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1. Introduction and aim of thework

In recent years double perovskitesBB'Os (A= alkali metal, alkaline earth metal or
lanthanides) with transition metals at the’BBes have been extensively studied due to their
interesting physical properties such as colossgnmtresistance, higher Curie-temperatures,
metal-insulator transitions, different magnetic edidgs and structural and magnetic phase
transitions. Especially the double perovskites witlurie temperatures above room
temperature are of practical relevance in spintr@gplications. Concerning the 3d/5d ‘BB
combination, most of the research was focussed @WPBRe and Os based double
perovskites with ferromagnetic ordering temperaulkeabove room temperature [1-6]. Less
attention was diverted towards the Ir-based orldsyugh the ability of Ir to exist in different
oxidation states and the the effects of electrometation and spin-orbit coupling on the
spatially more extended 5d-orbitals should resuld irich variety of physical properties and
elucidate the structure-property relationshipshias interesting class of compounds. Examples
for interesting properties in oxide systems contgrr are the bandwidth controlled metal-
insulator transition in the Ruddlesden-Popper sefig.1lr,Osn+1 going from n=2 to n=1 and
unusual magnetic and transport properties in Balx@h not even 30% saturation of the
magnetic moment of Ir at even 30 Tesla. In the tarthe metal-insulator transition is a result
of an enhancement of the electron correlation ¢éigd by the 1-Js3/2 5 d band splitting due to
strong spin-orbit coupling. Concerning the Ir bas#mlible perovskites, the compounds
LayBIrOg, B = Mg, Mn, Co, Ni and Cu were first synthesizedlB65 [7-8]. At that time the
research was mainly focussed on the synthesis efetttompounds. Much later crystal
structures and magnetic properties were determioed=Mn, Co, Ni and Zn, and band
structure calculations were performed for B=Mn, @ud Fe within the LDA and these
compounds were predicted to be metallic [9-11]rd&m temperature the double perovskites
with B=Co, Ni and Zn adopt a monoclinkR2,/n superstructure, while the underlying space
group of LaMnIrOg was not determined. A high degree of cation disgrde. an occupation
of the B-site with B’ and vice versa, was also mepd for the compounds kBRIrOg with
B=Mn and Fe due to the small differences in chanmge ionic radii between the B and B’=Ir
ions [10, 12]. Ferromagnetic behaviour is repoffimdLa;MnirOg, based on magnetization
measurements and confirmed by band structure egilcos. A more complicated behaviour
was found for B=Co, Ni and Fe: The magnetic grostades of these compounds exhibit both
ferromagnetic and antiferromagnetic componentsthab non-collinear magnetism (NCM)



was concluded, again supported by calculationschvigave larger calculated magnetic

moments for B=Co and Fe in a collinear framewosdatthe observed ones [10-11, 13].

Cobalt in oxides on the other hand is interesting th the fact that within a certain oxidation
state depending on the compound it may exhibieckft orbital occupancies thus appear in
different spin states such as high spin (HS) (HS Qo the trigonal prisms of G&0,0g
[14]), low spin (LS) (LiCoQ [15]) or even intermediate spin (IS) (LaCop(Q16])
configuration. In some compounds it shows phenoms&mzh as charge ordering as in
Lay sSt.sCo0s (checkerboard HS-GHLS-Ca®* charge order) [17] and/or orbital ordering as
in LaCoQ; [18]. In Co-containing double perovskites Co isntined with 4d/5d transition
metals. In most cases they are antiferromagnets mglatively low Neel temperatures and
insulators with small band gaps. Table 1.1 sumnaatise important properties of some of the
Co-based double perovskites with 4d/5d transitietats.

Table 1.1: Space group, Neel temperaturg) @nd transport property of a few Co based

double perovskites.

compound Space group N (K) Transport properties
LaSrCoNbQ [19] P2:/n 16

SrLCoMoQs [20] 14/m 37 insulator
La,CoRuQ[21] P2i/n 25 insulator

SrLCoWGs [22] [4/m 32 insulator
SrCoReQ@[23] [4/m 65 insulator

Therefore, combining Co and Ir in a rocksalt typem@gement promises interesting physical
properties, that can be tuned by changing the iyidgrelectronic structure. In double
perovskites this could be done through several wgfore going into detail it is worthy to
take a look at the available information on thikeseed system. As already mentioned while
describing Ir based double perovskites, one ofethé members of the system,CalrOs
crystallizes in theP2,/n space group, undergoes NCM below 100 K and bangtste
calculations within LDA predict it to be metalli©ther compounds of this system are yet to
be synthesized or investigated. Coming back tarifleencing of the electronic structure, a
well established method is the partial substitubbnations that has been successfully applied
to several double perovskite systems to influeheephysical properties [23-24]. In this work

only on A-site substitution of La by Sr (Ca) is satered, which has mainly two effects on



the resulting structures and properties: On onel lthe La:Sr ratio determines the averaged
ionic size on the A-site and hereby the symmetryhef underlying crystal structure. This
influences the bond angles, which in turn detersiithe overlap of the wavefunctions of the
atoms and therefore the exchange paths. An intiegeaspect in this context, which will be
investigated in the present work, is how the nolfireear magnetic ordering could be effected
by the substitution of La by Sr in this system. fBa other hand the replacement of trivalent
La by bivalent Sr increases the formal oxidatiatest on the B- and B’-sites (from +6 to +8).
It is interesting to investigate whether the indiwal increase in the oxidation states of B and
B’ are continuous or any anomalies (abrupt changa&st. The increase of the oxidation
states also means a lower number of d-electrowistheemefore less repulsion between these d-
electrons, which could result in an insulator taahé&ansition, assuming k&olrOs to be an
insulator, in contrary to the prediction by earllgand structure calculations within LDA,
which is known to describe correlated electronesyst not sufficiently (section 2.1.7.9), to be
metallic. Therefore, resistivity measurements aaddbstructure calculations with additional
terms describing the electron-electron interacfi@pulsion between the electrons), the so
called U, will be carried out in the present worldahe density of states (DOS) at the Fermi-
level will be compared with the LDA/GGA results. rBonarizing the above possibilities the
La,xSKColrOs system offers two degrees of freedom, which areetaied with each other.
As a comparison the LaCaColrOs (0<x<0.75) system is also investigated, which has the
following unique feature. Due to similar ionic radif La*>* and C&' the size degree of
freedom can be switched off, resulting only in tiaad filling degree of freedom. In addition,
however, the cation site disorder <G&r on the B- and B’-sites (y) and a possible oxygen
deficiencyd will also affect the physical properties and hawée considered carefully as two
additional relevant parameters in the system,&8&(Cou.ylry)(Ir1-,C0,)Os5. Concerning the
oxygen deficiency the main results, obtained fofC8irOs; in another work, would be
compared in the discussion section with the resafitthe most related oxygen deficiency
system SICoMoGs; [20]. It is also not uncommon for systems with NGWdering to
undergo spin-reorientation transitions dependingurexternal magnetic field in combination
with the temperature thus reaching metamagnetiesstgg]. As LaColrQs is known to
undergo NCM ordering below 100 K, this aspect valso be investigated in terms of
magnetization measurements on single crystalshes dre ideal to investigate anisotropies
and total energy calculations within non-collin@arangement of the magnetic moments in

dependence of the tilting angle of the magnetic e (especially of Co), in order to find



energy minima that may correspond to metamagnédiess reached by spin-reorientation

transitions.

In the present work L.aSrColrOs polycrystalline samples are synthesized for fiifeecent
compositions x=0,0.5,1,1.5 and 2 angQalrQ; single crystals are grown and their physical
properties are investigated experimentally by ddfron methods (laboratory x-ray,
synchrotron and neutron powder diffraction), magaéibn measurements using a
Superconducting Quantum Interference Device (SQUIBgrated in a MPMS, resistivity
measurements in the van der Pauw setup (PPMS) eaitdchpacity measurements (PPMS)
and theoretically by density functional theory cédtions within both collinear and non
collinear framework using the WIEN2K and WIENNCM d& As a comparison La
xCaLColrOs polycrystalline samples are synthetized for twifedent compositions x=0.5 and
0.75 (other than x=0) and their physical properties investigated by diffraction methods,

magnetization measurements and resistivity measmesm



2. Theoretical background

2.1 The many-body problem and the density functional theory (DFT)

2.1.1 The many-body Hamiltonian

A solid constitutes of heavy positively charged leuaund lighter negatively charged
electrons. This is a quantum many-body problemiamdse of a certain number of nuclei the
internal electromagnetic interaction between th#éiglas in the system could be described by

the following expression:

Uz n2 D2

H=-2 Y% )3 Z‘I -

i i Imi 47T80,]‘R —r‘ 811:80 ]

The electrons at have the mass m and the nuclei ah&e the mass M. The first two terms

denote the kinetic energy operators for the nucégs electrons respectively. The last three
terms denote the Coulomb interaction between thdens and an electron (attractive),

between electrons and between nuclei (repulsivies problem cannot be solved exactly for
“realistic” many particle systems (solving on theder of 3x18° coupled differential

eqguations), thus several approximations are needitkle this challenge.
2.1.2 Born-Oppenheimer approximation

Even the lightest of the nuclei, the proton weighsund 1800 times more than the electron,
thus the nuclei move much slower than the electrAas consequence the electrons could be
treated as if they are moving in the field of fixedclei. In most cases this is a good
approximation (although cases exist where this@ppration is critical or even breaks down
[25]). Therefore, the nuclei act as a source oftpescharge und thus become external to the
negative interacting particles, moving in this moi@. As a consequence the first term in the
above expression becomes zero and the last terradisced to a constant. The above

expression is altogether reduced to the kinetiaggnef the electron gas'T'(), the potential



energy due to electron-electron interacti&'n)(and the potential energy of the electrons in the

external field of the positive chargeg(, ).
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It is interesting to note that in the above expis the first two terms do not depend on the
particular kind of the many electron system, ay thiely describe the kinetic energy and the
interaction between the electrons and thus theyuareersal. System specific information

such as the particular kind of nuclei or their gosis, are entirely included in the teﬁrgt.

The electron-electron interactivhstill prevents solving this problem exactly, akiitders the
single particle description. Many interesting eféecould not be described if this term would

be neglected.

2.1.3 Jellium solid

Solids exist in various forms: From noble gas sotiol metals with covalent and ionic solids
in between. All of these forms of solids have irmeoon that their form and most of the
properties are determined by the valence electrdssa first simplification the core of the
atoms, which has little influence on most of theparties is treated as a source of positive
charge that neutralizes the negative charge ofdlence electrons. A further simplification is
that the charge that is concentrated in the ca®meis smeared out uniformly, thus the solid
becomes translational invariant (the valence edesttbecome a homogeneous gas). All the
properties that differentiate two solids (that haagticular kind of nuclei or their positions)
are lost. The only parameter which is retainedhes dverall electron density. This is the
jellium model and it is the most basic model to ensthnd the effects of interacting electrons
on the behaviour of solids and facilitates theusn of such interaction effects in various

approximative many body models and methods [26].

2.1.4 Hartree-approximation and Hartree-Fock-approximation

The interaction potentiak7 seen by an electron depends on the positions afhallother
electrons. The idea behind the Hartree-Approxinmafy/] is that this interaction potential

would be replaced by a function that depends onlyhe individual position of this electron,

6



thus the problem would lead to a set of single igartdifferential equations, with the

assumption of a product total wave function, whiobuld be solved self-consistently
(Rayleigh-Ritz variational principle). Practicallyis is done by freezing the positions of other
electrons, assuming a set of wave functions foctedaic states that are occupied and
calculating the contribution of them to the intéi@ac potential of a particular electron self

consistently using electrostatics.

v, (7 )\ 23)

V:87m Z,: ‘

ZI‘

. \ i
Joccupled

In other words each electron would move in an ebstatic field due to the charge
distribution of all the other electrons. Applyinigigd approximation to the jellium solid with
plane waves as wave functions, would lead to a atutancellation of the interaction term
and the positive background. This is the famous8erfeld-model. Conceptual disadvantage
of this approximation is that it does not includhe tanti-symmetrisation of the total wave
function for fermions and thus neglecting exchaeffects. Pauli-principle is only guaranteed

by the restricted occupation of the electronicestat

An improvement of this model was achieved by theusion of the Pauli-principle by taking
an anti-symmetric total wave function, thus inchglexchange effects. This is known as the
Hartree-Fock-approximation [28]. The total wave duon could be written as a Slater

determinant:

v,(R) v, (%) v, (%)
1) w(R) ()

Wi, T) = 1, 2.4
L ”J_ ®) v,®) v . @4

N: index of the single-electron states

The self consistent procedure is the same as iRl#ngee-approximation, by varying each of
the single-electron states. However the anti-symmetature of the total wave function
introduces a new non local potential to the Hamila, namely the exchange potentg].
With this the differential equation becomes a nmomplicated integro-differential equation.

7



2
A=T+ 0V, + Y [V, (PP, V= -

Su®v ) @5)

B£a
3 occupied

\f—f’

The exchange term brings a charge-depletion ivittieity of an electron with the same spin
thus Pauli-principle is fulfiled and thus contrtes to the reduction of the repulsive
electrostatic energy of an electron with the same. $-or a detailed and obvious description
of the exchange interactions see section 2.5. AsvVfpwithin the Hartree-approximation

many approximations in form of a local exchangeeptal for V., exist, including thep®?

dependency of ¥ suggested by J. C. Slater for plane waves [29c€ptual disadvantage of
the conventional Hartree-Fock approximation coutdseen by applying this to the jellium
solid. The outcome is a zero DOS at the Fermi-lewehich could not be found

experimentally for metals. The missing ingrediemtthis approximation is the contribution
from electron correlation. Nowadays correlation tabation is included in its subsequent
improvements such as the configurational interactreethod (CI) [30]. But its application is

limited to smaller systems, which is the practitishdvantage of this method.

2.1.5 Exchange and correlation holes

Consider a jellium solid. For a moment neglectidge tCoulomb repulsion and only
considering exchange between electrons, a pantietdatron would be surrounded by a hole
in the electron density through exchange screethiag) contains only half of an electron
charge, since the electron density of the opposii@ is unchanged. This is called the
exchange hole. But the electron has a negativegehand the other electrons would correlate
their motion in order to screen out the repulsilexteic field of this electron thus creating a
hole in the electron density around this electtwat tontains an equal and opposite charge.
This is called the correlation hole. Both the effdsave more or less the same net result, but
considering typical densities encountered in salidscoulomb effect is as equal to or larger
than the exchange effect and as a consequencéetiteors do not get close enough for the
Pauli exclusion principle to be effective. Moreotiee interaction between the electrons is no
longer the bare coulomb interaction because ofesang effects. Therefore the inclusion of

the exchange through Pauli-principle is not a gstadting point.



2.1.6 Thomas-Fermi-Dirac approximation

The Thomas-Fermi [31-32] approximation proposed927 is the precursor for the modern
day density functional theory. Although it is natcarate enough for the present electronic
structure calculations, it introduces the functidieamalism of the energy depending on the
density. In this approximation the kinetic termtloé electrons is approximated as an explicit
functional of the electron density and they wereeaized as non-interacting in a

homogeneous gas with the electron density is équidle local density at any given point. In

the original formalism the electron-electron int#i@n contains only the Hartree term thus
neglecting exchange and correlation terms, the doroeen included by P. Dirac as a local
approximation [33]. The ground state density andrgy could be found by utilizing the

Rayleigh-Ritz variational principle, where the ctvagit being the total number of electrons.
The disadvantage of this theory is that it doesreweal the correct atomic shell structures

and binding of molecules.
2.1.7 Dengity functional theory

2.1.7.1 Hohenber g-K ohn theorems

Density functional theory is an approach to the yaalectron problem in which the electron
density as in the case of Thomas-Fermi-Dirac appration, rather than the electron wave
function as in the case of Hartree-Fock approxiomatiplays the central role [34]. The
backbone of this method is the two theorems presehy P. Hohenberg and W. Kohn in
1964 [35].

Theorem 1: Thereis a one-to-one correspondence between the ground state el ectron density

p(r) of a many-electron system and the external potential Veq. An immediate consequenceis

that the ground state expectation value of any observable O isauni que functional of the

exact ground state electron density:

(¥/o)r)=0fp]  (26)



This means that the Schrdodinger equation yieldsique many particle ground state wave
function for a given many electron system that hasnique external potential, which is
defined by eq. 2.2. The electron density coulddmle found from this unique wave function,

thus the above one to one correspondence is valid.

Theorem 2: For the observable O being the Hamiltonian H, the ground state total energy

functional E, [p] can be written in the following form:

Hlp]= By, o] = ([T + V%) +(¥[Ve | ¥)
Fix [P] (27)
= Fc[p]+ [p(P)Veq ()T
The Hohenberg-Kohn density functional Fyk[p] in the above expression is universal for any

many body systems. E, [p] reaches its minimal for the ground state density corresponding

t0 Vext.

Although an explicit expression forykp] is unknown, the universality of it for any many
electron systems could be seen from the fact it e contain any information on the nuclei
or its positions. Suppose the ground state demgithis known, the second term in eq. could
be calculated exactly for a given external poténtig; and thus the existence of akbp] is
guaranteed. The second theorem also allows usetthesRayleigh-Ritz variational principle
to find the ground state density. Out of the inBrmumber of possible densities, the ground

state density corresponding to the external paBvit, (F) , is the one that minimizés, [p]

Calculation procedure for the ground state densaityl approximations for Jg[p] are

discussed in the following chapters.
2.1.7.2 Kohn-Sham equations

The Kohn-Sham equations serve as a practical puoedd calculate the ground state density
[36]. In the following the Hohenberg-Kohn densitn€tional would be rewritten. As seen in
the above sections the exchange energy is theilmoindn to the energy that exists in the
Hartree-Fock approximation but not in the Hartrppraximation. The correlation energy is
the contribution to the energy that exists in tkact solution but not in the Hartree-Fock

approximation.

