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Abstract

Systematic studies of perovskite nanoparticles require several batches of preferably
monodisperse, single-crystal nanoparticles of different sizes with comparable crystal
quality and oxygen stoichiometry. The microemulsion method resulting in control of the
nanoparticle size by adjusting the water-to-surfactant ratio makes it possible to obtain
batches of differently sized nanoparticles while using identical calcination conditions.
The resulting batches were used to study the size-dependent magnetic properties of
LaCoO, and La,_  Sr,MnO, nanoparticles. In both materials reducing the nanoparticle
size increases the unit-cell volume and the metal-oxygen bond length. This increase scales
linearly with the surface-to-volume ratio, and is most likely related to surface adsorption
of water. As the adsorbate binding energy seems to depend both on the transition-metal
ion and its valence, the expansion is larger in La,  Sr,MnO, than in LaCoO,. By de-
creasing the crystal field splitting for Co®*, the elongation of the cobalt-oxygen bond
length stabilizes the magnetic high-spin (HS) state (S=2). As a consequence, the average
magnetic moment of LaCoO, increases linearly with increasing surface-to-volume ratio.
The Co®" HS concentration is too low to establish long-range ferromagnetic order, and
the nanoparticles behave paramagnetically. In La, , Sr_MnO, nanoparticles, the increase
of the Mn-O bond length and decrease of the Mn-O-Mn bond angle weakens the double-
exchange coupling and hence reduces the ferromagnetic ordering temperature Tc. Tc is
reduced further by the intrinsic finite-size effect. The observed size-induced changes of
magnetic properties may allow for a controlled manipulation of magnetism in LaCoO,
and La, ,Sr MnO, nanoparticles by varying the particle size.



Zusammenfassung

Systematische Untersuchungen an Perowskit-Nanopartikeln erfordern mehrere Chargen
von moglichst monodispersen, einkristallinen Nanopartikeln unterschiedlicher Grofle,
aber mit vergleichbarer Kristallgiite und Sauerstoffstochiometrie. Durch die Mikroemul-
sionssynthese ist es moglich, die Nanopartikelgrofie durch das Wasser/Tensid-Verhaltnis
zu regeln. Somit konnen Chargen mit unterschiedlicher Partikelgrofie unter gleichen
Kalzinierungsbedingungen entstehen. Anhand der so hergestellten Chargen wurden die
magnetischen Eigenschaften von LaCoO, und La,_ Sr, MnO, Nanopartikeln untersucht.
In beiden Materialien fithrt die Reduzierung der Nanopartikelgrofle zu einer Vergroflerung
der Einheitszelle und einer Verlingerung der Ubergangsmetall-Sauerstoff-Bindungslinge.
Diese Veranderungen skalieren linear mit dem Oberflache/Volumen-Verhéltnis (S/V) und
sind wahrscheinlich eine Konsequenz von Wasseradsorption an der Oberflache. Da die
Bindungsenergie der Adsorbate sowohl vom Ubergangsmetallion als auch dessen Valenz
abhangig ist, dehnt sich das Kristallgitter in La, ,Sr MnO, stirker aus als in LaCoO,.
Durch Verringerung der Kristallfeldaufspaltung am Co®* ion fiithrt die Vergréfierung
des Kobalt-Sauerstoff-Abstands zur Stabilisierung des High-Spin-Zustandes (HS, S=2).
Demzufolge steigt das magnetische Moment in LaCoO, linear mit S/V an. Im Gegen-
satz zu Studien an diinnen Schichten von LaCoO, [1] ist die Co**-HS-Konzentration in
Nanopartikeln zu gering, um langreichweitige ferromagnetische Ordnung zu etablieren,
und die Nanopartikel zeigen paramagnetische Verhalten. In La, ,Sr MnO, Nanoparti-
keln schwécht die Verlangerung der Mn-O-Bindungsldnge und Verringerung des Mn-
O-Mn-Bindungswinkels den Doppelaustausch und reduziert somit die ferromagnetische
Ordnungstemperatur Tc. Tc wird weiter verringert durch den intrinsischen finite-size-
Effekt. The beobachteten grofieninduzierten Anderungen der magnetischen Eigenschaf-
ten konnten die kontrollierte Veranderung der magnetischen Eigenschaften in LaCoO,-
und La,_,Sr MnO,-Nanopartikeln gewéhrleisten.
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1 Introduction

1.1 Motivation

Solid-state physics Nanoparticle physics Molecular physics
—_— “Infinite” crystal — 13 nm <1nm

Figure 1.1: Whereas large single crystals can be well described by solid-state physics
assuming an infinite periodicity, and molecules such as this cobalt complex are
well understood in the framework of molecular physics discussing individual
atoms, the physics of nanoparticles can be different from either [2].

Nanoparticles often exhibit properties different from bulk material of the same com-
position, because their size is too small to show the properties of an "infinite” crystal (see
Fig. 1.1). Firstly, it has to be kept in mind that nanoparticle synthesis often requires soft
synthesis conditions (i.e. moderate tempratures), which tend to produce more defective
crystals than high-temperature crystal growth. If synthesis-related effects can be ruled
out, reducing the size of a crystal to nanoparticles (i.e. all three dimensions < 100 nm)
changes the physical properties by two main mechanisms: firstly the crystallite size may
approach the length scale of correlations and, secondly, as the number of atoms at the
surface increases with respect to the number of atoms in bulk, the properties of the
surface will have a stronger influence. The two effects will be briefly discussed.

1.1.1 Decrease of crystallite size

Miniaturisation can intrinsically alter electronic and magnetic properties. According to
Landau theory of ferromagnetism, the spin correlation length ¢ diverges as the tem-
perature approaches the Curie temperature Tc following ¢ = |T — Tc|™", where v is a
critical exponent [3, pp.131-133]. Once the crystal dimensions become smaller than
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the correlation length close to Tc, T is suppressed to lower temperatures according to
1-Tcn/Tep < s¢, where Tcn and T, are the Curie temperatures of the nanoparticle sam-
ple and the bulk material, respectively, and s is the nanoparticle size [4]. The exponent {
was found to be 1 for La, .,Ca, ,MnO, [5] and La,, ,Sr,, ;CoO, thin films [6].

The reduced size of nanoparticles (NPs) can lead to additional effects: The small
volume of nanocrystals changes the energy balance, which can lead to effects governed
by kinetics such as superparamagnetism: If long-range ferromagnetism is established
in nanoparticles with a size less than 100 nm, the cost of energy to maintain a domain
wall is higher than the energy due to demagnetizing fields if all of the nanoparticle ions
have aligned spins. Therefore, nanoparticles tend to be single-domain structures and no
coercivity is observed. However, superparamagnetism (SPM) can be established at small
sizes. The nanoparticle then behaves as one single macrospin, resulting in paramagnetic
behaviour with large magnetic moment, exceeding the single-atom moment by up to four
orders of magnitude [3, p.297]. The energy barrier to spin flip, AE, becomes comparable
to the thermal energy kg7, and the macrospin-flip time 7 follows an Arrhenius-type
of activation law [7], being a product of the attempt frequency 7!, which depends
on temperature, saturation magnetization, gyromagnetic ratio, energy barrier, and the
damping constant [7], and the probability of having high enough thermal energy [3, pp.
296-298]:

AE) (1.1)

keT

If the temperature drops below the so-called blocking temperature Tg, the magnetic
relaxation slows down and the magnetic response changes. Ty is defined as:

TZToeXp(

AE

Tg= ————
7 kpln(t)

(1.2)

where 7, is the time scale of the experiment [8]. The energy barrier AE is defined as
AE = KV, with K the magnetic anisotropy constant and V' the volume of the nanoparticle.
Consequently, the blocking temperature Tg oc V, for a given material with fixed magnetic
anisotropy constant K. Here, spherical particles are assumed and hence shape anisotropy
can be neglected.

In the blocked state, 7, < 7 or T < Tg, the time between flips is large with respect to
the measurement time. Therefore, the particles are in a well defined state. On the other
hand, in the superparamagnetic regime, where 7, > 7 or T > Tg, the fluctuating state
results in zero net moment in the absence of an external field. As soon as an external
magnetic field is switched on, the ensemble behaves as a paramagnet, but with a much
larger moment, up to temperatures of the order of the Curie temperature Tc, above which
it becomes just a normal paramagnet.

1.1.2 Increase of the surface-to-volume ratio

Apart from the reduced size of the crystal volume, NPs also have a significant fraction of
atoms located on the nanoparticle surface, where they are no longer coordinated in the
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b
L2

Figure 1.2: a) Rutile b) anatase and c) brookite crystal structures of TiO, with 0" jons in
red and Ti** ions inside the octahedra.

same way as atoms in the centre of the particle. In general, the large surface-to-volume
ratio of NPs (5/V) results in reduced coordination of metal ions at the surface, which can
lead to an increase of the unit-cell volume in oxide nanoparticles [9, 10]. Nanoparticle
surfaces can be strained, i.e. the inter-atomic distances are larger than in the bulk, due to
the small size [11, 12] and the strain can induce oxygen deficiency [13-16] or chemical
segregation [17].

Ferromagnetic long-range order can equally be influenced by S/V. Firstly, the magnetic
couplings at the surface of NPs can be highly frustrated and hence form a ferromagnet-
ically dead layer or a spin-glass state, reducing the magnetic moment with decreasing
particle size [7, 10, 18, 19]. On the other hand, the reduction of the number of nearest
neighbours at the surface may lead to a decrease of the band width and hence to magnetic
order. For instance, ferromagnetism has been shown for NiO nanoparticles [20], as well
as metallic clusters [7, 21, 22]. In antiferromagnetic NiO, the surface becomes ferromag-
netic due to reduced coordination, and changes in the crystal structure, mostly in the
rhombohedral distortion and lattice strain, leading to an increase of the sublattice spin
order. The reason for nanoparticle ferromagnetism in nominally non-magnetic metals
is not yet fully understood, but could be an effect of surface coordination, too [23], or a
consequence of reduction of the dimensionality [21, 22].

In the simplest assumption, the surface can be created by splitting the crystal along the
bonds: for the surface atoms this means missing partners after the split. The unsaturated
— dangling — bonds are responsible for high surface energy, which influences structural,
electronic and magnetic properties. Despite surface reconstruction, the free energy of
the surface ysA remains higher than the free energy of the bulk. Ref. [10, p.41] therefore
suggests to add a surface term to the Gibb’s free energy G:

G=H-TS-ysA (1.3)

where H, T and S are the enthalpy, temperature and entropy, respectively. With A the
surface per mol and ys the surface energy - taking surface reconstruction into account —,
the importance of the surface in thermodyanmic considerations of nanoparticles becomes
clear. Most prominently, TiO, nanoparticles have been shown to exhibit stable structural
phases (anatase and brookite) that are unstable for bulk TiO, (see Fig. 1.2). This is
related to the fact that anatase and brookite have higher bulk enthalpies H, but lower



1 Introduction

surface energies ysA than the bulk stable phase rutile [24, 25]. Since the surface becomes
dominant at small sizes, the overall energy of the system can be lowered by adopting a
structural phase with a higher bulk enthalpy H, balanced against reduced surface energy.
At the nanoscale, the most stable structure with the lowest free energy can therefore be
the one with higher bulk enthalpy but lower surface energy.

Simulations tend to consider clean surfaces, but in reality, the broken bonds of the
atoms at the surface are saturated, e.g. by hydroxides, which changes the value of ys
in Equation 1.3. Depending on the surface-to-volume ratio (S/V), this hydroxide layer
can contribute to the electronic properties as well as change the crystal structure, e.g.
stretching the interatomic bonds. Adsorbates or surface-specific defects can influence
the properties significantly. In transition-metal oxides, for example, the surface tends to
be slightly oxygen deficient, which can influence the lattice structure [26, 27]. Via the
surface energy ys adsorption can crucially affect the question whether the crystal lattice
will expand or contract [28, 29]. In polycrystalline NPs strains at the grain boundaries
may also affect structural and therefore magnetic properties [30].

As the crystal structure largely determines the physical properties of the material, the
increase of S/V can lead to a modification of physical properties indirectly via lattice
changes. These changes in the crystal lattice may include uniform expansion of the unit
cell [9], modification of the ratio of the unit-cell c-axis length to a-axis length [31] or
complete phase transitions as in TiO, mentioned above.

In the present thesis, nanoparticles of two systems with perovskite crystal structure
will be investigated, whose bulk properties are well documented. The first material
studied is LaCoO,, which at low temperatures is non-magnetic in bulk form since Co"
is in the low spin (LS) state (S = 0). However, LaCoO, nanoparticles have been shown to
be magnetic (see below). Magnetism in LaCoO, arises from the superexchange coupling,
i.e. the delocalization of an e, electron between a Co®* LS and a Co** HS ion via the
orbitals of the connecting O?~. The driving energy is the lowering of the kinetic enery by
distributing the electrons across the entire metal-oxygen-metal chain [32, pp.274-278].
Understanding the mechanism of emergent ferromagnetism at the nanoscale can provide
a whole series of new magnetic materials for nano-devices. La, Sr,MnO, on the other
hand, is a ferromagnetic colossal magnetoresistance (CMR) material, where the CMR
effect arises in the vicinity of x = 0.33 from the transition from ferromagnetic metal
to paramagnetic insulator in an applied magnetic field [33]. Recently, this material has
been explored for applications in magnetic hyperthermia treatments in its nanoparticle
form [34-39] and thin-film structures have been considered for applications as spin-valve
sensors and in magnetic random-access memories [40, 41]. Ferromagnetic coupling in
La, Sr,MnO, is established by delocalizing the e, electron of the Mn** across an O~ ion
to the Mn** ion by simultaneous hopping. This mechanism is called double exchange,
where the ferromagnetic nature is due to Hund’s first rule between localized ¢34 electrons
and the hopping, mobile e, electrons [32, pp. 279-281]. In both materials, the size-
dependent magnetic properties will be examined systematically. As the nanoparticle size
can easily be manipulated, material-independent tunability of physical properties may be
achieved.
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Figure 1.3: a) The cubic crystal structure of perovskite ABO, and b) the R3¢ rhombohedral
crystal structure with tilted [MOg] octahedra. The oxygen ions (O*7) are
shown in red, the central yellow (a) or grey (b) ion represents A%*, and the
blue ions are the trivalent transition metal ions B**.

1.2 Background

1.2.1 LaCoO4
1.2.1.1 Bulk LaCoOj4

LaCoO, has the R3¢ rhombohedral structure shown in Fig. 1.3, and tends to twin along
the (100) and (110) pseudocubic lattice planes [42]. The structure can be derived from
the cubic perovskite by tilting all oxygen octahedra about the [111] pseudocubic axes
(a”a"a tilt system). The deviation from cubic symmetry is due to the size of the central
La* ion and can be quantified using the Goldschmidt tolerance factor f [41, 43]:

ra + r
ATO (1.4)

/ V2(rp +ra)

where ra, rg, and rp are the radii of the ion in the centre of the pseudocubic cell, the
ion inside the octahedra and the O?" ion, respectively, in a generalized ABO, perovskite
crystal structure.

As the tolerance factor f < 1, the structure distorts by tilting the [CoOj,]*~ octahedra.
The rhombohedral distortion of the pseudo-cubic cell can be analysed by the parameter
dy, which describes the deviation of the 6e Wykoff position from the cubic one. In
this framework, dy is defined for the position of the 6e atom, in this case oxygen, as
(1/4 — 8y, 1/4 + 6y,3/4) [44]. The effect of the rhombohedral distortion §y on the
electronic structure was calculated with density functional theory, yielding a critical
value y = 0.052, below which LaCoO, is magnetic, where

oy = gcos(9/2) (1.5)
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with d the Co-O bond length, a the hexagonal lattice parameter, and 6 the Co-O-Co
bond angle [45].

Co3+ : 3d¢

Figure 1.4: The e, and t, 3d electronic energy levels are split by the crystal field. The
Co®* ion can occupy the low-spin (LS), intermediate spin (IS), or high spin
(HS) states due to the small energy difference between these states [46].

Pure LaCoO, is non-magnetic (S = 0) at temperatures below 100 K [47, 48] and shows
a transition to paramagnetic above [49], which is due to a spin transition: The Co®" ion
in LaCoO, has the 3d° valence state and can be present in low-spin (LS), high-spin (HS)
or intermediate-spin (IS) configuration. All three possibilities are shown schematically
in Fig. 1.4. The spin configuration in LaCoO, is governed by the balance of crystal field
splitting A¢s = 10 Dq = 0.7 €V [50, 51] and the intraatomic (Hund) exchange energy
Aex [52].

Table 1.1: The properties (spin quantum number, electronic configuration, effective mag-
netic moment meg, and atomic radius r,) of low-spin (LS), high-spin (HS), and
intermediate-spin (IS) states of the Co>* ion LaCoO;.

LS IS HS
spin | S=0  S=1 S=2
configuration | 15 e) 13 Ly

megr (ug) | 0 211  3.16 [53, 54]
ra (A) | 0.545 0.56 0.61 [55, 56]

The ground state of the Co®* ion is thus low spin (LS, S = 0), with a transition to an
excited state with higher spin at about 100 K. The HS or IS configurations are stable at
higher temperatures due to thermal excitation and also lattice expansion, which tilts the
balance between A and Ay towards the latter [52, 53]. It has long been a controversial
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issue, whether the excited state is the IS or HS state, and what the energy differences
between LS-IS and LS-HS are. The energy difference between LS and HS and between
LS and IS have been calculated and measured by a range of techniques. Local density
approximation (LDA+U) predicts that LS lies 0.08 eV under the excited high spin state (HS,
S = 2) ([53] and references therein). The LS-IS difference is around 20 meV (232 K) [52,
57], and the LS-HS difference has been found at 125 meV (1450 K) [57]. As the large energy
difference between LS and HS seemed incompatible with the low transition temperature
between non-magnetic and paramagnetic behaviour, many researchers classified the
transition at about 100 K as a LS—IS transition [58-62], which might be stabilized by
hybridization of oxygen 2p states with cobalt 3d states [52] in violation of the Tanabe-
Sugano diagram.

Instead of an isolated IS state, Ref. [63] have found a LS to LS/HS ordered state transition,
with the order melting at high temperatures. The driving energy behind this phenomenon
is proposed to be charge fluctuations, present at low temperatures. Considering a mixed
state, Ref. [50] have used a thermodynamic approach and considered entropy of mixing.
This shifted the energy balance in favour of a LS-HS mixed state (0.05 eV above pure
LS) instead of the LS-IS mixed state (0.2 eV) [64]. This calculation predicted a Co®* HS
concentration of 33% at T=300 K [50]. Recently, a number of experiments provided strong
evidence in favour of a LS—HS transition at 100 K, without an intermediate IS state. The
degeneracy of the HS state is lifted by spin-orbit coupling, leading to a pseudo-orbital
moment (L = 1) associated with the tog orbitals [51]. The coupling leads to a pseudo
total momentum of J = 1 as the lowest lying triplet. This is in contrast to LaCoO, in the
LS state, where orbital momentum is quenched and spin moment is fully compensated
leading to S = 0. The spin-orbit coupling in Co®* HS leads to g = 3.5 for the spin
orbit triplet with J = 1 [65]. The expected magnetic moment s with these values is

Heff = gj\/ j( T+ 1) = 4.74, which incidentally almost equals the expected moment for
the spin-only contribution with g = 1.95 [66]. Electron paramagnetic studies found
g = 3.35 [65, 67], whereas inelastic neutron scattering yields g ~ 3 [68] and Ref. [51]
used X-ray magnetic circular dichroism and near-edge X-ray absorption (XA) analysis
in combination with a configuration interaction cluster model to obtain g = 3.2. These
results confirm the high-spin nature of the excited spin state in LaCoO,, since gis ~ 2.0
[68]. These findings have been confirmed by multiplet fits on XA spectra of thin films [47,
69], as well as single crystals [59]. The IS state was found to lie about 0.1 eV above the
LS and HS levels, which cross at A = 1.7 €V [69]. Eder used the variational cluster
approach to confirm the HS excited state and also showed that, as the population of ¢,
bands increases at the expense of tyg, there is a slight net charge transfer from Co to O.
This is due to the admixture of HS ¢, eg with the LS ¢ " As the e, orbitals hybridize with
O via the stronger ¢ bonds, the admixture results in a decrease of covalency, resulting in
charge transfer back to oxygen.

An alternative way to differentiate between the IS and HS states is Jahn-Teller distor-
tions. Due to the Jahn-Teller effect, systems with a single electron in a degenerate level
will tend to split these levels by spontaneously distorting the octahedral environment.
The change in energy is AE = —Ae + Be?, where ¢ is the local strain and the first and
second terms are the crystal-field stabilization energy and the elastic energy, respectively.
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Figure 1.5: (a) The exchange between Co®" LS and Co®" HS is prohibited due to spin
blocking. (b) Superexchange between Co®" LS and Co** HS without charge
transfer [47].

Clearly, the Co®* LS is not Jahn-Teller (JT) active, because all the t;4 levels are occupied
by two electrons each. The IS state, on the other hand, is JT active, as it only has one
electron in the degenerate e, states [56], whereas the JT effect is expected to be extremely
weak in the HS state, since the only possibility to lower the energy is by splitting the
toq levels, which are unequally occupied. The JT distortion reduces the symmetry of the
environment, which can lift the quenching of the orbital moment and induce spin-orbit
coupling [3, p.120]. As there is no experimental evidence for Jahn-Teller distortions in
LaCoOj, [70, 71], the "direct” cross-over from LS to HS can be confirmed, as well.

