was typically
performed from 5 to 80 degrees in 30 minutes, which gives enough ac-
curacy to check the phase(s) in the sample. For the determination of the
amount of antisite disorder in the double perovskite (see chapter 4), a scan
of 4 hours from 18 to 41 degrees was used and integrated over a longer
period of time in order to have an adequate signal to noise ratio.

After the measurement, the Eva software (SOCABIM) and the Interna-
tional Centre for Diffraction Data (ICDD) database was used for the iden-
tification of the crystal structure. Two corrections to the obtained patterns
were applied: the background subtraction and the K, stripping. Back-
ground subtraction was performed to remove the contribution to the pat-
tern from all scattering sources other than coherent diffraction from the
crystal lattice. Secondly, K, stripping was necessary as the output of an x-
ray tube is not purely monochromatic and our diffracted beam monochro-
mator has insufficient resolution, each peak in the diffraction pattern is
actually an envelope of a closely-spaced doublet - the higher and lower

wavelength alpha 1 and 2 lines respectively.

3.3 Scanning Electron Microscope (SEM)

The scanning electron microscope was a Jeol JSM-6500F located at Victoria
University of Wellington, Wellington, New Zealand. The SEM technique
consists of an energetically focused beam of electrons. This highly focused
beam is obtained using a series of magnetic lenses. As SEM uses electrons
instead of light as used in a standard microscope, the sample has to con-

duct electricity relatively well. The beam hits the sample and this creates
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the release of secondary electrons that are then counted by a detector and
amplified to obtain a reasonable signal. A set of scanning coils moves the
beam across the specimen in order to obtain an image of the area under
study. The image can be gathered at various magnification generally from
1 to 20 000 times. The figure below is an SEM image from a double per-
ovskite sample at a magnification of 10 000.

SEI 150k 10,000 1am WD 122mm

Figure 3.2: Scanning electron microscope image of a Ba;FeMoOg; sample

taken at a 10 000 times magnification.

An Energy-Dispersive X-ray Spectrometer (EDS) EX-64175 JMU was
attached to the SEM and enables the concentration of each atomic species
present in the sample to be estimated. The focused beam of electrons ex-
cited the atoms, which release characteristic x-rays. The total energy in-
tensity gives the relative concentration of each element in the zone under
study. The software, JED-2200 Analysis Station program, allowed further

analysis after the measurement.
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3.4 Thermoelectric Power (TEP)

The thermoelectric power is measured by applying a temperature gradi-
ent (A7) between two points in a sample, which results in a thermoelectric
potential difference (AV') between the high and low temperature region.
It should be noted that unlike the resistivity, the thermoelectric power of
the polycrystalline ceramics is not affected by high inter-grain boundary
resistances. It is affected by inter-grain boundaries only if they have a
large thermal resistance because the thermoelectric response is driven by
the temperature gradient rather than by the electric field.

Before each measurement the samples were abraded with fine sandpa-
per in order to have a smooth and flat surface. The sample was placed
between two copper plates and pressed to get a good contact resistance.
The measurements on each sample were performed several times to obtain
the experimental uncertainty. It is also important to note that the samples
were removed from the rig and re-abraded between each measurement
to insure that there were no problems with interface thermal resistances
when compared with the bulk thermal resistance.

The thermoelectric voltage between the Cu plates was amplified using
a commercial DC low noise nanovolt amplifier (EM-electronics A10) and
measured by a HP 3478 A multimeter. The calibration of the thermoelectric
power of the Cu leads and plates was accomplished using lead (Pb) from
ambient to 90 K and a YBa,Cu3O7_s sample (YBCO) below that tempera-
ture. This was necessary as the impurities in Sp; start to play a dominant
role below 90 K [46]. Note that the calibration of the system was done be-
fore I started to use the instrument and was directly incorporated in the
program written in Pascal.

A heater was placed on one end of the rig in order to produce the tem-
perature gradient across the sample (AT'). Two chromel-gold-iron (0.07 %
Au) differential thermocouple junctions were used to measure AT. The

thermocouple needs to have a good thermal contact with the Cu blocks
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Figure 3.3: Thermoelectric power apparatus showing a sample pressed
between the two copper plates. Chromel-gold-iron was used as the ther-
mocouple with a heater placed on the top to apply the temperature gradi-
ent. The sample was pressed by using two springs and three screws at the
bottom of the rig.

and to be placed as close as possible to the Cu plates. The experimen-
tal assumption is that the thermal resistance of the sample under study
is much larger than the equivalent thermal resistance between the ther-
mocouple contact and the Cu plates. Figure 3.3 shows the thermoelectric
power rig with the various components.

The thermoelectric power measurements can be carried out from lig-
uid helium to room temperature using a motor that raised the rig inside a
dewar. The temperature was monitored by a silicon diode (CY7-SD7 tem-



3.5. Temperature dependence of the resistivity (p) 22

perature sensor, OMEGA). A stabilisation time of around 8 to 10 minutes
is required between each motor step, i.e. at each temperature, to ensure
that the temperature was stable.

At each temperature the following sequence was performed to mea-
sure the thermoelectric power. The program recorded the temperature
difference at the two ends and the voltage across the sample. This was
typically repeated ten times to obtain a set of V versus AT points. Then a
current passed through the coil to heat up one end of the sample and after
a minute another set of V versus AT points were taken. A linear regres-
sion was performed between these two sets of points in order to derive
the gradient which is the thermoelectric power (S) usually expressed in
wV /K.

3.5 Temperature dependence of the resistivity (p)

The resistance (R) in ohms (§2) versus temperature was measured using
the four terminal method. This method consists of two leads, on the out-
side, used to supply the current to the unknown specimen and two others,
in the inside, to measure the voltage drop across the sample. The current
was supplied by a Keithley 224 programmable current source while the
measured voltage was recorded with a HP 3478A multimeter. The cur-
rent flows through the outside leads and the sample but negligible current
flows in the voltmeter’s leads due its large internal resistance. Therefore,
this technique eliminates contact-resistance errors and it is necessary when
the resistance is small (R < 10 - 100 €2).

The electrical contacts were clamped onto the sample or silver paint
was used. The measurements were performed from low temperature (usu-
ally at around 20 K) to room temperature by lifting the probe from the bot-
tom of a dewar using a programmable stepper motor. The temperature
was monitored by a silicon diode (CY7-SD7 temperature sensor, OMEGA)

placed as close as possible to the sample («~ 2 mm) and having a good ther-



3.6. Magnetoresistance (MR) 23

mal contact. A HP 3478 A multimeter was used to record the voltage of the
diode and then converted to a temperature value using the calibration ta-
ble provided by OMEGA.

A set of three currents was used in order to check the ohmic behaviour
of the measurements. In addition, a positive and negative value for each
current was applied. This reverse current technique is used to remove any
thermoelectric voltage or voltage offsets; this technique is especially ad-
visable when measuring low voltages. The two output voltages, from the
positive and negative currents, were then subtracted from each other and
divided by two. This latter value was then divided by the current to obtain
the resistance. The data was recorded in an American Standard Code for
Information Interchange (ASCII) file for later analysis.

This measurement could be performed on an arbitrary shaped pellet
for the resistance or on a well defined bar-shape having straight contact
pads to obtain the resistivity. In the case of the bar-shape sample, the re-

sistance values were converted to resistivity using the following equation,

_ R4

; (3.4)

P

where p is the resistivity in {.cm, R is the resistance in €2, A is the cross
section area in cm? of the bar-shape and L is the distance between the two

voltage contacts in cm.

3.6 Magnetoresistance (MR)

3.6.1 Low field magnetoresistance

The magnetoresistance is the change of the resistivity on application of an
external magnetic field, B. We define the magnetoresistance by,

MR = W (3.5)
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where p(H) and p(0) are the resistivity under an applied magnetic field
and at zero field respectively. Note that you can use the resistance instead
of the resistivity. The MR data in this thesis are expressed in percentage.
Magnetoresistance can occur from many sources (e.g. orbital, anisotropy,
spin-flip scattering) but in our case we are interested in the Tunneling
Magnetoresistance (TMR). In the TMR situation it is understood that if
all the magnetic domains are aligned along the external magnetic field, it
is easier for the electrons to tunnel through the insulating barrier as the
neighbouring domains will have available spin states as long as the ma-
terial is metallic. In that case the resistance is low. However, if the mag-
netic domains are randomly orientated then the electrons will not have an
equivalent spin state in the neighbouring domains and this will result in
a high resistance. The MR is an important parameter in the double per-
ovskite and therefore the development of a magnetoresistance apparatus
was necessary for the characterisation of our samples.

An instrumental set-up was developed to measure the magnetoresis-
tance of ceramic samples. The hardware, interface and software were put
together in order to perform MR measurements at room («~ 300 K) and lig-
uid nitrogen (- 77 K) temperature. A four-probe clamp was placed in a
uniform longitudinal magnetic field, B, produced by a magnet having a
maximum field of 1 T with a step size of 10~* T. Figure 3.4 shows the ex-
perimental set-up at room temperature with a ceramic pellet mounted on
the probe placed in the centre of the magnetic field. For the measurement
at 77 K, the probe was dipped into liquid nitrogen using a small glass de-
war placed between the poles.

A current was passed through the sample and the voltage was mea-
sured. This was done under various applied magnetic fields to obtain the
magnetoresistance. The sequence of measurements as well as the elec-

tronic hardware were similar to those used in the resistivity measurements.
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Diode

Figure 3.4: Magnetoresistance apparatus at room temperature.

The electronic instruments were connected via a General Purpose In-
terface Bus (GPIB) interface to a computer and a program in LabView (Na-
tional Instrument) was written in order to control and record the data. The
external field produced by the magnet was changed manually as no inter-
face was available to control it. The measurement at each magnetic field
was repeated a number of times to get an average and the experimen-
tal uncertainty. The user interface displayed the results and these were

recorded at the same time in an ASCII file for later analysis.
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3.6.2 High field magnetoresistance up to 12 T

Magnetoresistance measurements up to 12 T and down to liquid helium
were performed at the Ecole Polytechnique Fédérale de Lausanne (EPLF)
in Switzerland. The longitudinal applied magnetic field from a supercon-
ducting magnet (Cryogenics) was variable from 0 to 12 T with 10" T steps.
The sample chamber was immersed in helium liquid and controlled by a
heater in order to vary the temperature from 4.2 to 300 K. The temperature
controller was a Lakeshore 340. A pump was used to avoid any conden-
sation in the dewar and to cool down below helium temperature if nec-
essary. The sample holder could fit up to six samples and was connected
using the usual four terminal method. The current source was supplied
by a Keithley 224 and the voltage was recorded by a Keithley 182 nano-
voltmeter. A program in Visual Basic was used to control and record the
instruments. An ASCII file was obtained at the end of the measurement

for later analysis.

3.7 Superconducting QUantum Interference De-
vice Magnetometer (SQUID)

A Superconducting QUantum Interference Device (SQUID) MPMS from
Quantum Design is the most sensitive instrument to measure magnetic
properties and can measure magnetic moments down to 10~® emu. The
SQUID was located at Industrial Research Ltd and was used to perform
all the magnetic measurements presented in this thesis such as the tem-
perature dependence and field sweeps. The measurement can be carried
out at temperatures from 800 to 5 K and in magnetic fields of up to 7 T.
As the sample moves through a set of detecting coils (see figure 3.5(a)),
the magnetic moment from the sample induces an electric current in these
coils. There are four detecting coils: the top one wound clockwise, two in

the centre anti-clockwise and the bottom one clockwise. This configura-
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Figure 3.5: (a) Configuration of the second-order gradiometer supercon-
ducting detection coil. (b) The output of the SQUID as a magnetic dipole

is moved through the second-order gradiometer pickup coil [47].

tion, known as a second-order gradiometer, is used to reduce any possible
noise and offsets in the detection circuit produced by the external super-
conducting magnet. The current picked by the detecting coil is then con-
verted to a voltage via the rf SQUID detector. This voltage is measured at
various positions along the specified scan length. This is performed many
times to increase the signal-to-noise ratio. This response is known as the
dipole response (figure 3.5(b)) and a fit of this curve is done in order to ex-
tract the magnetic moment, if the system has been previously calibrated.
Calibration using a palladium sample of a known mass and susceptibility
was performed regularly. ac magnetisation measurements can also be per-
formed using the MPMS SQUID magnetometer.

The SQUID gives the total magnetic moment in emu, m*™", and we
measured the mass (mass) of the sample to obtain the magnetic moment
per formula unit, m,

me™ M,

m=""_"r (3.6)

mass
where M, is the relative atomic weight in grams of one formula unit. The

magnetic data are also presented as magnetisation (M) and susceptibility
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(x), and are obtained by using the following equations,

_ (3.7)
mass
=7 (38)

where p is the density and H the applied magnetic field. Note that all of
these parameters are expressed in System International (SI) units through-
out the thesis.