10



E...=T+V (2.8)

exact
E,=T,+V, (2.9

Ep=T,+V,+V,  (2.10)
%,_/

\%

SV =T-T, (2.11)

Thus the Hohenberg-Kohn density functional becomes:

Fx [P] =Ty +Vy +V, +Ve (2.12)

VXC

And the ground state total energy functional became

Ey,.[p]=Tolp]+ Viulpl+ Vic ol + Voulp]  (2.13)

This expression could be seen as energy functiohalon interacting electron gas now

subjected to two external potentials, namely thegus-electron and the exchange-correlation

potentials. Instead of using the second HohenbetgaKiheorem, Schrodinger like single

particle equations could be solved now in orddima p. The corresponding Hamiltonian, the

so called Kohn-Sham Hamiltonian could be written as

e

2 2 =1
He =T, +V, +V, +V :—h—if+—J'4dp(r) ?’+—6V§C[p]+vext
p

2m e, ‘F—F"

Thus the Kohn-Sham equation becomes:

He, () =&,4,(T) (2.15)

(2.14)

Whereg, (f) are the N lowest energy solutions of the Kohn-Sleaumation. The ground state

density becomes:

11



=0 (o () (2.16)

1=1

Both V4 and ¢ depend orp which depend og, (f) that in turn is being searched by the
Kohn-Sham equation. The iterative problem has tostleed self-consistently. A starting
density would be guessed and usually it would bknear combination of the atomic
densities. This procedure is continued until a gigenvergence criterium would be fulfilled.
Fig. 2.1 illustrates this self-consistent procedanel a more sophisticated flow chart, which
illustrates this procedure as implemented in thferswe code WIEN2K and WIENNCM, is

shown in appendix 3.

.+ Guessed starting density p,=p, ,

v

Determination of V,,and V,. | =% | Hys

il

HKSd)n:Snd)n

Yes
Construction of p, from¢, | » | P =P | —» | Stop

INo

Fig. 2.1: Example of a procedure to solve the K&am equations self-consistently.

Alternatively the ground state density could also dxpressed in terms of the occupation

numbers nand hereby the factor two considers the orbitalupancy with two different spins.

p(N =23 no; (Mo, (N (2.17)

1 fore, <e.
n, =<0..1 foreg, =¢,

0 fore, 2¢e,

12



The variation of the ground state total energy fiomal respect to the occupation numbers
gives the orbital energies and this is known askiartheorem [37], which would become a
major problem describing strong correlated electsgstem, which will be seen in section
2.1.7.9.

& =g, (2.18)
on.

2.1.5 Exchange and correlation holes

Apart from the Born-Oppenheimer approximation, Kahn-Sham scheme is exact. But the
exact expression for the exchange-correlation fanat Vxc is not known and
approximations should be introduced to this furr@io The widely used approximation is the

so called local density approximation (LDA), thaidiefined as follows:
Vit = [p(e,c(p(M)dF  (2.19)

The exchange correlation energy density functiqg{p)is calculated for the jellium solid in
the following way. The different energies could belculated analytically for the non
interacting case. For interacting case this coulg be done numerically. Subtracting the non

interacting kinetic term and the Hartree term ressil a numerical solution fog, . This is

calculated for several densities and thus the functxc(p) is obtained that could be applied

to a material of interest in the following way. Theaterial would be divided into
infinitesimally small volumes (volume element) adnstantp. The contribution from the

densities corresponding to each of these volum#setexchange-correlation energy would be

taken frome, (p) of the homogeneous electron gas. The above expnefes LDA could be

generalized for spin-polarized (LSDA) cases afod:
Vi = [p(Pe,e o, (F.p, (H)F  (2.20)

In the following, concerning the local density amygmation, only the local spin density
approximation (LSDA) would be addressed, as theedat the version of local density

approximation, which is used for a part of the gkltions, carried out in this work. The
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LSDA approximation is expected to perform well &ystems with slowly varying electron
density such as in bulk metals, but is performd ¥l other systems also. In the following

the success and limitations of LSDA are summarized.

It overestimates the cohesive energy in solidstaadinding energy of molecules that results
in an underestimation of bond lengths. Howevetrirsg bonds are involved as in the case of
ionic, covalent or metallic compounds, LSDA reproels the bond lengths, bond angles and
vibrational frequencies within a few percentagehaf experimental values. In case of weakly
bound systems containing van der Waals or hydrdgerds, the above limitation is severe.

Chemical trends of atomic quantities such as idr@mapotentials, depending on atomic

number are also usually correctly reproduced. Edeat densities at the core region, where
they are quite localized, are rather poorly desttibecause of the self-interaction present in

the Hamiltonian. Electronic densities in the vakenmegion are much better described but

e,.decays exponentially instead of the correct lomgea—é/r behaviour into the vacuum

region, affecting the ionization energies and isecaf negatively charged ions, in many
instances this rapid decay predicts them to beabtest But the most important failure, that

plays a key role in the present work, is the unsteération or in many cases even a non
prediction (predicted to be metallic) of the baragp git the Fermi-level in the electron density
of states in contrast to the experimental finding@émiconductors or insulating behaviour in
highly correlated materials. This problematic wille discussed rigorously in the

LSDA/GGA+U section.

An improvement of LSDA would be to consider notyttie dependence cf, . on the local

density of this particular volume element, but atso the densities of the neighbouring
volume elements as well (or in other words the igrat)l. This approximation is known as the

generalized gradient approximation (GGA).
VE = [p(Pe.ep, ).p, ().[0p, ()|Tp, (B)..JF  (2.21)

In contrast to LSDA, which is uniquely defined, tthefinition of gradient has certain amount
of freedom, in many cases even experimentally abthparameters are included in order to
fit the functional. As a result many versions of &&are available today. But in this work
the parameter free Perdew-Burke-Ernzerhof (PBESioerof the GGA is exclusively used

[38]. Comparing with LSDA, generally GGA improveset binding energies, bond lengths
14



and angles even for weakly bound systems. But mesoases it also overestimates them
slightly as in the case of the lattice constantaaifle metals (Ag, Au, Pt). But even after the
inclusion of the gradient the band gap problem remthe same and as it will be discussed in
section 2.1.7.9, new concepts beyond the LSDA aszled to tackle this problem. But first
the implementation of density functional theory himt the Kohn-Sham theory will be

discussed in the next section.
2.1.7.4 Bandstructure methods

For a crystalline solid, bandstructure methods w@ikzed for the implementation of the
density functional theory within the single pariadescription using the Kohn-Sham theory.
The band theory for (periodic) crystalline solidb@sed on the translational invariance of the

lattice potentiaV/(r).

V(T +T) = V(F), (2.22)
T : Latticevector

The consequence is that the total wave functiaomstrained to be the basis function of the
irreducible representation of the translation grofiphe crystal and hence eigenfunctions of

the translation operatarand the Schrédinger equation.
(T4, () =9, (T +T) =g, (F) (2.23)
He, () =EWR)¢, (1) (2.24)

These eigenfunctions are called the Bloch-functiamsl the indexk the wavevector
(quantum number). The problem of solving the eteutr structure of the (periodic)

crystalline solid is therefore reduced to the wmli of the crystal of volume& in the first
instance. The manifoldE( K the bandstructure of the solid. The manifdi{ arkd

¢.(r) both have the translation symmetry of the recigregmce (k space) and therefore

k could be restricted to a primitive cell in the proical space, called the Brillouin-zone (BZ)

of volume ()%, anyRoutside the BZ could be mapped back to it witixad translation
15



vector G analogous tdT in real space. The restricted band structure (od&eE, (k)and the

eigenfunctionsg, ; (f)are given a further index, so called band indeb ithis context the

Kohn-Sham equation should be solved for infinitivember of k in the BZ in order to
describe the electronic structure of the crystafgotly, which is not possible in reality. But
symmetry of the crystal reduces the BZ to a irrdalacBZ wedge and this wedge would be
sampled by a proper k-mesh with a finite numbek gioints (IZ) whereas the remaining
values in the wedge would be recovered by intetmmla The plot of the eigenvalues as a
function of k gives a set of energy bands, each correspondirgydifferent orbital state.
Important information about the electronic propestof the crystal could be obtained from the
position, form (dispersion) and interaction (hylration) of a band with other bands. Usually

the plot of the eigenvalues as a functiorkofs carried out in high symmetry directions of the

reciprocal space of the particular crystal.

An important quantity derived from the manifol( k) compare with experimental data

(especially transport properties) is the densitystates (DOS) D(E). This is the number of
possible solutions of the Kohn-Sham equations (rerrobstates) at a particular energy and it

is obtained by integrating over the whole k spd&) (

DE)= o5y [dK3(E-E,R)  (2.25)

(27':)3 i BZ

The Fermi-energy, which separates the unoccupadsstrom the occupied states, could be

obtained from the following constraint:

Er
n. = [D(E)JE  (2.26)
,N; : totalnumberof electronsn theBZ

There are many methods to perform Brillouin zonegration to determine the DOS in
numerical calculations. WIEN2k defaultly uses tlecalled improved tetrahedron method
[39]. Hereby the irreducible BZ (IBZ) wedge is $ptito smaller parallelpipeds topologically
like cubes, which are subsequently each split caga&in into six tetrahedral with equal
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volume. The eigenvalues and the eigenfunctionssateed at the four vertices of each
tetrahedron and linearly interpolated elsewhere ifikegration over each tetrahedron can be
calculated from a weighted sum over the irreduclblgoints. The resultant plot gives the
occupation of each band in the bandstructure. itaicecases also a temperature broadening

is employed.

2.1.7.5 Basis set

The different DFT computational codes, that aredusesolve the band structure problem,
differ in the choice of the basis set expansiothefKohn-Sham eigenfunctions and the type
of the approximation that is used. These factotsrdene the accuracy of the calculation and
especially the choice of the basis set type detersihe size of the matrix that has to be
diagonalized. Traditionally two different types bésis sets are used. They are the plane
waves, which is best suited for regions with fréecteon like states (delocalized electrons)
and the atomic functions that are best suiteddgrons near the ionic cores, where the wave
functions oscillate rapidly (localized electrongsually pseudo potentials are combined with
plane waves in order to reduce the number of thesntransition metal oxides are usually
both localized and delocalized, they are hard @attwith either of the types. The following
solvers are widely used in DFT computations, whittize the above mentioned types of
basis sets in different ways: FP-LAPW/APW+lo, FP-L® [40], KKR [41], PP-PW [42] and
FPLO [43]. In the following the FP-LAPW/APW+lo metth would be briefly addressed as
WIEN2K and WIENNCM are based on this DFT solver.

2.1.7.6 Linearized augmented plane waves method (L APW) and the augmented
plane wave pluslocal orbital method (APW+10)

The augmented plane method (APW), the predecesstivoch of LAPW was introduced by

Slater [44]. He combined the advantages of theslsets discussed above. In this method the
volume of the crystal is divided into two partsqF2.2 left).
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Fig. 2.2: Volume divided into spheres and inteidst (left) and solutions to APW [45]
(right).

A non overlapping spherical region (atomic sphen#) a radius R is defined around each ion
in the crystal, where R depends on the charactethef particular ion and its nearest
neighbours. Within this atomic sphere, solutiongdefunctions) of the Schrédinger equation
in a spherical potential (atom like), which consiet a combination of the product of radial

functionsu, (f) and spherical harmoni&s, (f), are used as basis set.

@g(r) = ZAle,m (Au,(r) (2.27), A,,: coefficients of the linear combination
l,m

The radial functionsy, () being the solutions of the radial part of the Sdiwger equation:

St -gui=o @)

dr? r?

Outside the atomic sphere radius R, in the intaktiegion, solutions of the Schrodinger

eqguation in a constant potential, the plane wavesised as basis set.

.= celdr (229
Q2 ¢

, Q: cell volume, G :reciprocal lattice vectorC, : PW coefficients
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An augmented plane wave (APW) is a plane wave m ititerstitial region matched
continuously to the atomic like basis functionshet surface of the atomic sphere. The plane
wave is expanded in a set of spherical harmonjgsaid a coefficient matching of thenyYis
carried out, thus the coefficients of the lineambmnation of atomic like functions 4 could

be determined in terms of the plane wave coefftsl€gand & (energy corresponding to the

numerical solution yiwhich are the variational parameters of the AP¥@{had.

L eled)r = 22 glodl i R+ )Y, K+ G)Y,, () (2.30)
QE QE Im
4ri' T,
Ap=—1—> Coi(lk+GIN)Y, (k+C)  (2.31)
Q2u(7) °

, | : Bessefunctionof orderl

From the expression 2.31 it is clear that an itdimumber of Im terms are involved and
therefore an infinitive number of | A are required for the matching, which is not reilis
computationally thus the sum has to be truncatedmie |.x This could be selected from the
following consideration. For a givepa the maximum number of nodes,Y¥an have along
one great circle is 2 | (for a fixeg) of an atomic sphere. Converted into nodes perength,
this would be &R. If a plane wave has to be matched at the suifateuld have at least a
similar number of nodes. The number of nodes thalhae wave with the shortest period of
21/Gnax has is 2/(2/Gnay) (2 nodes per period). A truncation criterion bmth |« and Gyax
could be obtained by the requirement that the nunobenodes should be identical. This
yields hac=RGnax (in the WIEN2K/WIENNCM code known as Rl and it is one of the
important inputs in APW and its modified methodsr B given Gax @ good hax could be
obtained with this criterion and with a finitgak the matching at the surface is not exact but
good enough. For comparison of different calculaithe hax Should be identical. It is also
clear from the above considerations that the atospitere R of different atoms are not
allowed to be too different, as this would yieldues for |, that are too different from one
another, preventing a good globalJ
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Although the basis function is continuous at the&fame, there may be a difference in the
slopes of the plane wave and the atomic like fomsti resulting in a surface term in the
kinetic energy, as this depends on the spatiavagve of the wave function. The main
disadvantage of the APW method is that the solstioihthe radial part of the Schrédinger
equation uare dependent on the energyaEwhich the radial part is evaluated, whereas the
plane waves are energy independent. Therefore a-&blam eigenfunction would only be
correctly described by the,uhat are evaluated at the eigenenesggf this eigenfunction.
Therefore a different energy dependent set of ARMIdbfunctions must be evaluated for each
considered energy. As the matrix elements depenth@rthoice of the basis-functions, the
secular equation |[H-ES|=0 (S is the overlap matui to the non orthogonal property of the
APW) becomes non linear in energy, thus the proeedf evaluating the determinant for
different energies in order to find the Kohn-Shaigerenergies, makes the APW method

computationally time consuming (Fig. 2.2 right).

In order to heal the cumbersome procedure of AR&(Iting from the energy dependence of
basis-functions, Andersen proposed a linearizediomerof the APW called the LAPW [46].
In the LAPW method the energy dependence of eadk linearized by taking a linear

combination of a solution,;wand its energy derivativél =ou,/0Eat a fixed linearisation

energy kg (Taylor expansion).

ou, ()

U (BN =u, (Eq, 1) + (B~ Eg)— ==

+0((E-E,)%) (2.32)

The ternO((E-E,)* Xenotes errors that are quadratic in the energferdifce and it

becomes smaller for E close tg. Rlote that the use of a universali& the above equation is
only for demonstration purpose. Moreover for eadmainvolved, separate fixed #would be
used for | values 0, 1, 2 and 3 that are closbdo eigenenergies, thus the error term could be
neglected in eq. 2.32. For | values higher thamed/dnd f states), a fixed value would be
used. The basis set becomes:

Z[A,mul (F,E,)+B,. %} Y, (F) within theatomicsphere

= l,)m

p()=1 1 o (2.33)
TZCGGI (kve) in theinterstitialregion

Q2 ©

20



With this construction the secular equation becoangseneral eigenvalue problem und all the
eigenenergies could be found by diagonalizing #euksr matrix only once. On the other
hand considering the basis-functions, there are mawcoefficients (A, and By,) within the
atomic sphere, which must be determined. The ake determined as in the APW method
requiring that the atomic like basis-functions gtahe waves should match at the surface of
the atomic sphere, whereas thg Bre determined, requiring that the slope of bbéhhasis-
functions are continuous at the surface, thus remgothe possible kink in the basis-function

at the surface and additionally removing the s@taem in the kinetic energy.

The LAPW may still have a small deficiency. Thectlenic states are usually divided into
core and valence states, which are described k& @t valence basis-functions. The core
functions are created using spherical potential 4uiey become zero at the surface of the
atomic sphere. Therefore core functions are not AR just atomic like functions inside
the atomic sphere with no contribution to the efgeations outside the sphere (in
WIEN2K/WIENNCM they are treated fully relativistitg). The valence states on the other
hand are extended outside the atomic sphere arefdhe obtained by the LAPW method. In
this context the valence functions are orthogooathte core functions. But there are other
states, which do not fall completely into eithetecmry. They are the semi-core states (high
lying core states). These states do not extendngetite atomic sphere significantly nor are
they fully inside the atomic sphere. A problem appef for a particular atom, two states with
different n but with the same | should be treatetth WAPW. An example would be the bcc
Fe. The valence states contain a non negligibleuatnaf 4p character, 0.2Ry below &1d at
the same time 4.3Ry below,EBhe 3p state, that belong to the above discussed core
state. Now the question would arise how to seleetiinearization energyk, close to 3p or
4p or in between. Any of the above selection waudtl be an optimal choice. To solve this
dilemma another type of functions, the so callechloorbitals (LO) are added (altogether
known as LAPW+LO method) [47], as shown below.

1
Alu, (T,E)+B % +Ciou, G,Ef)}Y,m (f) within theatomicsphere

m (1) = [ ; (2.34)

0 in theinterstitial region
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It is constructed from u andu/dE of LAPW at one energl, in the valence band region (eg.