As the LS-HS energy difference is very low, entropy-based calculations predict 10%
HS population as the ground state [72], and the population of the o* ¢, bands (HS) at
the expense of the 7* t;; band occupation is a gradual cross-over instead of one sharp
transition [73], centred around 90 K [74], with about 70% of all Co®" ions in the high-
spin state at 100 K [66]. The magnetic order is established between Co®" HS and LS
ions by superexchange, which according to the Goodenough-Kanamori-Anderson rules
is ferromagnetic [3, p.139]. The redistribution of the spin moments of the ;4 electrons
along the Co**HS-0-Co?*LS bond allows the interchange of HS and LS without charge
transfer [47]. This is shown in Fig. 1.5(b), whereas Fig. 1.5(a) shows that the presence of
Co** cannot lead to ferromagnetic order by double exchange due to spin blocking. Long-
range ferromagnetic order requires a continuous network of Co** HS-0-Co>*LS bonds to
allow electron hopping between Co®* HS ions and Co>* LS ions throughout the material.
According to bond percolation theory this is achieved at a minimum concentration of 25%
Co>" HS [75], but since the Curie temperature Tc = 85 K, the necessary concentration
is reached only at temperatures where the correlations are no longer strong enough in
single-crystal LaCoO,.

Even small changes to the bond length and the Co-O-Co angle can sensitively alter
the balance between crystal field splitting and Hund coupling [47]. Parameter Sy in
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Equation 1.5 can serve as a critical parameter to determine whether the ground state of
LaCoO, is non-magnetic (5y > 0.052) or magnetic with a magnetic moment of 1.3 up if
dy < 0.052 [44]. The sensitive correlation between crystal structure and magnetic mo-
ment has been confirmed in high-pressure experiments: the magnetic moment decreases
as the pressure increases [57, 76, 77].

The sensitivity of magnetic properties of LaCoQO, to the crystal structure is also reflected
in the sensitivity to oxygen stoichiometry. As most perovskite oxides, LaCoO, shows
a certain tendency to form oxygen vacancies. This property, like many others, can be
size-dependent: First-principle calculations show that the oxygen-vacancy formation
energy, as well as the adsorption energy, increase significantly if biaxial, tensile strains
exceed ¢ > 0.03 [78]. This leads to an increase in structural anisotropy, as the Co-O
bonds are stretched non-uniformly. Oxygen vacancy creation and ordering is observed
in thin films under tensile strain [79, 80]. Oxygen stoichiometry plays a large role both
in controlling structural and electronic properties [81, 82]. Oxygen vacancies V, result
in expansion of the lattice, but are equally reported to drive the rhombohedral structure
towards cubic symmetry [42]. Elongation of the c-axis [17, 83] seems to lead to reduced
conductivity [84] due to changes in the Co oxidation state [85-87] and disorder introduced
by oxygen vacancies [85].

Oxygen vacancies in LaCoO, can lead to the reduction of Co®" to Co**, and also
the transferred electrons fill the unoccupied Co 3d states. Co?* can lead to a distorted
tetrahedral coordination at the surface [79, 80], in which case the spins order antifer-
romagnetically [79]. Although Co** HS carries a magnetic moment (tggeg,s = 3/2), it
cannot couple ferromagnetically to Co®* HS due to the spin blockade effect [47]. Defects
like Co®* can act as nucleation sites for Co®" IS or HS clusters [46, 88]. Oxygen vacan-
cies [89, 90] can form magnetic polarons leading to a higher magnetic moment at low
temperatures.

In polycrystalline samples, an increase of the ferromagnetic moment has been mea-
sured, as well as a larger difference between field-cooled and zero-field cooled curves [45],
indicating association of ferromagnetic coupling with surface and interface defects. The
interface between grains in polycrystalline materials makes them different from free-
standing nanoparticles, the properties of which are discussed below. Androulakis et al.
have identified two different kinds of ferromagnetic interactions depending on the tem-
perature range, both related to Co** impurities which result from La vacancies [91]. A
cluster glass with short-range ferromagnetic ordering was also observed [56].

1.2.1.2 Thin Films of LaCoO3

A large concentration of Co®* at low temperatures due to epitaxial strain was first
observed by Fuchs et al. [1] and confirmed by Refs. [92, 93]. The stretching of the Co-
O bond by epitaxy stablizes a 75% high-spin/25% low-spin mixed state which leads to
ferromagnetic behaviour at T < 85 K [1, 94]. As polycrystalline, unstrained films do not
show ferromagnetism, the possibility of surface-based ferromagnetism is eliminated. Choi
et al. showed that only positive epitaxial strain can lead to a ferromagnetic LaCoO, low-
temperature state [92]. For extremely thin films (15 unit cells) on SrTiO, the ferromagnetic
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state is stabilized at T < 55 K [55], which is probably due to the intrinsic size effect
discussed above.

1.2.1.3 Nanoparticles of LaCoO4

An elongation of dc,-0 by up to 0.2% and increase of the unit-cell volume by up to 0.3%
has been measured for nanoparticles with diameter 24 < (s) < 500 nm, achieved by
varying the calcination temperature 600 < T, < 1100°C [76, 77, 95-97]. Calcination
means the heat treatment at high temperatures to induce crystallization. The changes
seem to scale linearly with S/V. A summary is provided in Table 1.2. Similarly to the
high-pressure experiments and the epitaxially strained thin films described above, the
structural changes could lead to ferromagnetic behaviour in nanoparticles of LaCoO;.

Several groups have indeed observed ferromagnetic order at T < 85 K in nanoparticles
of LaCoO, [76, 77, 95-97, 100, 101]. The transition temperature seems to be independent
of the particle size. Wei et al. identify s = 130 nm as the critical size below which
ferromagnetic behaviour occurs [97], but Zhou et al. reported ferromagnetic behaviour
up to particle sizes as large as 450 nm [96].

Several mechanism for NP ferromagnetism were considered. An overview over the
magnetic properties of LaCoO, NP measured so far is given in Table 1.2. Although all
studies show an increase of magnetic moment with decreasing nanoparticle size, there
seems to be little consistency in the value of magnetic moment and the general magnetic
behaviour.

Firstly, it was suggested that the ferromagnetism arises mainly at the surface of LaCoO,
nanoparticles [102], which is supported by single-crystal studies [100]. Fuchs et al., on
the other hand, have shown that the ferromagnetic moment increases with film thickness
in thin films, which shows that the epitaxial strain induces ferromagnetism in the bulk of
thin films, with negligible surface contribution [1].

Durand et al. have also related the ferromagnetic interactions in LaCoO, nanoparticles
to moments at interfaces due to the presence of Co,0,. These moments are supposed to
order at low temperatures due to tensile stress in the material [100, 101]. The increase of
the c lattice parameter is described as a consequence of ferromagnetic cluster formation,
not as the origin [45]. An alternative explanation can be found in the Jahn-Teller (JT)
distortion of the octahedra [95] by surface tension [97]. As pointed out above, the IS state
of Co®* is not expected to be occupied at all, but instead the competition is between LS
and HS states. Since none of these are JT active, explanations involving the JT effect are
less likely.

As has been shown for thin films, the transition to the higher spin state can be in-
duced by lattice expansion which has been systematically studied on epitaxially strained
LaCoO, thin films deposited on different substrates [47, 69, 103], and Co>* HS state was
also suggested in nanoparticles [76, 77, 95, 97]. Refs. [95-97] find a ferromagnetic and
paramagnetic phase co-existence, with increased magnetic moment at smaller particle
sizes due to expansion of the unit cell [95]. Ref. [76, 77] have shown a size-dependent
increase of ferromagnetic order alongside expansion of the unit-cell volume, and, just as
Ref. [99], they suggest magnetic phase separation into a ferromagnetic and an antiferro-
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Table 1.2: Summary of LaCoO, studies published on nanoparticles: Reference, synthesis

technique, range of nanoparticle sizes, information on oxygen stoichiometry
and size-related changes of the crystal structure, as well as magnetic properties

such as the magnetization at an applied field of 5 T, the trend of magnetization
vs. surface-to-volume ratio S/V, the Curie temperature Tc, its change with S/V,

and the suggested mechanism of size-induced magnetism in LaCoO, NP.
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magnetic part. They have also shown that the ferromagnetic moment can be reduced by
applying isostatic pressure to the nanoparticles.

Alternatively, Co®* HS ions could be present only at the particle surface, which could
explain why the transition temperature does not change with particle size. However,
since the lattice expansion as observed from X-ray diffraction is a bulk effect of the entire
NP, it cannot be related to surface magnetization. Moreover, Ref. [69] have ruled out the
surface effect by comparing surface-based (Auger spectroscopy) results to bulk results.
The thickness dependence of magnetization in LaCoOj thin films, as shown by Ref. [1],
is in contradiction to surface-based magnetism, too.

All references cited in Table 1.2 assume phase separation into two micro-regions, but a
deeper understanding of LaCoO, at the nanoscale seems to be lacking. Although several
references have suggested a relationship between unit-cell expansion and increase of
magnetic moment due to stabilization of the HS state, to the best of my knowledge there
have been no studies directly assessing the size-dependent concentration of Co®* HS.
Additionally, there seems to be no agreement in the quantitative relationship between
size and structural parameters and size and magnetic properties.

Some of the discrepancies could be a result of synthesis procedures. One possibility
to prepare nanoparticles of LaCoO, is co-precipitation [99], but this leads to significant
amounts (up to 28%) of Co,0,. Alternative methods, such as the citrate method [77], and
the sol-gel method [95, 97], require a variation of calcination temperature T, to obtain
different particle sizes. At Tc,c > 600°C, particles start to sinter, forming polycrystalline
material with grain boundaries, which are different both from the crystallite in the par-
ticle bulk and from the free surface [104]. In addition, impurity phases start to form at
higher calcination temperatures [105, 106], which suggests thermodynamic instability of
the pure LaCoO, phase, and hence it is quite likely that even at lower temperatures im-
purities or defects form without being seen in the X-Ray diffraction pattern, because the
impurity pattern is smeared out due to the small NP size and cannot be separated from the
background. Nonetheless, the defect density due to impurities will be more pronounced
for nanoparticles treated at higher calcination temperatures, yielding different properties
compared to samples treated at lower temperatures. These differences are not intrinsi-
cally related to the NP size. On the other hand, increasing the calcination temperature
tends to anneal crystalline defects such as vacancies, dislocations and stacking faults,
which also leads to different properties for differently calcined samples. Even oxygen
stoichiometry can be a function of the calcination temperature [107] or cooling rate [108,
109]. Consequently, any variation in physical properties, e.g. magnetism, could be either
due to nanoparticle size or due to the difference in calcination procedure.

Therefore, the samples prepared in the present study are all calcined at the same
temperature. This separates purely size-induced effects on physical properties from
other effects such as defect densities related to calcination temperature. The increasing
Co-O distance dco-o with increasing S/V is thus shown to be an intrinsic consequence of
reduced NP size.
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1.2.2 La;  Sr MnO,
1.2.2.1 The effects of Sr substitution in LaMn03

Similarly to LaCoOs,, the structure of LaMnO, can be derived from the cubic ABO, per-
ovskite, but instead of the rhombohedral structure, pure LaMnO, has the orthorhombic
structure Pbnm. Replacing a fraction x of the La** ions by the larger Sr** ions results
in a reduction of the Mn-O bond length d and an increase of the Mn-O-Mn bond an-
gle 0 towards 180°. At room temperature, the transition from orthorhombic Pbnm to
rhombohedral R3¢ occurs at x = 0.17 [26, 110, 111].

Due to charge neutrality, replacing La®>* by Sr?* increases the maganese valence from
Mn>* to Mn** for the same fraction x of the manganese ions. Besides thin-film prepara-
tion, the rich phase diagram (Fig. 1.6) and magnetoelastic coupling in La, ,Sr_MnO, has
triggered strong research activity into La,  .Sr_ MnO, nanoparticles [19, 36, 112-126].

Lai_lSr:HnDI

1T T TP i) 1T T
T =48
:. g
L~ N
300 | ¢ . -
) | / [ f""‘ﬁ
E AFM-Iﬁ% T
200 (. o s i \ p —
g [ Tl \
Ly (4 = bl 4
2 100 | :eo- i i co-n § -
i i S
IFMA S FMM L% § AFWH §_)
| TG (I e e TR T TN T
0 0.2 04 0.6 ne 1.0

Sr Concentration X

Figure 1.6: Phase diagram of La,_ Sr, MnO, [127].

Since the crystal-field splitting in La, ,Sr MnO, is A = 1.5 eV, but the exchange
energy is Aex = 2.5 €V, the Mn®* ions are in the high-spin state with S = 2, and S = 3/2
for Mn** [40]. As described above, the Jahn-Teller distortion can lift the degeneracy,
and lower the energy of the Mn®** ion (Mn** is not JT-active). While the distortion is
often observed in manganites with x < 0.17, it is strongly reduced at higher levels of Sr
substitution [40].

The presence of both Mn** and Mn** ions results in e, double exchange between Mn**
and Mn** via Mn 3d and O 2p orbitals [129-131], as illustrated schematically in Fig. 1.7.
For a doping level exceeding x = 0.175 [110, 127], the material transits from a paramagnet
(PM) to a ferromagnet (FM) at room temperature (see Fig. 1.6). Since double exchange is
very sensitive to the orbital overlap, positive pressure and strain can increase the magnetic
ordering temperature [41, 132-134], whereas anisotropic or negative strain can reduce Tc
[40, 41, 134-137] or modify the orbital order [138, 139], and the octahedra tilt [140-145].
Tensile strain of the lattice can lead to an increase of the Mn-O-Mn bond towards 180 °,
which has been observed experimentally [31, 113, 146-148]. Equation (1.6) correlates the
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1.2 Background
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Figure 1.7: Schematic representation of double-exchange coupling between Mn>* and
Mn** ions in La, Sr MnO,. Electron hopping is only possible if the t;5 spins
on the left and right ions are aligned [128].

Curie temperature under strain (Tc(ep, &r)) with the bulk compressive strain eg, the JT
distortion &7 and the Curie temperature for unstrained samples, Ty [149]:

1+ EB dTC 8]2”[‘ dzTC
Tc deg  2Tc dé‘JZT

Tc(e, 1) = Teo (1.6)

Hence, the magnetic properties of La, , Sr, MnO, show a sensitivity to structural pa-
rameters, too, but in contrast to LaCoOj, the relationship is based on the double-exchange
mechanism rather than the spin-state transition in LaCoO,.

Delocalization of the e, electrons via double exchange leads to electrical conductivity
as well as ferromagnetism. Electrical conduction in these manganites is metal-like below
Tc with a high spin polarization [40, 144, 150] and changes to activated transport above:
both small polaron and variable range hopping have been observed [151, 152]. It has
been found that this metal-insulator transition temperature, i.e. Curie temperature Tc,
shifts with applied fields to higher temperatures [33, 41, 110, 153]. At temperatures
close to Tg, it is therefore possible to observe a resistivity drops by several orders of
magnitude if a magnetic field of several Tesla is applied, because the metal-insulator
transition temperature increases when applying a field. This behaviour is termed colossal
magnetoresistance (CMR).

Within the double-exchange picture introduced by C. Zener [154], the CMR effect
is explained by localization of the electrons on Mn ions, resulting from the three t,,
electrons. The mobile e, electrons, on the other hand, have a transfer interval based on
the angle © between two neighbouring localized S = 3/2 spins [40]. The transfer intergral
t =ty cos ©/2 can be influenced by a magnetic field if it is strong enough to align the core
moments [41]. Millis et al. have shown that the behaviour of CMR manganites cannot
fully be understood in the double-exchange picture, and electron-phonon coupling both to
Jahn-Teller and breathing-type modes has to be considered, which leads to an increased
sensitivity to applied strain [149, 155]. This is reflected by lattice contraction when
cooling through Tc [41]. The wide band-gap manganites such as La,  Sr. MnO, with
0.25 < x < 0.5 can be described quite realistically using a pure double-exchange picture,
whereas manganites with low T¢ and high magnetoresistance are far away from a pure
double-exchange behaviour [41].
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1 Introduction

1.2.2.2 La;_Sr, MnO, nanoparticles

Despite the possible influence of particle size on structural and therefore magnetic prop-
erties in La;_ Sr_ MnO, NPs, reliable systematic studies are lacking. Research published
so far is often contradictory, mostly with respect to the influence of nanoparticle size on
the structural parameters.

Towards the nanoscale, an increase of the Mn-O-Mn bond angle towards 180° and a
decrease in the bond length Mn-O was observed [113, 133, 156], both of which strengthen
the double-exchange coupling [157, 158]. An overall expansion of the lattice was observed
for nanoparticles with 50 nm diameter [133] and down to 16 nm attributed to reduced
surface coordination and disorder [121]. In contradiction, unit-cell contraction has been
measured in La,,Sr,;MnO, nanoparticles synthesized by the same method and with
diameters less than 22 nm [156, 159]. The reasons behind this discrepancy are not fully
understood, but possible explanations will be discussed below.

As mentioned on page 3, the surface of nanoparticles is often found to be magnetically
frustrated [7], which results in a reduced magnetic moment compared to bulk. However,
in La,  Sr_MnO, other effects can be responsible for reduced magnetization at the surface
[35, 115, 118-120, 133, 156, 159-162] for nanoparticles below 50 nm diameter [112, 163].
Cation redistribution - i.e. accumulation of Sr on the surface — due to electrostatic reasons
and lattice strain from the difference in atomic radii between La** and Sr?* have been
reported in thin films [164] and nanoparticles. This could be one of the reasons behind
non-magnetic shells on La,,Sr,;MnO, particles [165]. On the other hand, magnetic
core-shell structures have been observed without any indication of structural changes in
TEM micrographs [166].

Although some studies found that La, , Sr. MnO, nanoparticles down to 15 nm size have
the same T¢ as bulk single crystals [167, 168], mostly a decrease of the Curie temperature
has been observed [35, 36, 113, 117, 124, 159, 163, 169]. A selection of results is presented
in Table 1.3:

Table 1.3: Some studies on nanoparticles with different size and Sr concentration x show-
ing structural changes, relative change of T¢ (AT¢) and explanation.

Ref. size (nm) x structural AT (%) explanation
changes
[113, 117] 15 1/3 | NA -8 NA
[163] 50 1/3 | no change -13 chemical inho-
mogeneity
[124] 20-95 1/3 | P =-046% |-18-0 finite-size effect
[35] 30-49 0.25 | NA -8--5 magnetically
dead layer
[36] 11-14 | 045 | NA 23 - -7 NA
& 12-16 | & 0.25 | NA &-18 - -1 NA
[118] 37-90 03 | gty 20 no change NA
[169] 15 1/3 | no change -4 NA
[159] 19-34 03 | §575 <0 8-0 finite-size effect
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1.2 Background

Table 1.3 clearly reveals a lack of consistency in the relationship between T¢ reduc-
tion and nanoparticle size, and detailed structural analysis was not always performed.
Variation in experimental values is typical of perovskite manganites, as these materials
can tolerate significant deviation from stoichiometry without structural phase transitions,
while their properties are extremely sensitive to stoichiometry and defect structures [135].
As for LaCoOj,, the preparation techniques for La,  Sr MnO, nanoparticles largely in-
volve a variation of the calcination temperatures [35, 36, 113, 117, 118, 121, 124, 133,
159], which makes it difficult to isolate the influence of the nanoparticle size. For ex-
ample, varying the calcination temperature between 700 and 1100°C for La, , Ca, MnO,
can change the concentration of oxygen vacancies by up to 10% [107, 170] (although
the crystal lattice parameters only differ by up to 0.3%). The Mn-O-Mn bond angle may
shrink by up to 1.2% (Ref. [148]). Refs. [122] and [39] used the glycine nitrate process
to produce La, Sr,MnO, nanoparticles, and found that the change in T is different
depending on whether x < 0.25 or x > 0.25. In the former case, nanoparticles have
an increased Tc compared to bulk values, whereas in the latter case Tc was lowered for
nanosized particles (d ~ 26 nm) due to oxygen excess. In thin films, the reduced T¢ is
possibly related to disorder, which can lead to a less efficient double-exchange coupling
and localize charge carriers [171].

Different critical nanoparticle sizes to achieve single-domain behaviour have been
reported for x = 1/3: 22 nm [159], 36 nm [113], or 50 nm [172]. The discrepancy could be
related to defect density. Decreasing the size further, the superparamagnetic limit can be
reached at sizes of ~ 10 nm [173] to 16 nm [162, 174] with a blocking temperature Tg (see
Equation 1.2) of 110 K for NPs of 12 nm [115] and 320 K for La, , Sr MnO, nanoparticles
with s % 20 nm, and with x = 0.3 [175]. In the present study, all samples of La;  Sr, MnO,
are outside the superparamagnetic regime because their size is too large ({s) > 20 nm) or
because the Curie temperature is too low (T¢ < 320 K).

Similarly to LaCoO, the La,_ Sr MnO, NP samples in the present work are synthesized
using the same calcination conditions for different average NP sizes. This allows the
direct comparison of nanoparticle size and magnetic properties without any influence of
calcination temperature.
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2 Methods

2.1 Synthesis

The two main methods to produce transition-metal oxide NPs are sol-gel synthesis and
microemulsion synthesis (ME). While sol-gel synthesis is widely applied to produce
perovskite NPs, varying the concentration of precursor species allows only a very limited
control over particle size. To produce a wider range in sizes, calcination temperatures
are varied from 600-1100°C for LaCoO, [76, 77, 95, 97, 98], and between 700-1200°C for
La, Sr,MnO, [113, 118, 121, 126, 133, 159].

Although this is an easy way to change the NP size [36], it has also a pronounced
effect on crystal quality, defect density, and oxygen stoichiometry [27, 48, 107], making a
comparison of NP with respect to their structural and magnetic properties difficult.

In the end, ME was employed to produce NP batches with different average sizes using
comparable synthesis conditions. While having the advantage of producing a range of
NP sizes under similar conditions, ME has the drawback of extremely low yield, which
prevented he use of some characterization techniques, such as quantitative chemical
analysis or surface area measurement by adsorption.

