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Chapter 1

Introduction

1.1 Fascinating World
of Transition Metal Oxides

“Transition metal oxides constitute one of the most fascinating classes of inor-
ganic solids, exhibiting a very wide variety of structures, properties and phe-
nomena.” [1] Due to the unique nature of the outer d electrons the metal-oxygen
bonding ranges from nearly ionic to metallic, leading to the unusual properties
of transition metal oxides. The relatively low reactivity of unpaired d-electrons
allows a stabilization of different oxidation states with partially filled d-shells.
Serious attempts to characterize and understand the electronic and magnetic
properties of transition metal oxides began in the late 1930s as X-ray sources be-
came better and cheaper. Materials in this class range from oxides with metallic
properties (e.g. RuO2, ReO3, LaNiO3 [2-4]) to oxides with insulating behavior
(e.g. BaTiO3) and oxides that cross the boundary between both regimes with
change in temperature, pressure or composition (e.g. VoOs [5], Laj_,Sr,VOs
[6]). Ordering phenomena like charge-density waves (e.g. Ko 3MoOs [7]), charge
ordering (e.g. FezOy4 [8]) and defect ordering (e.g. CaaMnyOs and CagFeyOp [9])
give rise to interesting electronic properties while the magnetic propeties vary
from ferromagnetic (e.g. CrOq, Lag 5Srg 5 MnO3) over ferrimagnetic (e.g. FezOy,
CagFey05) to antiferromagnetic (e.g. NiO, LaCrOgz). Not to forget, there are
oxides with switchable orientation states as in ferroelectric (e.g. BaTiOgs [10]
and KNbOj3 [11]) and ferroelastic (e.g. Gdz(MoOy)s [12]) materials and ox-
ides with the formula Ln;_,A,MnO3 (Ln = rare earth, A = alkaline earth)
exhibiting giant magnetoresistance [13, 14]. Finally, high temperature super-
conductivity in the cuprates that was discovered by Bednorz and Miiller [15] in
1986 has attracted enormous attention.

Unusual properties that distinguish the transition metal oxides from metal-
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lic elements, covalent semiconductors and ionic insulators originate from several
factors. The overlap between metal d and oxygen p orbitals is small and the
resulting electronic bands are narrow (typical of the order of 1-2eV rather than
5-15€V as in most metals) causing electron correlation effects to play an impor-
tant role. Furthermore, the polarizability of the oxygen is of importance. While
the O2~ ion does not describe the state of oxygen accurately, configurations
such as O~ have to be accounted for. (cf. [1, 16])

Among the large number of transition metal oxides the single layer perovskite
oxides with the KoNiF, [17] structure form a small subgroup with the formula
AsTO, (214-perovskite), where A = alkaline earth or lanthanide metal and T =
transition metal. The remarkable variety of phenomena that can be observed in
this class of materials makes them interesting for fundamental research as well
as technological applications.

Single layer perovskite oxides are composed of alternating planes of transition
metal oxide and alkaline earth metal oxide or lanthanide oxide. Such compounds
exist for the whole range of 3d metals from SryTiO4 [18] to SroCuOy [19-24]
(except for nickel so far) and from LaSrVO, [25] to LaSrCuOy44s [26-31]. The
large structural differences between the in plane directions and the stacking
direction are responsible for a pronounced anisotropy of the physical properties.
Such anisotropies can lead to low dimensional features like in LasCuO4 and
LayNiOy4 [32] which are quasi two dimensional compared with the related three
dimensional perovskites LaCuOg3 and LaNiOs.

A variation of the properties by doping generally induces changes in more
than one way e.g. doping lanthanum for strontium induces chemical pressure
due to size differences and at the same time changes the electronic configura-
tion of the transition metal due to hole doping. It is possible to influence the
properties of the transition metal oxygen layer with electron/hole doping by the
interchange of lanthanum(IIT) and strontium(II) in the other layer. Thus, due
to the low dimensionality of the 214-perovskites the effect of chemical pressure
does not interfere as much with the tuned properties. This makes low dimen-
sional structures to ideal systems on which the influence of variation of a single
parameter can be tested.

The most prominent property within the transition metal oxides is the
high-temperature superconductivity (HTSC) in the cuprates for which the 214-
perovskite Lag_,Sr,CuO,4 can be considered as the prototypical system. The
extensive research in this field is reflected by the vast number of publications in
the past 28 years. Among the peculiarities of the HTSC cuprates are also the
phenomenon of charge stripe order (CSO) and a distinct shape of the magnon
dispersion which resembles an hourglass.
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Figure 1.1: Charge stripe order in cuprates. (a) Crystal structure of the layered
perovskite Lag_,Sr,CuO4. Cu-O planes marked in red. (b) Model of site-
centered charge stripe order for x = 1/8 within the Cu-O planes. Only the Cu
sites are shown while light blue denotes hole-rich sites and arrows indicate the
spin direction. (c) Reciprocal space map with fundamental Bragg peaks (filled
circles), spin order (triangles) and charge-order (stars) superstructure reflections
related to the stripe phase. Revised from Wu et al. [33].

e Charge Stripe Order: This particular charge ordering was initially pre-
dicted by theoretical studies which dealt with the introduction of charges
into the Hubbard model. It was found that charged domain walls are sta-
ble solutions [34-37]. The later discovery of static charge and magnetic
stripe ordering in Laj g_,Ndg 4Sr,CuOy4 [38] and Lay_,Ba,CuOy4 [39, 40]
lead to an intensive search throughout the cuprate family (see Figure 1.1).

e Magnon Dispersion: Hourglass shaped spin excitations were estab-
lished for most HTSC and experiments indicate that spin fluctuations
evolve continuously from the antiferromagnetic (AF) insulating state of
the parent compounds [41] (see Figure 1.2). Many theorists believe that
AF fluctuations are involved in the superconducting pairing mechanism
[42-44]. However, alternative models have also been proposed for the
pairing among which those based on electron-phonon interaction form a
second fundamental direction of thought [45, 46].
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Figure 1.2: ”Hourglass” magnetic dispersion relation parallel to the Cu-
O bonds in various cuprate HTSC. Data published for Laj g75Bag. 125, CuQOy
[47], La1,84Sr0,16CuO4 [48], YBaQCU306_6 [49], YB&QCU306_5 [50, 51],
BisSraCaCusOsg4s [52]. The energy is scaled by the exchange coupling J of
the AF parent material [44, 53]. From Fujita et al. [54].
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Figure 1.3: Structure of the perovskite SrTiO3 left: Atom positions within the
cubic unit cell. middle: Six-fold oxygen coordination of titanium. right: Oxygen
coordination polyhedron of the twelve-fold coordinated strontium.

1.2 Crystal Structure of 214 Compounds

Transition metal compounds with the general formula A;TX, often exhibit the
common KsNiFy structure (Figure 1.4 left) when A is a divalent alkaline earth
or a trivalent lanthanide metal, T a transition metal and X = O, F, Cl. The
structure consists of two simpler components, the perovskite and the rock salt
structures, which are stacked alternating along the c-direction. A better under-
standing of the trends and properties of layered perovskites can be gained by
examining these underlying components: Stoichiometric perovskites with the
formula ATOg consist of corner-sharing TOg octahedra giving rise to a cubic
unit cell where the transition metal T can be found at the corners while the
oxygen atoms occupy all 12 edges. This arrangement of octahedra is known
from the ReOgs structure where it contains a large empty space in the center.
This central hole can be filled with a cation which must be larger in size than a
typical transition metal ion due to the 12-fold coordination with oxygen. The
resulting perovskite structure is common among ternary transition metal com-
pounds (Figure 1.3). Depending on the oxidation state of the A and T ions
three categories of perovskites can be classified: ATV, ATV and AT,
Systematic studies and tabulations of perovskites are available in the literature
[55, 56].

Like most members of this class of materials not even its name giving mineral
CaTiOg3 crystallizes in the ideal cubic form but, due to a mismatch in size, in
an orthorhombic space group. To sufficiently fill the oxygen octahedra a first
criterion for a stable perovskite is that the T-cation size is sufficiently large. If
this is not fulfilled there is not enough space to attach all the oxygen atoms to
the cation. Off centering of an undersized T cation within its octahedron reduces
the coordination number to attain a stable bonding pattern. Introduction of the
A cation generally leads to a distortion in the TOg array so as to optimize the
A-O bonding. The coordination number can be decreased down to 8 by a tilting
of the TOg octahedra. Goldschmidt [57] formulated a tolerance factor to define
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Figure 1.4: Left: The ideal tetragonal single layered perovskite structure of the
reference compound K3NiFy has the space group I4/mmm.

Middle: Alternating layers of nickelfluorite and potassiumfluorite.  Oxy-
gen coordination of nickel is six, like in the perovskite parent compound.
Right: Potassium coordination by oxygen is nine fold. Only half of the potas-
sium oxide polyhedra have been made visible.

the sustainable limits of the A and T cation size:

ra+Tro0

~ V2(rr +r0)

where r; are the empirical ionic radii which generally depend on oxidation state,
coordination number, type of coordinating atoms, proportion of covalency, spin
state, etc.. Empirical radii were tabulated by Shannon and Prewitt in 1968
[68, 59] based on the evaluation of 1000 interatomic distances. Their values
were calculated starting from assumed oxygen and fluoride radii and take into
account the coordination number and the spin state. From the geometric point
of view the ideal cubic structure has a tolerance factor of t ~ 1 (e.g. SrTiO;
which has t = 0.98) while the distorted perovskite structure is stable within the
range 0.8 < t < 1.05 [1].

(1.1)

Rock salt is the second simple structure contained in the K;NiF, system.
Compared with the corner-sharing oxygen octahedra in perovskites the cubic
rock salt structure (eg. SrO) consists of edge-sharing oxygen octahedra. To
understand how the two structures fit together one should envision a cut along
the ab-plane at a hight of z = 1/2 through the perovskite structure in Figure



1.2.  Crystal Structure of 214 Compounds 7

1.3. It then becomes apparent that the distribution of strontium and oxygen
in the plane resembles that of rock salt. Attaching the two structures in this
plane leads to the KoNiFy structure if they are stacked alternating (see Figure
1.4). Ruddlesden and Popper [60] found that a whole series of compounds can
be described by a varying amount of perovskite layers between the intermediate
rock salt layers. The general formula is:

(ATX3)nAX = Ap1ToXsni1 (1.2)

where n is an integer. In this series the KoNiFy structure is the starting
member with n=1 and is therefore often referred to as “single layer perovskite”
or “214-perovskite”, while the simple perovskite ATO3 represents the n = oo
member. Examples for the series are Lay,+1Ni,Osp41, Srp41Ti, 03,41 [60] or
La,+1Cu,O3p,41. The latter being the system in which Bednorz and Miiller
observed high temperature superconductivity for the first time [15]. Except for
the end member ATOj3 the compounds within the Ruddlesden-Popper series
have a tetragonal crystal structure due to the stacking along the c-axis. The
relation of the lattice constants between perovskite and rock salt is

Qrocksal
a =~ Aperovskite ~ %;at (13)

a”(‘OC sa
Cn & 2(Naperovskite + %) = a,(2n 4+ V2) = a,(nV2+ 1) (1.4)

where a and c,, are the lattice constants of the n-layered perovskite.

Basal and apical oxygen positions in the octahedral coordination sphere of
the central transition metal ion are subject to different coordination spheres in
layered perovskites and usually no longer maintain their cubic (ideal perovskite)
symmetry (see Figure 1.4). Oxygen octahedra in layered perovskites therefore
usually exhibit a tetragonal distortion of the ideal octahedral symmetry. The
layered 214-perovskites, discussed in this thesis, all exhibit a pronounced bond
length mismatch at room temperature through to big A-site ions compared with
the T-site ions. That places the A-O-bonds under tension and the T-O-bonds
under compression. Strain can be released by decreasing the distance to the
basal oxygens. The values of the tolerance factor are therefore not accurate
as they are calculated for a symmetric coordination and are therefore closer to
unity than suggested by Figure 1.5.
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Figure 1.5: Doping dependence of the calculated Goldschmidt tolerance factor
t for Lag_,Sr,;CoQOy4, Lag_,Sr,NiOy, Las_,Sr,CuO4 and Laj_,Sri,FeOy at
room temperature under the condition of the spin states drawn in Figure 1.14.
The real values are expected to be somewhat higher as the tetrahedral distortion
of the transition metal oxygen octahedra has not been accounted for.

1.3 Mutual Octahedra Tilting

Throughout this thesis the lattice values are expressed with respect to the tetrag-
onal I4/mmm unit cell, an index will be added only when referring to a different
unit cell. The tetragonal unit cell (space group I4/mmm) of compounds with
the KoNiFy structure contains two two formula units AsTX4 where neighboring
planes of corner sharing TXg octahedra are shifted by half the body diagonal
of the unit cell i.e. (1/2 1/2 1/2) (Figure 1.4). The oxygen coordination of the
transition metal is six-fold like in the perovskite structure but the coordination
of the A-site is nine-fold which is the average between the 12-fold coordination
in perovskite and the six-fold coordination in rock salt (see Figure 1.4 left).
In two simultaneous studies of the structural distortions found in Ky;NiF, ma-
terials it has been shown that all experimentally observed phase transitions can
be described by considering the collective tilts of the TXg octahedra [61-63].
Taking into account the three possible tilting directions: a tilt around the nor-
mal to the ab-plane (O tilts) and two kinds of tilts (® and ¥), that can occur
around the a and/or b axes of the tetragonal unit cell, a total of 15 different
variants of distortions within a single layer are possible [61, 62, 64]. For the
compounds investigated here only four variants are of interest. These are listed
in Table 1.1. Especially the ©-tilts do not occur.
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’ octahedral tilt \ unit cell [Vyrr] \ space group \ notation ‘

(000) 1 I4/mmm HTT
(@ -® 0) V2xv2x1 Bmab LTO
(®00) V2x4/2x1 P45 /nem LTT
(® ¥ 0) V2xv2x1 Pcen LTLO

Table 1.1: Structural distortions and their corresponding unit cells. HTT -
high temperature tetragonal, LTO - low temperature orthorhombic, LTT - low
temperature tetragonal, LTLO - low temperature less orthorhombic [61, 62, 64]

1.4 Structural Phase Transitions

In the undoped parent compounds Lay;TO4 with T = Co, Ni and Cu the tetrag-
onal KoNiFy structure is only stable at high temperature. Phase diagrams,
summarizing the results so far, can be found in Figure 1.6. The cause for the
instability is a mismatch of the ionic sizes between the A-site and T-site atoms.
According to the revised tables of Shannon [59] the radii of the T-site ions
r(Cot2 HS) = 0.745, r(Ni*2?) = 0.69 and r(Cut?) = 0.73 in octahedral coor-
dination are quite similar, leading to the room temperature tolerance factors
t = 0.862, 0.885 and 0.868, respectively. In other words, the transition metal
ions are too big for the T-site and it can be expected that the ideal tetragonal
structure can be stabilized by a (partial) replacement with smaller ions. The
tolerance factor has been calculated for the whole doping range 0 < x < 1 and
plotted in Figure 1.5. Lifting the strain trough strontium doping leads to a re-
duced temperature of the HT'T-LTO phase transition until it disappears around
x =2 0.2 for the nickelate and cuprate and x = 0.3 for the cobaltate.

Keeping in mind that the ionic radii used for the evaluation are averaged
values determined from many different structures and that the tolerance factor
was derived from geometrical arguments only, it is nonetheless a very useful tool.
The HTT-LTO transition temperatures of the cobalt and nickel compounds are
quite similar while it is slightly lower in the nickelate as to be expected for a tol-
erance factor closer to the ideal value. The situation is different in the cuprate
because the 3d? state of the Cu™? ion is highly Jahn-Teller active [65], leading
to a distortion of the ideal copper-oxide octahedra. While the distance between
central atom and apical oxygen is increased, the distance to the equatorial oxy-
gen is reduced. This effective reduction of the transition metal size within the
ab-plane releases structural strain. In the phase diagram this effect becomes
apparent in a reduced transition temperature. Nickel in the Nit3 state is also
expected to show a Jahn-Teller distortion but experiments were unable to find
evidence for this effect on the NiOg octahedra. It was also argued that this kind
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of distortions are incompatible with local symmetry in x = 1/3 stripe ordered
nickelates [66].

In the orthorhombic phase of all three systems the space group is Bmab
(see Tabular 1.1) due to a collective tilt of the transition metal oxygen octahe-
dra along the (1 -1 0)-direction (a-direction in the orthorhombic Bmab space
group). Between two adjacent corner sharing octahedra the distortion direc-
tion is opposite leading to an antiferrodistortive ordering [69]. The reason for
the phase transition is an increasing bond mismatch upon cooling. While the
tolerance factor can be close to unity during the synthesis at above 1000° C,
its value will decrease as the temperature is lowered due to the larger thermal
expansion of the La-O bonds compared to the T-O bonds (T = Co, Ni, Cu) [70].

A further structural transition below room temperature was reported for the
cobaltate [71, 72] and the nickelate [32] systems. For the nickelates structural
refinements were not able to distinguish between the proposed P4s/ncm and
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Pcen space groups because of a similar good agreement with the experimental
data [73]. Finally Carvajal et al. [74] concluded that due to twinning the two
phases are indistinguishable when regarding Bragg positions only. Evaluating
the anisotropic broadening of the Bragg reflections due to correlated fluctuations
of the cell parameters they found the low temperature phase to have tetragonal
P45 /nem symmetry [74]. Contrary results favoring the LTLO structure were ob-
tained in a later neutron diffraction study on a twinned single crystal containing
only two of the four possible twin domains [75]. The HTT to LTO transition
is of second order with a continuous order parameter (orthorhombic strain =
2(b-a)/(a+b)) and Bmab being a subgroup of 14/mmm [74]. The second phase
transition, LTO to LTT is of first order with a jump in the order parameter.
P45/nem is a subgroup of I4/mmm but not of Bmab [74]. For the cobaltate
compound the same low temperature structure was proposed [67].

1.5 Oxygen Stoichiometry

Among the derivatives of the ATO3 perovskites structure are also A3T207 (eg.
pyrochlore) and A3T20s5 (eg. brownmillerite [76]). The former can be synthe-
sized through oxidation, the latter through reduction of the stoichiometric per-
ovskite. Especially for the compounds SrTOq 545 (T = Fe, Co) and LagTO445
(T = Co, Ni, Cu) the oxygen content ¢ can be varied already at room tempera-
ture via electrochemistry in an aqueous alkaline electrolyte [77-79]. The transi-
tion from one compound to another proceeds through a variety of intermediate
compositions with oxygen superstructure. The importance of the oxygen con-
tent for the physical properties in layered perovskites became obvious when high
temperature superconductivity was found in LasCuOg4ys. By electrochemistry
at ambient temperature it is possible to oxidize this compound up to § = 0.07,
turning it to a high T, superconductor [80-82]. Similar studies on other 214
transition metal perovskites revealed ambient temperature oxygen conductivity
also for the cobalt and nickel compounds [77, 83-85]. Attempts to label the
position of the excess oxygen proofed difficult due to the low occupancy of the
interstitial site (e.g. 6 = 0.07 corresponds to one excess oxygen atom per seven
unit cells, randomly distributed among all symmetry equivalent sites). Finally
it appears that the excess oxygen is located at an interstitial position (1/2 0 1/4)
[71, 86, 87] (see Figure 1.7). This site provides a favorable coordination with
four lanthanum atoms in tetrahedral coordination. But also the coordination
with four oxygen in the first coordination sphere is unfavorable, especially with
an oxygen-oxygen distance of about 2.3 A in comparison to the average ionic
oxygen radius of 1.38 A [59]. The existence of a bonding between interstitial
and apical oxygen, i.e. the formation of a superoxide Og_ was discussed contro-
versial [88-93]. But it was finally dismissed after spectroscopic measurements
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regular Oxygen &

interstitial oxygen
site (1/2 0 1/4)

Figure 1.7: left: Interstitial oxygen position (1/2 0 1/4) within the tetragonal
I4/mmm unit cell.

middle and right: Coordination of the interstitial oxygen. The nearest neighbors
are four apical oxygen sites and four lanthanum sites, both at a distance of ~
2.3 A, forming tetrahedral coordinations.

were able to show that inter-oxygen bonds are due to a high surface oxygen con-
centration [94] and neutron diffraction experiments found the distance between
interstitial and apical oxygen to be ~ 2.7 A [71, 95].

Occupancy of an interstitial oxygen site pushes the four closest oxygens away
to widen the tetrahedral site. The result is a tilt of the whole rigid MOg octa-
hedra in opposite directions. In contrast to the tilting along the (110)-direction,
which corresponds to the orthorhombic Bmab structure, this leads to a dis-
placement along the (100) direction. Such a distortion is incompatible with the
orthorhombic as well as the tetragonal symmetry. The local disorder induced
by the excess oxygen is propagated further than the first coordination sphere
through the rigid corner sharing octahedra. Consequently for high enough §
this leads to a change in crystal symmetry. For LasCuOy4 s it was reported
that the space group becomes Fmmm for § < 0.04 [96]. A phase diagram for
the oxygen content in LagNiOy4ys has been published as a summary of several
studies (see Figure 1.8). The white areas correspond to miscibility gaps [97]
and the shaded areas to different oxygen ordered phases. Upon increasing § the
space group varies from Bmab — P45 /ncm — F4/mmm — Fmmm [79]. So far
only the Fmmm space group has been reported for the oxygen enriched cobalt
compound [98].

Oxygen intercalation and deficiency in some 214 Ruddlesden-Popper com-
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pounds can be induced over a remarkable range. For Las_,Sr,NiO4ys oxygen
deficiency depends on the strontium content. Crespin et al. [99, 100] found
that for x = 0.4, d,ae = -0.5 while for x = 1, d;nee = -0.9. On the other hand
Grenier et al. used electrochemical oxidation to increase the excess oxygen of
the undoped nickelate to § = 0.26 [78]. An even higher oxygen excess 6 = 0.34
was obtained for samples treated at 350° in an oxygen atmosphere of 20 MPa
[101]. The related cobaltate compound exhibits similar interesting properties.
According to [87], when grown with the floating zone technique in argon atmo-
sphere, the undoped LayCoQOy4 already possesses a high amount of excess oxygen
(about § = 0.15). It should be noted, that our results for the oxygen content of
the as prepared floating zone grown single crystal suggest a stoichiometric com-
position (see Section 3.2.5). Under ambient conditions this compound shows
spontaneous topotactic oxidation, leading to a significant oxygen excess incor-
poration up to ¢ = 0.19 [102]. In the same study d,q, = 0.26 for the undoped
cobaltate was reported while an even larger value of §,,,, = 0.32 was claimed in
a more recent publication for a sample treated at 300° in an oxygen atmosphere
of 20 MPa [103].

Studies on the 214 cuprate revealed that excess oxygen stoichiometry leads to
fast oxygen transport [104]. The enhancement of oxygen transport was reported
to be two orders of magnitude higher, compared to the oxygen deficient material.
At 500°C the oxygen self diffusion D* and the activation energy EX have been
measured to be D* = 3.3%x107% cm?/s and EZ = 0.56 eV for LayNiO4, s and D*
= 2.5%10"%cm? /s and Ef = 0.12eV for LagCoOy4 5 [105]. Especially the low
activation energy of the cobalt compound is remarkable. Together with the large
oxygen storage capacity and high diffusion rates close to ambient temperature
this properties are ideal for solid oxide fuel cells. Only the high resistivity of
the cobaltates hinders their application.

Recent studies on the mechanism of oxygen transport, like the in situ nu-
clear density analysis at 1015°C from neutron data on (Prg gLag.1)2Nig 74Cug.21-
Gag.05044s [106] and molecular dynamics simulations on NigNiOys [107], re-
vealed that the oxygen migration path leads along the interstitial (1/2 0 1/4)
oxygen site. If the interstitial site is empty, the oxygen transport is hindered
as the migration of an apical oxygen to the neighboring interstitial site implies
strong displacements of the surrounding atoms. For § > 0 the lattice is already
locally distorted, thus lower energies are involved. This explains the large dif-
ference in oxygen transport between the reduced and the oxidized cuprates and
helps understanding why some compounds with a related layered structure have
much smaller oxygen self diffusion coefficients.
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Figure 1.8: left: Oxygen content phase diagram of LagNiOyys [79].
right: Lattice constant dependency of oxygen content for LasCoO44 5 published
by Nemudry et al. [102].

1.6 Mott-Hubbard

The large repertoire of properties observable in transition metal oxides is a con-
sequence of the competition between different kinds of interactions with com-
parable magnitude. While strong electron interactions suppress charge fluctu-
ations, the band width has a contrary effect and enhances the delocalization.
Concepts like the band theory circumvent the calculation of the electron repul-
sion by introducing an average effective potential. In metals this works very
well because the mobile electrons have good screening properties. However, this
concept brakes down for narrow 3d bands. Electron correlations is the term
that describes the way in which electrons alter their motion in order to avoid
each other more effectively than an independent electron wavefunction can de-
scribe. Our current understanding of correlated electron systems is based on
the fundamental ideas that were developed by N. F. Mott [108] and J. Hubbard
[109]. Mott proposed an understanding for the insulating nature of NiO which,
according to band theory, should be metallic due to its half filled d-orbital [108].
He compared the London-Heitler with the molecular orbital description and esti-
mated the energy of a wave function containing n electron-hole pairs, responsible
for electronic conduction, as a function of the inter-metallic spacing. He argued
that in metals an absolute energy minimum exists at finite electron-hole pair
concentrations while in the oxide the absolute minimum lies at the concentra-
tion of zero pairs [108]. Hubbard studied the suppression of charge fluctuations
through large coulomb interactions considering also the electron spin and the
case of large inter-atomic distances [109]. The opening of a correlation gap can
be understood considering a system of two hydrogen atoms which are far enough
apart that interactions are negligible. Each atom carries an electron in the 1s
orbital. Band theory predicts a metallic system due to the half filled 1s-band.
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To remove an electron from one hydrogen the ionization energy E; = 13.6eV
has to be invested. Adding the free electron to the other hydrogen results in the
energy gain E4 = 0.7eV through electron affinity. The large energy difference
through Coulomb repulsion U = Ej - E4 = 12.9eV suppresses the hopping of
electrons. Effectively separating the half filled band into two bands, the lower-
and the upper-Hubbard bands, with a conductivity gap which is proportional
to U.

In real materials the inter-atomic distances are smaller, so that hybridization
effects broaden the Hubbard bands. The interplay between hybridization and on
site Coulomb repulsion can be expressed in a Hamiltonian called the Hubbard
model:

H=-— Z tijc;fgci’,, + UZniTnu (15)
(i,5),0 i

which contains the minimum of features necessary to include band-like and
localized behavior in suitable limits. Each ion contains only a single orbital
which can be empty or occupied by a spin up/down electron or two electrons
in the combination up-down. The first term destroys an electron at site i and
creates one at site j, thus connecting states that differ by the hopping of only one
electron without a change in spin. The second term is the Coulomb repulsion
which only applies when an orbital is doubly occupied.

Already this simple model has proved to be to difficult for an exact analysis
when U and t are finite. For vanishing U it can be shown that the Hamiltonian
leads to a conventional band spectrum with delocalized electrons. In the case of
strong correlations, U >> t, the hopping term can be treated as a perturbation.
The expansion in powers of t/U then leads to the so called t-J Hamiltonian
which includes the possibility for next nearest neighbor hopping.

In the case of half filled orbitals the t-J model reduces to the spin 1/2 Heisen-
berg model. A sum over all pairs of two spin interactions scaled with the ex-
change coupling constants J;;:

Hy =Y Ji;Si- S (1.6)
(i,3)
Simple though it seems, the Heisenberg Hamiltonian Hy sufficiently represents

the spin Hamiltonian in many cases of interest and is often used as starting
point for profound investigations of magnetism in solids. [110, 111]
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1.7 Zaanen-Sawatzky-Allen Model
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Figure 1.9: Energy level diagram for (a) a Mott-Hubbard insulator and (b) a
charge-transfer insulator. [112]

According to the Mott-Hubbard model the band gap, which is determined
by the on-site 3d-3d Coulomb interaction U, should not vary within a series of
transition metal compounds containing the same transition metal, in contrast
to experimental data [113, 114]. Similar discrepancies were observed for HT'SC
cuprates where the Coulomb interaction U on the copper site is larger than
the energy cost for charge fluctuations that involve O 2p and transition metal
3d orbitals [115-117]. These observations indicate the importance to include
the oxygen degrees of freedom within the low energy scale into the model. It
follows for the cuprates that the O 2p band lies between the upper- and the
lower-Hubbard bands.

Consequently, the charge transfer energy was identified as a fundamental
parameter which determines the electronic structure of transition metal com-
pounds [118, 119] (see Figure 1.9). A classification scheme based on the on-site
Coulomb interaction U and the charge transfer energy A was proposed by Za-
anen, Sawatzky and Allen [116] (see Figure 1.10).

The energy scale of charge fluctuations is the on-site Coulomb interaction
U. It can be defined as the energy necessary to remove an electron from one
atomic site and to add it on another far away site:

U=E(@d"™)+ E(d") —2E(d") (1.7)

where n is the number of electrons in the d-shell and the three energies corre-
spond to the ionization energy, electron affinity and ground state, respectively.
Similar, the charge transfer energy A is the energy cost to transfer an electron
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from the O 2p band into a 3d transition metal orbital:
A = E(d""L) — E(d™) (1.8)

where L denotes a ligand hole.
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Figure 1.10: The Zaanen-Sawatzky-Allen phase diagram classifies four insulat-

ing and metallic possibilities that can be observed in transition metal oxides.
[116]

Figure 1.9 is a sketch of the two different types of insulating transition metal
oxides. In a) the Mott-Hubbard case is shown. Due to a larger charge transfer
energy compared to the transition metal Coulomb interaction U the oxygen
bands lie below the lower Hubbard band. Electron/hole doping (eg. chemically
or by photoemission/ inverse photoemission) on such systems mainly concerns
the 3d bands/exited states. In the right side b) of Figure 1.9 the charge transfer
insulator case is drawn. Here the removed electrons originate from states with
mainly O 2p character. The states where electrons can be added are mainly of
3d transition metal character.

The Zaanen-Sawatzky-Allen phase diagram can be found in Figure 1.10.
Straight lines indicate the diffuse boundaries between four cases applicable for
transition metal oxides. The width of the anion 2p band is W and the width of
the transition metal 3d band is w. In addition to the two parameters U and A a
third parameter T is used to account for hybridization between transition metal
and ligand orbitals. For U,A >> T the material is a Mott-Hubbard (A > U)
or a charge transfer (U > A) insulator. Increasing the hybridization drives the
system through an insulator-metal transition and results in a d-type or p-type
metal, depending on the relative size of U and A. Compounds close to the
line U = A will have strongly covalent binding. Plotting the charge transfer



18 Chapter 1. Introduction

energy and the Coulomb repulsion for the series of 3d transition metal oxides
reveals the general trend that early 3d-metal oxides are better described by the
Mott-Hubbard model while late 3d-metal oxides fall into the charge transfer
regime.

1.8 Intersite Exchange Interactions

A classical approach to understand the origin of magnetic order in the absence
of an external field is to employ the dipole-dipole interaction between magnetic
moments of individual atoms. Using typical values for the distance r = 1A
and the magnetic moment ¢ = pp, the magnetostatic energy gain is AE =
0.05meV which corresponds to a temperature T < 1 K. Apparently such a weak
interaction can not be responsible for robust magnetic ordering phenomena at
elevated temperatures, e.g. 848°C in magnetite [120].

It is one of the profound “surprises in theoretical physics” [121] that mag-
netism is an intrinsically quantum mechanical effect. Its origin is the interplay
of electronic properties that are seemingly unrelated to magnetism: the Pauli
principle in combination with the Coulomb repulsion (Coulomb exchange) and
the (virtual) hopping of electrons (kinetic exchange).

1. Direct Exchange: The effects of a direct exchange can be understood
using a two site Hubbard model (like the hydrogen molecule) as shown in
Figure 1.11. While the Pauli principle forbids a hopping of electrons with
parallel spin in case a) it is allowed for antiparallel spins in case b). It fol-
lows from the Heisenberg uncertainty principle that the configuration b)
is favorable due to its decreased kinetic energy. Solving the Hamiltonian
in equation 1.5 and with the approximation U >> t we can obtain the
energies of the lowest singlet E; = -4t2/U and triplet states E; = 0. Note
that the state in b) is not an eigenstate and the singlet state correspond-
ing to Eq can be expressed as \@(CXTCEi |0) — C—lg’ch‘l_i |0)). The energy
difference J = Eg - E; is the interatomic exchange energy:

A

JzU

(1.9)
and the negative sign indicates an antiferromagnetic coupling. In the more
general case where more than one orbital per atom is involved it becomes
necessary to also account for the orbital degrees of freedom. Here the
magnitude and sign of the exchange interaction depends on the orbital
occupation.
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Figure 1.11: Direct exchange for two half filled orbitals. In b) the kinetic energy
is reduced by the possible hopping of electrons.