4p of Fe) and from another u at another endEgin the semi core region (eg. 3p of Fe). The

coefficients are determined from the normalizawomdition and from the condition that the
LO should vanish in value and slope at the surfaicthe atomic sphere and therefore not
connected to the plane waves in the interstitigia® This increases the basis set slightly
(therefore the computation time) but compared éoltasis set of LAPW alone this increase is
negligible (only one function per Im combination:f& p like functions and 5 for d like
functions) and at the same time increases the acgur

As shown above, the main disadvantage of the APWadeis the energy dependence of its
basis functions and this is removed in the LAPW PM&+LO) but at the cost of a much
larger basis set. Sjostedt [48] introduced a metiuere the basis-functions would be energy
independent but at the same time the size of tbes Isat would would remain as in the APW
method, thus the advantages of the APW and LAPW+dDId be combined. Hereby the
basis set is constructed from two types of funaiorhe first ones are the APWs but at fixed

energies.

ZA|mU| (T,E)) Y,, (f) within theatomicsphere
Il,m

o(r) = o)
%Zcée'('“e) " in theinterstitial region
Q2 ©

(2.35)

But as discussed above within the APW scheme then&inctions are badly described
(energy dependence). Therefore the basis-functiotisn the atomic sphere are augmented
with a second type of functions, the local orbit&lgt in contrast to the LAPW+LO the same

set of fixed energies|fre used as for APW and it is abbreviated as lo.

ou, (F.E,)
Alo u I’,E +B|O | |
Im I( I) Im GE

0 in theinterstitial region

}Ylm (f) withintheatomicsphere

m () = (2.36)

The coefficients are determined from the normaitmatondition and from the condition that
the value of the LO should vanish at the surfaceghef atomic sphere but not its slope.
Therefore both the APW and lo would be continuoutha surface, but their first derivative
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may be discontinuous at the surface. This methamhlied the APW+lo method. As in the
LAPW+LO method, where fixed energies are used ie tPW+lo method, all the
eigenenergies could be found by a single diagoatatiz. The APW+lo method has the same
problem with semi core states as in the LAPW metaod is cured by using local orbitals
(now LO) as in the LAPW+LO. This extension is knoas the APW+lo+LO. In the default
set up of the input file case.in1 in WIEN2K/WIENNGCM mixed basis set method is used.
For the states with 1=0,1,2,3 the APW+lo (and i€essary APW+lo+LO) is used, whereas for
the higher | values the LAPW with a global lineatinn energy is used.

At this stage it is also important to mention teni of the Coulomb potential V Q#Vex)
which is used. For valence and semi-core states hke functions are used within the sphere

and a Fourier representation is used in the intieftstegion.

D Vi (N Y, () within theatomicsphere

v =" (2.37)
Zvée'Gr in theinterstitial region
G

This is known as the full potential which is ob&dnfrom the total charge densipyby
solving the Poisson’s equation and from this, aftdding \c and T contributions, the
valance densitp,4 could be calculated from the eigen-functions. €bee densitycqe On the
other hand is obtained from the muffin tin approairman of the full potential, only including
the |I=0 and G=0 contributions to V (spherical ageravithin the atomic sphere and volume

average in the interstitial region). The additidrp@ andpcore gives the total charge density

2.1.7.7 Scalar relativistic approximation and the inclusion of the spin-orbit

coupling (SOC) in a second variational step

Up to now only the non relativistic contribution tiee Hamiltonian is described. Relativistic
effects such as spin-orbit coupling cannot be regte for heavier atoms and become
important for Co or Ir, which have partially filledtlbands, giving rise to a net orbital moment,
whose magnitude is determined by the crystalliaklfiwhich may lock the spin moment in a
particular direction in real space. Other relaticicontributions to the Hamiltonian are the

correction to the kinetic energy and the Darwinmeidt is not intended to describe the
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relativistic qguantum mechanics in detail (see [49]) therefore start with the Dirac equation

in the Hamiltonian form:
H, =cap+(p-1)mc® +V(F) , (2.38)

5 0 - (1
a:(g j 4x4 matrix, o,,0,,0, Pauli matrices,[}:(o

(9

0
j4><4 matrix, V: Coulomb

potential (only)

The eigenfunctionsp have four components and are usually written as t@mponent
functions® andy, the former known as the large component (dormgatomponent) and the

latter as small components concerning the eledotutions.

6= ((Dj (2.39)
e

Insertion ofp to eq. 2.38 yields a couple of coupled equatitmasn which the equation fab
could be extracted. For the present work the swigtiof the Dirac equation in a spherical
potential V is of importance, as this describes wavefunctions within the atomic sphere.
After some cumbersome manipulation the equatio® ¢§ can be constructed frod) for

spherical V becomes:

p’ n* dv a 1 1dV [\,
T+V- - — 2= =2 ([5)lo=e0 (2.40
[ 8mc 4m’c? dr o 2m’c®r dr ( ) s® (240)

The first two terms are the same as within the &tihger eq. The third term is a relativistic
correction for T. The fourth is the so called Darwerm that describes the “Zitterbewegung”
of the electrons. The last term results from thaitad spin-orbit coupling (SOC), resulting
from the magnetic field that a moving electron $eelit of an electrostatic potential. Because
of SOC | and s are no more good quantum numberg énd j are good quantum numbers
together with a new quantum numbert(j+1/2). From the sign of it could be seen whether

j and s are parallek€0) or anti-paralleli>0). Nowe can be written as follows:
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)

ity

Each of® andy are written as product of radial functions g(rpldr) and angular functions

Vi - The angular functions in turn are written as corations of the product of spherical

harmonics and (two component) spinors.

.1
I+Jz+7
2Y

M0 o)) ean

1

- =+
lezlA,B -

Inserting ¢ into eq. 2.38 yields once again a couple of caliggquations from which the
equation for g could be separated and f (neededrtgrer normalization) could be calculated

from this.

2 2 2 2
L d(rzgj{\”zh |(|+1)} Pt odvdg  pP dVitx o ae

CoMrZdrl dr MZ 2 P aMc? dr dr 4McE dr T
h (dg 1+«
f= [ 29,278 2.44
2mc(dr r gj ( )
M=m+8_v
2c?

In WIEN2K core states are treated fully relativaatly and the following considerations are
valid for valence states. If the term that depeadsc would be omitted, SOC would be
eliminated and | and s become good quantum numileich is an advantage. This form of

approximation is known as scalar relativistic apgr@tion and is the default option in
WIENZ2K for valence states. The large compon@r(t~ to denote the approximation) becomes

a pure spin statey(is mixed but not important).
D=0 1 0
©=gYyxs  (2.45), s=1,4.7, :(oj' X, :U
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Therefore the scalar relativistic version couldused in place of the Schrédinger equation
with the LAPW/APW+lo basis set with minor additiomalativistic terms.

The correction to the contribution due to SOC wob#l added in a second step. As it is

obvious @ is not an eigenfunction of the Dirac equation apglying the Dirac equation to

@ yields:

Hof =@ +H P (2.46)
n? dvifsl o) #% dvi( |, ('x-ily)
== == . 2.47
59¢ T 2Mc? dr r[o oj 2Mc? dr r((lxﬂly) -1, (2.47)

Hsoc is the contribution due to SOC and is a measuthefxtent to whichy fails to be an

eigenfunction of the Dirac equation. In order tolugdle SOC, the starting point would be the
LAPW/APW+lo basis set obtained by solving the cedpéquations (and summing up). As s

is a good quantum number, spin up and spin dovtesstauld be considered separately.

glelme 1 O
= = 2.48 , =1,1, = , =
Dims (-ifBY'mxs] (2.48) , s=1,1,%, (oj X, (J

From &1 in Hsocit is clear that this has non diagonal matrix eletaghat would couple spin
up and spin dn states, thus the obvious way woeltbl@ouble the basis set size, which is of
course difficult for larger systems. Instead obtim WIENZ2k (following [50]) the basis set is
obtained scalar relativistically in a first var@tal step and in a second variational step now
including Hsoc the same basis set would be used to calculateathiibutions from the non
diagonal terms (as the diagonal terms are alrealdylated in the first step).

2.1.7.8 Non-collinear magnetism (NCM) and itsimplementation in WIENNCM

As the name suggests, NCM arises if the spinsralered non-collinearly. Examples for such
orderings are canted AFM, spiral, helical, conicakeven more complicated ordering of the
magnetic moments. Primarily NCM results from conmmeAFM and FM interactions, which

are pronounced in frustrated lattices, such as dwoeentional triangular, Kagome, three

dimentional fcc and pyrochlore lattices. Anotheportant factor in determining NCM is the
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SOC, resulting in certain cases of magnetocrysgldinisotropy, which is a consequence of
the strong coupling of the spin moments to thacktin certain directions or in anisotropic
Dzyaloshinski-Moriya interactions. An important fieee of many compounds undergoing
NCM is the spin-reorientation transition in an ewxgd magnetic field and the resulting
metamagnetic states. NCM within the DFT is an ideal to theoretically investigate such

phenomenon. In the following the implementatiodN&M within the DFT is discussed.

Starting point would be the Dirac equation, in whior simplicity the part of the Hamiltonian
that is applied to the smaller component of theemdignction is neglected. From the Dirac
equation the so called Pauli equation is obtaifedthermore in the previous sections the
exchange-correlation field ¥, which makes spin polarization possible, is nopliexly
mentioned, included implicitly through the spin diies. For the present case this would be
explicitly included. The external magnetic fieldBs also important in the present work as
for certain calculations the direction of the magation density should be fixed in some
directions with this external field. Contributioffdm SOC and U are discussed later. The

Hamiltonian becomes:

|:lp = -T-o +\7H +\7xc +\7ext +H56(Bxc + Bext) (2-49)

B.,.: external magnetic field

ext*

Within the LDA V,. and B, .become:

\7XC =gy¢ (p,m)+pw (2.50) ,m: magnetization density
B. = Mm 251) B. i
xc — P am (2.51) BXC||m

In the collinear case all the magnetic momentsaligmed in the same direction and the spin
guantization axis could be selected alongSelecting the z axis in the spin space as the
guantization axis, the Hamiltonian becomes diagama@he spin space, thus the spin up and

spin down channels are separately treated.
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c_‘%(BXC +Bext):Gz(EXC +éext) (252)

|:| - To+ Vi + Ve +Veu +M56(éext + éxc) . ~ ~ R 0 R (2.53)
0 To +VH +ch +Vext _uBa(Bext + BXC)

In the non-collinear casévaries in space and all three components g, . +I§ext) may

contribute.

PI:('T'OHA/H +\A/XC+\A/ext+,,LBBZ HB(Bx‘iBy)

] ~ A - ~ (2.55)
HB(Bx'HBy) To+V, +V, +V, —1gB,

The Hamiltonian is not diagonal in the spin spdbas the spin up and spin down channels
are coupled via the non diagonal matrix element$ eannot be treated separately. The
diagonalization should be performed in one stefhé2x2 spin space. As already mentioned
in section 2.1.7.7, this requires spinors as Hasistion. In the interstitial region pure spinors
are used as basis functions in the global spin drgg) spin indexs). In this region the

Hamiltonian contains only the terms listed in e52 The symbols have their usual meaning

as above.
¢. (F)=elere (256

Inside the atomic spheres combinations of pureospiare used as basis function in a local
coordinate frame)({ spin indexs"), where each atomic sphere has its own local doaie
system and the quantization axis z is along thection of the average magnetization. The

expressions for LAPW, APW and LO within the spifmmulation are given below.

o =3y Axur reyver MLOEy @ s

s)“ I,m
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E =D > AU (FE) Y, (. (2.58)

s)“ I,m

LO,c" auf’l (T’, Ell)

O m = AL U (FEN+B
¢G- () Im | ( I) Im OE

+CO7 U (FE) |V, (Mx.,  (2.59)

For LAPW/APW the coefficient matching of spherichhrmonics to the plane waves
corresponding t@w=1,] is done in the global coordinate frame t@fnf?‘ andB‘;f'", thus they
depend on both global and local spin indeandcs" respectively. The LO on the other hand
vanishes at the surface of the atomic sphere,At[‘);‘usBi and Cfm depend only on the local

spin indexc". Concerning the Hamiltonian inside the atomic sphéhe eq. 2.55 may have
additional terms from SOC (section 2.1.7.7), otbitependent potential such as U (section

2.1.7.9) and/or constraining external magnetidft& defined as:

O MB(BC,X _ch,y)

ho(Bx *iBey) O ] (260

|:|c :“‘BBCG :(

Such constraint fields are used in the present wofk the magnetic moment of Cobalt in a
certain fixed direction during the self consistepcecedure. Note that in the NCM case the
diagonalization is performed in the 2x2 spin spdoes for SOC a second variational step as
in the collinear case is not needed. Concerningstiie density inside the atomic spheres,
there are two further possibilities. In the atormoment approximation (AMA), only the
diagonal part of the potential would be used, igmpthe non diagonal part, resulting in the
collinearity of the spin magnetization inside eatbmic sphere, but different spheres may
have different orientations. On the other handhim full non collinearity mode (FULL), the
non diagonal terms are also used, resulting inriatan of the spin magnetization also inside

the atomic spheres. Exclusively the latter opt®nsged in the present work.
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2.1.7.9 Highly correlated electron systems and concepts beyond the LSDA/GGA
approximation: L SDA/GGA+U approximation

2.1.7.9.1 Theoretical background

In the following highly correlated electron systearge considered, which typically contain
partially filled localized d or f orbitals. Tablel2shows some transition metal monoxids with
experimentally found band gaps and calculated bgeyos (or behaviour at Fermi-level)
within the LSDA/GGA approximation. Additionally pi#zal DOS of NiO and MnO are shown
in fig. 2.3 (a) and (b).

Table 2.1: Experimental and calculated (fundamegii@hd gaps within LSDA and GGA. The

values are taken from [51].

Experimental band gap (eV) Calculated band gap (eV
LSDA GGA (PBE)
NiO 40-43 0.4 0.9
MnO 3.9 0.8 0.9
CoO 2.5 0.0 0.0
FeO 2.4 0.0 0.0
T T T T T T T i T T T T T T T I T I T I I I I | I I T I
LDA I Total LDA i f Total
' St Ni1 d I g | JERERERE Mn1 d
| i ,’] - — =Ni2d i LI i e s MINZ o]
i HY, op ||, | LA for
A | \ ‘\; :_'-_ |’ll|-"'-_ 7 “\ L'\’ "- \‘\I Jl “
N\ A F R /A FHEN AN
e Lo A Y] B e | L K I Ay

Fig. 2.3: DOS within the LDA for (a) NiO and (b) Mn[51].

Comparing Table. 2.1 with the DOS in fig. 2.3 (a3-f), it is evident that in case of NiO and
MnO the calculated band gaps are underestimatedsalem order of magnitude within the
LSDA/GGA approximation. In case of CoO and FeO teDA/GGA totally fails to
reproduce even the behaviour of the DOS qualititisethe Fermi level, predicting them to
be metallic (table 2.1). The qualitative insulatibghaviours of NiO and MnO within
LSDA/GGA, are even coincident cases. In the forrtteg, crystal field splits the completely
filled down spin 5 d bands of Ni from the empty, @ bands of Ni, that is above the Fermi
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level and in the latter the exchange interactioscdbed by the first Hund’s rule completely
shifts the empty up spin d bands of Mn againstctirapletely filled down spin d bands of Mn
(fig. 2.3(a)-fig. 2.3(b)). In both of the above easthe band gap is obtained as a result that the
number of d electrons is such as they completdiyhi lower d bands, creating a gap in the
DOS that is too small in comparison with the oneicivhis determined by photoelectron
spectroscopy measurements. A similar developmerdldse known to be happening in
semiconductors, where LSDA/GGA predicts a much kEnaband gap than the
experimentally observed one. However the behavimfut SDA/GGA in case of highly
correlated materials should be viewed differentynf the conventional semiconductors, as
regarding the former LSDA/GGA in most cases prethet crystal and magnetic structures
fairly well but fail to predict the behaviour ofdin DOS at the Fermi level. To find the reason
why LSDA/GGA failed to describe the electronic sture of strongly correlated materials, a
gedankenexperiment, which was suggested by SirlldeMott would be recalled in the
following. The band theory, which is based on tlen-mteracting or weakly interacting
electrons, explains the difference between metadsiasulators in the following way. For a
metal the Fermi level lies inside the highest otedigpand and for an insulator in the band
gap. As shown above, this does not hold for treorsitmetal oxides. In the following a
hydrogen-like lattice system (each atom has only eectron) at T=0 would be considered,
where the atoms occupy lattice sites. Initially theer-atomic distance is thought to be so
small, that the electron wave functions overlap &man a band. Now the inter-atomic
distance would be continuously increased. It cdagdobserved that the electronic states of
vanishing width crossing the Fermi level, but netag the metallic character. At an infinitive
inter atomic distance the system would become &g as the electronic states around the
Fermi level would produce an extremely localizedrge distribution around the atoms. In
this extreme limit, the hopping of the electronvibetn the atomic sites is thus prevented. The
realization of an insulating state “only” at infilvie inter-atomic distance is the result of the
inadequacy based on the description of the banaryth&he solution of this problem lies in
the electron-electron interaction, which is negdcso far in this gedankenexperiment and
treated by several authors in different ways [5R-5Pherefore two factors should be
considered here, namely the kinetic energy of tleet®mns, which is manifested by the
bandwidth W and the energy that has to be paichadeztron approaches regions where other
electron are localized (ionic cores), which is nfested by the Coulomb (repulsion)
interaction parameter U. In strongly correlatederiats some of the electrons are supposed to

spend their time in regions of ionic cores, whdreytfeel strong Coulomb repulsion and
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therefore affects their motion. In simple metald)eve the electron-electron scattering is
negligible, the electrons spend infinitively smiathe in these regions. If the kinetic energy is
the dominant contribution, then the electrons caaraome this on-site Coulomb repulsion,
delocalize themselves and thus minimize their kinehergy. The band width W can be seen
as a measure of this effect. On the other hankbeifands in which the electrons move are
localized due to high effective mass, the kinetiergy becomes low and therefore it cannot
overcompensate the on-site Coulomb repulsion thasetectrons localize in some regions
(correlation dominates) and the system becomedainsg (Mott-Hubbard type insulators).
Typically the world of strongly correlated matesiatarts on the verge of WHll. Now it is
evident why band structure methods are not the dqgstoach to observe such behaviour, as
they manifest the one electron theory and coratis seen in the above sections is a many
body phenomena. Within the LSDA/GGA the exchangeetation contribution is also
treated in a mean-field way as the values are télaen calculations that are carried out for
homogeneous electron gas, that are not accurategentm describe correlation effects.
Therefore model-Hamiltonians have manifested thérase as theoretical methods to
investigate such Mott-Hubbard insulators and higbdyrelated systems, where the band
width and electron correlation are explicitly inged and this allows one to investigate the
behaviour of the systems in different regimes o# tompeting factors. The Anderson
impurity model [55] and the Hubbard model [54] aseamples of such model-Hamiltonians,
where the delocalisation is described by the happimplitudes;tand the on-site Coulomb
repulsion by U. Unfortunately these models do natlude the effects coming from the
position of the nuclei in the crystal structure fovm different kinds of atoms. Therefore
numerically accurate results could not be obtaibhedause of these above simplifications.
Furthermore these models are also strongly parandeggendent (U,;}. In the past two
decades there were a lot of efforts to combinathaitio calculation scheme with the model-
Hamiltonian concept in order to obtain a maximunficeint way of treating strongly
correlated materials. One such concept resultederl.SDA/GGA+U method, which is used
in the present work in two different flavours. Thisethod is successfully applied for a
number of systems containing highly correlatedtetes, however at the same time it is also
controversially discussed as it contains the ingarameter U (also the parameter J, derived
from the Hund’s rules), which in some cases shbeldaried at a particular range in order to
obtain the correct magnitude of the band gap. Nbebrss the use of LSDA/GGA+U is
justified to the fact that it represents the stéititt of the so called “dynamical mean field

theory” (DMFT) [56]. As it is mentioned in the piieus sections, the main concept behind
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the LSDA/GGA+U is that to somehow correct the LSB&A approximation, thus to go
beyond the description of the electron-electroerenttion within the homogeneous electron
gas approximation. In the following the correctahLSDA/GGA through the inclusion of U

is discussed.