2.1.1 Microemulsion Synthesis

A microemulsion generally contains four components: a hydrophobic phase (e.g. hex-
anol), a hydrophilic phase (water), a surfactant and a co-surfactant (usually short to
medium chain alcohols [176, 177]). The right amount of surfactant leads to the formation
of reverse micelles which can be considered “nanoreactors” [178], limiting the size of the
nanoparticles. The micelles form as a compromise between increase in energy due to
non-homogeneous distribution of surfactant molecules and energy gain due to ion-dipole
interaction by bringing the hydrophilic chain ends into contact with the water fraction
and hydrophobic chain ends into contact with the non-aqueous portion.

2.1.1.1 Size Control

The size of the "nanoreactor”, which influences the expected nanoparticle size, is difficult
to predict. A simple estimate of the micellar radius Ry, given in Ref. [179] is based on the
electric double layer due to the surfactant molecules at the water-oil interface, AGeq, the
entropy contribution AGg and the interfacial tension yyg:

0.99 X ymE

- T IME (2.1)
AGg — AGeqi

m
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2.1 Synthesis

This implies that microemulsions are thermodynamically stable in certain regimes of
water-to-surfactant ratio and temperature, since the orientation of molecules minimizes
the interfacial tension [179, 180].

The walls of these "nanoreactors” are not rigid and hence mixing two microemulsions
with different species contained in the water phase leads to exchange of these species
between micelles. The wall energy can be optimized by adding co-surfactants, which act
as spacers between the positively charged surfactant heads [180], influencing both ymg
and AGeq.

The general procedure for ME synthesis requires at least two microemulsions with the
same water-to-surfactant ratio. One ME contains the nitrate salts of the elements required
for the product dissolved in the water phase, the second one contains a precipitating agent,
e.g. NaOH or (CH),NOH. Mixing the two microemulsions leads to the precipitation of
hydroxides (low solubility in water) within the micelles. The size of the precipitate can
be controlled by the size of the micelle and the concentration of the precursors, i.e. by the
amount of material available inside the micelle for growth of the nuclei. The hydroxide
particles are covered by surfactant molecules, which largely prevent contact between
hydroxide particles and thus minimizes further coalescence and growth.

In traditional precipitation in the supersaturation regime the particle size distribution
becomes Gaussian: the evolution of the mean particle size 7 is a function of the molar
concentration of precursors Cy, decreasing with time ¢, the molar volume V;;, and the
diffusion coefficient [181].

7 = \/2DVuCoVt (2.2)

In stationary conditions this leads to the distribution P(r):

—K(r —r*)?
kgT
where r* is the critical radius, and K is a constant. However, for the case of microemul-

sion synthesis, the conditions are not stationary, and a sharp size distribution can be
achieved with

P(r) o exp (2.3)

7 oc 1% (2.4)

The time allowed for reaction is therefore a balance between providing enough time
for the micromicelles to exchange their content and stopping the reaction in time to avoid
coarsening.

The size of the micelle (radius Ry;) can be controlled by the water-to-surfactant ratio
R,, within a certain range. Considering the micellar molar volume V) as a function of the
moles of surfactant and water per micelle, ng and n.,[180]:

4JTRI3VI
VM = 3 =nVi + ny Vi (2.5)

where V, is the volume of water in the micelle.

The surface area Sy of the micelle can be approximated as:
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Sm = 47RE, = ngSs (2.6)

where S; is the molar interfacial area at the surfactant-oil boundary. Fixing the volume
of the system, R,, = ny/ns, the micelle radius becomes:

3V,  3VuR.,
Ry=—+ 2.7
R 27)
The inner radius of the micelle, i.e. the radius of the water droplet, is:
3V
Ry = 3 i (2.8)

where Vyy; is the total water volume and S is the total interfacial area per unit mass of
microemulsion [182]. Assuming only monolayers of surfactant molecules and neglecting
the ones at the surface of the microemulsion, S can be calculated as:
— cpc)mN,
S = ap x (y — cuc)mNa

o (2.9)

where ay, is the specific surfactant molecule area, on the order of ~ 0.5 nm?, cuc
the critical microemulsion concentration, y the weight fraction of the surfactant (y =
Msurf/ Miotal)s Na Avogadro’s constant and Mg the molecular mass of the surfactant.

Eq. 2.8 is valid for R,, > 10, as at smaller values V4, V5 and Ss are no longer independent
of R,,[180]. On the other hand, increasing the water content too much tends to form a two-
phase system where the curvature of the boundary between continuous phases of oil and
water is constant throughout the system [183]. In this bicontinuous regime the amount of
molecules available for particle growth is no longer limited by a nanoreactor” boundary,
and time, temperature and precursor concentration become the only controlling factors,
usually leading to much larger nanoparticle sizes compared to the ME regime. The ME
stability range is also influenced by temperature, the precursor concentration [184], and
the nature of the precursors [180].

This simple picture of size control by micelle size neglects the influence of micelle wall
flexibility. While Brownian motion leads to frequent collisions between micelles, not
every collision results in the exchange of matter. Depending on the surfactant (molecule
size, ionic charge, chain rigidity and branching), the probability for exchanging contents
upon collision can be higher or lower, influencing the reaction time of precipitation
and growth and hence influencing the size of the nanoparticles at a given reaction
time [183]. Furthermore, the rigidity of the micelle wall influences the micelle size
and hence changing the surfactant or the co-surfactant or the ratio of surfactant to
co-surfactant can change the range of possible micelle sizes and expand the possible
range of nanoparticle sizes. However, using ethylene glycols (Synthesis A) or cetyl
trimethyl ammonium bromide (Synthesis B) as surfactants, the same R,, resulted in
similar nanoparticle sizes. For example, using R,, = 8, Synthesis A yields (s) = 19.5 nm,
and Synthesis B results in (s) = 19 nm for LaCoO,. The ratio of surfactant to co-
surfactant cannot be varied indefinitely, as systems with two or more different micelle
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OH

Figure 2.1: Molecular formula of nonylphenol n-ethylene glycol ether, with n = 5 for
Tergitol-NP5®and n = 9 for Tergitol-NP9®

sizes can develop, leading to a large size distribution or element-specific segregation of
the precursors.

In addition to the sensitive thermodynamic balance of ME, the choice of surfactant can
lead to chemical reactions between surfactant and precursors, changing the ratio of the
elements in the final product, or leading to secondary phases [180]. Therefore, thorough
washing is required when using CTAB to avoid the formation of LaBr,.

2.1.1.2 Procedure

In the present work, the samples were prepared using microemulsions with nonylphenol
polyethylene glycol ether [185] (Fig. 2.1) and cetyl trymethyl ammonium bromide (CTAB,
see Fig. 2.2), obtained from VWR International)[186] as surfactants, respectively. In the
former case, a 2:1 mixture of nonylphenol pentaethylene glycol ether (Tergitol-NP5®)
and nonylphenol nonaethylene glycol ether (Tergitol-NP9®) was used (shown in Fig. 2.1).
Synthesis procedures for NP5/NP9-based (A) and CTAB-based (B) microemulsions were
slightly different, and Synthesis A could be optimized to yield smaller diameter NP than
Synthesis B, but was also prone to impurity phases such as Co,O, and La,O,. Only
samples without any Co,0, and less than 10 wt.% La,O, were characterized.

For Synthesis A, three microemulsions were synthesized with the same water-to-
surfactantratio R,, per batch. Water-in-oil microemulsion 1 (ME1) contained La(NO,),.6 H,O
and microemulsion 2 (ME2) contained Co(NO,), - xH,O. Both salts were obtained from
VWR International and used as delivered. The ratio of La:Co was set to 11:10, as excess La
reduces the formation of Co,O,. The total concentration of precursor salts in water, Co,
was varied between 109 g/l < Cy < 365 g/l. The solubilities in water of La(NO,), - 6 H,0
and Co(NO,), - xH,O being 1580 g/l [187] and 1338 g/I [188], respectively, the salts are
fully dissolved in ME1 and ME2. Microemulsions 1 and 2 were mixed for 30 minutes at
room temperature. The formation of the microemulsion reduces the temperature of the
mixture to 4°C.

Then, microemulsion 3 (ME3), containing 0.1 mol/l NaOH and 0.013 wt.% H,O, was
added dropwise under constant stirring. The amount of ME3 was adjusted depending on
the concentration of La(NO,), - 6 H,O in the water fraction of ME1, so that the La%*/OH"~
ratio was constant for all batches synthesized with Synthesis A. The increase of the
pH-value induces precipitation of hydroxides according to:

21



2 Methods

Figure 2.2: Molecular formula of the cetyl trimethyl ammonium bromide (CTAB) surfac-

tant.
La** +3NO,” + 3Na® + 30H” —— La(OH), | +3Na™ + 3NO," (2.10)
Co?** + 2NO,™ + 2Na* + 20H™ — Co(OH), | + 2Na* + 2NO,* (2.11)

Initially, the precipitate appears green. Most likely this is a complex formed with a
reaction product of the ether-based surfactant in basic environment. For instance, the
ether could be split by basic hydrolisation [189], followed by oxidation of the alkohol to
oxalate by H,0,. The [Co(ox)3]3_ complex has an olive colour, but is unstable as the
basicity grows due to matter exchange between micromicelles from ME1/ME2 and ME3.
As the complex dissociates into Co(OH),, the green colour disappears progressively.

The kinetics of the reaction is greatly reduced since the exchange rate between mi-
cromicelles (usually on the order of 10°-10% dm?®/mol/s [190]) is the determining factor.
The reaction was allowed to proceed for another hour at room temperature before adding
methanol in a volume ratio of 2:1. This leads to agglomeration and settling of brownish-
black NP agglomerates, formed as a result of the reaction of Co(OH), with H,O,:

2Co(OH), + H,0, — C0,0; - ¥H,0 + (x~1)H,0 (2.12)

where C%IZO3 -xH,O has a brown colour [191]. The black tone indicates that some
of the products have oxidised to 6\(])02 - xH,0. Heating in oxygen above 500°C tends to

reduce Co in oxygen-containing compounds [191], hence no Co is expected to remain
after calcination at 600°C.

After the reaction, the mixture was centrifuged to recover the amorphous NP covered
in surfactant. Washing cycles were completed as follows: stirring in the washing solution,
10 minutes of ultrasonication, and centrifuging for 25 minutes at 3500 rpm. Using this
procedure, the NP were washed three times in water and two times in methanol. Before
centrifugation, NH, was added each time to induce agglomeration. NP were then dried
under vacuum (p < 0.001 mbar) at 180°C in order to decompose remaining organic
molecules. Two hours of ultrasonication results in a stable dispersion of the NP in water,
whereas the carbon residue settles and can be separated.

Synthesis B (using CTAB as surfactant) was carried out with three microemulsions pre-
pared with the same water—to-surfactant ratio R,,, one containing the dissolved precur-
sors La(NO,), - 6 H,0 and Co(NO,), - xH,O with a La/Co ratio of 1.1, the second one with
tetramethyl ammonium hydroxide ((CH,),NOH), and the third one with H,O, dissolved
in the water fractions, respectively. The precursor salt concentration was 0.076 mol/l in
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total. The concentrations of (CH,),NOH and H,0, were 0.5 mol/l and 30 wt%, respec-
tively. Establishing the microemulsion decreased the temperature to 4°C. In the case of
low water-to-surfactant ratio R,,, i.e. high concentration of CTAB, the acidity decreased to
the point where [Co(H,0),]** complex could form, giving microemulsion 1 a blue colour.
The microemulsion containing (CH,),NOH was then slowly added to the salt-containing
microemulsion until pH = 12.0, leading to the formation of hydroxides according to Equa-
tions 2.10-2.11. The strong basic environment produces [Co(HzO)é]‘“ and [Co(H20)6]3+
complexes of dark blue colour. The ammonium salt stabilizes these complexes, hence
precipitation does not occur until the addition of the third microemulsion with H,O,.
In Synthesis B, the precipitate maintains a green shade, which is probably due to CoBr,
formed with CTAB. As the halogen salt is continuously washed out, the colour changes
to brown. NP were washed in water, containing a few drops of NH,, followed by washing
them twice in pure water and twice in a mixture of water and acetone. Lastly, the NPs
were washed again in pure water and in ethanol. Then the ethanol was evaporated and
the remaining solids heated under vacuum (p < 0.001 mbar) up to 180°C for two hours in
order to break down the organic ligands.

Varying R,, in Synthesis A from 5 to 30 and the precursor salt concentration from
0.11 mol/1 to 0.43 mol/l (Ref. [192]), resulted in NP samples with average diameter 9.5 <
(s) < 19.5 nm. In Synthesis B, different R,, resulted in NP samples with average diameter
12 < (s) < 37 nm.

For La,_,Sr, MnO, nanoparticles, only Synthesis B was used. The precursor salts were
La(NO,), - 6 H,O and Mn(NO,), - 4H,0, obtained from Sigma Aldrich. The synthesis was
done exactly as decribed above, the only difference being the direct precipitation of brown
hydroxides upon adding the second microemulsion with (CH,),NOH [193].

Mn?** + 20H™ — Mn(OH), | (2.13)
Mn(OH), > MnO(OH) (2.14)

Although Mn(OH), oxidises using oxygen from air, adding the third microemulsion
with H,O, speeds up the reaction and was found to avoid the formation of Mn,O, [194].
Different R,, resulted in NP samples with average diameter 19 < (s) < 32 nm.

In order to obtain the perovskite oxides from the amorphous hydroxide precipitates,
heating under oxygen flow is performed. The reactions are summarized as follows:

0,,600°C
2La(OH), + Co,0, - xH,0 ——— 2LaCo0; + (3 + x)H,0T (2.15)

0,,850°C
(1-x)La(OH), + xSr(OH), + MnO(OH) + 202 2, La,_Sr.MnO, + (Z—g)HZOT

(2.16)
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2.1.2 Agglomeration Prevention

A large drawback of the microemulsion method is the amorphous character of nanopar-
ticles precipitated at room temperature. To induce crystallization, LaCoO, has to be
heated to at least 550°C [195] and La, ,Sr MnO, to at least 750°C. As ionic mobilities
are high enough for diffusion at these temperatures, crystallization is accompanied by
sintering and particle growth at the expense of smaller particles. Several methods have
been applied to avoid sintering and particle growth.

Firstly, nanoparticles can be dispersed in an organic liquid that decomposes at high
temperatures to carbon [196, 197]. The carbon matrix is thought to prevent diffusion, but
burn off at higher temperatures. It was found that in the present set-up this approach
neither prevents agglomeration and sintering, nor does the carbon react fully with the
provided oxygen, hence there is an excessive carbon residue contaminating the product.

Secondly, Ref. [126] and Ref. [38] suggest coating La,_,Sr, MnO, nanoparticles in SiO,
by the Stober process, and remove it after calcination by HF etching. It was found,
however, that this method results in LaF; as the primary phase, not La,  Sr MnO,.
Furthermore, a study on the variation of calcination temperature shows clearly that Si-Sr
phases crystallize at lower temperatures than La,  Sr_MnO,, hence severely changing the
composition of the amorphous material and preventing the perovskite formation.

Finally, the only method to achieve a high surface-to-volume ratio is freeze-drying,
as suggested by Refs. [198, 199]. A dispersion of amorphous nanoparticles in water
(dispersion was achieved by long ultrasonication) is sprayed into liquid nitrogen. The
rapid freezing avoids re-arrangement of nanoparticles and they remain well separated by
ice. Raising the temperature to -15°C at pressure p < 0.008 mbar leads to sublimation
of the water. By avoiding the liquid phase, nanoparticles stay far apart as no capillary
pressure is exerted on the loosely connected network. This does not avoid the formation
of soft agglomerates, but it ensures a high porosity and hence high surface area.

2.2 Morphological and Structural Characterization

2.2.1 Scanning Electron Microscopy

Although the samples have a low conductivity and charging under the electron beam
makes imaging with SEM difficult, no conductive coating of carbon or gold could be
applied due to the small NP size. All SEM measurements were conducted using a Leo 900
microscope with field-emission gun.

Size analysis was performed by the image analysis software Image], which makes it
possible to manually select a brightness threshold to differentiate between pixels belong-
ing to a particle and pixels belonging to the background. On average, 50-130 NPs could
be investigated per sample. Using the SEM scale bar, the projected particle cross-section
area in pixels can be converted to the area in nm?. Assuming spherical nanoparticles,
this area can be converted to an approximate average diameter (s)sgy;. The size of the
particles is thus underestimated, since TEM analysis shows clearly non-spherical parti-
cles. Additionally, SEM is not sensitive to crystallinity which can lead to a difference
in observed nanoparticle size and crystallite size. The resolution limit for this type of
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material is about 6 nm, which limits the accuracy of measurement at small sizes. Both
materials were investigated in SEM and TEM, but for LaCoO, the nanoparticle size was
too small and the conductivity too low to allow high resolution imaging with SEM. Here,
transmission electron microscopy (TEM) is required.

2.2.2 Transmission Electron Microscopy

Transmission electron microscopy (TEM) and high-angle annular dark-field scanning
transmission electron microscopy (HAADF-TEM) were performed on a Titan 800, along-
side electron-energy loss spectroscopy (EELS) and energy dispersive X-ray spectroscopy
(EDX). LaCoO, samples were imaged by Dorothée Vinga Szabo, whereas La, . Sr. MnO,
measurements were taken by Houari Amari, both members of the Kiibel group at the
Institute of Nanotechnology, KIT.

The particle size can be measured in bright-field (BF), as well as dark-field (DF) modes.
In TEM DF, the direct electron beam path is blocked, and only electrons diffracted by a
crystal structure are used to create the image. In dynamic DF, the position of the aperture
permitting the beam to pass is rotated along one of the diffraction circles faster than the
aquisition time. This results in all crystallites lighting up in the image, as during the
aquisition time each of them is favourably oriented at least once, so that crystals with
different orientations could be included in the analysis. Amorphous parts, on the other
hand, would remain dark, as they do not diffract. Therefore the LaCoO, NP size (s)tgy\
is the average size of the NP crystallites assuming isotropic angular orientation of NPs,
which can be weakly agglomerated. The size analysis was carried out using the software
package Image], where the size of the bright spots are used as the projected cross-section
area of the NP. For each sample, 15-100 NP were measured to compute the average size
(s)em = 2 X (3A/4m)'/3, assuming spherical shape.

Energy-dispersive X-ray (EDX) spectroscopy was carried out with TEM, as well. The
incident electron beam results in the loss of an electron from the core level of an atom
in the sample. When a higher-level electron recombines with the hole, the energy
difference is emitted as X-rays with element-specific energies. This procedure allows for
the identification of elements in the sample. With careful calibration, semi-quantitative
analysis is also possible for elements with Z > 9. For La:Co, the different atomic weights
of La and Co result in a difference of scattering angle and therefore the intensity ratio can
be expected to vary as a function of tilting angle of the sample surface with respect to the
detector. Since the machine is not calibrated with respect to the La:Co ratio, EDX cannot
be used to determine this ratio. For La,  Sr,MnO, on the other hand, calibration was
available, and therefore the La:Sr ratio derived from Rietveld refinement of XRD spectra
could be checked against TEM-EDX measurements.

Quantitative information on oxygen content cannot be obtained by EDX because the
atomic number is too small. An alternative technique is electron-energy loss spectroscopy
(EELS), where the difference in energy of emitted electrons and detected electrons is used
to identify the energy of absorbed electrons. This energy is element-specific as it cor-
responds to inter-band transitions. The oxygen deficiency is quantized using parameter
d, i.e. the deviation from the ideal oxygen stoichiometry in the more detailed chemical
formula La, , Sr MnO, 5. In the present case, the oxygen stoichiometry could only be
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measured relatively between different locations on one sample or between samples, since
d ~ 0 and the § detection limit of EELS in the present case is +0.1.

2.3 Structural Analysis

2.3.1 X-Ray Diffraction

© y=10°
L 77},
»
c /
!
a
a

Figure 2.3: a) The definition of the rhombohedral unit cell in the pseudocubic crystal
structure [200]. The [COO6/2]3_ octahedron is shown where the two original
cubic unit cells meet. ¢y and ay are the lattice parameters of the trigonal
unit cell shown in (c). b) The definition of the rhombohedral unit cell within
the hexagonal crystal structure and c) the trigonal unit cell in the hexagonal
crystal structure.

As mentioned in the introduction, LaCoO, and La, ,Sr MnO, (for x > 0.175) both
have pseudocubic, rhombohedral crystal structure: The tilting of the octahedra results in
doubling of the original cubic unit cell, and instead of a cubic symmetry, a rhombohedral
one is obtained. This is shown in Fig. 2.3 (a), with the [CoO /2]3_ octahedron in the centre.
The rhombohedral lattice parameter ar = V2ac is the face diagonal of the cubic unit cell.
Instead of the rhombohedral setting, the trigonal setting can be used, which results in
defined angles @ = f = 90°, y = 120°. The relationship between the rhombohedral and
the trigonal settings is shown in Fig. 2.3. The trigonal lattice parameters a and c are
marked in Fig. 2.3(a) as ay and cy. These are the lattice parameters used below.