2. Superexchange: In transition metal oxides the direct 3d-3d overlap is
often small and the bandwidth is mainly a result of indirect interactions via
the intermediate oxygen orbitals. The indirect overlap is also responsible
for magnetic interactions and the mechanism is called superexchange. It
is strongest for linear metal-oxygen-metal bonding (180°) which occurs
for example in perovskite and rocksalt structures. In the simple case
shown in Figure 1.12, where each metal contributes only a single half filled
orbital, the interaction is antiferromagnetic. The reason is, similar to the
direct exchange case, that the Pauli principle forbids (virtual) hopping for
electrons with parallel spins. Under the assumption that A << U the
resulting exchange coupling parameter can be estimated to:

att /1 2

pd
e . (T 1.1
J 2( 5 p) (1.10)

with U, being the repulsion for two holes in the same oxygen 2p orbital.
Again, the introduction of orbital degrees of freedom influences strength
and sign of the exchange interaction.

Another simple case of superexchange, though generally weaker, occurs
for a metal-oxygen-metal bonding at an angle of 90°. Here each 3d metal
orbital interacts with a different 2p oxygen orbital and the kinetic term
vanishes due to orthogonality. Although virtual interactions are possible
for parallel and antiparallel spin configurations the resulting exchange is
ferromagnetic. The driving force is Hund’s rule which favors a parallel
spin configuration for the two half filled oxygen 2p orbitals.

3. Double Exchange: This mechanism describes a ferromagnetic interac-
tion in combination with a spin polarized conductivity in some mixed
valence transition metal oxides. It is based on the fact that a spin con-
serving coherent tunneling of electrons between degenerated initial and
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Figure 1.12: Superexchange interactions between two half filled transition metal
orbitals. left: For the 180° metal-oxygen-metal bonding the spins align anti-
parallel. The ground state configuration a) can lower its energy by mixing
with the exited states b) and c). right: For a 90° bonding angle the parallel
configuration a) mixes with ¢) and the anti-parallel configuration b) mixes with
d). Hund’s rule favors parallel spins in the two orthogonal oxygen 2p orbitals.
Therefore the system has a ferromagnetic ground state.

final states reduces the total energy of the system by an amount pro-
portional to the electron bandwidth [122]. As an example we consider
the case of La;_,Ca,MnOs where Mn3* and Mn** ions are present (see
Figure 1.13). According to Hund’s rule all four spins on the Mn3* are
parallel. The hopping of one electron from Mn3* to Mn** via the oxygen
only leads to a degenerate state if the moments are coupled ferromagnet-
ically. As a consequence the resistivity becomes a function of the spin
structure and an external magnetic field. The colossal magnetoresistance
in La;_,Ca,MnO3 is a good example for the consequences of a double
exchange coupling [123, 124].

double exchange

—
H #

Mn*(d%) Mné*(d%)

Figure 1.13: Double exchange mechanism in La;_,Ca,MnQOj3: the electron spin
is conserved upon hopping. The systems kinetic energy is lowered for parallel
spins.
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Exchange mechanisms are idealizations of characteristic situations found in
real materials, and they provide a good basis for thinking about relevant effects.
Especially the exchange coupling J is an important experimentally accessible pa-
rameter to quantitatively compare the strength of different couplings in solids.
A set of empirical rules which is known as the Goodenough-Kanamori-Anderson
rules [125] summarizes the different exchange interactions occurring in transi-
tion metal oxides with octahedral symmetry. Whether the coupling is ferro or
antiferromagnetic depends on the d-orbital occupation, the bonding angle and
the relative strength of the possibly competing interactions [126-128]. We can
use these rules to estimate the effective interactions that could occur in our
cobalt, nickel and iron systems:

o Co?>tHS-0-Co?tHS: 180°-angle - AF interaction, 90°-angle - FM in-
teraction; the larger overlap between the oxygen 2p and the e, orbitals
compared to the to, orbitals favors a superexchange via the e, orbitals.
Depending on the system either the d(3z2-r?) or the d(x?-y?) orbitals are
suitable to mediate the exchange leading to a case which is analogous to
the example in Figure 1.12.

e Co?tHS-0-Co?*LS: Co?tLS is nonmagnetic.
In La; 5519.5Co04 an antiferromagnetic coupling between the 180° bonded
cobalt Co?* sites occurs along the path Co?T-0-Co?+-0-Co?*. For an in-
terpretation we assume that Co?*-O forms a unit with hybridized orbitals.
The superexchange between the two Co?T-O-units is then mediated via
the nonmagnetic interstitial Co®*, similar to the example in Figure 1.12.

e Co?tTHS-0-Co?tHS: 180°-angle - AF, 90°-angle - FM; similar to the
case of Co?tHS-0-Co?THS

e Ni2THS-O-Ni?THS: 180°-angle - AF, 90°-angle - FM; similar to the case
of Co?THS-0O-Co?tHS

e Ni2THS-O-Ni?*: 180°-angle - FM, 90°-angle - AF; In the first scenario a
simultaneous hopping of one electron from the O 2p orbital to each nickel
is only possible for a ferromagnetic coupling. For the 90° case we estimate
the consequences if each oxygen orbital contributes one electron to each
nickel. In the case of AF interactions this results in two parallel spins at
the Ni®*-site and two parallel spins in the two oxygen orbitals.

e Ni3T-0O-Ni®*t: 180°-angle - The interaction between two degenerated or-
bitals on each metal which are filled by a single electron leads to orbital
order. In the case of antiferro orbital order the exchange is FM and in the
case of ferro orbital order it is AF.

e Fe3THS-0O-Fe3THS: 180°-angle - AF, 90°-angle - FM; similar to the case
of Co?THS-0O-Co?tHS
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Figure 1.14: (left to right) Spin state diagrams for 3d transition metals: Iron,
Cobalt, Nickel and Copper. The total spin angular momentum s is indicated

above each diagram.

o Fe’tHS-0O-FeltHS: 180°-angle - FM, 90°-angle - AF; similar to the case

of Ni2tHS-O-Ni3+

e Fe'THS-O-Fe*tHS: 180°-angle - AF, 90°-angle - FM; similar to the case

of Ni3+-O-Ni3+

1.9 Spin blockade Mechanism

Within the family of Las_,Sr,TO,4 transition metal oxides with T = Co, Ni,
Cu all end members (x = 0) are insulators [129, 130]. In accordance with the
general trend in the ZSA-diagram (Figure 1.10) measurements of the optical
conductivity reveal an increasing charge transfer energy Acr from Cu to Co
which then decreases towards Mn [129, 131]. Upon decreasing the atomic num-
ber we expect a crossover from a charge-transfer to a Mott-Hubbard insulator.
For the 214-perovskites it was claimed to be the case for the iron compound
while the T = Co, Ni and Cu compounds belong to the charge-transfer regime

[129].

’ Element \ Act ‘

Fe n.a.

Co 5-6eV [129]
Ni 4eV [132]
Cu 2eV [133]

Table 1.2: Conductivity gaps in the 214-perovskites Las;TO4 with T = Fe, Co,

Ni, Cu.

Undoped LayCuQy is a charge transfer insulator with a half filled band
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Figure 1.15: The spin blockade mechanism in Las_,Sr,CoO,4: hopping of one
electron from Co?t to Co3T changes the total energy of the system by one
Hund’s coupling exchange Jy .

and an antiferromagnetically ordered ground state that is well described by a
spin-1/2 Heisenberg model. Small strontium doping x & 0.06 turns the system
metallic [112]. In contrast, in the nickelate metallic behavior can only be induced
by very high doping x & 1 [134, 135]. The lower conductivity compared to the
cuprate was attributed to the formation of small polarons (compared with those
observed in cuprates) [136, 137].

Surprisingly, the cobaltate is an even stronger insulator. It remains insulat-
ing for a very wide range of x values with anomalously high activation energies
for conductivity [112, 138]. Chang et al. [139] argued that the Co®* within
Lag_,Sr;CoQy is in the nonmagnetic low spin state. At a doping of x = 0.5 the
ratio between Co3* and Co?* is 1:1 and a checkerboard charge order (CBCO)
develops at a transition temperature as high as 800 K [140} In this specific situ-
ation the CBCO involves an ordering of the associated e and eg which leads to
a large difference in the Co-O bond length. The scheme i 1n Figure 1.15 illustrates
the spin-blockade mechanism in the 214-cobalt oxide. The spin moments of the
Co?THS and the CotLS are S = 3/2 and s = 0, respectively. Since hopping
of one electron carries only the spin s = 1/2 from Co?* to Co®* it is clear that
the final state differs from the initial state. A calculation for an idealized cubic
symmetry is presented in the Figure 1.15 and indicates that electron hopping
costs an energy of one Hund’s exchange coupling Jz which is of the order of
leV.
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1.10 Magnetic Order

Is is not surprising that the three transition metal oxide systems, Las_,Sr,TO4
with T = Co, Ni and Cu, have a similar crystal structure and equal structural
phase transitions at low doping concentrations. They share a stable oxidation
state T2+ and are of similar size. In the low doping regime of all three phase
diagrams exists an area where neighboring spins are coupled antiferromagnetic
(AF) due to a nearest-neighbor exchange coupling J. Although the single-layer
magnetic structure is identical, there exists a difference in the direction of the
ordered moment in the orthorhombic structure and in the stacking of the mag-
netic layers. While the spins in LagNiO4 and LapsCoQOy4 point along the (1 -1
0) direction (tilt axis of the octahedra), they align along (1 1 0) perpendicular
to the tilt axis in LagCuQOy4 [71, 141, 142]. Only for the cuprate this allows for
a small out of plane canting due to Dzyaloshinski-Moria interaction [143]. In
all three compounds the stacking of magnetic order is described by the (1 0
0) vector [71, 141, 142]. But due to to the rotation of the moments between
the cuprate and nickelate/cobaltate this yields different magnetic structures.
These two types of structures are common for compounds with KoNiFy struc-
ture and may even coexist [144]. The antiferromagnetic coupling is hindered
by strontium doping through a decrease of the average exchange parameter via
the introduction of T3*-ions into the ideal AF T?* order. At higher strontium
doping concentrations the bond-length mismatch decreases and the structural
transition temperature drops to zero. Here electronic ordering phenomena like
charge order, spin order as well as superconductivity occur. The electronic con-
figuration shown in Figure 1.14 is very different for each transition metal and
consequently the ordering phenomena observed may greatly differ.

While undoped LasCuQy is a charge transfer insulator with a half filled band
and an antiferromagnetically ordered ground state that is well described by a
spin-1/2 Heisenberg model, small strontium doping x ~ 0.06 turns the system
metallic [112].

1.10.1 Las_,Sr,CuO,

Representative for the cuprate high T, superconductors the phase diagram of
Lag_,Sr,CuOy (Figure 1.6 right) will be discussed to provide the basis for a
comparison with the isostructural nickelate and cobaltate. Most cuprates ex-
hibit AF order in their respective undoped parent compounds. Upon suppres-
sion of the magnetic order through hole or electron doping a superconducting
phase appears. In between exists a doping range that sustains neither of the two
phases. In Lag_,Sr, CuQOy4 this “spin-glass” phase is characterized by a disorder
of static spins. Long range AF order disappears already at a small strontium
concentration of x = 0.02. This phase can be observed most distinctly in uSR
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experiments which are sensitive to spin fluctuations within a time window of
about 1079-107%s [145, 146]. Although the transition temperature decreases
with hole concentration p it could be observed up to p < 0.09 [146]. The onset
of superconductivity is at p > 0.06. A coexistence of frozen AF correlations and
superconductivity has also been reported for Y;_,Ca,BasCuzOg [146].

Remarkably is the initial discovery of elastic incommensurate magnetic peaks
in Lay 6, Ndg.4Sr, CuOy4 [38, 147] with positions (1/2 £ €, 1/2) and (1/2, 1/2
+ ¢€) with respect to the tetragonal unit cell. It was argued that the underly-
ing magnetic order implies a modulation of the charge density in the form of
charge stripes. Later incommensurate magnetism was also reported for other
cuprates. In the superconducting phase of Lag_,Sr,CuOy4 [148] magnetic peaks
at similar positions were found around x = 0.12. A study on low doped sam-
ples revealed that incommensurate magnetism can also exist in the spin glass
phase. In contrast to the observations for higher doping, the peaks appeared
to be 45° rotated with respect to the AF wave vector (1/2 1/2) [149]. It can
therefore be argued that the region is better described as diagonally-modulated
incommensurate spin-density-wave phase [150]. Without clear evidence for the
related charge order the nature of the incommensurate magnetism remains a
matter of debate. Also alternative models like Fermi-surface effects [151, 152]
and spiral magnetic order [153] exist for the spin glass phase of Lag_,Sr,CuQOy.

For zinc co-doped cuprates it was reported, that already small concentra-
tions can induce and increase elastic magnetic peaks, possibly by pinning the
presumed fluctuating stripes [150]. At the same time an increased peak width
was observed [154, 155]. Additionally, 1% or less Zn causes the appearence
of excitations within the spin gap of the Zn-free cuprates [156, 157]. For
YBayCusOgs zinc doping causes a shift in spectral wheight from E, into the
spin gap [158, 159].

1.10.2 Las_,Sr,NiO,

Hole doped LasNiQ,4 exhibits an exotic form of charge order first discovered in
this system on an oxygen excess sample with the composition LagNiO4 195 [160]
in 1993. The increased interest on this system due to its structural similarity
with the cuprates and later also due to the new type of charge order led to
numerous studies with a variety of techniques. The insulating properties of
the nickelates distinguish them from the cuprates but have the advantage that
electronic order can be static and therefore easier to detect. Less than three
years after the discovery of combined incommensurate charge and magnetic
order in the nickelates the basic nature of this phenomenon had been fairly
well established by scattering studies [160-166]. At sufficient high levels of
doping (n; > 0.2 holes/Ni [167]) the holes which are localized in the NiOq
plane order in a periodically spaced stripe pattern at low temperature. At
again lower temperature the nickel spins order antiferromagnetically within the
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Figure 1.16: Microscopic model of charge stripe order in Lag_,Sr,NiOy4.

stripes with an anti-phase relationship between neighboring stripe domains. The
incommensurability € is approximately linear in the hole doping n, = x + 2J.
This type of order has been observed over a wide doping range 0.20 < x <
0.5 with the highest transition temperature of about 240K at x ~ 1/3 [168].
For samples with incommensurability 0.25 < ¢ < 1/3 it was found in neutron
[160, 166] and X-ray measurements [169] that the corresponding peak positions
are drawn towards the value e = 1/3 with raising temperature. The enhanced
stability of the 1/3 phase is underlined by a decrease of correlation length of
spin and charge order the further the hole doping is away from this ideal value.
A special case is the half doped sample with x = 0.5 where stable CBCO up to
480K was reported [170]. Surprisingly also at this doping the incommensurate
charge order takes over at a lower temperature of about 180 K.

It is instructive to visualize how the holes introduced by doping can be
arranged in stripes within the Ni-O planes in the incommensurate phase. The
measured incommensurability roughly follows the hole concentration and conse-
quently not only rational values appear. Obviously the incommensurable mod-
ulation required to explain the peak positions found in diffraction experiments
can not be modulated on an atomic scale. Here the hole ordering can only occur
at integer values of the intra nickel distances. For small hole concentrations ny,
< 1/3, the distance between the hole stripes is wide enough to accommodate
two or more Nit? stripes in between. This allows for nearest neighbor AF in-
teractions inside the Nit? stripes with an antiphase AF spin ordering across the
hole stripes. This can be observed also in the x = 1/3 doped sample where the
modulation is shown in Figure 1.16. The situation changes for the doping range
1/3 np < 1/2. At np, = 1/2 the ordering pattern for the spin order is a 2D
checkerboard pattern where all the nearest neighbor sites of the spins are occu-
pied by holes [168]. As the example for n, = 0.4 in Figure 1.16 demonstrates,
the stripe order in the regime between the two rational values consists of a mix-
ture of the 1/3-type stripe order and the 1/2-type charge order. The measured
peak positions reflect only the average crystal structure and incommensurability
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might occur when two rational structures are mixed on the atomic scale.

In contrast to the horizontal stripes in the superconducting cuprates, the
nickelates exhibit diagonal stripes. Such stripes cause a lattice modulation in
only one direction while the lattice remains unchanged parallel to the stripes.
This kind of superstructure causes additional Bragg reflections, called satellites,
in diffraction experiments. The expected positions in the tetragonal notation
with respect to a lattice reflection (H K L) are (H+e K+e L). Because the lattice
directions a and b are equal in the tetragonal system, measurements always also
find superstructure satellites at (HFe K+e L) due to twinning. As the stripes act
as antiphase domain walls for the antiferromagnetic order between two charge
stripes, the wave length is twice as large for the magnetic modulation compared
to the structural one. Consequently magnetic super structure reflections appear
at (ZE€ B 1) = (Hap+§ Kap+ 5 L) and (Hap+§ Kap F § L) where the
subscript AF denotes the magnetic Bragg peak of the commensurate nearest
neighbor antiferromagnetic order. Apparently the in plane length of the spin
correlations €, is only half as large as that of the charge e.p,.

It should be noted that neutrons are not sensitive to the order of electronic
charges. But such charges induce a modulation on the bond distances through
the relation between bond length and bond strength. The resulting displace-
ments of the oxygen atoms can be measured. Neutron scattering is more sen-
sitive on oxygen than X-rays, which is why the precise determination of charge
order related distortions can be performed more easily with neutrons [171].

1.10.3 Las_,Sr,Co0O,

An increased bond length mismatch compared to the nickelates is responsible
for the even higher structural HTT to LTO transition temperature of 900 K [172]
in the undoped LayCoQOy4. The larger structural distortion in the cobaltates is
also reflected in a larger amount of strontium doping needed to fully suppress
the tilting of the octahedra (about x = 0.2 in the nickelate compared to about
0.33 in the cobaltate). The half doped sample was found to exhibit very robust
CBCO with an exceptional high ordering temperature of about 800 K [140]. Two
groups reported the possible discovery of incommensurate charge order, like in
the nickelates [173, 174], but until now no unambiguous data is available for the
intermediate doping region. At low temperatures an incommensurate magnetic
phase appears (in the half doped compound at about 30K [175]). The difference
in order temperature is extremely large (especially compared to the nickelate)
and indicates an effective decoupling of the two phenomena, thus implying that
in this cobaltate the charge order arises from electron-lattice coupling [175, 176].
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1.11 Scope of this Thesis

Static charge stripe ordering reflections have also been observed in Las_,Sr,-
NiOQy for hole concentrations nj, > 0.2 [161]. It remains an open question how to
best describe the doping dependent transition from the commensurate AF order
in the undoped parent compound to the incommensurate charge and magnetic
order. Another interesting question is the effect of disorder in the charge sector
which can be introduced by the co-doping of additional elements. The study
of the charge stripe order in nickelates might help to better understand this
peculiar phenomenon.

The magnetic excitations in the nickelates match well with the expectations
from linear spin wave theory. While the magnon dispersion of the commensu-
rate AF parent compound exhibits the characteristic spin wave cone emerging
from the AF zone center, four cones appear in the excitation spectrum of the
incommensurate stripe phase, each emerging from one of the four magnetic
superstructure reflections [177, 178]. Apparent similarities to the excitation
spectrum of the cuprates lead to the question whether the hourglass dispersion
can be explained by the crossing of spin wave cones at an energy corresponding
to the neck of the hourglass [179].

Incommensurate magnetism has also been observed in the isostructural cobal-
tates [174]. It appears that the position of the superstructure reflections depends
linear on the effective hole concentration, similar to the nickelates and cuprates
[174]. An nonmagnetic low spin Co3" site [139] implies that magnetic stripe
ordering would be inevitably connected to charge stripes. Some evidence for
charge order superstructure reflections [174] together with the observed similar-
ities to the stripe ordered nickelates led to the belief of a similar scenario in the
cobaltates [180, 181]. Further investigations on the nature of the charge and
magnetic order in the cobaltates are necessary to verify the proposed CSO.

In contrast to the nickelates, an hourglass dispersion has recently been re-
ported for a cobaltate sample with nominal composition Las 351, ,3C00y [181].
This peculiar shaped magnon dispersion was so far uniquely reported for the
HTSC cuprates. The differences in conductivity between the metallic cuprates
and insulating cobaltates raises the question whether the excitation spectra
could have a common origin. It is therefore a necessary first step to compre-
hensively characterize the excitations in the cobaltates. With sufficient data it
might be possible to understand the microscopic origin of the magnon dispersion
in Las_,Sr, CoOy4.

e Chapter 2 introduces crystal growth techniques and synthesis routes.
Besides the growth of Las_,Sr,NiO4 and Las_,Sr,CoQOy4 single crystals
the main focus of single crystal synthesis was on Lag_,Sr;FeOy. In order
to increase the accessible doping range compared to previous (published)
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works on ferrates we perform a systematic variation of the growth param-
eters and investigate the grown products. The remaining pages of this
chapter are used to introduce some of the applied methods.

Chapter 3 summarizes results of the characterization of the sample prop-
erties. This step is important for the final data interpretation. Among
the large number of publications on the nickelates are also some com-
prehensive studies. This enables us to compare basic properties like the
lattice constants to verify the quality of our samples. References for the
cobaltates are scarce and therefore not as reliable. Especially the oxygen
concentrations have to be determined carefully because no data for stron-
tium doped samples has been reported so far, while it is known that the
system is capable of incorporating large amounts of excess oxygen (for x
< 1/2).

In Chapter 4 we present neutron and synchrotron measurements on the
Lag_,Sr,NiO,4 system. We investigate the doping dependence of the struc-
tural and magnetic aspects within the less known part of the low doped
LSNO phase diagram. Furthermore, we study the influence of co-doping
in the LSNO system in order to determine the influence of structural
changes and disorder within the charge sector on the magnetic excitations
of LSNO.

Chapter 5 concerns measurements on cobaltate samples Las_,Sr, CoOy4
within the doping range 1/3 < x < 1/2. Charge stripe order can be
detected with neutron and X-ray diffraction. The combination of both
techniques is used to determine the nature of charge order in cobaltates.
Neutron spectroscopy was used to measure the magnetic excitation spec-
trum of cobaltate samples to study the impact of charge ordering on the
cobalt-oxygen bond stretching phonon modes.
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Chapter 2

Experimental Methods

Synthesis of new materials usually begins with carefully weighing the reactants
in the calculated stoichiometry. Nonetheless, the product sometimes can devi-
ate from this ideal composition and in the worst case the desired material is
not formed at all. Methods to analyze the progress of a ceramic reaction or
the quality of a floating zone grown single crystal are therefore essential. Par-
ticularly Laue backscattering and powder X-ray diffraction are useful methods.
Powder X-ray diffraction is a fast way to track the decreasing fraction of the re-
actants after each synthesis step, while the product is formed. Impurity phases
down to 5% volume fraction are easily detectable. If no impurities are observed
with powder X-ray diffraction more sensitive techniques can be applied. In-
ductively coupled plasma atomic emission spectroscopy (ICP-AES) on dissolved
sample material can be used to measure the relative mass fraction of each metal.
Energy-dispersive X-ray spectroscopy (EDX) and Wavelength-dispersive X-ray
spectroscopy (WDX) can be applied on compressed powder pellets as well as
single crystals. Transition metal oxides with KoNiF, structure are well known
to be stable in a wide range of oxygen content [102, 182]. The parent compound
LasNiO4+s was synthesized with —0.9 < § < 0.26 [78, 100] and LasCoO44s
with 0 < § < 0.26 [102]. Small oxygen off stoichiometry generally also results in
a slight change in lattice constants. Larger variations can even lead to ordered
superstructures of excess oxygen or vacancies and might give rise to new crystal
structures, thus forming a rich phase diagram (see Section 1.5). In practice the
oxygen content is very difficult to adjust because of the wide range of possible
concentrations. Fortunately, in the investigated materials, small deviations §
smaller than 0.01-0.02 do not alter the crystal structure. During the synthesis
reaction the final oxygen content is determined by the atmospheric conditions.
Oxygen atoms can leave or enter the solid, depending on reaction temperature
and oxygen partial pressure. For the discussed compounds this is further facili-
tated by the high oxygen permeability.

31
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Determination of the oxygen content is the other half of the problem. Be-
cause of its low electron count, the oxygen atom does not contribute much in
measurements with X-rays. At the same time a comparably high fraction of its
electrons are located in the outer shell where the corresponding energy levels
strongly depend on the chemical environment. This results in somewhat en-
larged error bars for the determination with the X-ray based techniques EDX
and WDX. Alternative approaches are the carrier gas hot extraction (CGHE)
method and thermogravimetry (TG).

2.1 Sample Preparation

Experimental results can only be as good as the investigated sample quality and
purity permits. Sample preparation can therefore be considered as the most im-
portant first step in the whole procedure.

Polycrystaline powder samples have been prepared by the “ceramic method”,
so called after the process to produce “ceramics” in the common meaning,
namely the burning of clay. The similarity to the ceramic method is obvious:
reactants are ground together and burned at high temperatures in a furnace
until the product is formed by solid state reaction.

The combination of covalent, ionic and sometimes metallic contributions is
responsible for the variety of ceramic materials. In contrast to polymers, ce-
ramics consist of arrays of interconnected atoms, not discrete molecules. A
definition for ceramics was proposed by Kingery [183]: “A ceramic is a non-
metallic, inorganic solid.” Apart from this general definition it is not possible to
define ceramics in terms of specific properties. For every generality exceptions
can be found.

Our frequent neutron measurements as well as X-ray absorption spectroscopy
performed by colleagues generate a strong demand for high quality single crys-
tals with several cubic centimeter in size. To satisfy this demand we used the
floating zone technique on a vertical four mirror furnace. This crucible free
method is capable of producing large single crystals without impurities from
crucible or flux. The molten zone is formed by contact-less heating and held
between the feed and seed rods by surface tension only. The benefits of this
method, like quality, size and well defined stoichiometry are very convincing,
but at the same time it is one of the most difficult and time consuming tech-
niques because the growth process is highly dependent on the skills of the crystal
grower.
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2.1.1 Polycrystalline Samples

Depending on the desired product a variety of synthesis routes are available,
such as ceramic, sol-gel, flux and self-flux method. The simplest and by far
the most employed is the ceramic method. Starting materials are weighted
according to the desired sample composition and ground until they are well
intermingled. Then filled into a crucible, in our case mostly Al,Ogz, and fired
in a furnace according to a well planned temperature profile. Thereafter the
product is ground again and tested by powder X-ray diffraction to establish
whether a single phase has formed. If the final single phase composition has not
been reached, the specimen has to be fired and ground again. This procedure
can be repeated until no more changes are visible between the diffractograms
of two consecutive measurements. If the final product is not stoichiometric the
synthesis route has to be adapted.

The starting materials used for the synthesis were chosen to be as stable as
possible under standard conditions. Oxidation or incorporation of water leads to
false molecular masses and consequently to wrong sample compositions. Using
the most stable compounds has the benefit that materials can be produced at
very high purity for much lower prices. According to the chemical reaction in
equations 2.1 - 2.3 we used LayO3 (Alfa Aesar and ACROS Organics, 99,99%),
SrCO3 (Alfa Aesar, 99,994%), NiO (Alfa Aesar, 99,995%), FeoO3 (Alfa Aesar,
99,998%), Co304 (Alfa Aesar, 99,9985%). For some codoped samples we also
used ZnO (Alfa Aesar, 99,99%) and TiO- (Alfa Aesar, 99,99%).

2 — 1
L Lay 03 + 2SrCO5 + 500304 = Laz_,Sr,Co0, (2.1)
2 _
. ? Las03 + 2SrCOs + NiO — Lag_, Sty NiOy (2.2)
1—=z 1
LasO3 + (1 + .T)S?”CO:; + §F€203 — Lal_er1+erO4 (23)

In a first step in the crystal growth process the rods have to be prepared
from the products. High amounts of polycrystalline material are needed as a
single grows process can use up to 30g of the starting materials. LayOgs is
well known to react with water from the atmosphere to form La(OH)s. Before
weighting this component the correct composition has to be ensured. To prevent
the formation of lanthanum hydroxide, LasO3 was kept at 900°C in the furnace.
Removing it from the hot furnace and weighting the still warm powder avoids
the problem.
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Figure 2.1: Typical temperature diagram applied to prepare the rods for the
mirror furnace.

Weighted and mixed reactants were heated to temperatures between 900°C
and 1300°C according to the temperature diagram in Figure 2.1. Synthesis time
at lower temperatures can be decreased by increasing the contact surface of the
components by compressing the lose powder to pellets. At the end of the firing,
the product is removed from the hot furnace and ground again as soon as the
temperature permits it. The resulting powder is filled into an empty balloon
with a diameter of about 1 cm and a length of up to 12cm. A hydrostatic press
is used to apply pressures up to 60 MPa. If the powder in the balloon was
uniformly distributed the result is a 8cm to 10 cm long rod with a diameter of
about 8 mm. The same procedure has to be applied to the seed rod. Finally
the rods are fired again under similar conditions to sinter the pressed powder.
This prevents a breaking of the feed or seed rod during the growth process.

Depending on the system and the desired composition it can become neces-
sary to perform the described reaction under a special atmosphere. In the case
of low doped Las_,Sr; CoO4 we used a flow of pure argon 6.0 or active vacuum.
Cobalt is in a mixed valence state between pure Co?t and Co®t. This is not by
itself problematic regarding that the most stable cobalt oxide is Co3O,4 with a
mixed valence and an average oxidation Co?%6+. But especially at low doping
the Co?* becomes unstable in the sense that samples become more likely to
incorporate excess oxygen to increase the average oxidation number. The sto-
ichiometric parent compound LasCoQOy is known to incorporate excess oxygen
up to the composition LagCoOy 5 [87] when left in atmosphere, corresponding
to an oxidation number of Co?4*. A second reason for choosing a reducing
atmosphere for the low doped cobaltates is that the excess oxygen introduced
by Co304 should be removed before the growth process.

In La;_,Sr;4,FeOy4 the oxidation number of iron varies between +3 and
44. The most stable iron oxides are Fe3"O3 and Fe3%T0, with oxidation
numbers between +2 and +3. Consequently the undoped LaSrFeO, compound
can be easily prepared as a single phase in air. In contrast stabilizing the oxygen
concentration in the doped compounds proofed to be very challenging. Synthesis
with temperatures from 900°C to 1300°C in air and in oxygen flow at ambient
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Figure 2.2: Four mirror floating zone image furnace, Model: FZ-T-10000-H-VII-
VPO-PC by CSC Japan.

left: View inside the furnace housing during the growth process. The whole
mirror stage is moved upwards to create a traveling of the floating zone relative
to the fixed crystal.

right: The top image shows the inside of the growth chamber with the fused
quartz tube in the center. Below is a sketch of the same view illustrating the
working principle.

pressure have been applied. Single phase powder samples were prepared for
strontium doping concentration up to x = 0.2. At higher doping impurities of the
113 infinite layer Ruddlesden-Popper phase appear in the X-ray diffractograms.

2.1.2 Floating Zone Technique

Image furnaces have become the best choice to create large high quality single
crystals mainly due to the advantages of the floating zone technique but also
due to improvements in furnace design. Nonetheless the tasks to stabilize the
melt and get the crystal to grow are still very challenging. A main challenge is
that every crystal has to be grown individually and the success mainly depends
on the experience of the operator. Specialized furnaces are build by small com-
panies and in small quantities. These companies ensure that every system is
adapted according to the preferences of the customer but they can not perform
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long term tests. One parameter that is difficult to control and reproduce is the
temperature of the melt as it depends on too many factors, like type of lamps
and their age, atmosphere pressure, heat absorption, rod diameter, thermal con-
ductivity of the sample, transparency of the glass, and so on. Measuring the
temperature on the running system is difficult as it has to be contact less, in
front of the lamp background, on different sample materials and through the
quartz glass tube. Consequently temperature measurements are inaccurate or
it is necessary to switch of the lamps for the duration of the measurement. This
is highly impractical during a growth process as a temperature drop greatly
changes melt properties and can even lead to total solidification. Many cus-
tomized image furnaces, like our CSC four mirror optical floating zone furnace
even have no such sensors. A successful synthesis route on a specific image fur-
nace might therefore need adaptation in order to work on a different system.