Exact

LDA

E(Exact)-E(LDA):

The correction is supposed
to have this form in LDA+U

Total Energy

N-1 N N+1 N+2
Number of electrons

Fig. 2.4: The total energy as a function of the hamof electrons N for “exact” and LDA
cases. The difference of these energies is plaitdte bottom part of the figure. Note that the
minimum of E(N) at N for the “exact” case resultsrh the consideration by Perdew [57] that
the ordinate of the segment is the difference betwthe ionization potential | and the
electron affinity. The difference between the sesllffirst | (3.89 eV for Cs) and the biggest
A (3.62 eV for ClI) in the periodic table is pos#iv

Perdew [57-59] considered the following problem. &om in contact with a reservoir of
electrons (eg. other atoms containing electrore), anly exchange integer number of them
with the reservoir. Fractional occupancies of thgtals arise only in open systems, as a time
average of states with orbitals occupied with ietegumber of electrons. In quantum
mechanics, an open system with a fluctuating nurobearticles are not described by a pure
state but by a statistical mixture or ensemble ctviis defined by a set of pure states and their
respective probabilities. The total energy E arelalierage number of particles (electrons) in

the system n could be written as follows.
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E=(1-0)E, +oE, (2.61)

N=(1-o)N+o(N+1)=N+o (2.62)

In this context, g and E.1 represent the total energies of the state ofyhtem containing N
and N+1 electrons, respectively, whereaso®l is the statistical weight of the state
containing N+1 electrons, thus the total energyhaf open system is a series of straight line
segments, that are joined at integer values of dNthe slopes of these straight line segments
correspond to the eigenvalues of the orbitalsdhateing filled (in the time averaged sense).
These straight line segments fulfil in fact the thowity at the integer values of N but not
differentiable as shown in fig. 2.4. This resulisai discontinuity in the functional derivative
at integer values of N (exchange-correlation padntGunnarssson and Schénhammer [60]
showed that this above discontinuity in the funudio derivative could give large
contributions to the band gap at least for thaditinear chain of atoms. But this behaviour of
E(N) is not well reproduced by LDA approximationhieh creates unphysical total energy
minima at fractional occupancies. This problem @erevident if the inter atomic distance is
increased to the dissociation limit. This would mehat the system would dissociate into
parts with fractional electron occupancies, whistoi course a paradox (eg: Separated LiH
within the LDA [57]). But constraining the orbitalccupancy to integer values in LDA
reproduces the energy difference between diffestates quite well (the LDA curve touches
the segments at integer values). The alternativthadeof compensating this deficiency,
without constraining the orbital occupation is talyse the form of the difference between
“exact” and LDA cases and try to add a correctenmtin the form of this difference to the as
correlated considered orbitals. The definition @barection term should be based on this fact.
In the following two different flavours of LSDA+U W be presented, which are based on this

idea.
2.1.7.9.2 LSDA/GGA+U correction term AV
The LSDA+U functional is usually coded in the stlezhrotationally invariant way, that is, it

does not depend on the choice of the basis sef.[6bh8 LSDA+U functionals, that are used

in the present work could be written as a sum of thtferent terms.

AV =V, -V,. (2.63)
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The first term includes the direct (on-site) Coulbnepulsion U as in a model Hamiltonian
approach and the spin dependent Hund’s exchangdhzdion J, where m and denote the

orbital and spin index and n orbital occupatione Tole of J is that, electrons of same spin
would feel around J reduced Coulomb repulsion ayg Hre already constrained by the Pauli
principle, whereas electrons with opposite spin ideel the whole U. This term is the same

for both of the functionals that are considerecher

v, -1 YU -3 8 _In.n_ ., (2.64)
mozm’c’

The second term pt is the so called double counting correction temhich is included in a
mean field way, in order to compensate the Coulooriiribution already included within the
LSDA, thus this not be included twice. This ternffelis from functional to functional and in
many cases has a big influence on the self consis@ution. Apart from Yc the input
parameters U and J and the projection method usetbtermine the occupation numbers
would also influence the self consistent soluti@election of U and J values are seen
critically as in many cases they should be manuadhjed in a certain range in order to obtain
the preferred solution (width of the band gaps)pgimate values for U and J could be
obtained from the so called constrained LSDA caltohs [62] and theses values are used for

calculations in the present work.
2.1.7.9.3 Fluctuation form of L SDA/GGA+U: around the mean field method (AMF)

This method was introduced by Anisimov et al. [E8]the non spin-polarized case and it was

later expanded to the spin polarized case by Czgr k. [64].

1 N
AVAVF = = u ,-J 8 ,)n.-n)n,, -n, 2.65), n_ = 2
2 z/(, mn? mnf oo X mo G)( mo G) ( ) ° (21+1)

mo#m'c

Hereby n_describes the average occupation agdhé number of electrons of a single spin

sort of the correlated orbitals. The energy diffiee (energy correlation) comes from the
angular fluctuations away from the spin-dependerdgrage value. Therefore the above

expression becomes zero if all the orbitals ofia sprt of a shell are equally occupied. This
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is the case for half filled completely spin-polaiz 4f shell of Gd, where AMF has no
contribution at all.

2.1.7.9.4 Thefully localized limit (FLL)

In order to describe systems like 4f of Gd, wherg =n_, Czyzyk et al [64] introduced a
new functional called the atomic limit (AL), whide widely known since then as the fully
localized limit (FLL). A J=0 version of this funcinal was already introduced by Anisimov et
al [65]. The new feature of this functional could seen from eq. 2.65 of AMF, where the
term corresponding to mean field (average occapatj) was subtracted to compensate for
the onsite Coulomb interaction considered alreadySDA (double counting term). Instead
of this mean field, in the FLL the total energy trdyution of an open shell of a localized
atom containing degenerate orbitals, (Blectrons per spin sort) within the Hartree-Fock

approximation is subtracted. This double countargitcould be written as follows:

Ve :%[UN(N -1)=J> N_(N, —1)} (2.66)

Thus the resulting correction tettV™" becomes:
u-J)

AV ™t S Chal) n_(1-n 2.67
5 ; m(1-Ny)  (2.67)

This is a non negative term (as U>>J), vanishésteger values of j and has the form of an
inverted parabola. By recalling fig. 2.4, it is @ent that this term resembles the form of
E(LSDA)-E(exact) which is needed to cure the deficy of LSDA and thus the effect of
LSDA/GGA+U is more obvious in the FLL case. Theitabenergies could be obtained by
applying Janak’s theorem (including LSDA) [37]:

mo mo

e :SLSDA+(u—J)[%—anj (2.68)

The correction part of the orbital energy consftstraight line segments, discontinuous at

integer values and thus preferring complete occooipadf the orbital. For a completely
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occupied orbital (p,=1) the orbital energy is shifted around —(U-J)A2 #or an unoccupied
orbital it is shifted around +(U-J)/2, making itgsible to obtain a gap in the density of states
around the Fermi-level (Mott-Hubbard gap). In reidi calculations however hybridization

and/or spin-orbit coupling always compete with+il and results in fractional occupancies.
2.2 Double perovskites

In order to understand the structure of a doubleyskite, it is necessary to understand the
structure of a perovskite, the former being in tostext an ordered superstructure variant of
the latter. Perovskites have the stoichiometry ABXMhere A being usually the larger and B
the smaller cation and X being any anion, but irshtases oxygen and thus representing an
oxide with perovskite structure. Imagining a cuthe, A site cation would occupy the corners
and the B site cation the center, which is surredntly six anions, that occupy the face
centers in an octahedral arrangement (corner shizDgactahedra). The A site cation on the

other hand is surrounded by twelve oxygen aniona itubo-octahedral arrangement. The

symmetry of this ideal perovskite is described Iy $pace groufPm3m and SrTiQ being
the aristotype. But most of the perovskites deviaben this structure and crystallize in a
structure with lower symmetry (distorted structutlele to one or more of the following three

effects, where the first effect is the most commona.

(1) Octaedral tilting
(2) Distortion of bond lengths in BMctahedra

(3) Displacement of the B site cation

All three effects occur in order to obtain a compirge between the bonding requirements of
the A and B site cations and result in a structute minimum energy, thus the size and the
electronic structure of the cations determine tistodion of the structure. An empirical
parameter that describes the distortion of thelidahic structure is the tolerance factor f
introduced by Goldschmidt for close packed harcesph [66].

r, +1g

Tl o)

(2.69), i radiusof A,Band O
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For the ideal cubic structure f=1 and requiresBH® bond length to be a facton® less than
the A-O bond length. For other structures f dewdtem one and the more it deviates the
more is the distortion from the ideal cubic struetwalues of f smaller than one indicate a
too small A site cation compared to B site catinrihis context, and vice versa. As already
mentioned the most common effect is a tilting of BO; octahedra, in order to obtain a
compromise of the bond requirements, because aoasiall A site cation in the cub-
octahedral cage. Generally this tilting is assuntelde nearly rigid, so that it does not affect
the bond lengths within the B®@ctahedra significantly but the twelve A-O bonddths need
not to be equal. The different “nearly rigid” ocealnal tilting systems in perovskites are
described by the so called Glazer's notation [&utjere tiltings of the octahedra along the
three orthogonal axes of the ideal cubic structueeindicated. The general case of unequal
tilting along each of the orthogonal axis is deddtg & ~°b* ~°c* ~° Equal tilting magnitude
would be denoted by equal letters. The superserigitscribes the in plane tilting, where the
octahedra in alternating layers rotate in the sdimeztion, — describes the out of plane tilting,
where the octahedra in alternating layers rotat®gposite directions and 0 describes no

rotations at all.

A further class of perovskites is obtained by silntstg the A or B sites with two or more
cations. They may be ordered (partially orderedaodomly distributed. A double perovskite
is obtained if the B site is substituted with twations (B and B that are ordered (partially
ordered). There are two different arrangementhi®f® site cations in the structure. They are
the rock salt type which is by far the most commomngement found in double perovskites
(fig. 2.5) and the layered type of which only a fexamples are known [68].
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Fig 2.5: Unit cell of a double perovskite of thekealt type.

Two factors determine the tendency towards ordemagnely the charge difference and the
size difference between B and [B8]. An empirical rule is that small differencischarge
(charge difference less than 2) and size (ionid differ less than 0.2 A) prefer the tendency
towards a random arrangement, whereas the roclasaligement is preferred if the charge
difference is two or more. The rarely found layeaethngement is preferred on the boundary
of the charge difference of 2 with a differencesire less than 0.2 and in the following only
the rock salt arrangement would be consideredismwork. In reality most of the “ordered”
double perovskites are actually partially ordersisome amount of B and-&te cations are
intermixed (fig. 2.6 right). Therefore a new paraenes needed in contrast to the ideally
ordered double perovskite to describe the degreki®tisorder. This parameter is called the
site disorden defined by the following expression:

R

o= (2.70), R: refined mixed occupancy, F: fultapancy A, (B,,B!)(B.,B,)O,

—0 o

R can be refined in a Rietveld refinement procedGumnsidering the above formula it is clear
that a fully ordered structure would be obtaineddfe0 and a random arrangement would be
obtained for=0.5.
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Fig 2.6: Unit cell of a double perovskite of thekasalt type with partial site disorder (right)

and for a comparison an ordered double perovslets.

As there are now two distinct B sites, the ordenvauld lead to a change in the symmetry

and the ideal cubic structure is now describedHeyspace grougFm3m but with doubled
cell parameter with reflect to the perovskite stnoe. Distortions in the structure that lead to
lower symmetries, arises from the same effectseasribed for simple perovskite, where the
octahedral tilting being the most common one. Deuyt#rovskites (or perovskites) of lower
symmetry structure may undergo a series of phassitrons (maybe more than one path) to
attain higher symmetry by increasing the tempeeaturd/or increasing the size of the A site
cation, as the octahedral tilting would gradualgcbme unimportant. In order to investigate
such transitions it is important to know in whiclpase groups a double perovskite
crystallizes. A group theoretical analysis by Hodvat al [69] (also [70]) resulted in 12
possible space groups for double perovskites cenaig the deviation from the cubic
structure only due to octahedral tiltings. These @dassified by group-subgroup relationships
and the Landau theory is used to analyse whetlephiase transition between the space

groups should be first or be second order (Fig. 2.7
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Fig. 2.7: Classification of the 12 possible spaceugs derived from octahedral tilting in
double perovskites [69].

At this point it is also important to sketch the imalifferences between both orders of
structural phase transitions. A phase transitiofirstf order is characterized by a discontinuity
in one or more of the first derivatives of the aggprate thermodynamic potential, such as the
entropy S and volume V, leading to latent heat olume jumps. In a crystalline solid
concerning structural phase transitions this mgaimsary bonds would be broken and there
would be nucleation and growth of a new phase withe primary phase, thus both phases
coexist. In this case the group-subgroup relatieednnot be valid. In contrast a phase
transition second order is characterized by a diseoity in one or more of the second
derivatives of the appropriate thermodynamic paaénivhereas the first derivatives are
continuous, thus no (negligible) latent heat orumoé jumps occur. In a crystalline solid
concerning structural phase transitions this mahas primary bonds would retain and a
change in the surrounding of the individual atomsuld take place in the whole crystal
simultaneously, making the transition continuousr Buch a transition, a group-subgroup

relation between the involved phases must exist.

Finally the tolerance factor is rewritten for th@uble perovskites with A-site substitution,(A
A/BBOg) [71] and their range for different crystal sturets are given in table 2.4 [72)].
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(2.71), r:radius of A, A B, B and O

Table 2.4: Correlation between the tolerance faatat the underlying crystal structures of
double perovskites.

Tolerance factor f Crystal structure

f>1.05 hexagonal

1.05>f>1.00 cubic

1.00 >f>0.97 tetragonal

f<0.97 monocline or orthorhombic

2.3 Determination of the oxidation state (valence state) of theionsin

oxides

2.3.1 Introduction

Physical properties are directly dependent on tade(ce) charge distribution in a crystal.

Therefore the trend of the valence state (oxidatgbate) within the present system

investigated is of high importance. In the preseotk two methods are employed in order to
determine the charge distribution, in other wolds éxidation state of the ions involved and
its trend within the system. They are the bond nedesum (BVS) and the Bader charges,
which needs converged charge densities from DFJutatlons. In section 5.7.1 additionally

to the above mentioned methods the occupation efdifferent d bands are obtained by
integrating the charge densities within the atospiceres.

2.3.2 Bond valence sum (BVYS)

This method was historically derived from the Pagik rules for crystal chemistry and
developed by I. D. Brown [73]. Within this approxation to a certain extent the bond length

is a unique function of the bond valence (strengthg strength of a bond between two atoms
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i and jv; is defined such that the sum of all the strengtha given atom i is equal to the

valence of this atom.

V, :J_rzvij (2.72)

The valence is negative for an anion and positiveafcation. For most inorganic crystals the
valence is close to the formal oxidation state. fifost commonly used empirical expression
for the bond strength; depending on the bond length is given by:

Io=Ti

v, = e[ B”J (2.73)

1

rij: bond length between the two atomsreference bond length between the same atoms and

B: constant, which is approximately equal to 0.37.

With these expressions the valence can be caldufaben the experimentally determined
bond lengths.

