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1. Introduction

Doped 3d transition metal oxides with a single-layered perovskite structure of the KoNiF,
type [2] have attracted much attention not only since the discovery of high-temperature
superconductivity by Bednorz and Miiller in 1986 [3| but also due to a variety of un-
usual ordering phenomena. Examples are the periodical modulation of antiferromag-
netically coupled spins and charges, e.g. stripe-like order in cuprates [4] and nickelates
[5], the CE-ordered phase in manganites [6], and the checkerboard-like charge order in
the half-doped compounds [7-9]. In these systems with strongly-correlated electrons,
the analysis of the interplay between lattice, spin, and charge degrees of freedom gives
an insight to the outstanding physical phenomena of this material class. In general,
the complexity of the phase diagram hinders this analysis. However, there are generic
properties in the family of single-layered perovskites. In the layered transition metal ox-
ides LagMOyy5 (M = Co, Ni, Cu), MOg¢ octahedra-tilt distortions, charge-segregation
instabilities, three-dimensional Néel states, spin-glass phases, and metal-insulator tran-
sitions appear depending on the chemical composition and can be modeled with a small
set of microscopic parameters. The substitution of threevalent ions by divalent ions in-
duces chemical pressure, alters the electronic bandwidth, and leads to a mixed-valence
transition-metal system.

Starting from the high-temperature tetragonal (HTT) structure of the ideal single-
layered perovskite with KoNiF4-type structure, the systems LagMOy4ys (M = Co, Ni,
Cu) exhibit M Og octahedra tilt instabilities resulting in low-temperature orthorhombic
(LTO) and low-temperature tetragonal (LTT) phases. These instabilities are induced
by a so-called bond-length mismatch depending on the relative radii of the cations [10].
The phase transition into the LT O phase has been characterized as a classical soft-mode
phase transition using a two-component order parameter. Long-range antiferromagnetic
order on a square lattice can be realized by a finite M Os interlayer coupling or an Ising-
type anisotropy [11]. Assuming high-spin states due to the small crystal-field splitting in
comparison to intra-atomic Hunds rule coupling, the total spin increases with decreasing
ionic radius from Cu?t 3d? S = 1/2 to Ni?T 3d® S = 1 and Co?* 3d” S = 3/2. Magnetic
moments lie within the M O4 layers, parallel to the orthorhombic tilt axis for LasCuQOy4 or
perpendicular for LagNiO4 and LagsCoOy4. The magnetic propagation vector is defined by
the spin arrangement of adjacent MO layers. While long-range order in the 2D S=1/2
Heisenberg model system LaoCuQy is stabilized through a finite interlayer coupling, the
long-range order in LagNiO4 and LasCoQy is at finite temperatures described through
an Ising-type anisotropy. Since in a body-centered structure every spin is symmetrically



1. Introduction

surrounded by two equivalent spin pairs in adjacent layers, the interlayer coupling is
frustrated. Considering the Zaanen-Sawatzky-Allen [12]| scheme, the systems are located
in the charge-transfer regime [13, 14]. Hole doping with earth-alkaline ions on A sites in
the As BX, structure or interstitial incorporated excess oxygen removes electrons from
the 2p band, destroys the three-dimensional antiferromagnetic ordering, and reduces
the bond-length mismatch. Doping-induced charge carriers exhibit an instability to a
spatially modulated charge density, forming so-called stripes, where spin moments are
ordered antiferromagnetically across a stripe. Stripe instabilities are well studied in
cuprates and nickelates, while they are not yet investigated in cobaltates. A comparative
study of these model systems is important to unfold the relevant microscopic mechanisms
for spin-glass behavior, charge and spin segregation, and at last, for high-temperature
superconductivity. However, the sample quality, the homogeneity range in the phase
diagram, and the availability of large samples are often limiting factors. Fortunately, solid
solutions of doped single-layered cobaltates Lag_,Sr;CoOy are stable between (0 < z <
2) using a variety of preparation methods [15-26|. In single-layered cobaltates interesting
physics arises especially from the magnetic degree of freedom, since the Co®* ion can be
found in different spin states depending on the doping level and the temperature. The
analysis of structural changes, spin-, and charge-ordering phenomena in doped single-
layered cobaltates gives insight in this additional degree of freedom.

The major part of this thesis is devoted to the detailed analysis of structural insta-
bilities, charge order, and magnetic coupling schemes in Las_,Sr,CoO4 by means of
x-ray diffraction and neutron scattering. As mentioned above, Las_,Sr,CoQOy4 is less
studied in the literature in comparison to Lay_,;Sr,CuO4 (LSCuO) and Lag_,Sr;NiOy
(LSNiO). The parent compound LasCoQOy is a long-range ordered antiferromagnet with
a Neel-temperature of Ty = 275 K in the LTO distorted phase [11]. Nearest neighbors
of Co®* spins are coupled antiferromagnetically and the spin arrangement is similar to
LagNiOy in the LTO phase. Hole doping with Sr suppresses long-range magnetic order
[27] and lifts the orthorhombic distortion [28|. At half doping x = 0.5 with the nominal
Co-valence v = 2 + = 2.5, and thus an equal ratio of Co?>* and Co®* ions, short-
range charge and spin order with transition temperatures 7., and T,, respectively, have
been found |7, 8]. The large difference in the transition temperatures Ty, < T, was
attributed to the decoupling of both phenomena. A Co?* spin frustration was proposed
by an equal strength of two-dimensional antiferromagnetic coupling between nearest and
next-nearest neighbors of Co?* ions. A detailed analysis of the magnetic coupling scheme
has not been reported in literature up to now. Non-magnetic Co®* ions were proposed
to bridge between magnetic Co?* ions, providing an effective antiferromagnetic coupling.
While a Co*™ high-spin state 3 e2 (S = 3/2) is stabilized due to Hunds rule coupling
[11], the influence of the Co3*t spin degree of freedom in the whole series is discussed
controversially in the literature [18, 27, 29-31]. The possibility of a Co3T spin-state
transition is well known from the three-dimensional analogue ACoQOg3. Susceptibility and
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thermal expansion measurements [32] of LaCoO3 indicate a thermally driven transition
from a non-magnetic insulator with Co®* in the low-spin state (tggeg, S =0) to a para-
gge;, S = 1) or high-spin state
(t‘zlgeg, S = 2). Whether the intermediate-spin state or high-spin state is realized is
still discussed controversially [33-36]. Unlike the high-spin state, the intermediate-spin
state with partially filled e, orbitals is Jahn-Teller active [37], which motivates detailed
structural investigations.

The present thesis is organized as follows: In Chapter 2, a brief introduction to the
physical properties of Lag_,Sr,CoO4 and related systems is given. Chapter 3 introduces
the experimental setup. In Chapter 4 the structural aspects of Las_,Sr,CoQy, the bond-
lengths anisotropies, and phase instabilities are discussed. The results are analyzed in the
terms of steric ionic-radii effects, hole doping, and a possible Co3t spin-state transition.
In Chapter 5 we discuss the charge ordering in the system near half doping determined
by neutron single-crystal diffraction. In Chapter 6, static and dynamic spin correlations
and their coupling to lattice degrees of freedom are discussed for several doping levels.
An antiferromagnetic coupling scheme is developed and compared to the closely related
cuprates and nickelates. In Chapter 7, the findings are summarized in a new phase
diagram of the single-layered cobaltate and a Co3*t spin-state transition from the high-
spin to the low-spin state is proposed.

magnetic insulator with Co3* in the intermediate-spin (t

11
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2. LaSryCo0O4 and Related Systems

This chapter includes the basic physical properties of Las_,Sr,CoO,4 and of chemically,
structurally, magnetically, and electronically closely related systems. The structural dis-
tortions and doping dependence of the atomic parameters in this single-layered perovskite
system can be related to those in the well investigated non-layered perovskite. Therefore,
we will introduce these distortions briefly and discuss their relation to the symmetry re-
duction in the Ruddlesden-Popper series. Offstoichiometry, due to the incorporation of
excess oxygen in the sample, has a great influence on the structural and magnetic prop-
erties and will be compared with the isostructural Las_,Sr,CuO4 and Lag_,;Sr;NiOy4
system. Investigations on charge order and spin correlations in Lag_,Sr;CoOy4 will be
presented below.

2.1. Basic Structural Aspects and Distortions in Layered
and Non-Layered Perovskites

Lag_,Sr;CoQOy4 exhibits a KoNiFy-type single-layered perovskite structure. First, the
basic perovskite has to be examined. In addition to a great number of high-temperature
superconductors, a variety of other transition metal oxides can structurally be ascribed to
the perovskite-type [38]. Due to the relative small set of structural degrees of freedom,
the perovskite system is an ideal model to study the influence of chemical pressure,
charge carrier doping, and temperature on the physical properties. Within a purely ionic
picture, the ideal perovskite structure has the sum formula AB X3, where A and B are
cations and X are anions. B cations are coordinated by six X anions, forming a net
corner-sharing octahedron. A cations complete the resulting interstices (see Fig. 2.1)
and are twelvefold coordinated by X. With perfect close packing, the ideal perovskite
structure exhibits cubic symmetry (Pm3m space group No. 221); a close-packed stacking
of rigid spheres accords to the three-dimensional arrangement with the highest density.

Distortions, which are induced by the tilt and rotation of BXg octahedra or by a
cooperative change of the intraoctahedral BX bond lengths, are common in perovskite
systems. For example, GdFeOs-type distortions [39, 40| and Jahn-Teller distortions
[41, 42] accompanied by an orbital order-disorder transition [43, 44] reduce the lattice
symmetry. A classification of the group-subgroup connections caused by rotation and tilts
of the octahedra is described by Megaw [45]|, Glazer [46, 47|, and Woodward [48, 49].
Through the corner-sharing connection of BXg octahedra in three dimensions, the tilt of

13



2. Lag.SryCoOy4 and Related Systems

Figure 2.1.: Cubic unit cell of the ideal per-
ovskite structure ABXs with corner-sharing
BXg-octahedra (space group Pm3m No. 221).
The bond length AX is by a factor /2 larger
than the bond length BX for the perfect close-
packed stacking.

one octahedron can determine the distortion pattern of the whole octahedra arrangement.
In general, the octahedral tilt and rotational degrees of freedom are strongly reduced in
the three-dimensional network of nearly undistorted rigid octahedra [48|. In perovskites,
23 so-called Glazer tilt systems describing octahedra tilting modes exist.

To structurally separate the electronically or magnetically induced distortions of the
ideal perovskite structure, the mismatch of ionic radii for close-packed stacking is a good
starting point. An empirical prediction of the occurring strains and resulting distortions
on the basis of ionic radii is included in the Goldschmidt tolerance factor ¢ [50], defined
by:

rAtrx

N V2(rp +7rx)

The bond length (r4 + rx) of cation A with ionic radius 4 has to be V2 times larger
than the bond length (rp + rx) of cation B with ionic radius rp to the anion X for the
ideal closed packing. A stable perovskite structure is limited to the values 0.78 < ¢t < 1.05
[51]. For 0.78 < t < 0.9 orthorhombic crystal symmetry and for 0.9 < ¢t < 1 rhombohedral
symmetry are favored [52]. Even though other structural distortions are neglected, a first
consideration of the distortion type and the constriction of the space group through the
Glazer classification is helpful for many compounds [53]. On the basis of the ionic radii
from Shannon [54], the tolerance factor for LaCoO3, with Co* in the high-spin state as
a lower limit, is ¢ = 0.97. The expected rhombohedral symmetry R3¢ with octahedra
tilt system a~a~a” was experimentally verified [55]. @ represents octahedral tilts of
equal magnitude around the cubic [100], [010], and [001] axis. The superscript denotes
the relative tilt of consecutive octahedra along one direction. Therefore, '—’ indicates
anticooperative tilts. In general, the so-called bond-length mismatch between A — X
and B — X bonds for a closed packed stacking of atoms in perovskites induces structural
strains. Those can be reduced by the tilt and rotation of BXg octahedra, by octahedron
distortions or by an instability to off-stoichiometry. The structural degrees of freedom
to lessen the internal strain in perovskites are constricted through the three-dimensional

(2.1)
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2.1. Basic Structural Aspects and Distortions in Layered and Non-Layered Perovskites

Figure 2.2.: Tetragonal unit cell of the ideal single-
layered perovskite structure A,;BX4 with corner-
sharing B Xg-octahedra in the ab-plane (space group
I4/mmm No. 139). Neighboring BXs-planes are
staggered by (3, 3, 1) through the body centering
and are separated by two AX planes. Within the
Ruddlesden-Popper series (AX)(ABX3), the single-
layered structure is classified by n = 1: ABX3-units
are separated by AX-interplanes.

interconnection of BXg octahedra.

Beside the rotation and the tilt of the BXg-octahedra, the lattice symmetry can be
lowered by a cooperative distortion of the octahedra induced by the Jahn-Teller effect
or spin-orbit coupling. According to the Jahn-Teller theorem, every non-linear molecule
with degenerate electronic ground state is unstable and lowers its free energy by a struc-
tural distortion to a system with lower symmetry and lifted degeneracy [56]. Since the
present work is restricted to the physics of transition metal oxides, the properties of d
electrons are discussed in the following. In the one-electron approximation the fivefold
degenerate electronic state of the free d ion is split into a doublet state e, and a triplet
state to, by the anisotropic crystal field of the six oxygen ions. The further splitting of
the energetically lower lying to,-multiplet by the shortening of the BOg-octahedra along
one direction by x results in a linear energy gain under preservation of the center of
gravity. Concurrently, the elastic energy increases quadratically with x, whereby a finite
structural distortion is always favored. All possible Jahn-Teller active modes for d ions
with different electronic configurations, derived from group theory, can be found in Ref.
[57]. The Co3* ion spin states crucially differ in the strength of possible Jahn-Teller
active modes. The Co®* intermediate-spin state is expected to mediate the strongest
Jahn-Teller distortion due to electronic energy gain in the eg-orbitals in comparison to
the t94-orbitals. This will be important for the doping dependence of Co-O bond lengths
discussed in Section 4.3.

The transition from the ideal perovskite structure ABX3 to the layered perovskite

15



2. Lag.SryCoOy4 and Related Systems

Apt1BnXsne1 = (AX)(ABX3), is classified in the Ruddlesden-Popper series [58, 59|
through the inclusion of AX interplanes between perovskite-like ABXs-units with a
thickness of n octahedra. For n = 1 a tetragonal crystal structure (space group 14/mmm
or Di}z No. 139) follows, the so-called single-layered perovskite, see Fig. 2.2. Corner-
sharing BXg octahedra form by (%, %, %) staggered planes, each separated by AX-
interplanes. The ideal perovskite is the upper limit of the Ruddlesden-Popper series with
n = oo. Through the reduced dimensionality of the transition metal compounds with
n < oo and the resulting anisotropy electronic correlations increase [60]. They are accom-
panied by unusual properties like high-temperature superconductivity [3, 61|, stripe-like
charge-order [4, 5, 62|, and interlayer spin frustration. Structurally, we may expand the
model of bond-length-mismatch induced structural strains to single-layered perovskites.
The number of structural degrees of freedom is increased due to the decoupling of B Xg
octahedra into two-dimensional layers. First, the system may reduce internal strains by
the variation of the ¢/a ratio, where a denotes an in-plane and ¢ an out-of-plane lattice
constant. This accounts for a shift of adjacent layers. Second, the system may reduce
the strain by tilt and rotational instabilities of the BXg octahedra. The different tilt ar-
rangements for single-layered perovskites depend on the in-plane corner-bonding. Third,
a BXg octahedron distortion may be induced, where the apical oxygen displacement in
both, an octahedra-tilted or not-tilted phase, reduces the strain. Fourth, the system may
allow the incorporation of excess anions X to minimize the strain. All four mechanisms
of strain reduction are present in single-layered perovskites.

2.1.1. Orthorhombic Distortion in Single-Layered Perovskites

All single-layered perovskite systems, Lag_,Sr, CoOy, Lag_,Sr;NiOy4, and Lag_,Sr, CuQOy,
exhibit structural distortions from the KsNiF4-type structure at low Sr doping levels
and sufficiently low temperatures. The undoped parent compound, LasCoQOy, of the
Lag_,Sr;CoOy system stabilizes a low-temperature orthorhombic (LTO) distorted (space
group Bmab', fully written B 2/m 2;/a 2/b or D8 No. 64) structure [64] already at room
temperature [11, 17, 22, 28, 65-69]. This distortion of the ideal single-layered structure
is induced by a tilt of the corner-sharing CoOg-octahedra along the [110]-direction of the
high-temperature tetragonal (HTT) unit cell (see Fig. 2.3). The rotations of adjacent
octahedra in the [110]-direction are antiferrodistortive. This tilt pattern is common for
undoped, single layered transition metal oxides like LagMO4 (M = Cu [70], Ni [71]),
where the phase transition from the HTT to LTO phase is of second order [72, 73|. How-
ever, a subtle monoclinic distortion due to the out-of-plane oxygen ions displacement
may be present for pure and lightly Sr doped samples [74].

!To keep in-plane and out-of-plane crystallographic axis systematic for LTT, LTO, and HTT phases,
Bmab is used for space group No. 64 instead of the standard setting C'mca. The often used standard
setting of the orthorhombic space group No. 64 with the lattice vectors a, Z;, and ¢ can be transformed
by the permutation acb of the lattice vectors [63].
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2.1. Basic Structural Aspects and Distortions in Layered and Non-Layered Perovskites

Figure 2.3.: Orthorhombic unit cell (space group
Bmab No. 64) of the crystal structure of
LayCoO4 at room temperature (atomic posi-
tions are taken from [65]) with figurative tilted
CoOg-octahedra in the b-direction (in I4/mmm-
notation the [110]-direction).

In the simple picture presented above, the origin of the CuOg-octahedra tilt distortions
in cuprates is attributed to a bond-length mismatch between La-O and Cu-O, needed
for quasi close-packed atoms in the ideal single-layered perovskite structure [10, 75]. On
the one hand, this approach neglects the additional structural degrees of freedom of the
layered perovskite system and gives only a qualitative understanding of the occurring
distortions. On the other hand, quantitative predictions are subtle in an ionic model. In
contrast to the ABX3 perovskites, there are no close-packed Ao Xy layers in A3 BXy [76].
Starting from the given A X3 perovskite building blocks, a closed As Xy layer would lead
to adjacent A atoms and therefore to a considerable electrostatic repulsion.

In the bond-valence sum approach only one equilibrium bond length exists for a given
pair of bonded atoms with regard to the coordination and valency. A deviation from
this bond length in a purely ionic model results in structural strain. Already in the
HTT phase, structural strain can be reduced by a Dy, distortion of the CuOg octahedra,
without tilt or rotational instabilities. Because of the different thermal expansion of
La-O and Cu-O bond lengths, the mismatch increases with decreasing temperature [77].
In comparison to three-dimensional perovskites, the octahedra-tilting angle cannot be
easily attributed to the bond-length mismatch accounting additional structural degrees
of freedom for the reduced dimensionality in single-layered perovskites. Through this,
both the Cu-O bond length anisotropy and the La-O coordination polyhedron, see Fig.
2.5, must be taken into account to describe the LTO phase instability.

The Ginzburg-Landau theory gives an insight into the observed structural instabilities
as a function of doping [78|, hydrostatic pressure 79|, and temperature. The order
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2. Lag.SryCoOy4 and Related Systems

Figure 2.4.: Scheme of the LTO distortion of
LasCo0Oy4. Corner sharing CoOg-octahedra are
Bmab tilted in the direction of the face diagonal of the
P HTT units cell in I4/mmm setting. The alter-
nating tilt direction leading to an antiferrodis-
tortive arrangement is represented by blue ar-
rows. An expected shortening of the orthorhom-
bic b-axis in Bmab setting is overcompensated
through the cooperative Dy, octahedron distor-
eO tion resulting in a < b < c.

9
[4/mmm

parameter Q for the orthorhombic distortion is composed of two components Q1 and Q2
representing the octahedra tilts in 1, 1, 0] and [1, 1, 0] direction of the HTT phase; for
cuprates, this method was developed by Axe et al. [80]. The expansion of the Ginzburg-
Landau free energy near the phase transition, in terms of the order parameter, can be
constructed in the form

5,
Fo=o(T - To)(Q1 +Q3) + 5 (@1 + Q)" + 1QIQ5 + .., (2:2)
where Ty denotes the transition temperature and «, 3, and v are temperature indepen-
dent constants |81, 82|. Considering the total elastic energy F, = ) 1/2¢;jmn; with
elastic constants ¢;; and the coupling of the lattice strains n; to the order parameter

given by

Fo=A1(Q7 + Q3)(m +m) + A3(QF + Q3)ns + As(QF — Q3)ms + ... (2.3)

with coupling constants A; and lattice strains 7;, one can calculate interrelations between
strains and the order parameter via a minimization of the total free energy. In particular,
ne = (a—b)/2aetr represents the orthorhombic shear strain. Therefore, the total Landau
free energy, calculated for the HTT/LTO states, is F' = Fg + Fe + F¢. [83]. The stress
free equilibrium state leads to

a—>b
2atetr
The transition from HTT with 1 = Q2 = 0 to LTO is characterized by Q1 = 0,

Q2 # 0. In Cu- and Ni-based single-layered perovskites a re-entrance of a tetragonal
phase at low temperatures (LTT) with P4y /nem symmetry ascribed to Q1 = Q2 # 0 was

o (QF — Q3). (2.4)
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2.1. Basic Structural Aspects and Distortions in Layered and Non-Layered Perovskites

Figure 2.5.: Anisotropic La?t-ion coordination in
LasCoO4 with Bmab notation at room temperature
(atomic positions are taken from [65]). The ninefold
coordination polyhedron is asymmetrically distorted
by the CoOg octahedra tilt and the shift of the La3*
ion from the symmetry position (0, 0, z) in the b-
direction. The number of distinguishable La-O bond
lengths is increased from 3 to 6 by the HTT-LTO
transition.

observed. The octahedral tilting angle is nearly constant across this first order phase tran-
sition and only the tilt direction changes discontinuously by 45 degrees. Group-subgroup
relations induced by octahedra tilt distortions in As BX, structures were investigated
[84-86]. The LTO-LTT transition in LagCoQOy is presumably caused by the re-entrance
of a tetragonal phase at T'= 132 K [11], but a detailed structural analysis is missing.

2.1.2. Alternative Layered Structure Types and Related Cobaltates

A comparison of structural and magnetic properties of the single-layered cobaltates with
other structurally related layered cobaltates provides valuable information about the
influence of dimensionality and coordination on the physical properties.

In general, the KoNiF,-type structure is not the only possible ionic arrangement for
a layered tetragonal oxide like in RoCuQOy4. The ionic radius of the rare earth ion R has
a critical influence towards different structural modifications [87, 88]. Depending on the
coordination polyhedra of the transition metal ion, or rather the oxygen arrangement in
the crystallographic cell, one can distinguish three basic tetragonal structures: a sixfold
coordination in the T, a pyramidal coordination in the T, and a fourfold square-planar
coordination in the 7" phases. This is of importance for the comparison of hole-doped
and electron-doped cuprates.

For A,4+1Co,X3,11, the crystal structure with n = 1 exists over a wide homogeneity
range for a variety of alkaline earth doping on the A-site with La, Sr, Ca, Ba, Nd,
Gd, Y [20, 26, 68, 89-92| and B-site co-doping with Ni, Ru, Cu [93-96]. Due to the
additional degrees of freedom, the Goldschmidt tolerance factor ¢ can only be limitedly
transferred to layered perovskites concerning the stability of the crystal structure; the
range of 0.85 <t < 1.02 is given in literature [97]. Also the existence of further members
of the Ruddlesden-Popper series for B = Co was reported in literature, e.g. n = 2 [9§|
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and n = 3[99]. A systematical comparison of the influence of chemical pressure, different
valencies, and the reduction of the number of AXs interlayers in the crystal structure
was not reported up to now.

As alternatives to the Ruddlesden-Popper series, a number of perovskite based cobal-
tate compounds with interesting magnetic coupling schemes and charge ordering phe-
nomena were synthesized. For example, BisSroCoOgys is the structural analogon of
the high-temperature superconductor BisSroCuQOgs. In comparison to the layered per-
ovskite system with n = 1, two additional BiOs layers are inserted between two adja-
cent SrOy layers [100, 101]. Due to the reduced Co-ion interlayer coupling, the evolu-
tion of ferromagnetism and antiferromagnetism in the system is interesting in the light
of the magnetic properties of Lag_,Sr,CoQOy, as discussed in Chap. 6. Oxygen de-
ficient perovskites-like LnBaCo20545 (Ln = lanthanoid) exhibit interesting electronic
and magnetic properties related to Co ions in pyramidal and octahedral oxygen coordi-
nation with respect to the spin degree of freedom [102-110]. Starting from the compound
LnBaCos0s5, the structure is based on corner-sharing CoOjs square pyramids. Additional
oxygen 0 is incorporated in Ln layers forming CoOg octahedra. Magnetic and transport
properties are driven by the mixed valence of cobalt ions (Co?T:Co3t or Co**:Co3*
depending on §) [111].

2.1.3. Intercalation of Excess Oxygen 4 in Lay,Sr,MQOg4 s

Excess oxygen in the single-layered perovskite structure has a great influence on the
structural, magnetic, and transport properties of the system, since the mobile hole con-
centration is varied and oxygen ions perturb the local crystal structure. The intercala-
tion of molecular oxygen in the crystal structure of the parent compound LasCoOyqs
[11, 65, 67, 112| and the strontium doped compounds [28, 113-116] is well-established
and must be taken into account using standard preparation techniques like the floating-
zone method. As observed from oxygen kinetics, the diffusion coefficient is anomalously
high and LagCoOy is not stable at ambient pressure at room temperature [66]. The
structural strains induced by a bond-length mismatch can be reduced through excess
oxygen incorporation on interstitial sites. Chemical inhomogeneities in Lag_,Sr,CoOys
are of particular importance for the synthesis and the sample characterization, when
taking this room-temperature topotactic oxidation found in LasCoQ, into account. An
early work reports on La deficient phases [117] for which we found no indications. The
orthorhombic splitting, c-axis length, and magnetic correlations strongly depend on the
dopant.

Due to the not completely characterized phase diagram of cobaltates, the discussion of
oxygen doping is restricted to cuprates and nickelates. Drastic changes of the structural,
physical, and chemical properties are observed in Lag_;Sr;NiO44 5 when adding two holes
per excess oxygen atom. Although the phase diagram of the oxygen-doped samples is
relatively complex with a set of miscibility gaps and oxygen-ordered phases in comparison
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to Sr doping [118|, some similarities can be identified. Long-range antiferromagnetic order
is suppressed and a spin-glass phase is induced [119, 120].

The orthorhombic strain e = (a—b)/(a+b) decreases with increasing hole concentration
p = = + 20 and vanishes around p = 0.12, where the HTT phase is stabilized. In
addition, the c-axis length depends only on p. Local perturbations induced by randomly
distributed ions of different ionic radii, as in the case of alkaline-earth substitution and the
disordered intercalation of excess oxygen, suggest the destruction of three-dimensional
cooperative MOg-octahedra tilting. In comparison to the substitution of alkaline-earth
ions, the interstitial oxygen ions are mobile and order for critical hole concentrations
[73, 121-124]. In the doping region (0.13 < z < 0.18), excess oxygen is incorporated
as an interstitial oxygen defect near (i i i,) in an orthorhombic Fmmm structure
[125]. The maximum amount of excess oxygen Omq, decreases if the strontium content
increases up to x = 0.3 [126]. In LayNiOy4, the Ni spins are aligned along the [100]
direction parallel to the antiferromagnetic propagation vector in Bmab setting. While
the antiferromagnetic structure of LasNiO44s with 6=0.067 remains identical to the
stoichiometric compound § = 0 [127], the Néel-temperature decreases upon doping ( for
x <0.06 and 6 = 0.06,0.074,0.105) [119-121].

LaoCuOy4 becomes superconducting not only by Sr or Ba doping but also by the in-
tercalation of excess oxygen [128]. As in LSNiO, the oxygen-doped LasCuOy exhibits
instabilities towards phase separation [129]. The dopant mobilities are expected to be
quite different in this layered perovskite: While Sr?>* ions are immobile in the solid solu-
tion, the excess oxygen dopants are mobile and can order for a critical §. Not minding
these differences, the magnetic excitations in the LasCuQOy4 based compounds appear to be
independent from the type of dopant, the crystallographic arrangement of the dopants,
and the extent of disorder in the crystal [130]. In cuprates, oxygen ions order in lay-
ers, the so-called staging behavior, which was verified via neutron diffraction [131, 132].
For a given Sr doping, oxygen co-doping can enhance superconducting properties [133].
With increasing excess oxygen, § in LaCoOy4s, the orthorhombic splitting is vanishing
[65]. Again, the maximum of incorporable oxygen (dmqa.) Systematically decreases in
Lag_,Sr,CuOy4 with increasing = [134], as the bond-length mismatch is reduced.

2.2. Charge Transport in Lajy.,Sr,CoOy4

Spin and charge order are observed in the half-doped cobaltate Laj 5519 5Co0O4 [7, 8]
with a nominal equal ratio of Co?>* and Co3* ions. We will discuss the characteristics in
Chapter 5. Charge order instabilities affect the charge transport in the system. Generally,
the transport properties of a system are defined by the charge-carrier excitation process.
Insulating and metallic properties of transition metal oxides with strongly correlated
electrons can be classified in the Zaanen-Sawatzky-Allen scheme through the relative
strength of the Coulomb repulsion U and the charge transfer energy A [12]. In a transition
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Figure 2.6.: Classification of the insulat-
ing properties of transition metal oxides
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metal oxide, the cation excitation process d* + d"* — d"*! + d"~! from the lower to the
upper Hubbard band costs the on-site repulsion energy U = E(d""1)+ E(d"~ 1) —2E(d")
and the excitation from the oxygen 2p band to the upper Hubbard band costs the charge-
transfer energy A = E(d"!) — E(d") + E(p™*!) — E(p™). The Mott-Hubbard insulator
is characterized by U < A and the charge-transfer insulator by U > A. LasCoQO4 and
LaSrCoQOy are classified as charge-transfer insulators with energy gaps £, = 5 — 6 ¢V
and E; = 1 eV, respectively [13, 14]. Therefore, Sr-doping induces holes in the O-2p
band instead of in the Co-3d band. Via a strong p-d hybridization, the oxygen hole may
be bound to the Co site. Since hybridization leaves the local symmetry unaffected, an
effective mixed-valence approach may still be appropriate for the system.
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Figure 2.7.: Arrhenius-plot of the electric resistivity of Las_,Sr,CoO4 within the CoO»-
planes (a) or perpendicular to these (b). Experimental data were determined
by M. Benomar [135].
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2.2. Charge Transport in Lay_xSryCoOy

The system Lag_,Sr,CoQO4 exhibits a semiconducting thermally-activated behavior
with an activation energy of ~0.5 eV in the doping range 0.3 < x < 0.8. Although holes
are induced by Sr doping, the system remains insulating. Fig. 2.7 shows the Arrhenius-
plot of the in-plane (a) and out-of-plane (b) resistivity. Note that deviations from linearity
may be caused by more complex conduction mechanisms, where the dimension of the
conduction framework is reflected by the conductivity [136, 137|. For variable range
hopping, one electron propagates through intermediate localized orbitals in a random
potential and the conductivity follows o o exp(—(T,/T) /1)) with dimensionality
n. We may restrict the discussion to the comparison of the doping dependence of the
in-plane and out-of-plane conductivity, using the data measured by Benomar [135]. As
expected, the observed energy gap, deduced from the resistivity p, is smaller than the
gap obtained from optical spectroscopy data. On the one hand, the estimation of an
electronic gap from p accounts only for transitions from the Fermi energy bisecting the
real energy gap in the idealized scheme. On the other hand, the impurity contribution to
the electronic resistivity of an insulator can be a crucial factor. Both the in-plane and the
out-of-plane resistivities increase systematically with increasing strontium doping level
up to x = 0.5 and decrease upon further hole doping. This suggests the localization of
charge carries in accordance with the charge ordering at half doping.

2.2.1. Spin-state Scenarios from Macroscopic Magnetic Properties

The Co3*t spin-state degree of freedom is well known from the LaCoOs perovskite and
is of particular importance in single-layered cobaltates, for which different spin-state
scenarios are discussed.

Figure 2.8.: Schematic representation of
possible Co3t spin states in LaCoOs.
Depending on the exchange energy A,
due to Hund’s rule coupling, the crys-
tal field splitting energy Acp, and hy-
bridization, three spin states are realiz- ACE<A

. . . ex
able: the low-spin (LS), intermediate- %@ %
spin (IS), and high-spin (HS) state. A 3
cooperative Jahn-Teller distortion was ‘
investigated by Maris et al. [37] and

ascribed to the intermediate-spin exci-
tation.

HS S=2
The unusual magnetic properties of the cobaltate perovskite LaCoO3 were already

investigated in the 60s [138]. LaCoOs3 exhibits a thermally induced spin-state transition
from a non-magnetic insulator to a paramagnetic insulator near 7" = 100 K and an
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insulator-metal transition near 7' = 500 K [139-141]. The spin-state degree of freedom is
caused by the interplay of the intraatomic exchange interaction, i.e. Hund’s rule coupling,
Jahn-Teller distortion, crystal-field splitting, and hybridization. The possible Co3T spin
states for the octahedrally coordinated ion are shown in Fig. 2.8. While the stabilization
of the Co®* low-spin state (3dS, tgge(g], S = 0) in the octahedral oxygen coordination is
widely accepted [142-147], the nature of the excited state is controversially discussed.
In a purely ionic picture, the interplay between Hund’s rule coupling (exchange energy
A¢;) and crystal field splitting (crystal field energy Acp) will always populate the high-
spin state (tégeg, S = 2) for Ay > Acp. Korotin et al. proposed an energetically
lower lying intermediate-spin state (tgge;, S = 1) by covalence effects using local density
approximation plus Hubbard U LDA+U calculations [148|. From an experimental point
of view, both high-spin [147, 149, 150] and intermediate-spin [32, 35| excitations were
proposed for LaCoOs. The combined analysis of the thermal expansion and the magnetic
susceptibility in a thermally activated two-state model suggests an onset of orbital order
at the spin-state transition, which vanishes at the insulator-metal transition, and an
intermediate-spin population with an energy gap A = 185 K [32]|. These findings propose
a strong influence of the Jahn-Teller active intermediate-spin state. LaCoOj exhibits
a pseudo cubic ABXj3 perovskite structure with corner-sharing CoOg octahedra, see
Fig. 2.1. The crystal structure symmetry is reduced by a tilt of CoOg octahedra to
rhombohedral R3ec, where Co-O bond lengths are not differentiated. A study of the
temperature dependence of the lattice parameters by neutron diffraction brought no
evidence for a symmetry reduction [55, 151]. A cooperative Jahn-Teller distortion is
incompatible with the space group. The reduction of the R3¢ symmetry to a monoclinic
subgroup I2/a was proposed by Maris et al. [37]. The difference between long and
short bond lengths increases with temperature and reaches ~ 6 % at room temperature.
Since the monoclinic distortion is found already at T' = 20 K and the low-spin state is
not Jahn-Teller active, this ascription is inconsistent with the thermal population of the
intermediate-spin state. Recent investigations found evidence for a low-spin to high-spin
state transition, so that the intermediate-spin scenarios in LaCoQOgs have to be rejected.
A direct neutron spectroscopic evidence of the high-spin excitation was proposed by
Podlesnyak et al. [152]. Investigations on the spin-state transition in LaCoOs by soft x-
ray absorption spectroscopy and magnetic circular dichroism are proposed to fully explain
the existing magnetic susceptibility, electron spin resonance, and inelastic neutron data
in a scenario with the high-spin state as the first excited state [33].