Powder X-ray diffraction (XRD) was carried out at room temperature in transmission
mode using a STOE two-circle X-ray diffractometer employing Mo K, radiation. The
powder patterns were measured in the 20 range between 5 and 50°, and Rietveld re-
finement was employed by Michael Merz using the FULLPROF program package [201]
to obtain the lattice parameters and the atomic positions, as well as the La:Sr ratio for
La, ,Sr MnO,. This is an iterative technique to refine diffraction profiles by varying
the position of the atoms in a pre-defined space group, in this case R3c. The refined
parameters are the positions of the atoms in relative coordinates of the unit cell and the
site occupancy factor based on fitting the intensity of the peaks.
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2.3 Structural Analysis

2.3.1.1 La/Sr ratio

Analytical techniques determining the chemical composition include atomic absorption
spectroscopy (AAS) and inductively-coupled plasma optical emission spectroscopy (ICP-
OES). AAS could not be performed because of the low amount of La, , Sr, MnO, obtained
from microemulsion synthesis, and ICP-OES was attempted, but led to results with the
Sr concentration x measured to be x < 1%. This is not only inconsistent with the values
obtained from XRD and TEM-EDX, but also with the magnetic properties discussed below.
Instead, the La:Sr ratio was analysed using Rietveld refinement on XRD patterns, based
on refining the atomic scattering factors fj(q). The following two expressions consider
the scattering factor fj(q) and the scattering density fj(x) for the j-th electron of an atom
along vector x:

fi(@) = / (%) exp(q - X)dx (2.17)
fix) = /pj(x) exp(—27idpk - X)dx (2.18)

where the scattering vector q can be expressed as a function of dp;, the lattice spacing.
The total intensity of the coherent scattering, Ioh is then a function of the sum over all
the atom’s electrons [202]:

7 2
Leon = (Z f]) IThompson (2-19)
=1

Being a function of the electron density distribution taken from the origin, i.e. the atomic
nucleus, the scattering factors are characteristic of elements. Their refinement can
therefore yield the ratio of atoms of different elements in the same crystallographic
position.

2.3.1.2 Crystallite size analysis

Additionally, XRD patterns are used to calculate the crystallite size. According to Scher-
rer’s equation, the peak profile is broadened on top of the instrumental broadening if
the crystal size is very small ((s) < 1077 m). The relationship between the additional
peak broadening fp (in addition to the instrumental broadening) and the crystallite size
measured perpendicularly to the incoming X-ray beam D is as follows [203, 204]:

KA
Po = Dcos @

where K is a constant between 0.87 < K < 1.0 depending on particle shape and crystal
symmetry. The LaCoO, and La;_ Sr MnO, nanoparticles studied here have a rhombo-
hedral crystal structure and aspect ratio close to 1. Here, K ~ 1 for simplicity, as the
variation in calculated size for 0.87 < K < 1.0 is well within the uncertainty from the

(2.20)
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fitting. A is the wavelength of the Mo K|, radiation used (A = 0.707 A) and 6 the diffraction
angle.

However, the diffraction lines are not just broadened by the small NP size, but also
by the fact that the lattice plane distance dpk; is not always the same throughout the
nanoparticles due to surface strain and crystal defects. The defect density can be much
higher in nanoparticles due to the soft synthesis conditions used in order to avoid crystal
growth. Broadening due to strain, . can be calculated by differentiating Bragg’s Law [205,
p- 264], leading to:

fe = A20 = —2%1 tan 6 (2.21)

These relationships allow the two effects to be separated according to Ref. [206], where
the expression on the right-hand side of Eq. 2.21 is replaced by its double and absolute
value, since the relative change of the lattice spacing Ad/d involves both tensile and
compressive strain:

Pne = Pp + Pe (2.22)
pnp = Deosg T 4etan 0 (2.23)
KA
Pnp cos 0 = o + 4¢sin 0 (2.24)

Therefore, plotting Snp cos 6 against sin 6 and fitting a linear equation to the data
allows estimating the average nanoparticle size and the internal strain from the intercept
and the slope, respectively. An exemplary Williamson-Hall-Plot is shown in Fig.
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Figure 2.4: Williamson-Hall-Plot for a LaCoO, sample with (s) = 9.5 nm.

The resulting nanoparticle size is double-checked against the size seen in electron
microscopy images (TEM and SEM).

From the analysis a mean particle size (s)xgp and fitting error Asxgp were obtained.
The surface-to-volume ratio S/V used hereafter was calculated for each sample using
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2.3 Structural Analysis

the average diameter (s)xpp as deduced from XRD, again assuming spherical NPs, i.e.
S/V= (671 <3>§(RD)/(7T <s>§(RD) = 6/{S)xrD-

2.3.2 X-Ray Absorption Spectroscopy
2.3.2.1 Near Edge X-Ray Absorption Fine Structure Spectroscopy

When incoming X-ray photons have the same energy as the energy required to excite a
core electron into the lowest empty state, there is a sharp rise in the absorption, called
the absorption edge [207]. In XAS, the linear absorption coefficient is measured [208]:

I(t) = Le »** (2.25)

with the mass absorption coefficient

H H
E=N w2 (2.26)
p Z l (P ) i
A Lorentzian broadening is the result of finite lifetime of the core hole, which according

to Heisenberg’s uncertainty principle leads to an uncertainty of the energy [209]. The
transition probability of an electron is described by Fermi’s Golden Rule [210]:

I o< | (Yl ér [ys) 1°6(Es — E; — hv) (2.27)

where ér is the squared dipole matrix element and |¢/;) and |(¢) are the initial and final
states, respectively.

In the dipole approximation, which works reasonably well for the K edges, the shape
of the absorption spectrum maps the partial density of empty states projected onto the
absorption site. For L edges, the core wave functions strongly overlap with the valence
wave functions, which results in multiplet effects between core holes and partially filled
valence bands. The absorption spectrum of 3d ions is therefore sensitive to the multiplet
structure given by the 3d-3d and 2p-3d Coulomb and exchange interactions. Additionally,
the local crystal field and degree of hybridization with the O 2p ligands influences the
spectrum [51, 207]: The spin-orbit coupling results in a splitting of the energy levels
according to the value of J, |[L—S| < J < L+, with a degeneracy of 2] + 1. Assuming the
transition-metal state 3d", the core hole, 2s or 3p will result in configurations 2s13d" 1 and
3p°3d"*!. If n = 3, the possible spin states are a doublet and a quartet state. The intensity
of the spectral peak then depends on the degeneracy, i.e. the multiplicity of the final state
and the selection rules. The relative energy of the configuration terms is calculated from
the matrix elements of the electron-electron interaction and the spin-orbit coupling, with
the general formula [207]:

2
e
<25+1L]|a|25+1L]> — kaFk + ngGk (228)
k k

Here, F*(fi) and G*(gy) are the Slater-Condon parameters for the direct Coulomb
repulsion and the Coulomb exchange interaction, respectively, with f; and gx only non-
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zero for specific values of k. The left part of the equation corresponds to the matrix
element in Equation 2.27, i.e. |y) = |**L)).

During X-ray absorption, an electron from the 2p state is transferred to a 3d orbital.
The energy of the final state is a function of the Slater-Condon parameters, the spin-orbit
coupling of 2p and 3d, and the transition matrix elements for the X-ray absorption can be
calculated using [207]:

Ixas o (3d"| [7] |2p°3d"1)° (2.29)

The number of final states |2p°3d™*!) is determined by the dipole selection rules, which
state that 6] = +1 or 0, unless J* = J = 0. The overall spectral shape is then determined
by the ratio of the core spin-orbit coupling and the Slater-Condon parameter F2. Finite
values of both result in the existence of a pre-peak [207]. Hybridization effects can be
taken into account, leading to satellites [211].

Applying the analysis to XAS spectra of LaCoO,, the spin states of LaCoO, can be
analysed by Near-Edge X-ray Absorption Fine Structure (NEXAFS) spectroscopy. With
reasonably well studied compounds such as LaCoO,, analysis of structural parameters
can be done relative to the known parent compound [74]. The measurements were carried
out at [FP’s beam line WERA at the synchrotron light source ANKA at KIT by members
of the Schuppler group at the Institute for Solid State Physics. Multiplet fits were done
by Michael Merz and Meng-Jie Huang.

2.3.2.2 X-ray Circular Magnetic Dichroism

If the same absorption spectra are measured once with right circularly polarized light
and once with left circularly polarized light, the spectra are different if the sample is
magnetically polarized. The X-ray Circular Magnetic Dichroism (XMCD) is the difference
between the two spectra [212]. In a simplified model, the 2p core level is split into a state
with j = 3/2 (L; edge) and a state with j = 1/2 (L, edge). Spin and orbital moments for
the two states are coupled parallel and anti-parallel, respectively. Therefore, if the light
helicity vector is parallel (antiparallel) to the 2p orbital moment, the excited electrons are
preferentially spin up (spin down). As these excited electrons have to match holes on the
3d level, the availability of spin up and spin down holes at the 3d level determines whether
Ls and L, are positive or negative [211]. Consequently, the amount of dichroism is directly
related to the strength of spin-orbit coupling, since part of the angular momentum of the
photoelectron can be transferred to the spin by spin-orbit coupling [213].

The absorption coefficients for right and left circularly polarised light, y* and p~,
respectively, are obtained after subtracting the background [212]. Since the polarized
light couples to the orbital moment, spin and orbital moments can be analysed separately,
using sum rules [47]:
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Figure 2.5: Schematic representation in the one-electron picture of L, absorption using
left and right circularly polarized light in a 3d compound [214].

ANAr, + AA
mly = - (A, + Adv,)y nh (2.30)
3(AL3 + ALz)
2AAL, —4AA
Meff = Mspin + 7m$ = —( Ls L)f np (2.31)

AL3 + ALZ

where mfrb, Mspin, m?, and meg are in units of pp/atom and describe the orbital and spin
magnetic moments, the magnetic dipole moment, and the effective magnetic moment,
respectively. n, = 10 — nsq4, with ns; being the 3d electron occupation number, and AAj,
and AAp,, and Ar, and Ay, are the XMCD and NEXAFS intensities integrated over the L3
and L, edge, respectively. Sample measurement and spectrum analysis was conducted by
Meng-Jie Huang, Schuppler Group.

NEXAFS and XMCD measurements were carried out at IFP’s beam line WERA at the
synchrotron light source ANKA at KIT.

2.4 Magnetic Measurements

Superconducting quantum interference devices (SQUIDs) use Josephson junctions to
measure small magnetic moments at high sensitivity. When Cooper pairs tunnel through
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a Josephson junction resulting in a supercurrent I = I, sind, there is a phase change
d across the boundary. A superconducting loop with two Josephson junctions in path
A and path B leads to screening currents in the presence of the external field, because
superconductors expel magnetic fields according to the Meissner-Ochsenfeld effect. The
screening current Is modifies the currents in the two branches. In branch A, the current
is now I/2 + Is and in branch B the current is I/2 — Is. As soon as the critical current I
is exceeded in one of the branches, a voltage is generated across the junction.

The high sensitivity comes from the change in direction of the screening current if
the external flux exceeds half the magnetic flux quantum ¢, because a superconducting
ring can only enclose integer numbers of flux quanta, hence the system adds flux if
dext = ¢/2. With a shunt resistance R, the voltage drop due to a change in current is
AV = RAI = R/L X A¢, with L being the inductance of the superconducting ring.

Both field- and temperature-dependent magnetization measurements were first per-
formed without any sample to obtain reference curves for the diamagnetic sample holder.
These background curves were subtracted from the measured data before analysis. Each
measurement was preceded by heating the sample to T = 300 K and cooling to the
measurement temperature in zero magnetic field. NPs can have superparamagnetic be-
haviour, in which case a large magnetic moment but no hysteresis is expected. As shown
in Table 3.1, the highest average magnetic moment that was measured is only 0.18 pg/Co
at 7 T and 5 K, taking into account that XRD patterns such as the one shown in Fig. 3.1
confirm that all of the measured material is LaCoO,. Hence, the low magnetic moment
indicates paramagnetic behaviour, which can be described by a Brillouin function.

Megs+ = Negs+ g7 usB(x) (2.32)

where N3+ is the number of contributing ions, $B; is the Brillouin function for J and
x the dimensionless ratio of the Zeeman energy pogugM;H to the thermal energy kgT.
The Brillouin function is defined as follows:

B0 = L coth(FL Ly - L & coth(%x) (2.33)

2] 2] 2]

In an octahedral environment ligand field theory predicts fully quenched orbital mo-
ments leading to J = S = 2 for Co>* HS. This is in contrast to the results of Ref. [51],
and XMCD measurement on one of the nanoparticle samples, where the ratio of orbital
moment to spin contribut;ion was mf)‘r’b /Mgpin = 0.5 and mz‘r’b /mgpin = 0.7, respectively.
Therefore, J is chosen as J = 1, with the Landé factor g = 3.2.

In order to fully describe the measured curves, H in Equation 2.32 has to be replaced by
H + H;, where H; is an internal field and a free fitting parameter. The fitting is performed
using MathWorks®Matlab’s ”fmincon” problem minimizer: the fitting parameters of a
given function are modified until a minimum in the difference between data and fit is
reached. For stability, the "sqp” algorithm is used, and boundary values are specified.
Typical R? values are of the order of 1 X 10™* and the parameters are evaluated with an
accuracy of R? = 1073.
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2.5 Thermogravimetry

2.5 Thermogravimetry

In order to analyse the surface adsorption characteristics of La, ,Sr MnO, and LaCoO,,
thermogravimetric analysis was carried out using a SSC/5200 analyser from Seiko In-
struments. The mass of the sample is monitored against the reference mass of an empty
crucible made from the same material (Al,O,) as the temperature is increased from room
temperature to 600°C at a rate of 10°C/min. Once the maximum temperature is reached,
the sample is held for 20 min before cooling down at the same rate of 10°C/min. The
measurement is performed in air. The measured curves are normalized to the total mass of
the sample at the beginning of the analysis. Prior to sample analysis, a zero measurement
with empty crucibles was conducted to obtain the baseline, which is then subtracted from
the measured data.
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3 Results

3.1 Morphology, chemistry, and crystal structure

In order to relate physical properties such as magnetic moment or T¢ to the nanoparticle
(NP) size, the uniformity of NP batches has to be confirmed first: The variation of size
within one batch has to be low enough to quantify the relationship between NP size
and physical properties. Another important aspect is crystal quality: defects can have
a strong influence on both structure and magnetism. Therefore, if the defect density
varies between batches, it is no longer possible to talk of purely size-dependent changes
in physical properties. Additionally, each NP batch has to be single-phase and contain no
significant amount of amorphous material: the magnetization measurements are related
to the sample mass, assuming all of the material is LaCoO, or La,_ Sr_MnQOj,, respectively.
Significant amounts of impurities lead to an underestimation of the magnetic moment.
Clearly, there can be no variation in chemistry within one batch either. The above
conditions result in strict selection of synthesized samples: only 7 out of 24 batches were
analysed for LaCoO, and 6 out of 8 for La, ,Sr, MnO, NPs.

3.1.1 LaCoO,
3.1.1.1 Crystal quality

The low calcination temperature used to control the nanoparticle size during crystalliza-
tion can lead to significant amounts of crystalline defects and impurity phases such as
La,0, and Co,0, both in crystalline and amorphous forms. An XRD pattern of a LaCoO,
nanoparticle powder sample with (s)ygp = 9.5+2 nm is shown as an example in Fig. 3.1.
While displaying excellent phase purity without any secondary crystalline phases, this
pattern has a high background, which could be related to amorphous material, carbon
residue or indicate the large amount of surface, which is different from bulk. If there
is amorphous material, it is the same for all samples, because the relative intensity of
the background is the same for all XRD patterns. Additionally, TEM DF images could
reveal the presence of amorphous matter by showing areas which are never bright dur-
ing rotation of the aperture along the diffraction circle. Moreover, amorphous material
would result in continuous circles in the selected-area diffraction patterns, which was
not observed in Fig. 3.2(e) and (f) in the insets. For the samples analysed, no amorphous
matter was found, which suggests that the high background in XRD spectra is due to
nanoscopic size and/or differently ordered or disordered surface material.

High resolution transmission electron microscopy was used to identify defects such as
stacking faults or dislocations. In LaCoO,, NPs are fully crystalline with no visible amor-
phous shells. In Fig. 3.2 TEM-BF, TEM-DF, and high resolution TEM images are shown
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3.1 Morphology, chemistry, and crystal structure
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Figure 3.1: XRD pattern of a LaCoO, nanoparticle powder sample with (s)ygp = 9.5+2nm
(open circles) The Rietveld refinement (black line), and their difference (blue
line). The refined position of the peaks is marked by green bars.

along with selected area electron diffraction (SAED) patterns for LaCoO, nanoparticles
with (s) = 37 nm and (s) = 13.5 nm. The stacking faults seen for LaCoO, nanoparticles
with (s) = 37 nm are induced by electron-beam irradiation. The large particles in the
overview images are made up of small crystallites, as revealed in dark-field images.
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Figure 3.2: (a) and (b) Bright-field transmission electron microscopy images of NP powder

36

samples at low magnification, (c) and (d) dark-field images and (e) and (f) high-
resolution bright-field images with selected-area electron diffraction patterns
in the insets for a sample with LaCoO, nanoparticles with (s) = 37 nm ((a),(c)

and (e)) and (s) = 13.5 nm ((b),(d) and (f)).



3.1 Morphology, chemistry, and crystal structure

3.1.1.2 Chemical composition

100 150 200
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Figure 3.3: Energy-dispersive X-ray spectroscopy (a) map with split channels for Co (blue)
and La (red) for a sample with (s)yzp = 25 nm and (b) ratio of the intensities
of the La-peak in the EDX spectrum to the intensity of the the Co-peak in
the EDX spectrum as a function of position along a linear arrangement of
nanoparticles shown in the background with (s)yzp = 37 nm. The mean of
the intensity ratio is plotted as a red line.

LaCoO, nanoparticles were studied in Transmission Electron Microscopy and EDX
line scans and maps were recorded to show the chemical homogeneity of the samples
on a microscopic scale. Exemplarily, the EDX map of a sample with (s)xpp = 25 nm is
shown in Fig. 3.3(a). All the nanoparticles seen in the scanning transmission electron
microscopy image (STEM) in grayscale, contain both Co and La. If the sample had a
significant amount of Co,0,, some of the material would be invisible in the red image,
as it contains no La. This confirms the X-ray diffraction results in Fig. 3.1, where no
crystalline impurity phase was found, but also indicates that there are no amorphous
impurities or impurity nanoparticles which are too small to be seen in diffraction, at least
for the samples studied using TEM. Since only very small volumes of the sample can be
analysed, the results cannot be confidently extrapolated to the entire sample.

Fig. 3.3(b) shows the ratio of the intensity of the La-related X-ray emission peak in the
EDX spectrum to the intensity of the the Co-peak as a function of position along a linear
arrangement of nanoparticles shown in the background. Since the EDX is not calibrated,
the measured La:Co intensity ratio of slightly < 1:1 is not a quantitative measure of the
relative amounts of La and Co. The mean of the intensity ratio is plotted as a red line
and appears to be changing slightly with position. This is most likely due to differences
in angular scattering due to the different atomic masses of La and Co atoms. Within
experimental accuracy, no significant variation of the La/Co ratio could be found. As
there is also no indication for secondary phases in XRD, a homogeneous distribution of
La and Co will be assumed in the following.

The high probability of oxygen stoichiometry deviation in perovskite materials [41] and
the influence of oxygen vacancies on structural [215, 216] and magnetic properties [100,
101, 217] makes the parameter § in LaCoO, 5 and La,_ Sr_MnO, 5 an important property.
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However, chemical techniques such as titration could not be performed due to the low
yield of NP from microemulsion synthesis.

For LaCoO,, multiplet fits of NEXAFS at the Co L edge yields the concentration of
Co** ions in the high-spin and in the low-spin states, and the concentration of Co?*
ions, which are formed in case of oxygen deficiency. Hence, the concentration of Co?*
ions can be used to calculate the parameter § in LaCoO,_g by assuming double-positively
charged oxygen vacancies Oy’. In this case, each Co** ion is balanced by 10:° due to
charge neutrality. The resulting parameter § is displayed in Table 3.3, and amounts to
6 = 0.04 £0.01 and § = 0.045 £ 0.01 for a sample with (s) = 9.5 nm and a sample
with (s) = 37 nm, respectively. Therefore § is not size-dependent within experimental

accuracy.

3.1.1.3 Nanoparticle size

Figure 3.4: Transition Electron Microscope (TEM) bright-field (BF) image of a LaCoO, NP
ensemble (a) at low magnification and (b) at high magnification.

The observed morphology of LaCoO, nanoparticle powders consists of individual crys-
tallite grains with low aspect ratio. Although agglomeration of nanoparticles cannot be
fully prevented, the individual nanocrystallites are well separated and no fusion occurred
during sintering. An example of a LaCoO, ensemble is shown in Fig. 3.4. Particularly Fig.
3.4 (a) shows agglomeration and possibly coarsening into larger crystallites. Fig. 3.4(b),
on the other hand, shows a faceted NP consisting of a single crystallite, and without any
amorphous surface.
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In order to evaluate the size distribution of individual NP
crystallites, dark-field images were used (see Fig. 3.2(c) and
(d)). The resulting histograms are displayed in Fig. 3.5, and
the mean size (s)7p); and the standard deviation oy are
listed in Table 3.1. With 0.28 < os/(s)sgm < 0.55 the size
distribution appears quite large, which is partially due to the
low number of particles that were measured, but could also
be related to agglomeration and sintering of nanoparticles
during calcination [183]. The LaCoO, NP used for further
analysis are listed in Table 3.1.

The NP size values obtained from XRD and TEM for LaCoO,
given in Table 3.1 are the same within experimental error,
which is to be expected as both methods are sensitive to
the crystalline volume. The large experimental error on
(s)tem 1s a consequence of very few particles having been
measured. In TEM, only very few very small regions can be
analysed, and agglomeration makes it difficult to measure
the particle size of individual crystallites in dark-field im-
ages. The TEM analysis under-estimates the nanoparticle
size for all samples. This is an effect of assuming spherical
shape for the nanoparticles, although they seem to be more
faceted in reality (see Fig. 3.4).

Figure 3.5: Number N of NPs vs stgyp as obtained from TEM
dark-field images for sample batches synthesized
with different water-to-surfactant ratios R,,. The
solid lines indicate lognormal fits to N vs stem.

Table 3.1: Physical properties, i.e. average size (s) determined from TEM and XRD, with
the Gaussian fit standard deviation orgpm and Asxgrp from the Williamson-Hall
fit, respectively, structural parameters a, dco-0, 0co-0-co,» and V; as obtained
from Rietveld refinement, as well as the average magnetic moment (m)(5K,7T)
for various water-to-surfactant molar ratios R,,.