2.3.3 Bader charges

This method is based on the atoms in molecules JAibhcept developed by Bader [74],
which divides the space into regions using surfdabas run through minima in the charge
density. The appropriate regions are chosen swthtie gradient of the charge density at any
location on the bordering surface has no componemhal to the surface. A region within the
boundary surfaces is called a Bader region. Integrahe charge density within the Bader
region where a given atom’s nucleus is locatedaattting electronic charges in “naturally
associated neighboring regions” that do not incladsucleus, yield an estimate of the total
excess charge on that atom. However it should betiomed that this approach does not
always give a quantitative assessment of the valestate, but it is quite useful for
investigating trends within a certain system. Thebfem lies in the admixture of ionic and
covalent bonds in the above mentioned compoundghwdo not only involve the particular
atoms of interest [75].
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2.4 Electronic conduction in insulators

The temperature dependence of the resistivity éspghmary consequence of the electron-
phonon scattering. Metals and insulators show mdiffebehaviour in this context, depending
on the electronic structure at the vicinity of ffermi level. Whereas the resistivity of metals
increases with rising temperature (linearly at rmatketo high temperatures), the resistivity of
insulators decreases at first, reaches a minimudiacreases once again. The electron-
phonon scattering is the dominating contributiorthte resistivity at higher temperatures, as
this scattering depends on the number of phonortsichwincreases with increasing

temperature, describing the range, where the na@gyahcreases with temperature. Especially
at lower temperatures phonons are increasinglhefrothus the conduction is limited by other
mechanisms that depend on the electronic structisaally in metals apart from the first

scenario this may be limited by scattering of tlenduction electrons on d electrons,
impurities [76] or due to electron-electron intdrac [77]. In all cases the excitation to the
unoccupied states is continuous as there is no (gaghe energy due to the potential

difference is enough to overcome this) betweenot®ipied and the unoccupied states. In
insulators, where most of the transition metal egidvould be categorized, the valance
electrons are occupied in narrow bands, as a caeseg of the high effective mass resulting
from polaronic effects, a combination of an eleatwdth its deformed lattice [78]. This effect

is high in ionic crystals and decreases with ameiase in covalency. Additionally strong

onsite electron-electron interaction results initspy of the bands in a lower and higher
Hubbard band (section 2.1.7.9.4), which resulta iband gap(In certain oxides, containing
heavier elements even a relativistic splitting nrayger a band gap formation [79]). Electrons
must be exited beyond this gap in order to reaeh uhoccupied states. The common
conduction mechanism especially dominant at roomp&rature is the thermal activation

band conduction (fig. 2.8 left). The thermal adiiva from the valence band to the

unoccupied band usually obeys the Arrhenius lave ffie-exponential factor in this case may

depend on T due to carrier mobility and density.

p= poe(ZisTJ (2.74)

,po. Pre-exponential factor ang:Band gap
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However at lower temperatures, the thermal enesgypat enough to excite the electron
beyond the band gap and therefore the thermaladictivband conduction is negligible. The
electronic conduction in this range is dominatedii®y hopping mechanism. In this concept
the electron hops between the localized statesfigreht ions (sites) in the vicinity of the
valence band. The localized states belong eithenparity ions or they are due to real crystal
properties such as grain boundary due to polydiystanature of the sample or site disorder.
The hopping mechanism is initiated by electron mmomteraction, in which the electrons
gain or lose energy to make the transition thusatitezation behaviour depends on the width
of the localized states. Usually the hopping tgidlase to the nearest neighbour sites, but if
the thermal energy is not enough for the hoppihgs ifavourable for the electron to hop
further to find a site with a smaller barrier (paial difference). This type of hopping is
known as the variable range hopping (VRH) (fig. @dght) and this is introduced by N. Mott
[80] to describe disordered semiconductors. Thestreisy in this range is described by the

following eq.

(%jdﬂ
p=p,e"® (2.75)
,po: Pre-exponential factor

To depends on the localization length of the elecand from the electron density of states,
whereas d is the dimensionality of the hopping. Te-exponential factor in this case
depends on the phonon density. Note that the transbetween the extreme idealized
mechanisms discussed above is usually continuqueciedly in case of comparable size of
the band gap and the width of the distributionhef localized states.

778877 /%8777
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Fig. 2.8: Thermal activation band conduction (leftd variable range hopping (VRH) (right).
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2.5 Magnetic interactionsin double perovskites

At first an introduction to the collective magneatiswould be given and the basics of
magnetism are discussed elsewhere. Magnetic pheramehich exhibit long range or short
range ordering of the magnetic moments, are knosvoodective magnetism. In case of the
former depending on the interactions between neighbg magnetic moments in a first
instance, the ordering may be ferromagnetic (FMipti-f@rromagnetic (AFM) or
ferrimagnetic. AFM and ferrimagnetic ordering mag éven non-collinear (NCM) and/or
canted (CM). The ordering may also be more comggac¢han this as in the case of helical or
conical arrangement of the moments. An examplesfmrt range order is a spin glass. A
simple model for FM and AFM and its transition e tparamagnetic state (Curie temperature
for FM and Néel temperature for AFM) is given byetmolecular field approximation
introduced by Weiss, which treats the magnetic nrdarirean effective magnetic field (mean-
field), created by the neighbouring moments. In gheamagnetic state (in a magnetic field)
the temperature dependence of the magnetic prepexiuld be described by the Curie-Weiss

law.

C
=—~ (275
x=3-g (79

, X. magnetic susceptibility, C: Curie constant &n€urie-Weiss temperature

The molecular field theory in fact introduces affeetive field, which interacts with the
magnetic moment, but does not reveal the natutbeointeraction between the spins. But as
already mentioned in section 2.1.4, it is of quantmechanical nature and it is the exchange
interaction, which creates the ordering of the spimith a combination of electrostatic
interaction and Pauli-principle. This is illustrdt® the following for a system containing two
electrons with spin in the non relativistic lim@dnly the electrostatic interaction between the
electrons is considered. The total wave-funciigq could be written as a product of the
orbital functioneo (linear combination of the individual orbital furans o1, o2 in order to

dismiss the symmetry less state) and the spin ifumgt

P =0ox  (2.76)
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Although the electrostatic term of the Hamilton\ag acts only onpo, there are two solutions
to the equation depending on the linear combinatidhe individuakpo;. This depends on the
antisymmetrization condition ofp,: for fermions that requires for a particular spin
configuration, only the linear combination of thebital function would be selected, that

together withy antisymmetrizey.. The energies could be written as:

E. = E. - Jfor the triplet statey, =%GT L)+ T>),‘T i) @)

E, =E, +Jfor the singlet state :%QT D= T>) (2.78)

Ec = [¢:(r)p, (r, Vet (r)es(r)  (279)  Coulomb integral
3= [p(n)e, ()Veti(r,)0,(r,)  (2.80)  Exchange integral

2)=Es-E7

The state with the lowest energy depends on threddig. Until now the spin configuration is
not explicitly involved in the Hamiltonian. To dbis the considered Hamiltonian is rewritten
in terms of the spins, so that the eigenvalue®pin term re-establishes the eigenvalues of

the original Hamiltonian.

1 E; =E. +J for the eigenvalue 3/4

E.—-—=J-2Jss, - 2.81
c 2 R E, = E. - J for the eigenvalud/4 (2.81)

q

Only the third term contains the spin configuratexplicitly, which is needed to describe
different spin arrangements and its generalizaoran array of atoms with net spins obtains

the Heisenberg operator which becomes (2.83) censglonly the next neighbours

R N
H=-2 ) Jss, (282

i(#)=1

~ N
H=-20)'ss, (2.83)

i=1

It seems that (2.83) describes some dipole-diptaction but in reality it is a consequence

of electrostatic interaction and Pauli-principle fermions. The above described model of
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direct exchange is suited for the case where tisesedirect overlap of the wave functions.
But in solids particularly in transition metal ogil such as double perovskites the direct
overlap of d orbitals are small and usually onenarre p orbitals of the oxygen anion are
between them, so the indirect exchange becomesetbeant mechanism. Additionally the
magnetic ordering is coupled to correlation effedepends on the electronic structure in the
vicinity of Fermi-level thus it is prone to phenono& such as metal-insulator transition. In
double perovskites different types of indirect extafpe interactions are present, depending on

the crystal structure and electronic structureedation.

The most common exchange interaction is the sypleagmge interaction present in insulating
double perovskites (usually low symmetry) such les $ystem investigated in the present
work, that exhibit AFM in different types, NCM orM [81-82]. Ferromagnetic double
perovskites with § above room temperature, being metallic or insodptire described by the
so called kinetic driven exchange interaction (aha@ced form of double exchange) [5, 83]
and recently the same exchange interaction ispaksdicted to be the dominant contributor in
the AFM La rich part of La,SrkFeMoG;, where the parent compound,eMoQ; being a
FM double perovskite withdabove room temperature [84]. A major class comgitlouble
perovskites, which usually have a non magnetic tB ahd a weak spin polarized &ite
containing 5d transition metals or lanthanides,chvtoccupy the edge shared tetrahedra of the
fcc lattice of B. This system is geometrically frustrated, due e tompeting (weak)
superexchange AFM and FM interactions in the edhgeesl tetrahedra, which represents the
three dimensional form of the triangular lattic&][8t should be mentioned that the transition
between the first type and the third type is camdims. The interactions are further
complicated by spin-orbit coupling that couples #pn of the B and Bto the lattice in
certain directions, paving way to anisotropic iat#ions such as Dzyaloshinski-Moriya
interaction s and electron-electron interaction that splits laerow d bands in lower and
upper Hubbard bands. In the following superexchang&FM double perovskites, which is

the relevant interaction in this work, is described

In the superexchange interaction the electronsftoop one site to another virtually (from one
d orbital to another d orbital via p orbital of tbgygen) as the electronic structure of such
materials are governed by strong onsite electreat@n repulsion. Therefore, any model
Hamiltonian that characterizes such an interacthwst contain principally two parameters,

namely a kinetic hopping parameter and an eleettiostepulsion parameter. In the original
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“one band” Hubbard model the hopping is characteriby a transfer parameter t and the
onsite repulsion by the Hubbard U and the supesm@h is described in the U>>t limit. But
to describe the superexchange interactions in aldqerovskite, the simple Hubbard model
must be modified for each compound. Apart fromd ansite U, a U for the repulsion of d
electrons of different orbitals, crystal field $phg and Hund’s coupling J for the d electrons
on the same site should be included. Recently sucimulti band” Hubbard model is
constructed for the insulator FeWQ; and calculations are quite cumbersome [86]. Tdis i
one of the main reasons why DFT calculations argelyi used even with U as they are
globally applicable and comparison of the resulesrauch easier. But one question remains.
Is it possible from an obtained magnetic struct(frem neutron diffraction) to deduce
approximately the type of the superexchange (depgnaoh the different orbitals involved)
and its dominant path as there are different exghgmaths (without evaluating the more
complicated magnon spectrum)? These questionsamswgered by simple rules (GKA rules)
introduced by Goodenough, Kanamori and Andersoepeddently long before the Hubbard
model was introduced [87]. They are given below.

(1) The 180° exchange between filled or empty atbiis strong and anti-ferromagnetic
(2) The 180° exchange between a filled and an emnitiyal is weak and ferromagnetic.
(3) The 90° exchange between filled orbitals is kvaad ferromagnetic

Although these rules do not describe the interacégactly in most real compounds, with
some additional arguments and considerations tbeidcstill be applied. With these rules

Goodenough created a table with different combomatiof the number of d electrons in
different orbital states such as LS and HS, anceperimental magnetic structure could be
compared with the table. Now the possible AFM dtiies in double perovskites are
described in terms of dominating exchange pathdchwhre based on [88]. As already
mentioned the B and’Bations form an fcc lattice (Fig. 2.9), that maydistorted depending

on the symmetry of the system. Fig. 2.10 shows scftc lattice and the different exchange
paths present in this lattice. For a moment onlg suablattice (B) is considered to be filled
with both b4 and g electronsand in B the involved d orbital is assumed to be emptyit as

would be seen in a moment, it is not a bad assemptven if d electrons are present niB
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case if they are occupied by for examplegetectrons (LS) as in the present work, they are

mostly limited to the low lyingat; orbitals.
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Fig. 2.9: Formation of a fcc lattice by B antidations (shown in red). Deviation from the

cubic symmetry leads to distortion of the fcc tati

Fig. 2.10: Different exchange paths are shown erf¢b lattice formed by B.
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Fig. 2.11: Arrangement of the neighboring magnetaments in the fcc lattice for a k=(0,0,0)
magnetic structure.
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Fig. 2.12: Arrangement of the neighboring magnetaments in the fcc lattice for a
k=(0,1/2,1/2) magnetic structure.
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Fig. 2.13: Arrangement of the neighboring magnetaments in the fcc lattice for a
k=(1/2,0,1/2) magnetic structure.

Fig. 2.14: Arrangement of the neighboring magnetaments in the fcc lattice for a
k=(1/2,1/2,1/2) magnetic structure.

There are mainly two different dominant overlapsadaen the p orbitals of oxygen and the d
orbitals of B and B The bg Orbitals overlap with the p orbital of oxygen hrett ordering and
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the g orbitals overlap with the p orbital of oxygen ihetc ordering. Considering the
superexchange in the fcc lattice, there are twiemdiht exchange paths. Taking the B ion “1”
as reference, as marked in fig. 2.10 they are 8% {angle ideal for the cubic case) next
nearest neighbour (NNN) interactienB-O-B-O-B (between thegeof B via the vacantgeof

B) that connects B “1” to the three B ions in theness and the nearest neighbour (NN)
interaction that connects B “1” to the three B i3 and 4 on the face centres, that form a
frustrated AFM tetrahedron. The k=(0,1/2,1/2) are(1K2,0,1/2) magnetic structures are
shown in fig. 2.12 and fig. 2.13. As it could beesethe 180° AFM NNN are fulfilled in all
three directions for both the structures, thus teythe strongest interactions in these cases.
The difference between them arises from the 90° ARVlinteractions between 1, 2, 3 and 4
along the B-O-BO-B path (black dashed line in fig. 2.10), tha¢ awot identical for low
symmetry such as monoclinic cases. For the k=(,APstructure 1-4 NN dominates over 3-
4 and visa versa for k=(1/2,0,1/2). For high synmneases such as cubic, all the 90° NN
interactions become similar, resulting in high getms frustration, resulting in the
k=(1/2,1/2,1/2) structure [19]. At very large didtons of the crystal structure the deviation of
the O-B-O bond angle from 180° and 90° are quite larges these interactions are weak, on
the other hand the exchange paths B-O-O-B (fig0)2rhay become significant in this
particular case. The k=(0,0,0) structure resultsuoh cases (fig. 2.11) [88]. Note that the
k=(0,0,0) AFM structure is actually a descriptidnaomore complicated magnetic interaction

often containing a comparable ferromagnetic compbne
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3. Experimental methods

3.1 Powder diffraction methods

3.1.1 Introduction

The powder diffraction methods used in this work d¢se divided into three categories,
namely the laboratory x-ray diffraction, the syrmahon diffraction and the neutron
diffraction. Laboratory x-ray diffraction is used this work primarily to find the optimum
synthesis temperature of the investigated doubievgkite, where the fraction of the impurity
phases is minimal (high quality) and it is alsodus® roughly determine the crystal structure
and therefore the space group of the compoundoat temperature. The diffraction patterns
obtained from this method are also used to perfomlti-pattern refinements together with
neutron diffraction patterns at room temperaturge Taboratory x-ray powder diffraction is
carried out in flat sample transmission mode, uaain§TOE STADIP diffractometer. To
investigate the temperature and composition depeadef the crystal structure of the double
perovskites synchrotron diffraction (HASYLAB/DESYgnd neutron powder diffraction
(SPODI FRMII) are combined. In many ways these twethods are complimentary and
therefore ideally suited to describe the crystalcttire of polycrystalline double perovskites.
In this work neutron powder diffraction is also dge investigate the long range magnetic
order in double perovskites and crystal structe@res at lower temperatures. In the next
paragraph the basic principles of diffraction aketshed and the characteristics of x-rays
(synchrotron radiation) and neutron diffraction hogts are compared. It is followed by the

instrumentation information of laboratory x-raynshrotron and neutron diffraction.

Below the phenomenon of diffraction is addressedemrms of x-ray scattering and similar
principles could be transferred later to neutrdfratition. X-rays are scattered by the electron
density. This interaction may be inelastic as ia tdase of photoionization and Compton
scattering or elastic known as the Thomson scagetn the latter electrons oscillate like a
Hertz dipole at the frequency of the incoming xsrand thus becomes the source of dipole
radiation with the wave length being conserveds lihe third type of scattering that is used
for structural investigation and termed as diffiact The scattering of the x-rays by the atom
involves all its electrons (electron density) amdatibed by the scattering amplitude of the x-

rays by an atom, called the (uncorrected) atomigyxtorm factor £, that depend primarily on
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the charge densityp and the difference between the incidence and esedalt
directiongy = Rj —Ri . The intensity of the scattered x-rays is thugpprtional to the square

of fx.
@02 fo=[pFle¥d (3.2

In the following the diffraction of x-rays at a padic lattice of a crystal is considered and
sketched in fig. 3.1.

Fig. 3.1: Diffraction of x-rays at a periodic lai of a crystal

In this case there isn’t only one atom but an aofagtoms in three directions and that paves
way to interference effects between the scattereayx from different atoms. Bragg was the
first to construct a condition for the constructiméerference of x-rays (waves of the same
phase) scattered from neighbouring parallel lafieees at the separation distangg, dhat

result in intense reflections at certain angles.

m=2d,,siM  (3.2)

L. wave length of x-rays,d: distance between parallel lattice planesangle of incidence
and n: diffraction order.
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The Bragg equation above describes the case, whecattered x-rays, that interfere, come
from the whole lattice (many unit cells). In thisntext the amplitudes of the Bragg
reflections are proportional to a quantity knowrsascture factor Fk=(hkl)).