An oven insert can be placed instead of the standard environment in
order to performed magnetisation measurement up to 800 K. A home
made sample holder was prepared using copper wires (0.6 mm diame-
ter) to carry out these measurements as the standard holder is a plastic
straw and would melt above 400 K. This holder was made of four wires
twisted together using a hand drill. By using this technique we were able
to obtain a nearly perfect thread of wires having a uniform cross section
to avoid any background signal. A cage was formed in the middle of the
thread to hold the sample in place. Some parallel work was carried out
(not presented in this thesis) using this home made probe on the ruthen-
ate cuprate Ru;_,M,SryEu;_,Ce,Cus04045 (M = Nb, Sn) compounds and
the results and analysis were published in Physical Review B [48].



Chapter 4

Isoelectronic substitution in
Sro_ .Ba,FeMoQOg

The half-metallic double perovskite SroFeMoOg has recently attracted in-
terest due to the large Magnetoresistance (MR) at room temperature [11].
For application purposes it is desirable to maximize the Low Field Magne-
toresistance (LFMR). The large negative MR in polycrystalline compounds
is believed to originate from the tunneling of spin-polarised electrons across
insulating grain boundaries, so that the intra-grain magnetisation and the
inter-grain tunneling characteristics are clearly of importance in the pro-
cess. However it has recently been suggested that the intra-grain magneti-
sation is different from the bulk near the grain boundaries, and that this
influences the magnetoresistance [49].

The variation of the A (alkaline-earth ion) in A;FeMoQOg has a direct in-
fluence on the magnetic properties of the double perovskite [50, 21]. This
substitution affects the orbital overlap and the exchange coupling between
the Fe and Mo. A direct consequence of this is a change in the Curie tem-
perature (7.) from 400-420 K, for Sr**, to 310-367 K for Ba?* [31, 23]. Habib
et al. have recently reported a systematic decrease in 7, and an increase in
the saturation magnetic moment (m;) of Sry,_,Ba,FeMoOg as the barium

concentration increases, but they interestingly found a maximum LFMR
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of ~-20 % at 0.8 T and 80 K for z = 1 [31]. It is not yet clear if the large
MR arises from the A site substitution or if it is due to reduced disorder
near the grain boundaries. Furthermore, previous work has shown that
samples with enhanced MR also have higher resistivities, in agreement
with the grain-boundary-tunneling scenario. Thus, in order to clarify the
correlation between the LFMR, magnetic moment and resistivity we syn-
thesised Sr,_,Ba,FeMoOs compounds and report the results from struc-
tural, transport and magnetic measurements in this chapter. Two papers
reporting this work have been published in Physica B [51] and Journal of
Magnetism and Magnetic Materials [52].

4,1 Structural characterisation

4.1.1 X-ray diffraction and degree of antisite disorder

The crystallographic characterisation of the samples was performed by
x-ray diffraction measurements using C'oK, radiation at room tempera-
ture. Figure 4.1 shows the XRD patterns for the Sr,_,Ba,FeMoOg (z =0, 1
and 2) samples. The two references patterns for SroFeMoOg (SFMO) and
Ba,FeMoOg (BFMO) are also shown in black and grey respectively in fig-
ure 4.1. We measured two Ba;FeMoOg samples to see if we could obtain
different transport and magnetic properties for samples having the same
alkaline-earth ion. The XRD data match the reference patterns for single
phase double perovskite (see bottom panel of figure 4.1) and a consistent
change from tetragonal (I4/mmm space group) with a =5.59 A and ¢ = 7.90
A to cubic (Fm3m space group) with a = 8.06 A symmetry is observed with
the increase of the ionic radii from Sr** = 1.26 A to Ba®t = 1.42 A [53]. A
shift of the main reflection peaks to lower angle was observed as the ionic
radii increased, which is in good agreement with other studies [31].

An important parameter that can be extracted from the XRD pattern is
the degree of Anti-Site Disorder (ASD). This latter value provides informa-
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Figure 4.1: XRD patterns of Sry_,Ba,FeMoOg for 2 = 0 (SFMO), z = 1
(SBEMO) and z = 2 (BFMO1 and BFMO2) using C'oK , radiation. Bottom
panel represents the SFMO (black) and BFMO (grey) from the reference

patterns.

tion about the disorder from the perfect alternating Fe-Mo ordering [24].
It is crucial to know the degree of Fe-Mo antisite disorder because it is
thought to affect the saturation magnetic moment and Curie temperature
as well as the magnetoresistance [15, 54, 24, 55]. For this reason we mea-
sured the ASD fraction from the ratio, R in %, of the (101) peak intensity
at 22° divided by the (200) peak intensity at 37°. Note that the (101) peak

referenced to the double perovskite lattice is a superlattice spot in the un-
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derlying conventional perovskite lattice, and it must disappear for a full
disordering of Fe and Mo. SroFeMoOQjs is cubic above the Curie tempera-
ture and the corresponding Miller index for the superlattice peak is (111).
As mentioned in the experimental details, a longer scan over 4 hours was
performed in the 18° to 41° region in order to obtain a better signal to noise
ratio.

The relationship between R and the ASD was calibrated by modelling
the XRD pattern of SroFeMoOg using Powder Cell while the ASD was var-
ied from 0 (complete order) to 50 % (completely random Fe-Mo site occu-
pancy). By changing the occupancy of the Fe and Mo atoms in the crystal
structure one can observe the drop of the (101) reflection peak versus the
increase of the disorder. Note that the (200) reflection does not change
with ASD and for this reason it is used as a reference and compared to the
(101) peak. Therefore, by using the intensity ratio of these two reflections
the ASD can be estimated. The following relationship was derived from

these calculations,

R = 0.001365(ASD)? — 0.136592(ASD) + 3.417842 (4.1)

The modelling assumes a random partition of the disorder and this equa-
tion can also be used for similar double perovskite structures (e.g. Ba;FeMoOg
using a scaling factor of 1.72). Using equation 4.1 and the experimental
XRD patterns it was found that the ASD did not exceed 12 % in any of the
samples (SFMO, SBFMO, BEMO1 and BFMO2). The Ba;FeMoOg; samples
have the lowest amount of ASD with values below 5 %.

4.1.2 Scanning electron microscope images

Scanning Electron Microscope (SEM) and Energy Dispersive Spectroscopy
(EDS) measurements were performed to obtain information about the mor-
phology of the double perovskites. The shape and size of the grains can

provide additional information and assist in the understanding of the trans-
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port properties. Many pictures at different magnifications were taken and
figure 4.2 represents a typical set from four samples. As seen from this
figure, the grain morphologies of the samples are significantly different.
The two Ba;FeMoOg samples have apparently well-connected grains and
a lower concentration of small grains when compared with SrBaFeMoOs
(c) and SroFeMoQOg (d). EDS measurements were also carried out on these
samples and confirmed that the samples were stoichiometric to within 1
%. These observations will be discussed later along with the magnetore-

sistance analysis.

Figure 4.2: Scanning electron microscope images for the (a) Ba;FeMoOg
(BEFMOW1), (b) BasFeMoOg (BFMQO?2), (c) SrBaFeMoOg (SBFMO) and (d)
SroFeMoOg (SFMO) samples.
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4.2 Magnetisation measurements

4.2.1 Temperature and field dependence

Magnetisation measurements were made up to 6 T and 400 K using a
Superconducting QUantum Interference Devices (SQUID) magnetometer.
The data in figures 4.3 and 4.4 are represented by solid lines instead of the
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Figure 4.3: Magnetic moment in units of Bohr magnetons, 5, per for-
mula unit (f.u.) versus the applied magnetic field at 10 K for the
Sry_,Ba,FeMoOg samples.

data points for clarity. Figure 4.3 shows the magnetic field dependence of
the magnetic moment for the various samples. The BEMO samples have
a larger saturation magnetic moment () at around 3.6 pp/f.u. which is
close to the expected maximal 4 pp/f.u. in comparison to the two other
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samples (SFMO and SBFMO). As discussed in the introduction, the reduc-
tion in the saturation magnetic moment is believed to originate from the
increase of the degree of antisite disorder, which is in good agreement with
the small degree of ASD found from the BEMO’s XRD patterns. We will
show in chapter 5 the correlation between the degree of antisite disorder

and the saturation magnetic moment.
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Figure 4.4: Magnetic moment versus temperature at 0.01 T for
Sry_,Ba,FeMoOg with x = 0 (SFMO), z = 1 (SBFMO) and = = 2 (BFMOI1
and BFMO?2).

Figure 4.4 presents the magnetic moment versus temperature at 0.01
T. The measurement was carried out at low field as it is known that for

small values of the applied magnetic field m(7") shows a sharper drop at
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the Curie temperature (7;). A temperature increment of 5 K was adequate
for the determination of 7.. The Curie temperature can be determined
by various ways: (i) linear extrapolation of m(7’) to zero magnetisation,
(ii) the inflection point also called derivative method and (iii) Arrott plots.
Arrott plots [56] follow a linear behaviour for M? versus H/M at the Curie
temperature (see for example [25]). For low ASD, it seems that (ii) and
(iii) give similar 7. values [25]. For this reason, the Curie temperature was
estimated from the temperature where the derivative of the magnetisa-
tion is a maximum negative value as it is the quickest way. From this, we
obtained 7, = 315 K, 365 K, and - 400 K for z = 2, 1 and O respectively.
An identical 7, and ms; was measured for the two Ba;FeMoOgy samples.
The Curie temperature for the BEMO samples is similar to that reported
in other studies [31, 57]. From these measurements it is clear that one can
select the Curie temperature over a wide temperature range («~~ 100 K) by
inserting various concentrations of Ba on the strontium site in SroFeMoOs.

This type of manipulation could be useful for application purposes.

4.2.2 Magnetoresistance measurements

Low field magnetoresistance model

The magnetoresistance, which is the change of the resistivity under an
applied magnetic field, was defined earlier as MR = Ap/p = [p(H) —
p(0)]/p(0). It was measured at liquid nitrogen and room temperature for
applied magnetic fields up to 0.8 T using the four terminal method. The
maximum MR was found for the BEMO1 sample, which reaches a value
of -25 % for 0.8 T at 77 K (see figure 4.5(a)). This can be compared with the
-3.5 % found in the SFMO sample under the same conditions (see figure
4.5(b)).
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Figure 4.5: Magnetoresistance at 77 K for (a) BEMO1 (open circles) (b)
SFMO (filled down triangles). The curves show fits to the data using equa-
tions 4.3 and 4.4 of Serrate et al. (dotted curves), Fisher et al. (dashed
curves). The grey curves are fits to the data using equation 4.2 and us-
ing the measured bulk reduced magnetic moment. The solid thick lines

represent the fit of equations 4.3 and 4.5.
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The magnetic field dependence of the MR can be understood by noting
that the MR in polycrystalline half-metallic double perovskite is believed
to be dominated by spin-dependant tunneling across grain boundaries [11,
26]. It can easily be shown that the MR in the case of elastic tunneling
across a single barrier and averaged over random grain orientations can
be written as [58, 49],

Ap —P?*m(H)?
p 1+ P2m(H)?

where P is the degree of spin polarisation and it can be writtenas P = (n |

(4.2)

—n 1)/(n | +n 1), wheren | (n T) is the fraction of carriers in the majority
(minority) spin state and m(H) is the bulk magnetic moment normalised
to its saturation value.

It can be seen in figure 4.5 that using the bulk measured magnetic mo-
ment for m(H) (grey curves) provides a poor representation of the data.
It is important to note that this model assumes that the regions near the
grain boundaries are well-ordered, with a magnetisation characteristic of
the bulk, which is unlikely to be true in polycrystalline samples. For this
reason Serrate et al. [49] recently argued that a better fit to the MR can be
obtain by replacing the bulk magnetic moment, m(H), with the magneti-
sation from a disordered region near the grain boundaries, my(H) guided
by the behavior of a spin-glass [49]. Thus, the MR was modelled as [49],

Ap —P*mg(H)? _
o 1t Py *3)
mgy(H) = (1 —a/H'?) (4.4)

where H is the applied field and « is a parameter that is assumed to be
field-independent. The term a/f was introduced to account for the intra-
grain magnetoresistance [49]. It is typically large near the magnetic or-
dering temperature where the magnetoresistance has been observed to be

linear in temperature in other strongly correlated compounds [59].
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Replacing equation 4.2 with the grain boundary model of Serrate et al.
provides a reasonable fit to the BEFMO1 data (dotted curve figure 4.5(a))
to obtain the P and « terms but it fails to fit the low-field MR data from
the SFMO sample (dotted curve figure 4.5(b)). A better fit can be obtained
using the empirical exponential model of Fisher et al. (dashed curves) [60].
This exponential model can be obtained from equation 4.3 using m,(H) =
exp(—a/HY?). Note that it reduces to the m,,(H) spin-glass model of Ser-
rate et al. at high fields.