Transferring the idea of the spin-state degree of freedom to single-layered cobaltates,
the analysis of the Co3T spin-state degree of freedom in an anisotropic mixed-valence
system is a challenging task: on the basis of the magnetic susceptibility and calculations
of effective magnetic moments, different Co3* spin-state transitions were proposed for
Lag_; M ,CoOy4 (M = Ca, Sr, Ba). In Ca-doped samples, the effective magnetic moments
decrease from 4.0 up to 3.0 up between 0.5 < z < 0.8 [153|. These changes were
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ascribed to a transition from a high-spin to an intermediate-spin state. In analogy,
Moritomo et al. analyzed the Sr-doped samples and compared the results with a reduction
of the in-plane resistivity [27]. They propose a similar HS-IS transition upon doping
near x ~ 0.6. Because of a smaller crystal-field splitting, the Co3T high-spin state
should be dominant in the Ba doped cobaltate. The deviations from a linear Curie-Weiss
behavior of the magnetic susceptibility and the two-dimensional character of the system
make the analysis of effective magnetic moments for single-layered cobaltates, however,
questionable. Up to now, there are no further indications for the proposed spin-state
transitions in other physical properties. Controversially, a ferromagnetic, metallic state
was proposed from nuclear magnetic resonance studies for Lag_;Sr;CoOy4 (z > 0.6) [19].
Itoh et al. found evidence from the °Co Knights shift that Lag_,Sr,CoOy4 (05 <z<
1.0) compounds are paramagnetic. Like Moritomo et al., they conclude a spin-state-
transition from high spin to intermediate spin near x ~ 0.75 from a comparison of the
Knights shift, magnetic susceptibility, and the hyperfine coupling constant [30]. Wang
et al. calculated the magnetic properties within unrestricted Hatree-Fock approximation
and propose an antiferromagnetic high-spin state for 0 < z < 0.39, a ferromagnetic high-
spin state for 0.39 < z < 0.52 and a ferromagnetic high-spin-low-spin ordered state for
0.52 < o < 1.1 [29]. Overall, the Co3* spin-state transition in Lag_,Sr,CoQy is difficult
to explain using only magnetic data. To investigate static and dynamic spin correlations,
we used elastic and inelastic neutron scattering experiments, see Chapter 6.

2.3. Magnetic Susceptibility

In a first characterization of the magnetic properties of our samples, the magnetic sus-
ceptibility was investigated. The field-cooled magnetic susceptibility x of Lag_,Sr, CoOy4
in fields of H = 0.25 T applied parallel and perpendicular to the CoOs planes is shown
in Figure 2.9. N. Hollmann performed the measurements [154| in a vibrating sample
magnetometer on single crystals grown by M. Benomar [135]. No long-range Néel type
order is found in the given doping region, as hole doping is expected to suppress the
antiferromagnetic order present in the parent compound LagCoOy [11, 155]. A compar-
ison of field-cooled and zero-field-cooled measurements for Las_,Sr,CoQO4 in the same
doping region was also done by N. Hollmann [154]. The drop of the zero-field curve for
H|ab at low temperature, unlike the virtually constant magnetization for the field-cooled
curve, agrees with a frustrated spin-glass behavior [156, 157]. Spin-glasses are defined as
mixed-interacting, magnetic systems characterized by a random yet co-operative freezing
of spins below a typical freezing temperature. Cooling a spin-glass below T’y produces a
magnetically metastable, irreversible state without long-range order. A clear anisotropy
Xab > Xec 1s found at low temperatures. Only for x = 0.5, the onset of short-range two-
dimensional antiferromagnetic order is indicated by the decrease in x4, with decreasing
temperature. Our results are similar to those of Moritomo et al. [27], and again the
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inverse susceptibility differs from a simple Curie-Weiss behavior.
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Figure 2.9.: Field-cooled magnetic susceptibility of Lag_,Sr;CoOy4 within the ab-plane
or perpendicular in c-direction with H = 0.25 T after measurements from
Hollmann [154].

The magnetic anisotropy xa» > X was analyzed by Hollmann et al. [154] in terms of
a cluster calculation: the anisotropic crystal field and spin-orbit coupling was calculated
with respect to a Co?T high-spin state and the Co3T spin degree of freedom. To ac-
count magnetic interactions for an initially independent cluster, a mean-field correction
was applied on the data. The difference of the Co?*/Co3T high-spin state anisotropies
suggests a Co3T low-spin state at higher doping levels. In contrast, a reduced anisotropy
for 2 = 0.3 may suggest a spin-state transition to a Co3* high-spin state. Interesting
questions arise, as what causes the spin-glass frustration at half doping, and how do the
spin correlations evolve with respect to the Co3T spin-state change.

The magnetic properties of Lag_,A,Co0O4 (A = Ca, Ba) were studied by Horigane
et al. [153]. For all doping levels, Curie-paramagnetism is found in polycrystalline
Lay_;Ba,CoOy4 (0.5 < x < 0.9) and the field-cooled susceptibility of Lag_,Ca,CoOy
xz = 0.5,0.6 single crystals suggests the onset of short-range antiferromagnetic order
within CoOs9 planes below T' = 67 K. Effective magnetic moments were calculated via a
Curie-Weiss description of the inverse susceptibility by the authors. However, taking the
anisotropy of the single-layered perovskite into account, the validity of the Curie-Weiss
law is questionable.
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2.4. Spin- and Charge-Stripe Order in Single-Layered
Perovskites

The spatial correlations of charge and spin in single-layered perovskites will be of particu-
lar importance for the discussion of static spin correlations in hole-doped Lag_,Sr, CoQOy.
The occurrence of a so-called stripe-phase was not reported for the single-layered cobal-
tate, but observed in the closely related systems Lag_,Sr,CuOy4 and Lag_,Sr,;NiO4. The
undoped parent compounds of these systems LagMO4 (M= Co, Ni, Cu) are antiferro-
magnetic insulators with spin moments within the M Oq layer [11]. To illustrate the idea
of stripe formation, one may oversimplify the present spin correlations to just one effective
nearest-neighbor coupling JJ on an ideal two-dimensional square lattice. The resulting
spin arrangement with antiparallel spin directions for neighboring transition metal sites
is shown in Fig. 2.10 (a). The enlargement of the magnetic unit cell in comparison to
the chemical one induces the superstructure reflection (%, 3). Hole doping in the MO
may induce a localization of charges at a critical concentration z. in one-dimensional
lines. A diagonal charge order found in Las,35r;/3NiOy is shown in Fig. 2.10 (c). The
so-called charge stripes represent antiphase domain boundaries and modulate the spin
order. This modulation induces satellite reflections in reciprocal space with the distance
e = 1/3 away from (%, %) The magnetic twin structure rotated by 90° in real space is
energetically equivalent in case of an ideal square lattice and induces the concomitant
rotated satellite reflections. The commensurate diagonal stripe order for = 1/3 in
Lag_,Sr;NiOy4 is found to be very stable [158]. Hole concentrations n, = x below or
above x = 1/3 induce an incommensurate modulation of the static spin arrangement.
The linearity of € ~ nj suggests that all holes contribute to the stripe formation. The
incommensurate stripe modulation in Las_,Sr,CuO4 changes with doping from a diag-
onal to a parallel arrangement along tetragonal axes by a rotation of 45° near the onset
of superconductivity at « ~ 0.05 [159].

This is the basic idea of site-centered stripe-order and its geometrical aspects for the
modulated spin-arrangement. A wide range of layered cuprates and nickelates exhibit
stripe order instability. Stripe order in cuprates is believed to be closely related to
high-temperature superconductivity [4]. The physics of dynamic and static stripe corre-
lations is complex and the reason for stripes is controversially discussed from the theo-
retical side. Article reviews on the experimental techniques and the theoretical ideas of
stripes in cuprates and nickelates can be found in Refs. [160-162|. A description of the
Fourier analysis of displacive and density modulations and the calculated satellite reflec-
tions can be found in Refs. [163-166]|. The static antiferromagnetic spin correlations in
Lag_,Sr,CoQO4 were studied over a wide doping range and the observed incommensurate
modulation will be discussed in terms of a stripe-like arrangement in Chapter 6.
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Figure 2.10.: Modulation of the antiferromagnetic spin order in a site-centered stripe
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arrangement on an ideal two-dimensional square lattice. (a) An antiferro-
magnetic nearest-neighbor coupling J between spins of a transition metal
ion (empty circle) stabilizes a real space spin arrangement, which is com-
mensurate to the tetragonal unit cell. The magnetic unit cell is represented
by dashed lines. (b) The magnetic superstructure reflection (%, %) in recip-
rocal space is denoted by a red circle. (c) Site-centered hole localization
(filled circles) in a stripe-like arrangement for a hole concentration %, as
proposed for Las /3511 /3NiO4 [167]. An inter-stripe next-nearest neighbor
coupling J’ and intra-stripe nearest neighbor coupling J are shown. (d) The
modulation of the undoped spin arrangement induces satellite reflections
(filled circles) away from (%, %) In tetragonal symmetry, the energetically
equivalent twin arrangement rotated by 90° induces satellite reflections rep-
resented by empty circles.



3. Experimental Details

In this chapter, the experimental methods used for this thesis will be introduced. To
investigate the temperature dependence, the doping dependence, dynamical aspects, and
interrelations of the structural and magnetic properties of Lag_,Sr, CoOy4 in detail, we
used x-ray and neutron-scattering techniques. The choice of techniques and instruments
with their advantages and disadvantages strongly depends on the scientific objectives.
The interactions of an x-ray and neutron beam with a crystalline sample and therefore
the available information about the physical properties is fundamentally different. While
x-rays primarily interact with the electrons in a crystal within a scattering experiment,
neutrons interact with the atomic nuclei, and via the magnetic dipole-dipole interaction,
with magnetic moments. The combination of both probes provides information about
static and dynamic aspects of charge, nucleus and spin distribution in materials. This
chapter is divided in three major parts: the structure determination of Lag_,Sr,CoO4 by
x-ray diffraction, the charge-order investigation by neutron diffraction, and the analysis of
antiferromagnetic correlations by neutron-scattering experiments. Emphasis will be laid
on the special setup to analyze the interplay between structural and magnetic properties
by chemical pressure, variation of temperature, and hole doping.

3.1. Sample Synthesis

Bulk polycrystalline samples of Las_,Sr,CoO4 (0.15 < z < 1.1) were prepared by a
solid-state reaction of appropriate amounts of LagO3, SrCO3, and Co3O4 powders. De-
pending on the doping level, the calcination was carried out several times in air or argon
atmosphere in the temperature region 1050-1410 °C for 24 h, thoroughly grinding the
material in between. The preparation is described in detail in literature [94, 135, 168|.
Phase equilibria studies are given in Refs. [169, 170]. Single crystals of Las_;Sr,CoOy4
(0.2 < 2 < 1) were grown by the traveling floating zone method in a flow of argon or
oxygen gas. Polycrystalline samples with low Sr doping were prepared and characterized
by M. Haider [94] and single crystals were grown by M. Benomar [135] or M. Reuther
[168]. All single crystals and powder samples were homogeneous and single phase as de-
termined by the Rietveld analysis [171] of the powder x-ray diffraction (PXD) patterns
using FullProf [172]. The cation composition of the samples was controlled by energy
dispersive x-ray microanalysis (EDX) by I. Simons and atomic-absorption spectroscopy
(AAS) by A. Moller and P. Kliesen at the Department of Inorganic Chemistry at the
University of Cologne. The results are given in Fig. A.1 in the Appendix.

29



3. Experimental Details

3.2. Structure Determination

3.2.1. X-Ray Powder Diffraction

Lag_,Sr,CoOy4 exhibits a single-layered perovskite structure with a tetragonal lattice
structure at higher temperatures (HTT). With decreasing temperature a phase transition
to a so-called low temperature orthorhombic (LTO) phase occurs for low doping levels.
To determine the lattice parameters and the phase boundary of HT'T and LTO states of
the layered Las_,Sr;CoO4 compounds precisely, x-ray powder diffraction measurements
were carried out using a Siemens XP-18 diffractometer with a rotating copper-anode
as x-ray source. The experimental setup and procedure of this standard method can
be found in detail, for example, in Refs. |94, 173|. The layout of a conventional x-ray
powder diffractometer is very simple. In a 6 — 20 setup with Bragg-Brentano geometry, a
polycrystalline powder sample on a flat object holder is placed in reflection position to an
x-ray detector in the center of the diffractometer. The x-ray detector rotates around the
sample, tracing a circle, and collects the diffracted beam over a wide 26 range, while the
sample is rotated by 6. The position and intensity distribution of reflections in a powder
diffraction pattern can be calculated using Bragg’s law and the refinement of atomic
positions in a structure model via the Rietveld method [171]. To satisfy Braggs law
for a large number of reflections, single-crystal samples are well ground for the random
distribution of crystallites. The loss of three-dimensional information through this is the
main disadvantage of the method, which hinders an accurate structure solution, so that a
structure model is needed in the Rietveld refinement process. The advantage of an x-ray
powder diffractometer lies in a very high angle resolution, by what it is well suited for
the analysis of lattice constants and structural phase transitions. A further important
application of the method is the quantitative analysis of different crystalline phases in the
specimen used for the characterization of newly synthesized samples. Room-temperature
lattice parameters of the available doping series Lag_,Sr,CoQO4 were examined using
a series of diffractograms. A typical measurement lasts 12 h with an angle resolution
of 0.02° in the 260-range from 10° to 120°. The temperature dependence of the lattice
parameters and the HT'T-LTO transition temperature was investigated with a Siemens
D5000 diffractometer using monochromized Cu K, radiation. With the combined usage
of a He evaporation cryostat and a Paar high-temperature camera the temperature
region 10 K < 7T <1050 K is covered.

3.2.2. Single-Crystal X-Ray Diffraction

In contrast to an x-ray powder diffractometer, the relative Bragg reflection intensity
can be integrated very precisely for a large number of reciprocal lattice points using a
single-crystal x-ray diffractometer. The relative Bragg intensities provide information
about the electron-density distribution in a sample through the structure factor F', by
what the relative atomic positions can be calculated. The structure factor is given by
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F(G) = i fiexp (2mir; - G) with the atomic form factor f;, the position 7 = (x4, yi, 2)
of atom ¢ in the unit cell, and the reciprocal lattice vector G = (h,k,1). The total
number of atoms is n. The observed reflection intensity is I ~ |F|?. In principle, the
electron density of the crystal can be calculated by the Fourier transformation p(7) =
&>k F(G) exp (—2miG - 7). The phase ®(G) of the structure factor |F(G)|- e® is not
experimentally achievable, which is the phase problem of x-ray crystallography. A set of
theoretical methods exists to partly recover the phase information in an experiment. In
the case of doped single-layered cobaltates, the starting point of the structure model was
given by the reported neutron scattering investigation on LasCoOy4 [65]. To collect a large
number of Bragg intensities in the three-dimensional reciprocal lattice, the specimen can
be rotated around three independent angles and the detector on the 26 circle in a so-called
four-circle diffractometer. The main disadvantage of this method lies in the less precise
analysis of lattice constants and structural phase transitions in comparison to a powder
x-ray diffraction. The use of powder x-ray diffraction lattice constants for the calculation
structure parameters in absolute lengths, for example bond lengths, is advisable. Within
the scope of this thesis, an X8 Apex single-crystal diffractometer by Bruker with a
CCD area detector and a Kryo-Flex low-temperature device was put in operation at
the Institute of Physics II (see Fig. 3.1). The experimental setup comprises an x-ray
ceramic tube with 0.4 x 0.8 mm fine-focus area, molybdenum-anode (Axq1 = 0.7093 A,
Aka2 = 0.71359 A), short cooling head, and a maximum power of 2000 W. The white
beam of the Mo tube is monochromized by using the (0,0,2) reflection of a pyrolytic
graphite crystal (12 x 6 mm, 0.4° mosaic spread). As per manufacturer’s specifications,
the positioning accuracy of the sample is £0.015° for ¢, +0.010° for k, w, and a 26
resolution of 0.0003° for the detector circle. X-ray intensity data were collected by an
Apex CCD detector with an active area of 62 x 62 mm and a resolution of 15 ym. By
using an optimized phosphor layer, a sensitivity of 160 e~ per Mo-photon and a readout
time of ¢ < 0.2 s is reached. The realization of temperature dependent measurements
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at an x-ray four-circle diffractometer is still difficult, unsatisfactorily. Closed cryostat
configurations for low-temperature measurements constrict the angle variability, Be or
Kapton polyimide film windows obscure the view of the crystal and enhance background
scattering. Therefore nitrogen-gas stream cooling equipment with the temperature limit
of liquid nitrogen is the standard laboratory technique. Inside a laminar nitrogen flow
with an ambient dry air stream of the Kryo-Flex low-temperature device, sample cooling
down to T ~ 90 K is possible. The open construction can lead to the formation of
ice close to the sample in a long-run experiment, which increases background scattering
and provides second phase reflections. The appearance of ice at the sample position for
long-run measurements (3-5 days) was minimized using ¢-scans at high k angles and a
highly efficient air dryer.

Single crystals of the Las_,Sr,CoOy series exhibit a relatively high linear absorption
factor p in the doping region g = p,/p = 26.81 mm™ for Laj gSrg2CoOy and p =
30.01 mm™! for La;Sr;CoOy4 with respect to Mo-K, photon energies and the density p
at room temperature. To optimize the semiempirical multi-scan absorption corrections
using the software program SADABS [174], all crystals were ground to nearly spherical
shape, typical @ ~ 100 pym in diameter. A picture of the custom-built single-crystal
ball mill is shown in Fig. 3.2 and the design drawing can be found in the Appendix
B.1. The construction was supported by P. Held and L. Bohaty from the Institute of
Crystallography at University of Cologne. Crystals rotate around a vertical axis in a
cylindrical chamber through a continuous air stream. Sandpaper on the seam provides
the required abrasion. A filter (52 pum pore) at the exhaust in the cask cover encloses
crystals of designated size. The surface texture and nearly (Ar ~ 50 pum) spherical shape
was checked by a Leica MZ16 stereomicroscope. As Lag_,Sr;CoQO4 crystals exhibit a
relatively enhanced hardness for a layered system, very fine sandpaper (600-grit) can be
used for a long grinding time of several hours in a weak air stream. This improves the
crystal surface smoothness markedly. For the x-ray data collection the sample is fixed in
the tip of a Boro-silicate glass capillary on a goniometer head.

The data collection strategy, analysis, and reflection integration is based on the Apex
software collection. After the determination of the orientation matrix, a collection strat-
egy was optimized concerning completeness, redundancy and time by the COSMO soft-
ware. The maximal 26 angle achievable within an experiment was ~120 °, which corre-
sponds to a resolution of d ~ 0.41A. Data were integrated using Saint, providing periodic
refinements for different runs and a global refinement of unit cell parameters and instru-
mental errors. The sample absorption p is modeled via spherical harmonic functions [175]
of the beam direction cosines of eighth order as the crystals are strongly absorbing. The
error analysis and derivation of correct standard uncertainties in the absorbtion correc-
tion is described in the SADABS user guide [174]. The typical correction factor 0.0015
for Mo A/2 contamination [176] was tested and used throughout the measurements. The
structure model was refined with Jana2000 [177]. Reflections with I < 30 were con-
sidered as unobserved and all observed reflections were accounted for without averaging
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3.2. Structure Determination

Figure 3.2.: To optimize multi-scan ab-
sorption correction for the strong ab-
sorbing material Las_,Sr,CoQy, single-
crystals where grinded to nearly spher-
ical shape. For this purpose, a single-
crystal ball mill was constructed. The Air stream
crystals rotate around a vertical axis in = e N
a cylindrical chamber through a contin-
uous air stream. The cask cover with a
filter exhaust is not shown.
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over symmetry equivalents. All structure refinements were based on F?. An isotropic
type I extinction correction with Gaussian contribution [178] was applied on the data
during crystal structure refinement. An extinction correction helps avoiding the effect
of the reflection of a significant fraction from the primary x-ray beam by outer lattice
planes [179]. Deeper lying planes contribute less to the diffracted intensity through the
weakened primary radiation. In the definition of Zachariasen the extinction depends only
on the mosaic spread in comparison to the mosaic block size for type I [180]. Atomic
displacement parameters were calculated in harmonic approximation. The stoichiometry
was calculated via refinements of the occupation factors a; of La/Sr and oxygen sites.

3.2.3. Criteria of Fit and Model Analysis

To judge the structural model refinement of a diffraction experiment, a variety of criteria
of fit has to be taken into account. This numerical criteria indicate the adequacy of the
structure model, counting statistics, reflection-profile agreement, etc.. The definition of
the criteria of fit depends on the refinement against the structure factor F' or intensities
I < F?. Powder and single-crystal structure refinements in this work are based on F?,
where intensities I are measured with the estimated standard deviation o (7). Residuals of
refinements against F2 are typically two or three times higher than those for refinements
against F'. The weight w of the structure refinement is given by

1 1

YT UR2 (0% + (uF,)?)

(3.1)

with standard deviation ¢ and the instability factor u. The corresponding minimized
function is

P=>) w(F} - F2)> (3.2)
The instability factor u represents systematic errors depending on the instrument and
sample, which contribute to the estimated standard deviations of intensities. u was unac-
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counted for in the weighting scheme to keep datasets from different crystals comparable.
Typical values of u = 0.01 for systematic instrumental errors showed no improvements
to the compared statistical quantities. The Goodness-of-Fit S is defined by

(3.3)

g_ (le(Fgl - F31)2>
m—n

with the number of reflections m and the number of refined parameters n. S is close
to unity when systematic errors are insignificant, the weights are correctly determined,
and the structure model is accurate. Small deviations from 1 may still indicate an
accurate structure model, as further details of the anharmonics, bonding electrons, etc.,
are neglected [177]. Note, the weighted R-factor wR can be a few times higher for a
refinement against F? and a value wR < 0.15 should be reached for a good dataset [181].

3.2.4. Neutron Powder Diffraction

The HTT/LTO instability in single-layered cobaltates is characterized by a cooperative
tilt of CoOg octahedra. Weak oxygen displacements are difficult to detect for compounds
with electron dense constituents in a standard x-ray diffraction experiment. This problem
can be solved by using neutron diffraction techniques. As mentioned above, the inter-
action of neutrons with a crystalline sample is fundamentally different in comparison to
x-ray scattering and is based on nuclear and magnetic scattering. The coherent scatter-
ing is not proportional to the atomic number Z and enables to localize light constituents
although electron dense constituents are present in a compound. Neutron diffraction ex-
periments were carried out to determine the low-temperature structure of Las_,Sr;CoOy
(x = 0.2,0.4,0.8). Neutron powder diffraction data were collected for these samples at
10 K on the high-resolution diffractometer 3T2 at the Orphée reactor, Laboratoire Léon
Brillouin (Saclay, France), with an incident neutron wavelength of 1.225 A. The powder
sample was placed in a vanadium cup and kept in an He gas-flow cryostat. The intensities
were measured by a bank of 20 *He counters. A range of 6 < 20 < 126 ° was covered in
the diffraction patterns.

The neutron powder diffraction profiles were fitted using a Rietveld-type method im-
plemented in the program Fullprof [172]. The observed profiles were described using
a Thompson-Cox-Hastings pseudo-Voigt function and instrumental broadening was ac-
counted through U, V', W parameters in the Caglioti formula [182]. Since the octahedral
tilting angle and the concomitant z displacement of the La/Sr ion are small, no sig-
nificant superstructure reflections such as (0, 3, 1) g were found for Laj §Srg2CoQOy.
As for x-ray diffraction patterns, we used the Rietveld method to refine the structure
model. The estimation of the background was performed using a refinable background
polynomial function.
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3.3. Charge- and Spin-Order Determination

Figure 3.3.: Schematic of a triple-axis neu-
tron spectrometer with independently
adjustable monochromator, sample, and
analyzer axis. The monochromator,
sample, and analyzer crystal angles de-
fine the energy and momentum of the
incident and scattered neutron beam.
The scattering function S(Q,w) can be
investigated in the wide range in en-
ergy and momentum space of the sample
by the variability of angles and neutron
wavelengths.

3.3. Charge- and Spin-Order Determination

Charge-order instabilities and static spin correlations in Lao_,Sr,CoO4 were studied
by triple-axis neutron spectrometer. In addition, the charge-order superstructure in
Laj 5519.5Co0,4 was investigated on four-circle neutron diffractometers. A triple-axis
neutron spectrometer is the most versatile tool when performing inelastic scattering to
investigate lattice dynamics, magnetic excitations, spin-waves, diffuse scattering, etc. in
condensed matter, see for example [183]. A very good signal-to-noise ratio of a triple-
axis spectrometer and the flexibility in the choice of beam collimation, neutron energies,
and analyzer reflections also help to characterize weak elastic scattering, i.e. spin or
charge order in case of the single-layered cobaltates. The schematic layout of a three-
axis instrument is shown in Fig. 3.3. The monochromator, analyzer, and sample axis
can be moved individually. Monochromator and analyzer crystals are used to define the
energy of incident and scattered neutrons in the experiment. Generally, by defining a
precise energy transfer hw and momentum transfer AQ to the sample, the scattering
function S(Q,w) can be investigated in the wide range in energy and momentum space
predetermined by the spectrometer and sample characteristics. The main disadvantage
of a triple-axis spectrometer is that only one position for S(Q,w) can be achieved at a
time. Cold, thermal, and hot spectrometers are distinguished by the choice of wavelength
A>40A X~2A and X\ < 2 A. Using the relations T = 11.605E and A = 9.044/VE
between temperature T’ (K), Energy E (meV), and neutron wavelength A (A), neutrons
of the thermal regime correspond to 290 K~ 25 meV~ 1.8 A. Of course, the Q resolution
for cold neutrons is increased, but the absolute neutron flux and the obtainable section in

35



3. Experimental Details

momentum and energy space is reduced in comparison with a thermal spectrometer. A
general disadvantage of a triple-axis spectrometer is, that the size of cryostats, furnaces,
and magnets restricts the experiment to a nearly fixed scattering plane of the reciprocal
space. Two-circle goniometers with a small angle range are commonly used for the sample
alignment. Charge-order superstructure reflections in Laj 5519 5Co04 were investigated
by hot four-circle neutron diffractometers. With the smaller wavelength and variable
crystal orientation, the Bragg intensities can be accurately integrated in a larger section
of the reciprocal lattice.

3.4. Antiferromagnetic Correlations in Lay_,Sr,CoOy

Scientific objectives in case of Lag_,Sr,CoQy4 are to investigate the coupling between the
antiferromagnetic correlations, the structural anomalies, and charge order instabilities.
A basic characterization of magnetic correlations for the whole series (0.2 < x < 1.0)
was provided by the magnetic susceptibility measurements. Field-cooled and zero-field-
cooled magnetic susceptibility of Lag_,Sr, CoO4 was measured by M. Benomar [135] and
N. Hollmann [154], the former using a SQUID (Superconducting Quantum Interference
Device) magnetometer and the latter a VSM (Vibrating Sample Magnetometer).

To determine static and dynamic spin correlations, elastic and inelastic neutron scat-
tering experiments were performed using the triple-axis spectrometers 1T1, G43, 4F1,
4F2 at the Orphée reactor, Laboratoire Léon Brillouin (Saclay, France), Unidas at the
FRJ2 (Jilich, Germany), and PUMA at the FRMII (Miinchen, Germany). Details to
basic techniques of using magnetic neutron scattering with a triple-axis spectrometer can
be found in Refs. [44, 183]. In contrast to optical spectroscopy, collective excitation like
phonons and spin waves, i.e. atomic displacements and spin deviations in a magnetic
system, can be studied for a defined energy transfer iw and momentum transfer 7Q. The
analysis of the spin-wave dispersion reveals the magnetic exchange integrals, magnetic
moments, and anisotropies in the system.

Using the polarization analysis at 4F1, the magnetic correlations were separated from
structural contribution in Laj 7Srg.3C004. For all measurements, crystals with cylindrical
shape being typically 40 mm in length and 10 mm in diameter were either mounted in an
Al can filled with He gas or on a sample stick in a sample well, cooled in a closed-cycle
or Orange cryostat.

3.5. Analyzing Magnetic Correlations by Neutron Scattering

A polarization analysis in neutron scattering experiments was used to separate magnetic
from structural scattering contributions in Laj 7Srg3Co0,4 samples. The main aspects
will be briefly introduced in the following. The interaction of the neutron with matter
in a scattering experiment is based on both coherent and incoherent scattering of the
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3.5. Analyzing Magnetic Correlations by Neutron Scattering

neutron on the atom core and on the interaction of its magnetic dipole moment with the
magnetic field of the electron density distribution of the atom. Good introductions to
the application of spin-polarized neutron scattering can be found in Refs. [183-187].

3.5.1. Nuclear Coherent Scattering

Taking Fermis Golden Rule [188] into account, the double-differential cross section of a
scattering experiment can be written as:

d20' |Ef| m 2 - - 2
=17 iAi E\, — E E; — Ey). 4
<deEf>AﬁAf Il (2@2) | < kgAs[VIEN > [P6(Ex, — Ex, + 1) (34)

By the interaction of the neutron with the scattering system through the potential V|
the initial state of the system \;, with starting energy FE),, is transferred to the final
state Ay with energy E) . The wave vector k; and the energy Ej; of the neutron before

the scattering result in Ef and Ey (let AE, = E; — Ef = hw).

Following the terminology in Ref. [183|, Equation (3.4) can be generalized for the
interaction of the magnetic dipole moment of the neutron with the magnetic field of the
atom core and the electron shell via the dipole-dipole interaction to

pipr )

The sum in Equation 3.5.1 is counting over the total arrangement of atoms in the
unit cell at distinct sites [ with corresponding positions 7. P()\;) denotes the statistical
weighting factor of the initial state A; and Ulsisf denotes the scattering amplitude from
spin state s; of the neutron to the spin state sy at site [:

2
5(E)\1 —E)\f —|—AEn) (35)
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Ulsisf =< Sf’bl — plgj_l o+ Bl - 0"81' > . (3.6)

Let b; be the coherent scattering amplitude of the atom core, B the spin dependent
scattering amplitude of the core, I the core spin operator, S | the magnetic interaction
vector perpendicular to Cj, and o the spin operator of the electron shell. The magnetic
scattering amplitude p is proportional to the magnetic form factor F' (Cj) and the magnetic
moment of the electrons, composed of spin and orbital contributions.

The question arises how nuclear and electron contributions change the spin-state of the
neutron in a scattering process, which can by determined by the polarization analysis.
For purely coherent scattering of spinless atomic nuclei (I = 0) Equation (3.6) can be
written as
b;, mnon-spin-flip

0, spin-flip, (3.7)

Ulsisf =< Sf‘bl’Si >=b < Sf’Si >= {
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if the change of the spin state! is analyzed regarding to only one chosen axis during the
experiment, e.g. if a direction reversal (spin-flip) or no direction reversal (non-spin-flip)
of the expectation value of the spin operator occurs. There are no spin-flip scattering
contributions for coherent scattering with spinless atomic nuclei.

3.5.2. Magnetic Scattering

If atom core contributions to the scattering are neglected, the scattering amplitude in
Equation 3.6 can be simplified to

Ul =< Sf|plSJ_l olsi >= plZSu,AY < sfloylsi > . (3.8)
v

With the Pauli-Spin-matrices

I R ) P () B
1

and the neutron spin direction 'up’ |+ >= (0) and 'down’ |— >= ((1)) a distinction
between the following cases for spin-flip and non-spin-flip scattering can be made:

~S1,., +—+ Non-Spin-Flip

Usisr — " . ?Lz,z, — — — Non-Spin-Flip
: —(S11e +4S11,y), +— — Spin-Flip
—(S11.—i8,,), ——+ Spin-Flip.

(3.10)

If Cj is chosen parallel to the polarization direction, S 11, = 0 is obtained and therefore
only an intensity contribution during the spin-flip measurement. For Q perpendicular
and S parallel to the polarization direction follows S g = S 11,y = 0 and only an intensity
contribution in the non-spin-flip channel is observed.

S | can be written as the component perpendicular to the unit vector @, see Ref [187]:

S = Gx(8xQ) (3.11)
= S—-Q((Q x5). (3.12)
The square of S| is
SLP=)" (m - ?Z;éﬁ) S:Ss  (a,f=m,y,2). (3.13)
af

'The spin operator s = %a for the spin—% particle is composed by the Pauli-Spin-matrices. For the

polarization vector follows P=<o >.
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3.5. Analyzing Magnetic Correlations by Neutron Scattering

The magnetic cross section is frequently attributed to a Fourier transformation of the
spin-correlation function S,g(Q,w), see literature [189].
Equation (3.5) can be simplified in combination with Equation (3.13) to

d’c _ kf 2102/ Qan 5
<deEf>_kiT0F (Q)§<5aﬂ— G Sap(@,w). (3.14)

—

Here, F(Q) is the magnetic form factor and ry the classical electron radius. The spin-
correlation function is proportional to the imaginary part of the dynamic magnetic sus-
ceptibility, according to the fluctuation-dissipation theorem:

1

. cxp(—To kpT) Imxap(Q,w). (3.15)

Sa,@(@a w)

If the magnetic cross section is separated in a polarization analysis, the magnetic sus-
ceptibility can be directly calculated.