Fk = Zfiezm(hxi’fk%”zi) (33)

fi: form factor of i th atom

This is the most important quantity in x-ray difftn as it contains the atomic position
coordinates. It is the deciding factor for relatiméensities including systematic absence of
reflexions thus conditions for systematic abseneetd translation (centering, glide plane and
screw axis) could be formulated. In refinement pthaes usually the Debye-Waller factor,

which contains the thermal displacement paramstalsp included in this term.

The elastic scattering principles of x-rays canttamsferred to neutrons as well, but the
relevant interactions differ from the one in theay- case. Indeed there are two different
contributions for the neutron case. Neutrons aatteied at the nucleus involving the strong
force in contrary to electrons in the x-ray cass.tlée neutrons have a spin magnetic moment
of ¥ there is a dipole interaction between the spagnetic moment of the neutron and
magnetic moment in the compound, resulting in @sécontribution to the scattering in case
of ions in the compound that have a net magnetimem. As in the case of x-rays, neutron
scattering at an atom can also be described by factors, namely a nuclear form factor and

a magnetic form factor.

In the following the synchrotron diffraction andetheutron diffraction are compared, leaving
out the laboratory x-rays for a moment in this cangon, as synchrotron represents a
superior form of the former. Firstly the resolutiam compared. Typically synchrotron
diffraction has a higher angular resolution thae treutron diffraction, due to the more
monochromatic nature and the lower divergence, ithatirn as a consequence of the high
intensity available from the synchrotron sourceiochlallows the x-rays to be highly focussed
and monochromated, at the same time maintainingla flux on the sample and allowing
faster data collection. As a result of the higlesotution sharper peaks could be obtained and
therefore splitting due to distortions of the cayst structures could be resolved. The

mentioned high flux of synchrotron also improves #ignal to noise ratio thus weaker peaks
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could be seen. The variation of the resolution itk angle 2 depends on the geometry of
the diffractometer (on the instrumentation). Coasity the 2 dependence of the scattering
power, in case of x-rays that interacts with thexgbns, the form factor rapidly falls at higher
angles. On the other hand for the interaction aftno@s with nucleus there are no major
changes to the nucleus form factor up to highelesngvhereas the magnetic form factor
changes even more rapidly than the x-ray case gtmgrds higher angles. Another
difference between them is that x-rays react with ¢lectrons stronger than neutron with
matter and therefore synchrotron needs smaller lsasiges and much shorter data collection
time than neutrons (m 4g). For the latter feature synchrotron measurésnare preferred to
investigate a larger number of samples in a shenb@ of time and especially temperature
dependence of the crystal structure of samplesrevige temperature intervals are desired.
In the present work because of this feature thepéeature dependence of the samples are
investigated by synchrotron (20K steps) and onlgpecial temperatures neutron diffraction
is applied. At this point it seems that synchrotignsuperior to neutron diffraction in
structural investigations but as already mentioti®y may give complimentary information
as they both interact with matter differently esplg concerning sensitivity for different
elements. The interaction between the x-rays aactkbments in a sample is proportional to
the number of electron in an element, thus thetextiady of x-rays at heavier elements is
stronger than at lighter elements. On the othedhéae interaction between neutrons and
nucleus has no clear relationship with the isotageeshis depends on the short range strong
nuclear force. This may result in significant diface in nuclear scattering between elements
next to each other in the periodic system and &eatween isotopes of the same element thus
neutron scattering is essential for structure ihgasons of compounds that contain two or
more elements with similar atomic number. As thattecing strength for neutrons does not
depend on the atomic number as in the case of-ras more sensitive to lighter elements
in the presence of heavier elements. This is vaergortant to oxides containing heavy
elements as in the present case of double peresgsiith Lanthanum at A-site, as in its
presence x-ray diffraction is rather insensitiveokygen and the intensity of the additional
reflections due to octahedral tilting from the aubtructure depends primarily on the actual

positions of oxygen.
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3.1.2 Laboratory x-ray

The laboratory x-ray patterns are obtained usi®T®E STADIP diffractometer, operated
with Mo-Kaz1 radiation (using a curved Ge(111) monochromatorransmission mode and
equipped with a linear position sensitive detedRmwder samples are placed within two thin
foils and attached to the rotating disc. Diffrantipatterns are collected in steps of 0.01° and
from 3°-49.99° B angles. The refinement of the structural paramsagecarried out using the
program FULLPROF. A photograph of the diffractormeseshown in fig. 3.2.

Fig. 3.2: Image of a STOE STADIP diffractometer.

3.1.3 Synchrotron powder diffraction

The synchrotron powder diffraction patterns areamiad from the beamline B2 [89] situated
at a bending magnet of the storage ring DORIS 1IIHASYLAB/DESY in Hamburg,
Germany, in the Debye-Sherrer mode using capibample holder. The diffraction patterns
are collected in steps of 0.004° and from 4°-49.99°angles. For the detection of the
scattered rays an on-site readable image-platectdet®©BI [90] is utilized. For high
temperature measurements (above room temperatr&TOE furnace equipped with a
EUROTHERM temperature controller is used, wher@addw temperature measurements a
special cryostat [91]. With this beamline the terapg&re dependence of the crystal structure
is investigated between 20K-1173K during heatingliiferent temperature steps depending
on the compound, see table 3.1. The wavelengtheokynchrotron radiation is determined
using the reference material LaBnd it ish = 0.49327(1) A for high temperature
measurements (above room temperature) and 0.50205(1) A for low temperature

measurements (below room temperature). The refinerak the structural parameters is
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carried out using the program FULLPROF [92]. A dethdescription of the beamline and
the diffractometer setup is described elsewhere9[#9

Table 3.1: Measurement details concerning the csitipn and temperature steps for,La
xSKCOIrGe.

X Below room temperature Above room temperature

0 - 300-1173K in 100K steps
and 440-560 in 40 K steps

0.5 - 273-1173K in 75K steps

1.0

1.5 20 K-300K in 20 K steps 273-1173K in 75K steps

2.0

3.1.4 Neutron diffraction

The neutron powder diffraction patterns are obthifnem the “Forschungs-Neutronenquelle”
FRM Il at the structure powder diffractometer SPADIGarching, in the Debye-Sherrer
mode, in order to investigate the crystal and magséuctures [93]. The diffraction patterns
are collected in steps of 0.05° and from 2°-151.9%°angles. The scattered neutrons are
detected using 80 He3 counters (2° angle rangecqanter). Low temperature diffraction
patterns are obtained at 3, 50, 100 and 300K féx 85, 1.0, 1.5 and 2.0 of L :6KCoIrOs
and at 4 and 300K for x=0.5 and 0.75 ok l@aColrOs using a cryostat for cooling and
additionally high temperature diffraction patterae obtained only for x=2 of the LaSr
system at 300, 500 and 900K using a furnace. Theleagths for low and high temperature
measurements are 1.548(1) A and 1.546(1) A resdgtiThe refinement of the structural
parameters is carried out using the program FULLPRO

3.1.5 Rietved refinement

The Rietveld refinement is a least square fit appinato minimize the difference between the
experimental diffraction pattern and the modellege,0in contrast to earlier structure
determination approaches, where the peaks arenassi® individual reflections and the
crystal structure is determined [94]. In powdeffrdiftion it is common to have overlapped
peaks, where the Rietveld refinement has the adgantompared with earlier approaches, it
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does not rely on the splitting of the peaks asiiher refines a number of parameters in the
model comparing with the experimental diffractiocgitprn to obtain an optimal least square
fit. In this work the program FULLPROF is used tarny out Rietveld refinement. The

function to be minimized in the Rietveld refinemeéntvritten as:

2

. :Zn:Wi(yoi _yci) (3.4)

i=1

Yoi: experimentally observed intensity at the datanpoiy.: calculated intensity at the data

point i and w=1/0%, wheres;® being the variance ofy

In several cases as in the present work where paeasnare refined simultaneously using
more than one diffraction patterns (Lanthanum atrdnfium sites are more weighted from
XRD and Oxygen sites from NPD), known as multi-pattrefinement, the above function

could be generalized as shown below.

n

x2=gw{2wi(yoi—yd)z} Yo, =1 (35)

i=1

The weight factorsy, are provided manually by the users and are inligrnarmalized. The

calculated intensity at i is formulated as follows.
Yic =Y +ZSpZG5<Ik (3.6)
p k

yib: background intensity at i,5: normalized profile function,d intensity of the k th Bragg
reflexion contributing to the intensity at y:Scale factor of phase p and p: number of phases.

The intensity | contains the following parameters.
2
l, =L, PRAEQJR|]" (3.7)

L. Lorentz factor, polarization factor and multiptyc factor together, P preferred
orientation factor, & absorption correction, (E extinction correction, Q geometry factor

and k: structure factor.
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The structure factor (~contains the structural information of the samaie other factors
describe the instrument and sample related coorestiThe positions of the reflections are
optimized by the refinement of the lattice paramseteThe structure factoriFEontains the
information about the atomic positions, occupatmmmbers (also mixed occupancies) and
Debye-Waller factors B While the Atomic positions and occupation numbaffect the
intensities of the peak, the temperature factonced and contributes to the background, thus

all three are strongly correlated parameters.

The normalized profile function & contains information about real-structure effdntshe
sample such as particle size or strain effectsrasdlution parameters of the instrument and,
therefore, is a convolution of instrument related sample related functions. Usually they
are described by a Gaussian function G(x) (x dentte diffraction angle in this case, but
generally it may also denote energy or time ofhffjg a Lorentzian function L(x) or a
combination of both. A convolution of G(x) and L(Xnown as the Voigt function V(x),
would be an ideal function to describe this, butneucally quite difficult to handle. Instead
of this a linear combination of G(x) and L(x), knovas the Pseudo-Voigt PV(x) is used,

which is numerically more easy to calculate.

G(x):g In—ze(Hz) Gaussian function ~ (3.8)

LX) =——"—— Lorentz function (3.9)
T

V(x) =G(X) O L(X) = '[L(x u)G(x)du—B—Re{erf(—|x|+|BGB\L/;H, Voigt function

erf(y) = je‘t dt, B, =—S \/7 B =n —L (3.10)

PV(x) =nL(X) +(1-1)G(x), 0sn <1l Pseudo-Voigtfunction (3.11)

61



Until now the meaning of H is not mentioned. Ithe full width at half maximum (FWHM)

of the profile function and depends on the diffi@etangle B. For the Voigt function
therefore two different FWHM'’s Hland H are used. All the refinements in the present work
are done by using the Pseudo-Voigt function frommdption Npr =7 in FULLPROF. Also in
the Pseudo-Voigt function, that is selected forrgfenement (Npr=7), two FWHM'’s are used

and they are given by the following expressions.

I
H2 = (U + D2 tan®0 + Vtano + W + —S— 3.12
2 =(u+D2 ) 5 (312)

[Y +F(sZ)

H, = Xtano +
cod

(3.13)

The parameters U, V and W characterize the resoluf the instrument, whereag,Og, X
and Y+F(SZ) characterize the Gaussian contributton strain, size, the Lorentzian
contribution to strain and size. The expressionHef is a modified form of the Cagliotti

formula.

Although several options including polynomial fiy are available in FULLPROF, the
background intensity;yat i is calculated in this work from the lineatearpolation between

the (N) selected background points.

FULLPROF also offers corrections to sample displaeet in Debye-Sherrer geometry
(Sycos) and to the displacement of the detectan filve zero point (Zero), where the former
is refined in diffraction patterns obtained fronray synchrotron diffraction (thin capillary)

and the latter for the laboratory x-ray and neuttgfraction patterns.

After the parameters are refined, it is importamtjudge the quality of the refinement,
especially for the case, where the refinement efghrameters are carried out for structure
models with different space groups for the samepmmd. To do this there are several

statistical measures for the quality of the fiess{duals) available and they are listed below.

Z|yio_yic|
R, =- profile R factor (3.14)

P Z Yio ,
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, weighted R (3.15)

Z|lko_|kc|
ke
i)
2l
k

Rg = Bragg R factor (3.16)

ZWi (yio _yic)2
GOF: 3% =- NP , goodness of fit  (3.17)

N: Number of y's, P: Number of refined parameterg, bbserved intensity of the k th Bragg

reflexion and : calculated intensity of the k th Bragg reflexion.

Refinement would be carried out until the lowestgible value for these residuals is reached.
As these residuals are greatly influenced by theadito noise ratio of the diffraction pattern,
the range of values for these factors differ dependn the types of radiation used
(laboratory x-ray, synchrotron radiation or neugpthus these factors should only be used to
compare different fits to the same diffraction pait Although these above mentioned
residuals are employed, it is also important taaily compare the agreement between the
calculated and the experimentally observed diffoactpattern. A difference plot may be
useful in this context, especially to find systeimarrors and to identify magnetic Bragg

reflections in the pattern.
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3.2 MPMS:. Magnetic Property M easurement System

3.2.1 Theoretical background and basics of the instrument

The temperature and external magnetic field depeeteof the magnetic properties of the
compounds are measured using a magnetic properasurement system (MPMS) from
Quantum Design from 1.8-350 K and up to 7 Teslpeaetvely. The main element of the
MPMS is a superconducting quantum interferenceagemagnetometer, known as SQUID
magnetometer. It utilizes the Josephson-effectthadlux quantization in a superconducting
ring. The Josephson-effect is a macroscopic quamhemomenon, including a number of
effects, related to the behaviour of an insulatiogtact (Josephson junction), which weakly
couples two superconductors (wave functigasandyy,), in a dc current, ac current, voltage
or an external magnetic field. In the DC Josepheftect, a supercurrent is induced across the
junction only due to the phase difference of thevevéunctions without voltage drop. This
supercurrent is due to the tunnelling of the Coquars, that should not exceed a particular
critical value ¢. In case of exceeding hormal conducting quasi particles would also tlinne
through the junction parallel to the Cooper paiesulting in a voltage drop, as a result the
supercurrent shows oscillatory behaviour dependingthe voltage drop. This is the AC
Josephson effect. F. London showed consideringvtve mechanics that the frozen magnetic
flux in a superconducting ring should be quantiZggplying an external magnetic field to the
ring would induce a supercurrent in the ring thauld stabilize to a stationary state, as there
is no resistivity. But this supercurrent and thduced local magnetic field can only have
discrete values, as the stationary state demandsctmstructive interference of the
macroscopic wave function (as in the case of thier Bdomic model). This implies that the
total flux, that consists of the local flux and tea&ternally applied flux should also be
guantized and be an integer number times the el@amefiux quantad, (®o=h/2e). Coming
back to the Josephson contact in an external miagfeld, it can be shown that current
density oscillates along the direction which ispeerdicular to both the external field and
transport direction of the current. Integratingragahis direction would give the supercurrent,
that shows a damped oscillating behaviour depenaiinipe flux penetrating the contact.
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(3.18)

The Josephson junction could be used to measuresxtternal magnetic field. But the
resolution of such a junction is poor. This coulkel $een by looking at the sensitividy
keeping in mind that at the first minimum gf®) curve, one elementary flux quantdrg has

penetrated the contact with the area of A.

504s =_Is (3.19)

Increasing A of the contact would improve but alternatively a superconducting ring with
one or more Josephson contacts can be used tovexprdhe relevant area would be the one
within the ring. The instruments that use such pestonducting ring with one or more

Josephson contacts are called SQUIDs. The SQUIxhwb used by the MPMS, consists of
only one Josephson contact. The total flux for tase could be written as a sum of the

external fluxd¢y and the screening term as:

. LI : . .
L —B—Lsm(anj (3.20), B, = 21:?‘3, BL: screening parameter, L: inductivity

@ _
o, O, 2n 0 0

The variation of ® with ¢y is shown in fig. 3.3 (left) for different valuesf @,.

_BL=5
——ideal ring —

0 1 2 3
q)e(t/CDO

Fig. 3.3: Variation ofD with @y (left) and the external tank circuit (right).

65



For B.>1, hystereis behaviour is obtained and the mosh@fSQUIDs are operated in this
regime. With increasing external flukey, the total flux® increases only slowly as the
supercurrentd would screen the external flux (only partially dwethe insulating barrier).
This screening would break down as soornsasdchesd (critical external flux®ex: o) and the
Josephson junction switches to the resistivityesthus an elementary flux quantum can
penetrate into the ring and a new quantum staibtened. If nowde,; would be reduced, the
SQUID would remain in the new quantum state ubtitby-®ex;, Where §would again exceed
Ic and returns to the initial state. This hysterégkaviour is related to an energy loss at the
Josephson junction. In following the practical @gtem of this type of SQUID is described.
The SQUIDs with one Josephson contact are opemttdte so called radiofrequency mode
and also known as rf-SQUIDs. In this set up fiehgrgy would be made available from an
external resonance circuit (fig. 3.3 right) andstbehergy would be used by the SQUID as
soon as a flux quantum penetrates the ring. Tisn@nce circuit is fed in with an alternating
current ksin(ont) (frequency up to 1GHz) with the amplitude(actually Qf is the current

in the circuit due to a quality factor Q of thectiit) and a frequency close to or with the
resonance frequenay;, which enables a continuous circulation through higsteresis loop.
During a measurement additionally to the penetnabb the magnetic flux created by the
radiofrequency, the magnetic flux from the sampéavould also penetrate the SQUID. In the

following only the case®s=n®, andds=(n+1/2)b, are discussed considering the fig. 3.4.