Ry | (s)em | omEM | ()xrp | Asxep | @ | dcoo | Oco-0-co | Vae | S/V | {m)sk )
(m) | (nm) | (nm) | (nm) | (A) | (A) () (A%) | (am™) | (up/Co)

5 26.6 9.3 37 7 5.440 | 1.931 164.1 335.8 0.16 0.08

8 5.4 2.1 19.5 4 NA NA NA NA 0.31 0.11

8 12.1 4.6 19 3 5.440 | 1.933 163.5 336.0 0.32 0.12
12 7.2 4.0 9.5 2 5.441 | 1.936 163.3 337.5 0.63 0.18
15 NA NA 12 2 5.433 | 1.933 162.9 335.0 0.50 0.15
15 11.6 6.5 12 2 5.436 | 1.936 161.8 335.5 0.50 0.15
30 5.9 1.7 13.5 2.5 NA NA NA NA 0.44 0.15
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3.1.2 La; St MnO,
3.1.2.1 Crystal quality

The crystal structure of La,  Sr MnO, NPs can be refined in the rhombohedral space
group R3¢ and does not display any impurity phases. A typical XRD diffractogram is
shown exemplarily in Fig. 3.6 for a sample prepared with R,, = 7. Rietveld refinement
was carried out to extract lattice parameters dym-0 and Oym-o-mn from the diffractogram
(solid line in Fig. 3.6). The results are listed in Table 3.2.

Fig. 3.7 summarizes the results of TEM studies on two of the La, . Sr MnO, NP samples,
synthesized with R,, = 4 and R,, = 7. Figs. 3.7(b) and (e) show that the nanoparticles are
fully crystalline. Fig. 3.7(b) shows a thin amorphous shell, whereas the sample shown in
Fig. 3.7(e) has no amorphous shell, but both sample batches exhibit low defect density: no
stacking faults or dislocations can be identified. In the case of La,_ Sr, MnO, no stacking
faults can be induced under e-beam irradiation. In contrast to LaCoO,, the La, ,Sr MnO,
nanoparticles show atomically sharp facets with no remaining curvature. Although some
particles, like the one shown in Fig. 3.7(e) appear slightly elongated, most have an aspect
ratio close to 1. The lattice spacings indicated in Fig. 3.7(b) and (e) agree with the results
from Rietveld refinement of XRD patterns.
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Figure 3.6: XRD of a La, (;Sr, ;,MnO, NP sample with R,, = 7 (open circles), Rietveld
refinement (black line), and their difference (blue line). The refined position
of the peaks is marked by green bars.
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3.1 Morphology, chemistry, and crystal structure

RW4: La, ¢, Srp 5,MNO; RW7: La, ¢3STp 5,MNO; 4

LOOE-07 120607 14

200 mey

Figure 3.7: (a) and (d) Transmission electron microscopy images (TEM), (b) and (e) high-
resolution TEM images with electron diffraction at the same location, and (c)
and (f) the normalized element-specific intensity of energy-dispersive X-ray
spectroscopy line scans for NP batches with R,, = 4,x = 0.39 ((a)-(c)) and
Ry, = 7,x = 0.37 ((d)-(f)).
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3.1.2.2 Chemical composition

From the Rietveld refinement of XRD spectra, the strontium concentration x of the sample
could be extracted, as well, and is listed in Table 3.2. Due to the peak broadening induced
by the small size of the NPs, the accuracy of x is limited to +5%. The parameter x varies
between 0.34 < x < 0.47 for different batches, although the initial concentration in
the microemulsion was x = 0.25 (see section 2.1.1.2). The reason for this discrepancy
is discussed in section 4.1.2. Although the variation in x of the calcined samples is
significant, one has to bear in mind that the phase diagram of La,_, Sr. MnO, is uniform
both structurally and magnetically for this range of x (see Fig. 1.6): there are no x-
dependent phase transitions at any temperature from 0 < T < 300 K for La, ,Sr MnO,
with 0.34 < x < 0.47 [26, 110, 111]. The magnetic phase diagram shows uniformly
ferromagnetic behaviour at T < T and paramagnetic for T > T¢, without any indication
of charge order for 0.34 < x < 0.47 [110, 127]. Therefore, the La, Sr MnO, NP samples
remain comparable despite the variation of x.

The Sr concentration given in the formula unit at the top of each column in Fig. 3.7
is obtained from EDX and has an uncertainty of + 3.5% and +2.7% for samples with
R, = 4,x = 0.39 (first column) and R,, = 7,x = 0.37 (second column), respectively.
These values agree with the results obtained from XRD Rietveld refinement presented
in Table 3.2. The bottom row of Fig. 3.7 shows the normalized intensity of Sr-, Mn-,
O- and La-related EDX peaks as a function of position along NP agglomerates. For all
three samples, the elemental composition is uniform within experimental accuracy for
the small volume of sampled material. Hence, the observed variation of x is only between
batches, but within each batch, x appears to be homogeneous for all NPs.
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Figure 3.8: Electron energy loss spectra (EELS) for two different points (shown in the
insets) in a La,_ Sr, MnO, sample with (s) = 52 nm.

XAS spectra were collected in order to study the oxygen vacancy concentration and
measure the effective hole concentration x.g by analysing the Mn®*/Mn** ratio. However,
for La,  Sr MnO, it was impossible to fit the NEXAFS spectrum due to peak broadening
and overlap between Mn** and Mn** L edges. Moreover, the double-exchange coupling
can lead to an average oxidation state of Mn ions somewhere between Mn3* and Mn**,
resulting in a single absorption edge [212]. However, Co is much easier to reduce [218]
hence the oxygen deficiency is expected to be lower in La, Sr,MnO, 5 compared to
LaCoO, 5. As § in LaCoO, g, d1co = 0.04+0.01, as obtained from NEXAFS, the parameter
dinLa,_ Sr MnO, s is expected to be drsp0 < 0.04+0.01, and probably not related to the
size as is the case for LaCoO, 5. Electron energy-loss spectra for two different points in
a La,_ ,Sr,MnO, sample with (s) = 52 nm are shown in Fig. 3.8. At an accuracy of +0.1,
both spectra show stoichiometric La, ,Sr MnO,. Consistently, the EELS spectra taken
at different points within one sample indicate that the oxygen stoichiometry is uniform
across the samples within experimental accuracy, and is § < 0.1.
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3.1.2.3 Nanoparticle size
Sgey (NM)
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Figure 3.9: Fraction N of NPs vs
ssgym as obtained from SEM for
different La,_ Sr, MnO, sample
batches synthesized with dif-
ferent water-to-surfactant ra-
tio R,,. Histograms are ob-
tained assuming spherical par-
ticle shape. The solid lines indi-
cate Gaussian fits to N vs SSEM-
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Fig. 3.7(a) shows the morphology of La, Sr MnO,
nanoparticles. Similarly to LaCoO, nanoparticles,
there is some agglomeration, but no sintering and the
crystallite size agrees well with the size from XRD, as
shown in Table 3.2. The histograms in Fig. 3.9 show
the number of NPs, normalized to the total number of
La,_ Sr, MnO, nanoparticles, (1\7 ) as a function of par-
ticle size ssgy for samples prepared with different R,,.
Gaussian fits to N vs ssgm are also shown in Fig. 3.9
with the parameters listed in Table 3.2. The NP size
obtained from XRD and SEM for La, Sr MnO, are
the same within experimental error, which confirms
single-crystal particles as shown in Fig. 3.7(b) and (e).
Here, SEM analysis over-estimates the nanoparticle
size, because it cannot differentiate between crystal-
lites and particles. It is possible, that a few non-
single-crystal nanoparticles were measured, increas-
ing the average particle size. But SEM also tends
to slightly over-illuminate particles, if the interaction
volume of electron beam and matter is larger than
the NP size, part of the surroundings of the NPs will
emit electrons, which will appear to be part of the
NP under measurement in the image analysis. Both
the assumption of spherical shape and the low num-
ber of analysed particles limit the accuracy of (s)gg-
With as/(s)spp < 0.25 the size distribution is near the
achievable lower limit for microemulsion synthesis of
complicated oxides (0.2 < os/(s) < 0.5 [219]) de-
spite high temperature calcination [183]. The reason
for lower os/(s)sg\ for La, ,Sr MnO, compared to
LaCoO, is most likely the larger size of La,  Sr, MnO,
NP. The extremely small NP size for LaCoO, results in
a large surface curvature and thus surface diffusion
is accelerated, which increases the tendency to sin-
ter and grow even at lower calcination temperatures,
resulting in a broadening of the size distribution.



3.1 Morphology, chemistry, and crystal structure

Table 3.2: Physical properties, i.e. average size (s) determined from SEM and XRD, with

the Gaussian fit standard deviation osgy and Asxrp from the Williamson-Hall
fit, respectively, structural parameters a, dyin-0, and Oyin-0-Mn as obtained from
Rietveld refinement, as well as Sr concentration x, and Curie temperature T¢
for various water-to-surfactant molar ratios R,, used during synthesis.

Ry | (s)sem | osem | {S)xrp | AsxrD a dM?—O Ovn-omn | S/V x | Tc
(nm) | (nm) | (nm) | (am) | (A) | (A) () (nm™") (K)

4 52 11.9 33 5 5.501 | 1.957 164.6 0.18 0.39 | 331

7 26 6.9 28 2 5.50 1.959 163.42 0.21 0.37 | 304

9 39 9.0 24 4 5517 | 1.968 162.59 0.25 0.34 | ND

19 26 7.4 20 3 5.497 | 1.962 162.61 0.30 0.47 | 269
25 34 5 23 3 5.491 | 1.958 162.67 0.25 0.30 | ND
30 31 7.8 18 5 5.503 | 1.963 163.01 0.33 0.38 | 278
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3.2 Structural changes

Following Rietveld refinement, the variation of structural parameters a, ¢, dy-0, Om-0-Ms
and V, is studied as a function of size, where M=(Co,Mn), and V;,. the unit-cell volume.

3.2.1 LaCoO3

For LaCoO,, the results of the Rietveld re-
finement are shown in Fig. 3.10. As men-

tioned in the introduction, the most impor- <S>XRD (nm)
tant parameter to control the magnetic mo- 00 30 15 10 7.5
ment in LaCoO, is the Co-O bond length, 5.45
p o ) . (a)
Co-0, as it influences the crystal-field split
ting. Fig. 3.10(c) shows clearly the lin- < |
ear increase of dc,-0 with increasing S/V. \(; S44e - tij L—iﬁ— — _@_ _
Whereas the lattice parameter a is almost i?
constant for all nanoparticle sizes, the c- 5 43 \ \ \
axis parameter expands by up to 0.7% as ‘ ‘ ‘
the NP size decreases. The same increase (b) ®
is observed in the unit-cell volume V.. The A13.15 T
relative expansion achieved in Ref. [76, 77] <L —e— @
is of the same magnitude, but at only 38% o 131y =%~ ad N
of the S/V value. In conclusion the synthe- | | |
. . . 13.05
sis technique seems to have a large influ- ‘ ‘ ‘
ence on the size-dependent expansion of (c)
the unit-cell volume. Fig. 3.10 (d) shows £ 935 TE - %L —
that Oco.0.co decreases as the surface-to- o /%Q C%:
volume ratio increases, indicating stronger 8 1.93 % 7
octahedra tilt. This is similar to the results ©
of Ref. [60], who have applied pressure to 1.925 ‘ ‘ ‘
LaCoO; single crystals and measured a de- .~ 166 H{d) | | | i
crease of dcy.0 and an increase of 0co-0-Co, ~
as pressure increases. In that sense, re- 8164 ‘Eijb%ﬂ %
ducing the NP size produces an effective 2162 N ‘#‘ ———
negative pressure. <L
160 \ \ \
338 \ \ \
(e) ¢
Figure 3.10: Lattice parameters (a) a, (b) & -
¢ (¢) dcoo, () Ocooce T 336 + j%j/ -F~ -
and (e) V,. as functions of S -
the surface-to-volume ratio >

S/V for LaCoO, nanoparti- 334 ‘ | |
cles. Linear fits through values : :
for bulk LaCoO, are equally
shown.

sV (nm™?)
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3.2 Structural changes

3.2.2 La; Sr, MnO,
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Figure 3.11: The relative changes AY/Y;
of the rhombohedral lattice parameter a,
the Mn-O bond length dyi,-0, the Mn-O-
Mn bond angle Oypn-0-mn, and the unit-
cell volume V;;¢, compared to the bulk val-
ues having the same Sr concentration x
as a function of particle size (s)xpp (up-
per scale) and surface-to-volume ratio S/V
(lower scale). Typical values for nanopar-
ticles with x = 0.37 and S/V = 0.21
are: a = 5.498 A, dyip-o = 1.959 A and
OMn-0-Mn = 163°. The dashed lines are lin-
ear extrapolations to the bulk, i.e. Ai = 0
and S/V = 0.

As mentioned above, the Sr
concentration x is not identical for all
La, ,Sr MnO, nanoparticle batches, and
the structural properties a, dym-0, and
Ovn-0-Mn for sample batches with differ-
ent R, vary significantly. In order to
identify the impact of particle size on the
structural properties, one has to extricate
the influence of the Sr concentration x
on the crystal structure. With increas-
ing Sr concentration, a decrease of the
parameters a [110, 220-222] and Mn-O
bond length dyim-0 [223] have been re-
ported for bulk La, Sr MnO,, whereas
Orn-0-Mn increases with increasing x to-
wards 180° [220, 224, 225]. In order to
disentangle the effects of Sr concentration
and particle size on structural properties,
the lattice-parameter differences between
NPs (np) and bulk (b) having the same Sr
concentration x are normalized to the bulk
value, i.e., (ﬁ—: = [a(x,np) — a(x,b)]/a(x,b),
8 = [dxnp) - e b))/d(xb), 4 =
[0(x,np) — O(x,b)]/0(x,b)), assuming that
the variation of the lattice parameters with
(s) is the same for 0.3 < x < 0.47. For sim-
plicity, the variation of structural proper-
ties with respect to bulk is labelled AY;/Y;p,
with i = a, dpmn-05 OMn-0-Mns Vae. In Fig. 3.11
the relative changes AY;/Y;}, were plotted
against the surface-to-volume ratio S/V. A
linear extrapolation of the relative change
AY;/Yip to S/V = 0, ie., for bulk-like in-
finitely large particles, is also indicated in
Fig. 3.11. The data shown in Fig. 3.11 in-
dicate the dominant role of the surface for
the lattice changes at the nanoscale, irre-
spective of x. As for LaCoO,, the primary
difference is the relative increase of dy,-0
by up to 1.7% and the decrease of Oyin-0-Mn
by 5%, as §/V increases from 0 to 0.3 nm™!.
Plotting the relative changes AY;/Y;}, ver-
sus S/V as deduced from TEM or SEM mea-
surements results in qualitatively the same
behaviour.
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3.3 Magnetic properties

3.3.1 LaCoO,
3.3.1.1 Size-dependent spin state

Fig. 3.12 contrasts NEXAFS spectra of nanoparticles with (s) = 9.5 nm and (s) = 37.7 nm
((a) and (b), respectively), measured at 60 K. The multiplet fits are also shown. The pre-
peak at 777.4 eV, marked with an asterix, is the signature for octahedrally coordinated
Co?* ions, a result of oxygen deficiency, which is tabulated in Table 3.3.
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Figure 3.12: Near-edge X-ray absorption fine structure spectra (red), the contributions of
Co®* in octahedral coordination (olive), Co®* in the high-spin (orange) and
low-spin (pink) states, and the simulated spectrum (blue) at T = 60 K for
LaCoO, nanoparticle samples with a) (s) = 9.5 nm and b) (s) = 37 nm.

Comparing spectra (a) and (c), the shoulder at 778.6 eV is clearly visible for nanoparticle
samples (a) and (b). The shoulder is a signature of Co®* HS [47]. For all samples, a second
shoulder at 782 eV is observed, which is the second part of the HS signal, superposed with
the LS signal centred at 780 eV. Additionally, the second part of the spectrum at about
795 eV can be used to separate the HS and LS contributions. The HS peak is at 796.3 eV,
whereas the LS one is at 794.7 eV, with a shoulder at about 796 eV. Fitting the theoretical
spectra to the experimental data yielded the HS and LS concentrations shown inside the
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3.3 Magnetic properties

plots in Fig. 3.12 and documented in Table 3.3. The oxygen deficiency parameter § is
obtained directly from the concentration of Co?*, as described in Section 3.1.1.2 on page

37.

Table 3.3: The concentrations of Co®* high-spin (HS) and Co** low-spin (LS) as well
as Co®" and the corresponding parameter § in LaCoO, 4 for two LaCoO, NP
samples, with (s) = 9.5 nm and (s) = 37 nm, respectively.

HS (%) | LS (%) | Co** S

9.5+2 nm
300K | 24+2 68«2 | 8+2 | 0.040+0.01
60K | 18%2 74+2 | 8+2 | 0.040+0.01
37+7 nm
300K | 20+2 712 9+2 | 0.045+0.01
60K | 13+2 78+2 9+2 | 0.045+0.01
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Figure 3.13: Co-Ly/3 absorption edges measured with left and right circularly polarized
light (black and red curves, respectively). Their difference is the X-ray
magnetic circular dichroism (XMCD, blue line), with the XMCD integration
(green line). The resultant orbital and spin magnetic moments calculated
from the sum rules are displayed, as well.

On one of the samples it was possible to conduct XMCD measurements at applied field
poH = 4 T, which is shown in Fig. 3.13. The analysis according to Equation 2.30 yields an
orbital moment of my, = 0.038 pp/Co and a spin moment of mg,i, = 0.056 pp/Co. The
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3 Results

ratio of the contributions is therefore m, /mgpin = 0.68, which is somewhat higher than
measured for bulk: mqy,/mgpin = 0.5 [51]. This increase in orbital contribution in XMCD
has been observed for nanoparticles with respect to single crystals. Ref. [226], for example,
shows that the orbital contribution depends on the nature of adsorbed molecules on the
surface of Fe, , O, nanoparticles. Similarly, an increased orbital moment was found for
CoO and (Mn, Fe,_,);0, nanoparticles due to decreased coordination and consequently
stronger spin-orbit coupling at the surface [227, 228]. Disorder can also increase the
orbital magnetic moment [229]. The total moment at pioH = 4 T is Mol = Morb + Mepin =
0.094 pp/Co, which is slightly larger than the results from SQUID measurements at
poH = 1Tand T = 55 K, my1s5x = 0.08 pup/Co’*HS, at [HS]~18% (Table 3.3). The
contribution of Co?* is negligible, as its intensity is lower than the noise level. XMCD
measurements confirm that the orbital moment is not quenched, hence the J value for
the fits of a Brillouin function to the magnetization data according to Equation 2.32 is
taken as | = 1 and g = 3.2, as published in Refs. [51] and [65].

3.3.1.2 Magnetic properties
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Figure 3.14: (a) Hysteresis curve measured at T = 5 K up to ygH = 7 T for a LaCoO,
sample with (s) = 9.5 nm, and (b) the magnified curve from (a) for —0.5 <

Fig. 3.14 (a) shows the hysteresis curve at T = 5 K up to poH = 7 T for a sample with
(s) = 9.5 nm. There is a slight anisotropy between magnetization and demagnetization
with a "coercive field” of ~ 0.04 T (Fig. 3.14 (b)), which is much lower than the coercive
field observed in ferromagnetic LaCoO, thin films, where Hc ~ 0.5 T [1]. Nevertheless,
the behaviour appears to be paramagnetic, and the anisotropy is attributed to particle-
particle interactions.
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3.3 Magnetic properties

At T = 5 K, bulk LaCoO, is expected to have all Co®* ions in the LS state. Since
the Co* LS state is non-magnetic, the observed magnetic moment shown in Fig. 3.14 is
most likely due to Co®" HS. The lowest possible temperature to measure the Co®* HS
concentration [HS] with NEXAFS is 60 K. At this temperature, NEXAFS yielded [HS]=18%
for the LaCoO, sample with (s) = 9.5 nm. With a pef = 3.16, this would result in an
expected average magnetic moment of (m) = 0.18 X 3.16 = 0.57up/Co if all the spins are
aligned. The experimental value is only (m) (60 K, 7 T) ~ 0.22 pp/Co, which is about 30%
of the expected moment at 60 K, because 7 T is not high enough to align all the spins at
60 K. Ref. [47] found half of the spins aligned in a thin film with 36% Co®>* HS at T = 20 K.
The lower amount of aligned spins in NP could be due to the higher temperature or
disordered surface spins [7, 10, 18, 19].
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Figure 3.15: The average magnetic moment (m)/Co measured at T = 5K and poH =7 T
as function of (a) the surface-to-volume ratio S/V and (b) the Co-O distance
dco-0- Dotted lines are linear fits to the experimental data (the fit in (b) takes
into account the offset due to Co?* derived from the linear fit in (a)). For
comparison, data published in Ref. [76] is shown in (b) (red triangles).

To compare the magnetic moment of NPs with different sizes (different S/V), the
average magnetic moment per Co ion at ygH = 7 Tand T = 5 K ({(m) (7 T, 5 K)/Co)
is analysed as a function of the surface-to-volume ratio S/V in Fig. 3.15(a). At 5 K,
extrapolating the linear fit to (m) vs. S/V in Fig. 3.14(a) to bulk with §/V = 0, a finite
magnetic moment of (m), = 0.05 pp/Co is obtained. For magnetization measurements
performed at 5 < T < 40 K, the trend of (m),r against S/V stays qualitatively the
same, but the slope decreases. The intercepts, however, stay more or less constant at
(m)(S§/V =0) = 0.05+0.02 up/Co. This constant additional magnetic moment is therefore
ascribed to Co®* ions with a spin of S = 3/2, as their concentration does not change with
temperature or S/V. With p ~ 3.9 pp/Co for Co?* HS, and a concentration of Co?* of 8%
according to the NEXAFS results at 60 K, the magnetic moment of 0.05 pg/Coat T = 5K
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can be achieved if 16% of all Co?* spins are aligned with the external magnetic field. It is
reasonable to assume that most of the Co?* ions are located near the surface due to their
association with oxygen vacancies, hence most spins are likely disordered.