Nuclear Incoherent Scattering

When neutrons are scattered by atom cores with spin I # 0 and magnetic contributions
of the electron shell are neglected, Equation (3.6) is reduced to

Ulsisf =< Sf‘bl+BlIl~0'|Si > . (3.16)
By utilizing Pauli-Spin-matrices it follows

+ — + Non-Spin-Flip
— — — Non-Spin-Flip
+ — — Spin-Flip
— — + Spin-Flip.

. b+ Bl -, {
U™ =p - (3.17)

Bi(I; 5 + il ), {

The coherent scattering length b; vanishes for purely incoherent scattering and one ob-
tains for the scattering cross section per atom in thermal equilibrium with < I? >=<
I2>=<I?>=31I(I+1)

do Non-Spin-Flip

aQ
do Spin-Flip

dQ

< B I(I+1)> (3.18)

WIN Wl

<B*I(I+1)>. (3.19)

1/3 of the total spin-incoherent scattering intensity is measured in the non-spin-flip chan-
nel and 2/3 in the spin-flip channel.
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—

P Spin-Flip Non-Spin-Flip

— 5 1
PllQ Omag 1+ 50inc +~ OU  Ocoh + 00 mag + 30inc + OU
DN 1 2 1 1

PLQ 50mag T 30inc T OU  Ocoh T 50mag + 30inc + OU

Table 3.1.: Comparison of magnetic contributions ¢y,44, coherent contributions o, and
incoherent contributions o;,. to the total scattering intensity for different
polarization directions in a spin-flip or non-spin-flip mode. oy accounts for
the background scattering.

3.5.3. Separation of Magnetic and Nuclear Contributions

The magnetic contributions 0,44, coherent contributions o, and incoherent contribu-
tions ;. to the total scattering intensity for different polarization directions in a spin-flip
or non-spin-flip mode can be summarized as done in Table 3.1.

Therefore, the magnetic contribution can be separated by

Non-Spin-Flip Non-Spin-Flip
do (g 520
dS) mag dQ 1 dQ) |
oy diSpin—Flip B dio_Spin-Flip (3 21)
N as| dQ L '

from all other contributions.
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4. Crystal Structure of Las ,Sry,CoOy4

The doping and temperature dependence of structural parameters in Lag_, A4,CoOys
with A = Ba, Sr, Ca was investigated by means of powder x-ray diffraction, single-
crystal x-ray diffraction, and neutron diffraction. With respect to the stability of the
crystal structure over a wide Sr doping region (0.05 < z < 1.0), the influence of chemical
pressure and hole doping is determined in detail and provides valuable information about
the coupling to spin degrees of freedom and frustration effects in the system. Structural
distortions are common in layered perovskites and reduce the lattice symmetry. We
investigated the low-temperature orthorhombic (LTO) distortion at low doping levels
and the variation of atomic positions on further doping in the high-temperature tetrag-
onal (HTT) phase of Lag_,Sr;CoOy4. In particular, Co-O bond-length anisotropies were
analyzed accounting for internal structural strains, LT O-phase instabilities, and magne-
toelastic coupling. An analysis of the structural degrees of freedom of Lag_,Sr,CoOy
and a comparison to isostructural Lag_,Sr,CuO4 (LSCuO) and Lag_,Sr,NiO,4 (LSNiO)
gives insight in the anomalies present in layered cobaltates. An anomalous decrease of
the Co-Ogpicar bond length near z ~ 0.4 and the high-temperature thermal expansion
of in-plane and out-of-plane lattice constants at half doping suggest a Co3T spin-state
transition.

4.1. Introduction

The Las_,Sr,CoO, crystal structure is classified as a single-layered perovskite of the
KsoNiF4-type. The interesting physics of this material class is governed by the presence
of multiple degrees of freedom. Within the complex interplay of lattice, spin, and charge
degrees of freedom, a rich variety of ordering phenomena like stripe phases [4, 5, 130,
190], checkerboard-like charge order at half doping [6-8, 191|, and high-temperature
superconductivity in cuprates [161] occur. In particular, the lattice dynamics of cuprates
obtained a renewed interest. High-temperature superconductivity is located between the
long-range antiferromagnetic order and the metallic state in the generic phase diagram.
The influence of fluctuating order in stripe phases [62, 162, 192, 193] and electron-lattice
interactions [194-197] on the mechanism of superconductivity is still an open issue. By
the comparative study of the doping dependence of structural distortions and lattice
dynamics one gains insight into the coupling of the crystal lattice to these phenomena
[75, 198-201].
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The doped single-layered perovskite systems Lag_,Sr, MOyy5 (M=Co, Ni, Cu) are
structurally, magnetically, and electronically closely related. All undoped parent com-
pounds exhibit an orthorhombic distortion from the tetragonal structure at room tem-
perature. Uniform M-Og octahedra-tilt instabilities cause a symmetry reduction from
a high-temperature tetragonal (HTT) to a low-temperature orthorhombic (LTO) and
a low-temperature tetragonal (LTT) phase at low doping levels. These tilt instabili-
ties are typically ascribed to structural tensile and compressive strains resulting from a
bond-length mismatch for quasi close-packed atoms. The parent compound LasCoOy4
exhibits a strong bond-length mismatch, resulting in the largest LTO distortion in the
series [11, 65, 70, 73]. The intercalation of excess oxygen on interstitial sites reduces
the internal strains in the system. This is a known problem for layered compounds [202]
during the preparation process and leads to topotactic oxidation at room temperature for
LasCoOy45 [66]. A-site substitution with Sr or the intercalation of interstitial oxygen §
in the As B X -type structure varies the bond-length mismatch and phase boundaries are
correspondingly shifted. All three parent compounds exhibit long-range antiferromag-
netic order in the orthorhombic phase. While the nearest-neighbor interaction between
M?* ions (M = Co [11], Ni [127, 203], Cu [204, 205]) combined with a finite interlayer
coupling or an Ising-like anisotropy stabilizes the Néel state in the LTO distorted par-
ent compounds, a four-fold symmetry for B-sites is found in charge and spin ordered
half-doped compounds (M = Mn [6], Co |7, 8], Ni [206]). Starting with a relatively
high optical energy gap of E; = 5 — 6 eV for LagCoOy4 [13] in comparison to 4 eV in
LagNiOy4 [207] and 2 €V in LagCuOy4 [208], Lag_;Sr,CoOy is a charge-transfer insulator
which remains insulating up to x = 1.5 Sr doping [22|. Within the strong-correlation
limit, a natural possibility for a Wigner crystal state is found on the square lattice at half
doping for two-dimensional systems [191, 209, 210]. The finite charge-order correlation
length in this material class may result from the quenched disorder of the dopant ions and
the strong anisotropy of the layered structure [211]. Topological interlayer frustration
suppresses three-dimensional long-range order, which could be induced by a monoclinic
distortion of the tetragonal unit cell [212]. In the intermediate doping range a phase
separation going from a stable Wigner state towards a stripe formation was found in
nickelates [191] and cuprates [121]. The influence of elastic effects on the stabilization of
stripes was theoretically proposed by Khomskii et al. [213|. Additionally, in experiments,
the pinning of stripes to lattice instabilities was observed in cuprates [214-216]. So far,
little is known about the HTT-LTO phase boundary, the antiferromagnetic coupling at
half-doping, and stripe instabilities for z < 0.5 in single-layered cobaltates. Especially
in the case of cobaltates, this may result from the difficulties with stoichiometry at low
doping levels. More detailed analyses of structural parameters and the lattice symme-
try of doped single-layered cobaltates are needed to reveal the relation between crystal
structure, the doping dependency of the antiferromagnetic coupling, and charge order
instabilities.

Particular interest is focussed on cobaltates with Co®* ions because of the possible spin-
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states and their influence on the crystal lattice and on the magnetic order. A Co®* spin-
state transition was suggested in the three-dimensional analogue, the LCoOg3 (L = La, Pr,
Nd) perovskites [217]. Susceptibility and thermal expansion measurements [32, 140, 218|
on LaCoQOj indicate a thermally driven transition from a non-magnetic insulator with
Co3t in the low-spin state (tggeg, S = 0) to a paramagnetic insulator with Co®* in
the intermediate (tgge;, S = 1) or high-spin state (t%gef;, S = 2). The intermediate-
spin state is, however, controversially discussed [33—-36]. Unlike the high-spin state, the
intermediate-spin state with partially filled e, band is believed to be Jahn-Teller active
[37, 219], but this matter is still under consideration [33, 34, 220-222|. The monoclinic
distortion of LaCoOgs found by Maris et al. is ascribed to a cooperative Jahn-Teller
distortion (I12/a) of the rhombohedral structure (R3c). Calculating structure factors
with the given structure parameters, the distortion should be verifiable with standard
laboratory powder x-ray diffraction, but, to our knowledge, it was never reported in
literature. For review articles with a different experimental points of view see Refs.
[223, 224]. Twinning hinders the differentiation of Co-O bond lengths in pseudocubic
perovskites.

In the single-layered perovskites the intrinsic difficulty of crystal twinning is less devel-
oped. Thus, the influence of the Co3* spin-state degree of freedom is of interest and may
be directly differentiated in the charge-ordered phase of this mixed-valence system. The
spin arrangement of Laj 5519 5Co04 was suggested to be antiferromagnetic on a strongly
frustrated square lattice [7]. Critical frustration between nearest- and next-nearest Co?"
neighbors may induce a spin-glass phase with a strongly reduced spin freezing tempera-
ture Tsp ~ 30 K in comparison to the charge-order transition with a very high transition
temperature Too = 825(27) K [8]. Both interactions were proposed to exhibit exchange
integrals of equal magnitude accounting for the number of neighbors. The interaction
energies of the sublattices cannot be simultaneously minimized and a glass transition
temperature is found at low temperatures. Up to now, a detailed analysis of the antifer-
romagnetic coupling and the influence of the Co3*t spin-state degree of freedom at half
doping is missing. In addition, the charge ordering in cobaltates is anomalous; short-
range charge order with in-plane correlation length & = 26(2) and £, = 8.1(7) was
verified in Laj 55195C00,4 [8]. Basal and apical oxygens are displaced in Co-O bond
directions accompanying the charge-order modulation and following a breathing type-
mode of the CoOg octahedra. In contrast to the glass-type order, the activation energy
of E, ~ 6000 K [27] of the electrical conductivity is surprisingly high. The question
arises why static charge correlations are less defined at half doping in contrast to the rel-
ative high transition temperature 7" = 825(27) K. Is there a coupling between the doping
dependent changes in the antiferromagnetic exchange on the MOy square lattice and
the lifting of the LTO distortion, i.e. a lifting of the in-plane anisotropies? Depending
on the experimental techniques, partly controversial spin-state models were proposed for
Lag_,Sr,;CoOyys [14, 18, 27, 29-31, 225].

43



4. Crystal Structure of Las.xSryCoOy

Using different preparation methods, the crystal structure of Las_;Sr,CoO44s can be
stabilized over a wide doping range from x = 0 up to x = 2 [21], where the nominal Co
valence changes by 2 + x, i.e. from 2 to 4. Therefore, it is possible to investigate the
doping dependent variation of structural parameters and lattice distortions described in
the following in detail.

4.2. HTT-LTO Phase Transition and Structural Parameters
(0.05 <z <1.1)

4.2.1. HTT-LTO Transition in Layered Compounds

The lattice parameters and the LTO distortion of Lay_,Sr,CoOy4 (0.05 < x < 1.1) were
determined by x-ray powder diffraction. Structural parameters were investigated by us-
ing the software program FullProf [172| by Rodriguez-Carvajal. The structural phase
transition is indicated by the splitting of (h,k,l) and (k, h,1) reflections in Bmab nota-
tion, going from tetragonal to orthorhombic symmetry. Due to a better resolution at high
diffraction angles, the highly-indexed reflections should be chosen to analyze the phase
transition. As in nickelates, the (400)/(040) reflections near 26 ~ 69° are superposed by
(208)/(028) reflections [126]. A peak-width analysis of the (200)/(020) splitting in com-
bination with the analysis of the criteria of fit for Bmab and I4/mmm symmetry of the
LTO and HTT phases enables the phase determination. To determine the instrumental
peak broadening through U, V', W parameters in the Caglioti formula [182], calibration
measurements with Si powder samples were carried out. The temperature dependence of
the lattice parameters and the HT'T-LTO transition temperature were investigated with
a Siemens D5000 diffractometer using Cu K, radiation. With the combined usage of a
4He evaporation cryostat and a Paar high-temperature camera, the temperature region
10 K < T <1050 K is covered.

Fig. 4.1 shows the orthorhombic splitting ¢ of Las_,Sr,CoO4 at low doping levels.
Doping the parent compounds Lag M Oy4 (M =Co, Cu, Ni) with Sr reduces the orthorhom-
bic strain and the HTT phase is stabilized. In comparison to the nickelate [126] and
cuprate system [81], no linear dependence between orthorhombic splitting and doping
can be seen. In agreement with the size of the orthorhombic distortion of the parent
compounds, the LTO-HTT phase boundary is shifted to higher doping levels.

First, to understand the effect of Sr doping, the orthorhombic distortions of the un-
doped compounds will be considered. The LTO distortions in the parent compounds
of the Lay_,Sr, MOy (M=Co, Cu, Ni) series were studied in [11, 125, 226] (see Fig.
4.10). The crystal structures in Ni and Cu samples were investigated by neutron powder
diffraction and the effect of interstitial oxygen was analyzed in detail. Table 4.1 gives
a comparison of available structure parameters of the parent compounds. All undoped
parent compounds exhibit the LTO distortion with Bmab symmetry already at room
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4.2. HTT-LTO Phase Transition and Structural Parameters (0.05 < x < 1.1)

Figure 4.1.: Orthorhombic splitting € in
Lag_,Sr, MOy4 (M = Co, Ni, Cu) at low dop-
ing levels. Cobaltate lattice constants for
z = 0 are taken from Yamada et al. [11]
and for z > 0 from Haider [94]. For com-
parison, room temperature data for Ni [126]
and Cu [70, 226] are shown.

Figure 4.2.: ab-plane of LasCoQOy ’

in Bmab setting at room tem-

perature (atomic positions are .
taken from [65]). The unit
cell of the undistorted struc-
ture with I4/mmm symme-
try is represented in green,

the orthorhombic unit cell in Q

black. The apical oxygen
ions of the in b-direction tilted
CoOg-octahedra are connected
by blue lines. The tilting an-
gle O is calculated to 7°. The 3
b-axis is consecutively reduced b

with increasing Sr doping, as ’
the octahedra tilting is vanish- . .
ing. a

¢ = 2(a-b)/(a+b) (10?)

2197 A

6 T 3.400 A
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4. Crystal Structure of Las.xSryCoOy

Compound LasCoOy [65] LagNiOy [73] LapCuOy4 [70] SraRuOy4 [227]
T (K) RT 250 RT RT
Symmetry Bmab Bmab Bmab F4/mmm
a (A) 5.46(1) 5.4499(2) 5.357 5.4744
b (A) 5.598(1) 5.5275(2) 5.406 ;
c (A) 12.66(3)  12.5118(3) 13.148 12.7397
e=(a—0b)/(a+Db) -0.01266 -0.0071 20.0045 ;
MOpysal 1.9621 1.9442 1.904 1.9355
MOapicat 2.301 2.235 2.410 2.0599
AMO/MOpasar 0.173 0.15 0.266 0.064
0 (°) 7 6 3 -
rA+T
t= 7\/5.803_&0) 0.862 0.885 0.868 0.92

Table 4.1.: Comparison of the structure parameters of single-layered perovskite systems.
The octahedra tilting angle © refers to the out-of-plane oxygen Ogpicqr dis-
placement.

temperature [65, 70, 71, 73, 75, 79|, where M Og-octahedra are tilted in the direction
of the face diagonal of the HTT unit cell. The anticooperative tilting of corner-sharing
octahedra is represented by blue arrows in Fig. 2.4. By the distortion of the octahedra
in the displacement, namely the elongation in direction of the apical oxygen ion Ogpical,
the expected shortening of the b lattice constant in orthorhombic Bmab setting is over-
balanced. This can be related to the displacement of the La3*/Sr?* ions in the LTO
phase and the accompanied displacement of Ogpicq in the anisotropic La coordination,
see Fig. 2.5. It follows that a < b < ¢. Since Cu?* 3d” is strongly Jahn-Teller ac-
tive, the Cu-O bond-length anisotropy and the ¢/a ratio is significantly enhanced for
cuprates. This effect has to be accounted for when discussing structural strains via the
bond-length mismatch. All systems show a strong deviation of the tolerance factor from
the ideal value. An undoped single-layered perovskite showing no tilt or rotational oc-
tahedron distortion away from the ideal tetragonal structure is SroRuO,4. This may be
ascribed to the smaller bond-length mismatch between Sr-O and Ru-O (see Tab. 4.1).
The structure was investigated by Vogt et al. using neutron powder diffraction in the
temperature region 0.24 < T' < 295 K [227]. No long-range structural distortions are
present in this temperature region, but the authors report a structural anomaly for the
¢/a ratio in I4/mmm notation of the HTT phase at the metal-insulator transition at
T = 100 K. Furthermore, this anomaly was disapproved by a later work. Superstructure
reflections, which would indicate a breaking of the lattice symmetry, as well as anomalies
in the Ru-O bond-length variation and in the atomic displacement parameters down to
20 K are not observed [228].
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4.2. HTT-LTO Phase Transition and Structural Parameters (0.05 < x < 1.1)

The magnitude of the orthorhombic distortion € = (a—b)/(a+b) and, concomitant, the
M Og octahedra tilting angle © decrease with increasing atomic number of the transition
metal ion. The linear-quadratic coupling of € to the order parameter in the fourth-order
expansion of the Ginzburg-Landau free energy results in a linear dependence between
orthorhombicity and temperature. The variation of ionic radii through doping shifts the
HTT/LTO transition temperature systematically, thus one could expect a nearly linear
decrease of € at room temperature. The observed deviations for cobaltates are due to an
additional mechanism or off-stoichiometry. Of particular importance, for the size of the
orthorhombic distortion, is the intercalation of excess oxygen ¢ in the crystal structure of
Lag_»Sr;C0o0445 at low doping levels, as discussed in Sec. 2.1.3. Excess oxygen ions on
interstitial sites reduce the orthorhombic splitting of the system as long as they do not
order. The sample stoichiometry for 0.2 < z < 1.0 was investigated by atomic absorption
spectroscopy measurements and single-crystal x-ray diffraction. A possible influence of
excess oxygen in the powder samples has to be taken into account. From a ’steric’ point
of view, the HT'T-LTO transition would be just slightly increased, since the maximum of
incorporable oxygen (dmaz) in Lag_;Sr;CuOy4ys and Lag_,Sr,NiOy s is systematically
decreasing with increasing = [126, 134].

4.2.2. Temperature Dependence of the LTO Superstructure Reflections

The temperature dependence of the CoOg tilt instability was investigated by single-
crystal x-ray diffraction. The symmetry reduction from I4/mmm to Bmab is accompa-
nied by an enlargement of the crystallographic unit cell and superstructure reflections in
the reciprocal space are induced. According to the series expansion of the LTO phase
transition, the expected superstructure intensity couples quadratically to the order pa-
rameter I oc Q3. In particular, superstructure reflections (h/2, k/2, 1) in HTT notation
with h,k odd, [ even and [ > 0 are expected to arise in the LTO distorted phase with
Bmab symmetry. Depending on the individual structure factor, weak superstructure re-
flections should be observable in a single-crystal x-ray diffraction experiment for longer
counting times. Precession maps at T = 100 K and 7" = 300 K were calculated from
two single-crystal x-ray datasets for the LTO distorted x = 0.2 compound with identical
collection strategies. The precession method refers to the undistorted mapping of recip-
rocal lattice layers, i.e. the projection of the dataset on selected symmetry layers. To
verify LTO superstructure reflections, the intensities in the (h, k, ) layers were calculated
with constant [. \/2 contamination with typical 0.15 % intensity in comparison to the
main structure reflection was found at small Q values [176]. Fig. 4.3 shows the tem-
perature dependence of the (h, k, 6) layer for a standard experiment used to determine
the main structure. The exposure times were 30 s per frame up to 20 = 144.62 © with a
redundancy of ~ 4 at higher diffraction angles. The map accounts all measured (h, k, 6)
reflections projected in a 512x512 pixel area. A cut-off intensity of just 200 counts was
chosen to visualize weak reflections. Significant superstructure reflections are found only
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4. Crystal Structure of Las.xSryCoOy
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Figure 4.3.: Temperature dependence of the weak LTO superstructure peak (4.5, 6.5, 6)
in the (h, k, 6)-plane of Laj §Srg2Co0Oy4 from a long-run experiment using a
specimen of nearly spherical shape, 140 um in diameter.
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4.2. HTT-LTO Phase Transition and Structural Parameters (0.05 < x < 1.1)
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Figure 4.4.: Temperature dependence of the orthorhombic superstructure peak (2.5, 8.5,
2) of Laj 7Srg.3C00y4. (a) The two-dimensional contour plot shows two peak
contributions due to a mixture of K,; and Ko radiation. Vertical (b) and
horizontal (d) scans across the K,; maximum are shown for different tem-
peratures below and above the HTT /LTO phase transition. (c) Temperature
dependence of the maximal peak intensity with subtracted background con-
tribution.

at large Q values. Small additional scan regions at T" = 300 K are due to orientational
matrix scans and do not contribute to superstructure reflections. Red lines represent
slices through the reciprocal lattice across (4.5, 6.5, 6) and the corresponding intensity
graphs are given at the border. In comparison, a (4.5, 6.5, 6) contribution is only found
at T' = 100 K. This result is surprising, as the HT'T-LTO transition temperature is ex-
pected near T ~ 440 K from powder x-ray diffraction (see Fig. 4.12). This may be due
to an insufficiently small sample size and due to low contributions from the small CoOg
octahedron tilt to the scattering factor; as expected, oxygen contributions to the total
x-ray scattering are weak in comparison to the more electron dense atoms.

In order to investigate the LTO distortion in = 0.3, a large single crystal (volume-
factor 3000 larger in comparison to the typical sample size of r = 35 um) was pre-
pared for orientated scans with counting times of 120 s at a small detector distance of
dzxr = 37.5 mm. The [2,0,0] direction was set perpendicular both to the x-ray beam and
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4. Crystal Structure of Las.xSryCoOy

La 1‘7Sr0‘3CoO A

PXD:~T
Figure 4.5.: LTO transition temperature in
, Laj 7S19.3C00y, estimated by single-crystal
x-ray diffraction (SCXD), single-crystal neu-
v (0.5,0.54) SCND tron diffraction (SCND) measurements, and
—e—(2.5,8.5,-2) SCXD the analysis of the orthorhombic distortion
0 100 200 300 e = (a—b)/(a+b) in powder x-ray diffrac-
T (K) tion (PXD) measurements.

Intensity (arb. units)

the detector direction. The intensity was integrated using a w-scan of 2° with a fixed
detector 26 position. The observed temperature dependence of a (2.5, 8.5, -2)4¢s, reflec-
tion is shown in Fig. 4.4. Panel 4.4 (a) represents a section of the CCD-detector image
with 512x512 superpixel resolution. Beside the calculated reflection position, marked by
dotted lines, the K,o contribution is found. Panel (b) and (d) illustrate vertical and
horizontal cuts across (2.5, 8.5, -2)¢y for different temperatures down to liquid nitro-
gen temperature, limited by the KryoFler stream. The temperature dependence is in
agreement with the onset of orthorhombic splitting near T' ~ 220 K from powder x-ray
diffraction measurements (see Fig. 4.5 and Fig. 4.11 ) with respect to the experimental
resolution and the energy window of the x-ray diffractometer. The reflection corresponds
to (6, 11, -2) indices, since (11, 6, -2) is forbidden for Bmab symmetry. The superstruc-
ture intensity is expected to couple quadratically or Qrro o (' — T LTO)M to the order
parameter Qrro near the phase transition. Owing to a possible Gauss-broadening at
the transition temperature due to sample inhomogeneities, the decline may be smeared
out. This is similar to the observed temperature dependence of LSCuO [229], where
fluctuations are important near the phase transition.

4.2.3. Doping Dependence of Lattice Parameters at Room Temperature

The lattice parameters of Lag_,Sr,CoOy4 (0.05 < z < 1.1), shown in Fig. 4.6, at room
temperature, determined by the Rietveld method, are in qualitative agreement with lit-
erature data [11, 22, 65, 94, 210]. The estimated standard deviations of the least-square
refined values lie within the point size. Below x < 0.3 the LTO phase with Bmab sym-
metry is stabilized, as discussed in the previous section. Here, the precise doping level of
the HTT/LTO phase transition at room temperature is of particular importance for the
ascription of structural anomalies. As mentioned before, the LTO phase can be identi-
fied in the powder diffractograms by the (110)gpr splitting or line-width increment to
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4.2. HTT-LTO Phase Transition and Structural Parameters (0.05 < x < 1.1)
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Figure 4.6.: Lattice parameters of Lag_,Sr,CoO4 (0.05 < x < 1.1) at room temperature

in I4/mmm notation. For comparison, literature data from |11, 22, 65, 210|
are included. For z < 0.3, the LTO distortion with Bmab symmetry and a <
b is stabilized. Corresponding orthorhombic lattice constants are shortened
by a factor 1/v/2. Data for x < 0.3 were measured and refined by M. Haider
[94]. The dashed region represents the proposed HTT-LTO phase transition
at room temperature.
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4. Crystal Structure of Las.xSryCoOy
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Figure 4.7.: Comparison of lattice constants of Las_,Sr,CoO,4 with an ionic estimation.
Basis of this estimation is the undistorted tetragonal structure with 74/mmm symme-
try assuming Co3* in the high-spin and low-spin state, respectively (Co?* is always in
the high-spin state). The ionic radii are taken from [54].

(200)pr0 and (020)pro!. The phase transition was also examined through the analysis
of the sample dependent linewidth. This analysis of the resolution convoluted linewidth
broadening was compared with a Si standard, which provides information about the
angle dependence of the instrumental resolution function. The LTO distortion is fully
suppressed at x = 0.3. For better comparison to the HTT phase, with I4/mmm sym-
metry above x = 0.2, the orthorhombic a and b lattice constants were shortened by
1/V2.

As expected, the unit cell volume decreases with increasing strontium content up to

'Miller indices and lattice constants of the HTT phase are given in the standard setting I4/mmm of
space group No. 139. The HTT space group notation in literature often refers to F'4/mmm, where
a,b are rotated by 45° and elongated by v/2 in comparison to I4/mmm. Superstructure reflections
with h 41 = 2n or h,k odd and [ even but [ # 0 (n € Z) arise below the LTO phase transition with
Bmab symmetry.

52



4.2. HTT-LTO Phase Transition and Structural Parameters (0.05 < x < 1.1)

x = 1.0, due to the variation of ionic radii when accounting quasi close-packed spheres.
La3t ions are substituted by larger Sr?* ions (see Table 4.2), but concomitantly, the
nominal Co-valence vo, changes to vo, = 2 4+ x by hole doping. Overall, the change in
the average Co-ion radius overbalances the changes on the A-site with respect to both
Co* high-spin and Co®* low-spin occupation. To give a first estimation for the internal
strains in the systems, the calculated and measured lattice constants are compared in
Fig. 4.7. The calculation assumes symmetry constraints of the HT'T phase. Due to the
smaller ionic La3* /Sr?* radii, in-plane lattice dimensions are defined by the doubled Co-

O bond length. The c-value was calculated by ¢ = 2-Co-O+2-La-O+2+v/La-O% — Co-02,
where the last addend considers the mismatch between adjacent LaO and CoOq layers.
For the ideal layered structure with La-O = V2 - Co-O and 2 - Co-O = a it follows
¢ = (2++/2) -a. Clear deviations, pointing to strain distortions, are seen in the a lattice
constant, which is shortened for all doping levels. The sum of changes in La3*t/Sr?*
and Co?T /Co®* ionic radii tends to increase the out-of-plane lattice constant. While the
increase of ¢ is observed at low doping levels, a steep decrease occurs near x = 0.45.
Overall, the lattice volume V decreases, but stays well below the expectation value with
constraints to a HT'T phase. As discussed in Sec. 2.1, the bond-length mismatch and the
LaO layer repulsion, immanent in the single-layered perovskite structure, are expected
to cause some internal strain in the system. Further insight in the nature of the internal
strains in cobaltates will be obtained from the analysis of the bond-length anisotropies.

Anomalies can be identified by separating LTO distortional effects. While the or-
thorhombic splitting € = (a — b)/(a + b) vanishes at x = 0.3, the HT'T in-plane lattice
constant decreases monotonically upon further doping. Since the b-axis indicates the
CoOg tilt direction, as shown for LasCoOy in Fig. 4.2, it exhibits the largest changes
(e < b < ¢ in Bmab notation). The HTT a-axis represents the doubled Co-O bond
length and decreases through the nominal electron removal on Co-sites. Two remark-
able anomalies are seen in the c-axis doping dependence: the steep drop near x = 0.45
and the increase above x = 0.8. The lifting of the tilting distortion in case of rigid
octahedra would lead to a maximum near the LTO-HTT phase transition, but the re-
duction of internal strains is expected to be uniform. Before discussing the anomalies
in detail, we can ascribe these to the instabilities found in other Sr doped single-layered
perovskites. The structural aspects of strontium doping in the single-layered perovskite
system Lag_,Sr,; MOy (M = Co, Cu, Ni) were examined in literature.

The orthorhombic distortion for the parent compound LayCoO,4 amounts to € = (a —
b)/(a +b) = —0.0126, according to lattice constants from Yamada et al. [11]. This is
in good agreement to € = —0.0127 from single-crystal neutron diffraction measurements
determined by Le Toquin [65]?. The CoOg-octahedra tilting angle © is 7° (see Fig. 4.2),

2In comparison, the absolute values of the lattice constants differ in the given references, but the or-
thorhombic distortions are coinciding. Aberrations from stoichiometry are expected to affect the co-
operative octahedra tilting and therefore e. Differences in absolute values may result from wavelength
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4. Crystal Structure of Las.xSryCoOy

Closed shell High-spin state Low-spin state
Ion CN r (A) rgs (A)  configuration g (A) configuration

Last IX 1.216
Ca?t IX 1.18
St IX  1.31
Ba?t IX 147

Co*t VI - 0.745 to,ez, S =3/2 0.650 t9,es, S =1/2
Co*t VI - 0.610  ty.es, 5=2 0545  t§e), 5=0
Ni#t VI - 0690  t5,e2, S=1 -

Ni*t VI - 0.600  t3.es, S=3/2 0560  t5.e5, S =1/2
Cu*t VI - 0730 5,5, 5=1/2 -

02~ VI 1.42

Table 4.2.: Comparison of the ionic radii with coordination number CN in Las A, MOy
(A = Ca, Sr, Ba; M = Co, Ni, Cu)) from [54]. In case of non-closed shell
configuration, ionic radii are given for high-spin (HS) and low-spin (LS) states.
The discussion of a Cu?t spin contribution in LSCuO is inadequate, as a so-
called Zhang-Rice singlet is formed [230].

calculated by the displacement of the apical oxygen ion Ogpe,. With increasing Sr doping
level, the difference between a and b decreases with a decisive decrease of b and vanishes
at the phase transition at = 0.3. This is equivalent to the lifting of the cooperative
octahedra tilt and a reduction of the octahedral distortion. From a steric point of view,
the increase of ¢ with a maximum at the phase transition is induced by the raise of rigid
octahedra. As mentioned before, the a lattice constant in the tetragonal phase is twice
the size of the Co-Opqsq; bond length. The strictly monotonic decrease in the HTT phase
represents the nominal change of the average ionic radius of the cobalt ion.

The coupling of the structure parameters and the LTO/HTT distortion to internal
strains or electronic effects of the transition metal ion can be studied by heterovalent
or isovalent doping in the single-layered perovskites. Let us now focus on the effect of
chemical pressure by the ionic radii variation of the divalent dopant. In order to verify
the effect of chemical pressure on the anomalous decrease of the c-axis near x = 0.4,
additional powder samples of Lag_, A, CoOy4 (A = Ca, Ba) near half doping were prepared
by M. Benomar [135|. Fig. 4.8 shows the comparison of the measured lattice parameters
with literature data. Literature data for Ba samples from Cherepanov et al. [92] are in
agreement with ours. All samples exhibit the HT'T symmetry at room temperature. The
lattice constant change for a given doping level belongs to the alkaline-earth ionic radii

gaging in the neutron-scattering experiments and the reduced angle resolution within a four-circle
diffractometer experiment.
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Figure 4.8.: Comparison of the lattice constants of Lag_,A,CoOy4 (A = Ca, Sr, Ba) at
room temperature in I4/mmm setting with literature data for Ba from [92]. (b) No
clear c-axis anomaly is found in Ba and Ca samples in this doping region.
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Figure 4.9.: Comparison of lattice constants from co-doped and heterovalent doped
cuprates and cobaltates Laj g5—2510.154+2Cu1—;Co, Oy [231].

rge = 1.47 A, rg, = 1.31 A, and r¢, = 1.18 A in ninefold coordination. Interestingly,
no indication for an LTO distortion was found for Ca samples, in which an enhanced
bond-length mismatch is expected in comparison to 77, = 1.216 A. However, the curve
progression of Ba and Ca is smooth across half doping with respect to the expected
change of the ionic radii, suggesting the reduction or absence of the c-axis anomaly in
this doping region. A further investigation of the low- and high-doping region would
be very interesting to verify whether the observed anomaly for Sr doped samples is
systematically shifted.

A comparison of lattice constants from co-doped and heterovalent doped cuprates and
cobaltates Laj g5—»S10.154+2Cu1-2C0, 0Oy [231] is shown in Fig. 4.9. Both the Sr and Co
content increases simultaneously in the sample series investigated by Gaojie et al., and
therefore, the two systems of Sr doped cuprates and cobaltates are connected. In compar-
ison, the lattice parameters are in good agreement. The increase of a and the decrease of
c for x < 0.6 in La g5 4510.1542Cu1-2Co, Oy at room temperature indicates a significant
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Figure 4.10.: Comparison of the lattice constants of Lag_,Sr, MOy (M = Co, Cu, Ni) at
room temperature in /4/mmm setting. Literature data for Co are taken from [11, 94],
for Ni from [125, 232], and for Cu from [202, 226].

reduction of the dominant Jahn-Teller distortion. With the reduction of the octahedra
anisotropy, the c¢/a value decreases. Concomitantly, the authors report an increase of
the resistivity for polycrystalline pellets. Beyond x = 0.6 the resistivity decreases and
the in-plane lattice constant follows the curve progression of Las_,Sr,CoO4. However,
no evidence is found for a c-axis anomaly pointing to the Co3*t spin degree of freedom.
On the basis of the so far existing data, the Lag_,Sr, CoO4 seems to be unique with the
significant structural anomalies in comparison to heterovalent and co-doped cuprates.