Therefore in order to fit the low and high field magnetoresistance data
with a single equation we derived a further improved fit to the low field
region and this was obtained using a phenomenological tanh-function cor-

rection at low fields,

mgy(H) = ~ytanh H/Hy + [(1 — ) — a/H"? (4.5)

where v, Hy, and a are fitting parameters. At high fields equation 4.5 will
approach m,(H) = (1 — a/H'?) as found by Serrate et al. At low fields
the first term in equation 4.5 accounts for the observed departure from the
model of Serrate et al. It can be seen in figure 4.5 that mg,(H) of equation
4.5 provides a good fit to the data (solid curves), and we have used equa-
tions 4.3 and 4.5 to fit all of our MR data at 77 K and 300 K (figures 4.6(a)
and 4.6(b)). This m,(H ) equation is empirical and was derived in order to
obtain a better fit to the low field region.

The resulting values of P at 77 K are 0.67, 0.6, 0.6 and 0.25 for BFMO1,
BFMO2, SBEMO and SFMO respectively. The degree of spin polarisation
correlates with the maximal magnetoresistance value, which is in agree-
ment with equation 4.2. Note that these values are close to those obtained
by fitting the MR data using my,(H) = exp(—a/H/?) and hence the tanh
function correctly reproduces the low-field MR without a significant ef-
fect on the estimated spin polarisation. As expected, P drops at 300 K
and it was found that P are 0.3, 0.19, 0.27 and « 0 for BFMO1, BFMO?2,
SBFMO and SEMO respectively. As the magnetoresistance in the double
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Figure 4.6: Magnetoresistance at (a) 77 K and (b) 300 K for SEMO (filled
down triangles), SBFEMO (filled up triangles), BEMO2 (filled circles) and

BFMOL1 (open circles). The solid curves are fits to the data using equations
4.3 and 4.5.

perovskite is expected to be spin-dependent tunneling it would be ex-
pected that the small value of P observed for the SFMO sample at 77 K
may be due to a lower P in the inter-grain region close to the grain bound-
aries. For example, the lower P deduced from equations 4.3 and 4.5 could

originate from a wider inter-grain insulating region as well as spin-flip
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scattering from defect states in the inter-grain region. These effects will
reduce the total contribution of spin-dependent tunneling to the MR.

Regarding the intra-grain parameter, o, it is clear that at low tempera-
tures this parameter is non existent (o -~ 0) as observed by other investiga-
tors [49] and increases with temperature (e.g. BEFMO1 «a «~ 0.0018 at 300 K).
As expected it is also greater for sample having the transition temperature
close to the measurement temperature i.e. Ba,FeMoOg having a T, = 315
K.
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Figure 4.7: Magnetoresistance versus the resistivity at 0.8 T and 77 K for
SFMO (filled down triangle), SBEMO (filled up triangle), BEMO2 (filled
circle) and BFMOL1 (open circle). The curve is a guide to the eye.
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The resistivity at 77 K and 0.8 T was measured in order to find out
if there is any correlation between the value of the MR and the resistiv-
ity. As can be seen from figure 4.7, the samples with the largest resistivity
at 77 K also have the highest MR. They also have apparently better con-
nected grains and a lower concentration of small grains when compared
with the other two samples (see figure 4.2). This has been observed by
our group previously in two Ba;FeMoOg; samples where the sample with
well-connected grains had a large resistivity [45]. The inter-grain regions
are too small to be seen in the SEM images but it is likely that the high
MR occurs for samples where P in the disordered inter-grain region is not
significantly reduced from that in the bulk and the insulating inter-grain
barrier widths are optimised. Thus, maximizing the MR in polycrystalline
samples requires the optimisation of the inter-granular insulating region

as well as minimizing the disorder near the grain boundaries.

High field magnetoresistance measurements

Some high field measurements up to 12 T down to liquid helium were
performed at the Ecole Polytechnique Fédérale de Lausanne (EPLF) in
Switzerland. The magnetoresistance of the pure compound (Sr.FeMoOg)
was measured at 4.2 K (a) and 300 K (b) and is plotted in figure 4.8. The
data were fitted to the model of Serrate et al. (dashed curves) and our em-
pirical formula (solid curves). From both models, a similar degree of spin
polarisation was obtained with P = 0.65 and P = 0.18 for 4.2 K and 300 K
respectively. It is also interesting to mention that the MR data at 300 K in
figure 4.8(b) shows a nearly linear behaviour versus the applied magnetic
field up to 12 T. As mentioned previously, this behaviour was observed

in other compounds when the measurement temperature gets closer to
T. [49, 57].
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Figure 4.8: Magnetoresistance at (a) 4.2 K and (b) 300 K versus the applied
field, B, for the pure compound Sr,FeMoOg. Also shown are fits to the data
for the models of Serrate et al. (dashed curve) and our empirical formula

(solid curve).
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Now moving to Ba;FeMoOg, it was shown that there is a magnetoresis-
tance of -25 % at 77 K at 0.8 T for the BEMO1 sample (figure 4.6(a)) which is
large for double perovskites. Therefore, it would be of interest to measure
the MR of this sample under a larger field and lower temperature. Figure
4.9 presents the results of the measurement at 4.2 K and up to 12 T and

with the fit of the empirical formula developed in the previous section.
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Figure 4.9: Magnetoresistance of Ba;FeMoOg versus the applied magnetic
field, B in Tesla, at 4.2 K. The solid line is the best fit of equations 4.3 and
4.5.

From the fit, a P = 0.85 was obtained which is close to the maximal
value of P (i.e. P = 1) that is expected in the spin-dependent tunneling
magnetoresistance model for polycrystalline samples. We previously found
that the degree of spin polarisation correlated with the magnetoresistance
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(figure 4.6) that is again proved here where the magnetoresistance reached
a value as large as -48 %, which is close to the maximal -50 %. All this
seems to indicate that this sample is close to the “ideal” compound for
application purposes where the inter-granular region providing the spin-
tunneling transport possesses the adequate properties to maximize the

magnetoresistance.

4.3 Summary

Structural, magnetic and transport properties of Sry_,Ba,FeMoOg poly-
crystalline samples were studied. A large low field MR was found for = =
2 and it was shown that there is a correlation between the resistivity and
the low field MR. Furthermore, the low field MR can be fitted to the inter-
grain model of Serrate et al. where the tunneling MR is limited by a disor-
dered region near the insulating grain boundaries. Thus, it is the electronic
properties near the grain boundary that lead to the large low field MR.
An empirical formula was developed to obtain a better fit in the low-field
region in comparison with the available models. High field magnetoresis-
tance measurements were performed and validate our model up to 12 T.
In addition, a magnetoresistance as large as -48 % was measured at 12 T
and 4.2 K that is close the maximum -50 % expected in the spin-dependent
tunneling magnetoresistance model for polycrystalline samples.



Chapter 5

Electron doping by lanthanum in
Sro_ .La,FeMoOg

The effect of electronic doping on the magnetic and electronic proper-
ties is important in furthering the understanding of Sr,FeMoOg; double
perovskites. Lanthanum substitution on the strontium site is a way to
electron-dope the system.

Previous studies have shown that electronic doping leads to an in-
crease in the Curie temperature [15, 16] and photoemission spectroscopy
data have been interpreted in terms of an increasing density of states at
the Fermi level [61]. Recently, Alonso et al. argued that without the struc-
tural changes, non-stoichiometry, or antisite disorder the Curie tempera-
ture should decrease with electron doping [62]. Serrate et al. attempted
to diminish these structural effects by inserting various amount of Ba and
La onto the Sr site but still found an increase in 7. with electron doping,
which supported the band filling scenario [63]. This latter has also been
observed in a different double perovskite, Nd,Ca,_,FeMoOg, where the
Curie temperature was raised due to the Nd*" insertion onto the diva-
lent Ca** site [16, 64]. Other techniques such as nuclear magnetic reso-
nance [65] and/or Mossbauer spectroscopy [66] have been used to show

that electron doping indeed produces a carrier injection in the 4d(Mo)
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states.

Surprisingly, no thermoelectric power measurements, which have been
revealed to be very useful in the study of other strongly correlated electron
systems, have been performed on a series of electron doped samples. For
this reason, we have performed magnetic, transport and structural mea-
surements on Sry_,La,FeMoOg (x = 0 to 0.5) and report the results in this
chapter. Two papers reporting these results were published in Physical
Review B [67] and Journal of Magnetism and Magnetic Materials [52].

5.1 X-ray diffraction patterns

The room temperature XRD data from the various Sr,_,La,FeMoOg sam-
ples are plotted in figure 5.1. They were normalised to the same (200) peak
intensity. The XRD data show single-phase material indexed to a tetrago-
nal structure (I4/mmm space group) with a =5.59 A and ¢ =7.90 A. There
is no evidence for a detectible change in the lattice parameters with La-
substitution. Evidently, the small reduction in the ionic radii (1.26 A for
Sr’>* and 1.16 A for La®") [53] with a maximal substitution of 25 % La for
Sr is not sufficient to change the lattice parameters by an amount that is
detectible using our XRD set-up.

As discussed in section 4.1, the degree of ASD is a crucial parameter
in the analysis of the magnetisation and transport data. For this reason,
the ASD of all the La-doped samples were determined. The (101) peak can
be seen more clearly in the insets to figure 5.1 where it has been scaled
by a factor of 150 and vertically offset. It can be seen that this latter peak
decreases versus the La-concentration, which suggests that the amount of
antisite disorder increases. For a more accurate evaluation of the ASD we
used equation 4.1 and found values of 21, 23, 26, 26, 29 and 36 % for x =0,
0.1, 0.2, 0.3, 0.4 and 0.5 respectively. These values will be discussed later
with the magnetisation data.
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Figure 5.1: XRD patterns of Sr,_,La,FeMoOg using CoK , radiation. The
insets show the expanded (101) peak that is also vertically offset.

5.2 Transport properties in La-doped double per-

ovskite

5.2.1 Temperature dependence of the resistivity

The zero-field resistivity down to liquid helium temperature is plotted in
figure 5.2. All the samples show a small increase in the resistivity with de-
creasing temperature. There is an initial decrease in the magnitude of the
resistivity and then a smaller decrease with increasing La concentration.
The magnitude of the resistivity for the pure compound is comparable to
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Figure 5.2: Resistivity versus temperature of the Sry,_,La,FeMoOg; sam-

ples.

that reported in other studies but it is one order of magnitude greater than
in single crystals [68]. This again suggests that the resistivity is dominated
by the resistance across the grain boundaries (chapter 4). The higher resis-
tivity found in our pure sample may be due to a grain morphology that is
different from that in the La substituted samples. There is a general trend
in the resistivity where the resistivity is lowest in the more La substituted
samples. As shown before, the changes in the resistivity are mainly driven
by the inter-granular rather than intrinsic properties. Therefore it is pos-
sible that the small changes in the resistivity in La-doped sample (z = 0.1
to = 0.5) originates from the electron doping while the order of magni-
tude drop between =z = 0 and x = 0.1 is likely to be due to small changes
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in the grain boundary morphology that lead to reduced tunneling barriers
across the grain boundaries and hence better connectivity. Now looking
at the ASD, the lowest resistivities are observed in the samples with the
highest ASD. This result is unexpected as one can think that the disorder
will increase the spin-scattering and hence the resistivity. However, the
situation is rather complex as the increase in ASD will lead to nanoscale
clusters of SrFeO;_; and SrMoQOs;. We will see for instance in chapter 7 that
depending on the oxygen content, SrFeOs;_; could be either metallic or in-
sulating while SrMo0Oj is insulating. It has also been shown that the oxy-
gen content in SroFeMoQOg, s is playing a major role in the resistivity [69].
There are clearly too many parameters to draw a definite conclusion on

these resistivity measurements.

5.2.2 Thermoelectric power of Sry_,La,FeMoOg

The thermoelectric power of all z-concentrations was measured as a func-
tion of temperature using the standard temperature differential technique.
It should be recalled that unlike the resistivity, the thermoelectric power of
these polycrystalline ceramics is not affected by high inter-grain boundary
resistance. It is affected by inter-grain boundaries only if they develop a
large thermal resistance because the thermoelectric response is driven by
the temperature gradient rather than by the electric field. A systematic in-
crease in the thermoelectric power with increasing La-concentration was
found as can be seen in figure 5.3. The data can be regarded as represent-
ing the thermoelectric power of the majority, intra-grain material. The low
temperature peak and negative high temperature gradient for high La-
concentrations are similar to that reported by Fisher et al. [30] from ther-
moelectric power measurements on Sr ;Lag s FeMoOg.