The predecessor of the image furnace was the flame-fusion method first de-

scribed by A. Verneuil in 1902 [184]. It was used to produce synthetic rubies
form alumina oxide powder. A mixture of oxygen and hydrogen gas was used
to blow the powder through a tube above the crystalline product where it was
burned. The liquefied powder crystallized on the seed crystal which was slowly
moved downwards to keep constant conditions.
In the 1950s the floating zone technique was developed for the growth of single
crystal semiconductors which also belong to the large family of ceramics. High
melting points up to 3000°C and strongly corrosive properties of many ceramic
melts make it difficult to find crucible materials. The floating zone technique is
the ideal choice: it reaches such high temperatures and, equally important, it is
crucible free. Nowadays also metallic and inter-metallic crystals are successfully
grown with the floating zone technique.

The principle of the floating zone image furnace is shown in Figure 2.2. Feed
and seed rods are made of compressed and sintered polycrystalline powder as
described in Section 2.1.1. The seed rod is fixed on the stationary part of the
furnace below the mirror focus and the seed rod on a movable bar above. A
fussed silica tube has to be placed around the rod setup to prevent damage to the
mirrors from hot spraying sample material and to enable the use of a controlled
atmosphere with pressures up to 0.95 MPa. The lamp and mirror setup varies
between different furnaces. Heating can be archived with high frequency coils,
multiple lasers or with infrared, halogen or xenon arc lamps placed in one focal
point of up to four elliptical mirrors where the melting zone is in the other
focal point. An increased number of light sources provides a much smoother
temperature profile at the potential cost of focus. The procedure to adjust the
position of four lamps is lengthy and the focus can never be as good as on a
single mirror furnace. On the other hand is a single lamp often not sufficient
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to reach the highest temperatures and the inhomogeneous temperature profile
might affect the growth process.

During the growth process the melt can be observed through a camera. The
controllable parameters are lamp power, rotation speed and direction of the
upper and lower shafts where the feed and seed rods are fixed. Usually the
growth rate was chosen between 0.8 mm/h and 4mm/h for our samples. Gas
composition, pressure and flow rate can be adjusted manually. For our purposes
argon 6.0, nitrogen 6.0 and oxygen 5.0 pressurized steel bottles (20 MPa) were
connected to the furnace, as well as a low pressure 0.05 MPa air compressor for
air flow and chamber flushing. The manufacturer specifies the working temper-
ature of the used four mirror furnace to 1850°C with a maximal temperature of
2200°C.

At the bottom of the melt the new crystal is formed where the material re-
crystallizes on the seed rod, while new material is melted at the top. The length
of the molten zone depends on the furnace type, the adjustment of the lamps
in their foci and also on the size of the lamp filaments. It can be theoretically
calculated to I = A\y/o/pg and depends on the surface tension o, the density p
and the gravitational acceleration g. The constant A has been calculated to be
about A = 2.7(1) [185-187].

It is always best to start the growth with an oriented single domain seed
crystal (see Figure 2.5 middle). If no mistakes happen during the heat and
contact-procedure, the growth of a single domain starts immediately. The crys-
tal growth direction can be controlled by the orientation of the seed crystal.
Since this approach is only accessible if growing the same sample multiple times
it has been used mainly to produce a large amount of LaSrFeQ, crystals.

A more general approach is the use of a poly-crystalline seed rod which
provides multiple seed grains. Most of which will have unfavorable orientations.
Normally one domain will steadily increase in size until, after a growth one to
three centimeter length, it is the only domain left. This can be supported by
the so called “necking”, a technique where the seed rod is moved at a higher
speed then the feed. This results in a narrower diameter of the grown crystal,
thus supporting the formation of a single domain. During the necking the
molten zone considerably changes shape and size. This potentially changes heat
absorption and heat dissipation due to the smaller diameter. It is therefore not
without risk to apply this procedure and it has been rarely used. Even without
necking one domain usually quickly suppresses the others. Finally, setting the
correct growth rate is crucial. If chosen to fast, defects will be introduced into
the crystal. On such defects new crystal domains can start growing. Even
if starting with a single domain seed rod the growth product will become a
polycrystal when using to high growth speeds.

The large number of parameters, a poor reproducibility due to slightly
changed sample density and diameter, lamp conditions and glass transparency
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makes it difficult to develop growth recipes for a concrete material. Conse-
quently the success of a crystal growth depends largely on experience and it is
not unjustified to think of this process as a form of alchemy.

2.1.3 Growth of Incongruent Melting Crystals

The simple crystal growth process as described above applies only to congruent
melting systems. This are materials where the liquid phase has the same compo-
sition as the solid phase. Elements are single component systems and naturally
belong to this group. Two or more component systems usually melt incongruent
except for some specific compositions. Heating an incongruent melting mate-
rial will result in decomposition at the temperature where part of the material
becomes liquid while the rest remains a solid with a different composition.

In Figure 2.3 a qualitative phase diagram for the pseudo binary system
LayO3 - CoO is presented. This diagram is not able to illustrate the continuous
melting and re-crystallization process of the traveling floating zone technique
which also implies two solid-liquid interfaces. In fact it is only valid for a system
without temperature gradient. Nonetheless, the phase diagram represents a
good starting point.

Heating a finite amount of LasCoQ, increases the sample temperature along
the vertical line until point 1) in the phase diagram is reached. Here the temper-
ature remains constant while the material decomposes into a liquid consisting of
CoO and LasOg3 and a solid LagsO3 phase. The composition of the liquid phase
corresponds to the point in the phase diagram where the horizontal solidification
line intersects with the liquidus line (between 3) and 4)). When the temperature
is increased, the remaining LasO3 will start to melt and the composition of the
melt changes according to Gibbs phase rule along the liquidus line until point
2) is reached. Gibbs phase rule calculates the degrees of freedom f at a certain
point in the phase diagram with the amount of independent particle types, C
= 2 in our binary phase diagram, and the number of adjacent phases Ph: f =
C - Ph + 2. For a constant pressure the equation simplifies to f = 3 - Ph.

To discuss the re-crystallization process we choose the idealized case of a
stoichiometric melt above a stoichiometric crystal. Starting at a point in the
phase diagram somewhere above 2), the melt at the liquid/solid interface will
cool down as the floating zone moves on. In the pure liquid phase the compo-
sition will remain constant upon cooling until the solidus line is intersected at
point 2). Further decrease in temperature will result in change of composition (f
= 1) along the path 3) and, more specific, in the solidification of LagO3. When
the melt reaches a composition in the range of 4) the final product LasCoO4 will
be formed. Continuous crystallization of the stoichiometric product increases
the CoO concentration until the eutectic point 5) is reached. Here, three phases
are in equilibrium and no degrees of freedom remain. The result is a charac-
teristic two phase solid consisting ofa mixture of CoO and Lay;CoQO,4. Reaching
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Figure 2.3: Ideal qualitative phase diagram of the LayO3 - CoO pseudo binary
system (after [87])

the eutectic point of the phase diagram during a crystal growth can be severe.
Escape is only possible by increasing the temperature, but simultaneously the
decreased surface tension will destabilize the melt. In contrast to the described
static case, floating zone is a dynamic technique where new material with the
composition according to 2) is continuously provided. Cooling the melt with a
composition in the range of 4) results in formation of LagCoQOy, at the seed rod,
while the feed rod is simultaneously melted. If conditions can be kept constant,
the melting feed will replenish material with the same composition as the pro-
duced crystal and thus the melt composition can reach an equilibrium.

For the description of the crystal growth process with the binary phase
diagram two unjustified simplifications have been made: a homogeneous tem-
perature and a homogeneous melt composition [188-190]. Indeed according to
the phase diagram it would be impossible to melt the entire feed rod at the low
crystallization temperature necessary to form single phase LasCoO,4. Material
transport from the feed to the seed is another crucial process. If both rods are
rotated in the same direction a large convection current will form. Material is
transported upwards on the outside and downwards on the inside, resulting in
a quick connection of feed and seed rods. As the feed rod melts the mentioned
fraction of LayO3 remains solid and forms small grains that fall into the melt.
Through the quick connection they sink down and deposit on the seed. This
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Figure 2.4: View into the chamber during the crystal growth of LaSrFeOy.

left and middle: The two pictures have been taken during the same growth,
demonstrating the large anisotropy of the product.

right: With a different growth direction the crystal grows perfectly symmetric.

pollutes the crystal and changes melt composition. To prevent this, the rods
are rotated in different directions. The result is two convection zones, the upper
one moving downwards on the outside and the lower one moves upwards on the
outside. The interface is quite turbulent and prevents fast connection from top
to bottom. LayOg grains have enough time to be completely solved during the
slow propagation of material through the hottest part of the melt.

It is very important to know the phase diagram when growing incongruent
crystals. Unfortunately phase diagrams for the systems LasOg - CoO or LayTOy4
- LaSrMeO4 with T = Fe,Co,Ni are not available. Only for the iron system a
SrO - LaFeOj3 and a LayOj3 - FesO3 phase diagram have been published [191—
193]. It can be inferred, that the composition LasSrFesO7 melts incongruent
while the compounds LasFeO4 and LagFeoO7 might not form at all. Also in
literature the two latter compositions have not yet been reported.

Growth of Laj_,Sr14,FeO4-system crystals has been extensively studied for
this thesis in order to produce samples within the whole doping range x. For a
neutron measurement of the excitations in LaSrFeO4 a large amount of sample
mass was required to reduce counting time. Surprisingly the grown crystals can
exhibit quite different shapes. Half the time the product is perfectly round, in
the other half an elliptical shape can be observed with the long axis up to two
times as long as the short axis. Figure 2.4 shows the formation of LaSrFeOy, left
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and middle images are taken during the same growth. The large anisotropy can
be best observed at the bottom of the image. The irregular shape is not able to
support the large melt above and often material leaks over the edge, preventing
a further increase of the anisotropy. In comparison the right image was taken
during a symmetric growth of LaSrFeO,4. Laue camera images revealed that the
growth direction is (100) in the elliptical and (111) in the symmetric crystal.
When (100) is the growth direction the directions (010) and (001) will be per-
pendicular where the latter is the direction of the short axis. This means that
the growth along the (001) direction is much slower than along (100). This can
be observed for all 214 compounds: generally the growth direction lies in a 30°
cone around the (110) direction, preferably between (110) and (100), e.g. (120)
and (130). Most of the crystals exhibit two 180° facets with the (001) direction
lying within the plane spanned by the facet normal and the growth direction,
but always close to the facet normal (within 30°). The facets are not only
an indication for a good crystal as they imply that the same domain reaches
through the whole crystal, but also prove that the growth process along the
(001) direction is hindered in the 214-system. Especially the Laj_,Sr;,FeOy4
compounds cleaves very easy perpendicular to (001), leaving the ab-plane as a
shining surface. This demonstrates the quasi two dimensional character of the
unit cell in this compounds. While interactions within the ab-plane are strong,
neighboring planes are only loosely bound along the c-direction.

Growth of the strontium doped LaSrFeO4 proved to be rather difficult for
x > 0.2, where the system becomes more and more incongruent melting with
rising strontium concentration. As mentioned above, during crystal growth the
melt has a different composition than the feed and seed rods, because it is
enriched with a flux component. The flux has a lower melting point then the
feed rod while the temperature in the upper part of the melt is high enough to
melt the feed rod. Capillary climbing along the grain bondaries inside the feed
rod is then possible. This has two unwanted effects: the feed rod can be heavily
enlarged (see Figure 2.5 middle) while at the same time the melt is depleted of
flux and therefore in danger of solidifying due to the increasing melting point.
Finally the flux will solidify inside the seed rod at a hight corresponding to its
melting temperature, forming a ditch that effectively separates upper and lower
part of the feed rod. As the molten zone moves upwards, the whole ditch can
liquefy at once (see Figure 2.5 right). The probability that a large piece or even
the whole unmelted material falls into the melt is very high and this usually
breaks the melt.

If smaller pieces of solid fall into the melt they might be quickly dissolved.
But sometimes this fast melting can lead to the evaporation of a gaseous phase
inside the melt. The excess gas will form a bubble that floats between the upper
and lower convection zones (see Figure 2.5 left). This bubble will burst eventu-
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Figure 2.5: Exemplary complications during the growth process:
left: A gas bubble formed inside the melt of Laj g75r(.33C00,.
middle and right: Severe ditches formed during the growth of Laj_,Sr14,FeOyq4.

ally. If it was small, the damage (overflowing material, change of temperature,
change of melt composition) can be repaired but the burst of a large bubble
breaks the melt. The size of such bubbles can be decreased with increasing
pressure in the sample environment. For that reason even crystal growth in
argon atmosphere was performed at elevated pressures. For the same reason
growth in active vacuum has not been done as it amplifies the formation of
bubbles in these oxygen rich compounds.

For our systematic studies on the Las_,Sr,CoO4 and Las_,Sr,NiO4 sys-
tems, a variety of floating zone single crystals had been grown. Only few crys-
tals of the 214 cobaltate and nickelate series have been made by the author.
They are labeled with the first letters “YD”. Most samples were prepared by A.
Komarek and can be recognized from the “ACK” label. “ZL” denotes samples
made by Z. Li.

Low doped cobaltates have been grown in argon atmosphere to stabilize the low
oxidation number of the cobalt. Indeed it was claimed in a study on the end
member Lay;CoOy [87] that a crystal grown in argon atmosphere has an oxy-
gen excess of § = 0.15. Only post annealing in an argon/hydrogen atmosphere
leads to the stoichiometric compound. In the same study it was reported that
the excess oxygen contend rises up to § = 0.19 when the sample is left in air.
The cobalt valency in the oxidized compound is Co?38+, similar to a strontium
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doped sample with x = 0.38. Samples with smaller strontium doping concen-
tration should therefore be grown and stored with care as they might tend to
incorporate excess oxygen.

Rods for the cobaltate samples YD_070 and YD_071 have been sintered under
active vacuum at 1150°C. Growth has been performed under argon or nitrogen
atmospheres with small flow rates of about 50ml/min. YD_070 with a stron-
tium doping x = 1/3 grew very stable at a speed of 2mm/h. Rotation speed of
the feed/seed rods was 110/220 rotations per minute. The crystal has a shin-
ing surface and 2 facets at an angular distance of 180° (see Figure 2.6). In
comparison, the growth of a cobaltate with x = 1/4 proofed more difficult. The
preparation procedure was similar to YD_070. In both cases gas bubbles formed
in the melt, but no ditches due to raising flux appeared. Still the zone broke a
few times without obvious reason during the growth of YD_071. Probably this
can be attributed to a change in flux concentration during the beginning of the
growth. The more a system melts incongruent the more the temperature has
to be adjusted during the enrichment of the melt with flux. Inaccurate tem-
perature changes can decrease viscosity until the surface tension is insufficient
to hold the melt. Finally a 3cm large single domain single crystal could be
extracted from the boule.

The last growth to be mentioned is YD_051. The undoped LasNiO,4 sample
was grown from a rod of compressed starting materials without any pre-reaction.
This was possible because no carbonate was used for this crystal. The growth
was very stable and a high growth speed of 3.6 mm/h was possible. Evaporation
of nickel is a serious problem for the growth of nickelates. If the process takes
to long the entire quartz glass tube will be covered with evaporated material,
preventing the heat from reaching the melt. This can terminate the growth
through solidification of the melt. Therefore the growth has to be finished
before to much light is blocked. After the growth, the evaporated material was
collected and weighted. It amounts to about 3% of the innitial NiO used for the
rods. The resulting single crystal was about 7cm long and of black color. A
post treatment of the whole crystal in Ar/Hy flow of concentration 95%/5% for
one week at 400°C removed the excess oxygen. The result was a red, opaque
crystal.

2.2 Powder X-ray Diffraction Technique

This powerful method is the first choice to investigate the result of a synthesis
and is especially useful to track the progress of a reaction under different con-
ditions in order to find the best synthesis route. It can also be used to exclude
impurities above 1% - 5% volume fraction and determine the unit cell param-
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Figure 2.6: The “as grown” boule Laj ¢7Srg.33C004. The lower part from
11.5cm to 14.5cm is the seed crystal.

eters of a crystal structure. Even the unknown structure of a new material can
be determined, but to identify the exact atom positions, single crystal X-ray
diffraction is much better suited.

Our routine sample analysis in house powder X-ray diffractometers operate
in an asymmetric Guinier geometry. A metal ring serves as sample holder where
a thin (5 pm) polyimide (Kapton) foil can be tightly fixed on. Especially crushed
single crystals have to be ground well in order to provide crystallites of the
order of 50 um and smaller to avoid false peak intensities, resulting from big
crystallites in reflection position.

An example of a powder pattern can be found in Figure 2.7. A structure
model was fitted to the data with the Fullprof software [194]. All refinements
were done with the Rietveld method [195]. This routine minimizes x?, the sum
of the squared difference between the measured and a calculated intensity for
each data point, weighted by the variance. For the pattern calculation a user
defined set of parameters is varied with the least squares method until conver-
gence is reached. The minimized parameter y? is a measure for the deviation
between calculated and the measured pattern only but contains no information
on the reliability of a fit. To express the reliability of a structure model, usually
the profile factor Rp, the weighted profile factor Ry p or the Bragg factor are
used. y; and y.; are the measured and calculated intensities and Ipps,n is the
integrated intensity of reflection h [196].

R, = 100% (2.4)
i=1Yi
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Figure 2.7: Powder X-ray pattern of ACK269 - Laj 79Srg 21 NiO4 mixed with a
LaBg standard and measured at room temperature. Data in red color, Rietveld
refinement fit in black, difference between experimental and calculated inten-
sities in blue. The green vertical bars mark calculated Bragg positions (upper
bars for the nickelate, lower ones for the standard).
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The final results of a refinement procedure with the I4/mmm space group
on a Laj 79Srg.21NiO4 sample are shown in Figure 2.7. The difference curve
between measured and calculated intensities shows only minor deviations from
a neutral line, indicating that the structure model is in good agreement with
the measured data.

2.3 Energy-dispersive and Wavelength-dispersive
X-ray Spectroscopy

A high energy electron or X-ray beam is used to remove core electrons from
the atom or excite them to higher states. When electrons from higher shells
fill the vacancies a characteristic electromagnetic radiation, corresponding to
the energy difference between initial and final state, is emitted that can be
detected by an energy dispersive detector. As every element has a different
nuclear charge, the energy of the electronic shells and, more important, the
energy difference between them vary from one element to the next. Unique
peak positions have been tabulated and can be used to qualitatively determine
the elements contained in the sample.

One of the limiting factors of this technique is the peak to noise ratio, because
the interaction of the primary beam with matter creates a variety of secondary
radiation. The excitation of core electrons by the electron beam, and there-
fore the peak intensity, is proportional to the electron density which is high in
heavy elements. A second reason why the method is better suited for heavier
elements is the influence of the chemical environment on the valence electron
shells. While electronic transitions between inner shells are mostly independent
of the chemical surrounding and therefore characteristic for every atom, this is
not true when valence electrons are involved. Their energy levels strongly vary
between different coordinations. When no core electrons are left to excite the
method fails. The lightest detectable element is boron.

The density of atoms of a certain type is proportional to the overall elec-
tron density attributed to this element and therefore proportional to its peak
intensities. It is then a first approach for a quantitative analysis to compare the
intensity of an element specific peak with the the same peak of an element pure
sample (standard). This direct approach is obscured by other effects on the peak
intensity, e.g. material density, chemical environment, peak broadening due to



2.3. FEnergy-dispersive and Wavelength-dispersive X-ray Spectroscopy 47

interaction of the emitted radiation with the crystal. The best results can be
obtained when using a standard with a chemical composition and structure as
close as possible to that of the specimen.
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Figure 2.8: WDX spectrum of ACK343, vertical black bars mark the expected
peak positions, colors correspond to different analyzer crystals.

Energy-dispersive spectroscopy (EDX) and wavelength-dispersive X-ray spec-
troscopy (WDX) differ only in the detection process. In the first case the emitted
x-rays are analyzed by an energy dispersive detector measuring the whole spec-
trum at once and providing a typical resolution of 150eV. Additional energy
resolution can be gained with an analyzer crystal mounted between sample and
detector. Because now monochromatic X-rays are measured for every position
of the analyzer crystal, recording the whole spectrum takes much more time.
The employed WDX device uses a set of four different analyzer crystals, as each
only covers a narrow energy range (different colors in the WDX spectrum in
Figure 2.8). The gain in energy resolution is roughly a factor 10, greatly de-
creasing inaccuracies due to peak overlap. WDX also has a better signal to noise
ratio that enables the detection of trace elements down to concentrations in the
order of 10-100 ppm [197]. At the time when the measurements were done, no
other technique to determine the oxygen content was available. This method
is capable to evaluate the oxygen concentration. A typical WDX measurement
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can be found in Figure 2.8. The x-axis corresponds to the scattering angle of
the analyzers. The large uncertainties in the oxygen content determination are
directly connected to the broadness and irregular surface of the oxygen peak
(pink color). Additional information can be found in [197].

2.4 1ICP-OES and CGHE

A complementary method to determine sample compositions is the combina-
tion of Optical-Emission-Spectrometry with Inductively-Coupled-Plasma (ICP-
OES) and Carrier Gas hot Extraction Method (CGHE). Measurements were
performed by the team of G. Auffermann. The ICP-OES method can be used
to determine the mass fraction of metals. First the sample has to be dissolved,
e.g. in acid. Then a nebulizer introduces the liquid into the chamber filled
with an inductively coupled argon plasma. The excited metal ions emit charac-
teristic radiation that is collected by a high resolution spectrometer. For light
non-metal elements the CGHE method is used. The specimen is heated (up to
3000°C) inside a graphite crucible in a stream of helium. The oxygen content
is measured indirectly as it reacts with the crucible. At high temperatures the
resulting CO and COs emit IR radiation that can be detected with selective
IR-cells. Similarly hydrogen can be detected from the IR spectrum of H5O.
If both methods are applied on the same material the individually measured
mass fractions should ad up to 100£1%. A larger deviation could mean that
additional elements are present. Similar to the WDX/EDX measurement the
measured mass fractions have to be normalized. Here the normalisation factor
was choosen so that the lanthanum concentration in Las_,Sr,TO4 matche the
nominal values. See [198] for further insight.

2.5 Triple Axis Spectrometer

A new scattering technique was developed after the discovery of the neutron,
by J. Chadwick in 1932 [199, 200]. The difficulty to produce a neutron beam
of sufficient intensity for experiments is the main drawback of this technique.
In the decade between the neutron discovery and the construction of the first
fission source (CP-1 in 1942) the general properties of the new particle had
been mapped. A white neutron beam emitted from a fission source finally had
the necessary intensity to do diffraction experiments. The first structure de-
termination ever performed with neutrons was done for NaCl on a two-axis
diffractometer in 1946.

Neutrons generated in a research reactor are called thermal neutrons because
their kinetic energy of about 25meV is the most probable in the Maxwell-
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Boltzmann distribution at ambient temperature. Their wavelength in the typical
range of distances in condensed matter 1-4 A makes them ideal for diffraction
experiments. The neutron intensity maximum can be shifted to a lower value
of about 5 meV using a liquid hydrogen environment at 25 K or to higher values
in a 2000 K graphite moderator. Due to the relation between neutron energy
and moderator temperature, experimentally used neutron sources are classified
as cold, thermal and hot. While cold neutrons allow a better resolution in
momentum and energy transfer, hot neutrons provide an increased accessible
range.

Most neutron data presented in this thesis was collected with triple axis
spectrometers (TAS) at fission reactor based neutron sources. This type of
instrument allows the measurement of scattered intensity in the four dimensional
space generated by momentum transfer @ and energy transfer iw. Of the six
angles that can be found in the schematics of the IN22 spectrometer in Figure
2.9, two belong to each of the three axis of monochromator, sample and analyzer.
A strong Bragg reflection of the monochromator crystal is used to select neutrons
with a specific energy out of the white beam produced by the reactor. According
to Bragg’s law this energy can be varied by changing its angel a;. The whole
spectrometer together with the large shielding has to follow the monochromator
at double its angle as = 2a;. Depending on the sample environment the sample
can be rotated freely in space. In our experimental setup usually a cryostat was
used which restricts sample rotation ag to the scattering plane. The neutrons
are diffracted by the sample at an angle a4 which defines the position of the
bulky analyzer and detector housing. Finally the analyzer selects a specific
energy according to its angle as which is led through to the detector at ag =
2a5. Neutron spectrometer are large and bulky due to their shielding and the
need to mount various heavy sample environments.

Our samples were always pre-oriented at our in house X-ray Laue Camera
and mounted on alumina sample holders so that the a-b-plane coincided with
the scattering plane of the neutron spectrometer. On TAS instruments the
measurement of the scattering function S(Q, w) is essentially limited to only
two dimensions in C,j To measure at a specific point in Q space the angles ag
and a4 ca be varied. Changing ag moves the point on a circle around the origin,
a4 moves it outwards on a curved line that originates in the center. This can be
well observed in the scans performed at the IN8 (see Section 4.3) with a flatcone
detector. The measured maps in Q space have a border consisting of four
sections. The two segments of circle correspond to scans at different ag angles
while the two connecting sections correspond to the 31 different a4 positions of
the detectors for a single ag value. According to scattering terminology ag and
a, are also called w’ and 26, respectively. To perform a scan along a straight
line both angles have to be changed simultaneously. For elastic scans the wave
vectors of the incoming and outgoing neutrons, are of equal absolute value
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Figure 2.9: Revised schematic of the thermal neutron Triple Axis Spectrometer
IN22 taken from [201]

|k;| = |12f| For inelastic scans either k; or ky has to be varied corresponding to
the energy transfer.

The sample environment is mounted on a goniometer which allows titling
in two orthogonal directions for a final sample alignment and to provide the
ag rotation. Some other essential components of a TAS instrument are also
labeled in the figure. The incoming neutron beam generally has a diameter of
about 5cm. Diaphragms before the sample decrease the beam size roughly to
the sample geometry to prevent unnecessary neutrons from scattering on the
cryostat and air. The diaphragms after the sample blocks neutron not scattered
by the sample.

Pyrolytic graphite has the property that neutron transmission probability is
highly energy dependent. This can be used to significantly reduce neutron in-
tensity resulting from higher order scattering. For thermal neutrons energy win-
dows corresponding to the neutron wave numbers k = 2.662 A1, k = 3.81 A~!
and k = 4.2 A~ exist. The value k = 2.662 A~! = 14.7meV is commonly used
as it provides the largest flux for thermal neutrons. All parts of the TAS are
equipped with air buffers to allow individual movement on the tanzboden type
floor.

Although a triple axis spectrometer is a very flexible instrument the need
to obey the scattering triangle @ = k; — ky combined with limited space places
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Figure 2.10: Left to Right: 1.) Laue image with four fold rotational symmetry
centered at the (001) direction 2.) Laue image with vertical and horizontal
mirror planes through the (1 1 0) reflection, the ab-plane is horizontal. 3.)
Crystals co-aligned and mounted on a sample holder for neutron measurements.
¢ direction is vertical.

restrictions on the accessible (Q,w)—space. For elastic scans at the IN22 on our
layered perovskites with lattice constants of about a = b = 3.85A and ¢ =
12.6 A this affects the large scattering vectors @. The maximal value of 26 is
110.5°, corresponding to |@| = 2.671.L.u. in the ab plane at k; = ky = 2.662 A-1
Similarly for an energy scan at (0.5 0.5 0) the 26 value decreases with increasing
energy until the scattering triangle can not be fulfilled any more. Before that
point is reached, the vicinity to the direct beam results in a large background
at angles 20 < 7.5° for typical instrument configurations.

2.5.1 Sample Orientation and Mounting

A real time Laue Camera was used for sample orientation and alignment. The
disadvantage of a poor resolution of the built in multi-wire detector compared
to e.g. image plate instruments is compensated by the possibility to orient
crystals in real time with a remotely controlled motorized goniometer. This
feature is particularly useful when scanning along a 10cm long floating zone
grown crystal to determine size and position of single domains. For most of our
neutron experiments on TAS instruments one or two crystals were oriented, so
that the a-b-plane coincides with the scattering plane. Typically the c-direction
was determined prior to the mounting on a sample holder (Figure 2.10, left).
The whole setup, including the screws, is made of alumina and can be fixed
on the bottom plate of an alumina can. The right image in Figure 2.10 is a
picture of two co-aligned crystals, ready to be mounted on a TAS. The last step
to complete the three dimensional sample orientation is to mark the (1 0 0) or
(1 1 0) direction in the scattering plane on the sample holder.
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Chapter 3

Sample Characterization:
Results

3.1 Laz_xerNiO4

3.1.1 Powder X-ray Diffraction

The whole series of strontium doped and co-doped nickelates has been char-
acterized by powder X-ray diffraction together with a LaBg standard. Several
diffractometers were used for sample characterization, each regularly calibrated.
Nonetheless, systematic errors can occur due to slightly different calibrations.
A standard was used to ensure the determination of absolute lattice parameter
values.

A systematic evaluation of the powder X-ray data has been done. Because
the results of a structural refinement may vary significantly depending on the
route taken during the refinement process, it is best to choose a similar ap-
proach for all samples. First a good structural refinement had been done for
one sample thus obtaining the starting values to be used for all other samples.
The route then was as follows: 1. all parameters fixed except background and
scaling parameter 2. additional refinement of the lattice constants 3. refinement
of all other reasonable fit parameters.

93
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Figure 3.1: left: Doping dependence of the lattice parameters of Las_,Sr,NiOy
and Las_,Sr;ZnyNi;_,O4 samples at room temperature.

right: Comparison of the lattice parameters for all nickelates.

Note, that the co-doped samples were in some cases also voluntarily oxygen
co-doped.
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The fitted lattice parameters of all measured nickelate samples are listed
in Table 3.1. All samples have been evaluated with the tetragonal I14/mmm
space group except for YD051-LasNiOy44 s which shows a too large orthorhombic
splitting for a reasonable fit. In fact all samples with strontium doping of
x < 0.15 show a weak orthorhombic splitting at room temperature which is
too small to be reflected in the R-values. The plots on the right side of Figure
3.1 place the lattice constants of the co-doped samples in the frame set by the
systematic study of the pure strontium doped samples. EDX and ICP-OES
measurements (see Sections 3.1.3 and 3.1.2) proofed that zinc concentrations
are very small in the zinc co-doped samples. Therefore, their lattice constants
have been plotted together with those of the undoped samples on the left side of
Figure 3.1. The plots on the right side include the data from all characterized
nickelate samples. The black line is a linear fit to the purely strontium doped
samples and only meant as a guide to the eye.

A comparison with published data qualitatively confirms the observed dop-
ing dependencies [202-204]. Especially in the region of interest with 0.15 <
x < 0.22 the evaluated lattice constants also quantitatively coincide with liter-
ature data [202-204]. Apparent in our plots (Figure 3.1) is the deviation of the
parameters of the undoped sample YD051 from the linear fit. Such a discon-
tinuity within the low doped region was also reported in [203, 204]. In a more
recent systematic study of the lattice constants in strontium doped nickelates
the oxygen content dependency was also investigated [202]. The absence of such
a discontinuity in their data suggests that a strong deviation from a stoichio-
metric oxygen content is present in our undoped sample YDO051. Therefore this
data point was excluded from the fit.

Replacing the 1.22 A sized La’* by the larger 1.31 A Sr?* in LaNiOy results
in a smooth and virtually linear decrease in cell volume (see 3.1) with increasing
Sr?* concentration x. The increase in A cation size in A;TQ, is overcome by
the accompanied substitution of the low-spin Ni** with 0.56 A for the larger
high-spin Ni** with a radius of 0.69 A[59]. According to the evaluated tol-
erance factor a strong mismatch exists between the lattice dimensions of the
rock salt component compared to the perovskite. The resulting internal strain
is strongest in the undoped parent compound LasNiO4 and results in a pro-
nounced orthorhombic distortion already above room temperature. Strontium
doping releases this strain so that at a doping above x = 0.15 the tetragonal
phase is stabilized down to ambient temperature (see vertical line in Figure 3.1).