A comparison between Sr doped cobaltates, cuprates, and nickelates is shown in Fig.
4.10. The increase of the c-axis constant in the compound with increasing x verifies the
reduction of the octahedra tilt. The ¢ value for LasCoO4 deviates in literature. This can
be associated with the problem to stabilize stoichiometric samples of the pure compound,
since it exhibits an unusually fast oxygen transport and spontaneous intercalation of
oxygen at room temperature is observed [66]. However, the decrease of the lattice volume
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4. Crystal Structure of Las.xSryCoOy

in HTT notation of LSCoO, LSNiO, and LSCuO is similar, although the in-plane and
out-of-plane anisotropies differ. A dominant Jahn-Teller distortion in LSCuO leads to
a large difference in the lattice constants and, through this, to an enhanced c¢/a ratio.
Neglecting hybridization effects, Ni>* 3d® is not Jahn-Teller active and Co?* 3d”, in the
high-spin state, is expected to exhibit only a small distortion due to a smaller energy
gain in the ty4 splitting. This suggests comparable a and c lattice constants of cobaltates
and nickelates with respect to ionic radii from Tab. 4.2. For higher Sr doping levels,
the increase of a and the decrease of the axial distance above x = 0.6 in LSNiO was
interpreted as a change in the electronic structure of Ni ions [232]. The orbital character
of the occupied states of the e, levels is proposed to be significantly redistributed from
2% to 22 —y?. This agrees with a deviation in the nominal valence calculated in the bond
valence sum approach. The volume averages over Jahn-Teller distortions and orbital
redistribution making the variation with & comparable to that in cobaltates. An analysis
of the Co-O bond-length anisotropy will give insight in the nature of the ¢ axis anomaly
in single-layered cobaltates. It is worth to note that the LTO transition is systematically
shifted to higher doping levels with increasing atomic number, which has been discussed
in Sec. 4.2.1.

4.2.4. Temperature Dependence of Lattice Parameters

Fig. 4.11 shows the low-temperature lattice constants of Las_,Sr,CoO,4 as determined
by powder x-ray diffraction in the temperature region 10— 300 K. Small deviations of the
PXD data from the room temperature based setup can result from a sample displacement
in the helium cryostat or in the high temperature camera. Although this effect is partially
accounted for in the refinement process via the displacement parameter d for a 8 — 260
diffractometer, the lattice parameters may slightly differ beyond the estimated standard
deviation. To compare high, low, and room-temperature measurements systematically,
lattice constants were scaled relative to the room temperature values. Systematic ex-
perimental errors resulting from d-displacement, sample preparation, and diffractometer
calibration were minimized for the long-run room temperature values, as described in
Sec. 4.2.3.

The relative changes for the in-plane and out-of-plane lattice constants with temper-
ature are small in comparison to the changes with doping. The LTO b lattice constant
for x = 0.2 is not shown in Figure 4.11, as the deviation is small. « = 0.3 exhibits the
HTT-LTO phase transition near T' ~ 220 K. There were no indications for an LTT phase
stabilization in the given temperature region for x = 0.2 and z = 0.3. No anomalies
were found for a further increasing Sr content. The small relative changes of in-plane
and out-of-plane lattice constants in this temperature range are similar to the find-
ings in Las_,SryNiOy4 (x=0.3,0.4) [233], where the relative changes are Aa = 0.2 %
and Ac = 0.3 %. This demonstrates the structural proximity of cobaltates and nicke-
lates. While the half-doped cobaltate exhibits the strongest thermal expansion for a by
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Figure 4.11.: Temperature dependence of the lattice parameters of Las_,Sr,CoOy4 deter-
mined by powder x-ray diffraction and neutron diffraction (blue stars) in

the temperature region 10 — 300 K. Data for z = 0.2,0.4, 1.0 are taken from
M. Haider [94].
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4.3. Structural Parameters

~ 0.23 %, it is minimal along the ¢ direction. This effect may be attributed to checker-
board-like charge ordering phenomenon at half doping with a relative high transition
temperature 7' = 825(27) K, proposed in Ref. [§].

Fig. 4.12 shows the high-temperature lattice constants of Lag_,Sr,CoQO4. There are
no discontinuities in the temperature dependence of a and ¢ in the HTT phase. The
HTT-LTO transition for the x = 0.1 sample is near T" ~ 700 K and for the z = 0.2
sample near T' ~ 440 K [94]. While in the z = 0.4 and 0.6 compounds a saturation
of the c-axis constant is indicated, the increase for £ = 0.5 is enhanced with increasing
temperature. This may be ascribed to an electronic change of the Co3* ions away from
the low-spin occupation, as the increase of the in-plane lattice constant becomes less
prominent. The possible Co spin states in the system are represented in the lower right
panel of Fig. 4.12. A thermal population of the Co®* intermediate-spin or high-spin
from a low-spin configuration may be caused by the observed anisotropic changes of the
lattice constants. The charge ordering temperature was estimated to be Too = 825(27)
[8] from a extrapolation of the c-axis thermal expansion and the decrease of the charge
order scattering intensity. We find no saturation of the thermal expansion of the c-axis at
this temperature in our sample, see Fig. 4.13. Thus, the estimation of T by Zaliznyak
et al. [8] is questionable, since a similar charge-order characteristic was found in our
half-doped sample by neutron diffraction. The decomposition of the sample may be a
relevant factor for the thermal expansion saturation as observed in the previous work.
A two-dimensional character of the charge order is pronounced with in-plane correlation
length & = 26(2) A and out-of-plane correlation length ¢, = 8.1(7) A. However, one
could imagine a strengthening of the Co-Opgsq; bonds in the charge ordered phase, but
the distortion type with respect to Co?t and Co3*t ions and the hybridization has to
be taken into account. Laj 55r95C00,4 exhibits the highest in-plane and out-of-plane
resistivity in comparison to underdoped and overdoped samples (see Fig. 2.7). Through
the enhancement of the ionic character, electrons are localized in d3,2_,2 orbitals.

Overall, the structural changes in the single-layered cobaltate Lag_,Sr,CoQy4, at room
temperature, can be attributed to the reduction of internal strains arising from a bond-
length mismatch and the immanent La-O layer repulsion. After the reduction of the
highest orthorhombic distortion in LagsCoQy4, the HTT-LTO transition is shifted system-
atically with the increase of the atomic number in comparison to LSNiO and LSCuO.
The 'normal’ structural changes, near half doping in Lay_,A4,CoO4 (A = Ca, Ba), sug-
gest an electronic origin for the anomalous decrease of ¢ near x = 0.45 for the Sr doped
compound, which will be further analyzed by single-crystal x-ray diffraction in Sec. 4.3.

4.3. Structural Parameters

The lattice constants and the LTO phase transition can be determined very precisely
in an x-ray powder diffraction experiment of single-layered cobaltates. However, the
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4. Crystal Structure of Las.xSryCoOy

Las_,Sr;CoOy z =02 z=0.3 x=04 xr = 0.45 z=0.5
a (A) 3.8683(1)  3.8556(1)  3.8465(1)  3.8458(1) 3.8392(1)
c (A) 12.6006(5) 12.6499(5) 12.6359(4) 12.5934(2) 12.5345(5)
|4 (A3) 188.73(1) 188.04(1) 186.96(1) 186.256(3) 184.75(1)
La (00 2)

z 0.36146(1) 0.36234(1) 0.36220(1) 0.362214(5) 0.361983(3)
U11=Usy9 (AQ) 0.00744(3) 0.00469(2) 0.00444(2) 0.00695(3)  0.003534(1)
Uss (AQ) 0.00452(2) 0.00181(2) 0.00324(2) 0.00559(3)  0.00165(2)
Uiso (AQ) 0.00647(1) 0.00373(1) 0.00404(1) 0.00650(2)  0.00291(1)
Co (000)

Ui11=Uss (AZ) 0.00331(5) 0.00171(3) 0.00140(3) 0.00380(5)  0.00056(2)
Uss (Az) 0.00879(7) 0.00489(6) 0.00563(6) 0.00777(7)  0.00328(3)
Uiso (AQ) 0.00514(3) 0.00277(2) 0.00281(3) 0.00512(3)  0.00147(2)
Obasal (0 % O)

Ui (AQ) 0.0073(4)  0.0061(2)  0.0061(2)  0.0079(3) 0.0054(2)
Uaa (AQ) 0.0051(4)  0.0037(2)  0.0034(2)  0.0062(2) 0.0034(2)
Uss (Az) 0.023(6) 0.0130(3)  0.0129(3)  0.0149(3) 0.0095(2)
Uiso (AQ) 0.0118(3)  0.0076(1)  0.0075(2)  0.0097(2) 0.0061(1)
Oapical (0 0 Z)

z 0.1750(2)  0.1741(1)  0.1733(1)  0.17194(2)  0.1690(1)
U11=Usy9 (AQ) 0.035(1) 0.0200(3)  0.0163(3)  0.0195(4) 0.0148(2)
Uss (AQ) 0.017(1) 0.0155(5)  0.0169(5)  0.0191(5) 0.0136(3)
Uiso (A2) 0.029(1) 0.0185(2)  0.0165(2)  0.0194(2) 0.0144(1)
Bond lengths

La-Opgsa (A) 2.60544(5) 2.59784(4) 2.59442(4) 2.59316(4)  2.58650(7)
La-Ogpica (A) 2.349(5) 2.381(2) 2.386(2) 2.399(2) 2.422(1)
La-Ogpicai (A) 2.7737(1)  2.7651(3)  2.7567(5)  2.7566(3) 2.7443(2)
Co-Opgsal (A) 1.9341(1) 1.9278(1) 1.9232(1) 1.9229(1) 1.9196(1)
Co-Ogpicai (A) 2.206(3) 2.203(2) 2.190(2) 2.165(2) 2.119(1)
Refinement

R (%) 2.63 1.88 1.79 1.58 2.14
wR(F?) (%) 6.53 4.62 4.76 4.09 5.10
GooF 1.48 1.29 1.21 1.80 1.47

Nops 3041 5421 3730 2076 6007

Nind 495 485 498 482 494

Table 4.3.: Results of the x-ray single-crystal structure diffraction experiments on
Lagy_;Sr;Co04 (0.2 < z < 0.5) with the space group I4/mmm (No. 139)
at T = 295 K. The refinements are based on FO2 using 13 parameters with

reflections F? > 30(F?).

x-ray powder diffraction patterns.
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4.3. Structural Parameters

Las_,Sr;CoOy z=0.6 x=0.7 z=0.8 z=0.9 xz~ 1.0
a (A) 3.8323(1) 3.8258(1) 3.8164(1) 3.8109(1) 3.8049(1)
c (A) 12.5165(3) 12.4947(3) 12.4804(2) 12.4837(1) 12.4873(1)
|4 (A3) 183.822(5) 182.879(5) 181.778(3) 181.230(3) 180.785(3)
La (00 2)
z 0.361993(5) 0.361775(6) 0.361712(4) 0.361647(4) 0.36158(1)
U11=Ua9 (AQ) 0.00461(2)  0.00440(2)  0.00312(1)  0.00314(2)  0.00404(2)
Uss (AQ) 0.00256(2)  0.00334(2)  0.00211(2)  0.00188(2)  0.00297(3)
Uiso (AQ) 0.00392(1)  0.00405(1)  0.00279(1)  0.00272(1)  0.00368(2)
Co (000)
Ui11=Uss (Az) 0.00187(3)  0.00176(4)  0.00083(2)  0.00118(3)  0.00235(4)
Uss (A2) 0.00367(5)  0.00419(6)  0.00312(4)  0.00319(4)  0.00448(6)
Uiso (AQ) 0.00247(2)  0.00257(3)  0.00159(2)  0.00185(2)  0.00306(3)
Obasal (0 % O)
U1 ( 2) 0.0068(2) 0.0061(3) 0.0056(2) 0.0061(2) 0.0077(3)
Uaa (AQ) 0.0043(2) 0.0039(2) 0.0033(2) 0.0037(2) 0.0047(3)
U33 (AQ) 0.0093(2) 0.0097(3) 0.0088(2) 0.0088(2) 0.0098(3)
Uiso (AQ) 0.0068(1) 0.0066(2) 0.0059(1) 0.0062(1) 0.0074(2)
Oapical (0 0 Z)
z 0.1675(1) 0.1670(1) 0.1655(1) 0.1650(1) 0.1650(1)
Ui11=Uss (AQ) 0.0138(3) 0.0125(3) 0.0116(2) 0.0121(2) 0.0128(3)
Uss (AQ) 0.0130(3) 0.0127(4) 0.0108(2) 0.0097(3) 0.0114(4)
Uiso (A2) 0.0135(2) 0.0126(2) 0.0113(1) 0.0113(1) 0.0124(2)
Bond lengths
La-Opgsal (A) 2.57981(4)  2.57721(5)  2.57292(3)  2.57173(3)  2.57043(6)
La-Ogpica (A) 2.434(1) 2.434(2) 2.449(1) 2.455(1) 2.454(2)
La-Ogpicai (A) 2.7349(2) 2.7289(2) 2.7199(1) 2.7151(1) 2.7109(2)
Co-Opgsal (A) 1.9161(1) 1.9129 1.9082(1) 1.9054(1) 1.9024
Co-Ogpicai (A) 2.097(1) 2.082(2) 2.065(1) 2.060(1) 2.061(2)
Refinement
R (%) 1.93 2.00 1.93 1.90 2.40
wR(F?) (%) 4.94 5.21 4.72 4.14 5.83
GooF 1.23 1.33 1.23 1.32 1.32
Nops 3790 3488 5373 4072 2805
Nind 484 459 474 472 463

Table 4.4.: Results of the x-ray single-crystal structure diffraction experiments on Lags_,Sr,CoQOy4
(0.6 < z < 1.0) with the space group I4/mmm (No. 139) at T' = 295 K. The refinements are based on
F§ using 13 parameters with reflections F? > 30 (F?). The lattice constants were refined from long-run
x-ray powder diffraction patterns. Offstoichiometry is indicated by the La/Sr occupation refinement in
the nominal LaSrCoO4 compound.
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Figure 4.14.: Doping dependent change of atomic positions and bond lengths in
Lag_,Sr,CoQOy4 at room temperature. The structural phase transition from
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4.3. Structural Parameters

loss of three-dimensional information and the weak scattering contributions of oxygen
hinders the refinement of all structural parameters. X-ray single-crystal and neutron
powder diffraction allow the investigation of all structural parameters. In particular,
single-crystal x-ray diffraction was used to investigate the nature of the c-axis anomaly
of Lag_,Sr,CoO4. To minimize errors, arising from an aspherical absorption correction,
and to improve the comparability, the crystals were ground in a single-crystal ball mill
to nearly spherical shape with similar radii. Figure 4.14 shows the doping dependency
of the atomic positions and bond lengths in Las_,Sr,CoO4 at room temperature. The
lattice constants determined by x-ray powder diffraction were used for the single-crystal
refinement and the calculation of the bond-lengths (see chapter 4.2)). The LTO dis-
tortion for x = 0.2 is small at room temperature. To avoid problems arising from the
orientation-matrix determination and the integration process, only the main structure
reflections corresponding to HT'T symmetry were used. This provides a good bond-length
comparability to higher doping levels, since errors, due to the additional structural de-
grees of freedom for La/Sr and oxygen, are small®. Table 4.3 and 4.4 give all structural
parameters. From the HTT a-axis data it is clear that the Co-Opgsq; bond length is
nearly linearly decreasing with doping. In contrast to the CoOg octahedron distortion,
the coordination anisotropy of the La ion is continuously reduced with increasing = (see
Fig. 4.14 (c)). Note that the shortest La-O bond length is the one between the apical
oxygen ion at approximately (0, 0, 0.17) and the La ion just above at approximately (0,
0, 0.36), see Fig. 2.5. The c axis anomaly originates from the decrease of the Co-Ogpical
bond length and not from the doping dependent structural changes in the (La,Sr)O lay-
ers. A steep decrease of 3.81 % between x = 0.3 and z = 0.5 reflects the c-axis decrease.
This is indicated by the drop of the relative zp(upicqr) Parameter in comparison to zpq,
too.

The bond-valence model is a valuable tool to characterize structural strains. A com-
parison of the bond-valence sum for Co?*? ions with the nominal value vo, = 2 + x is
shown in Fig. 4.14 (f). In Pauling’s electrostatic-valence approach, a bond valence V;
is attributed to each bond and the bond-valence sum is calculated by summing over the
bonds R;j;:

Co24+ _ .
Vi = Z e((Rg Rij)/b) (4.1)

J

Here, ROC °2% and b are empirical parameters determined for the Co?* coordination in
several well known compounds.

In the LSCoO series we find a clear deviation of the calculated bond-valence sum, using
b=0.37 and R§*" = 1.692 for Co?**-02~ bonds [234, 235|, from the nominal v = 2 + =
valency at low doping levels. With increasing Sr content, the bond-valence sum gets closer
to the expectation value and coincides with it at £ ~ 1. The anomalous drop of the Co-

3For an octahedra tilting of © ~ 1° follows a relative Co-O bond-length change of cos1 ~ 0.02 % for
z = 0.2 at room temperature.
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4. Crystal Structure of Las.xSryCoOy

Ogpical bond length beyond = ~ 0.4 leads to an increase of the bond-valence sum, i.e. an
increase of the structural strain. The enhanced bond-valence values must be ascribed to
internal strains changing the equilibrium bond length anisotropically at low doping levels.
A decrease of the bond-length mismatch upon Sr substitution lifts the structural strains.
Therefore, the above described bond-length anomaly may not be of structural origin. It
is worth to note that the Co3T contribution is neglected in equation 4.1. There are no
spin state dependent Rg 93+ values reported in literature. Because of the strong difference
in the existing values for this oxidation state R0003+ = 1.7,1.680,1.670,1.637 [236], the
Co3t spin-state degree of freedom is neglected in our calculation. In comparison to single-
layered cobaltates and nickelates [232], the bond-valence sum for Cu in Lag_,Sr,;CuOyy s
agrees surprisingly well with the increase of the nominal value calculated for different
charge-carrier concentrations [237]. Starting with a strain induced dv¢,, deviation of 0.43
in LagCuOy4 at room temperature, the Cu valency increases with 0.009 in LasCuOy4 gos5
and 0.107 in Laj g7Srg.13CuQy4, which is similar to the hole concentration ny = x + 26 in
the systems. This implies that the entire induced charge carriers cause the changes in Cu-
O bonding lengths and therefore bond-length mismatch driven strains remain constant.

Let us now focus on La3* /Sr?* disorder and thermal motion of atoms in the single-
layered cobaltates. An analysis of the atomic displacement parameters gives insight into
thermally induced atomic motion and static displacive disorder (see for example [238]).
Due to the short time scale of the x-ray and lattice interaction in comparison to the
oscillation period of an atom around the equilibrium position, disorder or thermal motion
lead to a similar decrease of the structure factor. A study of the temperature dependence
of atomic displacement parameters can provide information to distinguish between static
disorder and thermal motion, as the phonon contribution increases with their thermal
excitation. However, disorder may also be temperature dependent. Both, displacive and
magnetic correlations in single-layered perovskites and the diffuse scattering arising from
intralayer and interlayer disorder are analyzed in Ref. [239].

The atomic displacement parameters of Las_,Sr,CoO4 at room temperature are shown
in Fig. 4.15. The isotropic Gaussian displacement parameters are nearly independent
on doping in the HTT phase. As x = 0.2 is refined with I4/mmm constraints, an
increased Usz value of the Opgsq; ion and an increased value of U (=Us2) of the Ogpical
reflects the CoOg octahedra tilt at room temperature. To analyze anisotropies in the
system, a comparison of the LTO distorted and undistorted single-layered perovskites
is given in Tab. 4.5. In general, the cobaltate atomic displacement parameters are
in qualitative agreement with the parameters of the parent compound LasCoOy [65]
at room temperature (see Tab. 4.5, too). In detail, the in-plane parameters of Co in
Laj 55rp.5Co0y4 are strongly reduced. This is interesting, as one would expect an increase
of Co-O bonding with increasing charge in the series Cu?*, Co?**, Ru*t. The anisotropy
reflects the M Og octahedron distortion, i.e. the Co-Opgsqr and Co-Ogpicqr bond-length
anisotropy, which is more pronounced in LasCuO4 and less in SroRuO4. The thermal
ellipsoids of Ogpicar and Opgsq; indicate no octahedra tilt instability in the HT'T phase.
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Figure 4.15.: Atomic displacement parameters of Las_,Sr,CoO4 at room temperature,
calculated from harmonic refinement. The grey area represents the linear
extrapolation of the La3*t /Sr?t disorder contribution to the atomic dis-
placement parameters in Laj g5519.15CuOy4 at T'= 200 K [240].

While the successive reduction of Uss, Uss, and Uy for Opgsq is in agreement with the
increase of the bond strength, the Us3 parameter of Ogp;cq; is unusually high.

To account for the effect of disorder in the system, we may compare results of LSCuO
with LSCoO. The influence of La/Sr dopant disorder in Laj g55rg.15CuO4 was simulated
via an interaction-potential model using distinct potentials for the La-O and Sr-O in-
teraction and distinct charges. A large number of super cells (4 x 4 x 4 in F4/mmm
notation) were constructed with a random arrangement of La and Sr ions for the given
doping level. Positional displacements result from the variation of the local interatomic
potentials, whose squares are averaged over the super cells. In addition to the phonon con-
tribution to the atomic displacement parameters, the disorder contributions at T' = 200 K
are largest for Uiy gisorder = 0.003 of Ogpicar and Uss gisorder = 0.00051 of Opgsqr. The
linearly extrapolated disorder contribution for higher Sr doping levels in LSCuO is rep-
resented by a grey area in Fig. 4.15. The La3* /Sr?t disorder is maximal for a random
distribution at x = 1 in Las_,Sr,CoO4. The comparison of atomic displacement pa-
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4. Crystal Structure of Las.xSryCoOy

AQBO4 La1.5Sr0.5CoO4 LaQCOO4 [65] LagCuO4 [74] SI“QRUO4 [228]
I4/mmm Bmab Bmab I4/mmm

A

Un (A?) 0.003534(1) 0.007(1) 0.0071(2) 0.00678(8)

Uy (A2) =Up 0.007(1) 0.0062(1) =Upn

Uss (A2) 0.00165(2) 0.0053(5) 0.0044(1) 0.00488(9)

Uz (A?) - 0.0011(5) -0.0004(1) -

B

Uy (A?) 0.00056(2) 0.00663(1) 0.0033(2) 0.00227(9)

Usy (A2) =Up 0.00663(1) 0.0028(1) =Up

Uss (A2) 0.00328(3) 0.0066(1) 0.0088(2) 0.0036(1)

Obasal

Un (A?) 0.0054(2) 0.0047(5) 0.0068(2) 0.0112(1)

Usz (A2) 0.0034(2) 0.0047(5) 0.0055(1) 0.0031(1)

Uss (A?) 0.0095(2) 0.0164(5) 0.0143(2) 0.0111(1)

Oapical

Uy (A?) 0.0148(2) 0.027(2) 0.0208(3) 0.0097(1)

Uy (A2) ~Un 0.009(1) 0.0157(2) ~Un

Uss (A?) 0.0136(3) 0.009(1) 0.0066(2) 0.0046(1)

Uas (A2) - -0.0017(8) 0.0009(1) -

Table 4.5.: Atomic displacement parameters of Laj 55rg5Co0, in comparison to single-
layered perovskites Ao BO4 with and without BOg tilt and rotational insta-
bilities.

rameters for Opqsqr, Co and La/Sr is in agreement with the order of magnitude for the
phonon contribution, but the increase with increasing x is not statistically significant.
The strongest disorder induced change is expected for the atomic displacement param-
eter U1y of Ogpical, Which clearly differs from the observation. However, a quantitative
comparison of the LSCuO and LSCoO for high doping levels may be misleading, because
of the different force constants and local deviations from the random arrangement of Sr
ions.

Fig. 4.16 shows the comparison of room-temperature M-O bond lengths found in
Lag_,Sr, MOy (M = Co, Ni). Due to the similar ionic sizes of Co?*/3t and Ni?+/3+
ions (see Tab. 4.2), the resulting bond-length anisotropy and its doping dependence are
comparable. As already discussed in Sec. 4.2.1, anomalies in the Ni-O bond lengths
at * = 0.6 were ascribed to an orbital redistribution from z? to % — y? orbitals by
Millburn et al. [232]. Ni?* (3d®) is Jahn-Teller inactive, while Ni®* (3d") exhibits a spin
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Figure 4.16.: Observed doping depen- 92-0*1?\? gbasa'i(ﬁgamw Milburn of ol
dence of the M-O bond lengths in (EID " basa apea DU E1E
Lag_,Sr, MOy (M = Co, Ni) at room 4
terpperature. Data for Ni are taken from 1-%'2 04 06 08 10
Millburn et al. [232]. X

degree of freedom and may show Jahn-Teller activity. The observed structural changes
are proposed to result from a change from a Jahn-Teller active polaron to a Jahn-Teller
inactive polaron. In a simple ionic picture the steep decrease of Co-Ogpica; also has
an electronic origin, where the Co®* spin state changes from high-spin to a low-spin
occupation near z = 0.45. For a detailed discussion of this idea see Sec. 7.1.

La, ¢Sr,,Cu; Co,0,

N
a

—_ 1.8°'0.2
OS/
e
2
o 2.2
2
Figure  4.17.:  Doping  dependence 2
of the Co/Cu-O bond lengths in O 20
Laj gSrg2Cu;_;Co,O4 at room tem- 3 '
perature in I4/mmm setting. Data for g
z < 1.0 are taken from Hohlwein et al. 0.0 ‘ 0.2 ‘ 0.4 ‘ 0.6 ‘ 0.8 ‘ 1.0
[95]. X

The effect of Co codoping in Laj St 2Cuy—,Co,O4 (x = 0,0.015,0.025,0.035,0.1,0.5)
was investigated by Hohlwein et al. [95]. The authors used high-resolution powder diffrac-
tion to analyze the room temperature structure in detail. No superstructure reflections of
the LTO phase were found for all doping levels. The doping dependence of in-plane and
out-of-plane M-O bonds is shown in Fig. 4.17. Including our data, a systematic decrease
of the bond-length anisotropy is observed with increasing Co doping. The increase of Uss
for Opgsar and Uiy for Ogpicar suggests the onset of the short-range octahedra tilt insta-
bility at « = 0.5: the Jahn-Teller distortion of CuOg/CoOg-octahedra is systematically
reduced with increasing x.

The analysis of the different Co-O bond-lengths in Las_,Sr,CoO4 (0.2 < z < 1.0)
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4. Crystal Structure of Las.xSryCoOy

in comparison to nickelates and co-doped cuprates suggests an electronic nature of the
steep decrease of Co-Ogpicqr near x ~ 0.45. As indicated by the atomic displacement
parameters, no CoQOg tilt instabilities are present at higher doping levels.

4.3.1. Comparison of Bond Lengths in La; ,Sr,CoO,4 from Single-Crystal
and Powder Experiments

—@- SXD 112.65
-A- PXD

3.88¢ (a) - SXD'

32592 04 06 08 1.0 0.4 0.6 08 1.0

Figure 4.18.: Doping dependence of the lattice parameters of Lag_,Sr,CoO,4 at room
temperature. In comparison, results from single-crystal and powder x-ray
experiments.

Due to the higher angle resolution, lattice constants from powder x-ray diffractometer
measurements were taken to determine the Co-O bond lengths given in Tab. 4.3 and
4.4. Large single crystals of cylindrical shape, having typically 50 mm length and 8 mm
diameter, were prepared by a floating zone method in a mirror furnace. To analyze
sample inhomogeneities along the specimen in the standard characterization using x-ray
powder diffraction, the lattice constants of slices above and below the single-crystal were
compared. Powder and single-crystal samples originate from the same slice. To neglect
crystal inhomogeneities perpendicular to the growing direction, the structure parameters
were calculated using lattice constants from the single-crystal x-ray experiments (see
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4.3. Structural Parameters

Las_,Sr;CoOy =02 x=0.3 r=04 x =045 z=0.5
a (A) 3.8797(4)  3.8591(1)  3.8492(1)  3.8506(1)  3.8418(1)
c (A) 12.636(1) 12.6488(5) 12.6390(4) 12.6077(5) 12.5499(2)
|4 (A3) 190.20(4) 188.38(2) 187.26(1) 186.93(2) 185.23(1)
La (00 2)

z 0.36146(1) 0.36234(1) 0.36220(1) 0.36221(5) 0.361983(3)
Ui11=Uss (AQ) 0.00749(3) 0.00470(2) 0.00445(2) 0.00689(2) 0.003534(1)
Uss (AQ) 0.00455(2) 0.00180(2) 0.00324(2) 0.00553(3) 0.00166(2)
Uiso (AQ) 0.00651(1) 0.00373(1) 0.00405(1) 0.00644(1) 0.00292(1)
Co (000)

Ui11=Uss (Az) 0.00334(5) 0.00172(3) 0.00140(3) 0.00398(3) 0.00055(2)
Uss (A2) 0.00884(7) 0.00488(6) 0.00562(6) 0.00800(6) 0.00329(3)
Uiso (AQ) 0.00517(3) 0.00277(2) 0.00281(3) 0.00532(3) 0.00147(2)
Obasal (0 % O)

Ui (AQ) 0.0073(4)  0.0062(2) 0.0061(2) 0.0081(3)  0.0054(2)
Uaa (AQ) 0.0051(4)  0.0037(24) 0.0034(2)  0.0064(2)  0.0034(2)
Uss (AQ) 0.023(6) 0.0130(3)  0.0129(3)  0.0152(3)  0.0096(2)
Uiso (AQ) 0.0118(3)  0.0076(1)  0.0075(2)  0.0099(2)  0.0061(1)
Oapical (0 0 Z)

z 0.1750(2)  0.1741(1)  0.1733(1)  0.17194(2) 0.1690(1)
Ui11=Uss (AQ) 0.035(1) 0.0200(3)  0.0163(3)  0.0198(4)  0.0148(2)
Uss (AQ) 0.018(1) 0.0155(5)  0.0170(5)  0.0194(5)  0.0136(3)
Uiso (A2) 0.023(1) 0.0185(2)  0.0165(2)  0.0197(2)  0.0144(1)
Bond lengths

La-Opgsal (A) 2.6130(1)  2.59902(9) 2.59570(8) 2.59316(4) 2.58650(7)
La-Ogpica (A) 2.355(5) 2.381(4) 2.389(3) 2.399(2) 2.422(1)
La-Ogpicai (A) 2.782(1) 2.7674(6)  2.7583(5)  2.7566(3)  2.7443(2)
Co-Opgsal (A) 1.9398(4) 1.9295(1) 1.9246(1) 1.9253(1) 1.9209(1)
Co-Ogpicai (A) 2.212(5) 2.202(4) 2.189(3) 2.168(2) 2.121(1)
Refinement

R (%) 2.63 1.88 1.79 1.58 2.14
wR(F?) (%) 6.53 4.63 4.76 4.09 5.10
GooF 1.48 1.29 1.21 1.80 1.47

Nops 3041 5421 3730 2076 6007

Nindg 495 485 498 482 494

Table 4.6.: Results of the x-ray single-crystal structure diffraction experiments on
Lagy_;Sr;Co04 (0.2 < z < 0.5) with the space group I4/mmm (No. 139)
at T' = 295 K. The refinements base on FO2 using 13 parameters with reflec-
tions F? > 30 (F?).
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4. Crystal Structure of Las.xSryCoOy

Las_,Sr;CoOy x=0.6 z=0.7 r=0.8 =09 z~1.0

a (A) 3.8359(1) 3.8290(5) 3.8247(1) 3.8272(5) 3.8203(4)
c (A) 12.5303(3)  12.4909(17) 12.4918(2) 12.4946(17) 12.4913(13)
%4 (A3) 184.4(1) 183.13(4) 182.734(6) 183.02(6) 182.30(5)
La (00 2)

z 0.361993(5) 0.361776(6) 0.361712(4) 0.361647(4)  0.36158(1)
Ui11=Usq (AQ) 0.00462(2)  0.00441(2)  0.00312(1)  0.00319(2)  0.00410(2)
Uss (AQ) 0.00256(2)  0.00333(2)  0.00211(2)  0.00186(2)  0.00295(3)
Uiso (AQ) 0.00393(1)  0.00405(1)  0.00279(1)  0.00275(1)  0.00372(2)
Co (000)

Ui11=Uss (Az) 0.00187(3)  0.00177(4)  0.00083(2)  0.00120(3)  0.00238(4)
Uss (AQ) 0.00368(5)  0.00419(6)  0.00312(4)  0.00317(4)  0.00448(6)
Uiso (AQ) 0.00248(2)  0.00257(3)  0.00159(2)  0.00186(2)  0.00308(3)
Obasal (0 % O)

Un (AQ) 0.0068(2) 0.0061(3) 0.0056(2) 0.0062(2) 0.0078(3)
Uao (AQ) 0.0043(2) 0.0039(2) 0.0033(2) 0.0037(2) 0.0048(3)
Uss (AQ) 0.0094(2)  0.00965(3) 0.0088(2) 0.0087(2) 0.0098(3)
Uiso (AQ) 0.0068(1) 0.0066(2) 0.0059(1) 0.0062(1) 0.0074(2)
Oapical (0 0 Z)

z 0.1675(1) 0.1670(1) 0.1655(1) 0.1650(1) 0.1650(1)
Ui11=Usq (AQ) 0.0138(3) 0.0125(3) 0.0116(2) 0.0122(2) 0.0130(3)
Uss (AQ) 0.0130(3) 0.0127(4) 0.0108(2) 0.0097(3) 0.0114(4)
Uiso (A2) 0.0135(2) 0.0126(2) 0.0113(1) 0.0114(1) 0.0124(2)
Bond lengths

La-Opgsa (A) 2.58242(8) 2.57802(11)  2.57706(8)  2.57879(8) 2.57654(10)
La-Ogpica (A) 2.437(3) 2.434(3) 2.451(2) 2.458(2) 2.456(3)
La-Ogpicai (A) 2.7375(3) 2.7312(4) 2.7257(3) 2.7266(3) 2.7217(4)
Co-Opgsal (A) 1.9179(1) 1.9145(5) 1.9123(1) 1.9136(5) 1.9101(4)
Co-Ogpicai (A) 2.099(3) 2.085(3) 2.067(2) 2.061(2) 2.061(3)
Refinement

R (%) 1.93 2.00 1.93 1.90 2.40
wR(F?) (%) 4.94 5.21 4.72 4.14 5.83
GooF 1.23 1.33 1.23 1.32 1.32
Nops 3790 3488 5373 4072 2805
Nind 484 459 474 472 463

Table 4.7.: Results of the x-ray single-crystal diffraction experiments on Lag_,Sr,CoOy4
(0.6 <z < 1.0) with the space group I4/mmm (No. 139) at T' = 295 K. The
refinements base on F¢ using 13 parameters with reflections F? > 30(F?).
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4.4. Temperature Dependence of the Structure Parameters

Co-bond valence sum

—a—SXD

0.2 0.4 0.6 0.8 1.0
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Figure 4.19.: Co-bond-valence sum determined by refined bond lengths from single-
crystal and powder experiments.