The temperature dependence of the thermoelectric power is remark-
ably similar to that found in the superconducting cuprates [70]. Further-

more, both classes of compounds show a systematic increase in the room
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Figure 5.3: Thermoelectric power versus temperature for Sry_,La,FeMoOg
samples with x = 0 (filled down triangles), z = 0.1 (filled up triangles), x =
0.2 (filled circles), = = 0.3 (filled diamonds), « = 0.4 (open circles) and = = 0.5
(open up triangles). The solid curve is a simulation of the x = 0.4 data with
a diffusion term (dotted curve) and a phonon-drag term (dashed curve).
Inset: plot of the diffusion thermoelectric power prefactor (filled circles,
left axis) and the phonon drag thermoelectric power prefactor (crosses,
right axis). The solid curve is a guide to the eye.

temperature thermoelectric power with increasing electron doping. In the
case of the superconducting cuprates, this correlation has proved to be a
useful tool to estimate the doping state [71]. The close correspondence be-
tween the SFMO and superconducting cuprate thermopower suggests a
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common mechanism in both systems even though the Fermi surfaces are
different and the electronic state is three dimensional for SFMO and two
dimensional for the superconducting cuprates.

In order to understand the thermoelectric power data one must note
that the thermoelectric power has both a ”diffusion” component S; asso-
ciated with only the electron gas and its dispersion, and a “phonon drag”
component S, arising from momentum delivered to the electrons when
they scatter from phonons, and is thus related to the phonon dispersion
and the electron-phonon interaction. In the simplest scenario these simply
add, so that the thermopower can be written as,

S(T) = Su(T) + S,(T) (5.1)

In the relaxation time approximation the diffusion thermoelectric power

in a cubic material can be written as [72],

Su1) =~ [te= 0 (5 ) ote 52
where
o(e) = (%) > v(k)*r(k)é(e(k) — ) (5.3)

where ¢ is the energy, 1 is the chemical potential, f is the Fermi function,
Q) is the normalised volume, v is the quasiparticle velocity and 7(k) is
the scattering time. The dependence predicted by equation 5.2 is simply
proportional to temperature if the Density Of States (DOS) is effectively
constant within k7" of the Fermi energy, but clearly very rapid changes in
the DOS near the Fermi energy can lead to more complex temperature de-
pendencies to Sy(T).

Although S(T') could be modelled by assuming electron doping in the
proximity to a sharp peak in the DOS [73], that proposal would require
structure within less than -~ 10 meV of the Fermi energy. This structure

would need to remain that close even as the doping is changed by the
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introduction of as much as 0.5 La per formula unit, which appears to be
highly unrealistic and not supported by band structure calculations [74].
In fact band structure calculations show an increasing density of states
for up to -~ 300 meV below and above the Fermi energy in the pure com-
pound. Thus, assuming that the entire temperature dependence of S(T')
is due only to the proximity to a sharp peak in the DOS is untenable if it
is to model the persistence of the systematic pattern over the large doping
range in the present studies.

A more natural interpretation of S(7') is available if phonon drag is
included in the model, which has proved useful in interpreting the ther-
mopower from the superconducting cuprates [70]. The drag component is
expected to approximately mirror the phonon specific heat, rising at low
temperature as phonons become thermally excited and saturating above
the Debye temperature, © . In conventional metals the effect is attenuated
at high temperatures where phonon-phonon scattering begins to dominate
over phonon-electron scattering, which then reduces the phonon-electron
momentum exchange and leads to a 1/7" dependence. On the assumption
that phonon-electron scattering remains strong up to ambient tempera-
ture [70], the phonon drag contribution is approximately proportional to
the Debye function, rising from zero at zero temperature and saturating
above ©p. Within this model the prediction is for a high temperature ther-
moelectric power that consists of a constant phonon drag component and
a diffusion component that is linear with temperature [70]. As the tem-
perature is reduced the drag component falls and the total thermopower
approaches zero at zero temperature, as required by the third law of ther-
modynamics. Within this model the high temperature slope gives the dif-
fusion term and the extrapolation of that slope to zero temperature is the
saturated drag component [70].

Given the remarkable similarity between the thermopower in SFMO
and the superconducting cuprates, the thermoelectric power data was anal-

ysed in terms of the same phonon drag model. In the present work a
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phenomenological expression was chosen for the drag component and a
temperature-linear diffusion component as S(7') = Syotanh(T/Ty) — SpoT.
The resulting S,(7")(dashed curve), S;(T") (dotted curve) and S(7’) (solid
curve) are plotted in figure 5.3 for x = 0.4.

The values of Sy (crosses) and Spy (filled circles) are plotted in the inset
to figure 5.3. It can be seen that Sp is independent of x for = as high as 0.3
and decreases for higher La-concentrations. This appears to suggest that
doping effects on S,(7") are small for as much as 0.3 doped electrons per
Mo if all the doped electrons appear in the down-spin conduction band
with Fe(ty;) and Mo(ty,) character. We also find that S, increases for z
> 0.2 and appears to saturate for = > 0.4. These results are understood
by noting that the diffusion component depends primarily on the energy
scale over which the DOS varies, evaluated at the Fermi energy. The small
decrease in Sp, observed for = = 0.5 is consistent with electron doping and
an increasing Fermi energy based on band structure calculations and as-
suming a rigid band model [74]. In contrast, the drag component is a very
sensitive function of the balance between normal and umklapp scattering
events, and that balance is strongly influenced by changes to the Fermi
surface [70, 75].

5.3 Magnetisation measurements

5.3.1 Antisite disorder effect on the saturation magnetic mo-

ment

Magnetisation measurements under an applied magnetic field of upto 6 T
at 10 K were made on all the La-doped samples. It can be seen in figure 5.4
that there is a systematic decrease in the high field magnetisation with in-
creasing La-concentration. It has been suggested that this decrease is due
to ASD as well as doping effects [15]. This model assumes static moments

on the Fe and Mo sites as well as a Fe-Mo superexchange mechanism that
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Figure 5.4: Magnetic moment curves at 10 K for Sr,_,La,FeMoOg. Inset:
plot of the magnetic moment at 6 T versus the ASD for this study (filled
circles) and from Balcells et al. [54] for x = 0 (open circles).

leads to the magnetically ordered state. It also assumes that some of the
electrons introduced by La-doping appear on the Fe site. The situation is
possibly more complicated as we have mentioned earlier. For example it
has been suggested that Fe should remain in the 3+ state [74] and there is
no well-defined Mo moment of 1 ;15 per formula unit since for the pure
compound the electron in the originally down-spin Mo(t,,) orbital is itin-
erant [19].

The decrease in the high field magnetisation with increasing La-doping
can be primarily attributed to ASD, which is apparent in the inset of figure
5.4 (filled circles). In order to derive a relationship between the ASD and
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m, over the whole range of disorder i.e. 0 to 50 % the data by Balcells et
al. [54] (open circles) were used for low degree of antisite disorder (ASD <
20 %). Our data is just a continuation of that found in the pure SroFeMoOg
compound and we found that m; = 4.0 — 9(ASD). Consequently, by ex-
trapolation we expect the magnetic order to disappear for ASD = 44 %,
which is slightly less than the assumed 50 % [15].

5.3.2 Shift of the Curie temperature upon La-doping

Similar to a previous study [15], the Curie temperature (7;), estimated
from the maximum negative gradient of the magnetisation data, increases
with increasing La-concentration. The magnetic moment at 6 T up to 700
K is plotted in figure 5.5 and we found that the Curie temperature is 390
+5K,390 £ 5K,395 £ 10K, 395 + 10 K, 405 &+ 15 K and 415 £+ 15K for z
=0,0.1,0.2,0.3, 0.4 and 0.5 respectively.

We have also fitted the low temperature magnetic moment data to [76],

m(T) = ms(1 — agT") 5.4)

where q, is the spin-wave dispersion, m the spontaneous magnetic mo-
ment and m, is the saturation magnetic moment. This equation describes
the drop of the spontaneous magnetic moment within a domain as the
temperature increases in a ferromagnet. We found that n = 1.5 £ 0.1 for
all La-concentrations, which is expected for a 3D Heisenberg ferromagnet.
This is also known as the Bloch 7?2 law that describes the low tempera-
ture thermal demagnetisation. Surprisingly, a, is only weakly dependent
on La-concentration as can be seen in the inset to figure 5.5. Since qj is af-
fected by the spin-wave dispersion, this result suggests that there is no sig-
nificant change in the spin-wave dispersion for small wave-vectors even

though there is a large change in m,.
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Figure 55: Magnetic moment versus temperature at 6 T for
Sry_,La,FeMoQOg. Inset: plot of prefactor for the low temperature fit to
the data as described in the text. The solid line is a linear best fit to the
data.

5.4 Magnetoresistance in La-doped samples

The magnetoresistance at 77 K versus the applied magnetic field was mea-
sured up to 0.8 T for three La-concentrations as can be seen from figure 5.6.
The decreasing MR at 0.8 T with z is likely to be due to the increase in the
amount of antisite disorder (ASD) and/or change in the grain morpholo-
gies rather than an electron doping effect. It was shown in chapter 4 that
there is a clear correlation between the resistivity and the magnetoresis-
tance. However, in the case of the La-doped samples, the resistivity does
not change greatly from = = 0.1 to « = 0.5 and therefore could not explain
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the observed reduction of the MR. On the other hand, the ASD changes
with the La-concentration with an ASD =21, 26 and 36 % for x =0, 0.2 and
0.5 respectively. A correlation between the MR and the ASD has already
been observed in samples where the grain boundaries insulating barrier
were weak and hence having small resistivities [26]. Furthermore, it was

Aplp (%)

Figure 5.6: Magnetoresistance at 77 K versus applied magnetic field, B, for
Sr,_,La,FeMoOg with x = 0, 0.2 and 0.5. Also shown are fits to the data
for the models of Serrate et al. (dashed curved), Fisher et al. (dotted curve)
and our model (solid curve). For the details of the model please refer to

chapter 4.

also found in chapter 4 that the grain morphologies changed with the Ba-
concentration and this could also occur for the La-doped samples. This
will certainly affect the magnetoresistance. Therefore it seems possible
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that the grain morphologies together with the ASD could explain the drop
of the magnetoresistance. However, there is certainly too many parame-
ters to draw clear conclusions from this result. Further research should be
performed, such as making La-samples having a similar ASD, in order to
understand all the contributions to the magnetoresistance.

We have used the three magnetoresistance models explained in section
4.1 to obtain the degree of spin polarisation, P (see figure 5.6). Clearly the
two models of Serrate et al. and Fisher ef al. do not provide the best fit
of the data at low field and therefore our model was used to determine
the degree of spin polarisation with P = 0.33, 0.28 and 0.17 for z = 0, 0.2
and 0.5 respectively. It is again evident that the degree of spin polarisation
correlates with the maximal magnetoresistance values as observed in the

Sry_,Ba,FeMoOg samples.

5.5 Summary

The Sry_,La,FeMoOg thermoelectric power displays a temperature depen-
dence and shift with electron doping that is remarkably similar to that
observed in the superconducting cuprates. We have modelled the La-
induced changes in terms of electronic doping that affects the diffusion
and the phonon-drag components. The decrease in the magnetisation at
6 T with increasing La-doping has been shown to be predominantly due
to ASD. The high field magnetisation is extrapolated to be zero at «~ 44
% ASD, which is slightly less than the 50 % or completely random Fe-
Mo site occupancy. Finally, it was found that the magnetoresistance in
the La-doped samples correlate well with the the degree of antisite disor-
der. This could imply that the disorder is more likely to occur at the grain
boundaries as the transport properties are dominated by spin-dependent

tunneling.



Chapter 6

Magnetic and electronic

properties of SroFe;_,Al,MoOg

There have been a number of reports of partial or complete substitutions
onto the Sr, Fe or Mo sites in SroFeMoOg with the aim to further under-
stand the physics of these strongly correlated compounds [15, 61, 67, 77,
78, 79]. Fe site substitutions are particularly interesting because the ex-
change splitting of the Fe(ty,) and (e,) orbitals is central in determining
the magnetic and electronic states.