While the development of the in plane lattice constants coincides with the
unit cell volume an anomaly appears in the out of plane constant, which in-
creases with strontium content. This trend in the c-lattice parameter has been
explained in literature in terms of a Jahn-Teller distortion due to orbital or-
dering in the low-spin t§ e} nickel(IIT) cation [205]. A look at the 3d” electron

g .
configuration of Nit3 shown in Figure 1.14 gives a hint. In Ni*3 the orbital with
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[ Name [Sr | | a[A] | ¢ [A] | VA7 | Rr, Rp |
YDO5L | 0 3.80077(4) | 12.5372(1) | 189.789(3) | 7.3, 10
ACK270 | 0.15 3.85642(5) | 12.6337(1) | 187.889(4) | 5.8, 11
ACK264 | 0.17 3.85033(6) | 12.6618(2) | 187.712(5) | 5.1, 9.0
ACK265 | 0.18 3.85110(5) | 12.6441(2) | 187.525(4) | 4.5, 6.3
ACK266 | 0.19 3.85238(4) | 12.6424(1) | 187.625(4) | 7.2, 12
ACK268 | 0.2 3.85246(5) | 12.6408(2) | 187.608(4) | 5.5, 9.6
ACK269 | 0.21 3.84543(3) | 12.6628(1) | 187.250(3) | 4.4, 6.2
ACK273 | 0.22 3.84600(4) | 12.6664(1) | 187.358(4) | 6.8, 9.8
ACK326 | 0.4 3.82974(3) | 12.7012(1) | 186.288(3) | 5.6, 9.3
YDO43 | 0 0.33 Ba | 3.85434(3) | 12.7619(1) | 189.590(2) | 5.1, 7.6
ACK271 | 0.15 | 0.39 Nd | 3.84949(2) | 12.5745(7) | 186.336(2) | 5.1, 8.3
ACK275 | 0.2 0.05 Fe | 3.85639(4) | 12.6365(1) | 187.927(3) | 5.3, 7.2
ACK274 | 0.15 | 0.03 Zn | 3.86103(7) | 12.6197(2) | 188.128(6) | 3.9, 7.5
ACK359 | 0.17 | 0.04 Zn | 3.84994(4) | 12.6518(1) | 187.525(3) | 3.8, 5.4
ACK360 | 0.18 | 0.05 Zn | 3.85564(4) | 12.6342(1) | 187.819(4) | 5.6, 5.6
ACK387 | 0.19 | 0.05 Zn | 3.84242(4) | 12.6647(1) | 186.985(4) | 6.8, 5.7
ACK393 | 0.2 0.05 Zn | 3.84478(4) | 12.6685(1) | 187.269(3) | 5.7, 8.2
ACK324 | 0.16 0.05 Zn | 3.85066(4) | 12.6591(1) | 187.704(4) | 4.0, 6.5
ACK390 | 0.105 | 0.05 Zn | 3.85574(4) | 12.6562(1) | 188.156(4) | 5.2, 8.9
ACK320 | 0.26 | 0.05 Ti | 3.85573(6) | 12.6441(2) | 187.976(5) | 4.1, 6.5
ACK272 | 0.26 | 0.05 Ti | 3.86513(4) | 12.6187(1) | 188.514(4) | 3.8, 6.6
ACK322 | 0.33 0.08 Ti | 3.86817(7) | 12.6214(2) | 188.851(5) | 4.8, 6.8

Table 3.1: Nominal sample composition, lattice parameter and reliability factors
of the nickelates determined by powder XRD.
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the highest energy, (x2-y?), is empty while the (3z2-1?) is filled by one electron.
In contrast to Nit?HS where both orbitals are half filled, this Nit3LS configu-
ration considerably benefits from a tetrahedral elongation which is responsible
for the splitting of the two initially degenerated orbitals. Upon increased stron-
tium doping the growing fraction of Nit? therefore stabilizes a larger tetragonal
distortion in the transition metal oxygen octahedra through the occupation of
the (3z2-r2) orbital.

3.1.2 EDX and WDX

Figure 3.2: Cobaltate single crystals embedded in a polymer and polished for
WDX measurements.

Our in house material analysis group provides sample characterization with
both techniques using a scanning electron microscope to excite the core elec-
trons. Electron beams have a very low penetration depth and therefore the
sample surface has to be prepared prior to the measurement. Small single crys-
tals (ca 1 mm3) are plunged in a hot polymer liquid which solidifies upon cooling
to room temperature. The block is then polished until the sample exhibits a
clean shiny surface (Figure 3.2). Nickelates exhibits large enough electronic
conductivities and to prevent charge accumulation on the sample the polymer
has a descent conductivity.

Prior to the spectroscopy measurement the crystal surface is probed with dif-
ferent visualization techniques, each suited to reveal irregularities in the grown
crystal. The standard procedure is to take images with direct light, polarized
light, secondary electrons and with backscattered electrons. Our high quality
single crystals usually exhibit no anomalies. Some rare examples are shown in
Figure 3.3: 1) A network of a lanthanum rich phase present in a LaSrFeO,
single crystal. 2) Domain boundary in a LaSrFeO, where both domains have
correct stoichiometry but different orientation. 3) Backscattered electron image



58 Chapter 3. Sample Characterization: Results

BSE acxae 01 180w x50
00w

A
“' YDO64 .. ' YD0B2 .. YDO71

2501

YD053 .

Figure 3.3: left to right: 1. lanthanum rich impurity phase 2. domain boundary
in polarized light 3. and 4. areas of different stoichiometry in BSE

2701
Abb.: ACKH3.02

i _—

Soum
s Licht b, ACKU08 polarisertos Licht

Ackasz01 Helleld Acka43.0s Holleld

Figure 3.4: Light microscope images of the cobaltate sample ACK343. left side:
bright field right side: polarized light

taken from a bottom piece of a cobaltate crystal. On the right side the crystal
surface is visible. The bright and dark areas correspond to different stoichiome-
try although the sample consists of a single domain solely. The features on the
left are ring like structures comparable to the annual rings in trees and origi-
nate from the crystal growth process. In a traveling floating zone furnace the
crystallization starts at the cooler middle of the melt and continues outwards.
Unstable growth conditions in the beginning of the growth process caused the
observed inhomogeneities. 4) A part from the beginning of the floating zone
grown CoV3Og is shown. An excess of VoO5 was used in this self flux synthesis
and deposits of VoOj5 are indicated by the bright areas 04 and 06. The area in
intermediate color corresponds to the stoichiometric phase (areas 01, 02 and 03)
and the darker color corresponds to a phase where vanadium and cobalt occur
in similar concentrations.

Apart from the above mentioned examples, where imperfections can be at-
tributed to the unstable conditions at the beginning of the growth process, im-
purities are rare in macroscopic floating zone grown samples. Figure 3.4 shows
an example of a featureless clean surface that is indicative for a single domain,
impurity free single crystal. Images recorded from secondary emitted electrons
(SE) are very surface sensitive because of the small penetration depth of low
energy electrons. In comparison backscattered electrons (BSE) have a high en-
ergy and are emitted from a depth of the order of 1 um. Typical SE and BSE
images can be found in Figure 3.5.

High accuracy in WDX measurements is gained if the reference material
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Figure 3.5: Scanning electron microscope images of the cobaltate sample
ACK343. left: secondary electron image middle: backscattered electron im-
age right: distribution of the ten spots where the WDX measurement was per-
formed.

is trustworthy. The best choice are reference materials with the same ele-
mental composition and crystal structure as the measured sample. For the
Lag_;Sr,; TO4 system with T = Fe, Co, Ni no established standards exist. We
therefore chose the most stable compounds out of this series as standard ma-
terials. While this method is valid to test specific crystals for deviations from
the common behavior one needs to keep in mind that systematic errors can
not be excluded if the stoichiometry of the standards if not confirmed by other
methods. As standard materials we used Laj 551 5Co0O4 (ACK353), LaSrFeO4
(YDO62) and L841,GSI‘0.4NiO4 (ACKS?G)

Co-doped nickelate samples have been measured with WDX and EDX. Re-
sults can be found in Table 3.2. EDX values were averaged from only three
measurements compared to the ten used in WDX. In contrast to the cobaltates
the oxygen contents match the expectations quite well. The sample ACK390
was intended to be slightly over oxidized with an expected value of § = 0.05, in
good agreement with the measurement. Also the other samples exhibit oxygen
contents close to stoichiometry within their margin of error. Given the uncer-
tainty for oxygen determination inherent to this method, these results are rather
good. The same is true for the co-doped titanium concentrations. Although the
statistical error bars are to small to be trustworthy the measured titanium con-
centrations for ACK272 and ACK320 match the nominal values of 0.05 very
well.

The element zinc could not be detected in EDX measurements on the zinc co-
doped samples. For all six samples the nominal value of the zinc concentration
is 0.005. It is questionable whether this value is high enough to be detected in
the EDX measurement. The sublimation point of zinc oxide is around 1800°C
but the vapor pressure is already of the order of 100 Pa at a temperature as
low as 1400°C [206]. Consequently, an accurate doping with zinc is difficult. It
is possible that the entire zinc content evaporated during the growth process.
(See next Section 3.1.3 for further discussion.)

All measured nickelates exhibit a nickel deficiency with concentrations be-



60 Chapter 3. Sample Characterization: Results

’ Name \ Strontium \ Lanth. \ Nickel \ Oxygen \ Co-doping ‘
nom. | meas.

ACK390 | 0.105 | 0.103(1) | 1.858(6) | 0.992(4) | 4.047(9)

ACK272 | 0.26 | 0.225(1) | 1.788(6) | 0.953(3) | 3.976(9) | Ti0.057(1)
ACK320 | 0.26 | 0.242(1) | 1.764(6) | 0.956(3) | 3.982(8) | Ti 0.056(1)
ACK322 | 1/3 0.311(5) | 1.700(9) | 0.891(6) | 3.977(12) | Ti 0.122(4)
ACK271 | 0.15 | 0.142(2) | 1.449(21) | 0.999(7) | 4.034(38) | Nd 0.376(8)
ACK275 | 0.15 | 0.181(3) | 1.811(11) | 0.968(4) | 4.015(15) | Fe 0.025(1)
ACK274 | 0.15 | 0.146(3) | 1.859(7) | 0.969(9) | 4.025(22) | Zn 0
ACK324 | 0.16 | 0.179(3) | 1.820(2) | 0.975(4) | 4.026(36) | Zn 0
ACK359 | 0.17 | 0.196(2) | 1.819(23) | 0.982(12) | 4.002(20) | Zn 0
ACK360 | 0.18 | 0.169(3) | 1.822(12) | 0.993(14) | 4.016(36) | Zn 0
ACK387 | 0.19 | 0.208(6) | 1.820(6) | 0.953(22) | 4.019(21) | Zn 0
ACK393 | 0.20 | 0.215(3) | 1.797(1) | 0.963(9) | 4.025(13) | Zn 0

Table 3.2: Nickelate sample composition determined with WDX (top) and EDX
(bottom). The measured values were normalized so that the sum corresponds
to the seven atoms per formula unit.

tween 0.953 and 0.999. Deviations of similar size are also observed for the
lanthanum and strontium content. Summarizing the results, we proofed that
all samples exhibit element ratios consistent with the 214-phase and consist of
the expected elements and element ratios. Except for the mentioned oxygen
discrepancies, deviations from the nominal values are of the order of 5% or
smaller.

3.1.3 ICP-OES

The titanium concentrations in the co-doped nickelates confirm the measure-
ments in the previous section quite well. This is also true for the neodymium
and iron co-doped samples. Surprisingly the ICP-OES measurement was sen-
sitive enough to reveal traces of zinc in the Zn-0.005 nickelates. Instead of the
deficiency found in EDX/WDX measurements the ICP-OES results show a pro-
nounced nickel excess. It can be excluded that this is an artifact of the different
normalization methods because the resulting lanthanum content is similar in
both cases. The oxygen content has not been measured for the nickelate sam-
ples. Similar to the EDX/WDX measurements the displayed error bars refer
only to the local sample homogeneity and statistical evaluation. Most of the
discrepancies in the results lie within the enhanced error bars of 5%.
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’ Name \ Lanth. \ Strontium \ Nickel \ co-doping ‘
ACK390 | 1.895 | 0.106(1) 1.038(6) | Zn 0.004(1)
ACK272 | 1.74 0.217(2) 0.960(10) | Ti 0.055(1)
ACK320 | 1.74 0.232(3) 0.964(10) | Ti 0.051(1)
ACK322 | 1.66 0.312(5) 0.918(14) | Ti 0.102(2)
ACK271 | 1.46 0.142(1) 1.025(15) | Nd 0.360(5)
ACK275 | 1.80 0.168(3) 0.990(12) | Fe 0.031(3)
ACK274 | 1.85 0.123(1) 1.020(7) | Zn 0.004(1)
ACK324 | 1.84 0.150(1) 1.029(7) | Zn 0.006(1)
ACK359 | 1.83 0.159(1) 1.032(9) | Zn 0.004(1)
ACK360 | 1.82 | 0.144(1) | 1.024(10) | Zn 0.004(1)
ACK387 | 1.81 0.180(2) 1.025(9) | Zn 0.005(1)
ACK393 | 1.80 0.164(1) 1.017(4) | Zn 0.004(1)

Table 3.3: Co-doped nickelate sample composition determined with ICP-OES.
Values normalized according to the nominal Lanthanum content. Error bars
result from the statistical treatment of three measurements.

3.2 Lay ,Sr,CoOy,

3.2.1 Powder X-ray Diffraction

For our systematic studies on the cobaltate system a large number of samples
had been grown. Although many of the crystals developed well visible facets
on their skin during the growth process a careful analysis of the composition is
necessary (see Section 2.1). We performed powder X-ray diffraction on every
sample as a standard procedure to exclude additional phases. Only phase pure
samples were considered for further characterization and experiments.

In the data plotted in Figure 3.6 a monotone decrease of lattice constants
a and ¢ upon strontium doping can be observed. The sample YD071 with x =
0.25 shows a considerable orthorhombic splitting already at room temperature.
For comparison the sample has also been fitted with the tetragonal structure.
This explains the much higher R values for this sample (see 3.4). All samples
with doping x > 0.33 had the tetragonal space group I 4/m m m. Apparently,
strontium doping into the parent compound has sizable effects on the lattice
constants. The strong influence can not be explained by the size difference be-
tween La3™ and Sr?* only [59)].
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To discuss further influences we have to remember that the crystal structure
is composed of two different simple structures. Perovskite and rock salt layers
are piled up along the c direction. To form a stable crystal it is therefore not
only necessary that the ionic sizes within each crystal structure match together,
but also, that the a/b lattice constants of the two structures are of similar size.
Some uncertainties arise from the ability of cobalt to be stabilized in different
spin states with considerably different ionic radii. According to Hollmann et
al. the cobalt(III) cation is in the low spin and cobalt(II) in the high spin state
for the doping range 0.4 < x < 0.8 [207]. Replacing lanthanum by strontium
reduces the mismatch between the A and T sites in two ways. According to the
tables [59] the ionic lanthanum (I1T) radius is r(Lat) = 1.22 A for nine fold coor-
dination and r(Sr?*) = 1.31 A for strontium. On the other hand, the decreased
electron density in the perovskite layer leads to a decrease of the effective tran-
sition metal radius. For cobalt in six fold coordination the radii are r(Co3* LS)
= 0.545 A compared to r(Co?t HS) = 0.745 A.

Doping dependent plots of the a and c lattice constants and the unit cell
volume can be found in Figure 3.6. Error bars correspond to the sum of the
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[ Name [ doping | a[A] | ¢ [A] | V[A%] | Rr, Rp |
YDO71L | 0.25 St 3.866(2) | 12.654(4) | 189.20(13) | 13, 15
YDO070 | 0.33 St 3.847(2) | 12.740(4) | 188.59(12) | 7.6, 10
ACK312 | 0.33 Sr 3.852(2) | 12.631(4) | 187.48(12) | 5.2, 7.0
ACK183 | 0.33 St 3.853(2) | 12.623(4) | 187.49(12) | 6.1, 7.8
ACK315 | 0.33 Sr 3.854(2) | 12.628(4) | 187.62(12) | 7.4, 9.1
ACKS317 | 0.36 St 3.851(2) | 12.617(4) | 187.14(12) | 9.0, 11
ACK318 | 0.38 Sr 3.850(2) | 12.614(4) | 187.02(12) | 7.5, 10
ACK305 | 0.4 Sr 3.849(2) | 12.596(4) | 186.63(12) | 5.9, 6.1
ACK343 | 0.4 Sr 3.849(2) | 12.589(4) | 186.56(12) | 6.8, 7.7
ACK353 | 0.5 Sr 3.837(2) | 12.537(4) | 184.58(12) | 6.9, 9.0
ACK184 | 0.5 Sr 3.839(2) | 12.555(4) | 185.06(12) | 6.8, 9.7
ACK308 | 0.7 Sr 3.825(2) | 12.491(4) | 182.78(12) | 7.2, 9.1
ACK349 | 0.7 St 3.825(2) | 12.491(4) | 182.78(12) | 6.6, 8.6
ACK316 | 0.8 Sr 3.820(2) | 12.479(4) | 182.14(11) | 7.8, 9.6
ACKI57 | 0.9 Sr 3.810(2) | 12.472(4) | 181.10(12) | 6.2, 7.4
ZL091 | 0.33 St 3.853(2) | 12.583(4) | 186.89(12) | 6.9, 8.9
ACK342 | 0.36 Ca 3.853(2) | 12.500(4) | 185.62(12) | 8.4, 10
ACK346 | 0.39 Ca 3.856(2) | 12.515(4) | 186.17(11) | 5.2, 7.5
ACKS370 | 0.4S1,0.4Nd | 3.838(2) | 12.524(4) | 184.55(12) | 8.1, 13

Table 3.4: Nominal sample composition, lattice parameter and reliability factors
of Las_,Sr,CoQy4 determined by powder XRD

statistical contribution taken from the fit routine and a systematic contribution
A due to measurements without standard. A powder sample has been measured
five times to estimate the systematic error. A = 1.1-107% A corresponds to the
statistical deviation of the a-lattice parameter from its mean value. The black
lines in the diagram indicate linear fits to the strontium doped sample data
in the range 0.33 < z < 0.9. All samples grown by A. Komarek show almost
perfectly linear doping dependence apart from the highly hole-doped samples
where the stabilization of the Co?t oxidation state requires very high oxygen
partial pressures. The general development of the lattice constants upon stron-
tium doping x (0.3 < 2 < 0.9) is a shrinkage of about 1.2% in the a/b direction
and 1.5% in ¢ direction. This linear dependency is consistent with the expec-
tations for a scenario in which the replacement of Co?**(HS) with Co®*(LS)
plays the major role. Indeed the tolerance factor (see section 1.4) implies that
the lanthanum-oxygen-bonds are under tension while the cobalt-oxygen-bonds
are under compression at room temperature in the undoped compound. In this
sense strain is decreased trough both effects, the increased lattice parameter
in the rocksalt layer through a larger strontium and the decreased lattice pa-
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rameter in the perovskite layer through the smaller cobatl(IIT). Apparently the
decreased atomic distances within the perovskite govern the over all behavior
of the cell parameters.

Especially the lattice parameter ¢ shows a saturation behavior for x > 0.7
while the unit cell volume decreases further until x = 0.9. Hollmann et al. saw
a deviation from the calculated magnetic moments in their SQUID measure-
ments on a x = 0.8 doped sample [207]. They mentioned the possibility of a
temperature driven spin state transition of the cobalt(III) low spin to an inter-
mediate or high spin state, slightly above room temperature. In a full multiplet
calculation for Co®t Hollmann et al. estimated that the IS spin state is favored
for a splitting Ae, > 1.5meV [208]. Already the thermal population of the anti
bonding e, orbitals could increase the average cobalt size at ambient tempera-
ture. The saturation of the c-lattice constant at lower strontium doping could
be an indication for the intermediate spin state which, in contrast to the high
spin state, benefits from the tetragonal elongation of the oxygen octahedron.
Nonetheless, a closer look at the involved atomic distances contradicts this in-
terpretation. While the equatorial oxygen to cobalt distance in the high doped
regime x > 0.7 is about d(O.,-Co) ~ 1.91 A the distance to the apical oxygen
d(Ogp-Co) =~ 2.14 A is only slightly larger. The cuprate Lag_,Sr,CuOyys is
well known to exhibit a quasi square planar oxygen coordination of the central
copper atom. Due to the strong Jahn-Teller activity of this compound the apical
and basal oxygen atoms distance is much larger than the equatorial one, result-
ing in a ratio between the two distances of about d(Og,-Cu)/d(O¢y-Cu) = 1.28
in the x = 0.14 doped compound [209]. In contrast, the ratio is much smaller
in the highly doped cobaltates d(Ogp-Co)/d(Oeq-Co) = 1.12 which makes the
IS state less probable.

An increased doping dependent oxygen deficiency in the high doping regime
could also cause the observed saturation of the lattice constant c. We can
exclude this through our oxygen determination measurements, which neither
indicated a pronounced nor a systematic oxygen deficiency (see Section 3.2.5).

Alternatively, we can consider a scenario with a doping dependent partially
occupied Co(IIT)HS state. The small size difference between lanthanum and
strontium prevents an ordering of these two cations. The statistical distribu-
tion leads to strontium rich and lanthanum rich regions on short length scales.
A locally increased strontium concentration might then be sufficient to stretch
some cobalt-oxygen octahedra, stabilizing the much larger Co(IIT)HS state. In-
deed X-ray absorption spectroscopy measurements on LaSrCoO, performed by
Z. Hu indicate a partial occupation of the high spin state of about 25 % [210].

According to Figure 1.5 the pronounced size difference between the Co(IIT)LS
and the Co(II)HS cations causes the strongest raise of the tolerance factor upon
doping throughout the investigated materials. The layered perovskites struc-
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ture can be thought of as a lattice of oxygen anions packed at closest possible
distances while the cations occupy the intermediate pockets. The Co(IT)HS
cation is to large for its pocket, therefore expanding the lattice. In contrast,
the Co(III)LS cation might be too small to adequately fill its oxygen lattice
pocket. Consequently, at a certain Co(III)LS concentration the oxygen anions
are at their smallest possible distance. Further strontium doping then decreases
the overlap between oxygen and transition metal orbitals, also decreasing the
binding energy. A partial occupation of the larger Co(III) high spin state could
stabilize the crystal structure. In accordance with our experimental data we
would expect a decreased slope in the strontium doping dependence of the unit
cell volume in the high doped regime.

Publication numbers on the Lags_,Sr,CoO4 system were steadily increasing
in the past ten years, but so far not much data on the lattice constants has
been published. The whole doping range 0 < x < 1 was covered in the PhD
thesis of M. Cwik [140]. In contrast to our nice linear doping behavior of the
lattice parameters in the for this thesis most interesting region around x = 0.33
a strange anomaly in the c¢ lattice constant was observed in [140]. Instead of
the monotone decrease with strontium content, they found a greatly enlarged c
constant for the samples 0.2 < x < 0.45 and interpreted an increased distance
between the cobalt atoms and their apical oxygen determined with single crystal
X-ray diffraction, to be the cause [140]. But no explanation for this anomalous
behavior was provided. However, no such anomaly could be observed in our
single crystals. It has been mentioned in Section 1.5 that oxygen stoichiom-
etry is difficult to obtain in many transition metal perovskites. The data on
the c-lattice constant for oxygen rich undoped cobaltates in Figure 1.8 shows a
decrease for increasing oxygen content. Although data on oxygen off stoichio-
metric strontium doped samples is not available, it seems likely that oxygen
deficiency is responsible for the anomalies reported in Ref. [140].

3.2.2 EDX and WDX

Oxide samples often have an extremely high resistivity. This is especially prob-
lematic for the investigated cobalt oxides. To allow the charges to leave the
sample it is necessary to evaporate a few (around 20) layers of carbon atoms
onto the sample surface.

The measurement provides the relative element composition. To estimate
absolute values assumptions have to be made for the rescaling. The straight
forward assumption would be to set the number of atoms per formula unit to
seven (stoichiometric composition). Our initial measurements have shown, that
evaluation of the cobaltate measurements yielded unrealistic high amounts of ex-
cess oxygen throughout the whole doping range. Therefore these measurements
have a systematic problem. The results for the oxygen content are included in
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Figure 3.8. Due to the rescaling an excess of oxygen implies a deficiency for all
other elements. To understand the unrealistic oxygen content results, different
normalization approaches and also a variation of standard materials were tried.
Although the peculiar high oxygen content is most likely a result of some kind of
systematic error we were unable to identify its source with WDX measurements
only. This will be discussed further in Section 3.2.4.

WDX measures the mass volume fraction for each element individually. Even
if the oxygen content is incorrect, the metal concentration ratios are unaffected
by the removal of oxygen from the calculation. For the evaluation the number
of metal atoms has been normalized to three per formula unit and the results
are summed in Table 3.5.

Each sample was measured ten times and the error bars result from sta-
tistical evaluation. Standard deviations are small and reflect the homogeneity
of our samples. In many cases nominal and experimental compositions match
within their uncertainties, but an over all tendency to smaller strontium con-
centration is apparent. As the deviations from stoichiometry are significant for
some samples the possibility of systematic errors has to be considered. This
could be caused by a poor standard for the lanthanum-strontium ratio (with
a slightly to high strontium concentration). Another possibility is the correc-
tion to all measured mass fractions applied by the evaluation program. Three
effects are accounted for: 1.) Average order number Z - influences the surface
reflectivity for the electron beam. Therefore a higher lanthanum content will
also decrease the cobalt peak intensity. 2.) Absorption - peak intensity emitted
from a specific element can be absorbed by the surrounding atoms, depending
on their type and concentration. 3.) Fluorescence - especially for neighboring
elements in the periodic table the radiation from the heavier element can excite
the lighter element, increasing its emitted intensity. The parameters for the ZAF
correction are taken from a database and could therefore be faulty if the wrong
sample composition is assumed. Oxygen would be the main suspect to cause
such an error. But with its low electron count it barely influences peak inten-
sities of the other elements. Another possible source for systematic errors from
the instrument is the calibration that is carried out in regular intervals. The
influence was observed for a comparison between two sample groups measured
on different days. While the three samples from the first group all exhibited
a to large sum of the individual weight fractions of about 104%, in the second
group the values were around 101%. This indicates the poor reliability of this
measurement, technique where systematic errors have a major influence on the
results.
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’ Name \ Strontium content \ Lanthanum content \ Cobalt content ‘
nominal | measured | nom | measured nom | measured
ACK163 | 0 2.00 | 2.006(30) 1 0.994(11)
ACK354 | 0 2.00 | 2.014(10) 1 0.986(3)
YDO071 0.25 0.242(1) 1.75 | 1.739(8) 1 1.019(9)
YD0O70 | 1/3 0.327(1) | 1.67 | 1.656(4) 1 1.018(11)
ACK183 | 1/3 0.323(2) 1.67 | 1.668(6) 1 1.009(4)
ACK315 | 0.33 0.319(1) 1.67 | 1.675(7) 1 1.006(4)
ACK312 | 0.33 0.317(1) 1.66 | 1.668(8) 1 1.014(10)
ACK317 | 0.36 0.352(3) 1.64 | 1.637(11) 1 1.011(2)
ACK318 | 0.38 0.353(1) 1.62 | 1.646(4) 1 1.001(1)
ACK305 | 0.40 0.382(1) 1.60 | 1.618(7) 1 0.999(4)
ACK343 | 0.40 0.380(1) 1.60 | 1.615(3) 1 1.005(1)
ACK184 | 0.50 0.483(3) 1.50 | 1.508(8) 1 1.009(5)
ACK353 | 0.50 0.500(1) 1.50 | 1.500(6) 1 0.999(3)
ACK349 | 0.70 0.670(2) 1.30 | 1.313(6) 1 1.016(4)
ACK308 | 0.70 0.688(7) 1.30 | 1.297(7) 1 1.015(9)

Table 3.5: Cobaltate sample composition determined with WDX. Only metal
ratios are evaluated and normalized to three, the nominal amount of metal

atoms per formula unit.
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’ Name \ Lanthanum \ Strontium \ Cobalt \ co-doping
ACK354 | 2.00 0.997(9)
ACK163 | 2.00 1.001(15)
ACK356 | 2.00 1.001(7)
YDO071 1.75 0.224(1) 0.999(5)
YDO070 1.67 0.320(1) 1.008(3)
ACK315 | 1.67 0.325(3) 0.993(10)
ACK312 | 1.67 0.313(3) 0.989(8)
ACK445 | 1.67 0.339(2) 1.017(3)
ACK317 | 1.64 0.354(1) 1.006(3)
ACK318 | 1.62 0.351(1) 0.997(4)
ACK305 | 1.60 0.408(2) 1.003(7)
ACK343 | 1.60 0.350(1) 0.986(3)
ACK184 | 1.50 0.483(3) 1.005(5)
ACK353 | 1.50 0.484(3) 1.000(7)
ACK349 | 1.30 0.656(6) 0.976(8)
ACK308 | 1.30 0.657(5) 0.978(6)
ACK370 | 1.20 0.407(2) 0.995(6) | Nd 0.382(2)
ACK342 | 1.64 0.966(16) | Ca 0.310(6)
ACK346 | 1.61 0.927(7) | Ca 0.255(3)
ACK344 | 1.64 0.979(5) | Ba 0.283(4)

Table 3.6: Cobaltate sample composition determined with ICP-OES. Values
normalized according to the nominal Lanthanum content. Error bars result
from the statistical treatment of three measurements.
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Figure 3.7: Doping dependent deviation of the strontium content in cobaltates.
Comparison of the values obtained with ICP-OES and WDX methods. The
black line corresponds to the nominal compositions. Error bars represent only
the statistical deviations.

3.2.3 ICP-OES and CGHE

Similar to the WDX results, the oxygen content was found to be very high with
0.1 < § < 0.35 in the cobaltate samples (discussed in the next Section 3.2.4).
The strontium doping concentrations in Table 3.6 vary around the nominal
values with deviations up to Ax = 0.05.

Figure 3.7 shows that the nominal stoichiometry of all samples could be
confirmed by WDX and ICP-OES measurements. For an estimation of error
bars that include systematic influences we can compare the determined sample
compositions with those from WDX measurements. The sizable differences up to
Ax = 0.05, observed for all elements, indicate the large influence of systematic
errors. A resulting error bar of 5% of the measured value for both methods
seems appropriate. Within this range most sample compositions match very
well with their nominal values.

Single crystal X-ray diffraction measurements performed by A. Komarek
confirmed the nominal stoichiometry with even higher precision than WDX and
ICP-OES measurements [211]. Our considerations justify the further use of the
nominal sample compositions.
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3.2.4 Oxygen Content Determination

Oxygen intercalation can significantly change the physical properties of 214
perovskites. Some general trends and examples like the superconductivity in
cuprates were discussed in Section 1.5. Determining the oxygen content is crucial
for a correct interpretation of results acquired with different methods. The field
of oxygen storage and conduction has taken some interest in the 214 cobaltates
and nickelates. In literature, most publications concerning these compounds
include some information on the oxygen content determination, but detailed
insight on the procedure is missing.

We have analyzed samples within the whole doping range 0 < =z < 1 of
Lag_,Sr;CoOy4. One thing that became apparent during our studies is, that
the samples do not decompose under ambient conditions at least in the range
1/3 <z < 0.9. Nonetheless all samples were stored in a desiccator under active
vacuum to be on the safe side.
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Figure 3.8: Strontium doping dependency of the oxygen content. Comparison
of the values obtained with CGHE and WDX methods. The determined oxy-
gen content is unrealistic high, thus, revealing systematic problems of the used
methods.

The oxygen content of the cobaltate samples measured with CGHE and
WDX are plotted in Figure 3.8 for comparison. Error bars result from statistic
data treatment of multiple measurements. According to the discussion about
the oxygen content in 214 perovskites (see Section 1.5), LagCoOy1s grown by
other groups exhibits an oxygen excess between § &~ 0.15 and 6 ~ 0.26 [102].
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According to the obtained data, our measured cobaltate samples exhibit even
larger oxygen excess and many of them even unrealistic values as high as § >
0.30. The large oxygen excess is even more questionable in the high strontium
doping range x ~ 0.7 as it implies an average cobalt oxidation number towards
Cot? and Cot?. Another peculiarity is the large spreading of the results even
for samples with similar nominal composition grown under identical conditions.
It is therefore more than doubtful that the oxygen content was determined
correctly with the two applied methods.

It has been mentioned in Section 1.5 that cuprates and possibly nickelates
[94] have been found to exhibit superoxide bonded oxygen content in surface
sensitive measurements. The standard procedure for preparing a CGHE sample
is to grind it to a fine powder before handing it over to the analysis team. For
the WDX measurement a single crystal piece is polished under ambient con-
ditions before it is introduced into the vacuum chamber for the measurement.
Both methods are sensitive to surface oxygen excess.