Tab. 4.6, Tab. 4.7, Fig. 4.18). The largest differences are appearing for z = 0.2 and
x > 0.8. To investigate a possible off-stoichiometry in the sample, the occupation of
La/Sr and oxygen sites was refined for the single-crystal data. At z = 0.9, we found
a significant improvement of the refinement from S = 1.32, R = 2.39, and wR = 5.81
to S = 1.23, R = 2.20, and wR = 5.40 with redistribution of the La/Sr ratio to a Sr
doping level of x = 0.77. This is in contrast to the lattice constant progression, as the
x = 0.77 sample would exhibit a larger in-plane lattice constant. The refinement of the
site occupation for the = 0.9 sample provides no improvement of the global criteria
of the fit. The modification of absolute values has no significant influence on the bond-
valence sum, as can be seen in Fig. 4.19. However, site occupation refinement indicates
no off-stoichiometry at low doping levels and the observed anomaly in the Co-Ogpicar at
intermediate doping stays the same.

4.4. Temperature Dependence of the Structure Parameters

The structural parameters of Las_,Sr,CoO4 (x = 0.2,0.4,0.8), determined by powder
neutron diffraction at 7' = 10 K, can be found in Tab. 4.8. A large amount of well
ground powder (~ 5 g) was used on the high resolution neutron powder diffractometer
3T2 at the Laboratoire Léon Brillouin in Saclay. The progression of the lattice con-
stants qualitatively agrees with the low-temperature powder diffraction data. The c-axis
value at x = 0.4 and atomic displacement parameters Ugg for Opgsqr are significantly de-
creased. For x = 0.2, a weak second phase contribution was found at 20 = 14.28° using
A = 1.2251 A. This contribution originates neither from educts, (327)-structure phases
nor from a simple antiferromagnetic superstructure reflection. The Co-O bond-lengths
become successively more equal with increasing x.
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4. Crystal Structure of Las.xSryCoOy

Table 4.8.: Results

74

Lag_,Sr;CoOy z =02 z =04 x=0.8

Symmetry Bmab I4/mmm I4/mmm

a (A) 5.4599(2)  3.84149(9)  3.81420(3)

b (A) 5.4660(1) =a —a

c (A) 12.5573(2)  12.5445(4)  12.4411(1)

vV (A?) 374.76(2)  185.116(9)  180.994(2)

La (00 z)

z 0.36171(9)  0.3621(1) 0.36155(7)

Uiso 0.0029(2) 0.0022(3) 0.0007(2)

Co (000)

Uiso 0.0029(7) 0.006(1) 0.0084(8)

Obasal

Ui 0.001(2) 0.0014(9) 0.0023(6)

Ua2 0.000(2) 0.0004(8) -0.0010(6)

Uss 0.027(1) 0.030(1) 0.0104(7)

Uiz -0.0005(5) =0 =0

Uiso 0.010(2) 0.011(1) 0.0039(6)

Oapical (O 0 Z)

z 0.1696(2) 0.1679(2) 0.1649(1)

Ui 0.029(4) 0.0112(6) 0.0037(4)

Uso 0.029(4) = U1 =Un

Uss 0.024(1) 0.032(1) 0.0157(6)

Uiso 0.027(3) 0.0180(8) 0.0077(5)

Bond Lengths

La-Opgsai 2.5973(8) 2.5851(9) 2.5698(6)

La-Oupical 2.412(2) 2.436(3) 2.447(2)

La-Ogpical 2.7581(3) 2.7422(4) 2.7170(2)

Co-Opasal 1.931447(8) 1.92073(1)  1.907099(3)

Co-Ogpical 2.130(2) 2.106(2) 2.051(1)

Refinement

WR/Reap 7.165/2.803 8.793/3.761 6.854/3.232
of the powder neutron diffraction (PND) experiments

Lag_,Sr;Co0y4 at T =10 K.
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4.4. Temperature Dependence of the Structure Parameters

La1,88r0,20004
T (K) 100 150 200 250 293
a (A) 3.8644(2) 3.8649(1) 3.8652(1) 3.8672(1) 3.8693(1)
¢ (A) 12.6098(6)  12.6140(5)  12.6212(5)  12.6355(4)  12.6476(4)
vV (A3) 188.31(2) 188.42(1) 188.56(1) 188.97(1) 189.36(1)
La (00 2)
z 0.362010(6) 0.362006(6) 0.361994(6) 0.361980(6) 0.361953(6)
Ui1=Us (A%)  0.00469(3)  0.00530(3)  0.00606(3)  0.00720(3)  0.00788(3)
Uss (A%) 0.00110(4)  0.00172(4)  0.00249(4)  0.00312(4)  0.00351(4)
Uiso (A2) 0.00350(2)  0.00411(2)  0.00487(2)  0.00584(2)  0.00642(2)
Co (000)
Up1=Us (A%)  0.00275(6)  0.00290(5)  0.0321(5) 0.00383(5)  0.00409(5)
Uss (A2) 0.00265(8)  0.00367(8)  0.00490(8)  0.00600(8)  0.00688(9)
Uiso (A2) 0.00272(4)  0.00316(4)  0.00380(4)  0.00455(4)  0.00502(4)
Obasal (O % 0)
Uip (A2) 0.0051(4) 0.0059(4) 0.0063(4) 0.0077(4) 0.0082(4)
Uz (A2) 0.0052(4) 0.0053(3) 0.0054(3) 0.0063(3) 0.0065(3)
Uss (A2) 0.0139(5) 0.0147(5) 0.0155(5) 0.0162(5) 0.0177(5)
Uiso (A?) 0.0081(3) 0.0086(2) 0.0090(2) 0.0101(2) 0.0108(3)
Oapical (0 0 Z)
z 0.1752(3) 0.1749(3) 0.1756(3) 0.1750(3) 0.1751(3)
Uni=Usx (A%)  0.0231(8) 0.0233(8) 0.0230(8) 0.0260(8) 0.0277(9)
Uss (A?) 0.0190(10)  0.0188(9) 0.0206(10)  0.0193(9) 0.0202(9)
Uiso (A2) 0.0217(5) 0.0218(5) 0.0222(5) 0.0237(5) 0.0252(5)
Bond lengths
La-Opgsar (A) 2.60021(5)  2.60081(5)  2.60169(5)  2.60388(5)  2.60600(5)
La-Ogpical (A)  2.356(4) 2.359(4) 2.352(4) 2.363(3) 2.363(3)
La-Ogpica (A)  2.7725(6) 2.7725(6) 2.7740(6) 2.7742(6) 2.7759(6)
Co-Opgsar (A)  1.9322(2) 1.9324(1) 1.9326(1) 1.9336(1) 1.9346(1)
Co-Ogpica (A)  2.209(4) 2.207(4) 2.216(4) 2.211(3) 2.215(3)
Refinement
R (%) 2.54 2.42 2.59 2.39 2.51
wR(F?) (%) 6.57 6.16 6.55 6.13 6.24
GooF 1.81 1.83 1.83 1.63 1.73
Nops 1765 1760 1766 1791 1783
Table 4.9.: Results from the single crystal x-ray diffraction experiments on

Laj §S1t92C004 in I4/mmm setting (Nr. 139) for different tempera-
tures. The refinements base on FO2 using 13 parameters with reflections
F% > 30(F?).
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Laj 7Sr93C004 in I4/mmm setting (Nr.

La1,7Sr0,3COO4
T (K) 100 150 200 250 293
a (A) 3.8560(5) 3.8565(3) 3.8571(3) 3.8583(2) 3.8588(1)
¢ (A) 12.607(2) 12.615(1) 12.627(1) 12.6397(6)  12.6488(4)
vV (A3) 187.45(7) 187.62(5) 187.85(4) 188.16(3) 188.35(1)
a (00 2)
z 0.362366(5) 0.362364(5) 0.362358(4) 0.362336(4) 0.362313(5)
Ui1=Usp (A%)  0.00468(2)  0.00557(2)  0.00625(2)  0.00698(2)  0.00787(2)
Uss (A%) 0.00323(2)  0.00366(2)  0.00421(2)  0.00472(2)  0.00550(2)
Uiso (A2) 0.00420(1)  0.00493(1)  0.00557(1)  0.00623(1)  0.00708(1)
Co (000)
Ui1=Us (A%)  0.00318(3)  0.00365(3)  0.00389(3)  0.00419(3)  0.00465(3)
Uss (A2) 0.00451(5)  0.00529(5)  0.00633(5)  0.00732(5)  0.00864(5)
Uiso (A2) 0.00362(2)  0.00420(2)  0.00470(2)  0.00523(2)  0.00598(2)
Opasar (0 1/20)
Ui (A2) 0.0060(2) 0.0068(3) 0.0075(2) 0.0085(2) 0.0094(3)
Uy (A2) 0.0056(2) 0.0061(2) 0.0063(2) 0.0064(2) 0.0065(2)
Uss (A2) 0.0136(3) 0.0142(3) 0.0143(3) 0.0148(3) 0.0165(3)
Usso (A?) 0.0084(2) 0.0090(2) 0.0094(1) 0.0099(1) 0.0108(2)
Oapz'cal (0 0 Z)
z 0.1756(2) 0.1752(2) 0.1753(2) 0.1753(2) 0.1755(2)
Uni=Usx (A%)  0.0217(5) 0.0212(4) 0.0213(4) 0.0217(4) 0.0231(4)
Uss (A?) 0.0181(5) 0.0189(5) 0.0178(5) 0.0192(5) 0.0189(5)
Uiso (A2) 0.0205(3) 0.0204(3) 0.0201(2) 0.0209(2) 0.0217(2)
Bond lengths
La-Opgsar (A)  2.59383(4)  2.59487(4)  2.59612(3)  2.59795(3)  2.59917(4)
La-Ogpical (A)  2.354(2) 2.361(2) 2.362(2) 2.364(2) 2.3624(19)
La-Ogpica (A)  2.7684(4) 2.7679(4) 2.7685(3) 2.7695(3) 2.7703(3)
Co-Opasar (A)  1.928(5) 1.9282(3) 1.9285(3) 1.9291(2) 1.9294(1)
Co-Ogpica (A)  2.214(2) 2.211(2) 2.213(2) 2.216(2) 2.2204(19)
Refinement
R (%) 2.09 2.13 2.05 2.05 2.09
wR(F?) (%) 4.93 4.96 4.65 4.71 4.71
GooF 1.57 1.45 1.48 1.46 1.49
Nops 3106 3090 3073 3233 3029
Table 4.10.: Results from the single crystal x-ray diffraction experiments on

139) for different temperatures.

The refinements base on FO2 using 13 parameters with reflections F? >

30(F?).
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4.4. Temperature Dependence of the Structure Parameters
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Figure 4.20.: Temperature dependence of the lattice parameters of Lag_,Sr,CoOy (z =
0.2,0.3,0.5,0.6) determined by single-crystal x-ray diffraction in the tem-
perature region 100 — 300 K.
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4. Crystal Structure of Las.xSryCoOy

Using the KryoFlex cooling system, structural parameters of several cobaltate samples
Lag_;Sr;CoO4 (x = 0.2,0.3,0.5,0.6), below and above the Co-Ogpicqr bond-length de-
crease, were investigated at low temperatures. For comparability reasons, the collection
strategy and scan parameters were kept equal. The temperature dependence of the lat-
tice parameters is shown in Fig. 4.20 and 4.21. The relative change of HT'T a and ¢ axes
qualitatively agrees with the changes from powder x-ray diffraction. However, deviations
may be due to the low angle resolution of a single-crystal diffractometer. The structure
parameters are given in Tab. 4.4. For low-temperature x-ray single-crystal experiments,
the emergence of ice near the sample position has to be taken into account. Although
a nitrogen stream embedded in dry air of the KryoFlex device was used, the adsorption
of ice between sample and goniometer head during long-run measurements could not be
fully prevented. This can be seen in the background-intensity distribution in the calcu-
lated precision maps. The additional diffuse intensities have a strong influence on the
atomic displacement parameters. We neglect a detailed discussion on the atomic dis-
placement parameters for higher doping levels at this point, since some samples exhibit
a non-positive harmonic-displacement tensor for the Co ion at 7' = 100 K.

1.935
2.22
1.930
- 219
5 ¢
1925 A x=02 v x=05 2.16 8°
2 o
© 1.920 213 =
1.915. | l ; ‘ p 210
100 200 300 200 300

T (K) T (K)

Figure 4.22.: Temperature dependence of the Co-O bond lengths of Las_.Sr,CoOy
(x = 0.2,0.3,0.5,0.6) determined by single-crystal x-ray diffraction in the
temperature region 100 — 300 K.

In the comparison of the temperature dependent structural changes and the atomic dis-
placement parameters between Laj gSrg2CoO4 and Laj 7Srg3C004, no obvious changes
were found. Both the La and Co coordination anisotropy are decreasing with decreasing
temperature. Noteworthy are the oxygen atomic displacement parameters related to the
CoOg octahedra tilt, i.e. Usz of Opgsqr and Uy = Uz of Ogpicqr- These parameters
decrease just slightly, which we attribute to the enhanced CoOg octahedron tilt appear-
ing for decreasing temperatures. The constraints to HT'T symmetry increase the atomic
displacement parameters, associated with the tilt direction, and the tilt is expected to
increase with decreasing temperatures. To Co-O bond lengths decrease with decreasing
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4.4. Temperature Dependence of the Structure Parameters

La1‘5Ca0_5COO4
T (K) 100 200 280
a (A) 3.8268(3) 3.8288(1) 3.8299(1)
¢ (A) 12.344(1)  12.3527(4)  12.3949(3)
V (A3) 180.77(4)  181.09(2)  181.81(1)
La (00 2)
z 0.361884(6) 0.361870(6) 0.36186(1)
Ui=Usp (A%)  0.00351(2)  0.00503(2)  0.00643(2)
Uss (A2%) 0.00404(3)  0.00458(2)  0.00546(2)
Uiso (A?) 0.00369(1)  0.00488(1)  0.00611(1)
Co (000)
Ui1=Usy (A%)  0.00182(5)  0.00184(3)  0.00231(3)
Uss (A2%) 0.00502(7)  0.00535(5)  0.00675(6)
Uiso (A?) 0.00288(3)  0.00301(2)  0.00379(2)
Obasal (0 % O)
Uiy (A2) 0.0047(2) 0.0053(2) 0.0070(2)
Uso (A2) 0.0041(2) 0.0042(2) 0.0046(2)
Uss (A?) 0.0125(3)  0.0127(3)  0.0153(3)
Uiso (A?) 0.0071(2) 0.0074(1) 0.0090(2)
Oapical (0 0 Z)
z 0.1703(1) 0.1704(1) 0.1703(1)
Un=Usy (A%)  0.0156(3)  0.0166(3)  0.0187(3)
Uss (A2) 0.0111(4)  0.0110(3)  0.0116(4)
Uiso (A?) 0.0141(2)  0.0147(2)  0.0163(2)
Bond lengths
La-Opgsar (A)  2.56276(5)  2.56443(5)  2.56884(5)
La-Ogpical (A)  2.3644(5) 2.3647(4) 2.374(1)
La-Ogpical (A)  2.735(1) 2.7366(6) 2.7374(2)
Co-Opasar (A)  1.9134(3) 1.9144(1) 1.9149(1)
Co-Ogpical (A)  2.103(2) 2.105(1) 2.112(1)
Refinement
R (%) 2.22 1.93 1.98
wR(F?) (%)  5.58 4.61 4.64
GooF 1.20 1.35 1.32
Nops 3228 3287 3303
Table 4.11.: Results from the single crystal x-ray diffraction experiments on

Laj 5Cag5Co04 in tetragonal I4/mmm-setting (No. 139) at T =
100, 200, 280 K. The refinement procedure included 13 variables against Fg
and reflection intensities F? > 30 (F?).
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4. Crystal Structure of Las.xSryCoOy

temperatures, as shown in Fig. 4.22.

To investigate the effect of chemical pressure at half doping, Ca and Sr doped single
crystals were prepared. We studied the temperature dependent structure modifications
between 100 < T' < 295 K on a piece of a large single-crystal of Laj 5Cag5Co0O4. The
lattice volume is strongly reduced through the reduction of the alkaline-earth radius [54],
as indicated by the powder x-ray diffraction patterns. However, the difference between
room temperature CoOg bond lengths is only slightly reduced in comparison to the Sr
doped sample with = 0.5. This is an important observation, as it suggests only weak
influence from the ionic radii of the dopant on the coordination anisotropy of cobalt.
The isotropic atomic displacement parameters are increased in comparison to z = 0.5 Sr
doping at room temperature, which may be caused by a charge ordering phenomenon,
found by resistivity measurements (M. Benomar [135]). Another possibility is a dynamic
CoOg tilt instability. While Uss is enhanced for the in-plane oxygen ion, the thermal
ellipsoid of Ogpicqr is nearly isotropic. A detailed analysis of superstructure reflections
using neutron diffraction would give further insight.

4.5. Conclusions

The structural parameters of Las_, RE,CoO4 (RE= Ca, Sr, Ba) were studied in de-
tail by means of single-crystal x-ray, powder x-ray, and powder neutron diffraction.
The parent compound exhibits an orthorhombic distortion of the KoNiF4-type struc-
ture, the so-called low-temperature orthorhombic phase, already at room temperature
with the largest distortion compared to LasNiO4 and LasCuOy4. The LTO distortion
decreases with increasing dopant concentration and is fully suppressed above x = 0.3
at room temperature. Furthermore, the LTO transition temperature is successively re-
duced. The temperature dependence of LTO superstructure reflections for T < 220 K
in Laj 7Srp.3C00, suggests a gauss-broadened phase transition. The stabilization of the
HTT phase and the decrease of the lattice volume in Las_,Sr,CoOy4 at further doping
can be fully explained through the reduced internal strains implied by the ionic radii.
The comparative studies of LSCoO with LSCuO and LSNiO give also insight in steric
effects and anomalies. The HTT/LTO phase transition is systematically shifted to higher
doping levels at room temperature according to internal strains, induced by the bond-
length mismatch. The strength of internal strains in single-layered cobaltates is indicated
by a strong deviation of the calculated bond-valence sum from the nominal value at low
doping levels, which decreases upon increasing dopant concentration.

An anomalous decrease of the HT'T c-axis was found near z ~ 0.45 in Lag_,Sr, CoQy,
which could be ascribed to the reduction of the CoOg octahedron elongation. Also, the
bond-length differences of the ninefold La coordination are smoothly lowered over the
doping range 0.2 < 2 < 1.0. The reduced or absent anomaly in Ca and Ba doped samples
near half doping suggests a significant shift or suppression with changing chemical pres-
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4.5. Conclusions

sure on the single-layered perovskite structure. The half-doped compound with x = 0.5
exhibits the largest relative decrease of the in-plane lattice constant and the smallest
relative decrease of the out-of-plane lattice constant of the series in the low-temperature
region 10 — 300 K. This change of the thermal expansion with doping may be attributed
to the onset of charge order, since it is indicated by the maximum of the in-plane and
out-of-plane resistivity at £ = 0.5. The short-range spin and charge order was verified in
this half-doped single-layered cobaltate [7]. An anomalous increase of the c-axis length
and a saturation of the a-axis length at higher temperatures (300 — 850 K) were found
in this compound. This anomalous thermal expansion at z = 0.5 suggests an electronic
origin, i.e. an orbital redistribution, for the steep increase of the c-axis in Laj 5519 5C00Q4.
The temperature dependence of the lattice constants exhibits no change at the recently
proposed charge-order transition temperature 7" = 825(27) K [8]. In contrast to this
neutron diffraction analysis of Zaliznyak et al., there is no indication for a saturation of
the c-axis length at this temperature in our data.

Overall, the doping and temperature dependence of structural parameters in the
Las_,Sr;CoO4 compounds and the interrelation to the isostructural LSNiO and LSCuO
systems is well described in the bond-length mismatch model. The steep decrease of the
Co-Ogpicar bond length near x ~ 0.45 and the increase of the out-of-plane lattice constant
at x = 0.5 is attributed to an electronic origin. A model for a doping dependent and
thermally induced Co3* spin-state transition will be discussed later in Sec. 7.1.
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5. Charge Ordering in Laj 5Srg5Co0,

The checkerboard-like charge order in Laj 55rg.5CoO4 has been studied by means of x-ray
diffraction and of single-crystal neutron diffraction at room temperature. Since the x-
ray structure factor is small for oxygen, no indications for a charge-order superstructure
were found in standard single-crystal x-ray diffraction experiments. Neutron diffraction
on three large samples revealed weak superstructure reflections, which were modeled by
a breathing-type distortion of CoOg octahedra.

5.1. Introduction

Figure b5.1.: Scheme of the
spin and the charge order in
Laj 551r95Co0O4  within  the
ab-plane of the HTT wunit
cell with I4/mmm symmetry.
Dashed circles represent the
positions of the Co ions in
adjacent layers. Charge or-
der reduces the HTT lattice J1
symmetry to the space group
Bmmm. The magnetic unit
cell is indicated by green color.
The antiferromagnetic spin
correlations will be discussed
in Chap. 6.

[4/mmm_

Cooperative charge- and spin-ordered phases are common in doped transition metal
oxides with layered perovskite structure. Especially in case of half-doping, the charge
disproportionation may provide a commensurate phase on the square lattice and a sim-
ple arrangement of differently charged ions, although the underlying interactions may be
complex. Checkerboard-like charge ordering was found in the half-doped single-layered
perovskite systems Lag 5Sr; s MnOy [6, 210], Lay 5Sr9.5Co0y4 [8], and Laj 5519 5NiO4 [158,
191, 206]. In the strong-correlation limit, there is a natural possibility for a stable Wigner
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5. Charge Ordering in Laj 5S5rg.5CoQ0y

crystal state [241, 242| on the square lattice in two-dimensional systems, i.e. for the
single-layered cobaltate with an equal number of Co?*/Co3* ions at = 0.5. A Wigner
crystal is a crystalline phase of an electron system, which can be stabilized through
strong electron correlations in comparison with their kinetic energy. Correlation effects
can be enhanced when the electron density or the dimensionality is reduced. So, the
minimal dimensionality of single-layered perovskite systems in the Ruddlesden-Popper
series favors the stabilization of charge order. For the single-layered perovskites, the
interlayer frustration may play a crucial role to prevent long-range three-dimensional or-
dering [212]. The local oxygen displacements in a CoOg octahedron, due to the periodical
modulation of the nominal Co charge, may provide valuable information about the Co3*
spin-state degree of freedom. This motivates the detailed analysis of the charge-order
superstructure of Laj 5519 5C00y4. Only few superstructure reflections were analyzed in a
previous characterization of the charge ordered phase by a triple-axis neutron diffraction
investigation [8].

Figure 5.2.: Breathing-type distortion of CoOg
octahedra in checkerboard-like charge ordered
Laj 5519.5C004 as proposed by Zaliznyak et al.
[8]. The HTT space group symmetry F4/mmm
is broken by the modulated displacement of in-
plane Opgsqr and out-of-plane oxygen Ogpical-
The authors attribute this Jahn-Teller compat-
ible distortion to a Co®* intermediate-spin state.

The transition temperatures for checkerboard-like charge order in Lag 5511 5 MnO4 [210]
with Ty, ~ 217 K [6] and in Laj 5519 5NiOy4 [206] with T, ~ 480 K are nearly identical.

84



5.1. Introduction

The stabilization of charge order affects the magnetic ordering type at lower temperatures
by defining the spin sublattices and determining the effective exchange paths. Vice versa,
the antiferromagnetic spin interaction may stabilize charge order [243]. In Lag_,Sr;NiOy,
the combined spin and charge order was discussed in terms of a stripe model [158],
where at nj, = 1/3 the periodicities of spin and charge order exactly correspond to each
other; the wavelength of the charge ordering is exactly half that of the spin ordering,
or the charge-order propagation vector q., is twice as large as that of the spin order
Qsos eo = 2Qco- In the intermediate hole doping region 1/3 < nj, < 0.5, the stripe order
consists of the mixture of nj, = 1/3 stripe order and nj, = 1/2 charge/spin order [158]. At
half doping, all nearest-neighbor sites of Ni?T are occupied by holes and effective exchange
interactions between spins are reduced. In comparison to nickelates and manganites, a
higher charge order transition temperature T,, = 825(27) K and short-range spin order
below Ty, ~ 30 K were determined in Laj 5519 5C00y4 |7, 8]. The half-doped cobaltate
exhibits incommensurate spin order with the propagation vector Qg = (% + €,0,1),
e = —0.008, in F'4/mmm setting of the non-ordered crystal. In our measurements, the in-
plane correlation length of the spin order is £ = 68(3) A, and the out-of-plane correlation
length is £, = 9.9(3) A. Only adjacent CoOs layers are coupled through this small out-
of-plane correlation length. Coexistent checkerboard-like charge order was proposed to
be stabilized up to Tr, = 825(27) K in Ref. [8]. The large difference in the ordering
temperatures (T, < Tg,) was ascribed to an effective decoupling of both phenomena
in contrast to Tp, = 217 K and Ty, = 110 K in Lag5Sr1 sMnOy [6]. Charge-ordering
superstructure reflections exhibit a finite in-plane correlation length & = 26(2) A and
a diffuse broadening along the out-of-plane lattice direction, leading to £, = 8.1(3) A.
Corresponding reflections were found at positions 7 + Q. with Q. = (1,0,7) and (0, 1,1)
for I = 0,1 in F4/mmm notation. Note that typically the alternative setting F'4/mmm
is chosen in a neutron diffraction experiment, where the unit cell is rotated by 45° and
lattice constants are elongated by v/2. In view of the stripe-ordered phase in nickelates
one would expect a direct correspondence between the periodicity of spin and charge
order and thus incommensurate charge order reflections with €., = 2¢5,. The deviation
of the spin-order periodicity from a commensurate value with €5, = —0.008 is small. Due
to the short correlation length and therefore the large peak width in reciprocal space,
the charger-order reflections appear to be commensurate. The combined spin and charge
ordering scheme is shown in Fig. 5.1. Neutron diffraction with polarization analysis
on antiferromagnetic Bragg peaks revealed that the spin moment lies nearly within the
CoOy layers (standard error for the out-of-plane displacement Ac ~ 5°) [244]. The
antiferromagnetic sublattices are rotated by 12° to the Co-Opgsq; bonds. The standard
setting of the non-ordered crystal structure is I4/mmm (No. 139). Charge ordering
breaks the translation symmetry of the HTT lattice and superstructure reflections can
be observed.

A quantitative analysis of the observed charge-order reflections by the scattering func-
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5. Charge Ordering in Laj 5S5rg.5CoQ0y

tion S(Q, 0) for specific Q values with finite correlation lengths suggests a harmonic mod-
ulation of in-plane and out-of-plane oxygen displacements. This modulation is directly
coupled to the Co ion oxidation and spin state, 7.e. a breathing-type distortion of the
Co?T0g and Co®*TOg octahedra is found. Zaliznyak et al. obtained oxygen displacements
€ap = 0.012(1) and e, = —0.0058(4) in lattice units [8]. The proposed breathing-type
distortion is shown in Fig. 5.2. Due to the increase of superstructure intensities with
increasing |Q| in a diffraction experiment with thermal neutrons, only few charge-order
reflections at large Q values were collected in this triple-axis diffractometer experiment.
To determine the charge order distortion in Laj 5519 5C00, in detail, experiments were
carried out on neutron four-circle single diffractometers using three well-characterized
samples.

5.2. Checkerboard Charge Ordering at Half Doping

For a detailed crystallographic analysis of the charge-order superstructure the number
of reflections has to be several times greater than the number of structural parameters.
The choice of the neutron diffraction instrument is of importance for this purpose. The
disadvantage of a standard thermal triple-axis spectrometer for a structural analysis is the
constraint to a scattering plane. Only few superstructure reflections can be collected and
the integrated intensity, needed for the structure refinement, is difficult to determine. A
four-circle diffractometer at a hot neutron source is the instrument to precisely integrate
a large number of reflection intensities in reciprocal space.

Synchrotron x-ray scattering studies have provided evidence for spatial modulations of
charge densities in nickelates and cuprates [245, 246]. As presented above, Laj 5Sr¢5CoO4
exhibits a charge order instability with a nominal checkerboard-like arrangement of
Co?t /Co3t ions within the CoOy layer. We found no indications for this charge or-
dering in the half-doped cobaltate in a standard single-crystal x-ray diffraction experi-
ment. Precession maps were calculated from a long-run experiment (~4 d) on a sample,
nearly spherical in shape with r ~ 80 pum. Details of the single-crystal diffractometer
can be found in Sec. 3.2.2. Despite the high transition temperature in comparison to the
half-doped manganite and nickelate, no superstructure reflections were seen. Charge- and
spin-order correlation lengths and transition temperatures were characterized on a triple-
axis neutron diffractometer, which will be discussed in Chap. 6. The spin-glass transition
temperature and the correlation lengths are in good agreement with data from Zaliznyak
et al. previously published [7, 8]. Main structure and charge-order superstructure reflec-
tions in Laj 5519 5C0o04 were collected for three samples on the hot neutron four-circle
diffractometers 5C2 at the Laboratoire Léon Brillouin in Saclay, France and HEIDI at
the Forschungsreaktor Miinchen II in Garching, Germany. Cu-(220) monochromated ra-
diation with A = 0.87 A was used and higher order contamination was suppressed using
an Er-filter (intensity ratio I(A/2)/I(A) = 0.0113). Structure model refinements of the
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5.2. Checkerboard Charge Ordering at Half Doping
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Figure 5.3.: (4,0,0) ¥ scan for the g 400

single-crystal neutron diffraction on £
Laj 55rg.5Co04 at room temperature. 0 *—(4,0,0)
An intensity variation of 33 % is due to 0 90 180 270 360
a strong extinction in the sample. ¥ (°)

main structure base on the data integration using Pron2k by M. Meven (247, 248] and
the software program Jana2000 [177]. A Gauss grid integration [249] in datap was used
for the absorption correction.

Sample I: For the analysis of the main structure, 1216 reflections of the HT'T phase
in F'4/mmm notation in the angle region 7.61° < 20 < 96.38° were collected on 5C2.
Sample II: For the collection of charge order superstructure reflections, a well character-
ized single crystal was used. It was cut along the I4/mmm lattice directions to a cuboid
with 2 x 2 x 1 mm? edge lengths with mosaic spread < 0.13° and mounted on HEIDI.
A set of 550 main structure reflections was collected. Systematic instrumental errors
were accounted for by a McCandlish factor 0.031. Systematic errors due to absorption
and extinction are indicated through so-called W-scans, where intensities for reflections
with x angles near 90° are measured for different ¥ angles [250]. While the scattering
condition is fulfilled for all ¥, the rotation against the azimuthal angle tests different
transmission paths through the crystal. A W scan for (4, 0, 0) reflection in F4/mmm
notation is shown in Fig. 5.3. In comparison with x-ray diffraction, absorption is less
pronounced for neutron scattering. The absorption coefficient of Laj 55rg5C00, is cal-
culated to 0.026789 mm~* for A = 0.87 A. The importance of extinction in our sample
was investigated with W-scans of the (400) reflection. The crystal structure refinement
is hindered by extinction through an intensity variation of ~ 33 %. The sample was too
small to collect a larger set of superstructure reflections with I > 30 (7).

Sample III: A crystal, being ~50 times larger than sample II with cylindrical shape
(6 mm in diameter and 7 mm in length), was chosen to determine charge order superstruc-
ture reflections in a second attempt. A set of 179 F'4/mmm main structure reflections
and 194 superstructure reflections according to Bmmm symmetry in the angle range
10.06° < 20 < 89.64° was collected on HEIDI. The best description of the profile shapes
for the superstructure reflections is given by lattice Lorentzians, corresponding to a finite-
range harmonic modulation in real space. Some additional weak reflections, breaking the
B extinction rule, were collected. These are ascribed to a charge order twin structure
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5. Charge Ordering in Laj 5S5rg.5CoQ0y

which is rotated by 90° in the ab-plane. Data were integrated and Lorentz corrected,
including a McCandlish coefficient 0.01 of instability considered in the weighting scheme
of the refinement using the program Pron2k [247].

A comparison between the structure parameters of Laj 5519 5C004 in I4/mmm and
F4/mmm settings at room temperature, i.e. for a non-ordered description of the main-
structure reflections, is given in Tab. 5.1. For sample I, reflections were averaged over
symmetry equivalent positions. Relative atomic positions of sample I and II in the
neutron diffraction experiment and the x-ray sample are in good agreement. Atomic
displacement parameters strongly depend on the 26 angle region (see datasets for sample
IT), underlining the influence of extinctions in the sample. Since isotropic parameters
are enhanced for all samples in neutron diffraction experiments, the influence of extinc-
tion is expected. In comparison with an x-ray diffraction experiment, the additional
contribution of oxygen disorder to the atomic displacement parameters is measurable
more precisely. The atomic scattering factors are not electron density dependent, but
nucleus, i.e. scattering length dependent. The atomic scattering lengths! are of the same
magnitude for neutron diffraction.

Agp=0.0332 A ¢ Ac=0.05746 A

> O <« o —
bL 1 L.

a a ¢
Figure 5.4.: Scheme of the in-plane and out-of-plane breathing type distortion observed
in charge ordered Lay_,Sr,CoOy4 at room temperature in 4/mmm notation.

The modulation is similar to a simple enlargement and shrinking of the CoOg
octahedra, which is not Jahn-Teller active.