Previous substitutions for Fe have mainly focussed on Cr, Mn and Mg
but there is as yet no clear pattern concerning how they affect 7, or the
saturation magnetic moment. For example, reports on Cr substitution for
Fe in SryFe;_,Cr,MoOs [80, 81, 82, 83] show a large drop in the saturation
magnetic moment per formula unit. The end member, SroCrMoOg;, is also
believed to be half-metallic with a T, of 450 K [84] and a smaller moment
that is expected in view of the smaller Cr** moment when compared with
the Fe** moment. However, the drop found in SryFe; _,Cr,MoOg is sub-
stantially more rapid than can be explained by the difference between the
ionic moments. It has been suggested that the increase of the amount of
antisite disorder could trigger a change in the exchange interaction and

therefore explain this faster decrease in the saturation moment [81, 82, 85].
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Interestingly, Mn substitution for Fe also leads to a large drop in the sat-
uration moment. In this case 7. falls as well, and the magnetic order
is destroyed completely for z > 0.7 in SroFe( sMn,; 7 MoOg [86]. The end
member, Sr;MnMoQg, is an antiferromagnetic insulator with a Néel tem-
perature of «~ 12 K [87], which might suggest that Mn is being substituted
as Mn**. However, Mn** does occur in other half-metallic double per-
ovskites (e.g. SrsMnReOg with T, «~ 120 K) [88], so it is unclear whether
Mn substitutes as Mn?* or Mn?* in SryFe;_,Mn,MoQg.

Mg?* substitution for Fe®t has the effect of reducing both the aver-
age exchange between magnetic Fe ions and doping the material with
holes, which would be expected to further affect exchange within carrier-
mediated models. In line with this expectation a study of Mg-substituted
SroFe,_,Mg,MoOs showed a large decrease in both the saturation moment
and 7. [89].

A better understanding of the effect of Fe-site substitutions on the mag-
netic and electronic properties can be obtained by substitutions that are
expected to be isoelectronic. The convention assumed in band structure
calculations is that the iron ions are in the Fe3* state, though there is ex-
perimental evidence that the Fe valence might be close to 2.5+ [29]. Alu-
minium substitution is a good candidate but has not been studied ex-
tensively in the double perovskite [90]. In addition, AI*" is non mag-
netic and therefore could provide interesting behaviour as it would be ex-
pected to dilute the magnetic system. With this in mind we have prepared
SroFe;_, Al;MoOg (0 < z < 0.3) samples substituting AI*T on the Fe sites
and performed structural, transport and magnetic measurements. We re-

port our results in this chapter and a paper has been published in Physica
B [85].
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6.1 Single phase materials Sr,Fe;_,Al,MoOg

XRD measurements show that all the SryFe;_,Al,MoOgs samples are sin-
gle phase and there is no evidence for minority phases within the limit of
detectibility by XRD (- 1 %).
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Figure 6.1: XRD patterns of SryFe;_,Al,MoOg for z = 0, 0.05, 0.1, 0.2 and
0.3.

The partial substitution of Al on the Fe site makes it difficult to obtain
accurate values for the amount of Fe-Mo and Al-Mo antisite disorder as
done previously (chapter 4 and 5). We cannot determine if it is the Fe or the
Al, which is going to be disordered with the Mo. In order to have a rough
indication of the ASD in these Al-samples, we assumed that only the Fe
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was preferentially disordered with the Mo. It was found that the ASD is 17
% for the pure sample and no more than 25 % for the z = 0.3 sample. We
show later that the saturation magnetic moment does not drop substan-
tially with Al-concentration and therefore this is in good agreement with
a small change in the ASD.

6.2 Transport properties of SroFe; ,Al,MoOy

6.2.1 Resistivity measurements

The resistivity down to liquid helium temperature was measured for four

of the compounds (see figure 6.2). The x = 0.1 sample broke and therefore
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Figure 6.2: Temperature dependence of the resistivity for
SryFe,_,Al,MoQOg for x =0, 0.05, 0.2 and 0.3.
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no resistivity measurement could be performed. The missing data did not
interfere with the interpretation of the results. All the samples exhibit a
small increase in the resistivity with decreasing temperature and the resis-
tivity ranges between -~ 0.05 and 5 §2.cm, without any systematic variation
with Al concentration. Thus, even for up to 0.3 Al, SryFe;_,Al,MoOg can
be interpreted as being metallic, with the conductivity limited by insulat-

ing grain boundaries.

6.2.2 Thermoelectric power

Information about the intra-grain region can be obtained from the thermo-
electric power (TEP), which is not affected by high inter-grain electrical
resistances. TEP measurements were made on all samples. For clarity the
data for only z = 0 and = = 0.3 was plotted in figure 6.3. We have decom-
posed these results into their diffusion and phonon drag components as
S(T) = Sa(T) + Sy(T). The fitting of the data was done in a similar way to

that in chapter 5 using the equation,

S(T) = Sy tanh T/ Ty — SaoT (6.1)

The fits were done on all the z-concentration samples and only z = 0 and
x = 0.3 samples are shown in figure 6.3 by the solid and dashed curves re-
spectively. It can be seen in the inset to figure 6.3 that Al substitution leads
to a systematic decrease in Sy obtained by fitting all the TEP data, sug-
gesting an increasing Er and carrier concentration with the introduction
of Al. This would not be expected if AI** substitutes for Fe’*, supporting
the conclusions based on Mdssbauer measurements that have been inter-
preted in terms of Fe?" [29]. The partial substitution of Fe?*" by AlI** can
then lead to a decrease of the magnitude of the diffusion thermoelectric
power related to an increased carrier density in the spin-down conduction
band.
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Figure 6.3: Thermoelectric power versus temperature for

SroFe;_,Al,M0oOg samples with z = 0 (open circles) and z = 0.3 (open
squares). The two curves are the fits of equation 6.1. Inset: plot of the
diffusion thermopower prefactor Sy, versus Al concentration for all the

samples. The line is a guide for the eye.

6.3 Magnetic response of SroFe; ,Al,MoOy

6.3.1 Temperature and field dependence of the magnetic

moment

In figure 6.4(a) the magnetic moment, in Bohr magnetons per formula unit,

against the applied magnetic field at 10 K is plotted.
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Figure 6.4: (a) Magnetic moment per f.u. versus applied magnetic field at
10 K for all the SryFe;_,Al,MoOgs samples. The x = 0.05, 0.1 and 0.2 data
nearly fall on the same curve and they are plotted as thick solid lines. The
x = 0 data are plotted as a dotted curve and the = = 0.3 data are plotted as
a dashed curve. (b) Magnetic moment per f.u. versus temperature at 0.01
T, where the Al concentrations are indicated on the figure.
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It can be seen that there are no large changes in the saturation moment
with increasing Al concentration; we return to this observation later. In
contrast, the Curie temperatures, estimated from the maximum negative
gradients in figure 6.4(b) and shown in figure 6.5 and table I, show a clear
systematic variation. The decrease of 114 K for z = 0.3 is substantially
larger than the 50 K reported earlier [90].

x 0 005 01 02 03

p (Q.cm) at 100 K 03 33 - 09 007

T, (K) 400 363 341 314 286

ms (up/ fu.) 260 246 241 247 221
Ap/p(%)at08Tand 77K -493 -519 -360 -7.07 -6.17
Pat77K 0276 0294 0242 0339 0315

Table 6.1: Extracted parameters from the magnetic and transport measure-
ments in SroFe;_,Al,MoOg with = =0, 0.05, 0.1, 0.2 and 0.3.

Figure 6.5 shows T versus the Al concentration (filled circle) compared
with several models: a mean-field random-site dilution model (solid line)
and two percolation models [91]. At higher concentrations one expects
there to be a percolation threshold, which for a 3D simple cubic lattice
with strictly nearest-neighbour interactions occurs near z = 0.69 [92]. The
same percolation threshold exists for the 3D Heisenberg and Ising models,
but the dependence on x below the percolation threshold is different in the
S = % 3D Heisenberg (dotted curve) and Ising (dashed curve) random site
dilution models [91, 93]. In our case the data is close to that expected for
3D mean-field or Ising random site dilution. As we could not make sin-
gle phase material for concentrations greater than = = 0.3 we looked in the
literature for data above this z-concentration. However this could not be
found for the Al-substitution and for this reason the Mn-substitution data
was used. T. versus the Mn concentration of Moritomo et al. [86] is plotted
in figure 6.5 (open circle). It is clear that the Mn substitution is different

from the aluminium one as the manganese is magnetic and therefore may
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participate in the exchange interaction between the orbitals and not actas a
non-magnetic dilution. Despite this, it seems that 7, of SroFe;_,Mn,MoOg
follows the 3D Ising model and possess a sudden suppression of T for =
= 0.7 which is exactly what would be expected in the two 3D models.
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Figure 6.5: Plot of 7, against the Al fraction (filled circle) and the Mn-
substituted data of Moritomo et al. [86] (open circle). Also shown are
curves for random site dilution in a mean field (solid curve), 3D Ising
(dashed curve), and 3D Heisenberg model (dotted curve) [91]. Inset: plot
of the saturation magnetic moment at 6 T against the Al fraction. The solid
curve is a linear fit to the data.

It was previously found, from the thermoelectric power measurement,
that the increasing Al-substitution suggests an electron doping. It should
be noted that it could lead to an additional increase in 7. that might be
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expected in the kinetically driven model of Sarma et al., which is sup-
ported by magnetisation [94] and Zero Field Nuclear Magnetic Resonance
(ZFNMR) [65] measurements. Thus, in a simple model,

Te(x) = g(2)[T.(0) + AT (z)] (6.2)

where g(z) is the 3D random site dilution function and AT(x) is the ad-
ditional increase in 7. induced by electron doping. Therefore, it is also
possible that the data could be described by the 3D Heisenberg random
site dilution model and electron doping that leads to an increase in 7,(0).
However, theoretical calculations would be required to make a rigorous
differentiation among the two percolation models.

Returning to the inset of figure 6.5 it can be seen that the saturation mo-
ment decreases with increasing Al concentration. In the simplest model it

might be expected that,

ms = (1 —x)[mpe — M) (6.3)

where m is the magnetic moment in p5/ f.u.,  is the concentration of the
substituent, mp, and myy, is the moment on the Fe and Mo site respec-
tively. This equation is limited to small z and the assumption that the Mo
moment is orientated opposite to that of the Fe moment. It is difficult to
estimate the size of the Mo moment and various studies report absolute
values between 0 and 1 ug/f.u. [94, 95, 96]. Even with an assumed zero
moment for Mo the above equation predicts a 30 % drop in the moment per
f.u. in our most concentrated sample, but it was found that m decreases
by only 0.39 pp5/ f.u. instead of the predicted 0.78 115/ f.u. As shown pre-
viously, the degree of antisite disorder is playing a role in the decrease of
the saturation magnetic moment and in the case of the Al-samples it is dif-
ficult to provide an exact value for this quantity. However, the drop of m
is smaller than expected and thus it seems that the ASD is not playing a
major role otherwise the decrease would be more important. We demon-

strate below that zero field nuclear magnetic resonance measurements im-
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ply that most of this decrease can be attributed to Fe; the Mo moment is
nearly independent of z at least for z up to 0.2.

6.3.2 Magnetoresistance

Turning next to the conducting properties of the samples, it must be recog-
nised that the situation is complicated in the presence of grain-boundary
tunneling. The difficulty in controlling the grain boundary properties has
already been noted in chapter 4, and it is signalled here by the fact that the
resistivity at 100 K varies non-systematically with Al concentration (see
table I). Nonetheless it is exactly this grain boundary tunneling that leads
ultimately to the high magnetoresistance. The source of the high MR is
that inter-grain tunneling is enhanced when the spin of the carriers in the
two grains are aligned. For temperatures far below 7., the MR in poly-
crystalline samples is dominated by spin-dependent tunneling across the
grain boundaries and the absolute value can approach -50 % at high fields
for close to full electronic spin polarisation (see chapter 4).

It is apparent in figure 6.6(a) that the magnitude of the 77 K magnetore-
sistance for our samples does not change systematically with increasing
Al substitution, nor does it bear a simple relationship with the resistivity.
As mentioned earlier the MR can be affected by disorder near the grain
boundaries, insulating regions between the grains that are too thick for
spin-dependent tunneling, and spin-flip scattering within the boundaries,
and that all of these affect the resistivity as well. The granular nature of
the polycrystalline samples means that the conduction process resembles
that of a 3D resistor network in which the resistors depend in a complex
way on the relative polarisation in the two neighbouring grains. In the
present case at 77 K, a significant fraction of the grain boundaries are not
optimizsed for spin-dependent tunneling, so that the MR is low and there
is no correlation with the resistivity or the Al concentration. Using the
magnetoresistance model developed in chapter 4 we determined the de-
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Figure 6.6: (a) Plot of the magnetoresistance at 77 K against the applied
field, B, for the various z-concentration in SryFe;_,Al,MoOgs with z = 0
(open up triangles), x = 0.05 (filled down triangles), = 0.1 (filled up tri-
angles), x = 0.2 (open down triangles) and x = 0.3 (filled circles). The solid
line is a fit to the data using equations 4.3 and 4.5. (b) Plot of magnetoresis-
tance at 300 K against the applied field, B, for various Al concentrations.

The x = 0.1 was not measured as the bar-shape sample broke.
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gree of spin polarisation and present it in table I.