In contrast to the results on the cobaltates, the oxygen content in the nicke-
late samples measured with WDX/EDX was found to be in rather good agree-
ment with a stoichiometric oxygen content. The mentioned superoxide was
found in cuprates and proposed in nickelates [94]. Surprisingly a comparison
of our results for the nickelates with those for the cobaltates indicate a much
more pronounced effect in the cobaltates. Since it could not be explained why
CGHE and WDX completely fail in determining the oxygen content in cobal-
tates and why they even yield absolute unrealistic values, other methods had to
be applied.

3.2.5 Thermogravimetrie

The method applied in thermogravimetry (TG) follows a rather simple principle.
A specimen is introduced into the device consisting of a high accuracy balance
inside a chamber to control the atmosphere. Heater and thermometer grant
a controlled temperature variation. A standard procedure then is to heat the
sample and measure the change in weight as it partly evaporates. To determine
the oxygen content with this method the popper gas flow is required. To help
solving the question of the oxygen content in the cobaltates M. Schmidt and his
team implemented the possibility to introduce a mixture of argon and hydrogen.
For each sample a single crystals of around 80 mg was measured with TG by
M. Schmidt and his team. The specimen were crushed to a rough powder just
before it was weighted and introduced into the device. This step is generally
necessary to speed up the reduction by an increasing the surface area. The
results of measurements performed in a flow or Ar/Hy with a ratio of 80/20 and
a flow rate of 21/min are presented in Figure 3.9. The samples were heated at a
rate of 10 K/min up to 1200°C where they remained for five hours, followed by a
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controlled cooling with 10 K/min. The sample weight decreased mostly during
the heating process and became stable soon after the temperature plateau was
reached, indicating that the reduction of the cobalt component to cobalt metal
was complete.
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Figure 3.9: TG measurements on crushed single crystals. Error bars were cal-
culated by Gaussian error propagation of the balance accuracy. The determined
oxygen content is significantly improved compared to Figure 3.8 but still unre-
alistic high for many samples.

Besides all the already mentioned difficulties to determine the oxygen con-
tent there is the additional issue that we can not measure the excess oxygen
only. Consequently the relative accuracy needed to decrease the error bar be-
low Ad < 0.01 is 0.25% or better. The mass loss during the hydrogen reduction
amounts to 4-5% of the total sample mass (around 4mg). Although the TG
instrument is equipped with a high pressision balance, the obtained oxygen
loss values deviated from those determined by hand. For caliblation, an empty
sample container is measured first. During the measurement the instrument cal-
culates the difference curve between the current measurement and the reference.
Surprisingly the results deviate by up to 10% from those obtained by weighting
the sample container before and after the TG treatment on an external balance.
It finally turned out that the discrepancy is caused by turbulences in the gas
flow that influence the measured weight. Consequently only values determined
by hand are used for the presented oxygen content evaluation. The accuracy of
the balance is 0.01 mg and it was zeroed with the sample container including the
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sample on it. After the TG treatment container with sample measured again.
The resulting error bar of about V2x0.01 mg corresponds to Ad = 0.02. The ob-
tained oxygen concentrations are considerably lower then those determined by
WDX/CGHE. For higher strontium doping the TG measurements even indicate
stoichiometric oxygen contents.
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Figure 3.10: TG measurements on bulk single crystals in comparison with results
from different techniques. Note the decreased y-axis range compared to previous
diagrams.

Nonetheless, the results in the doping range x < 1/2 are still very high and
inconsistent with our neutron measurement results (see Chapter 5). According
to the relationship between hole doping and incommensurability of the magnetic
order reflections we expect an oxygen off stoichiometry in the order of §,,4, =
0.01 for our samples. We used CGHE to measure the hydrogen content of
some of our specimens with an accuracy of 0.03% sample mass. No hydrogen is
present in our cobaltates, which excludes the possible intercallation of water.

The solution to further improve the results was to use the whole ~ 80mg
crystal without crushing in order to decrease any possible effects based on sur-
face sensitivity. Final results of TG measurements on bulk samples are presented
in Figure 3.10. As the TG method was just established recently, not all samples
have been measured. To exclude systematic errors and to estimate a standard
deviation every sample was measured at least twice. The error bars of the calcu-
lated mean values correspond to half the difference between two measurements
(min. A§ = 0.01). The obtained oxygen concentrations perfectly match our
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expectations for most samples. The sample ACK315 was intended as an oxygen
doped sample, in good agreement with the TG measurements.

Finally, the problem of detecting far too high oxygen concentrations could
be solved by a decrease of the measured sample surface to sample volume ratio.
In principle the WDX measurement is capable of probing samples to a depth
of the order of pm. Due to the low lying K-edge of oxygen the emitted X-
ray fluorescence has a low energy and consequently a small penetration depth.
Therefore, oxygen atoms that are far from the surface do not contribute to the
measured intensity. On the other hand, an increased oxygen concentration close
to the surface will contribute disproportionate. Also in the CGHE method the
large sample surface was involved. Here the powder samples had an unfavorable
volume to surface ratio because the crystals had been crushed to a fine powder.

Compared to the fine powder that was used for CGHE, our initial TG mea-
surements on crushed crystals had a better volume to surface ratio because the
crystal was only crushed but not ground to a fine powder. Additionally the
time that the crushed sample was exposed to ambient conditions was kept as
short as possible. The further decreased oxygen content that was observed in
TG measurements on bulk crystals indicates that already a short air exposure in
the order of minutes is sufficient to contaminate the sample surface with oxygen.

Such effects are also known for other materials. Resonant X-ray reflectivity
was used to characterize the surface-vacuum interface of SrTiOs and PrNiOs
[212]. An oxygen rich light element coating in the order of nm was observed on
the sample surface. C. F. Chang et al. [213] reported in a resonant soft x-ray
diffraction study on Fe3O4 that measurements on a sample that was polished
polished under ambient conditions were obscured by a “dead” layer in the or-
der of 1/4 um. This dead layer was found to absorb X-ray intensity without
contributing to the scattered signal. Samples cleaved in situ did not show this
peculiarity. They concluded that the dead layer might consist of polycrystalline
sample material or of a material with a different chemical composition. On the
background of such studies it seems likely that surface contamination is respon-
sible for the observed oxygen excess in measurements where the surface plays a
great role. Systematic studies are necessary to determine the real surface con-
tamination. A very rough sample surface or cracks in the crystalline structure
are two ways to explain the large excess oxygen. Remarkable is the fact that
the high doped cobaltates suffer much less from this effect while it was not ob-
served for the isostructural nickelates and iron oxides. Since the encountered
difficulties in oxygen determination were, to our knowledge, not yet reported
in literature our findings cast serious doubt on the reported oxygen contents
determined on cobaltate powder samples in literature.

Our final TG measurements on bulk crystals proved that the oxygen content
of all strontium cobaltates is stoichiometric with only minor deviations (see Ap-
pendix Tabular 6.3). The only remaining discrepancies could be observed for
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LasCoQy4 that is probably most sensitive to oxygen. S. Subakti applied a titra-
tion method where Co®" ions are reduced by a known amount of Fe?T [214].
The remaining iron(II) can then be determined by a potentiometric titration
with potassium dichromate (see next Section). S. Sarapulova used iodometric
titration to determine the Co3" content directly [215]. The specimens have
been crushed under argon atmosphere to avoid oxygen contamination and the
titration was performed under flowing argon. Details on the titration procedure
and the formula used to calculate the oxygen content can be found in [216]. In
addition, X-ray absorption spectroscopy (XAS) measurements have been per-
formed on the undoped parent compound by Z. Hu. This method can be used
to determine the energy that is necessary to excite a core electron (here 2p) to
an unoccupied state (here 3d). For a sample with mixed valency (here Co3"
and Co?*) two peaks appear in the XAS measurement, one for each oxidation
state. In the XAS measurement performed on a specimen without strontium
doping (x = 0) showed no peak intensity at the energy corresponding to the
excitation in Co3* [217]. Therefore we can exclude any oxygen excess with a
good accuracy of AJ = 0.01. The result is in agreement with titration mea-
surements that reveal a vanishing small Co?* contribution of the order of 1%
[214]. This is remarkable because all LagCoO4 samples reported in litterature
were repored to be grown with oxygen excess only. In the final Figure 3.10 the
results obtained with different methods are presented together.

3.3 La;_,Sry,,FeOy

3.3.1 Powder X-ray Diffraction

The doping dependency of the lattice constants in the iron oxides is similar
to that discussed for the nickelates. This is not surprising since the electron
configuration in the (x2-y?) and (3z%-1?) orbitals which are most sensitive to a
tetrahedral distortion is the same in both cases. The refined lattice constants
can be found in Figure 3.3.1 and in Table 3.7. The black line is a linear fit
to the black data points. Deviation from the linear behavior is small except
for the samples ACK224 and YDO068, which reflects the difficulties encountered
during the growth of samples with higher strontium doping (see Section 2.1.2).
Few reference data is available for the Laj_,Sri1,FeOy system and we were
probably investigating the first single crystals ever made in this doping region.
The doping dependence of the lattice constants is similar to that found in the
nickelates. A comparison with the effects of oxygen off stoichiometry in the
cobaltates and nickelates suggests that the sample ACK224 is oxygen deficient
while YDO068 is oxygen rich. The truth has been uncovered with titration mea-
surements on the iron oxides in Section 3.3.2. We found that all samples are
oxygen deficient and almost no Fe** is present except in YD068, which was
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grown with 12 MPa oxygen pressure in our new high pressure image furnace
(HKZ). In our iron oxides the driving factor for the observed lattice constants
is the increasing oxygen deficiency with strontium doping. Undoped LaSrFeO,
seems to be especially stable due to the pure Fet® content. The refined lattice
constants fall well on top of each other for all synthesized single crystals. For
this reason this compound has been chosen as a standard material in WDX
measurements.
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Name | Sr-doping [ a [A] | ¢ [A] | V[A7] | Rr, Rp
YD001 | 1.3 3.8553(12) | 12.754(5) | 189.57(11) | 6.9, 11

YD002 | 1.2 3.8656(12) | 12.733(4) | 190.28(9) | 7.6, 9.5
YD027 |1 3.8749(12) | 12.716(4) | 190.94(10) | 8.6, 11

YD062 | 1 3.8733(12) | 12.718(4) | 190.80(10) | 6.9, 8.3
YD064 | 1 3.8733(12) | 12.718(4) | 190.80(10) | 7.0, 8.2
YD065 | 1 3.8736(12) | 12.720(4) | 190.87(10) | 7.9, 9.8
YD068 | 1.3 3.8459(12) | 12.748(4) | 188.56(10) | 6.6, 9.4
ACK195 | 1.1 3.8696(12) | 12.724(4) | 190.53(11) | 8.1, 10

ACK224 | 1.275 3.8749(12) | 12.729(4) | 190.72(10) | 8.6, 8.6
ACK276 | 1.24 3.8665(12) | 12.734(4) | 190.38(10) | 6.9, 6.9

Table 3.7: Nominal sample composition, lattice parameter and reliability factors
of Las_,Sr,FeO4 determined by powder XRD.

3.3.2 Titration of La,_,Sr, FeO,

Samples of 214 iron oxide have been grown with the traveling floating zone tech-
nique with strontium concentrations 1 < x < 1.3. It was found that the growth
process became more difficult the higher the strontium content. Despite numer-
ous attempts to grow crystals with higher strontium concentration no success
was granted. Increasing the oxygen partial pressure from ambient conditions at
a doping x = 1 to 9bar at higher strontium concentrations could not stabilize
the growth process for high strontium concentrations. It seems that a very high
oxygen pressure would be necessary to stabilize the high oxidation state FeT.
To quantify the amount of Fe** ions in our samples the titration method was
chosen because of its simplicity combined with a high accuracy. The sample was
ground and weighed before it was mixed with a known amount of ammonium
iron(IT) sulfate. Then the powders were dissolved in 40ml desalted HoO and
10 ml concentrated HCl. As titrant we used a 0.0125 molar potassium dichro-
mate standard solution. The chemical reactions are as follows:

4+ 2+ 3+
FeSample + FeAmmoniumironsulfatc - 2Fesolution (31)
2+ 6+ 3+ 3+
3F€A’mmoniunLir()nsulfate + Crtitrant - 3F€solution + Crsolution (32)

The iron(IV) ions react with the solved iron(II) ions to iron(III) (equation
3.1). The next step is to titrate the remaining amount of iron(II) in the solution
by adding strongly oxidizing Cr(VI) ions until all iron(II) ions are oxidized to
iron(III). A platinum electrode in the solution and another in a standard solution
were linked with a volt meter to continuously monitor the electromotive force
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during the titration. The electromotive force of the solution is sensitive to
the ion concentrations and exhibits a jump at the equivalence point where the
iron(II) concentration suddenly changes by several orders of magnitude.

771(1*—164+ ) o goint n((NH4)2Fe(SO4)2 . GHQO) — 6n(KQCTQO7) (33)

Sample

r—1 n(Fefngmple) - M(Lag_;Sr,FeOy)

2 + 2m(Lag—_,Sr, FeOy)

(3.4)

Formula 3.3 was used to calculate the iron(IV) content n(Fe?") in [mol]. The
oxidation numbers of lanthanum(III) and strontium(II) are extremely stable.
Upon doping strontium for lanthanum the iron atoms have to provide more and
more electrons to maintain stoichiometry. The deviation between the calculated
and measured Fe*t concentration can only be identified with oxygen vacancies.
These were calculated using equation 3.4 where O, is the oxygen content per
formula unit. Results for all measured samples are given in Tabular 3.8 and the
doping dependence of the oxygen content is plotted in Figure 3.12. The data
shown is the average of five titrations and the error bars represent the statistical
deviation.

Apparently the oxygen pressure up to 9bar, that was used during growth
process for samples with strontium content up to x = 1.275, was insufficient to
stabilize the Fe*T ion in this compound. Consequently the amount of highly
oxidized iron is nearly zero in these samples and the oxygen per unit cell shows
a linear decrease with doping (Figure 3.12). The observed change in lattice
constants in powder X-ray measurements is therefore probably mostly due to
the increasing oxygen deficiency (see 3.3). When the oxygen content decreases
to the value of approximately y = 3.85 the crystal structure is no longer stable
and single crystals can not be grown. An attempt to create a sample with
higher Fe** concentration was conducted using our high pressure mirror furnace
with an oxygen pressure of 120 bar. We successfully grew a small single crystal
with a Fe?™ concentration of 14.9(17) % which is significantly higher than for
all the other samples but still only half of what would be expected for the
stoichiometric compound. This leads to the conclusion that much higher oxygen
pressures would be necessary to grow samples with higher strontium doping.
Linear extrapolation from the existing data suggests that it should be possible
to grow an oxygen deficcient crystal with the high pressure mirror furnace for
strontium doping up to x = 0.4.
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’ Name \ Sr-doping x \ oxygen content y \ Fe?™ content [%)] ‘
YD027 | 1 1,010(4) 2,0(7)

ACK195 | 1.1 3,967(5) 3,3(1)

YD002 | 1.2 3,927(8) 5,4(15)

ACK224 | 1.275 3,869(2) 1,4(4)

YDO068 1.3 3,925(9) 14,9(17)

Table 3.8: Ferrate oxygen content

Oxygen content
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Figure 3.12: Oxygen off-stoichiometry in Lag_,Sr;FeO, upon strontium doping.
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Chapter 4

Two decades after the initial discovery of incommensurate magnetic ordering in
strontium doped [161] and oxygen deficient [218] nickelates their properties have
been mapped over a wide hole-doping range. The proposed charge modulations
[162] have been claimed to be a quite common ordering phenomenon in layered
transition metal oxides and may rather be considered as the rule [67] than an
exception. The term “stripe phase”, nowadays commonly used for this type of
ordering, was first introduced by Tranquada et al. [219] when they found static
spin and charge correlations in Laj 46Ndg.4Srg.12CuQ4. The following debate
about the interplay of superconductivity and stripe order is one reason for the
extensive study of the nickelates. Among the strontium doped nickelates, a
major focus was placed on research of the compounds exhibiting stable stripe
ordering (around x = 1/3) as well as the undoped parent compound. The inter-
mediate doping regime is much less studied. In the phase diagram presented in
Section 1.4 it becomes apparent that no data was available for the doping region
0.15 < x < 0.2. The doping concentration at which the nearest neighbor antifer-
romagnetic order is first completely suppressed remains unknown. Similarly it is
an open question whether there exists a doping region where it can coexist with
stripe order. At a strontium doping of about x = 0.2 the authors of the phase
diagram [67] claim the coexistence of charge and magnetic stripe order with the
orthorhombic and LTT distortions of the undoped parent compound. Whether
this results from phase separation is unclear while a microscopic picture for a
coexistence of phases is missing.

The observation of an hourglass shape [49, 49] magnon dispersion in the
superconducting cuprates raises the question whether the dispersion in nicke-
lates can be tuned to such a shape. The idea was first proposed by Batista
et al. [179] who argued that the magnon dispersion of a stripe phase could
explain the resonance mode observed in high T, cuprates. The parent com-
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Figure 4.1: Top: Raw 2-d diffractogram of ACK269 recorded at room temper-
ature with an area detector PerkinElmer XRD1621 (amorphous Si sensor with
CsI scintillator). The shadow from top to center is due to the beam stop that
protects the detector from damage by the intense direct beam.

Bottom: Schematic of the HRPD P02.1 optical train. U - undulator U23, L1,L.2
- Laue monochromator crystals (C(111) and Si(111)), S1,S2 - slit systems, Sp
- sample (e.g. powder in capillary), D1,D2 - detectors (multi-analyzer or flat
panel) [220]
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pound LasNiO4 exhibits a very steep magnon dispersion with a spin wave ve-
locity hc, = 320(10)meVA [177]. Studies on the strontium doped nickelate
Laj g9Srg.31NiO4 revealed a similar value for the spin excitation spectrum in the
stripe phase, hic, = 300(20) meVA [221]. Both dispersions can be well described
by the simple expression w(Q) = w|sin(37H)| along the (HHO) direction [221].

An optimally strontium doped x = 0.33 sample exhibits a magnon dis-
persion similarly steep as in the undoped parent compound [222]. Also for
Laj 825510.175Ni0446 a similar spin wave velocity was reported [223]. In con-
trast, a by 40% decreased spin wave velocity was reported for a stripe phase
in a strontium free but oxygen rich sample with an excess oxygen of § = 0.133
[167].

4.1 Temperature Dependence of the Lattice Pa-
rameter in Low Doped Nickelates

Located at the synchrotron facility DESY in Hamburg, Germany in the in-
strument building for the new storage ring PETRA III is the High Resolution
Powder Diffraction Beamline P02.1 (HRPD P02.1). The key features of the
2.3km long storage ring are its world leading brilliance and the top-up opera-
tion mode which allows a steady positron current through frequent injections
and therefore a constant X-ray intensity.

The multi purpose beamline HRPD P02.1 operates at a high fixed energy
of 60keV (A = 0.207 A). As the attenuation factor decreases exponentially with
photon energy, this enables the measurement of thick and/or absorbing samples
in transmission geometry. For our measurements a nitrogen cooled cryostream
was used to reach temperatures down to 80 K. Samples taken from our float-
ing zone grown single crystals were crushed and ground before filling borosil-
icate capillaries of 0.4 mm diameter. Together with a sample spinner for the
cryostream setup and the two dimensional detector this helps to avoid the mea-
surement of false Bragg intensities due to large crystallites in reflection position.
Collimation was used to decrease the beam size to 1 mm times 1 mm and cali-
bration measurements ensured a constant intensity over the whole cross section.
For a reliable data evaluation at least 15 Bragg reflections should be captured
in the diffractogram. Additionally it is useful to measure peaks at high 20-
values when expecting structural phase transitions as the peak splitting is more
pronounced at higher angles. A compromise between resolution and covered an-
gular range is necessary. To access the (1 11 3) reflection with the 40 cm times
40 cm detector at an energy of 60keV the sample-detector distance was chosen
to be 154 cm. Binning of the three dimensional data images to two dimensional
diffractograms was done with the program Fit2d provided by the ESRF [224].
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Figure 4.2: Top: Temperature dependence of the orthorhombic a-b-lattice pa-
rameters, Bottom: Temperature dependence of the order parameter for the
tetragonal to orthorhombic phase transition.

In preparation for further studies we measured the lattice constants of our
strontium doped nickelate samples as a function of temperature. The strontium
doping concentration has been chosen to cover the whole range between the
ambient temperature orthorhombic compound ACK270, which might still show
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antiferromagnetic order, and the regime where the tetragonal to orthorhombic
phase transition is completely suppressed down to low temperatures. Similar to
the procedure described in Section 2.2 the obtained diffractograms were fitted
with the Rietveld refinement method. Error bars obtained from the refinement
are included in the graphs. The higher resolution of this measurement compared
to our in house instrumentation allowed the observation of an orthorhombic peak
splitting for characteristic reflections.
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The structural phase transition in the undoped parent compound is expected
above room temperature and consequently the a and b lattice constants of
YDO051 exhibit the largest splitting at ambient temperature (see Figure 4.2).
Below 100K a second structural transition to a low temperature tetragonal
phase, apparent in the deviation from the monotone development of the lattice
constants, appears (see Section 1.4). The x = 0.15 strontium doped sample
has also been fitted with an orthorhombic model. A common problem when
applying a model with a lower symmetry than necessary is that the deviation
between measured and calculated pattern can still be decreased due to the in-
creased number of refinement parameters. Without data at higher temperature
it is therefore not possible to determine the transition temperature accurately.
Upon cooling the deviation of the a-b lattice parameters increases very subtle.
This is also visible in the orthorhombicity O = (a-b)/(a+b), which is the or-
der parameter of the tetragonal to orthorhombic phase transition. The subtle
onset is in agreement with a phase transition of second order. Similar to the
parent compound, the measured co-doped samples all adopt the orthorhombic
structure already at room temperature. The low temperature phase transition
of ACK272 has been measured in more detail. As can be seen from the order
parameter the structure changes abruptly at around 100 K. In Section 1.4 it has
been discussed that this transition might be of first order, in accordance with a
sudden change in lattice parameters observed here.

In Figure 4.3 the temperature dependence of the lattice parameters a and c
between 80 K and 305 K is presented. A silicon standard measurement has been
used to determine the wavelength and the sample-detector distance. To avoid
the overlap of reflections that are characteristic for a structural phase transition
only the pure samples have been measured. A comparison of the more accurate
lattice constants at ambient temperature can be found in the sample character-
ization Section 3.1.1. Thermal expansion is rather small in the nickelates in the
measured temperature range. Between 305K and 80K the c-parameter only
shrinks about 0.38% and the a-parameter about 0.13%. Surprising is the devia-
tion form the monotone decrease in the samples with doping x = 0.2 and x = 0.21
at low temperature. A fit with an orthorhombic lattice did not yield significant
better R values. Probably the orthorhombic distortion is to small in these sam-
ples. As an alternative to the orthorohmbicity a temperature dependent com-
parisson of the full width at half maximum (FWHM)of a reflection that splits
upon an orthorhombic distortion can be discussed. High indexed peaks show
larger splitting but are superimposed with other reflections in these samples. In
Figure 4.4 the splitting of the (211)7etragonar into the (311)/(131)orthorhombic
peaks is compared. Plotted is the FWHM ratio (211)/(200), normalized to the
ambient temperature value. The increased values for ACK268 and ACK269 are
indicative for an orthorhombic distortion at low temperature in this samples.
Another peculiarity can be observed for ACK272. The transition to the low
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temperature phase seems to prevent a further shrinkage of the unit cell volume
in this sample.

4.2 Incommensurate Magnetic Order

Magnon dispersions have been measured for the magnetically ordered parent
compound and also for the stripe phases found in strontium doped and oxygen
excess samples. While the doping of strontium seems to have only minor effect
on the spin wave velocity a value decreased by a factor of 5 has been found
in a LagNiOy4ys with § = 0.105 sample which is still in the antiferromagnetic
regime [167]. At a higher oxygen excess of § = 0.133 the sample already exhibits
the stripe phase at low temperature and the value for the spin wave velocity
recovers to about half the size found in the undoped compound. The over all
shape of the spin wave excitations which have the expected appearance of two
branches dispersing away from the magnetic wave vector does not change for the
two mentioned hole doping mechanisms. In order to study the effect of different
types of doping on the magnetic excitations several large single crystals have
been grown by the floating zone method. We used the triple axis spectrometer
IN3 to search for incommensurate magnetism in our samples. Collimation be-
fore and after the sample was chosen to be 60’ - 60’. The instrument is equipped
with a pyrolytic graphite (PG) monochromator and analyzer ((002)-reflection)
and in principle capable of performing inelastic measurements. Due to the low
flux the counting times involved are very long and this feature is therefore rarely
used. Elastic scans have been performed with k; = k; = 2.662 A~1 correspond-
ing to a neutron energy of about 14.7meV. The instrumental resolution was
derived from a Gaussian fit to the peak width of a (1 1 0) Bragg reflection to
be 0.0074(10) r.L.u.. Results for some co-doped nickelate samples can be found
in Figure 4.5.

Out of the two possible diagonal scan directions we chose the one from (0 1 0)
to (1 00). This avoids the direct beam and the strong structural Bragg reflection
at (1 1 0) which is too intense to be measured directly as the detector starts to
saturate around 10000 counts/sek. For the sample alignment an attenuator is
used, which decreases beam intensity by a factor of seven. Clearly visible in our
scans (Figure 4.5) are the sharp peaks at the half indexed position (0.5 0.5 0)
which are due to \/2 scattering from the fundamental (1 1 0) Bragg reflection.
Their width is limited by the low point density. Error bars in all counting
statistics are the square root of the absolute counts and have been omitted for
clarity. Three Voigt functions have been fitted to the data with a fixed FWHM
of the Gaussian contribution according to instrumental resolution. The results
for the peak positions are included in the graphs.

With the observation of hourglass shaped dispersions in the cuprates and
recently also in a cobaltate [181] there naturally raises the question whether
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dispersions in nickelates can also be tuned to such a shape. Most convenient
would be a sample in which the merging of the spin wave branches appears
at intermediate energies up to 30 meV, at which it could easily be measured
with a standard TAS setup at a reactor based neutron source. The co-doping
in our samples might significantly increase the disorder as has been found in
the two previous studies on samples in the intermediate strontium doping range
[161, 225], causing a general peak broadening of elastic and inelastic magnetic
peaks.

The low doped Lag_,Sr;Nii_,Zn,044s samples ACK359 and ACK360 with
strontium contents x = 0.17 and x = 0.18, receptively, and a very small zinc co-
doping, show a very broad peak at incommensurate positions. This is indicative
for a strong disorder in the magnetic phase. The incommensurability in these
samples is very small, ¢ = 0.138(7) and e = 0.115(13), respectively. Together
with the steep dispersion found in other nickelates this could result in a merging
at very low energy. But with the pronounced disorder it is questionable whether
it can be resolved and measured in a reasonable time. Upon increasing strontium
doping the peaks suddenly sharpen at x = 0.19 (ACK387) and x = 0.2 (ACK393)
but at the same time also the incommensurability drastically increases to € =
0.243(11) and € = 0.226(4), respectively. A similar result has been obtained for
ACK390 which has a combined doping of strontium x = 0.105, oxygen ¢ ~ 0.05
and zinc and exhibits an incommensurability of € = 0.2331(1).

The large difference in magnetic order between the two groups of samples
rises the question whether it is possible at all to obtain a sample with small in-
commensurability and well ordered magnetism. Apart from the two mentioned
publications around twenty years ago [161, 225] on samples Laj gSrp 2NiO3z.96
and Laj gg5510.135Ni04 with incommensurabilities € ~ 0.16 and € ~ 0.12, respec-
tively, there are no reports of samples with € < 0.25. In fact, for La; gSrg.oNiO3 96
the magnetic intensities had a very low peak to background ratio and the broad-
ness is comparable to that in our samples with similar incommensurability. In
the measurement on Laj gg55r0.135NiO4 the measured magnetic intensity had
in fact the shape of a single peak and the proposed incommensurability was
derived from a scan that integrated over elastic as well as inelastic signal, yield-
ing a broad feature that was interpreted as two peaks [161]. Two more recent
X-ray studies on samples with strontium doping down to x = 0.2 found only
incommensurabilities above € = 0.25 [169, 226]. It was argued that the weaker
and broader magnetic peaks found in the x = 0.2 and x = 0.25 doped samples
compared to the ideally doped x = 0.33 sample are due to the formation of a
charge stripe glass phase in the lower doped compounds [226].

In preparation of an inelastic neutron measurement at the IN22 (ILL) we
determined the magnetism of further samples at low temperature. Scans can
be found in Figure 4.6. Using a setup with two PG filters we made sure that
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no A/2 contamination is present in the elastic scans. For our beamtime we
used the vertically focusing PG monochromator and an PG analyzer with a
fixed vertical focus and adjustable horizontal focus. Elastic scans have been
performed with horizontally flat analyzer. Compared to the IN3 where a factor
seven attenuator is sufficient to decrease a strong fundamental reflection below
an intensity where its detector starts to saturate at 10000 counts/sec, at the
IN22 a factor 35 attenuation is not sufficient to orient a large crystal, although
its detector has a linear characteristic up to 30000 counts/sek.

Apparently the co-doping with neodymium in Laj 46Ndg.395r9.15NiO4 did
not lead to an incommensurate magnetic structure in the low strontium doped
sample ACK271. Instead it proofed impossible to arrive at a good agreement
when fitting the central peak with a single Gaussian or Voigt function. In the
orthorhombic phase the positions (1 0 0), (0 1 0) and (0.5 0.5 0) are allowed
for superstructure reflections associated with an octahedral tilting. A fit of
two superimposed Gaussian functions is well suited to account for the broader
magnetic contribution below the sharp and possibly structural intensity and is
plotted above the measured data.

The dOpiIlg of 8% titanium in Lal.67Sr0_33N10.92Tio.0804 (ACK322) was su-
ficient to completely supress the stripe order which is most stable in the pure
strontium x = 0.33 doped compound with a transition temperature Ty ~ 250 K.
Similar to ACK274 the sample exhibits structural reflections at (1 0 0) and (0
1 0) and a broader magnetic contribution at (0.5 0.5 0). Measurement of the
samples ACK320 and ACK272 will clarify wether a titanium doping of y = 0.05
is low enough to not completely supress the incommensurate magnetism or if
samples with even lower titanium content need to be prepared.

Sample ACK274 is another specimen of the zinc co-doped series measured at
the IN3 with the composition La; g55r¢.15Nii—,Zn,O4. In contrast to the above
mentioned samples with slightly higher strontium doping this sample is still in
the antiferromagnetic regime with no incommensurate magnetism present. In
the low temperature powder X-ray measurements on the pure strontium doped
samples in Section 4.1 we found that the x = 0.15 doped sample also showed the
tetragonal to orthorhombic phase transition while it was missing in the x = 0.17
sample. In this measurement we did not explicitly look for the structural phase
transition but at the end points of the scan in Figure 4.6 an orthorhombic peak
intensity is observable. The peak at (0.5 0.5 0) is significantly broader than the
pure structure reflections. Considering the sample ACK324 with slightly higher
strontium content, this sample composition marks the phase boundary of the
commensurate antiferromagnetism.