- 0
Agp=0.0332 A

Breathing-type charge ordering corresponds to a symmetry reduction from F'4/mmm
to Bmmm (No. 65 DJ?). The displacement of the in-plane oxygen ion and the modu-

'La beon = 8.24 fm, St beon = 7.02 fm, Co beor, = 2.49 fm, and O beon = 5.803 fm [251]
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5.2. Checkerboard Charge Ordering at Half Doping

5C2 HEIDI HEIDI

Laj 5Sr9.5Co04 Sample 1 Sample II  Sample II XSCD

I4/mmm F4/mmm  F4/mmm F4/mmm
26 region (°) 7.61-96.38 7.95-114.96 7.95-70
a (A) 3.82(2) 5.435(9)  5.435(9)  5.4294(1)
c (A) 12.52(8) 12.56(1)  12.56(1)  12.5345(3)
V (A®) 182.9 371.0(1) 371.0(1) 369.50(2)
La/Sr (0,0,2),z = 0.36190(5) 0.36182(8) 0.36198(8) 0.361983(3)
U11=Uss (A2) 0.0123(2) 0.0072(4)  0.0074(5)  0.00354(2)
Usz (A?) 0.0101(2) 0.068(4)  0.0069(7)  0.00165(2)
Uiso (A%) 0.0116(1) 0.0071(2)  0.0072(3)  0.00291(1)
Co (0,0,0)
U1=Usz (A?) 0.0101(5) 0.0023(9) 0.003(1)  0.00056(2)
Usz (A?) 0.0120(7) 0.009(1) 0.013(2)  0.00328(3)
Uiso (A?) 0.0107(3) 0.0045(6)  0.0063(9)  0.00147(2)
Obasai (i % 0)F4/mmm ) (07270)14/mmm
Un ( 2) 0.0137(3) 0.0075(5)  0.0090(6) 0.0044(1)
Uss ( 2) 0.0120(3) 0.0142(6)  0.0116(7) 0.0096(2)
Uz (A?) - -0.0009(4) -0.0010(4)  -0.0010(1)
Uiso (A?) 0.0143(2) 0.0097(3)  0.0099(4) 0.0061(1)
Oupicar (0,0,2),2 = 0.1694(1) 0.1698(2)  0.1698(1) 0.1690(1)
U1 =Uss (A?) 0.0229(3) 0.0162(6)  0.0182(6)  0.0148(2)
Usz (A?) 0.0189(4) 0.0169(8)  0.0142(9) 0.0136(3)
Uiso (A%) 0.0216(2) 0.0165(4)  0.0169(4) 0.0144(1)
Bond lengths
La-Opgsar (A) 2.5770(4) 2.5892(8)  2.5879(7)  2.58411(3)
La-Oupical (A) 2.409(1) 2412(2)  2.413(2) 2.419(1)
La-Ogpical (A) 2.7315(2) 2.7463(3)  2.7467(3)  2.7424(2)
Co-Opasar (A) 1.911(5) 1.922(5)  1.922(5)  1.9195(1)
Co-Oupicar (A) 2.120(1) 2.132(2) 2.1331(18) 2.119(1)
Refinement
R (%) 5.44 5.15 3.16 5.11
wR(F?) (%) 7.65 13.13 7.94 2.15
Nops 1216 550 541 6007
Nina 193 176 226 494

Table 5.1.: Results of the x-ray and neutron single-crystal structure refinement of
Lay 551r9.5C0o04 in I4/mmm or F'4/mmm notation (No. 139) at T' = 295 K. The
refinement bases on Fj using 13 parameters with reflections F? > 20(F?). Reflec-
tions for the first two refinements were averaged over equivalents to minimize the
strong extinction. 29



5. Charge Ordering in Laj 5S5rg.5CoQ0y

Atom Wy ckoff Atom Wy ckoft

Lal/Srl 4i (0,0, 2) La2/Sr2 4j (0, 0.5, z)

Col 2a (0,0, 0) Colb 2¢ (0.5, 0.5, 0)
Ola 80 (0.25-¢, 0.25-€, 0)

02a 4 (0,0, z—¢) 02b 4j (0.5, 0.5, 2 +¢)

Table 5.2.: Atomic position in the breathing-type distorted Laj 55rg5CoO4 with Bmmm
(No. 65 D3)) symmetry.

lation of Ogpicqr positions for the checkerboard-like arrangement of Co?t/Co®t ions lifts
the face centering F. The staggered stacking of adjacent CoO» layers breaks the fourfold
rotational symmetry. Our data-collection strategy accounted not only for breathing-type
mode superstructure reflections at large Q values, but also for further symmetry po-
sitions, to test more complex displacement modulations. We found reflections, which
we mainly ascribe to the equivalent charge-order twin with an in-plane charge arrange-
ment rotated by 90°. For a total number of 548 collected reflections, 57 weak reflections
(h,k,l) with h even, k even, and [ odd or h odd, k odd, and [ even are not compatible
with Bmmm even when including twinning. This may indicate a more complex distor-
tion pattern. The refinement of a centrosymmetric Bmmm structure model is based
on F2 considering intensities with F2 > 30(I). Reflections were not averaged for the
refinement procedure. The results of the refinement are given in Tab. 5.3.

The observed variation of z coordinates of O2a and O2b corresponds to a modulation
Z+e, with e, = 0.0046 around the average position z = 0.1700(1), as it is determined in
the refinement of the F'4/mmm structure model with the fundamental reflections. Con-
comitantly, the in-plane bond length Co-Opgsq is modulated by the oxygen displacement
(0.25-g4, 0.25-gp, 0) with £,=0.0037(4) and £,=0.0050(3). The z position of La2/Sr2
is shifted by —0.00095(8) relative to the F'4/mmm symmetry position (0,0.5,0.5-2141).
The criteria of the fit are R = 6.87 (%) and wR=22.52 (%). wR is typically enhanced
by extinction effects in the high-quality crystal.

The charge order superstructure, refined with our large data set, disagrees to the
distortion proposed by Zaliznyak et al.. In their model the Co-site with shorter in-plane
Co-bonds exhibits an elongated Co-Ogpicqr bond, suggesting a Jahn-Teller active Co3t
intermediate-spin state. In contrast our model yields a shorter Co-O gp;cq; bond for the Co-
site with shorter in-plane bond. The real space CoOg octahedra modulation anisotropy of
A. =0.0575 A in c-direction, A, = 0.020(2) A in a-direction, and A, = 0.027(2) A in b-
direction around the average positions is found. The bond-valence sums vc,1 = 3.07 and
Vo2 = 2.49 indicate the suitable charge segregation. The CoOg octahedra are elongated
along the out-of-plane direction by the reduction of internal strains in the single-layered
perovskite system. The observed modulation provides no further multiplet splitting
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5.3. Conclusions

Atom U1 U2 Uss Uiz
Lal/Srl (0, 0, 2) 0.0044(2)  0.0044(2) 0.0025(4) -

2 =0.36114(8)

La2/Sr2 (O, 0.5, Z) :UH Lal :UQQ Lal :U33 Lal -

2 =0.13791(8)

Col (0, 0, 0) 0.0041(6)  0.0041(6)  0.0016(8) -
Co2 (0.5, 0.5, 0) :Uu Col :UQQ Col iUgg Col -
01 (z, y, 0) 0.0034(3)  0.0034(3) 0.0115(4) -0.0012(2)
x =0.2463(4)

y =0.2450(3)

02a (0, 0, z) 0.0137(3)  0.0137(3)  0.0078(5) -
2=0.1654(1)

02b (0.5, 0.5, 2) 0.0137(3)  0.0137(3)  0.0078(5) -
2=0.1745(1)

Col-O1 = 1.88766 A
Col-O2a = 2.07524 A
C02-01 = 1.95407 A
Co2-02b = 2.19016 A

R=6.87 (%), wR=22.52 (%), g11 = 1.89-107C, g9 = 2.38 - 1076, g33 = 1.14- 1076,
10.06° < 26 < 89.64°

Table 5.3.: Model of the charge-ordered structure in Laj 55rg5CoQO4 in space group
Bmmm at room temperature. The refinement bases on F? with 14 parame-
ters for reflection intensities F? > 30 (I).

and cannot be associated with a Co®* intermediate-spin occupation via a Jahn-Teller
distortion.

5.3. Conclusions

We presented a detailed study of the charge-ordering distortion in Laj 5Srg5CoO4 at
room temperature by means of single-crystal x-ray and neutron diffraction. The analy-
sis of the local oxygen displacements of the associated Co?TOg and Co3tOg octahedra
modulation provides valuable information about the Co®t spin-state degree of freedom.
Considering the enhanced charge-order transition temperature (7., = 825(27) K [8]) in
comparison to nickelates (T, ~ 480 K [206]) and manganites (T, ~ 217 K [6]), charge
order is expected to be well stabilized at room temperature. To analyze the charge-order
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5. Charge Ordering in Laj 5S5rg.5CoQ0y

correlation lengths and the magnetic coupling scheme in Laj 5519 5C004 in detail, we
investigated the spin- and charge-ordering characteristics on different triple-axis neutron
spectrometers. The results will be discussed in Chap. 6. At this point, it is mentionable
that the static spin- and charge-order correlations found in our measurements on large
single-crystals exhibit similar characteristics, e.g. the in-plane and out-of-plane correla-
tion lengths fully agree with previous studies |7|. The charge ordering is short-ranged
and the peak-shape of superstructure reflections corresponds to so-called factorized lat-
tice Lorentzians, as proposed in Ref. [8]. The quantitative analysis of the displacement
modulation of oxygen ions by Zaliznyak et al. is based on triple-axis neutron diffraction
data of few superstructure reflections. Our experiment on the hot four-circle neutron
diffractometer HEIDI allowed the collection and accurate integration of a large set of
superstructure reflections. We find a breathing-type modulation of the CoOg octahedra
with the same sign for Opgsq; and Ogpicq distortions. Therefore, Opgsqr and Ogpica; ions
approach Co?T ions and move away from Co®t ions. Additional weak superstructure
reflections, which should be systematically extinct in Bmmm settings of the distortion,
were mostly ascribed to the equivalent charge-order twin. The observed displacement
modulation is in contrast to the previously proposed modulation of Zaliznyak et al. and
the proposed Co3*t intermediate-spin state [8]. We find no indication for a Jahn-Teller
like distortion on the Co®* site and, therefore, no indication for an intermediate-spin
occupation at room temperature. Both Co®* low-spin (¢§ 62) and high-spin occupation

29

(t%geg) are in agreement with our results. The strong anomalies of the thermal expansion
at high temperatures suggest a stabilization of the low-spin state, being the ground state

of the system only at low temperatures.
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6. Magnetism in Las Sr,CoOy4

This chapter presents the static and dynamic spin correlations in Lag_,Sr,; CoOy4 (2=0.3,
0.4, 0.45, 0.5, 0.6), which have been studied by means of single-crystal neutron scat-
tering. The comparison of field-cooled and zero-field-cooled susceptibility measurements
indicates a spin-glass behavior with a strong in-plane to out-of-plane anisotropy. Com-
mensurate nearest-neighbor spin correlations are observed in the x = 0.3 sample. The
commensurate spin correlations are short-ranged but similar to the parent compound
LayCoOy4 with spin moments within the CoOg layer and strongly diluted nearest-neighbor
spin correlations. Further doping induces an incommensurate modulation of the antifer-
romagnetic spin correlation, which we attribute to a stripe-like phase. The incommen-
surability € for > 0.3 is found to change nearly linearly with hole doping ny = = + 24
similar to Lag_,SrzNiO4 (LSNiO) [158] and Lag_;Sr,CuO4 (LSCuO) [252]. Overall, the
effective antiferromagnetic exchange seems to be dominated by Co?* ions (3d” S = 3/2),
where the nearest-neighbor interaction is replaced by a next-nearest-neighbor interaction
with respect to charge ordering. Combining the magnon dispersion analysis with the
structural studies as functions of T" and = of Chapters 4 and 5, we obtain an evidence,
that Co®t in Laj 5Sr¢.5C00y is in the low-spin state.

6.1. Introduction

Doped transition metal oxides with layered crystal structures show a rich variety of
unusual ordering phenomena. Among these phenomena, a segregation of holes into so-
called stripes, forming antiphase-domain walls between antiferromagnetic domains, has
been experimentally observed in cuprates and nickelates {130, 191, 209, 253, 254] and
attracts great interest due to its interrelation to high-temperature superconductivity [4].
From a theoretical point of view, stripes have been proposed as a result of competing
interactions [255], Hartree-Fock calculations [256], and Monte Carlo simulations [257].
The question whether stripes are induced by elastic, magnetic, or electronic interactions
is still open [213]. Elastic and inelastic neutron scattering are ideal probes to study the
nature of stripes in layered perovskite systems [62, 252, 258|. Due to the structural and
magnetic similarities to the cuprate and nickelate system and the possible influence of
the Co?* spin-state degree of freedom, the study of magnetic correlations in the cobaltate
system Lao_,Sr,CoQy is of particular interest.

In general, the lattice dimensionality d and the dimensionality of the effective exchange
integrals of a system play a crucial role for the magnetic ground state. Single-layered
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6. Magnetism in Las_SryCoQOy

Figure 6.1.: Schematic representation of
the three-dimensional spin order of
LagMO4 (M = Cu, Ni, Co) within
the ab-plane in Bmab setting.  Cir-

/ / / \ ‘\ \ cles with solid lines represent M?2T ions

msow 2 : : of one MO4 plane, circles with dashed
» 0505 05 A lines ions of the adjacent plane below or
/ 9 / \ \ above. (a) The antiferromagnetic prop-

e agation vector Q,, of LagCuQOy is par-
' ' allel to the [100]-direction, perpendic-
ular to the direction of the spin mo-
ment S || [010], and perpendicular to the
tilting direction of the CuOg octahedra

7N " [262]. (b) For LasMO, (M = Ni,Co)

(@) LayCuOy4 (b) LagNiOy4, LapCoOy Qn || S [11, 127].

perovskites represent a nearly two-dimensional square-lattice system, where the dimen-
sionality of the magnetic exchange is essential for long-range order at finite temperatures
[259]. According to the Mermin-Wagner theorem [260], long-range order is excluded for an
isotropic Heisenberg model with three-dimensional exchange integrals J, = J, = J, # 0
in two lattice dimensions. Within an XY model (J, = Jy # 0, J, = 0), there is also no
finite transition temperature to conventional long-range order [260|, but topological order
(Kosterlitz-Thouless transition) below a critical temperature [261] exists. For an Ising
model with (J, = Jy, = 0,J; # 0), i.e. only one spin component coupled, there exists
long-range order at finite temperatures 7' > 0 K for the two-dimensional lattice. In real
systems three-dimensional order usually occurs, however, also in XY and Heisenberg sys-
tems. The reason is the interlayer coupling Jperp or the Ising anisotropy in single-layered
transition metal oxides. The effective model can be investigated by the critical exponents
in the temperature dependence of the sublattice magnetization and the spin-correlation
function.

Remarkable similarities are found for the undoped case in the generic phase diagram
of single-layered perovskites. The parent compounds LagMO4 (M = Co, Cu, Ni) are
isostructural and exhibit long-range antiferromagnetic order with similar spin structures
in the LTO phase [11, 73, 74, 262, 263]. A schematic representation of the observed
spin arrangement within the idealized M Os square lattice is shown in Fig. 6.1. Circles
with solid lines represent M ions of one MO plane, while dashed circles symbolize the
ions of the adjacent plane above or below. The lattice constants of the LTO phase with
Bmab symmetry are along the face diagonal of the former HTT unit cell in 74/mmm
notation. In general, the spin moments S tend to lie in the M O4 planes for all these
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6.1. Introduction

Co Ni Cu

S 3/2 1 1/2
Qm [100] [100] [100]
Qs [100] [100] [010]
Twn (K) 275 330 312

TI4/mmm—>Bmab (K) 900 780 530

Table 6.1.: Antiferromagnetic spin structures of Las M O4 (M =Co, Cu, Ni) after [11, 117,
126, 127, 271-273]. Given directions refer to orthorhombic Bmab symmetry.

compounds. Nearest neighbors of Co?T ions in the high-spin state (3d”, S = 3/2) are
coupled antiferromagnetically in LagCoOy4 [11]. The spin structure with Ty = 275 K
can be characterized by a propagation vector Q,, = [1,0,0] and parallel spin direction
S = [1,0,0] within the ab-plane of the orthorhombic Bmab unit cell. Note that the
propagation vector is determined by the spin arrangement of the adjacent layers in the
three-dimensional Néel state. The spin structure is equal to the structure in LagsNiOy,
shown in panel 6.1 (b). For LagCuQy, the spin direction is rotated by 90° in the M Oo-
plane and canted 0.17° out of the plane, due to the Dzyaloshinsky-Moriya interaction
[264, 265] in the LTO phase [266]. Spin canting perpendicular to the CuOg planes is
induced by spin-orbit coupling in the LTO phase with tilted CuOg octahedra. The
characteristics of the parent compounds are summarized in Tab. 6.1. The nominal spin
moment S on the quasi square lattice is systematically decreasing with increasing atomic
number. The Néel temperatures are comparable in the series with decreasing bond-length
mismatch, but the LTO phase-transition temperatures are reduced. LasCuQOy is a model
system for a two-dimensional Heisenberg antiferromagnet with a weak interlayer coupling
(JL/J =~ 2-107°) [266]. LagCoOy4 and LagNiOy4 are proposed to be realizations of the
two-dimensional Ising model [11]. As in the cuprate [162| and the nickelate system [267,
268], long-range magnetic order is suppressed in Lag_,Sr,CoO4 by strontium doping (see
Ganguly et al. [155] and Y. Moritomo et al. [27]). This may be ascribed to an effective
dilution of transition-metal spins below the square-lattice percolation threshold x. ~ 0.41
of holes [269]. Diagonal and parallel stripe-order modulations in cuprates and nickelates
are induced at low doping levels [158, 159] well below the percolation limit. Interestingly,
incommensurate parallel spin-density modulation is destroyed in Lag_,Sr,Cui_yNi Oy
by Ni substitution near z = y and bulk three-dimensional antiferromagnetic order is
reestablished [270].

In order to investigate the magnetic coupling scheme in the half-doped cobaltate and to
understand the crossover from commensurate (x = 0.3) to checkerboard order (z = 0.5),
i.e. the evolution of the static spin correlations in the spin-glass phase, large single
crystals of Lag_,Sr,CoOy (x=0.3, 0.4, 0.45, 0.5, 0.6) were investigated by elastic and
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Figure 6.2.: Antiferromagnetic and LTO superstructure reflections of Laj 7Srg 3C00y4. (a)
Rocking scan along the commensurate antiferromagnetic reflection (-0.5, -
0.5, 0) in I4/mmm notation. (b) Scans in (z, =, 0)-direction across LTO
superstructure reflections (%, %, [) with [ even, [ > 0. Cooperative CoOg
tilting reduces the lattice symmetry to Bmab.

inelastic neutron scattering. In case of x = 0.3, a polarization analysis was used to
separate structural and magnetic contributions.

6.2. Commensurate Spin Correlations in Laz 4SryCoO4 (x =
0.3, 0.5)

The spin correlations in the Lag_,Sr,CoQOy4 for x = 0.3,0.4,0.45,0.5, and 0.6 were inves-
tigated on large single-crystals by elastic and inelastic neutron scattering. The static spin
correlations were found to be near to a commensurate value for the x = 0.3 and x = 0.5
samples. Let us first compare the fundamental differences in the spin arrangement, if the
charge order is accounted for and the LTO distortion is lifted.

6.2.1. Antiferromagnetic Spin Correlations in La; 7Srg3Co0,4

Antiferromagnetic and structural reflections from the symmetry reduction (HTT to LTO)
in Laj 7519 3C004 were primarily investigated in (1,1,0)/(0,0,1) and (1,0,0)/(0,1,0) ori-
entation on the cold triple-axis spectrometer G43 at the Laboratoire Léon Brillouin.
According to integral and zonal extinction rules, the transition from I4/mmm to Bmab
symmetry leads to additional structure reflections (h/2, k/2, l). Indices are restricted
to h,k odd and [ even but [ # 0 in the HT'T notation. For single face centering B in
the orthorhombic Bravais lattice, general reflection conditions with h + [ = 2n arise.
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6.2. Commensurate Spin Correlations in Las4SrvCoOy4 (x = 0.3, 0.5)

Gliding planes a along (0,1,0) and b along (0,0,1) lead to special conditions h = 2n for
(h,0,1) and k = 2n for (h,k,0). Examples of superstructure reflections at T' = 25 K are
shown in Fig. 6.2 (b). The observed peak width is the same for HTT and LTO reflec-
tions. With the momentum resolution of our experiment, orthorhombic lattice constants
were not resolvable. Even under consideration of structural twinning, superstructure
reflections (1, %, 1) with odd I should be absent. Weak reflections of the latter (factor
~ 20 lower), scaling with the temperature dependence of reflections with even I, were
observed and can be attributed to the Renninger effect in high-quality single crystals for
[ > 0274, 275|. The Renninger effect describes multiple diffraction, when two reciprocal
lattice points (hi, k1,11) and (he, k2, ls) pass the surface of the Ewald sphere simultane-
ously. The diffracted beam of the first plane is again diffracted on the second plane. For
a given space group, a Renninger reflection may be misleadingly attributed to a reflection
(h1 — ha, k1 — k2,11 — l3), which may be systematically extincted in the real space group,
and has to be taken into account for high-quality crystals. The Renninger effect can be
analyzed by the angle dependence of the reflection intensity for azimuthal scans [179].
Such scans were not accessible in the given experimental setup. A monoclinic distortion
of the crystal lattice due to an additional octahedron distortion by the apical oxygen
displacement was reported in LagCuOy [74], but the (%, %, [) reflections with odd [ in
Laq 7S1rg.3C004 scale perfectly with reflections with even [ . An elastic rocking scan across
the antiferromagnetic zone center (-3, -3, 0) (see Fig. 6.2 (a)) reveals a broad maximum,
suggesting short-range spin correlations at T = 21 K. For weak scattering contributions
a rocking scan avoids intensity variations due to the enhanced background scattering
near the primary beam. Longitudinal, transverse, (x, 0, 0), and (0, z, 0) @Q-scans across
(—%, —%, 0) reveal no splitting or incommensurate shift of the superstructure reflections.
Superstructure reflections (3, 3, {) with even [ are shown in Fig. 6.2 (b).

In order to verify the magnetic nature of the (%, %, 0) reflection, spin-polarized neutron
scattering measurements were carried out at the cold triple-axis spectrometer 4F1 at the
Laboratoire Léon Brillouin. The reflections (%, %, ) with I > 0, [ even are structural
in nature with an intensity variation according to the orthorhombic CoOg-octahedra tilt
distortion. As suggested by the previous measurements, the reflection (0.5, 0.5, 0) is
purely magnetic due to short-range antiferromagnetic spin correlations. Fig. 6.3 (a)
shows the spin-flip (SF) and non-spin-flip (NSF) scattering for neutron polarization P
parallel or perpendicular to the scattering vector Q along (% +x, % tz,0)at T =1.5K.
Due to the SF intensity for neutron polarization P || Q and the missing contribution
in the NSF channel, the measured intensity is of magnetic origin [187]. The magnetic
spin-flip intensity contribution for P L Q is restricted to the P || y channel. Comparing
the intensity distributions from different polarization directions allows the determination
of the spin direction by selection rules (see Sec. 3.5). The scattering plane is defined
by the [1, 1, 0] and [0, 0, 1| directions. Together with the former results this gives a
spin moment lying within the CoOq layers. Due to the short-range correlation it is not

possible to differentiate between Q,,||Qg of the orthorhombic phase or Q,, L Qg with
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Figure 6.3.: Analysis of the spin direction by the comparison of the spin-flip and non-

spin-flip scattering intensity for the (%, %, 0) reflection in Laj 7Srg3C004
with different neutron polarizations P. (a) Comparison of the spin-flip and
non-spin-flip scattering at 7' = 1.6 K. Thus the Moment lies within the CoO-
plane (for explanation see text). (b) Comparison of spin-flip scattering with

P||Q at T'= 1.6 K and near the transition temperature 7" = 120 K.

spin direction Qg rotated by 90° to the propagation vector Q,, of the low-temperature
tetragonal phase [11] (see Table 6.1). The static magnetic correlations vanish almost
fully at T = 120 K (see Fig. 6.3 (b)). Transverse and longitudinal scans revealed
no discommensurations. Magnetic correlation lengths of the spin correlations can be
deduced from the half peak width at half maximum for a Lorentzian shape function of
reflections in reciprocal space, when the convoluted instrumental-resolution contribution
is separated appropriately from the total peak width. With respect to the relatively
small in-plane correlation length of § ~ 5 A, the commensurate correlations would agree
with dilute nearest-neighbor spin correlations within the CoOs layers, but one has to
account for the difference between mobile holes at sufficiently high temperatures and
doping levels and immobile non-magnetic impurities in the system. The site-percolation
threshold on a square lattice with only nearest-neighbor interaction is p. = 0.593 for a
non-magnetic dilution [269]. Therefore, in the case of a non-magnetic dopant, the critical
doping level is . = 1 — p. =~ 0.4, and commensurate spin correlations at x = 0.3 are well
in the undercritical region. The suppression of magnetic order in the two-dimensional
Ising system Ko(Coi_,Mg,)F4 at x. = 0.41 agrees perfectly with the site-percolation
theory [276].

The influence of immobile impurities and mobile holes can be compared with the doped
LasCuOy system. In 2D Heisenberg systems as LagCuy—,Zn, Oy, the critical doping level
y ~ 0.26 is lower than the expected threshold [204]. However, the three-dimensional
antiferromagnetic state in Lag_,Sr,CuQy is destroyed by a small amount of holes (z =

98



6.2. Commensurate Spin Correlations in Las4SrvCoOy4 (x = 0.3, 0.5)

0.02) [277] leading to a spin-glass regime. In this insulating spin-glass region 0.02 < z <
0.055, incommensurate satellite reflections, indicating a diagonal spin modulation, were
observed [159]. With respect to the effective suppression of antiferromagnetic correlations
by mobile holes, the stability of commensurate nearest-neighbor correlations in single-
layered cobaltates up to the hole doping level x = 0.3 is surprising. On the one hand,
this may be ascribed to an effect of the Co?>T-Co?T exchange coupling, when Co®* ions
are supposed to be magnetic and an antiferromagnetic nearest-neighbor interaction is
assumed. On the other hand, the instability towards quasi-metallic conductivity may be
important, which is shifted in cobaltates to = 1.5 [22] in comparison to = 1 in LSNiO
[278] and the quasi metallic state above T, in LSCuO, existing already at z > 0.05.

The temperature dependencies of the maximum of the structural and magnetic su-
perstructure intensities are shown in Fig. 6.5. The transition temperatures of the or-
thorhombic distortion 7, and local magnetic order T are observed at 75 ~ 130 K and
at T, ~ 220 K in linear approximation of the temperature dependence of (%, %, 0) and
(%, %, 4), see Fig. 6.5. The temperature dependence qualitatively agrees with the tem-
perature dependence of (2.5, 8.5, -2) from a single-crystal x-ray diffraction experiment
and the onset of the orthorhombic splitting € at T ~ 220 K from the powder x-ray
diffraction analysis. The superstructure reflection intensity in LSCuO was described by
a power law behavior (Tp — 7)%% [229]. We find no indications for a power law behavior
of the reflection intensities in Laj 7Srg.3C004 for the given smeared-out transition tem-
perature. Further analysis of the magnetic and structural phase transition including a
Gaussian broadening cannot improve the approximation. Conclusively, Laj 7Srg.3C004
exhibits short-range antiferromagnetic spin correlations (§ ~ 5 A) in the orthorhombi-
cally distorted phase. Both, the CoOg-octahedra tilting and the antiferromagnetic spin
arrangement within the CoOs planes correspond to the arrangements found in the par-
ent compound LasCoOy4. Long range magnetic order is suppressed and the HTT/LTO
transition temperature reduced through Sr doping.

Let us now focus on the dynamic spin correlations in Laj 7Srg.3C00y4. The low-energy
spin-wave dispersion was studied on the cold triple-axis spectrometer 4F2. Fig. 6.4 (a)
shows a scan in (z, —x, 0)-direction across the antiferromagnetic superstructure reflec-
tion (1 L 0) of Laj 7Srp.3C0o04 at T'= 20 K. Under consideration of the instrumental

25 2
resolution, the analysis of the Lorentz-type reflection profile yields an in-plane correlation
length &,, = 5.0(1) A. The energy dependence of magnetic correlations near (%, %, 0) up

to a neutron energy gain of 2 THz = 8.3 meV is presented in Fig. 6.4 (b). Due to the
large g-width of these signals these scans do not allow one to separate the two modes
dispersing along +[1,1,0]-directions. This indicates a steep increase of the dispersion near
the zone center and, therefore, a strong nearest-neighbor exchange interaction. Higher
energies were not accessible with the cold-neutron scattering experiment.

To study the spin-wave dispersion in the ab-plane up to higher energies, we used a
large single-crystal (cylindrical shape, 40 mm length, 8 mm in diameter) on the thermal
triple-axis spectrometer 1T1. Typical Q-scans along [0.5 4+ x, 0.5 — z, 0] for different
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6.2. Commensurate Spin Correlations in Las4SrvCoOy4 (x = 0.3, 0.5)
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Figure 6.6.: Spin-wave dispersion in Laj 7Srg3C004 at T' = 17 K. (a) Typical const-E-
scans for different energy transfers. (b) Isotropic dispersion of the magnetic
in-plane excitations. The solid lines are calculated using Eq. 6.2.

energy transfers at 7' = 17 K are shown in Fig. 6.6 (a). The resulting spin-wave
dispersion along different symmetry directions is shown in Fig. 6.6 (b). We started with
an antiferromagnetic Hamiltonian

H=J) SiS;+K>» S (6.1)
i,j i

to model the dispersion. The first summation describes the exchange interaction between
nearest Co?t neighbors and the second summation a small single-ion anisotropy. This
model assumes a homogenous magnetic square lattice thus ignoring the locally differ-
ent magnetic character at the Co?* sites. Using standard linear spin-wave theory, the
resulting dispersion relation is

B(Q) = st\/ (1 + 2;;)2 _ (; (cos (ky) + cos (ky))>2 (6.2)

with J = 5.97(8) meV, S = 3/2, K ~ 0, and the number of nearest neighbors z = 4. The
dispersion is isotropic along in-plane directions. For the given short correlation length,
the peak-width analysis of the low-energy dispersion yields enlarged errors bars. But
we find no indications for an anisotropy gap in contrast to the Ising-like anisotropy in
LasCoOy [11]. The temperature dependence of the scans for 21 meV and 27 meV is
shown in Fig. 6.7. While dynamic spin correlations are still observable at T' = 200 K,
no well defined spin waves exist.

The in-plane dispersion is well described by accounting for only one effective nearest-
neighbor exchange integral. On the basis of the present data, the contribution of the

101



6. Magnetism in Las_SryCoQOy

ntensity (counts / 60000 mon) Intensity (counts / 60000 mon)

—

Intensity (counts / 60000 mon

Figure 6.7.:

102

200

N
o
(o]

-
o
o

0
200

-
o
o

T T T T 200 5
(@) (-0.5+x, 1.5+x, 0)| | (b) (-0.5+x, 1.5+x, 0) =
T=130K T=130K 2

; 21 meV 27 meV =
8

5

- ; ﬁ 1100 g

¢ . S

¢ S

b oe® 9% o o S

et™%"® 3

L L L L =)

T T T T T T 200 E
(-0.5+x, 1.5+x, 0) (d) (-0.5+x, 1.5+x, 0) o
T =200 K T=200K 2.
21meV] | 27 meV <

g

5

- : 1100 Z

¢ 2

, & ¢ 3

¢ S

3

o

L L L L =}

: : ‘ ‘ ‘ ‘ 200 =
(e) (-0.5+x, 1.5+x, 0) () (-0.5+x, 1.5+x, 0) =
e 200K e 200K ?

i A 130K A 130K <
21 meV 27 meV B

100 5

w

D

o

o

b o

o

3

L L L L L O
2

L | | 0
-8 -06 04 -02 0Q1p0 - 08 -06 -04 -02 00
h(r.l.u.) h (r.l.u.)

Temperature dependence of magnetic excitations in Laj 7Srp.3C00, for 21
meV and 27 meV. Dynamic spin correlations are still observable at T =
200 K, but no well defined spin waves exist.



6.2. Commensurate Spin Correlations in Las4SrvCoOy4 (x = 0.3, 0.5)

Figure 6.8.: Scheme of the
spin and charge order in
Laj 55195Co0O4  within  the
ab-plane of the tetragonal unit
cell in I4/mmm notation.
Dashed circles represent the
position of the Co ions in the
adjacent layers. The charge-
order unit cell exhibits Bmmm K ,
symmetry. The magnetic unit J2 g
cell is indicated by green J1
color. Two effective exchange &
integrals between next-nearest
Co?T neighbors in the ab-plane
and between nearest Co?t

neighbors of adjacent layers /\/

stabilize the spin arrangement. Jq

[4/mmm_

Co* spin degree of freedom is not detectable. Both, the antiferromagnetic coupling
over a high-spin or a dilution of non-magnetic low-spin state ions would coincide in one
effective exchange coupling with a finite correlation length. At this point, it must be
emphasized that also the Co3T high-spin state in the insulating phase agrees with the
observed commensurate nearest-neighbor coupling, as the Co?T-HS-Co?*-HS interaction
should be antiferromagnetic.