It can be seen in figure 6.6(b) that, contrary to the situation at low tem-
perature, the MR at 300 K does correlate with the Al concentration. This
is likely to be due to the systematic decrease in 7, with increasing Al con-
centration. For example, 7, has reduced to 285 K for z = 0.3 and the MR
is nearly linear in temperature, which has been observed in similar and
other compounds close to 7, [49, 59, 57].

6.3.3 Zero Field Nuclear Magnetic Resonance (ZFNMR)

Zero field nuclear magnetic resonance measurements were performed by
Dr Grant Williams at the Institut Fiir Weltwirtschaft (IFW) in Dresden,
Germany. These measurements were carried out to complement the Al-
substituted magnetisation data in order to probe the change in the Mo
magnetic moment. This also provides a measure of the spin-wave disper-
sion and the n parameter in the Bloch’s law. ZFNMR were made using a
Hahn pulse sequence and a 7/2 pulse width of 1 us for frequencies from
50 MHz to 70 MHz, which was the tuning range of the NMR coil. The
spectra were obtained from the spin-echo peak height and using the point-
by-point method. The usual w? correction was applied [97].

The results are shown in figure 6.7 for = = 0 (figure 6.7(a)) and = =
0.2 (figure 6.7(b)). The full ZEFNMR spectra for the pure as well as La-
substituted samples have already been reported by other researchers [65],
where the main peak was attributed to hyperfine coupling from a spin
on the Mo site to the Mo nucleus [95, 98]. Thus the resonance frequency,
F, can be written as F' = (v, /27)A(mopup) where 7, is the Mo nuclear
gyromagnetic ratio, and A is the hyperfine coupling constant. Note that
there are 2 Mo isotopes, Mo and *"Mo, that have slightly different gy-
romagnetic ratios and this leads to a broadening of the ZFNMR spectra.
Unfortunately, it is not possible to estimate the magnitude of A and hence
it is not possible to estimate the Mo moment from the ZFNMR data.
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Figure 6.7: Plot of the ZFNMR spectra for SroFe;_, Al,MoOg with 2 = 0 for
temperatures of 10 K, 25K, 50 K, 75 K, 100 K, 125 K, 150 K, 175 K and 200
K (a) and = = 0.2 for temperatures of 10 K, 25 K, 50 K, 75 K, 100 K, 125 K,
150 K and 175 K (b). The arrow indicates increasing temperature. The 10
K data is indicated by the plus symbols.

It can be seen in figure 6.7 that there is a systematic decrease in F' with
increasing temperature. The resultant peak frequencies are plotted in fig-
ure 6.8. In a 3D Heisenberg model [27], F' should decrease as,

where the magnitude of a, is determined by the spin-wave dispersion and
nis 1.5. This is known as Bloch’s law and assumes low temperatures and a

spin-wave dispersion of the form, e(q) = Dg¢*. A decrease in the exchange
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energy, J, can lead to a decrease in D and 7. that will result in an increase
in ag.

We show in figure 6.8 a fit to equation 6.4 when the data is plotted as F'
(figure 6.8(a)) and 1 — F/Fy (figure 6.8(b)) using Fy = 67.78 MHz for = 0
and Fj = 68.60 MHz for x = 0.2. We first note that there is a small increase
in Fj that could be interpreted in terms of a small increase («~ 1.1 %) in the
moment on the Mo site that could be associated with the electronic doping
mentioned earlier. It was found that the data can be fitted with n = 1.86 for
r=0and z =0.2 and a¢ = 9.3x107% K= for z = 0 and ag = 12.5x1076 K~ 1-86
for x = 0.2. The value of n is higher than that expected in a 3D Heisenberg
model and it is also higher than that found when fitting the 6 T magneti-
sation data from the pure sample (n = 1.5) [67]. It should be noted that
Mo ZFENMR only probes the Mo moment while the high-field magnetisa-
tion probes the Mo moment and the Fe moment. Thus, the appearance of
a different n for both measurement methods indicates that the spin-wave
dispersion is complicated in this compound. Any additional analysis will
require temperature-dependent neutron diffraction measurements.

There is a small increase in a, that might be expected from the decrease
in T;. This can be illustrated by noting that in a mean field model a de-
crease in 7, can occur via a drop in J. This will affect the spin-wave dis-
persion and can lead to a decrease in D and hence an increase in ay.
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Figure 6.8: (a) Plot of the peak ZFNMR frequency, F', against tempera-
ture for SroFe;_,Al,MoOg with = = 0 (filled circles) and x = 0.2 (open cir-
cles). (b) Plot of the log of 1/F — F; against the log of the temperature for
SryFe;_, Al,MoOg with = = 0 (filled circles) and = = 0.2 (open circles). The
curves are fits to the data using equation 6.4.
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6.4 Summary

In summary, it was found that partial substitution of Fe by Al in

SroFe;_,Al,MoOg leads to changes in the thermoelectric power that could
be interpreted in terms of an electron-doping effect. This can occur if the
Fe valence is below 3+ as reported from a Mossbauer study on the pure
compound. The Curie temperature decreases with increasing x, which
can be attributed to 3D random site dilution. The saturation moment per
f.u., as obtained from magnetisation measurements, is reduced with in-
creasing x. However, the Mo moment, as probed by Mo ZFNMR, shows
a small increase of -~ 1.1 % for z = 0.2. The temperature-dependence of
the Mo moment, as probed by Mo ZFNMR, can be fitted to a power law,
1 — apT™, but n (1.86) is greater than that expected in a 3D Heisenberg
model (n = 1.5). ay is found to increase with x, which implies a change
in the spin-wave dispersion that might be expected from the decrease in
T.. While there are systematic changes in the thermoelectric power, mag-
netisation and ZFNMR data with increasing z, it was found that there are
no consistent changes in the resistivity or MR at 77 K. It is thus clear that
the disorder in the grain boundaries varies non-systematically among the

samples.



Chapter 7

Magnetic and transport properties

of oxygen deficient SrFeO5_;

Recently an increase in the resistivity has been reported below 70 K in
SrFeQO;_; accompanied by a large magnetoresistance [40, 37, 99, 100]. It
has been noted that the increase in the resistivity as well as the magne-
toresistance are reminiscent of the Verwey transition [40] long known in
Fe;O, [101, 102] arising from a charge-ordered state of the Fe ions in one
of the two inequivalent Fe sites.

The Verwey transition in Fe;O, is also accompanied by a large change
in the thermoelectric power (TEP) [43, 44] that is much larger than the
one seen near the metal-insulator transition temperature in the mangan-
ites [103]. It is therefore of interest to see if a Verwey-like increase in the
resistivity in SrFeO;_; is also accompanied by a large change in the ther-
moelectric power and ascertain the J-values where this occurs. It should
be noted that there is no temperature dependence of the thermoelectric
power available in the literature on SrFeO;_s; and very few studies exist
where jumps in the TEP have been observed and modelled [103]. In ad-
dition we will show that there is a close relationship between the thermo-
electric power at room temperature and the oxygen content.

In this chapter we present magnetic and transport measurements per-
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formed on a series of oxygen deficient StFeOs;_; compounds. Many SrFeO;_s
samples with various amounts of oxygen content were prepared by solid-
state reaction (see chapter 3). As mentioned in chapter 3, thermal gravime-
try analysis was not available at this time in order to determine the oxygen
content. We show that the magnetic data provide a method to estimate the
oxygen deficiency () in SrFeO;_;. Some of the results presented in this
chapter have been published in Physical Review B [104].

7.1 X-ray diffraction of SrFeO;_;

X-ray diffraction measurements were performed on all the samples and
show single phase material within the limit of detectibility. Figure 7.1
presents the two end members, Ad = 0.05 and 0.28, and we show in the
next section that they are close to SrFeO, g5 and SrFeO, 7, respectively. The
XRD patterns clearly demonstrate a shift of the peaks to lower angles as
the oxygen deficiency increases. In addition, a splitting of some of the
peaks is observed (e.g. the (200) peak) as A increases (see inset of figure
7.1). These features indicate a change in the structure, which has been
already observed in SrFeOs;_; [41, 100]. It is known that this compound
undergoes a change in the structure from cubic to orthorhombic passing
through a tetragonal phase.
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Figure 7.1: XRD patterns of the SrFeO; g5 (black) and SrFeO, 7, (grey) com-
pounds. Inset: zoom of the (200) reflection peak where a splitting of the
peak is observed.

7.2 Magnetic response

7.21 Determination of § from the magnetic measurements

The Zero Field Cooled (ZFC) and Field Cooled (FC) magnetisation data are
plotted in figure 7.2 at 1 T for three of the samples. Turning first to the as-
prepared sample (Aé = 0), the peak observed at -~ 140 K is associated with
helical antiferromagnetic order from SrFeOj; [34]. There is also a shoul-
der at -~ 70 K that arises from antiferromagnetic order in the tetragonal
SrgFesOy3 phase and by comparing these features with reports in the liter-
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ature [40, 37, 105] we concluded that this sample contains a mixture of cu-
bic and tetragonal phases and that the stoichiometry is close to SrFeO; gs.
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Figure 7.2: Zero Field Cooled (ZFC) and Field Cooled (FC) magnetisa-
tion at 1 T for Ad = 0 (SrFeOs.95), Ad = 0.085 (SrFeO,545) and Ad = 0.14
(SrFeOg 51).

The 140 K peak is entirely absent in the SrFeO; g55 sample, replaced by
a strong and sharp peak at «~ 70 K, confirming that it is predominantly the
SrsFesO,3 phase. There is, in addition, a ZFC-FC irreversibility starting
at v 240 K, seen also in the SrFeO;g; sample where the peak at 70 K is
not as pronounced. These results establish the presence of the orthorhom-
bic Sr,Fe O4; phase [100, 39] that shows a Néel temperature of -~ 240 K.
It is clear that the magnetic data can provide information on the oxygen
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deficiency in SrFeOs;_;. Furthermore, additional ZFC and FC measure-
ments were performed in other AJ samples (not shown here) and con-
firmed this good correlation between the amplitude of the Ty peaks and
the stoichiometries. Finally, we will present later in this chapter that the
transport measurements are also in good agreement with the given stoi-

chiometries.

7.2.2 Magnetic measurements

ZFC and FC magnetisation data at 6 T are shown in figure 7.3 for the
SrFeO; 95, StFeO;, g9 and SrFeO, 7, samples.
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Figure 7.3: Zero Field Cooled (ZFC) and Field Cooled (FC) magnetisation
at 6 T for SrFeO, g5, StFeO, gy and SrFeO; 5. Inset: zoom in of the SrFeOs 75

measurement.
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All the curves are in good agreement with the 1 T data presented before
and therefore show that the determination of the oxygen content using the
magnetisation data is not a function of the applied magnetic field. The
third sample, SrFeO, 7, has a weak susceptibility and a zoom in is shown
in the inset of figure 7.3. It clearly shows irreversibility at 240 K but with-
out any sign of a peak at «~ 70 K, which demonstrates the predominance
of the orthorhombic phase. Therefore, all the samples show a departure
between the FC and ZFC measurements starting at either -~ 70 K or -
240 K depending on their antiferromagnetic ordering temperature. These
could originate from either a spin-glass behaviour or spin canting. In or-
der to find out more about the origin of the ZFC-FC irreversibility further
magnetisation measurements were performed such as ac magnetic suscep-
tibility.

ac magnetic susceptibility (x’) measurements were carried out as a
function of temperature on the SrFeO, 5, and SrFeO; 7, samples at five
different frequencies (w = 33, 100, 303, 690 and 1000 Hz) and are shown
in figure 7.4. All the curves lie on top of each other for both samples,
which implies that there is no frequency dependence up to 1000 Hz. This
is confirmed by Srinath et al. who have not seen any change in x” up to
10 kHz [100]. This behaviour is not typical of a normal spin-glass system
where a w dependence is expected [106]. This result seems to be incon-
sistent with the density-functional calculation performed by Vidya et al.
where a spin-glass like behaviour was expected either in FeO; or distorted
FeOg; and where the other phase was a G-type antiferromagnet [107].

In order to further investigate the ZFC-FC irreversibility, we focused
our measurements on samples being between the tetragonal (3-6 = 2.875)
and orthorhombic (3-0 = 2.75) phases, which contain the distorted FeOg
and five-fold coordinated FeOj in various proportion (see chapter 2).

FC measurements were carried out at 25 mT on four samples 3-6 = 2.81,
2.80, 2.76 and 2.75 (see figure 7.5). It is clear that all the compounds have
the FC departure at 240 K which is the mark of the orthorhombic phase.
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Figure 7.4: Temperature dependence of the ac susceptibility for the
SrFeO, g9 and SrFeOs, 72 samples at five different frequencies w = 33, 100,
303, 690 and 1000 Hz.