Finally our sample ACK324 with the nominal composition Laj g4Srg.16Nig.995-
7Zmg 00504 provided some unexpected results. Instead of disappearing together
with the commensurate magnetism, an orthorhombic structure coexists with
incommensurate magnetism in this sample. The magnetic modulation with the
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’ Name \ Strontium | co-doping \ € \ FWHM [r.l.u] \ £ [A] ‘
ACK274 | 0.15 Zn0.005 | 0 0.0170(14) 102(9)
ACK322 | 0.33 Tioos |0 0.0127(4) 137(5)
ACK360 | 0.18 Zn 0.005 | 0.115(13) | 0.151(31) 12(3)
ACK359 | 0.17 Zn 0.005 | 0.138(7) | 0.136(19) 13(2)
ACK324 | 0.16 Zn 0.005 | 0.139(11) | 0.081(4) 21(1)
ACK393 | 0.20 Zn 0.005 | 0.226(4) | 0.017(2) 102(12)
ACK390 | 0.105 Zn 0.005 | 0.2331(1) | 0.025(2) 69(6)
ACK387 | 0.19 Zn 0.005 | 0.243(11) | 0.015(2) 116(16)
ACK326 | 0.40 - 0.3568(3) | 0.0073(3) 233(10)

Table 4.1: Modulation € and peak width of the magnetic intensities.

value e = 0.139(11) is favorable for a determination of the magnon dispersion
while the magnetic peaks are quite well developed. In Table 4.1 the values for €
and FWHM are listed for all measured samples (except ACK271). The FWHM
values belong to the Lorentzian part of the Voigt functions that were fitted to all
evaluated peaks. The Gausian FWHM was fixed to the instrumental resolution
which was 0.0072(2) r.L.u. in the IN22 measurement for k; = ky = 2.662 AL
Indeed, of the three samples with small incommensurability the sample ACK324
exhibits much sharper magnetic peaks. The correlation length in scan direction
(H 1-H 0) which corresponds to a scan perpendicular to the stripes, or along
the stripe modulation, has been calculated with the formula:

e=2L (4.1)

W

where w is the full width at half maximum of the reflection in reciprocal lat-
tice units and d is the Bragg plane spacing normal to the scattering vector
[226]. Samples can be classified in four groups: 1) pure antiferromagnetism,
2) incommensurability € ~ 1/8 with low correlation length, 3) incommensura-
bility € ~ 1/4 with intermediate correlation length and 4) incommensurability
e = 1/3 with large correlation length. Samples of group 2) only exist in the
narrow strontium doping range 0.16 < z < 0.18. The magnetic modulation € =
0.16 in Lay gSr( 2NiO3 96 [225] places the sample in between the groups two and
three. The magnetic intensities were already barely visible, comparable to those
in our samples with much lower e. With the over all trend to broader magnetic
signals in samples with smaller € it raises the question whether strontium doping
alone would be sufficient to prepare a sample that belongs to group two. A final
conclusion can not be reached from the scarce data on pure strontium doped
samples in the low € regime. Poor sample quality might be one explanation, but
possibly the zinc co-doping in our samples is a necessary ingredient to stabilize
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Figure 4.7: Map of the (HKO)-plane in ACK324 measured on IN3.

the incommensurate magnetism.

In another IN3 measurement the sample ACK324 has been mapped in the
HKO plane in the range from (0.3 0.3 0) to (0.7 0.7 0). The result is presented
in Figure 4.7. The magnetic intensities have a pronounced anisotropy between
the (1 10) and the (-1 1 0) directions. In the previously discussed measurement
correlations along the stripe modulation have been found to be only 21(1) A.
In contrast the mapped peak shape suggests a correlation length about a factor
three larger along the stripes. On the local scale the distance between two
charge stripes can only amount to an integer multiple. On the larger scale
these distances have to vary to produce the observed incommensurate scattering,
generating some diffuse scattering. Along the stripes no such restriction exists
and the order can, in principle, be perfect [168].

4.3 Magnetic Excitations

All scans on the IN22 have been performed with a constant ky = 2.662 A-1if
not defined otherwise. When the titanium doped sample ACK322 was mounted
on this instrument we also performed some inelastic scans to check whether the
magnon dispersion exhibits an anomalous behavior. (H 1-H 0)-Scans around the
antiferromagnetic wave vector (0.5 0.5 0) at three different energies can be found
in Figure 4.8. The scan at 14 meV already shows a clear plateau characteristic
for the onset of a splitting into two dispersion branches. As this can be expected
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0).

for an antiferromagnet this sample was not studied any further. Similarly the
neodymium (ACK271) and zinc (ACK274) co-doped samples mentioned above
have been measured with inelastic neutron scattering. Both show no anomalies
and the data can be found in the Appendix, Figure 6.1.

In contrast, the zinc co-doped sample ACK324 with the composition Laj g4-
Srg.16Nig.995Zn9.00504 was found to belong to a newly characterized regime be-
tween the pure antiferromagnetic and the intermediately ordered incommen-
surate phases. We chose this sample for our detailed inelastic neutron study
because of its enhanced correlation length compared with the two other sam-
ples in this group. Constant energy scans in (H 1-H 0) direction through the
commensurate magnetic Bragg point (0.5 0.5 0) are plotted in Figure 4.9. We
would expect to see four magnon branches in the inelastic scans, two dispersing
from each incommensurate magnetic reflection. In this respect it is not sur-
prising to find a very broad feature in the low energy scans due to the overlap
of four broad intensity profiles. In contrast the high temperature scans devi-
ate from the expectations. Similar to the 14 meV scan on ACK322 we would
expect a decrease in peak intensity and a simultaneous increase in peak width
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Figure 4.9: Constant energy scans of sample ACK324 with composition
Laj 84S10.16Nig.995Z10.00504 measured in (H 1-H 0) direction through (0.5 0.5
0).

due to the dispersing branches. Since the two inner branches are expected to
disperse both towards the center an intensity increase at this point should be
observable. Instead we find an almost constant plateau intensity with only a
very subtle FWHM increase in the order of the error bar of a single Gauss fit.
For comparison the scans at 2meV and 14 meV are plotted directly on top of
each other in Figure 6.2 in the Appendix.

Higher energy transfer in inelastic scans can be achieved by choosing a larger
Q. For those scans a horizontally focusing analyzer has been used. Although the
resolution is slightly better with a flat analyzer this should play only a minor
role when measuring broad inelastic signals. Comparison of two scans with and
without focusing analyzer at an energy transfer of 24 meV gave a factor of three
for the intensity gained per monitor. The improved statistics justify the usage
of a focusing analyzer. To measure at energy transfers above 32meV at the
same Q-points it was necessary to change to ky = 4.1 A1 for those scans. Five
points have been measured at similar points in Q space for both k; values to
normalize the scans. All scans are normalized by monitor. Measuring magnon
dispersions at higher Q points has two major disadvantages. The magnetic
form factor decreases rapidly with increasing Q due to the general dependence
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of sin(f)/A. At the same time the phonon structure factor is highly direction
and Q dependent but in average it increases quadratic in Q.

Diagonal constant energy scans in (H H 0) direction through (1.5 0.5 0) in
the energy range 2 meV to 28 meV have been done (see Figure 4.10, top). Scans
have been shifted along the vertical by 30counts. The sharp feature at (1.7
0.7 0) in the 18 meV scan is a spurious contribution. Similar to the diagonal
scans through (0.5 0.5 0) the intensity of the inelastic signal does not decrease
between 2meV and 14 meV. Instead there is an observable over all increase in
intensity in contrast to the usual decay observed for higher energies. Especially
the 14 meV scan shows a peak broadening while the central intensity is increased,
in accordance with the expectations for four dispersing branches. At 18 meV
the peak shape resembles a plateau, contradicting the 14 meV scan. The largest
anomaly in the whole series can be found in the 22 meV and 24 meV scans where
the intensity suddenly exhibits a jump to very high values while the 22 meV scan
is considerably narrower than the one at 24 meV. This somehow resembles the
resonance in the high T, cuprates [227]. At even higher energies the peak still
exhibits a plateau but it is very weak. From these scans it appears difficult
to derive a consistent picture of the character of the excitations. A possible
phononic contribution can not be excluded to be responsible for the large and
unexpected variations in peak shape and intensity.

To get a better overview and because for some cuprates it was found that
they exhibit a strongly anisotropic dispersion above and below the resonance
we also performed scans in the (H 0 0) direction through (1.5 0.5 0), plotted in
Figure 4.10 in the bottom. The right side of the 12 meV scan was removed due to
strong spurious contributions. Scans have been shifted vertically by 50 counts.
Compared to the low energy scans a broadening of the inelastic signal at higher
energies up to 40 meV can be observed. There is also a pronounced decrease
in peak hight between 28 mev and 40 meV. The general trend can be compared
with the observations in the diagonal scans where a similarly low intensity was
measured for 28 meV compared to the low energy peaks.

According to measurements and calculations on spin wave dispersions we
would expect the measured intensities to be a superposition of four individual
magnon branches. In fact the measured intensities appear like one single peak in
most of the scans. This is not especially surprising for our excitation spectrum
when we consider the broadness and the proximity of the peaks. A similar broad-
ness of the spin wave dispersion has been observed for Laj go551r0.175NiO445 in
[223].

Due to the shape of our peaks is is not directly obvious how they can be
fitted. Different approaches to fit Gaussian functions to the data were tested
and it appears that in many cases a single Gaussian function leads to the best
agreement. In these cases a refinement of two or four Gaussian functions con-
verges with all peaks centered at the antiferromagnetic wavevector. Restrictions
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Figure 4.11: Dispersion of La1_84Sr0_15Nio_9g5Zn0_Oo5O4. Left: Peak pOSitiOHS
obtained by a fit of two Gaussian functions to the data. Right: The energy
dependence of the corresponding FWHM.

to the fit parameters like combined FWHM and peak area and symmetric peak
positions could not solve this issue. To include further restrictions seems in-
appropriate. It appears that some of the peaks measured at higher (Q have an
asymmetric intensity distribution. Finally only two Gaussian functions were
fitted to the data with the mentioned dependences where it was possible. The
resulting dispersion is plotted in Figure 4.11. All scans around (0.5 0.5 0) could
be included but for the diagonal scans through (1.5 0.5 0) only 22meV and
24 meV scans allowed a fit. In the (H 0.5 0) direction the peak positions of the
2meV and 12meV scans have not been plotted. At low energy the magnetic
signal has a strong anisotropy between diagonal and horizontal directions due
to its origin in the incommensurate Bragg positions. This results in a much nar-
rower peak in the horizontal direction as can be also observed in the reciprocal
space maps in the next section (Figure 4.14). In these maps also an increased
isotropy at higher energies can be observed which justifies the comparison of
peak positions in the two different directions. The resulting dispersion does not
match the expectations for a spin wave dispersion as only two peak positions
were used. If the compound indeed exhibits some kind of spin wave dispersion
we should be able to observe a pronounced broadening of the peak intensity
with increasing energy transfer. The FWHM obtained from the peak fits are
plotted in the right graph in Figure 4.11. The expected steady increase in peak
width can not be observed. On the other hand is it not possible to find an
over all trend within the margin of errors from the plotted data. But since
a clear broadening is absent a fit of four Gaussian functions to obtain a spin
wave dispersion in not justified. In Section 4.5 we will discuss polarized neutron
measurements to further elucidate this peculiarity.
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While warming the sample back to ambient temperature we measured the
temperature dependence of the magnetic intensities as well as of the two struc-
tural superstructure reflections (0.5 0.5 0) and (2 1 0). The evolution in a
diagonal scan in (H 1-H 0) direction through (0.5 0.5 0) can be found in Figure
4.12, top. In the bottom figure the peak intensities are compared directly. It
appears that the two reflections that are connected to the octahedral distor-
tions due to a tilting of the CoOg-octahedra exhibit very different temperature
dependences. The strong (2 1 0) intensity decreases rapidly below 60 K while a
tiny contribution is still detectable up to 120 K. In contrast, the (0.5 0.5 0) peak
decreases constantly and vanished only at 220 K. Although the low temperature
decrease of the magnetic intensity is better comparable to that of the (0.5 0.5 0)
reflection, it disappears at a temperature of about 80 K. We can assume that at
the second transition the structure changes to the low temperature tetragonal
phase.

4.4 Reciprocal Space Maps with FlatCone

Instrumentation is always developing and a new trend on TAS instruments is
to collect as many data points simultaneously as possible. The flatcone option
accessible at the high flux thermal TAS IN8 is a good example. It makes it
possible to map large regions of the reciprocal space without an increase in
measuring time. In a large shielding a total of 31 detector channels are placed
besides each other. This multi detector covers the whole 20 range of 75° at
once. As mentioned in Section 2.5 a measurement at a certain sample angle
w’ produces 31 data points in (C_j,w) space along a curved line and an w’ scan
records a whole map. To increase the point density of the map the detector
position can be varied slightly. Due to the spacing between two channels of 2.5°
in 20 we changed the detector position by half the value for a second scan in all
our maps. The first detector was placed at 20 = 7.5° to include the lowest Q
points possible in our maps. This channel corresponds to the most inner circle
around the center at zero r.l.u.. w’ scans were performed with a step size of 1°.
To normalize the detector channels a scan on a vanadium powder sample taken
at the beginning and end of the measurement were used in the data refinement.
The monochromator and analyzer crystals were silicon with the (1 1 1) Bragg
peak in reflection position. We used k; = 3A~! for our measurements which
is advertised on the ILL web page [228] to provide a signal free contamination
with higher harmonics. While the second order higher harmonics are suppressed
because the (2 2 2) reflection is forbidden in silicon, the third order should play
a minor role because the neutron flux decreases rapidly at such high energies.

Intensity maps in the (H K 0) plane were measured elastically on the zinc
co-doped sample ACK324 with the composition Laj g4Srg.16Nig.095Z10.00504 in
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Figure 4.13. The map denoted with 150 K was recorded while cooling in the
range 180 K - 80 K. Clearly visible are the three alumina lines which form concen-
tric circles at |@| ~ 1.7r.L.u., 1.9r.lu. and 2.7r.L.u.. The strong structural Bragg
intensities for the characteristic pattern where reflections with H + K = 2n+1
are absent due to the body centering of the I 4/m m m unit cell used for in-
dexing. Unfortunately a second pattern of weak intensities can be observed
which clearly index with 1/3 of the structure. Since we did not observe these
reflections in our IN22 measurement they must be attributed to third harmonics
scattering. In the 2 K map the appearance of additional intensities due to the
orthorhombic distortion at half integer Bragg points and the incommensurate
magnetic satellites appear. All inelastic maps have been scaled by the same
color-intensity relation except the 5meV, 10 meV and 15 meV maps which have
a common but different scaling. Sharp high intensity spots can be found in
many maps and are spurious. A very unfortunate spurious intensity appears in
many scans due to poorly shielded elastic scattering from the alumina sample
environment. Although space is scarce inside the flatcone detector, two different
monochromators have been installed. This leaves only room for a radial colli-
mator which seems insufficient to reduce the alumina background. The powder
lines are well visible in e.g. the 12.5meV scan where they superimpose with
the magnetic signal we are interested in. The four alumina lines intersecting
with our reciprocal space maps are indicated by black lines in the 21.3meV
scan. Since their scattering angle does not change they are always detected by
the same channel. But the higher the energy transfer the larger the absolute
Q value of the detector. Consequently it appears as if the alumina lines move
outwards in momentum-energy space.

The evolution of the magnon dispersion with increasing energy transfer was
thoroughly mapped and is presented in the Figures 4.14, 4.15 and 4.16. In the
low temperature 5meV map a monotone decrease of the magnetic scattering
with raising Q can be observed. Around the structural Bragg points the acoustic
phonons emerge and their intensity has an opposite Q dependency. We focused
the maps on the region around the (1.5 0.5 0) because at higher energy transfer
the scattering triangle can not be closed for Q points around (0.5 0.5 0). Initially
the symmetry of the sum of magnon dispersions emerging from the magnetic
Bragg points is four fold. At 17.5meV this symmetry is almost lost and the
magnetic excitations aquire a ring like shape with smaller intensity in the center.
We chose a smaller energy step width around 22.5meV where the pronounced
intensity increase appeared in the IN22 measurement. In the range between
20meV and 23.3meV the magnon maintains its ring shape. But at 25 meV it
appears to be elongated along the crystal axis, 45° rotated compared with the
elastic signal. In contrast, the magnon measured at (2.5 0.5 0) still exhibits
a ring like shape. At higher energies the magnetic signal decays quickly. The
stronger intensity around (2.5 0.5 0) compared to (1.5 0.5 0) suggests that there
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Figure 4.13: Elastic maps in the (H K 0) plane of ACK324.
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is also some phonon contribution.

In the low energy range the acoustic phonon originating in (2 0 0) disperses
symmetrically at first but at 12.5meV it becomes anisotropic. In the 17.5meV
map it seems to have already reached the zone boundary and only a small
intensity is left over. Regarding the region around the magnon where the phonon
should intersect a decreased intensity is observable. This suggests that the
phononic contribution to the IN22 constant energy scans in this region is small.
At 20meV new phonon branches appear. Namely a vertical bar around (1 2
0) and a horizontal one around (2 0.3 0). They are connected at 21.3 meV
but still separated from the magnon intensity. In the range around 22.5 meV
magnonic and phononic intensities are connected and possibly superimpose.
And at 25 meV the phonon signal lost already most of its intensity. The small
energy range in which this phonon branch extends over a wide area in the HK-
plane implies a very flat phonon dispersion.

Sample ACK390 with the composition Lal_895SI‘o,1o5Ni0_995ZD0.005O4_05 be-
longs to group three defined in the previous section. Out of the three samples
in this group it exhibits the smallest ¢ and the lowest intensity at (0.5 0.5 0) in
the IN3 scans. The absence of any intensity at this @—point in the elastic map
4.18 measured at the IN8 with the flatcone detector proofs that this sample
remains tetragonal even at 2K. The part of the map above K = 0 has been
measured with four different 26 positions and the lower part only with one.
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Magnetic peaks are well separated as to be expected for the larger epsilon com-
pared to ACK324. At 5meV and 10 meV the intensities remain well separated.
The higher energy transfer maps are not reliable for evaluation. The optical
phonon intersects with the magnon already at 20 meV implying a softening of
this branch of about 2.5 meV compared to the sample ACK324. At 30 meV the
magnon seems to split into two vertical bars with decreased intensity in be-
tween but the signal is possible superimposed with the spurious alumina lines.
At the highest energies the magnon becomes too feint to be detectable above
the background.

4.5 Polarized Neutrons

In the previous sections we made use of the neutrons ability to interact with
the magnetic structure and excitations due to its spin moment. But to take full
advantage of this property a polarized neutron beam is necessary. To separate
magnetic from nuclear intensities we need both, a polarized incident beam and
polarization analysis of the scattered neutrons [229]. Polarization of the incident
neutrons and polarization analysis at the IN22 is achieved by scattering on the
(1 1 1) plane of a heusler crystal. In an external field magnetic and nuclear
scattering can be constructive for one spin state while being destructive for
the opposite spin state. The field is also necessary to keep a single magnetic
domain. To counter the loss of neutron flux large array of crystals are used for
the fixed vertically focusing monochromator and analyzer. Horizontal focusing
can be adjusted according to the neutron energy. Permanently installed guide
fields prevent the loss of polarization along the flight path. A setup of three
horizontal coils and a vertical Helmholtz pair is used to continuously select
the polarization. Spin flippers before and after the sample can reverse the
polarization of the beam and make it possible to measure the four partial cross
sections (+,+), (-1), (+,-) and (-,4) directly. In this short notation the first
and second position in the bracket correspond to the flipper before and after
the sample. The signs “+” and “-” denote whether the flipper is turned off (+)
or on (-).

The neutron polarization was chosen parallel to the scattering vector Cj in our
experiment. Only the component of the magnetic density which is perpendicular
to Q contributes to the scattering. The four formulas for the partial cross
sections then collapse into only two expression [230]:

d?o*F k . .
(dew) = %[<MLYMLY>LU + M1z M7 z)w
X g (4.2)

. * * 2 o
Fi((MiyM7 z)w — (MiyMiz),)+ gSSincoh(Qawﬂ
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and for non-spin-flip:

<d2”ﬁ> = ﬂ[<NN*> + N Nineon(Q,w) + Lss, (@,w)] (4.3)
dQdw < - kz w incoh ; 3 incoh ’ .

In the coordinate system defined by the scattering vector C} on a TAS in-
strument X is parallel to Q, Y is perpendicular to Cj and in the scattering
plane and Z is perpendicular to C_j and the scattering plane. M,y and M »
are the components of the spacial Fourier transform of the real space magnetic
density M () perpendicular to @ and along Y and Z, respectively [230]. The
angle brackets (...),, are the correlation functions which correspond to the ther-
mal average of the double Fourier transformation [230]. Incoherent scattering
due to the distribution of isotopes NNincoh(Q,w) only contributes to the non
spin-flip (NSF) channel while the scattering due to the completely disordered
nuclear spins SSincoh(Q7w) contributes to both channels differently [230]. The
equations have been taken from [230] where also a complete derivation of the
formulas is provided.

From the equations 4.3 and 4.2 it is apparent that in this special configu-
ration with the polarization along the scattering vector magnetic and nuclear
scattering can be measured separately. The NSF cross section is only nuclear
while the spin-flip (SF) cross section is purely magnetic. The mixed terms in
the SF cross section are the chiral terms.

In real experiments the beam polarization is never perfect. This is expressed
by the flipping ratio R(Q) = I*/T~. We measured the (2 0 0) Bragg reflection
in the NSF (4, +) and SF (+, -) channels at k; = 2.662 A~ to obtain It and
I~. The resulting flipping ratio is R(2 0 0) = 16.0(8) in our experiment. Con-
sequently 1/16 of the NSF signal will also contribute to the background in the
SF channel. This can be important if the nuclear scattering is strong compared
to the magnetic stattering.

In the previous sections it turned out that the evaluation of the magnon
dispersion of ACK324 with the composition Laj g4Srg.16Nig.995Z10.00504 is dif-
ficult. One reason being the superposition of the magnetic signal with several
phonon branches. Polarized neutrons are the ideal tool to separate nuclear and
magnetic scattering. Figure 4.19 is a comparison of the SF and NSF channels
in an energy scan at (1.5 0.5 0). The intensities were normalized by monitor.
Around 21 meV a strong phonon intensity appears while an increased phononic
background of a similar size as the magnetic signal can be observed in the
range from 14meV to 32meV. Two peaks appear in the SF channel. The one
at 40meV is not unambiguous and could also result from the increased back-
ground at small 20 values. Over all, the magnetic contribution at the central
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Figure 4.19: Energy scan of SF/NSF channels at (1.5 0.5 0) in ACK324.

Q point shows a monotone increase with energy. This is in contrast to the
general observation in neutron spectroscopy that magnon and phonon inten-
sities decrease with increasing energy transfer. In expectation of a spin wave
dispersion a merging of the two inner branches should occur. Three interpreta-
tions are possible: either one of the peaks in the SF channel could correspond
to the merging or it appears at much higher energies. For the latter scenario
the increasing proximity of the branches would explain the observed magnetic
intensity raise.

Constant energy scans with polarized neutrons at several energies can be
found in Figure 4.20. The intensity has been normalized by monitor. The
peaked intensities in the SF channel prove that our previous measurements
indeed followed the magnon dispersion. On the left side of the figure are diagonal
scans at three different energies. At 20meV and 24 meV the NSF contribution
has a peak at similar Q points as the SF. The strong anisotropy in the NSF
channel is obviously responsible for the pronounced intensity raise observed in
the unpolarized scans at this energy (compare Figure 4.10, top). An opposite
situation can be observed at 30 meV. Here the superposition of SF and NSF
channels results in a broad peak due to a minimum in the NSF channel at
half integer Q. Also the other scans in Figure 4.20 show a strong phononic
background but it is more isotropic and therefore less influential on the peak
position and broadness. In the (H K 0) plane maps in Figure 4.15 a ring shaped
intensity could be observed around (2.5 0.5 0). The scan in the bottom right of
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Figure 4.20 uncovers this signal as purely phononic in nature.

For the final version of the refined peak positions in Figure 4.21 the results
obtained from unpolarized neutron scans through (1.5 0.5 0) have been replaced
by those from polarized neutrons. The 14 meV results have been removed as it
is apparent from the flatcone maps that this scan is already contaminated by
a phonon. Instead of the expected broadening due to the development of spin
wave cones, we find that the intensity weight in a symmetric fit of two Gaussian
peaks, moves inward with increasing energy up to 12meV. At higher energy the
peak positions recover to the elastic incommensurate values but neither disper-
sion nor a significant peak broadening can be observed.

Linear spin-wave theory (LSWT) has been used to calculate spectra of ideal
commensurate stripe structures [231, 232]. For the undoped parent compound
the calculations with a 2D spin wave model for the antiferromagnet with J ~
30meV are in agreement with experimental data for energies E < 30 meV [233].
At lower energies deviations in the form of excitation gaps appear due to uniaxial
spin anisotropy and weak interlayer couplings [231]. The decreased spin wave
velocity parallel to the stripes v|| = 0.6var compared to the parent compound
in an oxygen doped sample as well the isotropic velocity in a strontium doped
sample with an upper edge at 80 meV could be well reproduced. Our findings for
the spin excitation spectrum of ACK324 - Laj g4Srg.16Nig.995Zn0.005 04 disagree
with expectations from LSWT. In the energy range of our measurements the
characteristic dispersion of a spin wave cone is absent.

In a different theoretical approach within LSWT the dynamical spin struc-
ture factor of spin waves for weakly coupled stripes |Jp| < |J,| was calculated
[234]. J, is the nearest neighbor exchange coupling and J;, the coupling across
the domain walls. The authors argue that doped holes create line dislocations
in the antiferromagnetic matrix, but in between the defects the antiferromagnet
is more or less intact. For our low doped sample with small hole concentration
this approach seems reasonable. Assuming a weak coupling J, = 0.05J, across
the stripes the authors of [234] find that in a constant energy map centered at
the AF wave vector four strong incommensurate peaks are visible at low energy.
Although the expected spin wave cone emanating from each reciprocal lattice
vector is also visible in their calculated intensity maps, the intensity is not uni-
form. Due to the weak coupling between stripes the intensity is strongly peaked
on the inner side of the cones. Therefore, as energy is increased the weight of
the measured intensity moves inward. At E,.s a resonance peak appears at the
AF wave vector. The energy E,.s increases with increasing |J,/J,|. Above the
resonance a rotated square shaped continuum can be observed. The calculations
are based on vertical stripes with € = 0.2 which can be seen as a 4-leg ladder or
period-5 stripes. In our sample with e = 0.139(11) the regions of pure antiferro-
magnetism are even larger but stripes are diagonal. The calculations were based
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Figure 4.21: Dispersion of Laj g4Srg.16Nig.995Z100.00504. Left: Peak positions
obtained by a fit of two Gaussian functions to the data. Right: The energy
dependence of the corresponding FWHM.

on a perfectly ordered structure. In contrast to this assumption we observed a
very small correlation length £, = 21(1) A along the stripe modulation. Strong
disorder present in our sample might therefore be the reason why our measured
intensities are rather broad compared to calculations.

An energy scan of the sample ACK390-Laj g955r0.105Ni0.995Z100.00504.05 at
(1.5 0.5 0) shows similarities to the one performed on ACK324. SF and NSF
channels are plotted in Figure 4.22. In the SF channel a broad peak appears
around 20meV. At higher energies the magnetic intensity remains constant.
Around 22 meV the already mentioned optical phonon branch crosses the scan
where it contributes the majority to the cross section. In the remaining energy
range magnetic scattering exceeds the nonmagnetic contributions.

A series of constant energy scans (Figure 4.23) through (1.5 0.5 0) reveals
a quite similar energy dependence of the magnetic intensities compared to
ACK324. With increasing energy transfer the lower Q points in the scans could
not be reached any more. Two Gauss functions symmetric around (1.5 0.5 0)
and with a shared peak width have been fitted to the data and are included in
the figure. The corresponding NSF scans and two scans in K direction can be
found in the Appendix Figure 6.3. Two distinct peaks can be observed up to
15meV in the SF channel. At higher energies additional intensity in between
the peaks appears. Although at 20 meV also the NSF channel shows a peak, the
additional SF intensity over a wide energy range can not be explained with a
phononic background. A flipping ratio of ~ 16 due to a not perfectly polarized
beam results in a NSF background in the SF channel that corresponds to the
measured NSF signal, but reduced by the factor ~ 16.
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Figure 4.22: Energy scan of SF/NSF channels at (1.5 0.5 0) in ACK390.

LSWT predicts spin wave cones emerging from the incommensurate elastic
peak positions. These should be visible in our diagonal scan as four peaks,
one pair dispersing away from each magnetic Bragg peak. In previous work on
strontium doped samples with x = 0.275, 0.31, 1/3 [221, 222] and an oxygen
doped sample with § = 0.11 [177] such excitations have indeed been observed.

The incommensurability of our sample is comparable to that published for a
sample with composition Laj ga55r0.175NiO415 [223]. For the inelastic scans on
that sample it was possible to fit four Gaussian peaks to the measured intensity
by reducing the free fit parameters from twelve to three. The author determined
the low energy peak positions by a fit of two Gaussian functions. For the four
peak fit two sets of peaks were assumed, each symmetric with respect to the
low energy peak position and the center of the two sets symmetric with respect
to the AF wave vector. The two additional parameters were a common width
and a common intensity. The result was a spin wave dispersion with a similar
spin wave velocity as in the undoped parent compound and the x = 1/3 doped
nickelate [223]. It should be noted that the peak positions also show deviations
from the fitted spin wave dispersion at energies E<20 meV. Using this approach
and the peak positions of our 5meV scan resulted in a very poor agreement
with the experimental data. For most scans the fit converged to a common
peak width of about 0.3r.l.u..

The condition that individual peaks could not be resolved at elevated ener-
gies strongly complicates data analysis. Assumptions have to be made to justify
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Figure 4.23: Spin flip intensities in ACK390 measured with constant energy
scans at the IN22. Red curve is a fit of two Gaussian functions with a common
width to the data.
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Figure 4.24: Dispersion of ACK390—L3,1.895SI‘0_105Nio_995ZH0.00504_05. Left:
Peak positions obtained by a fit of two Gaussian functions to the data. Right:
Peak positions obtained by a fit of four Gaussian functions to the data. Vertical
red lines are a guide for the eye.

whether two, three or four peaks should be fitted to the data. The first case
corresponds to the approach used for the cuprates where spin wave cones are
absent. The second approach would account for the additional intensity appear-
ing in between the two peaks. A fit of four peaks would imply the assumption
that the dispersion does indeed follow the predictions of LSWT.

Similar to previous publications we fitted four Gaussian peaks to the data
(see Figure 4.24, right). The restrictions were a single shared peak width and
symmetric peak positions with respect to the AF wave vector for the pairs
of inner and outer peaks. Clearly, the dispersion obtained by our four peak
fit does not result in a finite spin wave velocity for the outward peaks between
0meV and 20 meV. Similarly the inward peak positions deviate from a monotone
development expected at small energy transfers. No spin wave velocity can be
fitted to the obtained peak positions. This demonstrates that LSWT for a
perfectly ordered stripe phase is inadequate to describe the observed magnon
dispersion.

Alternatively a fit of only two symmetric Gaussian functions has been ap-
plied. The obtained peak positions are summed in Figure 4.24, left. While
our 5meV peaks show an increased incommensurability compared to the elastic
data, the dispersion is strongly curved towards the center for higher energies
(see Figure 4.23). The resulting inward shift between 5meV and 20meV is
about 30%. In this scenario the outward curved branches are absent.
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4.6 Conclusions

For the two peak case we obtain a dispersion with a peculiar shape. In order to
compare any similarities with the hourglass dispersions reported in the cuprates
[49, 49], the fitted peak positions are overplayed on a measured intensity map
in Figure 4.25. The incommensurability ¢ = 0.2331(1) in our sample ACK390
places it in between the four-leg and the three-leg ladder systems discussed in
[234]. Similar to the previously discussed sample ACK324 the outward dispers-
ing intensity is also suppressed in ACK390. Compared to ACK324 the effect
of the inward curvature is much stronger in this sample. This difference might
be caused by a decreased spin wave velocity in ACK390. Studies on the pure
strontium doped samples report a velocity comparable to that of the undoped
parent compound for x = 0.175, 0.275 and 0.333 [222, 223, 233]. In contrast,
the spin wave velocity was reported to be a factor 5 smaller in an oxygen doped
sample with 6 = 0.105 which is still in the AF regime. For an incommensurate
sample with higher oxygen doping § = 0.133 the value recovered to 40% com-
pared to that of the undoped material [167]. While strontium doping seemingly
has no effect on the spin wave velocity, it appears that oxygen doping can induce
a pronounced decrease. This is in accordance with our observations since only
ACK390 is oxygen doped.

Both types of hole doping, oxygen excess and strontium doping, can be used
to induce charge stripe order in the nickelates. The two families share many
commonalities, like the general trend € ~ n; = x + 24§, but also differences can
be observed. While the incommensurability jumps from zero to € = 0.27 at an
oxygen doping of about § ~ 0.11 in LagNiOy4s [167], also intermediate values
for € can be reached with strontium doping (see e.g. the overview in [166]).

Despite the large publication numbers for nickelates, only one study reports
a similarly peculiar dispersion. For a purely oxygen doped sample with § =
0.11(1) which is already in the incommensurate regime, Freeman et al. found
an inward curvature of the spin excitation spectrum between 10 meV and 20 meV
[235]. They compared their data with an excitation spectrum calculated with
LSWT for period-4 stripes, Dubbed DS4 in [232]. The corresponding incom-
mensurability ¢ = 0.25 is close to their experimentally observed value. Only
two exchange parameters are required for the minimal DS4 model, the nearest-
neighbor Ni?* coupling within a stripe domain J, and the coupling of Ni?* spins
through the Ni** hole stripe J;,. The authors argue [235] that this model is jus-
tified by the successful description of the magnetic dispersion of the strontium
doped sample Las 3511 ,3NiOy4 [178, 222]. In both studies the simple model was
insufficient to describe the low energy excitation spectrum [178, 222]. While
additional assumptions were made to increase the agreement of the model with
the low energy data [222], in [178] only data for E > 30 meV was considered for
a comparison with the calculated intensities.