6.2.2. Spin and Charge Order in La; 5Srg.5Co0,4

The spin and charge order in the half-doped cobaltate Laj 5519 5Co0,4 was first observed
by Zaliznyak et al. |7, 8, 211, 279|. A charge glass state with a checkerboard-like arrange-
ment of Co?t and Co®* ions on the two-dimensional square lattice was concluded from
superstructure reflections below Too = 825(27) K. In the former tetragonal notation
of the HT'T phase, charge order with modulation qco = (1 + 2¢,0,1) and (0,1 + 2¢,1)
(I =0,1) occurs. Anisotropic correlation lengths with &, = 26 A and €, = 8.1(7) A were
calculated using factorized lattice Lorentzians similar to [280, 281|. The interplane cou-
pling is small. Slightly incommensurate magnetic modulations with qso = (0.5 +¢,0,1)
(e = 0.017) are found in the charge ordered phase below Tso ~ 30 K. A schematic
drawing of the charge and spin order within the ab-plane is shown in Fig. 6.8. Filled
solid circles indicate Co?t ions and empty solid circles Co3* ions within a CoOs plane.
Dashed circles represent ions of the adjacent CoOs above or below. The antiferromag-
netic arrangement of Co?* spins corresponds to diagonal lines of equal spins and Co>*
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Figure 6.9.: Spin and charge order of Laj 5519 5C00y4. (a) Temperature dependence of
the magnetic reflection intensity at (%, %, 1) and the charge order reflection

(%, %, 7). The transition temperature T, is in linear approximation T,, =
45(2) K, while the structural intensity is not varying. (b) Magnetic in-plane
correlation length &, within the CoOs-planes and perpendicular out-of-plane
correlation length £.. Data were measured by D. Senff.

holes along [1,-1,0]. Because of the selection rules for magnetic neutron scattering, the
direction of the spin moment can be estimated by the magnetic structure factor. Neutron
scattering is only sensitive to the projection S| perpendicular to the scattering vector
Q. A polarization analysis of the magnetic intensities revealed that the spin moment lies
within the ab-plane at an angle 12° to the Co-O bonds, with a small spin reorientation of
5° above 30 K [244]. In general, satellite positions (3 + 1,3 £ 1,0) and (3 £ 1,3 F1,0)
are allowed. Neglecting the Q dependence of the magnetic form factor, one may estimate
the reduction of the structure factor due to the spin moment component perpendicular
to Q. For (%, %, 0) the spin moment component is reduced to 54.4% and for (%, %, 0) to
95.9 %. In our sample, we find the reflections (%, %, 0) and (i, %, 0) to be approximately
a factor 10 smaller, suggesting a weak interlayer coupling in the system with the spin
arrangement shown in Fig. 6.8.

The spin and charge order in Laj 5519 5C00,4 was investigated in detail on the triple-
axis neutron spectrometer G43 at the Laboratoire Léon Brillouin using a large single
crystal (cylindrical shape with 40 mm in length and 10 mm in diameter). Experiments
were carried out with the aid of D. Senff. As exemplarily shown in Fig. 6.9, we find
characteristic scattering of spin and charge order at half doping, similar to the reported
data of Zaliznyak et al. [7]. Reflections can be separated by their position and Q-
dependence in reciprocal space. According to [6], the magnetic and charge-order structure
factor can be easily calculated. For the small nuclear displacement r; = r? + €; due to
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6.2. Commensurate Spin Correlations in Las4SrvCoOy4 (x = 0.3, 0.5)
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NN

0

Figure 6.10.: Magnetic Brillouin-zones of
Laj 5Srg.5Co04 within the (h, k, O)—
plane. The two magnetic twins are rep-
resented by different colors.

the charge order, the nuclear structure factor is

Feo(Q) xS b {1+iQ - €} Qe ™™i = I, o« |Q - 52, (6.3)
J
the magnetic structure factor

Fso(Q) xX Z {Q X Sj X Q} f(Q)eiQAr?e—Wj - Fso(Q) |Q\_—>>oo 0,

J
and the neutron cross section
daco,so

dQ (Q) 08 Z |Fco,so(Q)|26(Q - QCo,so)- (64)

Tco,so

While the charge-order intensities I, increase with |Q|, Fs,(Q) vanishes with increasing
Q. The magnetic form factor can be calculated in analytical approximation after Brown
[282] (see Fig. C.1). Charge-order reflections (0.5, 0.5, 7) and (0.5, 0.5, 8) in I4/mmm
notation with in-plane correlation lengths of &4, ~ 19(1) A are well established and nearly
constant in the temperature region 25 < T' < 300 K. Spin-order correlation lengths of
£ap = 68(3) A and &, = 13.1(4) A are calculated from scans across the (0.25, 0.25, 1)
magnetic peak with Lorentzians folded with the instrumental resolution. The spin order
was found to be nearly commensurate with e = 0.0065(2) at 7' = 25 K. The interrelation
of € between spin and charge ordering cannot be analyzed due to the short-range character
of the charge ordering.

105



6. Magnetism in Las_SryCoQOy

-
)]
o

[ (a)

1 (0.250.750) ¢
T=10K

-
o
o

(zHL) 3

[4)]
o
T

(0.25, 0.75, 0) |

(0.25, 0.75, 0)

Intensity (counts / 5000 mon)

® +(x x0)
0 - ; +(x00) A +(xx0)
0.2 0.3 0.10 0.05 0.00 0.05 0.10

h(r.l.u.) q(r.lu.)

Figure 6.11.: Spin-wave dispersion of Laj 5519 5C00,4 at T'= 10 K as determined around
(0.25, 0.75, 0) for different directions at 7' = 10 K.

In order to analyze the antiferromagnetic coupling in Laj 5519 5CoQ4, we investigated
the in-plane spin-wave dispersion on the cold neutron triple-axis spectrometer 4F1 at
the Laboratoire Léon Brillouin and on PUMA at the Forschungsreaktor Miinchen II.
The expected magnetic Brillouin zone is schematically shown in Fig. 6.10. Typical
constant energy scans across (0.25, 0.75, 0), to analyze the dispersion near the zone
center, are shown in Fig. 6.11 (a). Only one gapped dispersion is observed for scans
along the symmetry directions [z, z,0],[x, —z, 0], and [z,0,0]. We find no evidence for
anisotropy in the in-plane spin-wave dispersion. This is surprising, since in general, one
would expect differences for scans along [z,x,0] and [z, —xz,0]. A critical frustration
due to competing antiferromagnetic nearest-neighbor (J) and next-nearest-neighbor (J;)
interactions of Co?* spins was proposed for Laj 5519 5CoO4 by Zaliznyak et al. [7]. Scans
along |z, z,0| test the average next-nearest-neighbor interaction J; and a ferromagnetic
alignment of nearest Co®" spins, while scans along [z, —z,0] test only J;. Note that
the different magnetic twins can be distinguished by the choice of the superstructure
reflection. This may indicate a dominant next-nearest-neighbor interaction J; in the
system, where interlayer frustration with a small coupling J5 leads to the observed spin-
glass behavior. We modeled the spin-wave dispersion using the Hamiltonian

H:ZJI'Si‘Sj+ZJ2’Si'Sj+KZ(SZ'Z)2 (6.5)
v ,] i

with the in-plane next-nearest-neighbor exchange integral Ji, the out-of-plane nearest-
neighbor exchange integral J,, and single-ion anisotropy constant K. In all summations
the interaction parameters refer to the bonds. The results are given in Tab. 6.2. Since
the in-plane dispersion is nearly isotropic, the out-of-plane exchange is small. A finite J
is indicated by the energy scans discussed later. Therefore, the nearly isotropic observed
in-plane spin-wave dispersion is well described by a simple antiferromagnetic two-lattice
model with S = 3/2 Co?*t high-spin states and non-magnetic Co*t ions. The effective
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Figure 6.12.: Energy scan for (1, 2, 0) (a) and (2, 2, 0) (b) in Lay 551r0.5C004. Measured

intensities are Bose-corrected.

exchange may be mediated via next-nearest neighbor bonds Co?*-0-Co3+-0-Co?T and a
weak out-of-plane coupling between nearest Co?* neighbors. In the analysis of magnetic
correlations by Helme et al. spin waves extend to ~16 meV [244], which is comparable
to our results, but the Brillouin zone was falsely attributed and the zone center was not
investigated at all. In comparison to the half-doped LSNiO, the exchange interaction is
much weaker but the anisotropy gap in the Co-system is larger.

Bose-corrected energy scans at (1/4, 3/4, 0) and (3/4, 3/4, 0) for different tempera-
tures up to the spin-glass transition temperature are shown in Fig. 6.12. (1/4, 3/4, 0)
corresponds to the antiferromagnetic zone center, where we find an anisotropy gap of
E, ~ 0.57 THz. The anisotropy gap vanishes upon heating above the spin-glass tran-
sition temperature. Since spin-waves are transverse excitations and the spin-moment
is orientated within the ab-plane, one observes displacements along ¢ and in-plane but
perpendicular to Q in the CoO2 plane. While the anisotropy gap at (1/4, 3/4, 0) sug-
gests an Ising-like in-plane anisotropy, the increase of the energy gap at (3/4, 3/4, 0)
indicates a finite interlayer coupling Js in the half-doped compound by the out-of-plane
polarization. The estimation via

(hwy)? = (48J(0) + 28K)* — (457 (q))? (6.6)
with J(0) = J1 4+ J2 and J(q) = %Jl (cos (2¢z) +cos (2¢y)) + %Jg(cos (%qx - %qy + %qz) +
cos (%qz - %qy - %qz)) gives Jo ~ 0.04 meV per bond.
6.3. Incommensurate, Static Spin Correlations

Static spin correlations in Lag_,Sr,CoOy (z = 0.4,0.45,0.5,0.6) were investigated by
single-crystal neutron diffraction. Large single crystals of cylindrical shape (typically
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Figure 6.13.: Characteristics of incommensurate spin correlations in Lag_,Sr;CoOy (x =
0.4,0.45,0.5,0.6) at low temperatures. (a) Antiferromagnetic satellite re-
flections (% te, —% +¢,0). (b) Doping dependence of the in-plane correlation
length &,5. (c) Co-O bond-length anisotropy. (d) Linear dependence of the
incommensurability € with hole doping ny = x+26 in comparison to LSCuO
and LSNiO. Data are taken from [158, 252]. (e) Magnetic phase diagram
of LSCoO with commensurate AF correlations up to z = 0.3 and stripe
or checkerboard order in the doping range 0.4 < z < 0.6. The highest
transition temperature is found near half doping.
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Co Ni

Ji (meV)  2.04(9)  5.8(5)
K (meV) 0.074(7) 0.05(2)

Table 6.2.: Comparison of the magnetic exchange and anisotropy parameters of the spin-
wave dispersion in Laj 55195 M O4 (M=Co, Ni). Data for M=Ni are taken
from [209].

40 mm in length and 10 mm in diameter) were studied on the triple-axis neutron spec-
trometers UNIDAS, G438 and 171 as described in the experimental chapter. Incommen-
surate satellite reflections (% + e, —% + ¢, 0) and symmetry equivalents were observed
within the (100)/(010) scattering plane (see Fig. 6.13 (a)). The satellites were equally
displaced from the antiferromagnetic zone center. Note that the reflection profile for one
satellite in x = 0.6 was investigated in detail with higher counting times in comparison
to the long scan across both satellites shown. For better comparison, only the long Q
scan across both satellites is shown in the panel. The in-plane correlation length &,; was
calculated by analyzing the Lorentzian peak width of a satellite after the convolution
with the gaussian resolution. The results are shown in Fig. 6.13 (b). A maximum of £,
is reached at half doping with a nominally equal ratio of Co?t and Co? ions in the sam-
ple. Interestingly, the onset of incommensurability nearly coincides with the largest drop
in the Co-Ogpicar bond length as a function of x. As it is illustrated in Fig. 6.13 (d), the
incommensurability € is shifted nearly linearly with increasing hole density ny = x + 20.
The magnetic transition temperature 7T,, decreases upon doping the parent compound
LaoCoQy. A similar behavior is found in LSCuO and LSNiO, but at lower doping levels.
T,, reaches a maximum at half doping in the incommensurate spin-glass phase.

A possible interpretation of these findings is a spin-stripe model in the spin-glass phase
of Las_,Sr,CoOy4. In the LTO phase, commensurate next-nearest neighbor spin correla-
tions are stabilized. An antiferromagnetic superexchange in Co?T-O-Co?* bonds between
high-spin ions can stabilize these commensurate spin correlations up to higher doping lev-
els in comparison to LSNiO [158| with . = 0.15. As indicated by the steep decrease of
the Co-Ogpicar bond-length above z = 0.4, Co®* ions may exhibit a spin state transition
from the high-spin state to the low-spin state as a function of doping. Concomitantly,
square-lattice symmetry is found for all temperatures T > 1.5 K by the HTT phase
for x > 0.4. The nearly linear shift of the incommensurability denotes that the holes
introduced into the system contribute to the modulation of the antiferromagnetic order.
This is the expected behavior in a spin-stripe model observed in LSCuO and LSNiO. The
charge order near half doping may stabilize the antiferromagnetic interactions between
Co?* ions and the in-plane correlation length &, reaches a maximum.

For stripe ordered Lag_,Sr,CuQy, the doping dependence of the in-plane correlation
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Figure 6.14.: Temperature dependence of antiferromagnetic superstructure reflections in
Lag_;Sr,CoOy4. (a) Scans along (0.5 + 2,0.5 — z,0) in Laj 555r0.45C00y.
(b) Temperature dependence of the maximal peak intensity for x =
0.4,0.45,0.5,0.6. Background contributions were subtracted.

length was found to correspond to the mean hole distance £, ~ a/+/x [283], where a
(~ 3.8 A) is the mean in-plane lattice constant in HT'T notation. For the commensurate
order in Laj 7Srg.3C004, the expected correlation length would be ~ 6.93 A, which is
near the observed value. The in-plane stripe order in Lag_,Sr;NiO4 (0.289 < z <
0.5) is well defined with enhanced correlation length [158] and reaches a maximum at
x ~ 1/3. Together with a maximum in the out-of-plane correlation length ., this
suggests a quasi three-dimensional character of the stripe order. Concomitantly, the
spin ordering and charge ordering temperature is maximized. For Lags_,Sr;CoQOy, the
in-plane correlation length reaches a maximum at half doping, which suggests that the
stability of the spin order is enhanced by the charge-glass state of the system. Half
doping is equivalent to an alternating occupation of Co-sites with Co?* and Co3* ions.
The terminology ’spin stripe’ differs from the common definition in this case and for
x > 0.5, since antiferromagnetic domains would be one-dimensional spin lines.

The temperature dependence of static spin correlations in the investigated compounds
Lag_;Sr;CoOy4 (x = 0.4,0.45,0.5,0.6) is shown in Fig. 6.14. Examples of scans across
one magnetic satellite (0.276, 0.724, 0) along the [x,-x,0] direction for Laj ¢Srg4CoO4
are represented in Fig. 6.15 panel (a). The variation of maximal peak intensity with
temperature for the given samples is shown in panel (b). The maximum of the spin-
order temperature is slightly shifted to x = 0.45 in a linear approximation, which may be
due to the enhanced energy integration of the triple-axis spectrometer used in comparison
to other doping levels. One could expect a higher stability of the antiferromagnetic spin
arrangement assisted by the checkerboard-like charge order.
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Figure 6.15.: Incommensurate antiferromagnetic reflection (0.7031, -0.3031, 0) of
Laj Sr0.4Co0y4. (a) Longitudinal and transverse scan within the CoOs-
plane. The in-plane correlation length is ., = 29.9(5) A at T = 1.6 K. (b)
Scans in |z, z, 0]-direction across the magnetic reflection reveal no apparent
change of the incommensurability for different temperatures.

6.3.1. Magnetic Excitations in the Incommensurate Spin-Glass Phase

Attempts to investigate the dynamic spin correlations in the incommensurate phase were
carried out on samples with z = 0.4 and = = 0.6. To investigate magnetic excitations in
Laj ¢Srp.4Co04 we used the same crystal as for the static spin correlations analysis on
the triple-axis spectrometer 4F2 at the Laboratoire Léon Brillouin. We found the same
antiferromagnetic satellite reflections and temperature dependence as in the previous
measurements. However, we were not able to observe well-defined magnetic excitations
with the counting rate of 130 sec per point (see Fig. 6.16). This may result from a small
ordered moment in the sample at low temperatures.

In contrast to x = 0.4, the collective magnetic excitations seem to be better de-
fined in the Laj 4Srg¢CoO4 compound. Fig. 6.17 shows the spin-wave dispersion in
Laj 4Stg6Co04 at T = 19.7 K, measured across (0.76, 0.24, 0) and (0.76, 0.76, 0) for
different symmetry directions. Energy scans, for both (0.76, 0.24, 0) and (0.76, 0.76,
0), reveal no evidence for an anisotropy gap. Furthermore, a Q-scan across (1, 0, 0) at
0.5 THz indicates no ferromagnetic correlations in the system. Further experiments on
the high-energy part of the dispersion on a thermal triple-axis spectrometer are needed
to complete the spin-wave dispersion of Laj 4Sry.Co0O,4 and to analyze the magnetic ex-
change in the incommensurate phase. Based on the existing data, a comparable spin-wave
velocity to Laj 5519.5C0Q, is observed within the experimental resolution.
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Figure 6.17.: Spin-wave dispersion of Laj 4SrgCoO4 at T' = 19.7 K.
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6.4. Discussion of the Co®* Spin Degree of Freedom

6.4. Discussion of the Co*" Spin Degree of Freedom

Let us now discuss the results in terms of the Co®* spin degree of freedom. Both static and
dynamic spin correlations were investigated in detail for the half-doped cobaltate and one
may draw conclusions concerning the Co3™ spin state in a localized picture. Short-range
spin and charge order in half-doped Laj 55r¢.5Co04 was first observed by Zaliznyak et al.
[7, 8, 279]. Half doping corresponds to a nominal Co-valence of v¢, = 2.5 and thus to an
equal amount of Co?t and Co3* ions in a fully localized picture. I. A. Zaliznyak et al.
observed a checkerboard-like charge order within the CoOg-planes with Too = 825(27) K
and short-range antiferromagnetic spin order with T's < 30 K. Due to the large difference
between the ordering temperatures Too/Ts 2 25 and a non-detectable anomaly of the
charge order intensities at the onset of spin order, the authors point out that both
phenomena are completely decoupled. The influence of the Co3t spin-state degree of
freedom is unclear. The spin moment of Co3* ions was proposed to be fully quenched by a
strong planar anisotropy and the Néel-order is suppressed by the frustration of the nearest
and the next-nearest neighbor interaction between Co?* spins. The detailed analysis
of the Co®* spin-state degree of freedom and the contribution to the antiferromagnetic
coupling in the system is needed and was the starting point of our investigations presented
in this chapter. A small set of charge-order superstructure reflections was analyzed in Ref.
[8]. From this analysis a Jahn-Teller distortion of the Co3*Og-octahedra [8] is proposed.
This would yield a Co®*-intermediate-spin state occupancy at low temperatures. Our
data, with a larger set of superstructure reflections, disagree with these results and yield
a simple enlargement or shrinking of the different CoOg octahedra, which is not a Jahn-
Teller active mode. In addition, the magnetic coupling of Co3* and Co?* ions has
not been fully characterized and the magnetic coupling scheme between Co?T ions is
incomplete. Our analysis of the spin-wave dispersion suggests non-magnetic Co3* ions,
which mediate the antiferromagnetic next-nearest neighbor coupling of Co?* spins within
the CoOs layers. The spin arrangement may be stabilized by the observed weak interlayer
coupling. A. Maignan et al. studied the coupling scheme of Co?* ions next to Co®*
ions for different spin states in HoBaCo20Os5 5, proposing the so-called ’spin blockade’
[102]. In a localized electronic picture, the substitution of Co?* ions in the high-spin
state (S = 3/2) into an environment of Co3T ions in the low-spin state disables the
electronic transport in the e, band, because the spin state is not interchangeable by
electron hopping. Obversely, the substitution of Co®* ions into an environment of Co?*
ions might inhibit a low-spin Co®* ground state in Lag_,Sr,CoO4 for low doping.

It is reasonable to distinguish between different Co3t spin states via the different
magnetic coupling schemes between Co3t and Co?t ions. The magnetic coupling be-
tween Co?t and Co* ions at half doping was alternatively studied in other layered
mixed-valence cobaltates. For example, the magnetic-coupling scheme for the half-doped
compound BisSraCoOg.5 was investigated by single-crystal neutron scattering with po-
larization analysis [100]. At § ~ 0.25 an equal amount of Co?T and Co3™ ions is expected.

113



6. Magnetism in Las_SryCoQOy

Co37 is proposed to be in an intermediate-spin state, which causes a ferromagnetic in-
teraction to Co?*t in the high-spin state. Ferromagnetic coupling in Lag_,Sr,CoO4 was
proposed by the analysis of nuclear magnetic resonance studies for (z > 0.6) [19], but
no evidence was found in the magnetic susceptibility experiments by N. Hollmann [154].
Within a mean-field model, the analysis of x yields an effective antiferromagnetic cou-
pling. Overall, the results suggest a Co3t low-spin state for 2 > 0.4.

6.5. Conclusions

Static and dynamic spin correlations in Lay_,Sr,CoOy4 (z=0.3, 0.4, 0.45, 0.5, 0.6) have
been studied by means of single-crystal neutron scattering. Commensurate antiferro-
magnetic spin correlations between nearest neighbors were found at the relatively high
Sr doping level x = 0.3. The doping level is well below the percolation threshold x. =~ 0.4
for non-magnetic impurity dilution on a square lattice [269]. For the antiferromagnetic
order in LSCuO and LSNiO a spin-glass phase is induced at low doping levels. Above
x = 0.024 in LSCuO [159] and above z = 0.135 in LSNiO [5, 190, 284] doped charges
localize in stripe ordered phases, but mobile hole doping is expected to suppress antifer-
romagnetic order effectively. On the basis of the existing data for Laj 7Srg.3C0Q0y4, we can
not distinguish whether the random distribution of effectively immobile charge carriers or
whether the possible Co?T high-spin state supports the commensurate nearest neighbor-
interaction by coupling antiferromagnetically to the Co?t ions. A Co®* high-spin state
would not disagree with our observations.

Further doping induces an incommensurate modulated structure, which is indicated
by satellite reflections away from the antiferromagnetic (0.5, 0.5, 0) position in tetrag-
onal notation. The incommensurability € increases the distance between satellites and
(0.5, 0.5, 0) nearly linearly with hole doping concentration nj, = x over a large x-range.
Perfect linearity would indicate that all holes contribute to the modulation of the anti-
ferromagnetic spin arrangement. A nearly linear dependence is also observed in stripe
ordered phases of cuprates and nickelates. However, the most stable stripe ordering in
doped cuprates is found for LBCuO at x = 1/8 [62| and in LSNiO at x=1/3 [158]. A
saturation of the incommensurability is observed in all three systems above the most
stable stripe-order concentration. The dynamic spin correlations were investigated near
half doping. The isotropic spin-wave dispersion in Laj 5519 5C00, is well described in
standard spin-wave theory taking only the antiferromagnetic Co?* next-nearest neigh-
bor interaction and a weak interlayer coupling into account. Non-magnetic Co3T ions
may bridge the antiferromagnetic exchange between Co?*t ions. The Co®* low-spin state
model is also supported by other physical findings. The macroscopic magnetic properties
of Lag_,Sr,CoOy4 were investigated by magnetic susceptibility measurements by N. Holl-
mann et al. [154]. A strongly frustrated spin-glass behavior is found in the system from
the comparison of field-cooled and zero-field-cooled measurements. The anisotropy of the
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susceptibility was calculated with respect to the crystal-field splitting and the spin-orbit
coupling within a cluster calculation. While a Co3* low-spin state is suggested to be sta-
bilized at intermediate doping levels, the high-spin population is indicated up to x = 0.3.
Further, a Co®t high-spin is also suggested from the soft x-ray absorption measurements
with magnetic dichroism analysis at the Co La 3 edge [285].
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7. Phase Diagram of Lay Sr,CoQO,

In this chapter we summarize our experimental observations to obtain the structural and
magnetic phase diagram of Las_,Sr,CoO4 and to discuss their interdependence. The
structural and magnetic instabilities can be ascribed to the doping dependent changes
typical for single-layered compounds. We may attribute these changes to the variation
of the ionic radii, the structural anisotropy, and the transition metal spin moment in the
interplay of structural, magnetic, and charge degrees of freedom. In contrast to LSCuO
and LSNiO, we found additional anomalies, which indicate the importance of the Co3*
spin-state degree of freedom in this system. After presenting the phase diagram, we
compare our new findings with the spin-state schemes of Las_,Sr,CoO,4 and discuss the
anomalies in terms of a new Co>T spin-state transition.

The structural and magnetic phase diagram of Lag_,Sr,CoO4 (0 < z < 1.0) is shown
in Fig. 7.1 (a), deduced from our measurements and described as follows:

LTO/LTT Distortion The crystal structure of the Las_,Sr,CoO4 compounds is clas-
sified in the Ruddlesden-Popper series A, +1Bp X341 = (AX)(ABX3), with n =1 for
the single-layered perovskites. CoOq layers are separated by adjacent rocksalt-like lay-
ers of LaO. The ideal single-layered perovskite possesses a body-centered structure in
the high-temperature tetragonal phase and undergoes structural phase transitions upon
cooling for low doping levels. Structural distortions in single-layered perovskites are com-
monly attributed to internal strains due to a bond-length misfit of the ionic radii of the
constituents |10, 75]. The internal strains can be reduced by the variation of the c¢/a
ratio, the distortion of the CoOg octahedron, and the cooperative tilt of CoOg octahe-
dra. The phase transition of the structural tilt instabilities are well described within
the Ginzburg-Landau theory through a two-component order parameter Q = (Q1, Q2)
[72, 83| with @1 and Q2 associated to two orthogonal octahedra tilting modes. The
low-temperature orthorhombic (Q1 = 0,Q2 # 0) and the low-temperature tetragonal
distortion (@1 = Q2 # 0) will be taken into account for the single-layered cobaltate in
the following!.

The variation of structural parameters and the lattice symmetry upon doping, includ-
ing the HTT-LTO transition at low doping levels, were studied in Las_,Sr,CoQO4 in
Chapter 4. The undoped parent compound LasCoQO4 exhibits the LTO distortion below

!Further distortions, for example a second orthorhombic phase LTO2 with Q1 # Q2 # 0, are observed
in cuprates and nickelates. Such instabilities were not observed in single-layered cobaltates and will
be neglected for the comparison with nickelates and cuprates.
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Figure 7.1.: (a) Structural and magnetic phase diagram of Las_;Sr;CoO4 (0 < x < 1). The low temper-
ature orthorhombic (LTO) distortion is lifted below z = 0.4. Concomitant static nearest-neighbor (nn)
spin correlations vanish and incommensurate (ic) antiferromagnetic spin correlations emerge. Charge
order (CO) was investigated in z = 0.5 and z = 0.6. (b) HTT/LTO phase-transition temperatures in
Lag_3Sro MOy (M = Co, Ni [126], Cu [286]). The HTT/LTO phase-transition temperature is linearly
reduced with increasing Sr doping. The doping dependence of Trro in LSCuO near the phase transi-
tion was approximated via Trro « (zrro — x)zﬁ . (¢) Transition temperatures Tn,c for commensurate
antiferromagnetic correlations. Néel temperatures of Ko(Co1—;Mge)F4 from Ref. [276] were scaled to
Tn(xz = 0) of LagCoOy4 [11]. The T reduction in Ko(Co1_,Mg,)F4 follows the prediction of magnetic
dilution on a 2D square lattice with a site-percolation threshold z. ~ 0.41 [269]. (d) Transition temper-
ature T'v,7¢ of incommensurate spin correlations in Ro—;Sr; M O44s (R= La,Nd; M=Co,Ni). The stripe
order (charge order) transition temperature Tn ;¢ (Tco,rc) in nickelates is maximized at © ~ 1/3. Data
for Ni are taken from Ref. [206]. (e) Hole doping (n, = x + 20) dependence of the incommensurability
e. Data for Ni are taken from Ref. [206] and for Cu from Ref. [252].
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Table 7.1.: Comparison of the structural transition temperatures, the magnetic transition
temperatures, and the critical doping levels in Sr doped single-layered oxides.

La2_$SF$MO4

M= Co Ni Cu

Temperature dependence for x = 0:

T —Bmab (K) 900 [273] 770 [73] 520 [74, 287]
TBmab—P4s /nem (K) 135 [11] 70 [203] - [288]

long range AFM Ty (K) 275 [11] 330 [73, 203] 325 [204, 289)]
Doping dependence T'~ 10 K

x Bmab — I4/mmm ~ 04 0.21 [79]

x ¢ — ic correlations 0.3 0.2 [268] 0.02% [214]

x diagonal— collinear stripes - - 0.055 £ 0.005 [159]

“In LSCuO commensurate order is suppressed already at very low doping x ~ 0.02. At higher values
there is a spin-glass phase with incommensurate ordering, interpreted in terms of a diagonal stripe
phase.

Trro ~ 900 K [273]. This LTO distortion exhibits a strong dependence on excess oxygen
and the topotactic oxidation and oxygen diffusion constant in LagCoQy is enhanced [66].
Therefore, stoichiometry is important to discuss the structural variation upon Sr doping.
The influence of excess oxygen on the atomic parameters in LagCoQOy4ys was studied in
Ref. [65] at room temperature. Comparing the results for LagCoO4 with undoped single-
layered perovskites LagM Oy (M= Ni,Cu) with nominal increasing ionic radii [54], the
coupling of LTO to the bond-length mismatch can be studied. The tilt distortion with
© ~ 7 ° [65] is enhanced in comparison to 6° in LagNiOy4 [73] and 3° in LagCuOy4 [70].
This can be ascribed to a strong mismatch between La-O and Co-O bonds. As denoted
in Tab. 7.1, the HTT/LTO phase-transition temperature Ty o is lowered in the parent
compounds, accompanying the reduction of © across the Co, Ni, Cu series.

At low temperatures, indications for an LTT phase (P4s/nem symmetry, No. 138) in
LayCoOy4 were found near T' ~ 135 K [11]. Again, the LTT instability is suppressed in
the undoped single-layered perovskites with increasing ionic radius and the reduction of
the bond-length mismatch. While in LagNiOy4 the Trrr = 70 K is observed [203], no
tetragonal low temperature phase was found in LagCuQOy4 [288]. The LTT phase transition
in LSNiO is characterized to be first order with an order parameter Q = (Q1,Q2),
Q1= Q2 #0, i.e. a variation of the NiOg octahedra tilt arrangement about 45° to LTO
or along a HTT in-plane axis.

The influence of chemical pressure on the octahedral tilt instability can be investigated
by the substitution of La®* with larger Sr?T ions. While the structure Las_,Sr,CuO4 can
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7. Phase Diagram of Lag SryCoQOy

be stabilized up to x ~ 0.2 |75], the variation of structural parameters in Lag_,Sr,;CoOy
can be studied over a wide doping range (0 < z < 2)[21, 25, 65|. We presented the
characterization of the HTT/LTO phase transition in Lag_,Sr,CoO4. The ratio of
La3* /Sr?* ionic radii and the removal of electrons from CoOy layers reduce the bond-
length mismatch in the system with increasing dopant concentration. Simultaneous with
the reduction of the CoOg octahedra tilt, the HT'T-LTO transition temperature 1o is
linearly lowered. As shown in Fig. 7.1 (b), Trro is nearly linearly reduced with z in
all three systems. Near the critical doping concentration (zr7ro) a doping dependence
of Trro o (xrro — x)%? in LSCuO is found. In comparison with LSCuO and LSNiO,
the LTO-phase boundary of LSCoO is shifted to higher doping levels (z ~ 0.35), which
reflects the steric nature of the tilt instability. In the Landau free-energy expansion, the
tilt angle © in the LTO phase is proportional to the magnitude of the order parameter
component Q3. Therefore, a (Trro — T)% and a (rpro — x)% dependence of the © is
expected near the phase transition regarding temperature and doping. The orthorhombic
strain is quadratically coupled to (3. Thus, a linear reduction with 7" and z follows. In
contrast to LSCuO and LSNiO, the reduction of the orthorhombicity in LSCoO is not
linear. This may be due to excess oxygen or a further mechanism of strain release.

No indications for an LTT phase, i.e. |Q2] = |@Q1], were found at low temperatures
for any of the doped cobaltate samples. Also in LSCuO, the LTT distortion is absent
but can be induced by additional Nd doping [290, 291|. In contrast, the LTT phase of
LSNiO is observed up to z = 0.15 [126]. Whether the LTO/LTT transition in LSNiO
and LSCuO is related to a further strain reduction by a bond-length mismatch [126, 292]
or to a partial 7' — T” phase transition [291] is unclear.

Antiferromagnetic Spin Correlations A long-range Néel state is stabilized in the par-
ent compound LapCoOy below T' = 275 K [11] in the LTO phase. Interplanar nearest
neighbors of Co?* spins are antiferromagnetically coupled. The direction of the antiferro-
magnetic propagation vector of the three-dimensional spin structure is determined by the
spin direction in adjacent layers. Similar to the spin structure in LasNiOy, the spin mo-
ment lies within the CoOq layers parallel to the antiferromagnetic propagation vector [11].
While the magnetism of LasCuQy is close to the realization of an ideal two-dimensional
S = 1/2 Heisenberg antiferromagnet, both LagNiO4 [127] and LayCoO4 exhibit a 2D
Ising critical behavior [11]. A finite interlayer coupling stabilizes the three-dimensional
long-range order in LasCuQOy,, while long-range order in the nickelate and cobaltate is
driven by the Ising-anisotropy and the interlayer coupling of the spin moments. At low
temperatures, the LTT transition in LapCoQy, is accompanied by a spin rotation of 90°
with the spin moment being perpendicular to the antiferromagnetic propagation vector.
The spin direction rotates in alternate layers according to the LasCuOy4 type.

Hole doping and non-magnetic dilution of the system suppresses three-dimensional
antiferromagnetic order in a single-layered perovskite system, see Fig. 7.1 (c). Mobile
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holes [277] suppress commensurate antiferromagnetism more effectively (Sr: z. ~ 0.02
[214]) in comparison to non-magnetic co-doping (Zn: y. ~ 0.26) in cuprates [204]. The
critical Sr doping level of commensurate spin order is shifted to a higher value z ~ 0.1
in nickelates [206]. The antiferromagnetic spin correlations in hole doped Lag_;Sr, CoOy4
were investigated in chapter 6. Hole doping induces a spin-glass phase, which is sug-
gested by the comparison of field-cooled and zero-field-cooled magnetic susceptibility
[154]. Commensurate antiferromagnetic superstructure reflections were found at = 0.3
below T ~ 130 K. This is well below the site-percolation threshold x, ~ 0.41 on a square
lattice for non-magnetic dilution [269], experimentally found in Ko(Coi_,Mg,)Fy [254].
The finite correlation length of &, = 5.0(1) A would roughly agree with a random distri-
bution holes in the system, leading to & < a/+/z. An analysis of the isotropic spin-wave
dispersion suggests a nearest-neighbor coupling of J = 5.97(8) meV in Laj 7Srp.3C00y.
The polarization analysis of the superstructure reflection reveals a spin moment within
the CoOs planes, similar to the undoped compound. Since the transition temperature
Ts ~ 130 K is increased in comparison to the x = 0.3 expectation value from a linear
approximation of the reduction between T = 275 K at = 0 and x,,, this may indicate
an influence of the Co3* spin state. This will be discussed in the following section in
comparison to the indications from alternative physical properties. At this point, no dif-
ferentiation between a static dilution of the antiferromagnetic order of Co?* spins with
essentially non-magnetic Co3t ions and the stabilization of commensurate spin correla-
tions by a magnetic Co®* ions can be made.