The susceptibility at 5 K increases versus the oxygen deficiency and is plot-
ted in the inset of figure 7.5. This increase could originate from the dis-
torted FeOs octahedra structure where spin canting could be present and
therefore leading to a weak ferromagnetic component. This can occur via
a Dzyaloshinsky-Moriya (DM) interaction [108, 109]. As the oxygen defi-
ciency increases, the volume fraction of the orthorhombic phases increases
and therefore the ferromagnetic component increases.
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Figure 7.5: FC measurements at 25 mT on samples having an oxygen de-
ficiency of 3-0 = 2.81 (filled circle), 2.80 (filled triangle), 2.76 (open circle)
and 2.75 (open square). Inset: x at 5 K versus 3-0. The solid line is a guide
for the eye.

7.3 Temperature dependence of the resistivity

7.3.1 Zero field resistivity measurements

The resistivity data are plotted in figure 7.6 for the (a) SrFeO, g5, (b) StFeOs g65
and (c) SrFeO, g, samples. All the samples show a large increase in the re-
sistivity at «~ 70 K of up to an order of magnitude associated with charge-
ordering in the tetragonal phase [40, 37, 99, 42]. It is important to note that
our polycrystalline samples possess inter-grain and intra-grain contribu-
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Figure 7.6: Temperature dependence of the resistivity for (a) SrFeOs g5, (b)

SrFeOQ,gﬁg) and (C) SrFeOQ,gl.

tions to the resistivity. The feature at 70 K originates from the intra-grain

contribution while the general trend, the increase in the resistivity when

the temperature decreases, is probably due to the inter-grain contribution.

For this latter reason, the SrFeO; g5 sample does not show the metallic-



7.3. Temperature dependence of the resistivity 86

like resistivity observed in single crystals above «~ 70 K [37]. The resistiv-
ity increases with increasing oxygen deficiency as reported by other stud-
ies [37, 100] arising from mixed-phase conduction involving an increasing
fraction of semiconducting SrsFe,O;;.

7.3.2 Magneto-transport behaviour of SrFeO;_;

The temperature dependence of the resistivity at zero field (grey curve)
and 12 T (black curve) is plotted in figure 7.7 for the (a) SrFeO, g5, (b)
SrFeO; g9 and (c) SrFeO, 7, samples.

Figures 7.7(a) and (b) present a large increase in the resistivity at -
70 K, which has been associated with charge-ordering in the tetragonal
phase as mentioned before. It means that these two samples contain some
of the SrgFegO,3 phase, which is in perfect agreement with our given stoi-
chiometries. In addition, at low temperature, SrFeO, g5 has a six orders of
magnitude smaller resistivity than SrFeOs, g.

It can be seen in figures 7.7(a) and (b) that under an applied magnetic
field of 12 T, a hysterisis is present at the charge-ordering temperature. The
origin of the hysterisis has not been clearly explained and was surprisingly
observed by other investigators at zero field [37]. It is important to men-
tion that our zero field measurements were performed in a dewar and not
in the same cryostat where the 12 T measurements were performed. It is
known that a small remanent field could be still present when a magnet is
turned off and could have a possible effect on the zero field measurements.
Furthermore, we have carried out the zero field measurements before the
12 T measurements to avoid any magnetic history behaviour. This could
be another possible explanation for the hysterisis signal observed under
zero field by the other investigators. Further work would be required to
ascertain the origin of this hysterisis.
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Figure 7.7: Temperature dependence of the resistivity at zero field (grey
curve) and 12 T (black curve) for (a) SrFeO,q5, (b) SrFeOsg, and (c)
SI'FGOQjQ.

Moving now to figure 7.7(c), it can be seen that the sample shows a
semiconductor type behaviour at zero field reaching values up to 10® Q.cm
at around 130 K. The measurement could not be performed at lower tem-
perature as it was affected by the input impedance of the nanovoltmeter.
It was shown from a band structure calculation that semiconductor be-
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haviour should be expected for SrFeO; 75 [107].

Under an applied magnetic field of 12 T, a more complex feature is
observed in the SrFeO; 7, compound in comparison to the other samples.
First there is a hysterisis at around 240 K, which is perfectly in agreement
with the transition temperature of the orthorhombic phase measured in
the magnetic data (figure 7.3). In addition, on the top of this hysterisis sig-
nal, a major deviation to lower resistivity values from the zero field data
is observed, which switched back onto the zero field data at lower tem-
perature (« 175 K). Due to the unexpected nature of this signal, this mea-
surement was performed a second time on this sample and on another
sample having a similar oxygen deficiency (3-6 = 2.75). Identical signals
were recorded and therefore certify the existence of this magnetoresistance
behaviour in the samples containing only the orthorhombic phase. On the
other hand, this behaviour was not observed in SrFeO, g,, which contains
the tetragonal and orthorhombic phases. This suggests that the tetragonal
phase short circuits this magnetoresistance behaviour and is observed for
compounds containing only the orthorhombic phase. Even in the presence
of a mixture of the two phases, the tetragonal phase could be the prefer-
ential pathway and therefore the magnetoresistance behaviour from the
orthorhombic phases would not be observed in the resistivity data. At
this stage, this behaviour is not well-understood and further work would
be required to establish its origin. However, these results are very inter-
esting as for a first time magnetoresistance close to room temperature was
observed in the SrFeOs;_; compound. Note that the magnetoresistance is
also much larger than the one observed in the double perovskite (chapter

4). These results provide a clear direction for future work.
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7.4 Thermoelectric power measurements

7.4.1 Anomalous temperature dependence of the thermo-

electric power

Thermoelectric power data for 3-6 = 2.95, 2.865, 2.81, 2.79 and 2.78 were
measured as a function of temperature and the results are shown in figure
7.8. An abrupt drop in the TEP can be observed for the SrFeO; gs; sample
(tigure 7.8(b)) at -~ 70 K where the drop in the TEP is AS «~ 118 1tV /K. This
decrease is clearly associated with the SrgFegOs3 phase, which is dominant
in that sample. An abrupt fall in the TEP is observed for higher oxygen
deficiencies, as expected for a mixed-phase sample, with a magnitude that
decreases with ¢ and nearly disappears for 3-0 = 2.78. Thus, the magni-
tude of the effect decreases as the SrsFegO,3 fraction decreases, although
it disappears sooner than the limit 3-§ = 2.75 where Sr,Fe,O;; is expected
to be the only remaining phase. The drop occurs at the magnetic ordering
temperature and the resistivity change found in the SrFeO; 545 sample; the
effect is clearly related to charge-ordering in the SrgFesO,;3 fraction of the
sample. The large drop in the TEP below « 70 K signals a change in the
nature of the charge carriers that may be expected to follow from charge-
ordering.

A large decrease in the TEP was observed when the charge-ordering is
associated with a Verwey-like transition. For example, a drop of more than
70 uV/K was reported from TEP measurements on Fe;O4 near the Ver-
wey transition temperature where charge-ordering is not accompanied by
a metal-insulator transition and the resistivity increases by approximately
two orders of magnitude [43, 44].

This can be compared with Lag 6:Cag 33MnO3 where a drop of «~ 6 1V /K
was observed near the metal-insulator transition temperature [103]. Thus,
the large drop in the TEP observed for the SrgFegO,3 phase as well as the

small increase in the resistivity (v~ 1 order of magnitude) would appear to
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be reminiscent of a Verwey-like transition occurring at the magnetic order-
ing temperature in SrgFegOq;.

We show below that the composition dependence of the large drop in
the TEP in our data can be described in terms of charge-ordering of the
SrsFegO,3 phase within an inhomogeneous two-phase model similar to
that used for Lag ¢7Cag 33MnO3 [103]. We based our model on the effective-
medium approach, in which the transport coefficient of a composite is rep-
resented by a weighted average of the two components, their volume frac-
tions and geometric arrangements. Therefore, by using equation 6 from
Jaime et al. we can rewrite the TEP under the following form [103],

_ P1 K(z)p(x) p1p2(K2 — K1)
S(.f) = Sg — —
P1— P2 R1p1 — R2p2 (/ﬁﬂl - Hzﬂz)(ﬂl - :02) (7.1)
( k()p(x) P pipa(kz — K1) ) '
+5) - -
R1p1 — R2p2 P1 — P2 (/‘6101 - HQPQ)(Pl - ,02)

where py, ps and p(z), k1, ke and k(x) are the resistivity and thermal con-
ductivities of the various phases and the effective medium respectively.
Thermal conductivity experiments would be required in single crystals in
order to measure this quantity but no single crystal sample growth and
instrument was available at this time. However, it is known that the ther-
mal conductivity in polycrystalline compounds change much less than the
electrical resistivity and therefore, as assumed by Jaime et al., k1 = Ky =
x(x) and equation 7.1 can be reduced to,

ﬂ@%&(&;ﬂﬂ>+&<ﬂﬁ;&) (7.2)

P1— P2 P1 — P2
ify=(p1 — p(x)/(p1 — p2), S2 = Sy and S; = Sp then we can write that,

S(x) = ySr+ (1 - )So (73)
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where Sy and Sp are the TEPs of the tetragonal and orthorhombic phases
respectively [103, 110]. The fraction y depends upon the electrical resistiv-
ities, their volume fractions and geometric arrangement. Note that it was
assumed that x; ~ ks = k(z) to simplify the equations but one could leave
the thermal conductivities in and still use equation 7.3 where y would also
have a dependence on k4, k2 and k(z).

The TEP from the tetragonal phase was modelled by using the results
from the sample with 3-6 = 2.865 (figure 7.8(b)), which is close to the 3-¢
= 2.875 expected for that phase. The step at the charge-ordering tempera-
ture, To (69 K), requires different fits above and below that temperature.

The low temperature data was fitted to,

Sy = 149tanh(T/26) — 4.2T,T < Teo = 69K (7.4)

where St is in units of 4V /K. A similar function was used to fit the TEP
from some other transition metal oxides [67, 70]. The first term provides
a positive drag-like TEP that vanishes at 7" = 0. The second term is linear
in temperature characteristic of the diffusion TEP. However, it is too large
for a simple metal interpretation, but typical of the diffusion TEP found in
the presence of charge hopping [111].

It can be seen in figure 7.9 that the TEP from all of the tetragonal-
orthorhombic composites track closely at temperatures above T¢o. Care-
ful comparisons show negligible differences in the temperature range from
70 to 130 K, indicating that in this temperature range the two phases show
the same TEP. Thus, by subtracting the fraction of equation 7.4 to the TEP
data using equation 7.3 we recovered the orthorhombic-phase TEP,

So = (4443 /T — 41.37)(tanh(T/39.1))**° 0 < T < 130K (7.5)

and that serves also as St above To.
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Figure 7.9: TEP versus temperature for (a) SrFeO;gs5, (b) SrFeOs 51, (€)
SrFeO; 79 and (d) SrFeO, 5. The solid curve is the two phase fit to the data
with y =1, 0.3, 0.22 and 0.09 times the tetragonal TEP for (a) StFeO g5, (b)
SrFeO, 51, (c) SrFeOs 79 and (d) SrFeO, 75 respectively. The orthorhombic
TEP is the dashed curve (equation 7.5) and the dotted curve shows the
low-temperature contribution of the tetragonal phase (equation 7.4).
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The transition between the low- and high-temperature expressions for
St can be represented by a broadened Heaviside function, Hg = 0.5(1 —
tanh((7/69)/3)) and 1 — Hp. Therefore by combining equation 7.4 and 7.5

and the Heaviside function, we can re-write Sy from 0 to 130 K,

Sr = [149tanh(T/26) — 4.2T[0.5(1 — tanh((T/69)/3))]
+[(4443 /T — 41.37)(tanh(T/39.1))>2%]

[0.5(1 + tanh((T/69)/3))]

0<T < 130K

(7.6)

Therefore by substituting Sy (equation 7.6) and So (equation 7.5) in equa-
tion 7.3 it can be seen that this simple model provides a reasonable fit for
all the oxygen concentration (see solid caurve in figure 7.9). We obtained y
=1, 0.3, 0.22 and 0.09 for (a) SrFeOs gg5, (b) SrFeO, 51, (¢) SrFeOs 79 and (d)
SrFeO, 75 respectively. A discrepancy between the obtained y values and
the oxygen concentration was found. For example by looking at the 3-6 =
2.81 sample it was found that the best fit is for y = 0.3. However, from the
oxygen content, it should contain 0.5 of the tetragonal phase but as men-
tioned before the y parameter depends upon the electrical resistivities, the
thermal conductivities, the volume fractions and geometric arrangement
of the two phases.