To reproduce the observed inward curvature of the dispersion between 10 meV
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Figure 4.25: Magnon dispersion in ACK390. The map was obtained by interpo-
lation between the constant energy scans in the SF channel that can be found
in Figure 4.23. Peak positions obtained by a double Gaussian fit are indicated

(black circles). The larger hexagon symbol at 20meV corresponds to a single
Gaussian fit.
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and 20 meV the authors [235] also applied the before mentioned LSWT model
for |Jp| < |Ja| [234]. They found this model incompatible with the derived
values of J, = 28(3)meV and J, = 17(3) meV for their sample [235]. Also
the introduction of additional exchange parameters, for a diagonal next nearest
neighbor coupling between - J. and within - J; stripe domains did not enable
them to reproduce the observed inward shift [235].

Regarding this, a comparison of the low energy excitation spectra with the
predictions of LSWT seems inadequate, since this theory predicts cones of spin
excitations which are absent in the studied nickelate samples. At the same time
there is little doubt that these cones generally exist at higher energies E >
30meV, as has been confirmed by experiments on charge-stripe ordered sam-
ples. Also the sample with the reported inward dispersion exhibits a pronounced
spin-wave-cone-like dispersion already between 30 mev and 40 meV [235]. For
our samples we did not observe such a shape in the constant energy maps
up to 35meV. Instead, the measured intensity at this energy range is already
quite weak and no final conclusion for the high energy spectrum is possible.
Compared to the sample studied in [235] our samples exhibit a much smaller
incommensurability. This might be attributed to the different doping method.
Our measurements suggest a relation between the lowest reachable incommen-
surability and the amount of strontium doping compared to oxygen doping.
The smallest € within the series of nickelate samples was obtained for a pure
strontium doped sample while the mixed doped sample already exhibits a much
higher value.

A striking similarity between the studied samples within the € < 0.25 regime
is, that they all exhibit a large amount of disorder. This is expressed through
a limited in plane correlation length (£, =~ 50 A, 69A and 21 A for the pure
oxygen, mixed and pure strontium doped samples, respectively) and a significant
broadening of the inelastic intensities. For the oxygen doped sample in [235]
the authors argue that their sample is close to the border between stripe and
AF order. The same is probably true for our samples.

It seems doubtable that the small amount of co-doped nonmagnetic zinc has
a strong direct influence on the magnetic properties of our nickelates. Instead,
the observed low energy deviations from the ideal LSWT could be induced by the
increasing disorder in the intermediate doping range between commensurate and
incommensurate magnetism. Zinc co-doping then further increased the disorder
already present in strontium doped nickelates.

Recently, M. Rotter and A. Komarek [236] successfully modeled an hour-
glass dispersion for a locally disordered spin configuration in the isostructural
cobaltates (see Chapter 5). Due to the high intrinsic disorder present in the
here measured nickelates a similar approach would be justified. Instead of the
disordered checkerboard charge order present in the cobaltates, a disordered
stripe scenario might similarly be applied to explain the observed spectra. A
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necessary condition to simulate the hourglass spectrum in the cobaltates is the
large difference between the nearest neighbor coupling J and the next nearest
neighbor coupling J’. Within the nickelates the coupling constants only differ
by less than a factor two. This might be responsible for the differences in the
observed dispersion relations and the absence of an hourglass spectrum within
the nickelates.

Ideally a microscopic model should also be able to explain the low energy
deviation from LSWT in the ordered charge stripe regime. But this is a task
for the future. It would be interesting to measure the high energy spectrum to
answer the question whether spin wave cones are also present in our samples.
Ideally this could be done with a time of flight spectrometer where it is possible
to map the whole (Q,w) space in a single magnetic Brillouin zone at a small
Q value. Another important task is to test with high accuracy whether charge
stripe peaks can still be observed in our disordered samples.
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An hourglass magnetic excitation spectrum has been observed in most high-
temperature superconducting cuprates and appears to be a unifying property of
these materials [47—49, 52, 150, 237-243]. Fluctuating charge stripes or alterna-
tive band structure approaches are able to explain the origin of these spectra.
The charge stripe scenario is the one with the largest support [47, 244, 245]. An
alternative scenario involves spin excitations arising from umklapp-scattering
[246]. Surprisingly an hour-glass spectrum was recently also reported for a lay-
ered cobaltate with the composition Las/3Sr,3C004 [181]. The absence of a
Fermi surface in this insulating compound indicates that band structure effects
are not needed for the appearance of the hour-glass spectrum. Very recently the-
oretical calculations based on a disordered charge-stripe model have succeeded
in reproducing the basic features of the hour-glass dispersion in the x = 1/3
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doped cobaltate [247].

Incommensurate magnetic superstructure reflections at diagonal positions in
reciprocal space have been reported for the Lag_,Sr,CoOy4 system [174]. It is
believed, that charge stripes are also present in cobaltates [67, 181]. Weak direct
evidence for the expected charge order peaks has been reported for a sample
with composition Laj Srg 4CoOy4 [140]. However, whereas the incommensurate
magnetic peaks can be clearly observed in the cobaltates, the corresponding
unambiguous observation of sharp and well separated charge-stripe ordering
superstructure reflections is missing. Also disordered magnetic contributions
spread around half integer positions in reciprocal space could be an alternative
explanation for the reported features in Laj gSrg.4CoQy.

According to the phase diagram that has been established for the strontium
doped 214-cobaltates low temperature incommensurate magnetism only occurs
in the doping range 0.33 < z < 0.6 (see Section 1.4) with incommensurabilities
e < 0.5 [67). At low doping a structural transition to an orthorhombic phase
occurs with nearest neighbor AF ordering at even lower temperatures. In the
doping range around x = 0.5 a very robust checkerboard charge order (CBCO)
appears with incommensurate (IC) magnetism at comparably such low tem-
peratures that it can be viewed as essentially decoupled from the charge order
[176]. No magnetic order has so far been reported for the high doped region x
> 0.6. This is probably related to the difficulties arising for the floating zone
single crystal growth with very high strontium concentrations.

Apart from the important question whether charge-stripe order (CSO) also
exists in the cobaltates also other issues are not yet treated conclusively. Obvi-
ously the boundary of the CBCO has not yet been established. While it seems
clear that half doping x = 0.5 is the ideal composition for its occurrence, the
stability of this phase, which can be inferred from the high transition temper-
ature, suggests that it should continue away from ideal doping to some extent.
Another peculiarity is the linear decrease of the magnetic phase transition tem-
perature with doping, even across the phase boundary between commensurate
and incommensurate antiferromagnetism. It also seems that the suppression of
the orthorhombic phase has no effect on the magnetic ordering whatsoever. If
the structural and magnetic ordering phenomena are fully decoupled it appears
unlikely that both are suppressed at the same doping concentration. Z. Li, A.
Komarek and the author synthesized Lag_,Sr,CoO,4 cobaltates in the whole
doping range 0 < z < 1 to perform a comprehensive study and shed some light
on the open questions. The main focus in this thesis was placed on the samples
with IC magnetic order where the ongoing debate about the nature of this phase
will be conclusively addressed.
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Figure 5.1:  Co-aligned cobaltate crystals ACK183-Las/35r;/3C00, and
ACK3O5-L&1,6SI‘0_4COO4.

5.1 Sample and TAS Instrument Setup

Neutron spectroscopy measurements on HTSC cuprates are regularly difficult to
interpret. The small static magnetic moment (0.6 g in LagCuQOy [241] results in
low peak intensities. Due to small incommensurabilities the measured magnon
dispersion branches are often to close to be resolved at low and intermediate
energies. In contrast, the insulating cobaltates exhibit larger magnetic moments
and incommensurabilities. In addition, they are free of obscuring effects from
itinerant electrons and arising superconductivity and are therefore well suited as
a toy model for further investigations into the mechanics behind the hourglass
dispersion.

Similar to the nickelates discussed in Chapter 4 our cobaltate samples were
mounted so that the ab-plane coincided with the scattering plane of the TAS
instruments. Mostly two or three cylindrical pieces with a length up to 3.5cm
and a diameter of about 0.8 cm were co-aligned at our real time Laue camera
(see Figure 5.1). Elastic and inelastic neutron scattering (INS) at low temper-
ature has been performed with the TAS instruments at the Laboratoire Leon
Brilluin (LLB) in Saclay and the at the Institute Laue Langevin (ILL) in Greno-
ble. Where possible, all elastic and inelastic scans at thermal TAS have been
performed in constant-k p-operation mode with k; = 2.662 A-1. Only when it
was necessary to reach higher energies at a given small scattering vector Q the
final wavenumber was changed to k;y = 4.1 A=, Error bars of neutron scatter-
ing intensities are calculated by the square root of the neutron counts.

The individual TAS instrument setup was as follows:

1T1 LLB, thermal neutrons, two PG filters, fixed focusing PG-002 monochro-
mator and analyzer.
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2T1 LLB, thermal neutrons, two PG filters, vertical focusing PG-002 monochro-
mator and flat PG-002 analyzer.

IN8-magnons ILL, thermal neutrons, two PG filters, double- focusing PG-002
monochromator and analyzer.

IN8-phonons ILL, thermal neutrons, two PG filters, double-focusing Cu-200
monochromator and PG-002 analyzer.

IN8-Flatcone ILL, thermal neutrons, Flatcone detector (see Section 4.4)

IN22 ILL, thermal neutrons, PG filter, fixed vertical focusing (125mm) and flat
horizontal Heusler(111) monochromator and analyzer, Spherical polariza-
tion analysis with the installed CRYOPAD polarimeter, flipping ratio ~
16.

IN12 Cold neutrons, velocity selector, double focusing PG-002 monochromator
and horizontal focusing Heusler(111) analyzer, incident beam polarization
with a polarizing cavity, for longitudinal polarization analysis a setup of
three 120° shifted horizontal coils and a vertical Helmholtz coil were used,
flipping ratio ~ 17.4.

4F.2 LLB, Cold neutrons, Be-filter at 77K, k; = 1.55 A-1, vertical focusing
PG-002 double monochromator and flat PG-002 analyzer.

5.2 HTT-LTO Phase Transition

5.2.1 High Resolution Powder X-ray Diffraction

Situated at the ID31 beam tube at the synchrotron ESRF in Grenoble, France,
this high-resolution powder diffraction beamline is optimized for powder samples
in a borosilicate capillary. It uses a cryogenically cooled Si(111) double-crystal
monochromator and nine single counter detectors at an angular distance of 2°,
each equipped with its own Si(111) analyzer. For our measurements with 31 keV
X-rays the cryostream environment was mounted. The ideal capillary diameter
to prevent strong absorption effects was calculated to 0.2mm. A fast sample
spinner ensured a smooth diffractogram despite the small amount of crystallites
in the beam.[248]

For the two samples ACK305-La; ¢Srg.4Co0O4 and ACK317-Laq g4Sr(.36 CoOy4
powder diffractogams were recorded at ambient temperature and at 80 K. The
ambient temperature measurement of ACK317 is plotted in Figure 5.2. While
powder diffractograms measured with conventional in house diffractometers con-
tain many overlapping peaks, especially at high angles, the patterns recorded
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Figure 5.2: Diffractogram of the x = 0.36 doped sample ACK317 at room
temperature. Data recorded at beamline ID31 in red color. Rietveld fit to the
data in black. Bragg positions are indicated by green vertical bars. Difference
between data and fit plotted in blue color. Left inset: enlarged peaks (1 0 3)
(left) and (1 1 0) (right) around 8°. Right inset: peak profile at high scattering
angles.
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sample | doping [ (110) 80K | (200) 80K [ (110) 305K | (200) 305K |
ack305 | x = 0.4 [ 0.00418(7)° [ 0.00432(7)° | 0.00403(6)° [ 0.00461(9)°
ack317 | x = 0.26 | 0.00633(10)° | 0.00554(3)° | 0.00613(9)° | 0.00554(6)°

Table 5.1: Temperature dependence of the FWHM determined by Lorentz fits
to the Bragg reflections (110) and (200).

at the ID31 consist of Bragg peaks standing out like delta functions (see insets
in Figure 5.2). Due to the high instrumental resolution of about 0.003° at a
diffraction angle 20 ~ 10° [248] even tiny changes in lattice constants can be
resolved at the ID31. A Rietveld refinement of an orthorhombic model was ap-
plied to the low temperature data but no improvement compared to the ambient
temperature data fit could be observed.

A direct comparison of the peak width at different temperatures is more
sensitive to small structural distortions. A splitting of the (1 1 0) reflection is
indicative for the HTT to LTO transition that was observed in the low doped
cobaltates. The fitted peak widths are summed in Table 5.1. While a transition
temperature of 227 K was reported for the HTT to LTO transition in a x =
0.3 doped sample [174] it appears that the transition is already fully suppressed
down to 80K at a doping of x = 0.36. The small peak width close to the
resolution limit of the instrument confirms the high quality of our floating zone
grown single crytals.

5.2.2 Neutron Diffraction

As mentioned in Section 1.3 the HT'T to LTO phase transition is related to the
coordinated tilting of oxygen octahedra. We can benefit from the sensitivity of
neutron measurements to oxygen order which results in comparably strong su-
perstructure reflections even for small structural distortions. The (1.5 1.5 0) re-
flection, apparent at low temperature in our sample ACK312-La;j ¢7Srg.33C00y,
is not a valid reflection for the tetragonal unit cell. Consequently it vanishes
upon heating. The temperature dependent measurement is shown in Figure 5.3.
From the disappearance of the peak intensity between 191 K and 211 K we can
estimate the structural phase transition temperature to Tg ~ 200(10) K.

Our value is remarkable close to the one reported for a x = 0.3 doped sample,
Ts = 227K in [174]. Together with our observation that no structural transition
occurs in the x = 0.36 doped sample above 80 K this suggests a kink in the slope
of the boundary between the HTT and LTO phases. An alternative scenario
is, that the sample measured in [174] had a somewhat different composition
than the nominal values. A discrepancy between the measured lattice constants
on our samples compared to those investigated in [140], which are the same as
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Figure 5.3: Temperature dependence of the (1.5 1.5 0) orthorhombic superstruc-
ture reflection in our x = 0.33 doped sample ACK312.

in [174], has also become apparent in Section 3.2. As discussed in Section 1.5
especially the oxygen content in these layered perovskites is difficult to control.

5.3 Spin and Charge Order

5.3.1 Low Energy Synchrotron Diffraction

One possibility to probe charge order in our cobaltate samples is the mea-
surement with X-rays. In contrast to neutrons that are only sensitive to the
expected charge superstructure through resulting atomic displacements, X-rays
are directly sensitive to a modulation in the charge density. We used the MPI
beamline at ANKA in Karlsruhe to probe our cobaltates in reflection geometry.
To avoid the strong cobalt fluorescence at about 8 KeV we used an X-ray energy
of 10keV, corresponding to a wavelength of about A = 1.2398 A. The instrument
operates in vertical geometry. A double crystal monochromator with a pair set
of Si(111) crystals ensures monochromatic radiation. A set of two slits before
and after the sample was used to reduce the beam size to 1 mm?.

To access charge order reflections with different L values we cut our samples,
so that the (1 1 1) direction was normal to the largest surface our cuboid with
dimensions 2.5-2.5-1.5mm? (see Figure 5.4, Left). One of the other two surfaces
was perpendicular to (1 -1 0). Because the system is orthorhombic the third
direction was only roughly the (-1 -1 2) direction. One of the (1 1 1) planes was
polished on a textile mesh using 1 ym sized diamond crystallites.

The sample was glued with silver paint on a copper sample holder so that
the (1 -1 0) direction coincided with the w’ rotation. This way the accessible
scattering plane perpendicular to w’ contained the (0 0 1) and (1 1 0) reflections
and consequently all linear combinations of those two vectors were also reachable
(as long as both, incoming and outgoing beam remain above the crystal surface).
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Figure 5.4: Left: Laue image of the (1 1 1) crystal surface. Right: Comparison
of the measurements on the x= 0.4 nickelate reference sample and a x = 0.4
doped cobaltate. Both scans have been corrected by a linear background.

While the (1 1 1) surface of our samples was determined with an accuracy
better then 0.5°, the other directions had an uncertainty of about 3.5° from
cutting and gluing the sample. In combination with a much better resolution
(FWHM of the (2 2 2) reflection with opened slits between sample and detector
was 0.034° in w’ for the x = 0.4 sample ACK305) the reciprocal space becomes
quite vast, compared to TAS experiments, when searching for structural Bragg
reflections to determine the orientation matrix.

Finally we could observe the charge superstructure reflections at low tem-
perature (7.8 K) in our x = 0.4 nickelate reference sample ACK326. As expected
the intensities appeared at incommensurate positions in our scans with odd L
values. This proved the general suitability of this method to search for charge
modulations also in cobaltates. Despite much effort we did not succeed in find-
ing similar charge order peaks in the cobaltate. In Figure 5.4, Right two scans
are plotted for direct comparison between the reference nickelate and a similarly
doped cobaltate sample. While the nickelate clearly shows an incommensurate
charge order peak, it is absent in the cobaltate.

5.3.2 Elastic Neutron TAS Measurements

The incommensurability € in charge stripe ordered nickelates Lag_ St NiOyys
was found to follow the trend € = n, = x + 20 with the hole concentration ny,
strontium doping concentration x and oxygen off stoichiometry §. This depen-
dency can be naturally understood considering charge stripe phases since the
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Figure 5.5: Relation between hole concentration and incommensurability in
Lag_,Sr;CoO445 samples. € error bars are smaller than the symbol size. The
hole concentration was calculated based on the oxygen concentrations deter-
mined in Chapter 3 and the nominal strontium concentrations. The black line
is a guide to the eye and indicates the ideal values according to € = nj. Data
has been collected on the instruments 1T1, 2T1, IN22 and INS.

stripe spacing is directly related to the hole concentration (see Section 1.10.2).
The fact that this trend was also observed in cuprates and cobaltates can be
used as an argument that charge order must be present in these systems, too.

As a standard procedure we characterized the low temperature magnetic
Bragg intensities of all samples prior to further investigations. The incom-
mensurability was estimated from Gaussian fits to the two symmetric peaks
apparent in the (H 1-H 0) scans. Similar to the nickelates we determine the in-
commensurability with respect to the structural unit cell for better comparison:
€ = €ch, = 2€mag. Where €,,,, is the distance between the magnetic satellite and
the AF wave vector (0.5 0.5 0) is units of the reciprocal lattice.

Results for the evaluated incommensurability of the characterized cobaltates
are plotted in Figure 5.5. An over all relation between hole concentration and
incommensurability could be confirmed for our samples. The comparably large
error bars of the hole content n, are due to uncertainties in the oxygen (and
strontium) concentration determination (see Chapter 3). The deviation from
the ideal relation € = nj, can be quite large for individual samples. A sys-
tematic study on the relation between holes and incommensurability would be
useful since the hole concentration could be determined much more accurate via
the incommensurability.

Charge stripes in the nickelates have been found to be most stable around the
doping x = 1/3 (see e.g. Sections 1.10.2 and 4.2). Note, that due to the stripe



132 Chapter 5. Lag_,Sr, CoOy

periodicity of three lattice constants, this phase is actually commensurate with
the lattice. For our sample ACK312 with nominal composition La;_ g7Srg.33C004
the diagonal scan to characterize the incommensurability shows only a broad
peak at the commensurate AF position (0.5 0.5 0). This is in accordance with
the results published in [174] for a x = 0.3 doped sample where also a broad AF
peak was observed at low temperature. Consequently their sample was assigned
to the commensurate regime.

To gain further insight into the transition from commensurate to incom-
mensurate magnetic order the whole area around the AF wave vector has been
measured at 10K and at 150 K above the magnetic ordering temperature of
about 127K (see Appendix Figure 6.4). The high temperature data was sub-
tracted from the 10 K data and the resulting map is shown in Figure 5.6.

Surprisingly the shape of the measured intensity exhibits a pronounced
anisotropy. A diagonal scan through the structural (1 1 0) reflection is plotted
on the right side for comparison (the peak is resolution limited and no addi-
tional intensity can be observed). Therefore, the observed diagonally enhanced
magnetic intensity can not be attributed to a poor sample quality. Apparently
we found a sample at the edge of the AF phase which is still in the orthorhombic
regime (see Section 5.2.2). The AF nearest neighbor ordering at this doping con-
centration is already sufficiently disturbed to allow incommensurate magnetic
ordering and we observe a highly disordered antiferromagnetic state which is
close to the incommensurate regime.

In the nickelates the magnetic transition temperature drops significantly in
the intermediate region between nn-AF and 1/3-stripe order. This is in good
agreement with the stripe scenario and the observation of a maximized stability
for 1/3-stripe phase. In contrast, the magnetic ordering temperature exhibits a
monotone decrease in the cobaltates, even across the transition from commen-
surate to incommensurate order. While this would be totally accidental in the
stripe scenario, the frustration scenario naturally implies a continuous transi-
tion.

Representative for our efforts to identify charge order superstructure re-
flections with neutron diffraction in the cobaltates within the doping range
0.33 < z < 0.4, a concluding study on the sample ACK305 with composi-
tion Laj gSrg.4Co0Qy is presented in Figure 5.8. In contrast to other studied
cobaltates within the incommensurate magnetic regime our sample exhibits
comparably sharp incommensurate magnetic peaks. This implies that much
less disorder is present compared to previously studied compounds. It has been
shown in [247] that the sharpness of the charge stripe order (CSO) signal should
be roughly equal to the sharpness of the IC magnetic peaks in a CSO scenario
for Lag_,Sr,CoOy4. Hence, our Laj gSrg.4Co0O,4 material seems to be an ideal
system to study any possible relation between IC magnetic peaks and charge
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Figure 5.6: Left: Reciprocal space map in the HKO-plane for ACK312 measured
on the 1T1 at 10K (150 K background subtracted). Right: Shape of the (1 1 0)
structural Bragg reflection for Comparison.

stripes in layered cobaltates.
To calculate the expected intensity of the presumed CSO peak we used the
relation:

0.4 04, 16307
x=0. _ x=0.
IcalcSCO =Q- Imagn : JLSNO (51)
magn
with
mnw;2 U 2
o= NiT 20Ty (5.2)

mco UN7

Finally we were not able to detect any signal indicative for CSO in La; ¢St 4-
Co0y (see Figure 5.8). Instead, only one broad peak at half-integer positions ap-
pears that is indicative for a (disordered) CBCO state persisting up to high tem-
peratures, very similar to the optimum half-doped compound La;j 551y 5CoOy4
(dashed line in the Figure). Thus, we managed to find a Lay_,Sr,CoO4 sam-
ple within the CBCO ordered regime which exhibits clearly incommensurate
magnetism.

5.3.3 Hard X-ray Single Crystal Measurements

The synchrotron radiation single crystal X-ray diffraction measurements have
been performed at the beamline P07 at PETRA-IIT at DESY using 100 keV hard
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Figure 5.7: Elastic neutron diffraction measurements of incommensurate mag-
netic intensities in Laj Srg.4CoO4 measured at the 2T1. Left: Magnetic peaks
measured in a diagonal scan across (1/2 1/2 0). Right: Low temperature
neutron-scattering intensities in the HKO-plane. The 200 K background has
been subtracted from the 12K data.

X-rays monochromatized by a bent Si(111) double monochromator. We mea-
sured in transmission geometry and the signal was analyzed with a Si-Ge(111)
gradient crystal analyzer and detected with a point detector. The measured
samples were roughly mm?3-sized single crystals with the (001)-direction along
the longer axis. The other directions were (100) and (010). Slits before the
sample were used to decrease the beam profile to 1.1 mm times 1.15 mm with a
roughly square shaped homogeneous intensity distribution. The samples were
fixed on copper sample holders using silver glue before mounting inside the dis-
plex cryostat.

Here we mainly studied the charge and magnetic correlations in Las /351 /3-
CoQy, which is distinctly away from the checkerboard charge order regime. In
[181] this composition was labeled to be within the “diagonal stripe phase”
of Las_,Sr,Co0Oy4. In Figure 5.9 the commensurate magnetic peaks of this
compound are shown and compared with a ~1/3 hole-doped charge stripe or-
dered LSNO reference sample. The charge stripe ordered nickelate exhibits
extremely sharp magnetic peaks which is in contrast to the observations for
Las 3811 /3C00y (inset in Figure 5.9 (d)).

Since magnetic and charge stripe ordering reflections fully overlap in these
~1/3 hole-doped layered materials, we studied the charge correlations at the
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Figure 5.8: Elastic neutron diffraction study of charge and magnetic correlations
in Laj Sr9.4Co04 measured at the 2T1. (a) The reference sample Laj 6Srg 4-
Co044s exhibits incommensurate magnetic well as CSO superstructure intensi-
ties in the diagonal (H 3-H 0) scan at 1.5K. (b) A similar scan at 1.5 K on the
reference sample Lay 5Srg 5Co0y4 reveals a CBCO peak at (0.5 2.5 0) and a mag-
netic peak at ~(0.75 2.25 0) (green dotted line). For Laj Srg.4CoQO,4 the scan
has been performed at 4 K (dark blue circles) and at 500K (cyan circles). In
the lower part the difference intensity (4 K - 500 K) is plotted (blue diamonds).
For comparison the expected CSO intensity has been calculated (light brown
line, calculations see text).
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synchrotron using hard X-rays. In these highly precise synchrotron measure-
ments we were not able to detect any indications for charge stripe ordering
reflections in Lag 3511 /3C004 with an extremely high accuracy of roughly 1079
of a strong Bragg reflection.

According to [168, 249] charge-order superstructure scattering in LSNO al-
ways peaks at (e ¢ L) with odd L, whereas the magnetic scattering exhibits
peaks for odd and even L. The unit cell used to describe the KoNiFy structure
is I4/mmm. Due to the body centering the reflection (0 0 1) is not a valid Bragg
point and propagation vectors (e ¢ L) with odd and even L are not equivalent
but refer to 180° or zero phase shift for the modulation of the two nickel sites at
(000) and (0.5 0.5 0.5). The coulomb forces require always anti-phase stacking
of the charge ordering, which is also in agreement with the finite dispersion
of phonons perpendicular to the planes [250]. In contrast, both, in-phase and
anti-phase, magnetic stacking is possible.[67]

In Figure 5.9 (a) and (b) we show the measured intensities together with
the intensities observed for a ~1/3 hole-doped nickelate reference sample. As
can be seen in the direct comparison, charge stripes can be excluded for the
cobaltate system. Especially since the Cot? and Co*3-ions exhibit distinctly
biger differences in their ionic radii than the corresponding Ni-ions such that
any occurring stripe phases should be easier to detect in cobaltates than in
nickelates. Also for propagation vectors with odd L-values we find no indica-
tions for charge stripes. Instead we observe weak intensities at half-integer H
and K positions for even values of L which survive up too room-temperature
(see Figure 5.9 (c) and (d)). This important finding indicates that the checker-
board charge ordering correlations still survive also far away from half doping,
i.e. down to 1/3-doping in the Las_,Sr,CoOy4 system and that there are sim-
ply no disordered charge stripe phases in this entire incommensurate magnetic
regime of the cobaltate system. Instead, checkerboard charge ordered regions
with roughly 7(2)A correlation length, estimated from Lorentzian peak fits,
appear. The remaining Cot2-ions have to be distributed somewhere into the
cobalt oxygen planes since the hole-doping in Las /351, /3C004 is far below half-
doping. Hence, checkerboard charge ordered regions have to be interspersed
with LasCoQy4-like undoped islands within a nano-phase separation scenario.

5.4 Electron-Phonon Coupling

Charge stripes in single layered perovskites have been found to induce an electron-
phonon coupling in related compounds. In the isostructural cuprates giant
electron-phonon anomalies have been established for the high-energy 3; CuO
bond-stretching phonon modes [251]. The wave vectors at which the anomaly
was observed correspond to the incommensurability of the charge order. Similar,
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Figure 5.9: Hard X-ray synchrotron radiation single crystal diffraction at beam-
line P07 at Petra-IIL. (a) and (b) Intensities measured in (H 3-H 0) and (H H
3)-scans for Las/3511,3C004 and a ~1/3 hole-doped LSNO reference sample.
Strong fundamental Bragg reflections are of the order of 10'° counts per second.
Intensities have been normalized to the monitor in order to enable a compari-
son of cobaltate and nickelate reference sample. The dashed lines are Lorentzian
peaks with the same integrated intensity as fitted to the charge stripe order-
ing peaks of the LSNO reference sample but with peak widths that have been
multiplied by the width ratio derived from incommensurate magnetic peaks of
both compounds measured with neutrons (see inset of (d)). The dotted lines
are additionally normalized to the (200) peak intensities in order to take also
account for the measured sample volume. Apparently no diagonal CSO like in
the nickelates could be observed for Las /3511 /3C004. (c) Instead, weak CBCO
reflections appear at half integer positions for even values of L already at am-
bient temperature. Below the structural transition HTT — LTO additional
sharp octahedral tilting reflections appear on top of the broad CBCO reflec-
tions. (d) Temperature dependence of the total integrated intensity around the
half integer peak position. A neutron diffraction measurement across magnetic
satellites in ~1/3 doped cobaltates and nickelates measured at the thermal triple
axis spectrometer IN8 is shown in the inset.
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it has been demonstrated on a x = 0.2 Sr-doped nickelate sample that an anoma-
lous phonon softening occurs at phonon propagation vectors that perfectly agree
with the propagation vector of the CSO in that compound [223]. Consequently
we have measured the high-frequency X; phonon dispersion on our cobaltate
samples in order to search for signatures of charge ordering. Diagonal charge
stripes with a periodicity of three (e = 1/3) would couple to the Co-O bond-
stretching phonon mode at the corresponding propagation vector (@ = (Bragg
+ (e € 0)). Analogous, the polarization pattern for CBCO with a periodicity
of two, leads to an anomaly at the zone boundary (Hpragq+1/2 Kpragg+1/2
L). Some exemplary phonon scans of Laj Srg.4CoO4 and Lag 6Srg.4NiO4 are
presented in Figure 5.10. Intensity energy maps have been interpolated from
the constant-Q scans performed on the x = 0.4 doped cobaltate and nickelate
(see Figure 5.11). Some spurious intensities are also present. The scans in-
tersecting with the spurion have therefore not been used for data evaluation.
Clearly, an anomalous phonon softening can be observed in the fitted phonon
dispersion. Rather than appearing at positions indicative for charge stripes
(indicated by black arrows), a softening is observable at ¢ = 0.5. In contrast,
the nickelate reference with robust diagonal CSO exhibits a phonon softening
at the position connected to the measured propagation vector. In fact, even
an upturn is observable for ( —0.5. Our resulting high-frequency 3; phonon
dispersion for different doping concentrations (x = 0, 1/3, 0.4, 0.5) are sum-
marized in Figure 5.12 for comparison. The data of the undoped compound
has also been shifted to higher energies (black dash-dotted line). In contrast to
the undoped Co?* compound the strontium doped samples within the CBCO
regime with incommensurate magnetism all show a substantial softening of the
topmost CoO bond-stretching phonon dispersion towards the zone boundary
(¢ = 0.5). Clearly, no dependence between the phonon softening propagation
vector and the incommensurability that could be attributed to CSO can be
observed. Our results perfectly agree with the scenario obtained from elastic
neutron and X-ray diffraction. The anomalous phonon softening at the zone
boundary, that is present in the whole doping range 1/3 < x < 1/2, is consis-
tent with a robust CBCO persisting at least down to strontium concentrations
where the HTT to LTO phase transition is present. This raises the question
whether the CBCO and LTO phases are competing ordering phenomena or if
they can coexist.