¢®<t:n¢0

VRC
>

Fig. 3.4: | dependence of the voltage at the resonance circuit
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In the first case it is assumed n=0 and therefafg the flux ; due to the alternating current
in the circuit should be considered. With incregsamplitude of the alternating currepntthe
voltage at the resonance circuikdv/increases as long ds: would be compensated by at
the ring. Reachingsklc, ®g penetrates into the ring and as the sign: @ reversed due to the
alternating current and a hysteresis loop woulaibrulated (0-A). The dissipated energy is
taken from the resonance circuit and as a reswtwould crumble. The recovery of thexy
takes many periods of and once again a hysteresis loop would be ciredjahat result in
the crumbling of V¢, that is once again restored by many periodsg.dihtcreasing J further
would reduce the number of periods needed for ¢lcevery of \kc, but does not increase
Vre (A-B). The k range of constant p¢ comes to an end as each period fnduces a
hysteresis loop. Increasing further would result in an increase okd/as now an excess
energy is stored in the resonance circuit and ctesntnce again as the energy is reached that
induces the penetration of twiy (B-C). The behaviour of M would be repeated depending
on k. In the second case once again n=0 is assumethargis already X, in the ring and
together withd® the penetration happens at a smallethbn for the first case (0-D) and the
behaviour of ¢ is the same as in the first case but only shifiigel to the external ¥, The
response of Xc for all other values ofd are between the extreme casks=n®, and
ds=(n+1/2YDo. Now varying®s in a constant yields an oscillation of ¥c between the
ds=ndy and®s=(n+1/2)Dy cases with a period db, thus an rf-SQUID is a non linear flux-
voltage converter. For a high sensitivity, the atode of Vkc(®) oscillation should be as
large as possible thus the rf-SQUID is operatethénplateau region. Such a construction of
the rf-SQUID has one main short coming. Odly up to ¥2d, can be uniquely detected, as
larger ® would result in an ambiguous signal in the voltaparacteristic curve due to the
periodicity of Vkc in ®. One way to detect larger magnetic field changesladvbe to make
the area of the rf-SQUID smaller, but limited by ttmanufacturing process, this cannot be
done arbitrarily. Instead of this the external metgnfield change is compensated by a coil
and the rf-SQUID itself functions as a null deted@b]. This compensation “direct” current
is proportional to the external magnetic field opanThe resolution of the signal depends
additionally only on the on the sensitivity of thieSQUID, namely on the gradient of the
voltage-flux curve. Usually the maximum gradientga of the voltage-flux curve is utilized.
The resolution of the SQUID in this range is betw&6%-10* d, [96].

However such a construction (magnetometer) is ptoregher signals such as noise from the

power line or earth magnetic field therefore anottenstruction is used in the MPMS to

67



detect the signal. The MPMS uses a second derévatil set (longitudinal set up, coil length
3cm) to detect the signal from the sample. Thisdraadvantage of maximizing the magnetic
field gradient of the signal from the sample anaimizing the above mentioned noises. The
signal detected in the second derivative coil iupted to the SQUID through a
superconducting transformer. During the measuretmensample is moved inside the second
derivative coil by a stepper motor (DC mode) oeeve motor (both DC and RSO mode) and
the signal is converted into the SQUID voltage .nritbe amplitude of the voltage distribution
the magnetic moment of the sample could be cakdlathe set up with the servo motor in
the RSO option is used for the measurements inatbik [97]. In the RSO option the sample
is moved rapidly and sinusoidally through the selcderivative coils around the center of the
coil, which is exclusively applied in the presenoriy or around the maximum gradient
position of the voltage curve. The signal is reearghosition sensitively. With this option a
sensitivity of up to 3x18 emu can be reached and the effects of the nomm the
superconducting magnets can be reduced. The selesivative coil set up and the detection
system are shown in fig. 3.5.

Model 1522
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coil set ’ voltage
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Fig. 3.5: The detection system [al127] (top) andsineond derivative coil set up in an MPMS
(bottom).
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3.2.2 Experimental procedure

The temperature dependence of the magnetizatimeasured in the range 1.8-350 K and the
field dependence of the magnetization is measupeth Y Tesla using the RSO option. The
oscillating amplitude around the center and thgueacy of the oscillation are selected to be
4 cm and 1Hz respectively. Furthermore, three seaasdone per measurement point each
with two cycles of oscillation with the above memid frequency. Polycrystalline samples
are ground, weighed and are put into a capsule.c@psule containing the powder are then
fixed to a long plastic straw, which is mountedngsa sample rod that in turn is moved by the

servo motor.

For single crystal measurements special plasticpgarholder platforms with different
gradient surfaces are used (which are fixed toaavsas in the above case). As witrand6
any macroscopic crystal surface (correspondingotoescrystallographic direction) could be
oriented in space, one of the angles is fixed leyctioice of the sample holder with a certain
gradient surface and the other angle is fixed bgtireg the single crystal on the surface, thus

the preferred lattice direction parallel to theezntil magnetic field could be fixed (fig. 3.6).

External
magnetic field B

Sample holder
platform

\_/ Cry "

Fig. 3.6: Different orientations of the 4@0IrOs single crystal on special sample holders.
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3.3 PPMS:. Physical Property Measurement System

3.3.1 Introduction

The resistivity and the heat capacity of the samplee measured using a Quantum Design
Physical Properties Measurement System (PPMS). FR&IS is a cryogenic system
incorporated with a 9 Tesla superconducting magaeprecision current supply and a
precision voltmeter, where different types of measwent options are available such as
resistivity, heat capacity, AC transport, VSM, Headlitage etc. These measurements can be
done from 1.8-400 K and at external magnetic fieiddo 9 Tesla. In case of VSM, an oven
option is also available, that facilitates measuets up to 1000 K. A schematic diagram of
the PPMS probe is shown in fig. 3.7. At the bottomthe sample chamber a twelve pin
connecter is prewired to the system electronicseerAovable sample puck (sample is mounted
into the puck), separate ones for each option,bmaplugged and locked to the twelve pin
connecter with the connection to the hardware afiivare of the system. The temperature
inside the sample chamber and the external maghekit are controlled by the computer
[99]. In the following the resistivity option anldd heat capacity option are discussed.
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“Keyed" bottom connector

Fig. 3.7: PPMS probe [99]

3.3.2 Resistivity option and the van der Pauw method

The resistivity measurements are done using thstikgty option of the PPMS [100]. They
are used to study the temperature and magnetat dihendence of the electronic transport
properties of the compounds and to calculate timel lgap in case of insulators by fitting the
data to an adequate transport model. To measunesistivity the van der Pauw four-point-
method is utilized [101-102]. This method has ttieamtage that samples with arbitrary shape
can be used, in contrary to the conventional foamtp method, where the geometry
parameters are needed to calculate the resistway.der Pauw showed that, for a sample of
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arbitrary shape (but single connected) with homeges thickness and with four contacts

(A,B,C,D) on it (fig. 3.8 left), the resistivity aabe calculated using the following equation.

o= Tc_d( Ras.co t Recpa )f(EAB'CD ] (3.21)

2 BC,DA

p: resistivity of the sample, d: thickness of thenpke, Rs.co (Rscpa): resistance if the

current is sent between AB (BC) and the voltageméasured between CD (DA) and f is a
function of the quotient of the resistances andl&sendency is shown in fig. 3.8 on the right.
If the quotient of the resistances is kept smakntf can be set to unity. Furthermore the

contacts should be one magnitude smaller thanaimple size.

L T
03_ “"'p-.L_L_dw ] of o S P . __!.__l__ — - b—| =4
b g — THiNR L
W - .
c fo OIS
04— LT il
| B N T = SRR
0.2 i — I 2 o
IEERIEN ' |
p | I l
! 2 o 2 5 02 2 g : 2
A ﬁldﬁc.g . ’
B 56,04

Fig. 3.8: Four contacts on the boundary of a abjtshaped object (left) and quotient of the

resistances dependency of f [101].

In case of equidistant contacts on vertices of maginary square and a sample that
approximately has four fold rotation axis perpentiic to the sample surface, it can be

assumed the resistanceggRp and Rcpa are very much similar, thus eq. 3.21 can be

simplified as:
nd
p= E R as.co (3.22)

This is the equation used in this work. In the daling the functional principle of the

resistivity option in the PPMS is briefly discussed
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The samples are mounted on a special resistivitipkapuck (fig. 3.9). The resistivity sample
puck has four contacts (pads) each on three sitléseopuck, a negative and a positive
contact for current and voltage. Therefore, vanRBrw measurements are possible using this
puck architecture. Each side with four contactsasnected to one of the user bridge board
channels thus three samples can be measured sienlisly. But in this work only one
sample is measured at the same time. For the nezasats wires should be soldered to the
pads and connected to the samples on the othefl bisdis cumbersome and may damage the
pads. Instead of this a special press contact ddgdaee fig 3.9) is developed, that connects
the sample to the pads. There is however anottaygm concerning the contacts on the
sample. The press contact assembly can be dines#lgt without any further considerations
for metallic samples but in the present work, ttvestigated compounds are polycrystalline
oxides with rough surface, which paves the waydaogye contact resistivity. In order to tackle
this problem electrically conductive two componsihter epoxy Epo-Tek H20 is used on the
contact points on the surface of the samples. Ctstae annealed in a furnace at 400°C. For
all the investigated samples the contact resigtigached a minimum for annealing periods
around 7 minutes. In order to guarantee, that émepte has the temperature of the sample
chamber, a good thermal contact between the saanplé¢he puck is required but at the same
time an electrical isolation is needed in orderatmid a short circuit. Therefore, a small
weighing paper, coated with the grease Apiezon Nased between the puck and the sample,

thus guaranteeing a good thermal contact and aaime time avoiding a short circuit.

Fig. 3.9: Special resistivity sample puck [100] anfixed special press contact assembly.
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With the resistivity option, measurements can beedeither in the AC or in the DC mode.
In the DC mode the user bridge board applies a Xx@ation to the sample and measures the
voltage drop twice with the same polarity and agesathem. The resistance is calculated
from the DC excitation and the voltage drop and rémgstivity is calculated using the eq.
3.22. In the AC mode the user bridge board ap@ie®C excitation to the sample and
measures the voltage drop once and reverses thetidir of the DC excitation current and
measures once again (7.5 Hz square wave excitaimh}the absolute value of the readings
are averaged. The resistivity is calculated as imead in the first case. The AC mode has the
advantage, that it eliminates errors due to a Di€ebivoltage. In the present work the AC
mode is exclusively used. Regarding the measuremsrges, the resistivity option can
measure resistances in the range from below one t0hmore than one mega Ohms (up to 5
mega Ohms possible), which is in contrary to tl&TAoption in the PPMS that measures
only in the nano Ohms to the kilo Ohms range. Tureent, voltage and the power are limited
by the user bridge board. As the latter is the pcodf the first two parameters, the
combinations of values are limited to a certaingemand shown in fig. 3.10. The ranges for
current, voltage and power are shown in table Bh2. resistivitymeasurements of all samples
of Lap.xSKColrOs and LaxCaColrOs are carried out below 300 K. For x=0, 0.5 and thef
LaSr system and x=0.5 and x=75 of the LaCa systamldwest temperature measured is
limited by the large resistance (largest voltagatliand smallest current limit are exceeded),

whereas for x=1.5 and 2 of the LaSr system resistanuld be measured up to 2 K.
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Fig. 3.10: I,V and P limitations of the operatidrtlee resistivity option [100].
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Table 3.2: The ranges for I, V and P.

Parameter Range
Current | + 0.01-500QA
Voltage V 0.001-100QW
Power P 1-95 mV

3.3.3 Heat capacity option

3.3.3.1 Introduction

Heat capacity measurements are done using theeatity option of the PPMS [103]. They
are used to study the change in the degrees addneeof the physical properties and the
interaction between them. In the present work thesasurements are done in order to
determine the temperature range of the magneteriogl of the investigated compounds. The

relaxation method is used to evaluate the heatitgpa

The heat capacity at constant pressure P is defised

C,= Iim(a—Qj (3.23)
-0\ AT ),

, 0Q: Input heat energWT: Temperature change

The heat capacity option controls the applicatibthe heat into the sample and its removal
from the sample and monitors the temperature changeg this process. A measurement
includes a heating period with a constant heatimggr pumped to the sample for a defined
period of time and cooling period with the sameirdef time interval, where no heating
power would be pumped. During this time the diffexe in the sample temperature would be
monitored and could be fitted to an adequate mfmte¢he heat capacity that considers either
the thermal relaxation between the sample and tlagfopn (simple model) or two
relaxations, one between the sample and the phatéod the other between the platform and
the thermal bath (two model). These models are discussed in sectioB.3.3But at first the

functional principle of the components of the heapacity unit, which is the central part of
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the calorimeter puck, is discussed. A schematid¢chkef the heat capacity unit and the

calorimeter puck are shown in fig. 3.11.
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Fig. 3.11: Schematic sketch of the heat capaciily[l@3] and the calorimeter puck.

The platform heater and the platform thermometegsraegrated into the bottom part of the
sample platform which is the calorimeter chip. Tdatorimeter puck contains also another
thermometer, the puck thermometer, which cannotséen in fig. 3.11. The platform
temperature and thus the sample temperature areunaelaby the platform thermometer. The
sample is mounted onto the platform using the Agneld grease layer as the contact between
the sample and the calorimeter chip (platform)sTdrease is selected due to its good thermal
conductivity and good adhesive properties. The tegghall wires are primarily used for
electrical connections to the platform thermomate the platform heater. They also provide
the thermal connection of the platform and struadtstability of the platform. The PPMS
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Cryopump High-Vacuum option provides a high vacuflomase pressure about 0.01 mTorr
when high vacuum is activated). This enables a dantithermal conductance between the
platform and the thermal bath (puck frame) throtlghwires, giving a reproducible heat link

to the bath with a corresponding time constangidanough to allow reaching a good thermal

equilibrium for the platform and the sample durthg measurement.
3.3.3.2 Theoretical modelsused in therelaxation method
3.3.3.2.1 The simple mode (single T model)

If good thermal contact between the sample ands#meple platform exist, then it could be
assumed that the temperature of the sample andadimple platform are the same. The

temperature of the platform T as a function oftthee t obeys the following equation.

dT
Ctota:_Kw(T_Tb)-l_P(t) (3.24),

Ciwr. Total heat capacity of the sample and the samplpliform, K,: Thermal conductance of
the wires, T: Temperature of the bath (puck frame) and P(t)ateie power, which is a
constant B during heating and zero during cooling thus regméag a step function. The
solutions to the equation are exponential functwitl the time constant=C,/K. Inserting
the measured platform temperature and thegfkom calibration) to the solutions of eq. 3.24,
Cwt Can be obtained via. The software uses the simple model to measureadadenda
(platform and grease) and generally to measurbéehe capacity of most samples. In the latter
case the heat capacity of the sample is obtainedubyracting the addenda contribution
(Ciot.add) from the sample measuremenio(g). However if the thermal contact between the
sample and the sample platform is poor, the soéwees the more sophisticated two

model.
3.3.3.2.2 Two T mode

This model is used if the thermal contact betwdensample and the sample platform is poor
(or if the sample is too big) and produces a terdpee difference between the two. Therefore

considering both the heat flow between the samiglifgpm and the sample and as well as the
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heat flow between the sample platform and the atick frame), the temperatures of the

platform T, and of the sampleshs a function of the time t obey the following atjons.

dT,

o d_lp = P(t)_ Ky (Tp (t)_Tb)+ Kg(Ts(t)_Tp (t)) (3.25)
cSr =K (L)-T,0) @26,

Cp: Heat capacity of the platform and the greaseg, Meat capacity of the sample,,K
Thermal conductance of the wires ang Khermal conductance between the sample platform
and the sample due to grease. Inserting the mehglaform temperature with the two

model, two time constants can be obtained.

1
T, _a—-l-ﬁ (327)

K K
a=Rw Doy B (3.29)
2C, 2C, 2C

B — \/(KgCS)2 + 2KQZJCPICS + (KgCPI )2 + (KWCS)2 + 2KgCéKW - KngCPICS (3 30)
2c:PI(:S .

The heat capacity of the sample can be obtainedh&atwo t values by subtracting the

addenda contribution, which is obtained from thede model.

3.3.3.3 Experimental procedure

The determination of the heat capacity of the sarmphsists of three steps. They are the puck
calibration, addenda measurement and the samplsunemaent. The puck calibration needed
to be done only once for a puck unless the caltmdiles get erased or the components get

damaged. The calibration procedure consists oftéhgperature dependent measuring the
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conductivity of the wires, the resistivity of thegk thermometer, platform thermometer and
platform heater and they are stored in a calibnafiie and used for solving the above
equations. As the above parameters are also fiefierdlent, especially non-negligible
contributions below 20 K, these parameters are @fibrated at selected magnetic fields and
stored in the same file. For other magnetic fidglisse values can be interpolated. Prior to
each sample measurement an addenda measuremantad out. For this purpose, a small
amount of grease (Apiezon N) is applied onto tlafptm and the heat capacity of the grease
together with the platform is measured (addendaghSa heat capacity of an addenda

measurement is shown in fig.3.12.
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Fig. 3.12: Heat capacity of an addenda measurement.

Now in the final step the sample measurement i®dbmthe prior step the amount of grease
should be selected depending on the size and ggoofdhe sample. It is also important that
the flattest side of sample (should be polishedritical cases) be placed on the grease as
inhomogenities in the surface of the sample wonftiénce the thermal contact between the
platform and sample which in turn would affect #sezuracy of the measurement. Once the
measurement is started, the determination of tiaé ¢depacity of the sample is automatically
done by the software. In this work the temperatdependence of the heat capacity is
measured from 2 K up to 250 K for x=0, 0.5 anddf.ba,«SKColrOs (at around 280 K there
is an anomaly in the addenda probably coming frbm grease [a88]). In most cases 3
measurements are done per temperature point arftetttecapacity is measured with 2% of
temperature change.
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After the heat capacity data are obtained, it i9drtant to analyse their temperature
dependence. In the present work finding anomalti¢lseamagnetic ordering temperature is of
primary interest or, in other words, the magnetintabution to the heat capacity. In order to
obtain the magnetic contribution, the phononic gbation should be subtracted from the
total G- (in case of insulating oxides the electronic cbution is negligible). Usually theC
of a non-magnetic isostructural compound would Easared and it would be subtracted
from the sample &£ In the present work there is no possibility farcls an option and
therefore the phononic contribution should be apipnated using an appropriate model.
Usually the Debye model is used to approximategoti@onic contribution. Within this model
only the acoustic branches of the phononic spectwonid be considered and furthermore all
of them are described by the same sound velocitth YWese assumptions the Brillouin zone
of the crystal is approximated by a sphere of Haesvolume in the reciprocal space and the

formula for specific heat capacity-@as the following form.