Incommensurate Spin Order Further doping induces an incommensurate antiferro-
magnetic phase in Lay_;Sr;CoOyys (x= 0.4, 0.45, 0.5, 0.6); (% +e, % Fe, 0) satellite
reflections are observed around the antiferromagnetic Bragg point (%, %, ) The in-
commensurability € is nearly linear to the hole density n, = = + 24, see Fig. 7.1 (e).
A similar modulation and linearity of e is observed for a so-called stripe-ordering of
spins and charges on the square lattice. Charge carriers segregate into one-dimensional
lines, building antiphase domain walls of the antiferromagnetic spin arrangement. The
structure modulation of stripe order in LSCuO and LSNiO induces also superstructure
reflections around (%, %,0), where the direction depends on the magnetic modulation
vector, being parallel or diagonal to the HT'T lattice. This observation of incommensu-
rate spin correlations is the first indication of stripe-order in Lag_,Sr, CoOy4. The nearly
linearity of € in njp = = + 20 suggests that the induced charge carriers contribute to the
stripe formation in the CoOq layer. The arrangement of the satellite reflections indicates
a diagonal stripe arrangement, similar to LSNiO (0.135 < x < 0.5) [158, 293| and to
LSCuO at low doping levels (0.02 < z < 0.053) [214]. The in-plane correlation length
reaches a maximum &g, ~ 25 A in the checkerboard-like charge ordered compound with
x = 0.5. Since the maximum of the in-plane correlation length in LSNiO is observed at

x = 1/3[158], accompanied by a maximum of the spin and charge ordering temperatures,
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7. Phase Diagram of Lag SryCoQOy

the stripe order is most stable at this fraction, see Fig. 7.1 (d). Therefore, the stripe
order in LSCoO would be best defined near the checkerboard arrangement of charges.
In detail, a saturation of the incommensurability in cuprates [280] and nickelates [158] is
found beyond optimal doping. This is also found in Las_,Sr,CoO4 beyond z = 0.5. We
find charge order superstructure reflections still in Laj 4Srg.CoO4 at room temperature.
These charge order is short ranged and the reciprocal lattice reflections are too broad to
verify a satellite splitting, expected for a charge order modulation concomitant to spin
order modulation. Overall, we found indications for a stripe-like spin order modulation
in Lag_,Sr,;CoOy4 for 0.4 < z < 0.6, most stable at half-doping.

7.1. Co*" Spin-State Transition Scheme

We found indications for a Co3t spin-state transition in Las_,Sr,CoOy4 by analysis of
the HT'T lattice constants, the Co-O bond-lengths, the CoOg octahedra modulation at
x = 0.5, and the antiferromagnetic spin correlations. Co?T is considered to stay always
in the high-spin state S = 3/2. As the crystal-field splitting is lowered with decreasing
oxidation state, the stabilization of the S = 3/2 high-spin state is favored for Co?* (3d")
ions through Hunds’ rule exchange in comparison to the low-spin state S = 1/2.

The analysis of the Co3* spin state in a hole-doped mixed-valence system, such as
Lag_,;Sr,CoQy, is subtle and leads to a variety of proposed transitions. A charge ordering
instability enables the investigation of nominally distinguishable lattice sites for the Co
ions. First, the controversially proposed pictures of Co®* spin states and spin-state
transitions in Las_,Sr,CoQy, as summarized in Tab. 7.2, are introduced.

Moritomo et al. analyzed the inverse magnetic susceptibility x ! of Lag_,Sr,CoQOy4
(0.4 <z < 1.0) in terms of a Curie-Weiss law and derived an effective magnetic moment
pefs per Co site [27]. The decrease of the effective moment from 3.4 pup to 2.6 pp upon
doping beyond x = 0.7 combined with the decrease of the in-plane resistivity psp by one
order of magnitude at T = 400 K was interpreted in terms of a Co3* spin-state transition
from the high-spin to the intermediate-spin state. In comparison, our samples exhibit
similar doping and temperature dependencies for py, and x~'. But the derivation of an
effective magnetic moment is questionable, since the inverse susceptibility is not linear in
the paramagnetic region and the system exhibits strong two-dimensional coupling. Itoh et
al. determined the hyperfine coupling constant by a comparison of the 3Co Knight shift
versus magnetic susceptibility between 0.5 < z < 1.0 and observed a decrease near ¢ =
0.75 [30]. Co3* spin states and two spin-state transitions in the doping region 0 < x < 1.1
were also theoretically predicted by an unrestricted Hartree-Fock approximation. For
0 < x < 0.39, an antiferromagnetic high-spin state, for 0.39 < x < 0.52, a ferromagnetic
high-spin state and for 0.52 < x < 1.1, a ferromagnetic high-spin-low-spin ordered state
is proposed [29]. However, we find no indications for a spin-state transition near = 0.75
from our structural and magnetic investigations.
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7.1. Co®t Spin-State Transition Scheme

Estimated Doping level Co3T Spin state Reference
from

X x~0.7 HS — IS [27]

X r=1 LS, HS mixture for 20K < T < 400K [18§]
x,0,ACo-O 1<x2<1.5 IS [25, 89|
o(w) r=1 HS, LS mixture [210]

p r=05 =1 HS [31]

»Co NMR xr~0.75 HS — IS [30]

HFA 0.00 < x < 0.39 antiferromagnetic HS [225]

0.39 < x < 0.52 ferromagnetic HS
0.52 <x < 1.1 ferromagnetic HS-LS ordered state

Table 7.2.: Proposed Co3*t spin states and spin-state transitions in Las_,Sr,CoOy by
the analysis of different physical properties, i.e. the magnetic susceptibility
X, the optical conductivity o(w), the electrical conductivity p, and the bond-
length anisotropy ACo-O. Unrestricted Hartree-Fock approximation was used
to estimate different magnetic structures.

The suggestion of a Co3* spin-state transition at x ~ 0.4 is based on the steep decrease
of the Co-Ogpicar bond length near x = 0.45, the structural distortion of Co?t Qg and
Co3+Og octahedra at half doping, the ¢/a anomaly at high temperatures, the line-shape
variation of the Co-L2,3 edge in an XAS spectrum [285], the anisotropy of the magnetic
susceptibility [154], and a good description of the magnon dispersion in Laj 551 5C00y4,
when considering only Co?*. The steep decrease of the Co-Ogpicar bond length near
x ~ 0.45 can neither be attributed to the HTT/LTO phase boundary between 0.2 <
x < 0.3 nor to the reduction of the bond-length mismatch in an ionic model, since the
La coordination anisotropy is smoothly decreased with Sr doping for 0.2 < z < 1.0.
Bond-length mismatch induced strains in the single-layered structure are indicated by
the bond-valence sum deviations from the nominal value, which is systematically reduced
with increasing x. The decrease between = 0.4 and = 0.5 is AC0o-Ogpjcar = 0.071(2) A
and qualitatively agrees with the reduction of the ionic radii of Argg g = 0.065 A, when
the difference between the in-plane and out-of-plane Co-O bond length and the nominal
Co3* concentration is taken into account. The Co?* ion is little Jahn-Teller active. In the
case of the single-layered cobaltate, a strong octahedral distortion of ~ 12 % partially lifts
the toy and e, degeneracy. Analyzing the atomic displacement parameters in the HT'T
phase, we find no signs for short range tilt instabilities, i.e. for a symmetry reduction.
Also a Co®tOg cluster calculation is difficult, as the distinct coordination of Co?t and
Co3* ions is not known. The reduction of the out-of-plane Co-O bond length indicates
a transition from a ’higher’ to a ’lower’ spin state. This agrees with the anomalous
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increase of the out-of-plane lattice constant at x = 0.5, 7.e a thermal population of a
'higher’ spin state. A thermally induced spin-state transition for the pure Co3t system
LaSrCoO4 was proposed by Demazeau et al. [18]. An equal ratio of high-spin and
low-spin ions are ordered within the CoOs layers. Above 400 K, a low-spin to high-
spin transition is proposed, while at 700 K, the high-spin state is stabilized for all cobalt
ions. A CoT high-spin to low-spin transition near x = 0.4 is also supported by soft x-ray
absorption measurements with magnetic circular dichroism (XMCD) and magnetic linear
dichroism (XMLD) on Lag_;Sr;CoOy4 (x = 0.3, 0.5, 0.8) by Z. Hu and H. Tjeng [285].
XMCD experiments were carried out at the European Synchrotron Radiation Facility
in Grenoble, France, and XMLD experiments at the National Synchrotron Radiation
Research Center in Hsinchu, Taiwan. XMCD data at the Co-Lg 3 edge at photon energies
770-810 eV indicate a significant shift in the spectral weight for Co3t between x = 0.3 and
x = 0.5, while the spectra characteristics are unchanged between x = 0.5 and = = 0.8.
This qualitatively agrees with a Co3T spin-state transition from HS to LS for the former
doping range and an LS occupation for the latter doping range. A quantitative analysis
using cluster calculation is needed for verification. Our analysis of the weak charge-order
superstructure reflections in Laj 5519 5CoQy4 results in an average ionic radius difference
of 7oz = 0.530(1) A and rceay = 0.613(1) A, assuming ros— = 1.42 As [54]. The
nominal Co3t low-spin radius estimated by Shannon et al. is rce3q = 0.545 A [54],
but the Co?t high-spin radius rcgy = 0.745 A is too large. Also internal strains of the
single-layered structure, which are not reduced by an octahedral tilt but by the tetragonal
distortion, have to be accounted for. An intermediate spin-state occupation is expected
to exhibit a remarkable Jahn-Teller activity [37], but the observed octahedra modulation
does not suggest a Jahn-Teller active mode. In terms of the charge ordering phenomenon
at half doping, the over and underdoped samples exhibit a saturation of the c-axis length.
The anisotropy xa» > X of the magnetic susceptibility in Las_,Sr,CoO4 was analyzed
by Hollmann et al. [154] in terms of a cluster calculation. The anisotropic crystal field
and spin-orbit coupling were calculated with respect to a Co?t high-spin state and the
Co3t spin degree of freedom. At high doping levels, the observed anisotropy with a
larger moment in the ab-plane corresponds to the primary Co?* contribution. A less
pronounced anisotropy at x = 0.3 is somehow surprising and may be attributed to a
Co3T high-spin state. Again, a Co®* high-spin state is indicated at z = 0.3 and a
low-spin state predicted at higher doping levels.

The stabilization of the antiferromagnetic nearest-neighbor interaction up to a hole
doping level of z = 0.3 is surprising, but the hole mobility has to be taken into account.
This doping level is well below the site-percolation threshold for magnetic dilution on
the square lattice, but long-range antiferromagnetic order is more effectively suppressed
by mobile holes in LSCuO and LSNiO. Short-range antiferromagnetic correlations in the
spin-glass phase 0.02 < x < 0.05 (see Fig. 7.1 (e)) of LSCuO are incommensurate and
change the modulation direction near the superconducting phase boundary. Commen-
surate nearest-neighbor coupling in the spin-glass phase of LSNiO is stabilized up to
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7.1. Co®t Spin-State Transition Scheme
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Figure 7.2.: Electron hopping scenarios in Lag_,Sr,CoOy4. (a) While electron hopping
via tg, states between Co?T-Co3* high-spin ions would favor a ferromag-
netic exchange coupling in the metallic and an antiferromagnetic one in the
insulating state, exchange between Co?T in the high-spin state and Co3*
in the intermediate-spin state is expected to be ferromagnetic. (b) e, hop-
ping to Co3T neighbors in the low-spin state necessitate additional spin flips,
which will be energetically unfavorable. The concept of immobilized Co?*
electrons was proposed for HoBaCoy0s5 5 as a spin blockade [102].

x = 0.1. Therefore, on the one hand, the nearest-neighbor coupling without a charge
segregation instability in single-layered cobaltates can be supported up to z = 0.3 by an
antiferromagnetic exchange coupling between Co?t and Co?*, but, on the other hand, the
hole mobility in comparison to the former systems is reduced. The Co3* high-spin state
is expected to couple antiferromagnetically to the Co?* high-spin state in the insulating
phase; this is in agreement with our spin-state scenario. The onset of incommensurate
order at x = 0.4 for low temperatures would agree in a stripe scenario with the stabi-
lization of the Co®* low-spin state. Since the Co®* low-spin state is not magnetic, a
stripe instability could tend to a segregation of antiferromagnetic Co?t domains via an
antiphase boundary.

The question arises what causes the stabilization of the Co® high-spin state for
x < 0.4. Ilustratively, Co®" ions are introduced in a background of Co?* ions. The
Co* spin degrees of freedom may be distinguishable from the magnetic exchange cou-
pling and transport properties. Different electron hopping scenarios are shown in Fig.
7.2. (a) Electron hopping via to, states between Co?*-Co®T high-spin ions interchanges
the spinstructure Co?*-Co3+ —Co3T-Co?* and favors an antiferromagnetic exchange cou-
pling in the insulating phase. The exchange between Co?T in the high-spin state and
Co3*t in the intermediate-spin state is expected to be ferromagnetic. (b) ey hopping
to Co3t neighbors in the low-spin state necessitates additional spin flips, which will be
energetically unfavorable. Co3T low-spin ions would only bridge the antiferromagnetic
exchange between Co®t ions. The concept of immobilized Co?* electrons was proposed
for HoBaCo205 5 as a spin blockade [102]. In the case of Lag_,Sr;CoOy, one could think
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7. Phase Diagram of Lag SryCoQOy

of a magnetically stabilized high-spin or intermediate-spin state for Co?* in the doping
induced spin-glass phase. The Co3T low-spin stabilization, at half doping, is in contrast
to the analysis of the magnetic susceptibility from Moritomo et al. [27].

(b) (c)

H=J> S-Si+h) S-S J>2- 0 J <24
NN 2NN

Figure 7.3.: Frustration in single-layered KoNiF4-type perovskites: (a) Interlayer charge
and spin frustration. Due to the body-centered structure, the both spin-
and charge-order interlayer couplings are fully frustrated for only nearest-
neighbor coupling. Depending on the relative exchange integrals of effective
nearest-neighbor J’' and next-nearest-neighbor coupling J; the antiferromag-
netic exchange leads to a simple coalignement of spins along Co?T-O-Co?*-
O-Co?* bonds (b) or decoupled antiferromagnetic sublattices (c).

The existence of a spin- and charge-glass phase in doped single-layered perovskites
is, however, understandable, since frustration is expected to have a great influence on
spin and charge order. The interlayer frustration, resulting from the body-centering
of the lattice, is shown in Fig. 7.3. If only nearest-neighbor coupling is taken into
account, both spin and charge order are purely two-dimensional and the CoOs layers
are perfectly decoupled (Fig. 7.3 (a)). In the case of a charge-ordered state with non-
magnetic ions, the spin frustration can be lifted. Within a CoO» layer, Co?* spins along
the tetragonal |1, 1, 0] direction are antiparallel aligned in the observed spin ordered phase
of Laj 5519.5C0Qy, while along the [1, 1, 0] direction spins are parallel aligned. The spin
frustration is lifted by the equal spin directions. Therefore, the observed finite interlayer
coupling Js ~ 0.04 meV may stabilize the observed spin arrangement of the half doped
cobaltate. This coupling also links the independent antiferromagnetic sublattices in a
next-nearest neighbor coupling .J; scenario. The relative magnitude of antiferromagnetic
nearest-neighbor J’ and next-nearest-neighbor J; coupling determines the resulting spin
arrangement. For J’ > 2-.J;, where the factor 2 considers the number of effective in-plane
bonds of a tetragonal unit cell, nearest-neighbors of Co?* spins are antiferromagnetically
aligned (Fig. 7.3 (b)). For J' < 2-J; the sublattices of antiferromagnetically aligned

126



7.1. Co®t Spin-State Transition Scheme

spins are decoupled (Fig. 7.3 (c)). Zaliznyak et al. proposed an equal magnitude of .J'
and J; for Laj 5Sr05C004 [7]. The antiferromagnetic spin arrangement shown in Fig.
6.8 is only energetically favorable with respect to both the interlayer coupling Jo and
next-nearest neighbor coupling .J;.

Ferromagnetic and antiferromagnetic exchanges between Co?* and Co3T ions were
proposed for BigSraCoOg4s (0 ~ 0.25) [100]. The authors refer to an octahedral coordi-
nation of the Co ion, for which the system is comparable to the single-layered perovskite.
Due to the intersection of two BiO layers, the CoOq interlayer coupling should be less
pronounced in comparison to the single-layered cobaltate. The system exhibits a predom-
inant ferromagnetic behavior for § = 0.25, where a nominal equal ratio of Co?*/Co3*
ions is expected. The absence of a ferromagnetic coupling probably gives further support
for the picture of a Co®T low spin occupation in half-doped Laj 5Srg5C00Qy.
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8. Summary

The structural and magnetic properties of alkali-earth doped single-layered perovskites
Lag_A,Co0Oy4 (A = Ca, Sr, Ba) were investigated by means of x-ray and neutron scat-
tering. To understand the remarkable physical properties of the material class of single-
layered perovskites, like static incommensurate order in nickelates and high-temperature
superconductivity in cuprates, the detailed analysis of the relevant lattice, spin, and
charge degrees of freedom is an important issue. In comparison to the isostructural
Lag_,Sr,CuOy and Las_,Sr,NiOy systems, the Co?t spin degree of freedom is of par-
ticular importance for the magnetic exchange coupling and for structural variations with
doping in cobaltates.

The high-temperature tetragonal (HTT) and the low-temperature orthorhombic (LTO)
phase at low Sr-dopant concentrations of the Lag_;Sr,CoOy (0.05 < 2 < 1.1) crystal
structure were investigated. In general, the temperature and doping dependence of the
structural instabilities can be ascribed to steric effects in an ionic picture. All compounds
Lag_;Sr, MOy4 (M = Co, Ni, Cu) exhibit the LTO distortion at low doping levels. With
increasing Sr doping, the mismatch between La/Sr-O and Co-O bond-lengths is reduced
and the LTO distortion vanishes between 0.2 < z < 0.3 at room temperature. We found
no indications for the re-entry of a tetragonal phase at low temperatures, the so-called
LTT phase, for the doped samples in the investigated temperature region. The high value
of the HTT/LTO transition temperature of the parent compound, the shift of the phase
boundary to higher Sr doping levels, and the large tilt angle in LasCoQO4 agree with an
increase of internal strains across the series of systems Lag_,Sr, M O4 with M = Cu, Ni,
Co. The LTO distortion is induced by a cooperative buckling of corner-sharing CoOg
octahedra. The reduction of La and Co coordination anisotropies in the HT'T phase
on further doping agrees with the reduction of internal strains. The difference between
the calculated Co bond-valence sum and the nominal value vo, = 2 4+ x decreases. We
found a steep decrease of the Co-Ogpicqr bond length near x ~ 0.45, which is decoupled
from the HTT phase stabilization. This anomalous Co-O bond-length reduction, i.e. the
reduction of the CoOg octahedron elongation, must be attributed to an electronic effect,
i.e. it originates from a Co®T high-spin to low-spin state transition. The ratio ¢/a of
the half-doped compound with = = 0.5 varies anomalously with increasing temperature.
While the c-axis exhibits an enhanced increase above room temperature, the in-plane
lattice constant is nearly constant in this temperature range. In contrast, the increase
of the c¢/a-ratio of the x = 0.4 and = 0.6 compound is reduced at high temperatures.
The checkerboard-like charge-order state and the concomitant maximal resistivity for the
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8. Summary

half-doped compound support the segregation of charges and therefore the effect of the
thermal population of a higher Co3* spin state on the lattice constants.

The checkerboard-like charge order of Lajs5Srg5Co0O4 was investigated via single-
crystal neutron diffraction at room temperature. This temperature is well below the
charge-order proposed transition temperature of 7' = 825(27) K, reported by Zaliznyak
et al. [8]. The charge order is short range in nature with a finite in-plane correlation
length of &4, = 19(1) A and nearly decoupled CoOs layers (& = 8.1(3) A). This is due
to the charge frustration in the body-centered crystal structure of the HT'T phase, when
accounting for nearest-neighbor interactions only. Four direct Co neighbors in adjacent
layers with a nominal equal ratio of Co?* and Co3* ions lead to an interlayer frustra-
tion of the charge arrangement. The analysis of the charge-order superstructure, i.e.
the oxygen-displacement modulation in neutron diffraction experiments, determines the
exact coordination parameters of the thusly distinct Co sites and provides information
about a possible Co?t spin-state degree of freedom. A breathing-type modulation was
reported on the basis of few superstructure reflections collected on a triple-axis spectrom-
eter [8]. In our experiments, we collected a large set of superstructure reflections with
respect to the proposed breathing-type distortion and also accounting for more complex
oxygen-displacement schemes. We found a distortion mode which is in contrast to the
reported Jahn-Teller-like elongation and compression of the CoOg octahedra along the
c-direction. A simple shrinking and enlargement of alternate Co3tOg and Co?tOg oc-
tahedra was observed. This modulation is not Jahn-Teller active and agrees with the
proposed Co3T low-spin state at this temperature as suggested from the powder and
single-crystal x-ray analyses.

All three parent compounds LasCoQOy4, LagNiOy4, and LasCuQ4 exhibit a Néel ordered
state with antiferromagnetic nearest-neighbor coupling and spin moments lying within
the MO layers. While the long-range order in the Heisenberg system LaCuQy is stabi-
lized via a finite interlayer coupling, long-range order in LagCoO,4 and LagNiO4 can be
stabilized by an Ising-type anisotropy and a finite interlayer coupling. Hole doping sup-
presses long-range order and induces a spin-glass phase in the single-layered compounds.
The static and dynamic spin correlations in high-quality single crystals of Las_,Sr,CoOy4
(x = 0.3, 0.4, 0.45, 0.5, 0.6) were investigated by elastic and inelastic neutron scattering.
The comparison of field-cooled and zero-field-cooled magnetic susceptibility suggests a
spin-glass-like freezing transition of the investigated samples at low temperatures. A
short-range antiferromagnetic nearest-neighbor interaction was found in the x = 0.3
sample in the LTO distorted phase. Similar to the parent compound LasCoQy4, the
spin moment lies within the CoOs layers, as verified by a polarization analysis. The
magnetic layers are effectively decoupled and, therefore, the magnetic system can be
considered to be two-dimensional. The doping level = 0.3 is below the site-percolation
threshold x. ~ 0.41 [269] of non-magnetic dilution on a square lattice, but the high con-
centration with stable commensurate antiferromagnetic correlations is surprising with
regard to the effective reduction of antiferromagnetic correlations through mobile holes
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in Lag_,Sr,CuOy4 and Las_,Sr,NiO4. While the Co?T low-spin state is non-magnetic,
the high-spin state is expected to couple antiferromagnetically to Co?* neighbors in the
insulating phase. We cannot distinguish between a Co®* low-spin or high-spin occu-
pation at this point, but found indication for the latter in the doping dependence of
the crystal structure. The observation of antiferromagnetic nearest-neighbor coupling
agrees with the high-spin state deduced from the structural analysis. Note that a Co>*
intermediate-spin state may favor a ferromagnetic exchange, thereby strongly disturbing
the commensurate antiferromagnetic order. Further hole doping induces an incommen-
surate modulation of the antiferromagnetic spin arrangement. The incommensurability e
is found to increase nearly linearly with hole density n; = x. A maximum of the in-plane
correlation length is found at half doping. The maximum of the spin-freezing temperature
is found near half doping. In contrast to the most stable stripe order in Lag_,Sr,NiOy4
at * = 1/3 [158], this suggests a stabilization of the spin arrangement by the charge-
order instability near half doping. The dynamic spin correlations were investigated for
xz = 0.3,0.5,0.6. The in-plane dispersion is found to be isotropic in all cases and well
described by a simple spin Hamiltonian accounting for one in-plane exchange interaction
and an additional intra-plane interaction for = 0.5. For the nearest-neighbor interac-
tion at x = 0.3 we found an exchange integral J = 5.97(8) meV for S = 3/2 and the
number of nearest neighbors z = 4 in linear spin-wave theory. The spin-wave dispersion
in Laj 55r9.5C00, is well described by an effective next-nearest-neighbor exchange be-
tween Co?t spins with respect to the spin arrangement. Non-magnetic Co®* ions in the
low-spin state bridge the antiferromagnetic exchange. A finite interlayer coupling was
observed and stabilizes a propagation vector Qs = (1/4,1/4,1). The Co3* spin-state
transition near x = 0.4 is also supported by the analysis of the anisotropy of the mag-
netic susceptibility by N. Hollmann [154]. At high doping levels, the observed anisotropy
corresponds to the expected Co?T anisotropy, suggesting Co®* ions in a non-magnetic
state. With a decreasing number of holes and a decreasing nominal Co3t density, the
anisotropy is reduced at z = 0.3. This indicates a Cot magnetic state via the spin-
orbit coupling. Furthermore, a spectroscopic study of the soft x-ray absorption using
magnetic dichroism at the Co-Ls 3 edge indicates a redistribution of spectral weight for
Co3t from x = 0.3 to = 0.5 according to the here proposed spin-state transition.
In analogy to Las_,Sr,CuO,4 and Las_,Sr,NiO,4, we attribute the incommensurability
above x = 0.3 to a stripe-like modulation instability of the spin arrangement, where all
induced holes contribute to the modulation for € < nj,. However, due to the short-range
nature of static correlations, an incommensurability of the charge-carrier order, coupled
to the spin incommensurability, was not detectable in our experiments. Although further
investigations are needed, a first indication for stripe-like order is found in single-layered
cobaltates .
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A. Sample Characterization
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Figure A.1.: Atomic absorption spectroscopy of Las_,Sr,CoO4 with the calculated and
observed constituent weight w.

133



A. Sample Characterization

T XPD SXD NPD SCNDT INS SCND
Sample Sample Sample Instrument Instrument Instrument

Sr

0.05 MHAO033

0.10 MHAO034

0.15 MHAO035

0.2 MB25 MB25

0.3 MB7 MB7 G4.3 4F1,4F2,1T1

0.4 MB15 MB15 MB15  Unidas 4F2

0.45 MA345 MA345 1T1

0.5 MBI1 MB1,MBII G4.3 4F1, 1T1, PUMA HEIDI,5C2

0.6 MB17 MB17 G4.3 4F2

0.7 MBI17 MB17

0.75 LH210 LH210

0.8 MBI11 MBI11 MB11

0.9 N.N. N.N.

1.0 MA310 MA310

1.1 N.N.

Ca

x=0.5 MB40 MB40

Table A.1.: Listing of the Lag_, A,CoOy4 samples (A = Sr, Ca) used in this work. X-ray powder diffraction (XPD),
single-crystal x-ray diffraction (SXD), neutron powder diffraction (NPD), single-crystal neutron diffraction
on a triple-axis spectrometer (SCNDT), inelastic neutron scattering (INS) and single-crystal neutron
diffraction (SCND) experiments on four-circle diffractometers were performed within this thesis.
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B. X8 Apex Single-Crystal Ball Mill
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Figure B.1.: Design drawing of the single-crystal ball mill. Dimensions are given in mm.
Brass was used as the standard material. The air stream input was optimized
by a welded tube connection.
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C. Magnetic Form Factor of Co lons

Magnetic form factor of Co ions
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Figure C.1.: Magnetic form factor of Co ions. The Q-dependence of the scattering am-
plitude for a single ion can be calculated in analytical approximation after
Brown [282]. Typical reciprocal lattice points for the single-layered cobaltate
are represented in light blue.
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Kurzzusammenfassung

In der vorliegenden Arbeit wurden die strukturellen und magnetischen Eigenschaften
des dotierten, einfach-geschichteten Perowskitsystems Lag_,Sr,CoQOy4 iiber einen weiten
Dotierungs- (0.05 < z < 1.1) und Temperaturbereich (1.5 < T < 1000 K) mit-
tels Rontgendiffraktion und Neutronenstreuung untersucht. Das Wechselspiel zwischen
strukturellen Verzerrungen, antiferromagnetischen Spinkorrelationen und Ladungsord-
nung wurde im Detail analysiert und im Hinblick auf die eng verwandten Verbindungen
Lag_»Sr;CuOy4s und Lag_,SrzNiOy4s diskutiert.

Die sogenannte orthorhombische Tieftemperaturverzerrung (LTO) der tetragonalen
(HTT) Struktur vom KoNiFy-Typ wird durch ;7o ~ 0.25 Sr-Dotierung bei Raumtem-
peratur aufgehoben. Es wird gezeigt, daft die Variation der Gitterkonstanten nahe der
HTT/LTO Phasengrenze auf sterische Effekte zuriickgefithrt werden kann, d.h. auf-
grund einer kooperativen Verkippung iiber Ecken verbundener CoOg-Oktaeder induziert
wird. Fiir héhere Sr-Dotierungen wird die HTT Struktur stabilisiert. Die Abnahme
des Gittervolumens geht einher mit der Zunahme des chemischen Drucks durch die Sub-
stitution von La3*- durch Sr?*T-Ionen und der Entnahme von Ladungstrigern aus den
Co0Og Schichten. Wahrend die La-Koordinationsanisotropie gleichméfsig durch Dotierung
abgebaut wird, zeigt die Co-Ogpicqr Bindungslénge einen starken Abfall bei x ~ 0.45.
Dieser Abfall kann nicht einer Verringerung struktureller Verspannungen im System,
aber einem elektronischen Ursprung zugeschrieben werden. Der Abfall deutet einen
dotierungsabhingigen Co3* Spiniibergang bei Raumtemperatur vom High-Spin- in den
Low-Spin-Zustand an. In Laj 5519 5Co04 wird ein Co®t Low-Spin-Zustand bei Raumtem-
peratur durch den anomalen Anstieg der Gitterkonstante senkrecht zu den CoOs-Ebenen
und einer Sattigung der Gitterkonstanten in den CoOs-Ebenen bei hohen Tempera-
turen unterstiitzt. Die quantitative Analyse der schachbrettartigen Ladungsordnung
in Laj 55rg.5CoQy4 iiber eine grofte Anzahl von Uberstrukturreflexen zeigt eine Modu-
lation der Sauerstoffpositionen der CoOg Oktaeder, die nicht Jahn-Teller aktiv ist. Dies
steht im Gegensatz zur bisher in der Literatur angegebenen Modulation der Sauerstoft-
positionen und der Co3t Intermediate-Spin-Besetzung. Kommensurable, antiferromag-
netische Nachste-Nachbar-Wechselwirkung zwischen Co Spins mit einem Spinmoment
innerhalb der CoOsg Schichten wurde in der Spin-Glass-Phase bis x = 0.3 gefunden.
Dieser Dotierungsgrad liegt unterhalb der Perkolationsgrenze (x. ~ 0.41) auf Gitter-
platzen des Quadratgitters. Die Néchste-Nachbar-Wechselwirkung wird in der isolieren-
den Phase iiber einen Co®* High-Spin-Zustand oder durch die Verringerung der Lochmo-
bilitdt stabilisiert. Weitere Sr Dotierung induziert eine kurzreichweitige, inkommensu-



rable magnetische Ordnung. Die Inkommensurabilitdt vergrofert sich fast linear mit
zunehmender Lochdichte und ein Maximum der Korrelationsldnge in den CoOs-Ebenen
wird bei Halbdotierung beobachtet. Erste Anzeichen fiir eine streifenartige Spinanord-
nung in einfach-geschichteten Kobaltaten (0.4 < x < 0.6) werden hierdurch gefunden.
Eine effektive C'o?t-Ubernichster-Nachbar Wechselwirkung und eine schwache Zwisch-
enebenenkopplung stabilisieren die Spinordnung in Laj 5519 5CoOy.
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Abstract

In this thesis the structural and magnetic properties of the single-layered perovskite
Lag_,Sr,CoOy4 were investigated by means of x-ray diffraction and neutron scattering
over a wide doping (0.05 < z < 1.1) and temperature (1.5 < 7" < 1000 K) range.
The interplay between structural distortions, antiferromagnetic spin correlations, and
charge order was studied in detail and is discussed in comparison with the closely related
compounds, Lag_;Sr;CuOy4s and Lag_;Sr,NiOgys.

The so-called low temperature orthorhombic (LTO) distortion of the tetragonal (HTT)
KsNiFy-type structure is lifted at xz7o ~ 0.25 Sr doping at room temperature. It is
shown that the variation of the lattice constants near the HTT/LTO phase boundary is
due to steric effects, i.e. induced by a cooperative tilt of the corner-sharing CoOg octa-
hedra. At higher doping the HT'T structure is stabilized and the lattice volume decreases
according to chemical pressure by the substitution of La3® ions with Sr?T ions and the
removal of charge carriers from the CoOs layers. While the La coordination anisotropy
is smoothly reduced with doping, the Co-Ogpicqi bond-length exhibits a steep decrease
near z ~ 0.45. This decrease cannot be attributed to the reduction of structural strains
in the system, but to an electronic origin. The decrease suggests a Co®* spin-state tran-
sition from the high-spin to the low-spin state at room temperature with doping. A
Co* low-spin state in Laj 59r9.5CoO, at room temperature is supported by the anoma-
lous increase of the out-of-plane and the nearly constant in-plane lattice constant at
higher temperatures. The quantitative analysis of the checkerboard-like charge order in
Laj 5519.5C004 on a large set of superstructure reflections reveals a oxygen-displacement
modulation of the CoOg octahedra, which is not Jahn-Teller active. This is in contrast
to the oxygen-displacement modulation and the Co3* intermediate-spin occupation, pre-
viously proposed in the literature. Commensurate, antiferromagnetic nearest-neighbor
exchange between Co spins with a spin moment within the CoOs layer is found in the
spin-glass phase up to x = 0.3. This doping level is below the site-percolation threshold
(xc ~ 0.41) on a square lattice. The nearest-neighbor exchange, similar to the parent
compound LayCoQy, is stabilized by a Co3t high-spin state in the insulating phase or
the reduction of the hole mobility. Further Sr doping induces a short-ranged incommen-
surate magnetic order. The incommensurability increases nearly linear with increasing
hole density and a maximum of the in-plane correlation length at half doping is observed.
First indications are thereby found for a stripe-like spin arrangement in single-layered
cobaltates with 0.4 < x < 0.6. An effective Co?T next-nearest-neighbor exchange and a
weak interlayer coupling stabilize the spin order in Laj 5519 5C0Q04.
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