5.5 Magnetic Excitations

We studied the magnetic excitations in the cobaltates on samples with strontium
doping x = 1/3 and x = 0.4. The magnetic excitation spectra of Laj ¢Srg.4CoOy4
and the reference sample La; 55rg. 5CoO4 are presented in Figure 5.13. Neutron-
scattering intensities determined from different constant-energy scans have been
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Figure 5.10: Inelastic neutron scattering study for high-frequency »; CoO bond-
stretching phonon modes measured at 1.5 K at the IN8. Left: Constant Q-scans
for Laj 6Srg.4CoO4 measured at (3-q 3-q 0). Data has been shifted vertically
and colored lines correspond to Gaussian fits to the data. Right: Constant Q-
scans for the reference sample Laj 6Srg 4NiO4 measured at (3+q 3+q 0). Data
has been shifted vertically and colored lines correspond to Gaussian fits with a
sloped background to the data. Dotted lines are guides to the eye.
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Figure 5.11: Inelastic neutron scattering intensity maps of the 3; CoO bond-
stretching phonon modes have been generated from constant Q-scans by in-
terpolation. Left: The phonon dispersion for Laj gSrg.4CoO4 according to
Gaussian fits is indicated. Right: Phonon dispersion in the reference sample

Laj ¢Srg.4NiO4 for comparison.
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Figure 5.12: High-frequency ¥; CoO bond-stretching phonon modes in
Las_,Sr,CoQy4 for different sample compositions measured at 1.5 K at the INS8.
For better comparison the dispersion for x = 0 has also been shifted (cyan cir-
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arrow.
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scaled with energy to counter the decreasing scattering cross section. Diagonal
scans across (1/2 1/2 0) -Figure 5.13 right and (3/2 1/2 0) -Figure 5.13 left
are indicated by circle symbols. To reach the energies 15meV - 20meV in the
scans on Laj gSrg4CoQOy4 the final energy was changed to ky = 4.1 A. A scan
at 12.5meV was performed with both k; to rescale the intensities. Square
symbols correspond to (H 0.5 0) scans plotted as a function of H-1 and H for
x = 0.4 and x = 0.5, respectively. Intensity maps in Figure 5.14 are plotted
as a function of Q and energy transfer through (3/2 1/2 0) from scans in [1
0 0] direction (upper panels) and [1 1 0] direction (lower panels). Circle and
square symbols correspond to peak positions determined by Gaussian fits to the
constant-energy scans in Figure 5.13. In Laj gSrg.4CoQ, all basic features of an
hourglass magnetic spectrum can be observed. That is, an inwards-dispersion
of low-energy branches towards the planar AF wave vector while the outward-
dispersing branches are suppressed, an increased intensity at the merging around
~20meV and an outward dispersion of the high energy branches. Note that the
high-energy magnetic excitations in our x = 0.4 doped sample resemble on the
isotropic high-energy excitations that wave been reported for Laj gSrg.04CuOy4
[252]. A constant-Q scan in Figure 5.15 left, performed at @ =(3/2 1/2 0), shows
the energy dependence of the magnetic scattering from a different perspective.
At the magnon-merging point an increase of intensity is clearly observable.

To elucidate the low energy dispersion we have studied the magnetic excita-
tions at the cold triple-axis spectrometer 4F.2. In Figure 5.15 right a constant
Q-scan at an incommensurate magnetic peak position (1/2-¢/2 1/2+€/2 0) mea-
sured at ~10K is shown. The scan indicates the possible presence of a gap in
the spin excitation spectrum which is about 1.8 meV wide. Apparently the
suppression of inelastic magnetic intensities below this possible gap is not fully
complete. An intrinsic peak width of the magnetic modes that arises from
short-lived damped magnetic excitations could be the reason. Those damped
excitations are probably induced by the high degree of disorder resulting from
a random doping of electrons into the ideal CBCO matrix. The vicinity of our
x = 0.4 Sr-doped sample to the half-doped parent compound La; 5Srg 5CoQOy4
suggests a similar origin of the gap which was reported to result from a single
ion or small exchange anisotropy within the ab plane [253].

During our studies on the magnetic excitations in Las,35r;,3C00, we sur-
prisingly observed a so far unknown high-energy magnon band above the entire
classical hourglass dispersion (see Figure 5.16 and Figure 5.17). Constant-Q
scans at the planar AF wave vector have been measured with polarized neu-
trons (see Figure 5.16 (a)). The three directions used for longitudinal polariza-
tion analysis are: x = polarization along the scattering vector Q, y = in plane
but L@ and z = | scattering plane and J.Cj. In-plane polarized excitations that
can be detected in the Spin-Flip (SF) channel ||z emerge at the “neck” of the
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Figure 5.13: Energy dependence of the magnetic excitations measured at ~10 K
with INS. Intensities measured for left: ACK305-La ¢Srg.4CoQ4 and right: the
reference sample ACK184-La, 55r9.5Co04 at the 2T1 spectrometer. Scans have
been shifted vertically according the colored horizontal markings. For both
samples the three high energy scans (square symbols) have a different direction
than the low energy scans (circle symbols). Solid lines are symmetric Gaussian
fits to the data.
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Figure 5.14: Energy dependence of the magnetic excitations measured at ~10 K
with INS. Colored intensities maps for left: ACK305-Laj ¢Srg.4CoOy4 and right:
ACK184-Laj 5Srg.5Co0O4 have been generated by interpolation between the
scans presented in Figure 5.13. Peak positions obtained from symmetric Gaus-
sian fits to the 2T1 data have been included (circle symbols). Dashed lines are
guides to the eye.
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Figure 5.15: INS scans for ACK305-Laj ¢Srg.4Co0O,4 Left: Constant-Q scan at
(3/2 1/2 0) measured at the 2T1. Right: Spin gap measured in a constant-Q
scan at (1/2-€ 1/2+€ 0) at ®10K at the 4F.2 (blue circles). For comparison the
background has been measured at (0.9 0.1 0) (red circles).

hourglass (red data points). The additional excitation mode appears in the SF
channel ||y, indicating the out-of-plane character of these high energy excitations
(blue data points). For comparison, also the results of unpolarized neutron scat-
tering experiments of Las,35r; ;3C00,4 measured at the IN8 spectrometer (dark
cyan data points) and LagCoO, taken from Ref. [254] (dark yellow data points)
are shown. As can be seen, the small additional 20 meV feature belongs to a
phonon whereas the increase of intensity at the neck of the hour glass is located
around 15meV which is close to the in-plane anisotropy gap of LasCoQOy4. Due
to polarization analysis we can confirm that this additional high-energy mode
is magnetic in origin. The significance of this observations is underlined by the
fact that this is the first report of an additional separated high-energy magnon
band which is present completely above an entire hour-glass dispersion. Gener-
ally one would expect optical modes in a magnon dispersion without hour-glass
shape or that the optical magnon mode merges with the low-energy dispersion.
In the second case both together are forming the hour-glass-shaped dispersion
[178, 253, 255].

For our Lay gSrg.4Co0O4 sample we similarly find an additional high-energy
mode in a constant-Q scan at the planar AF wave vector (see Figure 5.16 (c)).
The plotted scan was measured with neutron polarization parallel to the scat-
tering vector, i.e. in the channel SF,, with x || Q. In this channel both contri-
butions, in plane and out of plane, can be detected simultaneously. In contrast,
the SF,, channel measured on the x = 1/3 doped sample exhibits no upturn
at high energies as it is only sensitive to in plane excitations. With our po-
larized neutron measurements we can uncover the interesting nature of these
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Figure 5.16: Polarization analysis of the spin excitations in Lag/35r1,3C004
measured at the IN22. (polarization directions defined in the text.) (a)
Constant-Q scans at (3/2 1/2 0). For comparison, unpolarized INS data of
Lag 311 ;3C004 measured at the IN8 (dark cyan data points) and LasCoOy4
taken from Ref. [254] (dark yellow data points) are included. (b) Low-energy
excitations at (1/2-€¢/2 1/2+€/2 0) measured at the IN12. (c¢) Comparison of
the SF,, channel in (a) with the data obtained for Laj ¢Srg.4Co0O,4. (d) Con-
stant energy scan at 29 meV to demonstrate the magnetic contribution to the
constant-energy map of the outward dispersing branches shown in the inset.
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magnetic excitations: while all low-energy spin excitations that belong to the
classical hour-glass dispersion are mostly in-plane excitations, the newly dis-
covered high-energy magnon mode consists of out-of-plane excitations. The
in-plane nature of the low-energy excitations can also be observed in Figure
5.16 (b). Because no out-of-plane contribution is present at these energies (only
background intensity in the SF,, channel) the intensity measured in the SF.,
channel resembles the one measured in the SF,, channel.

Taking only the low-energy excitations below the merging point in Las 351 /3-
CoQy4 into account, they apparently resemble on the excitations of the half
doped cobaltate Laj 55r95C0o0y4. Similarly, the high-energy excitations above
the merging point including the additional out-of-plane high-energy mode re-
semble on the excitations of the undoped parent compound LayCoO,4. These
observations suggest, that the observed dispersion is not a single dispersion, but
instead consists of two dispersions with distinct origin. While the low-energy
dispersion arises from magnetic excitations of hole-doped regions which are gov-
erned by frustration and exhibit a chiral or non-collinear magnetic phase, the
high-energy part can be attributed to magnetic excitations in undoped islands
and therefore strongly resembles on the dispersion of the undoped parent com-
pound LasCoOy4 which exhibits a spin gap and a similar additional high-energy
magnon mode.

An enhanced intensity at the magnon merging point or the neck of the hour-
glass can be traced with constant-Q scans at the planar AF wave vector. The
energy dependence of the intensity in Las/35r; ;3C004 is surprisingly similar to
the one observed in LagCoOy4 (dark yellow dots in Figure 5.16 (a)). This points
to a related origin of the merging energy in the x = 1/3 doped sample and the
spin gap in the undoped parent compound.

Compared to the dispersion for pure Lay;CoQOy, the high-energy part of the
hour-glass-shaped dispersion in Las/35r;/3C004 does not exceed to that high
energies. Taking into account the structural changes and the amount of disorder
in the charge sector with extremely short-ranged LasCoQy4-like correlations that
are induced by strontium doping, some deviations can be expected. On the other
hand, the difference in the peak energy clearly proves that our sample is not
simply subject to a conventional macroscopic phase separation.

For the outward dispersing branches above the neck of the hour-glass also
in-plane excitations can be detected in the SF channel ||z (see Figure 5.16 (d)).
The inset shows the corresponding scan in reciprocal space within a 29 meV
constant-energy map. Our findings are underlined by the polarized neutron
study. The discovered high-energy magnon mode clearly belongs to an out-of-
plane excitation while the outward dispersing contributions above the magnon
merging energy are mostly in-plane excitations. Both fully compatible with the
excitation spectrum reported for LasCoOy4 [254]. Regarding Figure 5.16 (c) we
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Figure 5.17: Comparison of the high-energy magnetic intensities for different
Sr-doping measured at the IN8 spectrometer on the samples ACK183 (x = 1/3)
and ACK343 (x = 0.4). Intensities have been normalized to the phonon peak
intensity (black arrow). In the lower part the corresponding elastic incommen-
surate peaks can be found.
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find a qualitatively similar energy scan at the planar AF wave vector for the x
= 0.4 doped sample. This perfectly agrees with our scenario in which the spin
gap within the undoped islands is responsible for the increased intensity at the
magnon merging point. The spin gap energy can be expected to be much less
doping dependent than the (low-energy) dispersion which starts from different
incommensurate magnetic peak positions in samples with different doping con-
centration. The fact that the intensity of the additional high energy mode is
strongest for low Sr-doping (see Figure 5.14) where larger undoped regimes can
be expected further corroborates our scenario.

5.6 Discussion

Incommensurate magnetic order in the system Las_,Sr,CoO4 was recently re-
vealed with neutron scattering [140]. The ongoing discussion about the role of
fluctuating charge stripes in the isostructural high temperature superconducting
cuprates (HT'SC) and the evidence of stable CSO in nickelates Lag_, Sr,NiOy4
[225] readily led to the belief that CSO is also responsible for the observed
magnetic order in cobaltates. Consequently, a broad magnetic intensity with
multi-peak character was interpreted as evidence for stripe phases [140]. It is
widely believed that electrons freeze out in a complex “stripe” pattern” [180]
and “magnetic dynamics can conclusively be ascribed to stripes” [181].

With our comprehensive search for charge correlations in Lay_,Sr, CoO4 we
were finally able to show that CSO is absent in the whole doping range 1/3 <
x < 1/2. We also show that CBCO is stable over a much wider doping range
than previously thought (compare the phase diagram in Section 1.4).

The discovery of an hour-glass magnetic spectrum in Las /3511 /3C004 [181]
together with the assumption of CSO led to misinterpretations on the conse-
quences for the HTSC. It was argued recently, that the absence of any gap in
the hour-glass-shaped excitations of the cobaltates with static CSO and the
presence of a gap in the excitations of the HTSC cuprates suggests a “collective
quantum melting of stripe-like electronic order” in the cuprates [180]. Also our
observation of an hour-glass magnetic excitation spectrum together with the in-
dication for a gap in our Laj Srg.4CoO4 and La5/3Sr1/3COO4 samples suggests
that implications for the HTSC that have been proposed so far were based on
wrong assumptions.

Starting from our observations, a new model for the IC magnetic order
in cobaltates has to be developed which could also stimulate new theories for
the HTSC. A decisive hint can be found in Figure 5.18 and Figure 5.19: the
sharpest magnetic peaks can be observed in the optimum doped CBCO com-
pound Laj 55rg.5Co0,4. With decreasing strontium doping concentration a pro-
nounced broadening can be observed. Similar observations reported in [140]
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Figure 5.18: Doping dependence of the magnetic peak shape and the incom-
mensurability in Las_,Sr,CoO,4 determined with elastic neutron scattering at
the 3T1, 1T1 and IN8. Peak positions have been fitted with two symmetric
Lorentzian functions of equal width and a third Gaussian for the additional in-
tensity at the AF wave vector. Only one Lorentzian was used for the fit to the
x = 0.33 data.
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Figure 5.19: Dependence between the width and the incommensurability of the
magnetic intensities for different doping x in Las_,Sr,CoQ4. Data obtained
from the Lorentzian fits in Figure 5.18 and error bars are standard deviations.
The incommensurability has been shifted: Ae = e-1/4. The black line is a linear
fit to the data as a guide to the eye.
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Figure 5.20: Schematic drawing of the frustration scenario in Lag_,Sr,CoQOy.
Left: Ideal model of the CBCO and AF structure in the half doped parent
compound Laj 55rg.5Co04. Right: Sketch of the mechanism that induces frus-
tration in the under-doped cobaltates with 1/3 < x < 1/2 (see text). Electron
doping causes effective FM interactions (blue dotted/dashed lines) in the ideal
CBCO ordered antiferromagnet. Frustration can be released by a canting of
spins (directions are color coded). Graph taken from [256]

already led to an understanding that the strontium concentration x = 0.5 is
the most stable composition for charge and spin order in cobaltates but further
implications are missing. Obviously the peak broadening away from the half
doped composition is inconsistent with the assumption of a CSO scenario which
would imply the most stable stripe phase at a doping of x = 1/3, similar to the
nickelates and opposite to the observations in cobaltates.

In an alternative scenario with chiral or non-collinear magnetic order the
observed destabilization away from half doping can easily be understood as a
result of an increasing amount of frustration. A sketch of the ideal CBCO in
Laj 5519.5C0o04 can be found in Figure 5.20. The low temperature magnetic
order is antiferromagnetic, mediated via a next next nearest (nnn) neighbor
interaction J’. Strontium doping introduces additional electrons into the Co-O
layer resulting in the substitution of a Co?* for a nonmagnetic Co3* (see Figure
5.20). Therefore, each doped electron introduces a strong nearest neighbor AF
interaction J, like in the undoped parent compound. Due to J > J’ (with J =~
9.7meV and J' &~ 1.4meV [253, 254]) the AF ordering of neighboring spins like
in the undoped parent compound is locally recovered. This induces a strong
frustration into the CBCO AF-order where the nnn neighbor interaction across
a Co?* is now forced to be ferromagnetic (blue dotted/dashed lines in Figure
5.20 right). An expected consequence to release such a frustration is, that the
magnetic moments start twisting/spiraling. An alternative scenario of a spin
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density wave seems less likely in cobaltates with strongly localized electrons.

In this scenario the observed dependence between doping concentration and
incommensurability as well as the direction of the IC satellite reflections follow
naturally. Upon increasing electron doping more and more centers of frustra-
tion are introduced and consequently more spiraling occurs in order to release
frustration. In the tetragonal structure of the cobaltates these spiraling effects
may appear similarly in a and b directions. It was shown for the half doped
compound that it in fact contains two independent AF sublattices [253]. Both
sublattices are affected simultaneously by the electron doping and when aver-
aging over a sufficiently large distance, the total modulation along a and b will
be similar. The propagation then appears to be along the diagonal directions,
ie. [+1 +10].

Predictions of the magnetic excitations spectra that are based on spin-wave
theory for perfect stripes are not able to reproduce the observed hour-glass
intensity distribution nor the anomalous broadening [247]. With the introduc-
tion of quenched disorder in the charge sector which causes frustration in the
spin interactions it was finally possible to calculate an excitation spectrum that
exhibits the basic features of an hour-glass dispersion [247].

For the insulating spin glass phase of low doped Las_,Sr, CuO,4 which also
exhibits diagonal magnetic satellites and magnetic excitations with the char-
acteristics of an hour-glass spectrum [237] spiral spin correlations have been
proposed in Refs. [255, 257, 258]. This model also involves frustration which
arises from the doping of charges into the ideal AF order of the parent com-
pound LasCuQOy4 [255, 257, 258]. It could be that both isostructural systems
share a common mechanism in which frustration is generated by the doping of
additional charges (electrons for cuprates and holes for cobaltates) in interstitial
sites, resulting in a ferromagnetic exchange interaction inside the ideal AF spin
structures.
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Chapter 6

Appendix

6.1 List of Grown Single Crystals

| Name | composition | atmosphere | Lamp [W] | speed [22] |
YDO001 | Lag.7Sry; 3FeOy4 air 500 3.5
YDO002 Lao,gsrl,gFeOAL 4 bar 02 500 3.7
YDO010 | LaCaCoOy4 7.5 bar Oy 1000 1.6 +04
YDO027 | LaSrFeOy4 5bar Ar 1000 1.2+ 24
YDO028 Ndo_75SI‘1_25F€O4 9 bar 02 1000 3.2
YDO029 | Lag 7Baj 3FeOy 8 bar O, 1000 3.2+ 0.6
YDO037 | NaCaFeO4 9bar Oq 1000 2.5
YDO043 La1,67Ba0.33NiO4 4.5 bar 02 1000 3
YDO051 | LagNiOy4 2bar Ar 1000 3.6
YDO052 | BaxCoOy4 8 bar Oq 1000 2.2
YD053 | CoV30g 2.240.3bar Ar/O, 150 0.8
YDO061 | LaSrFeOy4 air flow 21/min 1000 4+1
YDO062 | LaSrFeOy4 air flow 21/min 1000 4+1
YDO063 | LaSrFeOy air flow 21/min 1000 4+1
YD064 | LaSrFeOy air flow 21/min 1000 441
YDO065 | LaSrFeOy4 air flow 21/min 1000 4+1
YDO066 | NdCaFeOy 4.5 bar Og 1000 254+ 0.5
YDO068 Lao,67Sr1,33FeO4 120 bar 02 3000 3
YDO069 Prl,gCao,yNiO4 8 bar 02 1000 1.5+ 0.5
YDO070 | Laj g7Sr0.33C004 | 5bar Ar, 50ml/min | 1000 24+ 0.5
YDO71 | Laj 7551rg.25C004 | 4bar Ny , 50ml/min | 1000 24 0.5

Table 6.1: List of single crystals grown by the author.
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6.2 List of Measured Crystals

Name

\ nominal Sr doping \ nominal co-doping ‘

ACK163
ACK354
ACK356
YDO071
YDO070
ACK312
ACK183
ACK315
ACK317
ACK318
ACK305
ACK343
ACK353
ACK184
ACK308
ACK349
ACK316
ACK157
ACK381
71091
ACK342
ACK346
ACK370
ACK344

0

0

0
0.25
0.33
0.33
0.33
0.33
0.36
0.38
0.4
0.4
0.5
0.5
0.7
0.7
0.8
0.9

0.33

0.4

0.36 Ca
0.39 Ca
0.4 Nd
0.36 Ba

Table 6.2: Measured cobaltate samples with composition Lag_;_,Sr,Ln,CoOy4

with Ln = Nd, Ca, Ba.
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’ Name \ nominal Sr doping \ nominal co-doping ‘

YDO051 0

ACK270 | 0.15

ACK264 | 0.17

ACK265 | 0.18

ACK266 | 0.19

ACK268 | 0.2

ACK269 | 0.21

ACK273 | 0.22

ACK326 | 0.4

YD043 0 0.33 Ba

ACK271 | 0.15 0.39 Nd

ACK275 | 0.2 0.05 Fe

ACK274 | 0.15 0.005 Zn

ACK359 | 0.17 0.005 Zn

ACK360 | 0.18 0.005 Zn

ACK387 | 0.19 0.005 Zn

ACK393 | 0.2 0.005 Zn

ACK324 | 0.16 0.005 Zn

ACK390 | 0.105 0.005 Zn

ACK320 | 0.26 0.05 Ti

ACK272 | 0.26 0.05 Ti

ACK322 | 0.33 0.08 Ti
Table 6.3: Measured  nickelate  samples  with  composition

Lag_g—ySrzLnyNi;_ Me,O4 with Ln = Nd, Ba and Me = Ti, Zn, and
Fe.
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’ Name \ nominal Sr doping ‘
YDO001 1.3
YDO002 1.2
YDO027 1
YDO062 1
YDO064 1
YDO065 1
YDO068 1.3
ACK195 | 1.1
ACK224 | 1.275
ACK276 | 1.24

Table 6.4: Measured iron oxide samples with composition Lag_,Sr,FeOy
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6.3 List of TG Results in the Cobaltates

’ Name \ Sr doping \ Oxygen content ‘
ACK356 | 0 4.080(10)
YDO071 0.25 4.006(11)
YDO70 0.33 3.992(10)
ACK315 | 0.333 4.048(10)
ACK317 | 0.36 4.009(10)
ACK318 | 0.38 3.999(21)
ACK343 | 0.4 3.997(14)
ACK305 | 0.4 4.025(10)
ACK353 | 0.5 4.022(13)
ACK308 | 0.7 4.003(12)
ACK316 | 0.8 3.970(10)
ACK157 | 0.9 4.015(10)
ACK354 | 0 4.080(10)
ACK163 | 0 4.06(2)
ACK356 | 0 4.11(2)
ACK183 | 0.333 4.06(2)
Z1.091 0.333 4.07(2)
ACK312 | 0.33 4.06(2)
ACK305 | 0.4 4.08(2)
ACK184 | 0.5 4.01(2)
ACK349 | 0.7 4.00(2)
ACK381 | 1 3.99(2)

Table 6.5: Oxygen content in the cobaltates determined with TG. Data in the
upper part of the table has been measured on bulk crystals of about 80 mg and
data in the lower part has been measured on samples that have been crushed
to smaller crystallites prior to the TG measurement.
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6.4 Additional Neutron Data in the Nickelates
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Figure 6.1: Diagonal constant energy scans probing the magnetic dispersion of
ACK271 and ACK271.
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Figure 6.2: Comparison of the 2meV and 14meV constant low energy
scans in (H 1-H 0) direction through (0.5 0.5 0) of sample ACK324 -
Laj 85510.15Ni1—yZn, Oy
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[QH [QK [EN [SF [NSF |
2.05 | 1.05 | 24 | 6(2.4)
22 |12 |24 |5(22)
2.35 | 1.35 | 24 | 4(2.0)
25 |15 |24 |12(35) | 60(13)
)
)
)

2.65 | 1.65 | 24 | 9(3.0
22 | 1.2 |26 |4(14
23 |13 |26 |3(1.2
24 |14 |26 |11(23) | 28.5(6.5)
25 |15 |26 | 7(1.9) 16.5(5.0)
26 | 1.6 |26 | 10.5(2.3) | 40.5(7.8)
245 | 145 | 25 | 13(2.5) | 30(6.7

)
122702238 |155(28) | 27(6.4)
25 |05 |20 |12(35) | 21(7.9)
23 103 |24 |5(22) 18(7.3)
25 |05 |24 |15(3.9) | 12(6.0)
27 |07 |24 |7(26) 9(5.2)
29 (09 |24 |00 18(7.3)
21 |01 |24 |5(2.2) 21(7.9)
21 |01 | 225 | 3(1.7) 9(5.2)
23 |03 | 225 13(3.6) | 33(9.9)
25 |05 | 225 |11(3.3) | 21(7.9)
27 |07 | 225 | 5(22) 33(9.9)

Table 6.6: ACK324 - Polarized neutron measurement at different Q points for
comparison with the IN8-flatcone data normatized for a monitor of 1500



6.4. Additional Neutron Data in the Nickelates 163

T T T T T T T 120 T T T T T T T
120}ACK390 1 ACK390
20 meV NSF 100} 25 meV NSF l ]
100} ]
M ER IR H W} |
Fel i pe Al
2w AT E S
RIS IR B |
< oy
= 20} % ] = 20} % .
12 13 14 15 16 17 18 0121314 15 16 17 18
K [r.lu] K [r.lu]
801 ACK390 1 80 Ack390
70} 30 meV NSF 1 70t 35 meV NSF
— 60+ l . 60+
b=} S
o) - 4 O L
i A1 g |
s dmlsh 1Ed Ml Tt
@ 30} 1 @ 30} ]
o i Ty
£ 20¢ i E 20¢ % ]
10F % % 10}
ok ol
12 13 14 15 16 17 18 12 13 14 15 16 17 18
K [r.lu] K [r.l.u]
70 T T T T T T T T T 80 T T T T T T T T T
65F ACK390 30 meV ] 13F ACK390 35 meV 1
28: ] 65F . SF ]
T 50 - NSF = 80F . NsF ]
: . B0t ]
£ 40¢ £ 151 1
=3 | =& ‘
> r > + ]
T 25f B 30 ]
& 20fF S 20: ]
€ 15¢ £ 18t ]
— 10t - 10t ]
; i |
1011121314151617181920 1011121314151617181920
(0.5K 0) [r.l.u] (0.5K 0) [r.l.u]

Figure 6.3: Diagonal constant energy scans of ACK324 in the NSF channel.
And vertical constant energy scans of ACK324 in the SF/NSF channel.
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6.5 Temperature Dependence of the Magnetic
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Figure 6.4: Temperature dependence
of the magnetic order in ACK312-
Laj ¢7Sr0.33C00,4 measured at the 1T1.
Left: Measured intensities of the (0.5
0.5 0) reflection are shifted along the
vertical axis. Solid lines are Gaussian
fits to the data. Right: Determination
of the magnetic transition temperature.
Horizontal line corresponds to zero in-
tensity. The diagonal line is a linear fit
to the data indicating a transition tem-
perature of Ty,qq = 127K.
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List of Abbreviations

e 10Dq: Crystal field splitting between e, and tg, orbitals
e AF': Antiferromagnet, antiferromagnetic

e CSO: Charge stripe order

e CBCO: Checkerboard charge order

e CGHE: Carrier gas hot extraction

e CO: Charge order

e CT: Charge transfer

e J: Oxygen content off stoichiometry

e ¢: The incommensurability is a component in the propagation vector of
a superstructure which is incommensurate with the crystal lattice (with

€ = €charge = 2€magnetic)-
e EDX: Energy dispersive spectroscopy
e E,.: Resonance energy - at T, spectral weight is shifted to E, in HTSC
e FM: Ferromagnet, ferromagnetic
e HTSC: High temperature superconductivity
e ICP-OES: Inductively coupled plasma atomic emission spectroscopy
e INS: Inelastic neutron scattering
e LSCo0O: Lanthanum strontium cobalt oxide
e LSCO: Lanthanum strontium copper oxide

e LSNO: Lanthanum strontium nickel oxide
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ny: Electron hole concentration

SC: Superconductivity

SO: Spin order

WDX: Wavelength dispersive spectroscopy
T.: Critical temperature in HTSC

TG: Thermogravimetry



Abstract

Single layered perovskites with the chemical formula Las_,Sr,TO, (T = tran-
sition metal) exhibit a variety of intriguing ordering phenomena. The most out-
standing is the occurrence of high temperature superconductivity in Las_,Sr, CuQOy,
which can be considered as the prototype system for the more complex cuprates.
Some cuprates show incommensurate static charge order at low temperatures
[38-40]. For others it is believed that charges are dynamically correlated [39,
147, 259]. Such effects are difficult to measure if the charges fluctuate.

In contrast to the cuprate Las_,Sr,CuQOy4 the isostructural nickelates and
cobaltates remain insulating over a wide doping range [112, 134, 135, 138]. While
incommensurate charge stripe order is long known for the nickelates, recently
also evidence for charge stripes in cobaltates has been published [174].

Single crystal rods, with ~10cm length and ~0.8 cm diameter, have been
grown by the traveling solvent floating zone technique using an optical four
mirror furnace. We investigated strontium doped nickelates in the range 0.15 <
x < 0.22. In addition, also co-doped nickelates have been investigated. A
large number of samples with different doping concentrations enabled us to
systematically characterize the sample properties. Powder X-ray diffraction
measurements were used to determine the lattice parameters. For the nickelates
we could confirm the doping dependence of the lattice constants reported in
literature [202].

The main interest for the cobaltate system was in the strontium doping
range 1/3 < x < 1/2. Tt was previously reported that the ab-lattice parameter
exhibits an anomalous peak around a Sr doping x ~ 1/3 [140]. We could not
confirm such an anomaly for our samples and, instead, we observe a strictly
monotonic doping dependence of the lattice parameters which we attribute to
the close to perfect stoichiometry of our samples.

Samples with the 214-layered perovskite structure can be synthesized over a
wide range of oxygen off-stoichiometry. However, the oxygen content can have
similarly strong influence on the sample properties as strontium doping. It is
therefore essential for data interpretation to determine the oxygen off stoichiom-
etry. EDX and WDX measurements were used to confirm the oxygen content
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in our nickelates to be nearly stoichiometric. The oxygen content determina-
tion of the cobaltates is somewhat more difficult. Thermogravimetry measure-
ments in a flow of Ar/Hy confirmed a nearly stoichiometric oxygen content ¢ in
Lag_,Sr;Co0y4y s for all samples.

We used neutron diffraction measurements to determine the magnetic order
in our nickelate samples. In stripe ordered nickelates a small titanium co-doping
of the order of 5% is suficcient to supress the incommensurate magnetism and
restore antiferromagnetic order. Within the series of zinc co-doped nickelates
three samples exhibit an incommensurability € ~ 1/8, indicating the stabiliza-
tion of an intermediate stripe pattern with an eightfold unit cell. Compared to
the € ~ 1/3 regime the correlation length is greatly reduced.

The magnon dispersion of two samples within the intermediate stripe phases
with € = 1/8 and € = 1/4 has been measured with neutron spectroscopy. The
observed dispersion neither resembles the one in the undoped nor the 1/3 stron-
tium doped samples. Despite the amount of disorder in our co-doped nickelate
materials there are no clear signs for the emergence of hourglass spectra which
is most likely caused by a strong exchange interaction across the holes.

We investigated the charge and magnetic order in the incommensurate regime
of Las_,Sr,CoO4 with doping 0.33 < = < 0.5 by elastic neutron scattering and
hard X-ray synchrotron measurements. In contrast to the established opinion
that this phase is characterized by charge stripe order we were able to show that
no charge stripes are present. Instead we found that checkerboard charge order,
which is most stable at x = 1/2, persists to a much lower doping than previously
thought. The absence of charge stripes is also in agreement with the dispersion
of the top most Co-O bond stretching phonon mode. Charge order can induce
an anomaly in this branch according to the modulation vector ¢. We observed
a softening at ¢ = (1/2 1/2 0), which is consistent with our expectations for a
checkerboard charge ordered phase.

Inelastic neutron measurements revealed an additional high energy part of
the hourglass dispersion which has not been reported so far. The entire low-
energy spin excitations that belong to the classical hour-glass dispersion are
mostly in-plane excitations, the newly discovered high-energy magnon mode
arises from out-of-plane excitations. The resemblance between the low energy
excitations below the neck of the hourglass with the excitations in La 551¢.5CoOy4
and similarly between the high energy excitations with those observed in LasCo-
04 suggests that the observed dispersion is not a single dispersion, but instead
consists of two dispersions with distinct origin. In this model the low-energy
dispersion arises mainly from magnetic excitations of hole doped regions and
the high-energy part would be connected to magnetic excitations within the
undoped islands.

The absence of charge stripe order in the insulating cobaltates in combina-
tion with an unmagnetic low spin state for Co requires a different explanation
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for the presence of incommensurate magnetic order. We propose a picture on
the basis of the ideal checkerboard charge order of the half doped reference
system. Decreasing the strontium concentration requires the replacement of
Cot3 by Cot2, effectively resulting in the competition between the antiferro-
magnetic order of the undoped and the antiferromagnetic order of the half doped
compound. The induced frustration can be released by a twisting of magnetic
moments away from their antiferromagnetic orientation, ultimately leading to
the observed incommensurate magnetic order.
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