It can be seen in figure 7.10 that there is an approximately linear de-
crease in the amplitude of the TEP drop (AS) near 70 K with increasing
oxygen deficiency. It is important to note that the contribution from the
tetragonal phase disappears before 3-6 = 2.75. Sharp percolation effects fa-
miliar from resistance measurements of composite systems are not found
in the TEP and it is relatively insensitive to the presence of electrically re-
sistive grain boundaries. Therefore, the disappearance of the tetragonal
phase before 3-6 = 2.75 is unlikely to be related to percolative behaviour
but almost certainly signals the absence of the tetragonal phase for 3-4
< 2.78. Therefore, it is likely that the compounds between 2.75 and 2.78
are actually in the orthorhombic phase but contain some interstitial excess
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Figure 7.10: Plot of the drop in the TEP, AS, against 3-6 where the up filled
triangle is SrFeO g65, the open circle is SrFeO, g1, the down filled triangle
is SrFeO, 79 and the filled square is SrFeOs 7.

7.4.2 Room temperature thermoelectric power

The thermoelectric power at room temperature (S(290K°)) was measured
for various oxygen deficient samples. S(290K) versus ¢ was obtained and
converted to S(290K) versus R = (fraction of Fe3")/(total of Fe ions) as
presented by the filled circles in figure 7.11.

It can be seen from this figure that the thermoelectric power increases
gently from -13 to 0 1V /K and then rises sharply at R = 0.45. Then, a dras-
tic transition is observed at 3-0 = 2.75 going from «~ 100 to -250 1V /K for a
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Figure 7.11: Thermoelectric power at room temperature, S(290K), versus
R = (fraction of Fe")/(total of Fe ions). The dotted line is the Heikes

formula (equation 7.7) and the solid line is the best fit (equation 7.8).

small change in d. It is interesting to see that this transition corresponds to

the 50 % Fe*t - 50 % Fe3" iron ratio. A similar behaviour was observed in

other strongly correlated electron system such as the cobalt oxides [112],
for example in La;_,Sr,CoO; [113, 114] or GdABaCo0205.4, [115]. It has been
clearly shown that the ratio of the ions are crucial to enhance the thermo-

electric power [112, 113, 114]. This is in good agreement with our sharp

transition at exactly 50 % Fe'* - 50 % Fe®" iron ratio. This particular ra-
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tio is reinforced by the measurements performed by Poulsen et al. on two
SrFeQO3_s samples who observed a change in the TEP sign in SrFeO, g5 and
SrFeO; g5 and were expecting this change to occur at SrFeO, 75 [116]. The
sharp transition observed in the cobalt oxides has been analysed in term
of the Heikes formula given by,

kp 1-R

where kg is the Boltzmann constant, e the charge of the electron and R is
the fraction of Fe® to the total of Fe ions. Equation 7.7 is valid in a narrow-
band Hubbard model and with a sizable on-site Coulomb interaction in a
one dimensional system [117].

However, as can be seen by the dotted line in figure 7.11, the Heikes for-
mula gives a poor representation of our experimental data. This discrep-
ancy could be explained, for example, by the fact that our compounds are
inhomogeneous and possess a mixture of phases as proved by our mag-
netic and transport measurements. Furthermore, this formula is known to
be applicable at very high temperature where the TEP is independent of
the temperature. Nevertheless, we can still obtain the best fit to our data
(solid line in figure 7.11) by using the Heikes formula (equation 7.7) with
additional empirical terms and this can be written as,

kg 1-R
S(290K) = — (10 ; 6) In (T) — 16 (7.8)

Another possible reason for the sharp transition at SrFeO, 75 could be

explained in terms of a change in the conduction carrier types. It was
shown from band structure calculation that a gap in the DOS at the Fermi
energy is present for the SrFeO; 75 compound [107]. Therefore, as 3-6 in-
creases in SrFeQ;_;, the Fe?™ concentration would increase and the carriers
would be hole-like and this will provide a positive thermoelectric power.
On the other hand, as 3-6 decreases the amount of Fe3* increases and the
system becomes electron-doped and therefore gives a negative TEP re-
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sponse. Further experimental work and analysis would be necessary to

ascertain the origin of this behaviour.

7.5 Summary

In summary, electronic and magnetic measurements were performed on
a series of oxygen deficient SrFeO;_; samples. From the magnetic mea-
surements, it was demonstrated that spin canting could be present in the
distorted FeOg octahedra giving rise to a ferromagnetic component. This
can occur via a Dzyaloshinsky-Moriya interaction. Thanks to the temper-
ature dependence of the resistivity at 12 T, we observed that samples con-
taining the orthorhombic phase exhibit a large magnetoresistance at its
antiferromagnetic ordering temperature («~ 240 K). The origin of this un-
usual behaviour is still unclear but this provides clear directions for future
work. Regarding the transport measurements, a large drop in the TEP was
observed in SrFeO;_; for 3-§ = 2.865 to 2.78 at the temperature where the
SrsFesO,3 phase magnetically orders and displays charge-ordering. The
drop in the TEP data was attributed to a Verwey-like charge-ordering from
the SrsFesO,3 fraction where SrFeO;_; is an inhomogeneous mixture of
SrFeQ3, SrsFesOq3 and SryFe,Oy;. Finally, it was shown that the thermo-
electric power at room temperature could be used to determine the oxygen
content in SrFeO;_; and where a sharp transition is observed at SrFeO; 75.
This latter transition could be explained in terms of the Heikes formula

but it is more likely to originate from a two band semiconductor model.
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In this thesis, we reported new magnetic and transport results on the
Sr,FeMoQOg double perovskite and SrFeO;_; compounds. Chemical sub-
stitutions on the various atomic sites and oxygen deficient samples were
studied to probe and further understand the unusual properties of these
two strongly correlated electron systems. The main conclusions and out-

look for future work are summarized here.

In chapter 2, a literature review of the two perovskite systems is pre-
sented. We first summarized the properties of the half-metallic and fer-
romagnetic double perovskites and pointed out some of the remaining
questions. It is clear that the recent observation of a tunneling magne-
toresistance at room temperature by Kobayashi et al. has triggered major
interest in this family of compounds. The magnetoresistance together with
the Curie temperature, usually above room temperature, make this com-
pound a promising candidate for spintronics applications.

Then we moved to the oxygen deficient Fe-based perovskite, SrFeO;_,
in which much less research has been reported in comparison to the dou-
ble perovskites. SrFeOs_s presents a wide variety of magnetic transition
temperatures, magnetoresistances and resistivities with different oxygen
deficiencies. However, the underlying physics is not clear.

Chapter 3 contains the sample preparation details for the two perovskite
compounds and also includes the description of the instruments used for
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the characterisation of these compounds.

In chapter 4, we have investigated the structural, magnetic and trans-
port properties of polycrystalline Sr,_,Ba,FeMoOg samples. It was shown
that the degree of Anti-Site Disorder (ASD) can be derived using the x-ray
diffraction pattern and a single equation obtained from a model using the
Powder Cell software. As observed by other investigators, a good correla-
tion between the saturation magnetisation and the ASD was obtained and
this was also found in the La-doped samples (chapter 5).

Regarding the magnetic properties, it was found that upon barium sub-
stitution the Curie temperature drops systematically from 400 to 315 K. In
addition, we have found a large Low Field Magnetoresistance (LFMR) for
xr = 2 and shown that there is a correlation between the resistivity and
the LFMR. Furthermore, the magnetoresistance can be fitted to the inter-
grain model of Serrate et al. where the tunneling MR is limited by a dis-
ordered region near the insulating grain boundaries. Thus, it is the elec-
tronic properties near the grain boundary that lead to the large MR. A
model was developed to obtain a better fit in the low field region. High
field magnetoresistance measurements were performed and validate our
model up to 12 T. In addition, a magnetoresistance as large as -48 % was
measured at 12 T and 4.2 K, which is close the maximum -50 % expected
in the spin-dependent tunneling magnetoresistance model for polycrys-
talline samples. At this stage, we do not have any way of controlling
the grain boundaries properties and therefore the magnetoresistance. It
would be of interest to do further work on the sample preparation tech-

nique to optimize the magnetoresistance.

In chapter 5 we studied the effect of the La-substitution on the stron-
tium site, which is expected to be an electronic doping substitution. Using
the ASD model presented in chapter 4, it was found that the degree of
antisite disorder increases versus the La-concentration from 21.2 to 36.0 %



Summary and conclusions 101

for z = 0 and 0.5 respectively.

The thermoelectric power of Sr,_,La,FeMoOg displays a temperature
dependence and shift with electron doping that is remarkably similar to
that observed in the superconducting cuprates. We have modelled the La-
induced changes in terms of electronic doping that affects the diffusion
and the phonon-drag components.

The decrease in the magnetisation at 6 T with increasing La-doping
was shown to be predominantly due to ASD. The high field magnetisa-
tion is extrapolated to be zero at «~ 44 % ASD, which is slightly less than
the 50 % or completely random Fe-Mo site occupancy. The low tempera-
ture magnetisation data was fitted to m(7") = m,(1 — a¢7™) and found an
n = 1.5 which is what would be expected for a 3D Heisenberg ferromagnet
model. The Curie temperature obtained from the derivative of the tem-
perature dependence of the magnetisation was found to increase versus
electron doping from 390 to 415 K z = 0 and 0.5 respectively, which sup-
ports the band filling scenario.

Finally, it was found that the magnetoresistance in the La-doped sam-
ples correlate well with the the degree of antisite disorder. This could im-
ply that the disorder is more likely to occur at the grain boundaries as the

transport properties are dominated by spin-dependent tunneling.

In chapter 6, the results from the magnetic and transport measure-
ments on SroFe;_,Al,MoOg are reported. It was found that the thermo-
electric power could be interpreted in terms of electron-doping by the
AI**. This can occur if the Fe valence is below 3+ as reported from a
Moéssbauer study on the pure compound.

The Curie temperature decreases with increasing x from 400 to 285 K
for only a 30 % Al-substitution. This can be attributed to a 3D random
site dilution such as the 3D Heisenberg or 3D Ising models. Optimising
the sample preparation technique to obtain single phase materials with

higher Al concentration is required to determine which of the two models
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fit the experimental data. In addition, theoretical calculations would help
to make a rigorous differentiation among the two percolation models.

The saturation moment per f.u., as obtained from magnetisation mea-
surements, is reduced with increasing x. The reduction of m, is only 0.39
pp/ f.u. instead of the 0.78 1/ f.u. expected and this is not associated with
a change in the ASD as it is nearly constant versus the Al-concentration.
The cause of this smaller drop in m, is unknown and would require fur-
ther research.

The Mo moment, as probed by Mo ZFNMR, shows a small increase of
1.1 % for x = 0.2. The temperature-dependence of the Mo moment can be
fitted to a power law, 1 — a¢1™, but n (1.86) is greater than that expected
in a 3D Heisenberg model (n = 1.5). ay is found to increase with z, which
implies a change in the spin-wave dispersion that might be expected from
the decrease in T..

While there are systematic changes in the thermoelectric power, mag-
netisation and ZFNMR data with increasing z, it was found that there are
no consistent changes in the resistivity or MR at 77 K. It is thus clear that
the disorder in the grain boundaries varies non-systematically among the
samples. On the other hand, there is a consistent change in the MR at 300 K
and it seems to correlate with the drop of the Curie temperature. A devel-
opment of the linear behaviour for the larger z-concentration shows that
the intra-grain contribution becomes more important when the measure-
ment temperature is close to the critical temperature, as observed in other
strongly correlated electron systems. This result could be clearly exploited
as a linear MR behaviour would be of interest for application purposes.

Results from measurements on a series of oxygen deficient SrFeO;_;
samples are reported in chapter 7. Low field magnetic measurements re-
vealed an increase in the low temperature susceptibility versus the oxy-
gen deficiency which could be interpreted in terms of the Dzyaloshinsky-
Moriya interaction. Spin canting in the FeOq distorted octahedra would
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be expected to give rise to a ferromagnetic component.

In terms of the magneto-transport measurements, we observed that
samples containing mainly the orthorhombic phase exhibit a large magne-
toresistance at the antiferromagnetic ordering temperature («~ 240 K). The
origin of this unusual behaviour is still unclear but further work could be
done as large magnetoresistance close to room temperature is of interest
for devices.

Temperature dependent measurements of the thermoelectric power were
made in SrFeO;_; for the first time. A large drop in the TEP was ob-
served in SrFeO;_;s for 3-§ = 2.865 to 2.78 at the temperature where the
SrsFegsO,3 phase magnetically orders and displays charge-ordering. The
drop in the TEP data was attributed to a Verwey-like charge-ordering from
the SrgFegO,;3 fraction where SrFeO;_; is an inhomogeneous mixture of
SrFeQOs;, SrgFegO43 and SryFe,Oy;.

Finally, it was shown that the thermoelectric power at room tempera-
ture could be used to determine the oxygen content in SrFeO;_;. A change
in the TEP sign was observed at 50 % Fe®* - 50 % Fe** and this could be
explained in terms of a gap in the density of states at the Fermi energy.
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