As shown in Fig. 3.10(c), the decrease of the NP size seems to induce an elongation of the
Co-O bond length dc,.0, which could stabilize the magnetic Co®>* HS state by decreasing
the crystal field splitting. Therefore, Fig. 3.15(b) shows the average magnetic moment per
Coionat yoH =7 Tand T = 5 K ({m) (7 T, 5 K)/Co) as a function of the Co-O distance
dco-0- The apparent correlation between (m)/Co and dc,-o indicates that the magnetic
signal emerges due to a higher population of Co®* HS with increasing dc,.o. The linear
fit shown in Fig. 3.15(b) takes into account the constant addition of m+ = 0.05, i.e. the
magnetization is not zero for the bulk value of dc,.0. For comparison, the data published
in Ref. [76] are added: within experimental accuracy, the (m) (7 T, 5 K)/Co vs dc,-0 data
agree for NP samples synthesized by microemulsion (present work) and sol-gel (Ref. [76]).

Comparing data from the present study to literature values from Table 1.2, a 20%
smaller magnetization is achieved for NP samples in this study compared to literature
values at the same nanoparticle size, but the unit-cell volume expansion is also 50% less
in LaCoO, nanoparticles synthesized by microemulsion. This is probably due to higher
crystal quality in the present study, very low oxygen deficiency and absence of impurity
phases in the present samples. Co®" was not considered quantitatively in Refs. [76, 77,
96-98]. Figs. 3.10 (a) and (b) clearly show linear relationships between (m) and S/V and
between (m) and dc,-0. The slopes are listed in Table 3.4 for data from the present study
and from Ref. [76, 77]. Values of the magnetization and selected lattice parameters in
Refs. [95-97] are comparable to the ones in Ref. [76, 77], but dc,-o is not reported.

Table 3.4: Correlation between surface-to-volume ratio S/V, Co-O bond length dc,-0, and
average magnetic moment (m) for LaCoO, NP synthesized by microemulsion
and values from Ref. [76, 77].

this study Ref. [76, 77]
ddco.0/d(S/V) [Anm] |  0.008 +0.007 0.034 +0.023
d(m)/d(S/V) [us/Co nm] 0.27 £0.04 0.6 £0.2
d{m) (5 K)/ddc,-0(300 K) [pp/Co A1 15 (oH =7T) £7 | 18 (uoH =5T) +£8

The quantitative relationship between dc,-0 and (m) is the same within experimental
error for NPs synthesized by microemulsion in the present study and for NPs produced by
sol-gel and varying calcination temperatures in Ref. [76, 77]. This is shown in Fig. 3.15(b),
where the data points from Ref. [76, 77] agree with the data points from the present study
within experimental accuracy. This shows that dc,-o is the sole parameter controlling
the magnetic moments in LaCoO, NPs, and to some extent in epitaxial thin films [1, 69].
The relationship between S/V and dco-0, and therefore also the relationship between S/V
and (m), on the other hand, lacks consistency. Possible reasons for this will be discussed
further in section 4.2.
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Figure 3.16: Brillouin fits at different temperatures for an LaCoO, NP sample with (s) =
19.5 nm. The diameter of the data points correspond to an experimental error
of £0.0045.

The virgin magnetization curves measured up to poH = 7 Tat5 < T < 40 K can
be described using Equation 2.32. The results are shown exemplarily for a sample with
(s) = 19.5 nm in Fig. 3.16. The fitted curves agree well with experimental data for
40 > T > 5 K. It is noted here that the fits look equally good if J is chosen as J = 2 and
g = 2, as would be the case for totally quenched orbital moment. However, the XMCD
measurements show a significant contribution of mq, (Fig. 3.13), therefore J=1and
g = 3.2 is used.

The fitting parameters N3+ and B; were analysed as functions of temperature and S/V,
as shown in Fig. 3.17-3.18. Fig. 3.17 (a) shows the evolution of the Co** HS concentration
([HS]) as a function of temperature for samples with different S/V. There is a monotonic
increase of the Co®* HS population with increasing temperature for all samples, just as
expected. In bulk LaCoO, there is also an increase of the HS population as the unit
cell increases due to thermal expansion and the thermal excitation is large enough to
overcome the energy barrier between LS and HS states [48]. The HS concentration is
largest for the smallest NPs ((s) = 9.5 nm) with the largest S/V = 0.63. The value of
N3+ varies linearly with S/V for all temperatures (see Fig. 3.17 (b)) and extrapolation
to S/V = 0 yields the Ny s+ values for bulk LaCoO, at different temperatures. These
extrapolated values are also plotted in Fig. 3.17 (a), and are clearly lower than any of the
nanoparticle curves. However, the behaviour of the sample with (s) = 37 nm (S/V = 0.16)
is close to that of the bulk.

Despite considerable efforts [59, 60, 230], simulations of the concentration of Co’* HS
([HS]) as a function of temperature in LaCoO, fail to represent the experimental data
at low temperatures (T < 50 K). The extrapolated values from Fig. 3.17(b) show 2% HS
concentration down to low temperatures, although simulations find 0% [59, 230]. It is
possible that the higher [HS] values for bulk LaCoO, compared to theory (Refs. [59, 230])
is a result of Co?*, the concentration of which is (8 + 2)% measured at T = 60 K (see
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Figure 3.17: The concentration of Co®* ions in the HS state ([Co®" HS]) obtained from
Brillouin fits (a) as a function of temperature for different S/V (solid lines are
guides to the eye) and (b) as a function of S/V at different temperatures with
linear extrapolations to bulk (S/V = 0). For clarity, the error bars are only
shown on the curve measured at T = 5 K, as the uncertainty, mainly arising
from the error in the size determination, is identical for measurements at all
temperatures used.

Table 3.3). As shown in Fig. 3.15(a), this temperature-independent Co®* concentration
results in a constant addition of m2+ = 0.05 for all samples. This moment can be achieved
by [Co** HS] ~ 2% assuming an effective moment of pegr = 3.15 nm in accordance with
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3.3 Magnetic properties

Table 1.1. Low-temperature measurements of [HS] are rare and subject to significant
error. Ref. [51] measured about [HS]= (5 + 5)% at 60 K, which is similar to the value
extrapolated for bulk LaCoO, in Fig. 3.17: [HS]= (6.3 + 1.5)% at 40 K.
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Figure 3.18: The internal field B; as a function of temperature for nanoparticles with
different surface-to-volume ratios (S/V). The solid lines are guides to the
eye.

Fig. 3.18 shows the temperature dependence of the internal field B;, as obtained from the
Brillouin fit, for NP samples with different S/V. Despite the relatively large error bars, B;
is clearly not constant for temperatures ranging from 5 < T < 40 K. Within experimental
accuracy, there is no correlation of B; with NP size. The value of B; is between 0.1 and
0.6 T, which is too low to indicate ferromagnetism, in which case the internal field is of
the order of magnitude of at least tens of T. Additionally, in ferromagnets the internal
field would be expected to be constant with temperature. B; vs temperature T shows a
peak at T = T(Bjmax)-

Since the internal field is so small, it can be overcome by the externally applied field,
which corresponds to the irreversibility field By, at a certain temperature T(Bjy;). At this
temperature the zero-field cooled (ZFC) and field-cooled (FC) curves separate. Fig. 3.19
shows ZFC/FC curves for a sample with (s) = 19.5 nm measured at different applied
fields 0.06 T< B,,p, < 1 T. As shown in Fig. 3.18, the internal field varies between
0.1 < B; < 0.6 T depending on the temperature. The irreversibility point roughly
corresponds to the temperature, at which B; = B,,,. The correlation between B; and By,
is discussed in more detail in section 4.3.1.

The field-cooled (FC) curves show that the magnetic moment starts to rise below about
80 K, which is close to the Curie temperature Tc = 85 K [231], but there is no sign of
a magnetic transition (change in curvature). The temperature, at which the magnetic
moment starts to increase, labelled T*, does not depend on NP size (S/V) or applied field
poH. In bulk LaCoO,, the B/m signature is opposite to the one observed in the inset of
Fig. 3.20: in bulk, the susceptibility decreases as the temperature decreases due to a deple-
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Figure 3.19: Field-cooled (FC, filled circles) and zero-field cooled (ZFC, empty circles)
curves at different applied fields for a LaCoO, NP sample with (s) = 19.5 nm.
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Figure 3.20: The field-cooled (FC) and zero-field cooled (ZFC) curves measured at 100 mT
on a sample with (s) = 9.5 nm, and the inverse of magnetic moment divided
by the applied field, B/(m) as a function of temperature T (inset).

tion of the Co®* HS population. In nanoparticles, however, m/B increases significantly at
T < 80K, although the Co®" HS concentration is decreasing with decreasing temperature
analogue to bulk LaCoO, as shown in Fig. 3.17(a). The drop in susceptibility at T < T*
could indicate stronger correlations of Co>* HS spins below the Curie temperature. Note
that due to the temperature-dependent variation in Co** HS concentration the B/m curve
cannot be extrapolated to B/m = 0 in order to find the transition temperature.
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Figure 3.21: Field-cooled (FC) and zero-field-cooled (ZFC) magnetic moment m(7T) at mag-
netic field strength poH = 10 mT for a sample with (a) (s)xgp = 33 nm and
(b) (s)xrp = 18 nm. The insets show where the temperature of the maximum
is used to identify Tc (|dm/dT|). The Sr concentration of the two sample
batches is x = 0.39 and x = 0.38, respectively.

Field-cooled and zero-field cooled measurements of the magnetization as a function of
temperature were carried out at a magnetic field strength poH = 10 mT. Fig. 3.21 displays
exemplarily the magnetic moment m(T) for NPs with mean particle sizes (s)xzp = 33 nm
and 18 nm. The Sr concentration of these two sample batches was x = 0.39 and x = 0.38,
respectively, thus eliminating a major effect of the Sr concentration. Below about 350 K
and 300 K, respectively, m(T) starts to increase strongly with decreasing T and reaches
saturation, indicating ferromagnetic order of the sample. The Curie temperatures Tc of
the samples were deduced from the minimum of dm/dT (see insets of Fig. 3.21) and are
listed in Table 3.2. Obviously, comparing samples with such different average sizes but
similar Sr concentration x shows that irrespective of Sr concentration x, Tc seems to be
reduced significantly with decreasing particle size.

57



3 Results

N

]

'”K%ﬁ_

m (pg/Mn)
o

m (pg/Mn)
o

""" i 33 nm|
d) TLLRS

18nm- '1-:====I 18 nm|
40 -5 0 5 10 -0.05 0.00 0.05
uH (T) uH (T)

/y
2] ] .
33nm| 1iizi

m (ug/Mn)

\ o

m (ug/Mn)
o

Figure 3.22: Hysteresis curves at T = 5 K for (a) (s)xgp = 33 nm and (c) (s)xgp = 18 nm.
The magnified hysteresis loops at |pgoH| < 50 mT show (b) multi-domain
behaviour for (s)yrp = 33 nm, and (d) single-domain structure for (s)xpp =
18 nm. The Sr concentration of the two sample batches is x = 0.38 and
x = 0.39, respectively.

Fig. 3.22 shows hysteresis curves for the same two samples with (s)yzp = 33 nm and
18 nm, and Sr concentration x = 0.39 and x = 0.38. Fig. 3.22(a) and (c) show the complete
field sweepsat T = 5Kupto poH = 7 T. The saturated magnetic moment amounts to about
2.5 yup/Mn, well below the theoretical value of about 3.5 u3/Mn, expected for a Mn**/Mn**
mixture with x = 0.5. This seems to be typical of NPs and has been observed before for
La, ,Sr MnO, [19, 119]. The reduced magnetic moment is often related to the presence
of a magnetically dead layer at the surface, where strong lattice distortions, reduced
coordination and structural disorder lead to a highly frustrated system and prevent Mn
ions from contributing to the total magnetic moment even at high applied fields [7, 10,
19, 112]. Fig. 3.22(b) and (d) display the magnified hysteresis loops for |poH| < 50 mT.
Small coercivity is observed for particle sizes (s) > 26 nm, indicating a multi-domain
magnetic structure, whereas the sample with smaller NP size ((s) = 18 nm) appears to
be single-domain. None of the samples show superparamagnetic Langevin behaviour, as
they are larger than the critical size of s = 16 nm, published in Refs. [162, 174].
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4 Discussion

The discussion chapter will focus on three individual aspects: firstly, the effectiveness of
microemulsion synthesis will be briefly evaluated, followed by a discussion on the size-
induced structural changes observed for both LaCoO, and La,_,Sr, MnO, NPs. Finally, the
deviation of magnetic behaviour from bulk samples will be discussed in terms of indirect
and direct dependence on NP size.

4.1 Microemulsion synthesis: size control and chemical
composition

Precipitation in microemulsions was chosen as the synthesis technique in order to achieve

uniform batches of LaCoO, and La,_ Sr_MnO, nanoparticles, with NP size being the only

difference between batches, and stoichiometry and crystal quality being the same for all
batches. It will be shortly discussed below whether this goal was reached.

4.1.1 Size control
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Figure 4.1: (a) LaCoO, nanoparticles and (b) La, ,Sr_MnO, nanoparticles mean size (s) xrp
as obtained from Williamson-Hall Analysis of XRD spectra (black) and (s)1x,
and (s)ggpy (red), for (a) and (b), respectively, as a function of the water-to-
surfactant-ratio R,,.
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Fig. 4.1 (a) and (b) depict the R,,-dependent NP sizes obtained from the Williamson-
Hall analysis of XRD patterns and NP sizes obtained from image analysis on electron
micrographs for LaCoO, and La, ,Sr, MnO, NPs, respectively. Fig. 4.1 (a) and (b) both
reveal two distinct regimes: for R,, < 12 (Regime 1), the resultant NP size decreases with
increasing R,,, whereas for R,, > 12 (Regime 2), no trend is observed. As the nanoparticle
size is controlled by the water-to-surfactant ratio, i.e. the size of the water droplets, the
chemical composition of desired products is not expected to significantly influence the
nanoparticle size: according to Ref. [185] R,, < 15 should yield a stable microemulsion
for 0.12M solutions of barium and titanium nitrate salts as the aqueous phase, but the
higher precursor-salt concentration (0.8 mol/l) in the present work seems to decrease the
stability region [184]. In the turbid phase no nanoreactors are formed and hence control
over particle size is lost.

Regime 1 shows that the size range is larger for LaCoO, NP, because they can be
calcined at lower temperatures and sintering and growth of NP is avoided. The range
of nanoparticle sizes could potentially be expanded by choosing different calcination
temperatures, as was done in Refs. [76, 77, 95-97], but only at the cost of changing
the crystal quality as a function of calcination temperature. A minimum calcination
temperature of 900°C is required to crystallize La, ,Sr MnO,, which does not allow the
synthesis of NP with (s)ypp < 19.

According to theory, in Regime 1 the nanoparticle size is expected to decrease if R,,
decreases, since the reduction of the water-to-surfactant ratio is expected to result in
lower diameter micromicelles, which reduces the resultant nanoparticle size. However,
Fig. 4.1 shows the opposite trend: the largest nanoparticle size is obtained for the lowest
R,,, both for LaCoO, and La, Sr MnO,. The reason behind this reversal of trend is
not yet fully understood, but in Regime 1 additional effects such as non-linear reaction
dynamics seem to play a major role in controlling resultant NP size [180, 182, 183]. The
relationship of R,, and NP size (s) must be largely determined empirically [180].

4.1.2 Chemical composition of La;  Sr MnO,

Unexpectedly, the Sr concentration x varies considerably for different NP samples of
La,  Sr,MnO, despite identical precursor concentrations (Xinitial = 0.25) (see Table 3.2).
The highest x value observed in the NPs is x = 0.47 + 0.04. In Regime 1, where
microemulsions are stable, x tends to be higher for smaller R,,. Thus, the following
explanation seems to be plausible: The strongly positive La** ion can be immobilized at
the water-surfactant interface by the charged hydrophilic head of the surfactant [180]. In
this case, no hydroxide precipitation occurs for those La** ions, and the relative amount
of Sr increases. If the surfactant concentration increases, i.e. R,,, is reduced, more La
is immobilized and therefore lost, and the nucleated particles show an excess of Sr. In
line with this conjecture, the Sr concentration within each sample batch was found to be
homogeneous by EELS and TEM-EDX, even if there is a small variation As of NP sizes
within one batch. This is likely due to the fact that the particle-size variation within a
batch develops during calcination, whereas the Sr content is fixed at the nucleation stage
in the microemulsion.
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4.2 Structural changes

As shown in Chapter 3, both LaCoO, and La, Sr,MnO, nanoparticles show size-
dependent increase of the lattice parameters and M-O atomic distances, whereas the
bond angle O\.0-m decreases as S/V increases. Systematic studies on oxide nanoparticles
reveal a general trend of unit-cell expansion as (s) decreases (S/V increases) [9, 20, 28, 29,
232-237], but the mechanism is still under debate. Here, the differences between LaCoO,
and La,_ Sr,MnO, are compared, and a mechanism of size-induced lattice expansion is
suggested.

4.2.1 Unit-cell expansion — comparison between LaCoO4 and
La, .Sr, MnO,

Comparing LaCoO, to La,_  Sr. MnO, nanoparticles in Fig. 4.2, it can be seen that all
the structural parameters Y; deviate increasingly from bulk values Y;};, with decreasing
NP size, i.e., increasing S/V, for both materials. However, the relative changes AY;/Y;},
are much larger for La, ,Sr MnO, than for LaCoO,. A LaCoO, NP sample with (s) =
19 nm shows an increase in unit-cell volume AV,./V;cp of 0.3%. In contrast, a unit-cell
expansion of 1% was measured for a La, ,Sr. MnO, sample with (s) = 20 nm. Similarly
for all AY;/Y;p, the relative changes are much larger for La, ,Sr,MnO, compared to
LaCoO,. The maximum increase of the Mn-O distance is about 2% and the greatest
reduction of the bond angle amounts to 5% for La,_  Sr. MnO, with a minimum mean
size of (s) = 20 nm. On the other hand, the maximum increase of the Co-O distance
Adco-0/dco-op is only 0.26% for LaCoO, with a size as small as (s) = 9.5 nm. The
values of d(Adm-0/dm-0p)/dS/V are (0.37£0.15)%/nm™! and (4+1.5)%/nm™! for LaCoO,
and La,_ Sr,MnO,, respectively. Interestingly the size-dependent relative expansion of
the Co-O bond length in La,Sr,CoO, was found to be (1.2+0.2)%/nm™’, i.e. smaller
than La,_ Sr. MnO,, but significantly larger than the pure LaCoO, compound [238, 239].
La, Sr CoO, has a mixture of Co** and Co*", analogous to La, ,Sr, MnO, [47]. A direct
comparison between La, Sr,MnO, and the parent compound LaMnO, is difficult, as
decreasing the NP size of orthorhombic LaMnO, leads to a size-dependent reduction of
the orthorhombic distortion, accompanied by a shrinkage of the a and b lattice parameters
and the unit-cell volume [240]. However, the microstrain associated with the decrease
of the orthorhombic distortion is 0.33%/nm™!, which is closer to the values measured for
the Co-O bond strain in rhombohedral LaCoO, than the ones for La,  Sr, MnO, NPs in
the present project. Unfortunately, the Mn-O bond length was not assessed separately in
Ref. [240].

Several mechanisms for size-induced unit-cell expansion have been discussed in the lit-
erature: First of all, there seems to be a dependence of structural changes in nanoparticles
on the synthesis procedure [28, 241]: microemulsion synthesis seems to lead to lattice
expansion in CeO, NP, whereas directly precipitated NP have a contracted unit cell. This
is explained by a lower defect density in CeO, obtained from direct precipitation. Using
the same calcination temperature for different NP sizes as was done in the present study,
reduces the possibility of different defect densities for different batches and leads to a
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Figure 4.2: The relative changes AY;/Y;y, of (a) the rhombohedral lattice parameter a, (b)
the metal-oxygen bond length dji.0, (c) the M-O-M bond angle O\.0-m, and
(d) the unit-cell volume V;., compared to the bulk values as a function of
surface-to-volume ratio S/V, for LaCoO, (black circles) and La,_, Sr, MnO, (red
squares). For La, Sr MnO,, the changes are related to bulk values with the
same Sr concentration x. The dashed lines are extrapolations to the bulk, i.e.
AY; =0and S/V = 0.

linear increase of the lattice parameters with increasing S/V ratio, which suggests an
effect based on the surface.

Considering defects, it is well known that oxygen vacancies (V) can be formed at the
surface of oxides [31, 215, 241, 242]. Therefore, any increase in S/V is expected to result
in significantly higher [Vp]. This can lead to a size-dependent increase of V; and dy-0
in perovskites [146, 243, 244]. However, the multiplet fitting of NEXAFS results yield an
oxygen vacancy concentration [Vo] of only 1.3% and 1.5%, for LaCoO, NP samples with
(s) = 9.5 nm and (s) = 37 nm, respectively. There is also no strong influence of S/V on
[Vo] (see Table 3.3), which suggests that the influence of S/V on V. and d.o is probably
not related to [Vp].
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Moreover, in Lal_xerMnO3 a high concentration of oxygen vacancies is inconsistent
with the magnetic properties: by charge neutrality, a high concentration of oxygen
vacancies would result in a reduction of the ratio Mn**/Mn>*, effectively reducing the
hole doping x. With respect to the La, , Sr. MnO, phase diagram shown in Fig. 1.6, an
increase of T would be expected for NP with x > 0.4, and a decrease of T¢ for NP with
x < 0.4, if x reduces as a function of size. However, the NP sample with x = 0.47 displays
a strongly reduced T¢ with respect to bulk, just as NPs with x < 0.4. Itis not only the trend
of Tc vs S/V, that is inconsistent with [V ] being the origin of the size-induced structural
modifications and the decrease of Tc, but also the magnitude of T¢ reduction: To achieve
a Vo-related reduction of Tc by 10% at x = 0.39, § in La,  Sr MnO, s is expected to be
0.09 according to Fig. 1.6. However, the measured Vp concentration is only § < 0.05 (see
Section 3.1.2.2). Hence, one can rule out the influence of oxygen vacancies on structural
modifications at the nanoscale, in agreement with the considerations in Ref. [29].

Intrinsic reasons for the generally observed unit-cell expansion, such as surface energy,
have also been considered: Ref. [29] has suggested a model based on the surface energy,
where the volumetric expansion AV /V = —Ap/B, with B the bulk modulus of the material
and Ap = 1_21 fs, where f; is the surface stress. However, the simulated results over-estimate
the expected expansion by a factor of 2 compared with experimental results [9]. The
discrepancy is most likely due to the value of the bulk modulus B being dependent on
the crystallite size [29], as has been shown for example for ZnO [245]. The bulk modulus
was not adjusted to size in Ref. [9]. Additionally, pristine nanoparticle surfaces were
considered for estimating f;, while the broken bonds at the surface are usually saturated,
e.g. by hydroxy groups [246], which lowers the effective surface stress.

Another way to decrease the surface energy is by crystalline reconstruction: This
possibility was investigated using TEM HR images. Measuring the lattice spacing dp;
perpendicular to NP facets both for LaCoO, and La, ,Sr MnO, samples, and comparing
the value of dpy; with the value from XRD, it is possible to identify the Miller indices of
the NP facets parallel to the electron beam. For example, a sample with (s) = 12 nm
shows, that the most frequent facets are the trigonal (006) with dyos = 2.16 + 0.003 A and
an occurrence of 15%, and the (110) planes with d;;p = 2.71 + 0.003 A and an occurrence
of 13%. This suggests the presence of oxygen vacancies, which according to calculations
performed by Ref. [242] prefers equal prevalence of (110) and (100) facets in thermo-
dynamic equilibrium and is in agreement with NEXAFS measurements showing a Co?*
concentration of about 8%. The lattice spacings from XRD, TEM HR image analysis
and TEM electron diffraction are the same within experimental accuracy. Assuming a
clean NP surface, atomistic simulations considering the surface energy show that the
relaxation of the (100) surface results in sinusoidal displacement of the Co-O plane some
3.5 nm into the bulk [242]. The main displacement is moving O ions from the Co-O
plane to the outer La-O plane by 1.6 A [215]. In a pseudo-cubic consideration, i.e. ne-
glecting the rotation of the [CoOy,,]*~ octahedra, that would correspond to a change in
Adco-0/dco-0p = 0.13% at the topmost plane, which corresponds to just half of the max-
imally observed Adco-0/dco-0p = 0.26% for (s) = 9.5 nm. The experimentally observed
expansion is an average value for the entire batch of NPs, whereas the theoretically
computed Adco-0/dco-0p = 0.13% is only found at the surface, and decreases into the
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bulk. More recent simulations show that the thermodynamically stable surfaces are the
hexagonal (114) with O, termination, (001) with LaO, termination and (112) LaO p(1 X 1)
facets [247]. The second one of these, (001), shows an inward relaxation of Catioons, and
oxygen ions relax outwards, with a bond length difference of only up to 0.175 A [248].
Therefore, surface reconstruction alone is not sufficient to explain the observed unit-cell
expansion.

Instead, surface adsorbates are considered: It has been shown that oxide nanoparticles
frequently show a thin layer of hydroxide at the surface due to chemisorption [231, 249].
Ref. [231] has considered the adsorption of H,O at surface oxygen vacancies. The adsorbed
water molecule transfers one proton to a surface O~ ion, resulting in two OH~ ions bound
to two separate Co®" ions. The valence state of the Co®" ion remains unchanged, but the
ion is now coordinated with five oxygen and one OH™ ion. This effect lowers the electron
density at the surface of the nanoparticles compared to a surface with exposed O~ ions.
Additionally, the Co-OH bond is weaker than the Co-O bond, which results in an increase
in bond length. For La, Sr MnO, an additional effect is possible: at the Mn>" ion, the
energy of the electrons can be lowered by lifting the degeneracy of the e, levels by the
Jahn-Teller (JT) effect (see page 7), leading to localization of the electron. The double-
exchange mechanism leads to delocalization, i.e. sharing of the e, electron between two
Mn*? ions, which counteracts the JT effect. Mn ions at the surface are missing an oxygen
ion to bind to, which probably leads to a slightly different coordination or adsorption of
water, forming a hydroxy bond. The resulting localization of the electron could lead to
an increase in bond length via electron-phonon coupling [41, 149]. As the increase in
bond length is present everywhere at the surface, an incrase in S/V could result in the
observed increase of dyin-0. Ref. [250] show that the Mn-O bond length in La, , Ca MnO,
decreases by about 20% when cooling through the Curie temperature, i.e. going from a
localized insulating system to the delocalized double-exchange coupled system. Although
it is likely that the decrease is weaker in La,  Sr MnO, [41], this additional influence
on the lattice strain by electron-phonon coupling could help understand the difference
between size-induced lattice expansion in LaCoO, and La,_,Sr_ MnO, NPs. Additionally,
the localization of e, electrons at the surface could result in the lowering of the saturated
magnetic moment described in Section 3.3.2 on page 57.

Co’", on the other hand, is not JT active in the LS or HS states and at the low
concentration of Co®* HS in the NPs studied in the present thesis, the electrons cannot
delocalize throughout the lattice. Therefore there is no significant change in electron
configuration at the surface of NPs, and the increase in bond length is only related to
the electron-pulling effect of the hydroxide group at the Co**. This conjecture is also
consistent with the observation that size-induced lattice expansionin La,_ Sr. CoO, [238]
is larger than in LaCoO, (see page 61), due to double exchange between Co** and Co**
in bulk and possible localization of the electron at the surface, potentially resulting in
size-dependent lattice expansion compared to bulk La, ,Sr CoO,. The difference in unit-
cell expansion between La,  Sr MnO, and La, Sr,CoO, could be due to the difference
in electron-phonon coupling.

The Llattice-expansion mechanism based on surface adsorption could also explain the
lack of consistency in literature with respect to the quantitative influence of NP size
on lattice parameters, as surface adsorption is difficult to control and can lead to ageing
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4.2 Structural changes

effects. In the present study, XRD and SQUID measurements were performed immediately
after calcination, hence one can assume a small influence of hydroxides. If more time
elapses between calcination and measurement, the unit-cell expansion can be larger, as
published in Refs. [76, 77, 96, 97].

. LaCoO, La, o,Sry 3gMNO,
a) —heating b) —heating
-0.5§ —cooling 1 -0.02¢ —cooling 1

mass loss (%)
mass loss (%)

Figure 4.3: Thermogravimetry curves for (a) LaCoO, and (b) La, ,Sr, MnO,. Heating (red
curve) and cooling (blue curve) were both performed at 10°C/min.

In order to compare the adsorption in LaCoO, and La,  Sr_ MnO, nanoparticles, two
samples with comparable nanoparticle size ({(s) = 19 nm and (s) = 20 nm, respectively)
were analysed in thermogravimetry. The results are shown in Fig. 4.3. Fig. 4.3 (a) shows
the decrease of mass with increasing temperature for LaCoO,: up to about 300°C the
mass of the sample decreases by about 1.5% due to release of adsorbed water and other
species. The ensuing sharp drop in mass, which is completed at about 390°C, is due
to deoxylation of chemisorbed hydroxy groups at the Co®* ions [109, 251]. Although
similar deoxylation processes could be expected for hydroxide groups at the La®* ion, the
deoxylation of LaOOH is expected at t > 500°C [252, 253], where no mass loss is observed.
The drop in mass at 390°C is about 1.2%, which is one order of magnitude higher than for
polycrystalline samples [254]. This is to be expected as water adsorbs to the surface and
nanoparticle samples have a much higher surface-to-volume ratio. Since 18 g of mass is
lost for each mole of desorbed water, the mass loss can be converted to (17+2)mol%. The
following relationship can be used to estimate the fraction of Co ions at the NP surface
of a perfectly spherical nanoparticle [255]:

NS _ 3a

Niotal 2R

with a being the lattice constant and R the spherical particle radius. For the sample
with (s) = 19 nm this yields (13+3)% of all Co ions located at the surface. Taking into
consideration that the nanoparticles are not perfectly spherical, their surface is larger
than anticipated in Equation 4.1. Therefore, it can be assumed that at least all surface

(4.1)
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Co ions were fully saturated with hydroxides. The continuous desorption up to 300°C,
is partially reversible even at fast cooling rates. However, as shown in Fig. 4.3(a), the
cooling curve does not show the same step at about t = 390° C, i.e. the decomposition of
these surface hydroxides is irreversible in this experiment. It can take about 40 hours in
moist atmosphere for oxides to convert fully back to hydroxides [253], but the cooling
rate in the present experiment is only 10°C/min. However, hydroxides are re-adsorbed
from air, if the sample is left to stand for a week: Repeating the TGA experiment on the
same sample directly after the first heat treatment results in no mass loss at t = 390° C,
but after a week the same sample shows the same mass loss as shown in Fig. 4.3(a).

In hexagonal CoO(OH) the Co-O bond length is 1.94 A [256]. This is 0.5% larger than
the value for dcyo in LaCoO;. In the case of a sample with (s) = 9.5 nm and assuming
a spherical shape, the ratio of N5/Niota1 = 0.17. From the mass loss in thermogravimetry
one can assume that all 17% of Co ions at the surface have an elongated bond length. Due
to elastic strain, probably more than the surface layer will be affected. Considering that
atomic relaxation at pristine LaCoO, surfaces decays to zero only within a distance r; of
3.5 nm into the material [215], it is likely that the weakening of the Co-O bond occurs
over the same range. Therefore, each NP can be pictured as having a strained shell of
3.5 nm thickness. In a gross over-simplification, a linear decay from dc,-o at the surface
to the bulk dc,-op at a distance of 3.5 nm from the surface can be assumed, which leads to
progressively reducing Co-O bond length from the surface through the thickness of the
strained shell. dco-0 can then be expressed as a function of the radial distance from the
centre of a NP (r) in the following way:

dooo(r.s) = {dCO_O,b ?fO <r<s/2-r (42)
dco-op +mX(r—(s/2—ry) ifs/2—ry<r<s/2

where m = (dco-on — dco-0p)/(3.5 nm), and s/2 is the particle radius. Using dV =
47ridr, i.e. a spherical shell with infinitesimal thickness, and integrating troughout the
strained shell of 3.5 nm thickness (ry), the average Co-O bond length as a function of the
nanoparticle size s, (dco-0) (s) is estimated as follows:

2
Vint X dco-0p + /s ;é—ro dco-o(r,s) X 4mridr
(dco-0) (s) =

(4.3)
Vtotal

with Vipt and Vot the unstrained and the total NP volume, respectively.

Applying Equation 4.2 to NP samples with (s) = 9.5 nm and (s) = 19 nm the average
Co-O bond length is dco-0 = 1.937 A and dco-0 ~ 1.935 A respectively. For the sample
with (s) = 9.5 nm this corresponds to Adco-0/dco-0p = 0.3%, which in view of the
approximations used is surprisingly close to the experimental value of (0.26+0.1)%. For
a sample with (s) = 19 nm, Adco-0 = 0.2%, compared to the experimental value of
(0.1£0.1)%, with only an agreement of a factor of two only.

A similar estimation can be done for La, ,Sr MnO,: The Mn-OH bond length in
MnOOH is about dyip-og = 2.34 A [257]. The relaxation distance of surface reconstruc-
tion effects is close to 1 nm [258]. Using Equations 4.2-4.3, the expected strain for a
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nanoparticle with (s) = 18 nm is Adyn-0/dmn-0p = 1.1%, which is within the uncertainty
of the experimental value of Ady-0/dyvn-0p = 1.8 £ 0.9%.

In contrast to LaCoO,, La,_ Sr,MnO, shows very little change in mass upon heating
(Fig. 4.3 (b)). The continuous desorption process reduces the sample mass by only 0.06%.
There seems to be a slight increase in mass at 350°C, which is attributed to the presence of
SrO [259] and seems to be fully reversible. An irreversible mass loss is registered at about
400°C, and is associated with the decomposition of weakly bound hydroxides bound to
Mn?* ions at the nanoparticle surface [260-263]. Since the change in mass is only 0.01 wt%,
i.e. in the case of water desorption 0.15 mol%, the majority of hydroxides bound to Mn**
and Mn*" ions possibly remain stable up to higher temperatures. The ratio of formation
enthalpies of CoO(OH) to MnO(OH) is 0.72 [264], and the deoxylation temperature of
CoO(OH) is 390°C in Fig. 4.3, the estimated deoxylation temperature for MnO(OH) is ~
390/0.72 = 540°C. This only considers Mn>* ions, but since the average valence is higher
in La,_ ,Sr MnO,, it is quite possible that the desorption temperature is pushed to higher
values. Unfortunately it cannot be measured at ¢t > 600°C, because at that temperature
significant oxygen uptake [265] and decomposition reactions commence [254] which
makes it difficult to separate effects. Alternatively, there are only very few strongly bound
hydroxy groups present in the first place, and lattice expansion in La, ,Sr MnOj is due
only to the effective negative pressure due to surface energy described above on page 63.
In that case, the more pronounced size-dependent lattice expansion in La,  Sr MnO, due
to intrinsic surface-induced pressure could be related to higher surface energy for clean
surfaces, compared to surfaces where the dangling bonds are saturated, as is the case in
LaCoOj (see Fig. 4.3).

To analyse the influence of surface adsorption on the lattice parameters further, XRD
was carried out on the sample with (s) = 19 nm shown in Fig. 4.3 before and after
TGA treatment, i.e. once with a hydroxide shell and once after deoxylation. The lattice
parameters change according to Table 4.1.

Table 4.1: The Co-O bond length dc,-0 and average magnetization at T 5K and ygH = 7T
(m)s g7 of the sample with (s) = 19 nm, before and after heat treatment at
600°C shown in Fig. 4.3.

before heat treatment | after heat treatment
dco-0 (A) 1.930 + 0.003 1.918 + 0.003
(m)s k77 (1s/Co) 0.140 + 0.004 0.132+ 0.004

Within error, the value before heat treatment agrees with dc,.0 measured directly
after calcination (dco-0 = 1.933, see Table 3.1). It is possible that both the surface
concentration of hydroxides and the concentration of oxygen vacancies increases due to
ageing. However, both effects are expected to result in a larger unit cell, and hence larger
dco-0, which is not the case. In particular, the dco-0 value after calcination is reduced
significantly below the bulk value. While the difference between measurements before
and after heat treatment (TGA) can be understood in terms of desorption of hydroxides,
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the lowering below the bulk value remains unclear, but could possibly be related to
healing of crystalline defects.

The average magnetic moments of (m)sy ;1 = 0.14 pp/Co and 0.13 mug/Co were
measured before and after heat treatment, respectively, showing the same paramagnetic
behaviour as observed after calcination. The reduction in magnetic moment can be
related to the reduction in dc,-o according to Fig. 3.15(b). However, the small reduction in
magnetic moment associated with the large reduction in dc,-o suggests additional effects
due to heat treatment, which are not yet understood. More systematic studies including
LaMnO, and La, Sr CoO, NPs are required to verify the mechanism of size-induced
lattice expansion.

4.3 Magnetic properties

The structural changes described in Section 3.2 have a profound effect on both LaCoO,
and La,_ Sr. MnO, nanoparticles. While bulk LaCoO, is non-magnetic and the reduction
of size induces a magnetic moment by stretching the Co-O bond, bulk La,_ Sr MnO, is a
ferromagnet governed by double exchange between Mn** and Mn**. Therefore, stretching
the Mn-O bond in the latter case will have the effect of weakening the magnetic coupling.

4.3.1 Influence of unit-cell expansion and strain on magnetic properties
of LaCoO4 nanoparticles

It has been shown in the introduction that the magnetic properties of LaCoO, are sensitive
to structural parameters. In particular, the ground-state magnetic moment depends
critically on the rhombohedral distortion dy. As a size dependent expansion of the unit
cell has been demonstrated in section 3.2.1, a modification of the magnetic behaviour is
expected.
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Figure 4.4: Evolution of structural parameter dy as a function of surface-to-volume ratio
S/V. The red dashed line marks the critical value of dy = 0.052, below which
the ground state of LaCoO, is magnetic according to Ref. [44].
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Using Equation 1.5 dy is calculated between 0.049+0.003 and 0.056£0.003 (see Fig. 4.4).
Below dy = 0.052 DFT calculations result in a magnetic ground state of LaCoO, with
Uefr = 1.3pp/Co [44]. The data presented in Fig. 4.4 was measured at room temperature,
and as the thermal expansion of LaCoO, is non-linear [48], the low-temperature structural
parameters are unknown. Within experimental accuracy most samples have dy ~ 0.052.
If anything, there is an increase in dy with decreasing NP size. This is in contradiction
to previously discussed data. It cannot be ruled out, that NP size influences the thermal
expansion behaviour, too.
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Figure 4.5: Concentration of LaCoOj, in the high-spin state (HS) at 300 K (red circles) and
60 K (blue triangles) as obtained from multiplet fittings to near-edge X-Ray
absorption fine structure (NEXAFS) spectra as functions of (a) the surface-to-
volume ratio S/V (accuracy given in Table 3.1), (b) the Co-O atomic distance
dco-o (accuracy: +0.002 A) (c) the unit-cell volume V,. (accuracy: +0.8 A3)
and (d) the Co-O-Co bond angle 0¢c,-0-c, (accuracy: 0.5 °).

As outlined in Section 2.3.2.1, multiplet simulations to the near-edge X-ray absorption
fine structure (NEXAFS) spectra allows for the calculation of the concentration of LaCoO,
HS ions as well as the concentration of Co?*, which is related to § in LaCoO,_g. The results
are given in Table 3.3. Fig. 4.5 (a)-(d ) shows the concentration of Co* HS at 60 K and
at 300 K as functions of S/V, dco-0, Ve, and Ocy-0-.co. For data measured at T = 60 K,
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there is a relationship between [HS] and S/V, as well as between [HS] and V;,.. This
is to be expected as V,. depends on S/V as discussed above, and the expansion of the
unit cell stabilizes the HS state. The most significant contribution to the expansion of
the unit cell is the elongation of dc,-0, which accommodates the larger atomic radius of
Co** HS. However, there is no significant difference between the dc,.o values for bulk
and the sample with (s) = 37 nm, i.e. S/V = 0.16. This could be a precision effect, as the
increase of [HS] from 13% to 18% at T = 60 K is significant when increasing dc,-o from
1.931 A to 1.936 A. On the other hand, there is no correlation between [HS] and 0co-0-co,
which supports the claim that size-induced increase of the interatomic distance results
in stabilization of the [HS] state, as this mechanism is not very sensitive to 8co-0-co. At
T = 300 K the difference in [HS] is negligible for NP and bulk, despite significant changes
in unit-cell volume and Co-O distance. This has also been observed in thin films [1,
69] and heavily Ni-doped LaCoO, [266]: the tensile strain seems to mainly prevent the
HS—LS transition at low temperatures.

Considering the mechanism suggested by Ref. [231], the coordination of Co®* at the
surface with five O~ and one OH~ ions can be compared to the coordination of Co®* in
Sr,Co0,Cl, which has Co®* in the high-spin state. Consequently, the adsorption of H,O
could double the surface concentration of Co®* HS ions. The sample with (s) = 9.5 nm
has roughly 17% of its ions at the surface, and a Co®* HS concentration of 18% at 60 K.
The sample with (s) = 37 nm on the other hand has 4% surface ions, and a Co** HS
concentration of 13% at 60 K. Particularly in the latter case, the surface would have to be
completely HS, and some of the bulk as well, to account for [HS]=13%. Assuming that
this is not favoured [50, 267] due to structural strain (the atomic radius of Co®* HS is
larger than that of Co®" LS), intermixing of HS and LS is expected in a surface layer of
finite thickness. Within this thickness, the HS concentration most probably would exceed
the percolation threshold, i.e. a ferromagnetic phase would form. There is no indication
for ferromagnetism in the magnetization data shown exemplarily in Fig. 3.20 or Fig. 3.14.
Therefore, strong clustering of Co®* HS ions is excluded.

One can compare NEXAFS data with the values obtained from Brillouin fits to the virgin
magnetization data displayed in Fig. 3.17 (a). As outlined in Section 3.3.1.2, the [HS] values
obtained from the Brillouin fits might be constantly higher, as the Co*" contribution can
accounted for by a constant addition of 0.02 to the Co®>* HS concentration. For comparison
with NEXAFS, this value will be subtracted. Here only up to 14% of the Co®" ions are
HS at 40 K, for a sample with (s) = 9.5 nm. NEXAFS analysis, described in 3.3.1, yields
a concentration of Co®* in the high-spin state of (18+2)% at 60 K and for {s) = 9.5 nm.
Although it was not possible to measure NEXAFS at lower temperatures, extrapolating
the curve for S/V = 0.61 to T = 60 K yields a value of (15 + 3)%, which agrees with
the results of the multiplet simulation. For the second sample analysed by NEXAFS, the
[HS]=(13+£2)% at 60 K, whereas the extrapolated value from the fits yields (10 + 2)%, i.e.
it agrees as well within experimental error.

In summary, the combination of NEXAFS measurements and analysis of magnetization
data measured with SQUID magnetometry lead to the conclusion that there is no magnetic
phase separation in LaCoO, nanoparticles. Most importantly, using two-phase models
to fit the measured SQUID data, i.e. a ferromagnetic and a paramagnetic phase, the
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resultant Co®* HS concentration peaks at 30 K and [HS]=10% only at 40 K for the smallest
nanoparticle sample. The first effect is in contradiction to the literature on bulk LaCoO,,
indicating monotonic increase of [HS] with temperature, whereas the second effect is in
contradiction to the NEXAFS results on the same NP sample. Note that a single magnetic
phase as fitted in the present study is in contrast to Refs. [76, 77, 96-99], all of which
assume phase separation into ferromagnetically ordered domains and antiferromagnetic
or non-magnetic regions. The ferromagnetic phase is assumed based on the presence of
magnetic hysteresis. Actually, for NP with (s) < 20 nm, one would assume single-domain
behaviour without hysteresis. In Ref. [96], one can clearly see a widening of the hysteresis
loop as the NP size increases, i.e. as the calcination temperature increases, which visibly
leads to higher particle density. The anisotropy in this work could be an effect of increased
particle-particle interaction rather than due to ferromagnetic domains. If the hysteresis
was an indication for ferromagnetism, the coercivity would be expected to increase as
the nanoparticle size decreases, and then vanish completely as small nanoparticles are
likely single-domain. Therefore, the presence of magnetic anisotropy cannot be taken
as proof for long-range ferromagnetism, particularly as one of the NP samples shows an
increase in coercivity after TGA, although the size has not changed. Most importantly, as
outlined above, neither the low concentration of Co®>* HS (which was not determined by
any of the researchers cited above), nor the magnetic behaviour justifies magnetic phase
separation. Moreover, the published data [76], [96] can be described by Equation 2.33,
i.e. a Brillouin function with an internal field B;, as shown in Fig. 4.6. The parameters
corresponding to the best fit are tabulated in Table 4.2:

Table 4.2: The values of [Co*" HS] and B; fitted to data from literature and from the
present thesis.

Ref. T(K) | size (nm) | S/V (nm™!) | Vi (A) | [Co® HS] By(T)
[76] 2 25 0.24 337.38 | 0.05 +0.01 | 0.03 +£0.02
2 32 0.19 336.18 | 0.04 +£0.01 | 0.01 +0.005
[96] 5 60 0.1 336.83 | 0.07 £0.02 | 0.18 +0.09
5 80 0.08 336.53 | 0.03 £0.01 | 0.14 +0.07
this project 5 9.5 0.63 337.5 | 0.06 £0.02 | 0.31 +0.08
5 19 0.32 336.0 | 0.04 £0.01 | 0.17 £0.06
5 37 0.16 335.8 | 0.03 £0.01 | 0.24 +£0.07

Comparing these results to the data presented in the present thesis, the values for
[Co®" HS] are higher in Refs. [76] and [96]. As these studies have not taken Co?* into
consideration, but the presence of oxygen vacancies is very likely, the comparison will be
done without subtracting the Co?* contribution from the data measured on the samples
prepared in this thesis. Although according to Table 3.1 there are no samples with the
same sizes as in Table 4.2, one can use Fig. 3.17(b) to estimate the corresponding values.
For example, at T = 5 K, the extrapolation predicts a [Co®>" HS] value of ~ 0.02 for
s = 60 nm, i.e. about 1/3 of what was measured in Ref. [96]. On the other hand, the
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Figure 4.6: Brillouin fits to data extracted from Ref. [76], measured at T = 2 K (left) and
Ref. [96], measured at T = 5 K (right), with different average NP size.

unit-cell volume in Ref. [96] for NP samples with (s) = 60 nm is 336.8 A, which is just
slightly smaller than the unit-cell volume for the sample with (s) = 9.5 nm in the present
study, with a corresponding fitted [Co®* HS] concentration of 0.063 +0.002. Clearly, this
value is much closer to the value given in Table 4.2 for the sample with (s) = 60 nm. It
was not possible to measure hysteresis curves at T = 2 K, but extrapolating the curve for
the sample with S/V = 0.63 in Fig. 3.17(a) seems to indicate [Co®* HS]~ 0.04 at 2 K. This
sample has the same unit-cell volume as the sample with (s) = 25 nm in Ref. [76], which
according to Table 4.2 has a [Co®>" HS]~ 0.05. Hence, the relationship between unit-cell
expansion and Co®* HS concentration seems to be the same in this work and in Refs. [96]
and [76], although the difference in synthesis procedure seems to lead to a variation in
the relationship between S/V and AV,./V,cp. This observation is in agreement with the
analysis of magnetic moment in relation to NP size and Co-O distance dc,-0, as stated in
Table 3.4: The relationship between structural properties and magnetic properties seems
to be the same in the present work and in Refs. [76, 96, 97], but the influence of NP size
on structural parameters is not consistent (Table 4.2).

In epitaxially strained thin films, Pinta, Fuchs et al. have shown [Co®>" HS]=75% at
T ~ 100 K [1], and V. = 336 A® [69]. The unit-cell volume corresponds to the unit-cell
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volume of the NP sample with S/V = 0.32, which at T = 40 K has [Co** HS]=12.5%,
and is paramagnetic in contrast to the ferromagnetic thin films in Ref. [1]. The different
behaviour despite comparable structural parameters is most likely due to the different
strain states: in epitaxial thin films, the strain by definition is anisotropic, whereas in
nanoparticles, the strain is most likely isotropic. Thisleads to tetragonal distortions in thin
films [1], which is not observed in NP samples. Although the oxygen octahedra around
the Co>" ions apparently are not distorted anisotropically [94], the direct comparison of
unit-cell volumes is not possible.

The values for B; for data taken from Refs. [76] and [96] is of the same order of
magnitude as the values obtained in the present study, but unfortunately no temperature-
dependent data was published to allow a detailed comparison. Nonetheless it becomes
clear that data measured on LaCoO, NPs previously can well be interpreted as a sin-
gle paramagnetic system, with a small internal field, instead of a two-phase system.
Moreover, comparing structure-dependent magnetization, the apparent discrepancies in
size-induced magnetization vanish. This can be taken as confirmation of the assumption
that the stabilization of the HS state is a consequence of lattice expansion, but at the
same time, it is also an indication that synthesis procedure greatly influences the extent
of lattice expansion. Finding an unambiguous relationship between nanoparticle size and
Co-0 atomic distance is therefore a project for future studies.

As mentioned above, accurate fits require the assumption of an internal field B;. Ap-
parently, the spin-spin interaction leads to short-range magnetic order, resulting in an
internal magnetic field of small magnitude. For nanoparticles, the magnetic field gener-
ated by a nanoparticle can influence the spins of a neighbouring NP [268]. The weakness
of the interaction compared to fully ferromagnetic materials can be attributed to the low
number of atomic magnetic moments. The two aspects of B; - its nature and its variation
with temperature - are discussed below.

Fig. 4.7 shows the variation of B; with temperature for samples with increasing
S/V. In the same plot, the irreversibility fields Bj, and corresponding temperatures
T(Biy) are shown, i.e. the temperatures, at which the difference in mzpc and mgc is 5%
(Am/mgpc = 0.05) at different applied fields poH. Clearly, two regimes are identified: at
T < T(Bimax), the irreversibility field deviates strongly from B;(T) data (shaded regions),
but for T > T(Bjmax), qualitatitve agreement is achieved. This regime shows monoton-
ically decreasing irreversibility fields with increasing temperature, and correspondingly
decreasing B; with increasing temperature. This correlation indicates short-range mag-
netic order, which competes against temperature-induced disorder. Consequently, the
irreversibility temperature approaches zero as the applied field increases towards infinity,
as an infinitely high field can orient all spins even if the material has been cooled down
in zero applied field.

In the low-temperature region, B; decreases with decreasing temperature. The peak
could indicate the influence of two competing effects: Atlow temperatures, the temperature-
dependent Co** HS concentration dominates: The internal field increases as the concen-
tration of Co®* HS increases with temperature according to Fig. 3.17(a). At higher
temperatures, on the other hand, the dominant effect is increasing thermal fluctuations,
so that the internal field as well as the irreversibility field decrease with increasing tem-
perature. The point where the two effects contribute equally, is expected at T(Bjmax),
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Figure 4.7: The values of B; vs. T (black, lines are guides to the eye), the irreversibility
field B, against the temperature at which the difference between field-cooled
and zero-field cooled magnetization (Am/mzgc) is 5% (blue) for nanoparticle
samples with different S/V. The shading separates the two different regimes
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which is lower for samples with generally higher [Co®* HS], i.e. higher S/V: Plotting
T(Bimax) as a function of S/V in Fig. 4.8 shows that the maximum of the internal field

shifts to lower temperatures if S/V increases.

There seems to be a critical [Co** HS] to establish correlations between magnetic mo-
ments. Once these correlations are established, thermal energy competes with these cor-
relations. Therefore, in samples with larger S/V, the "critical” concentration [Co®" HS]
is reached at lower temperatures (see Fig. 3.17(a)). According to Fig. 3.17(a), a temperature
of ~ 15 K is required to achieve [Co®* HS]=9% (i.e. 7% taking into account the Co?** con-

74

_‘S/V=0.31
E HH—T
_ Ey
m.: 05 L | -
m_ O | | }_’d’
0 20 40
T (K)
N S/V=0.44
E T
- e
m.: 05 L -
= M
m_ O | | }_’%
0 20 40
T (K)
_ S/V=0.50
E 19t T
- >
o 05 N
E
Cﬂ_ 0 | | }_’k
0 20 40
T (K)
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tribution) for samples with S/V = 0.5, which corresponds to T(Bjmayx) for these samples
according to Fig. 4.8.

As the atomic radii of ions in HS and LS state differ, elastic reasons as well as entropy
of mixing [50] lead to a uniform distribution of the Co®** HS ions in the lattice. Consider
a Co®" ion in the HS state. It has six neighbouring Co** ions. For ferromagetic superex-
change coupling, two Co>" ions in the HS state have to be next-nearest neighbours along
a straight line, connected by two oxygen ions and a Co®* ion in the LS state. Each Co>*
ion therefore has six of these next-nearest neighbours. The probability for six nearest
neighbours being in the low-spin state and at least one of the six Co>* ions connected in
a straight line to the nearest neighbours being in the high-spin state can be calculated as:

6 6
(o) % 0.07° x 0.93° x (1) % 0.07' X 0.93°> = 0.189

i.e. at a HS concentration of 7% 18.9% of all Co®>* HS ion in the bulk of the particle are
coupled to at least one other Co®* HS ion ferromagnetically. T(B;nax) has an accuracy of
+4 K, which according to Fig. 3.17(a) leads to an accuracy of [Co®* HS];; of +1.5% for
the samples with (s) = 9.5 nm and therefore the number of Co®* ions, which are coupled
at [Co®" HS]=[Co*" HS]. is approximately 18.9% +3%  The probability for two of the
six next-nearest neighbours being in the HS state is only 3.9%, which is not enough for
long-range order, as long-range order is only established, if each Co®" in the HS state is

coupled to two other Co** in the HS state.
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Figure 4.8: The temperature at which the fitted value of B; is maximum as a function of
surface-to-volume ratio S/V.

The suggested mechanism above also corresponds to the observation of the inverse
susceptibility (see inset Fig. 3.20): At high temperatures the inverse susceptibility (ap-
proximated here by B/(m)) decreases linearly in a purely paramagnetic fashion, but with
the slight modification of continuously varying [Co®" HS]. Below T = T* ~ 80 K spin-
spin correlations start to be stronger than the thermal energy, hence the susceptibility
increases. As the temperature drops below T = T(B; may), the [Co** HS] becomes so low
that the distance between spins controls susceptibility, which increases more slowly at
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low temperatures. As Co?* cannot couple to Co>* due to the spin blockade effect, it is not
expected to contribute to B; or Bi,.

In summary, the combination of SQUID and NEXAFS analysis leads to the following
interpretation of LaCoO, NP behaviour: Increasing the surface-to-volume ratio most
likely results in complete coverage of the surface with hydroxides from adsorbed water.
This is assumed to lead to an increase of the unit-cell volume and the Co-O bond length
dco-o with respect to bulk LaCoO,. The increase of dc,.0 decreases the crystal-field
splitting and hence results in a higher concentration of Co®* HS, which leads to a magnetic
moment, that linearly increases with S/V. As the Co>* HS concentration remains below
the percolation threshold for all temperatures T < T, no ferromagnetism can be expected.
At T > T¢, no ferromagnetism can be expected either, even if the [HS] concentration
exceeds the percolation threshold. LaCoO; NPs show paramagnetic behaviour with very
weak correlations between Co®* spins.

4.3.2 Reduction of T¢ in La; Sr MnO,

The reduction of T¢ of La,_,Sr_ MnO, NPs in comparison to bulk material is very likely
related to the observed structural changes in NP occurring with decreasing particle size.

As mentioned in the introduction, the ferromagnetic exchange in La, ,Sr MnO, is
mediated by the double-exchange mechanism between Mn®** and Mn** via O orbitals.
Hence, overlap between Mn 3d and O 2p orbitals is essential for ferromagnetic exchange.
The degree of pd hybridization therefore strongly depends on structural properties. For
example, the one-electron band width w is roughly proportional to C‘;ﬁﬁ? )(Ref. [269]).
Fig. 4.9 shows the relative change of Tc between NPs and bulk material for the same
Alore 89 "as a function of

Tep wp’

S/V. Similarly to the structural properties discussed above, the same size-dependent
behaviour 0(ATc)/d(S/V) is assumed for all samples with 0.3 < x < 0.5. Except for
the sample with S/V = 0.3 ((x)xgp = 20 nm), the Sr concentration is very similar with
0.37+0.02 < x < 0.39+0.02 and T¢ is expected to be equally 357 K for all three samples.
Therefore, it is very likely that the clear difference in relative reduction of T¢ shown in
Fig. 4.9(a) is entirely due to NP size. Despite the limited experimental accuracy, the trend
is quite clear: the reduction of Tc goes in line with the decrease of w, i.e., the increase
of d and the decrease of 6 [270]. However, Fig. 4.9 reveals that the decrease of Tc with
decreasing band width is two times larger than expected from this model.

This finding suggests the presence of an intrinsic size effect, as the size of a 3D
Heisenberg ferromagnet approaches the spin-spin correlation length ¢ at Tc, which can
suppress Tc to lower values. In La, (,Ca, ;MnO, thin films, the Tc reduction was found

Sr concentration x, i.e. , and the relative change of w, i.e.,

to scaleas 1 — %E oc s7¢ with ¢ = 1 (Ref. [5]). Herein, a 10% reduction in Tc is observed
for a film thickness of 20 nm due to the finite-size effect, which roughly corresponds to
the reduction in T¢ left to account for beyond the reduction due to less effective double
exchange. Unfortunately, the small number of data points and limited accuracy do not
allow a fit to the finite-size effect. Nevertheless, a combination of reduction of T¢ due
to reduced double exchange and due to the finite-size effect is probably responsible for

the T¢ reduction in nanoparticles. This is in contrast to the findings of Refs. [124,
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Figure 4.9: Relative change ATc /Ty, and the one-electron bandwidth Aw/ @y, for NP sam-
ples compared to Tc of bulk La,_,Sr, MnO, (Tc},) and w}, of bulk with the same
Sr concentration x, respectively, vs size (s)ygrp (upper scale) and S/V (lower
scale). The dashed lines are extrapolations to the bulk, i.e., ATc = 0, Aw = 0,
and S/V = 0.

159], both of which attribute the reduction of T¢ to the finite-size effect alone, without
taking into consideration the additional weakening of double-exchange coupling based
on size-induced lattice expansion.

However, it is also possible that the anomalous strain sensitivity of La, ,Sr MnO, due
to electron-phonon coupling [149] is responsible for a T¢ reduction larger than predicted
by double-exchange theory. Ref. [271] found that, in CMR materials, a biaxial strain of 1%
could lead to a reduction of 10% in Tc, which is anomalously high due to electron-phonon
coupling to the Jahn-Teller phonon. (The biaxial strain in the case of NPs is < 0.04%.)
Their calculations predict @ = 1/T¢ dTc/dep = 20 with eg being the compressive strain
eg = 1/3(éxx + €yy + £2;). The rhombohedral structure of the NP in this work does not
support Jahn-Teller distortions, hence they can only be present locally or dynamically on
a fast scale. With &y = £,y = Aa and ¢,, = Ac, the values —0.3 < & < —0.1 are obtained
for 0.18 < S/V < 0.33. The direct comparison with Ref. [271] is possible because the
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theoretical prediction does not differentiate between tension and compression. Since
the experimental « is three orders of magnitude smaller than the theoretical «, this
effect is thought to be irrelevant to the present case. This agrees with the observation
that manganites with wide band gaps are well described by the double-exchange model
alone [41], since the delocalization of e, electrons via double-exchange is acting against
the JT distortion by lifting the difference between Mn®* and Mn**.

In summary, reducing the size of La,_ Sr, MnO, down to 20-30 nm leads to a significant
lowering of Tc by up to 22% with respect to bulk crystals. The T reduction is most likely
related to structural changes (d, 0) resulting in a negative effect on the double-exchange
coupling. Tc is probably lowered additionally due to the finite size effect. The lattice
deformation itself, particularly the increase of d and reduction of 8 with decreasing (s),
seems to be inherently correlated with the particle size (s) or S/V [270].
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In this thesis, microemulsion synthesis has been used to prepare nanoparticles (NPs)
of transition-metal oxides, i.e. LaCoO, and La, Sr,MnO,. This synthesis route yields
NPs of different sizes, controlled by the water-to-surfactant ratio, while keeping the
calcination temperature fixed. Therefore, the NPs of different sizes have comparable
oxygen stoichiometry and crystal quality. Previous studies, on the other hand, often used
calcination temperature to control the NP size, with the disadvantage that the structure of
the NP may depend on that temperature due to the sensitivity of oxides to the calcination
temperature.

Unfortunately, microemulsion synthesis has a number of disadvantages, limiting its
use in oxide nanoparticle synthesis: most importantly, the low yield prevents certain
analysis techniques, or limits the number of measurements that can be done on one batch.
Additionally, microemulsion synthesis only allows a limited range of sizes, provided the
calcination temperature is constant for all batches, which makes it difficult to analyse
trends. One of the largest limitations, however, arises from the difficulty to control the
chemical composition of nanoparticles synthesized in microemulsions: for La,  Sr, MnO,,
despite the same nominal Sr concentration (x = 0.25) in the precursor solutions, the
resultant La, , Sr_MnO, batches varied in Sr concentration in the range 0.34 < x < 0.47.
For LaCoOQ,, it was difficult to get the correct excess of La in the precursor solution to
avoid the formation of both Co,O, and La,O,. Therefore only seven out of seventeen
batches could be used for analysis.

Detailed structural analysis has shown that the investigated perovskite oxide nanoparti-
cles tend towards elongated atomic bonds and enlarged unit cells as the surface-to-volume
ratio S/V increases. Although the mechanism behind this increase has not been fully
established, surface adsorbates — in particular -OH — are probably responsible for the
structural modifications. The extent of structural change seems to be related to the
adsorption efficiency, which is a function of both valence and chemistry of the transition-
metal ions. As S/V increases, the relative mass concentration of adsorbates is likely to
increase. Therefore the lattice expansion scales linearly with S/V. However, this thesis
shows that the size-dependent unit-cell expansion in La;_ Sr, MnO, is three times larger
than in LaCoO, NPs with the same particle size. Most likely, this discrepancy is due to the
different bond strength between ~OH and Mn**/Mn** or Co®", respectively. However,
the full understanding of this mechanism requires additional research.

Further studies are suggested on oxides of different crystal structure to determine
the applicability of the unit-cell expansion effect, and to understand the mechanism in
more detail. Additionally, the mechanism could be verified by controlled coating of NPs
and analysis of the coating-dependent structural modifications. For example, transition-
metal oxide NPs can be encased in SiO, shells, or fully covered by organic molecules, after
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calcination. This could lead to different structural modifications, depending on whether
the core-shell interface is negatively or positively charged or neutral.

In LaCoO,, the elongation of the Co-O bond length results in a decrease of crystal field
splitting and stabilizes the Co®* HS state. As Co®* HS is magnetic with S = 2, the specific
magnetic moment can be controlled by the surface-to-volume ratio via the Co-O bond
length. For stoichiometric, single-phase LaCoO, nanoparticles, the Co®* HS concentration
is too low at (s) > 9.5 nm to develop long-range ferromagnetic order. In contrast to
previous studies, the Co®* HS ions are most likely homogeneously distributed throughout
the nanoparticles and show purely paramagnetic behaviour. In particular, no evidence for
magnetic phase separation into regions of ferromagnetic or superparamagnetic clusters
(with the concentration of Co** HS exceeding 30%) and dilute, isolated Co** HS moments
could be found. The weak correlations between the Co>* HS spins can be modelled by a
temperature-dependent internal field.

Since the bond-length modification is most likely achieved by surface adsorbates,
artificial surface adsorption might be able to increase the Co-O bond length until the Co**
HS concentration is high enough for long-range ferromagnetic order. Controlling the
magnetic moment by the nature and amount of surface adsorbates could be an interesting
prospect for future work.

The situation is slightly more complex in the ferromagnetic La, Sr,MnO, material
with a mixture of Mn®** and Mn**. The ratio of the concentration of two valence states
is determined mainly by the Sr concentration x, which in the microemulsion process is
not under control. Therefore, a scaling approach was employed to disentangle the effects
of particle size and x on the magnetic properties. In this material, the elongation of the
Mn-O bond length and the reduction of the Mn-O-Mn bond angle in the NPs with respect
to the bulk result in a weakening of the double-exchange mechanism, reducing Tc. As
the material orders ferromagnetically, the intrinsic size effect plays an additional role by
lowering Tc further. As both effects depend on S/V, the relative decrease of Tc can be
directly controlled by modifying S/V.
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