T\l ex
C, :9R( j [ dx (3.31),
0
Universal gas constant R=8.314 J/K m®k: Debye temperature, Debye energy=K;0p
and lg: Boltzmann’s constant.
The integral in the above expression is the Delnyegral and cannot be solved without

special functions analytically.

Therefore the Debye integral is approximated bySimepsons method with n=4.

S i)
: 2 ®T2+2 3®8T2+2 5®8T2
(eT -1 (egT —1} (egT —1} (egT —1]
70, 4 Op 4 0p 4 30, 4
esT(7®D j oir ((%j oot ((%j eu(3@ : j
) 8T ) .4 aT) 4 2T) .4 4T

705 2 Op 2 Op 2 30, 2

(3.32)
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3.B DFT calculation procedure

First principles density functional theory (DFT) irsppolarized electronic structure
calculations are performed for x=0, 1 and 2 of |SxColrOs (calculations are performed for
x=0.5 and 1.5 in the FM configuration only to obt#he Bader charges) by the full-potential
linearized augmented plane wave plus local orbitathod as implemented in the WIEN2k
code [105]. The following non-overlapping atomicepes with radii Rr (in a.u.) are used
(Table 3B.1):

Table 3B.1: Non-overlapping atomic sphere radiigin.), mesh of the special k points in the
IBZ and the number of independent atoms correspgrndi composition x and the different

magnetic structures.

_ No. of
Special _
X La Sr Co Ir @) independent magnetic structure
k mesh
atoms
6x6%4 6 FM
0 2.38 204 198 1.76 6x6x4 12 k=(0,0,0), AFM
4x2x1 80 k=(0,1/2,1/2), AFM
0.5* 240 2.26 2.06 197 1.75 5x5x3 20 FM
2%x4x1 80 k=(1/2,0,1/2), AFM
1.0 240 2.27 2.02 196 1.73
4x2x1 80 k=(0,1/2,1/2), AFM
15
237 224 200 191 1.70 5x5x3 20 FM
(P2y/n)*
1.502/m* 250 2.32 1.89 191 1.68 5x5x3 16 FM
k=(0,1/2,1/2), AFM
2.0 P2/n) 238 191 192 1.69 4x2x1 80
k=(1/2,0,1/2), AFM
k=(0,1/2,1/2), AFM
2.0 (2/m) 238 191 194 1.70 4x2x1 80

k=(1/2,0,1/2), AFM

*Only for the calculation of Bader charges.

The value of RrKnax Where Knax corresponds to the largest plane wave vectoeti$os6.5
and spherical harmonics up to thé"i@¥der were included in the expansion of the rapiéat
of the wave function. The mesh of spedigloints in the irreducible Brillouin zone (IBZ) are

selected as shown in table 3B.1. The numbers @pi@ddent atoms in the unit cell are also
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given in table 3B.1. For the exchange-correlatiorergy functional the Perdew-Burke-
Ernzerhof (PBE) version of the generalized gradapyroximation (GGA) is used [38]. The
spin-orbit-coupling (SOC quantization axis:z) wasliuded in a second variational step with
scalar relativistic orbitals as basis [106]. Theicural parameters were taken from NPD at 3
K and are shown in Table Il. To compensate thetsborings of the LDA/GGA regarding the
exchange-correlation effects a “U”, which describies electron-electron interaction is added
to the calculation in two different flavours FLL&AMF [64]. The convergence is reached as
the difference in the charge fluctuation becomaes tean 0.0001 of an electron. Additionally
a relaxation of the internal atomic positions igiea out for x=0 in order to compare the total
energies of the FM (4x4x2), k=(0,0,0) AFM (4x4x2)dathe k=(0,1/2,1/2) AFM (4x2x1)
structures. From the converged charge densitiegBathrges are also calculated for all five
compositions using the Bader's AiM concept (usindEWR2K) [74]. For this calculation
additionally to the charge densities of the expentally found AFM structures of x=0,1 and
2, charge densities of the FM configuration of 6=@nd 1.5 are used. However it should be
mentioned, that this approach does not always givpiantitative assessment (see section
2.3.3) of the valence state but it is quite ustduinvestigating trends within a certain system
[75]. The trend of the Bader charges is discussedection IV A together with the bond
valence sums (BVS).

Calculations for x=0 with a non collinear arrangemef the magnetic moments are
performed by the WIENNCM code, which is based anWWEN2k concept [107]. The basics
of this type of calculations are discussed in sec.1.7.8. The calculations are performed

with the following arrangement of the magnetic matse

-The AFM arranged moments of Co is tilted from ¢heirection towards b direction, creating

an increasing ferromagnetic component in this tivac

-The AFM arranged moments of Co is tilted from [HEO0,2] direction towards b direction,

creating an increasing ferromagnetic componerttisidirection.

The reason for the present selection of this padrcdirection for the tilting is discussed in
section 5.7.2. Note that in all the non collinealcalations the magnetic moments of Ir are
free to rotate and are not constrained, whereasliteetion of the magnetic moments of Co

are constrained to the above restrictions. Moghefoptions are retained from the WIEN2k
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calculations and the only major change is the typthe Brillouin zone integration. For the
non collinear calculations the temperature broadgmethod [108] is used with a broadening
parameter of 0.005 Ry. The important input pararsedee summarized in table 3B.

Table 3B.2: The direction of the FM component, mwe+lapping atomic sphere radii in
atomic units, mesh of the special k points in 82 &nd the number of independent atoms,

corresponding to the different magnetic structures.

Direction  Direction La Co Ir 0] Special No. of magnetic

of the of the FM k mesh independent structure

AFM component atoms

component

of Co

c [0,0,1] b [0,1,0] 2.38 204 198 176 5x5x3 20 NNC
[-1,0,2] b [0,1,0] 2.38 204 198 1.76 5x5x3 20 NCM

Furthermore all the important input files for baMIEN2k and WIENNCM are shown in
appendix 3.
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4. Synthesis of the compounds

4.1 Polycrystalline samples

Polycrystalline samples of LaSKColrOs are synthesized by solid state reaction for five
different compositions x=0, 0.5, 1, 1.5 and 2. 8tmmetric amounts of reactants,0g (Alfa
Aesar, 99.99%), SrCO(Alfa Aesar, 99.99%), CoO (Alfa Aesar, 99.99%) air®D,
(UMICORE, 99.698%) are ground together in an agatetar, pressed into pellets, placed
into corundum crucibles, heated to 1200°C in aithinmi a muffle furnace, hold at this
temperature for 24 hours and slowly cooled downrdom temperature. Under these
conditions of synthesis only negligible oxygen diefincy 6~0 is expected. Phase purity and
crystal structures are determined at room tempexdiy X-ray powder diffraction in flat-
sample transmission mode, using a STOE STADIP atiftrmeter, which is described in

section 3.1.2. The reaction equation is shownenfdowing.

1200 C,air

[2 ; : jLazOs(s) + XSI’Cos(s) + COO(S) +Ir0 2(s) +§O2(g) — LaZ—XsrXCOIrOG(S) * XCOZ(g)

Polycrystalline samples of LaCaColrOs are also synthesized by the above method for two
different compositions x=0.5 and 0.75. For x>0.itgke phase samples are not obtained. For
x=0.5 and 0.75, pellets are heated to 1340°C inwdinin a muffle furnace, hold at this
temperature for 24 hours and slowly cooled downotum temperature. The phase purity of
x<0.75 is determined by X-ray power diffraction. €lheaction equation is shown in the

following.
2-X X 1340 C air
(Tj La,0,) +xCaCQy, +CoQy +1rO,, + ZOZ(Q) — La,,Ca,ColrO, +xCO,(y,

(0<x<0.75)

Aditionally BaG, is added instead of k@3 in order to synthesize polycrystalline samples of
Sn.BaColrOs (x<0.25) in air. With this, it is intended to increabe average size of the A-

site cation and thus influence the bandwidth of dhbands, in order to trigger a possible
insulator to metal transition. But single phase gi@s are not obtained even after increasing

the synthesis temperature to 1350°C.
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4.2 Singlecrystals of La,ColrOg

Single crystals of L&olrOs are grown by the flux method [109-111].The fluxaisnixture of
PbO and Pbf This mixture is mixed with L#3, CoO and IrQin the flux to sample ratio of
80:20, put in a platinum crucible, heated to 1000f@ir within a muffle furnace, hold at this
temperature for 24 hours and slowly cooled to 5f0°sixteen days. Single crystals are
scratched from the flux masses and later polisAda: largest obtained single crystal is
approximately 3x2x1 mr which is kept for neutron diffraction experimesthe future.
Two single crystals with 2x1x1 mitmare selected for heat capacity and magnetization
measurements (4.33 mg). The faces of one of thglesiorystal used for magnetization
measurements, are indexed by single crystal dtftracin order to align specific crystal

directions with respect to the external field
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5. Results and discussion

5.1 Crystal structuresof LaySryColrOg

5.1.1 Room temper ature crystal structures

Rietveld refinements of structural parameters adopmed, based on x-ray and neutron
diffraction data simultaneously, using the progrd&mllProf [92]. As an example the
diffraction patterns of $€olrO6 obtained from x-ray diffraction and neutrdiifraction
together with the calculated ones are shown inSig.and fig. 5.2. From fig. 5.1 and fig. 5.2
it is evident that single phase samples (apart faomery small amount of Irf) are obtained
for the mentioned compositions. The diffractiontgats with the calculated intensities of

other compositions are shown in appendix 1.

25000 - . . : . . : : : :
NPD Sr,ColrO, at 300 K
] 12/m ° Observed
? Calculated 1
% 12500 - . Difference
@) 4
O1 v T wrwarrtnrnin I RIm W

25 50 75 100 125 150
20 (9
Fig. 5.1: Room temperature neutron powder diffaciiNPD) pattern of $S€olrOs with the

calculated pattern.
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Fig. 5.2: Room temperature x-ray diffraction (XR@jttern of SIColrOs with the calculated

pattern.

All members of the series crystallize with a momaclsymmetry but in two different space
groups. Compounds with the composition x=0, 0.5 hrdystallize in the space gro&i/n.
This agrees with the crystal structure reportetlegdor La,ColrOs with x=0 [10]. SgColrOs
with x=2 crystallizes in the space grolgm. For x=1.5 two monoclinic modifications with
space groupB2;/n andl2/m coexist at room temperature. The coexistence doeiskeen from
broadening or even splitting of the nuclear refexghe (partial) splitting is clearly visible for
the 040 Bragg reflection (together with 400 -224 @24) and this is shown in fig. 5.3. As a
comparison the range of the 040 reflex of x=&/n and of x=2 inl2/m are also shown in

the same figure.
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Fig. 5.3: Part of the NPD of k@Sn sColrOs with contains the 400 and 040 Bragg reflexes.
The partial splitting of this peak is due to theexagtence of two monoclinic phases. As a

comparison the peaks of x=0 and x=2, which contiesabove mentioned reflexes are also

shown.

Depending on composition the following phase tri@amss occur at room temperature with
increasing Sr-contenP2;/n <> P2/n + 12/m < [2/m. The corresponding crystal structures are
superstructures of the perovskite type as stateske@tion 2.2. The deviation from the ideal
cubic perovskite structure is the distribution af &d Ir on two distinct crystallographic sites
(“double perovskite”) and rotations of the cornbaigsng CoQ@- and IrQ-octahedra, which
break the cubic symmetry as already stated in@e&i2. The crystal structures of the two

monoclinic phases with space grodg#/n andi2/m are shown in fig. 5.4.
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Fig. 5.4: Unit cells of the two monoclinic modifigans in different space groups existing at
room temperaturé®2,/n (aac’) (left) andi2/m (°b’b) (right).

Both structures differ with respect to the speciictahedra tilting system, described by
Glazer's notation [112] and belong to the twelvesgible space groups derived group
theoretically by Howard et al. [69,70], by meansohfsidering the deviation only due to the
tilting of the octahedra. An empirical criterionrfthe prediction of the specifically distorted
perovskite-type structure is based on the ionidi @xtording to the Goldschmidt tolerance
factor f [71]. Monoclinic crystal structures are pexted for f<0.97 [72]. For all the
compositions in this system f is clearly less tBa®v7 and thus fulfils this empirical rule. The
structural parameters together with the space gramp tolerance factors are listed in Table

5.1. The atomic coordinates of the five differeminpositions are given in appendix 2.

Table 5.1: Space groups and structural parametéra, @SrColrOs at room temperature.

X Space group  f a(A) b (A) c (A B (°)
0 P2/n 0.8682  55819(1)  56576(1)  7.9078(2)  89.98(1)
05 P2/n 0.8868  5.6010(1)  5.6151(1)  7.9151(2)  89.982(5)
1.0  P2/n 0.9058  5.5988(1) 5.5750(1)  7.9029(2)  89.989(6)
P2,/n 55960(2)  5.5613(4)  7.9135(3)  89.98(1)
15 0.9253
12/m 55633(3) 5.5329(2)  7.8479(5)  89.94(1)
20 I2/m 0.9452  55285(2) 55508(2)  7.8427(3)  90.297(3)
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Possible changes of the oxidation states of Cdraghae to the substitution of La by Sr should
be reflected in the transition metal oxygen bonwths along the series. The average bond
lengths of Co-O and Ir-O were calculated usingstbiéware Diamond [113] and are shown in
fig. 5.5 (a). The decreasing bond lengths witheasing Sr-content are an indication for a
transition in the oxidation state of Co and Ir. @ninor changes in the Co-O bond length
with Sr-content x are observed in space grB@pn, but a significantly shorter Co-O bond
length is observed in the phase with space gh@ip. In contrast the Ir-O bond length
becomes considerably shorter with increasing Sterdnwithin the stability range of the
P2i/n phase. This is a strong indication that La-sulnstih by Sr results first (up to about
x=1.5) in a higher oxidation state of Ir, wheredsgher oxidation state of Co is accompanied
by the transition from th@2;/n phase into thé2/m phase for high levels of substitution (x
>1.5). In order to interpret the above indicatiomsd valence sums BVS for Co and Ir are
calculated using the equation introduced by Browal @nd mentioned in section 2.3.2 [73].
The reference bond lengthgM-O) are taken from [114] and the results are ghawTable
5.2. The values of the bond valence sums BVS auosfithe observed trend of the bond
lengths. Whereas regarding each compound, the balethce sums for Co are similar for
ro(Co®*-0%) and §(Co**-0?) cases, the sums for Ir are different fgtrf*-0?) and g(Ir>*-0?)
cases. Nevertheless they show the same trend matkasing Sr-content. It is evident that
there are only minor changes in the’Cstate in thd®2,/n space group that abruptly changes
into a C3" state in thd2/m space group for1.5, whereas for Ir the transition' tIr>*
takes place gradually within tHe2/n space group and there are only minor changesein th
12/m space group (for the reference bond length’f-O*) even a partial amount of®fris
predicted for higher Sr-content, but it may be dretipproximated by if). Therefore a partial
transition in the oxidation states of Co and Imir€d*/LS-Ir**—HS-C3*/LS-Ir** could be
concluded. Almost the same trend can be observateincomposition dependence of the
Bader charges, which are shown in Table 5.3. Th difference being the non-pronounced
increase in the Bader charge of Co in the spacepd@m for x=1.5. However, Rietveld
refinements reveal a high degree of cation siterder between B- and B’-sites. The site
disorder increases from y=5.4% to 13.6%, indicatngincreasing miscibility of Co and Ir
ions (Fig. 5.5 (b)). The difference in ionic rabétween C% (0.745 A) and " (0.625 A) is
0.12 A, whereas between €¢0.61A) and I* (0.57A) it is only 0.04 A [115]. The increase
of the site disorder for high values of x furthempports the assumption of the proposed

transition of the oxidation states. However, ththea short Co-O bond length in thg/m
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phase can partially result from the relative higimature of Ir on the Co site and the higher

weight of the shorter Ir-O bonds.
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Fig. 5.5: (a) Composition dependence of Co-O ar@ lvond lengths and (b) composition

dependence of the site disorder.
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Table 5.2: Bond valence sums calculated from CaxIaO at room temperature.

X BVS BVS BVS BVS
[ro(Co™-0%)] [ro(Co™™-0%)] [ro(Ir**-0%)] [ro(Ir>*-0%)]
0 2.22 2.26 3.98 452
0.5 2.20 2.24 4.30 4.88
1.0 2.30 2.34 4.54 5.14
1.5 P2y/n 2.26 2.30 4.76 5.38
12/m  2.70 2.76 4.66 5.28
2.0 2.68 2.74 4.80 5.42

Table 5.3: Bader charges calculated from chargsities associated with the lattice
parameters at 3K.

X 0 0.5 1.0 1.92/n 1512/m 2.0P2/n 2.012/m
Co 1.37 1.37 1.42 1.42 1.47 1.72 1.69
Ir 1.69 1.82 1.91 1.98 1.98 1.98 2.01

5.1.2 Temper ature dependence of crystal structures

Rietveld refinements were performed for all fivargaositions, based on diffraction patterns
from 3 Kto 1173 K. Sequences of phases with dfiecrystal structures have been observed
with respect to both composition x and temperalues summarized in Fig. 5.6. The refined
lattice parameters at 3 K together with their appede space groups are summarized in table
5.4.

Table 5.4. Space groups and structural parametésm gSr,ColrQOs at 3K.

X Space group a (A) b (A) c (A B (%)

0 P2J/n 5.5684(1) 5.6604(1) 7.8956(2) 89.96(1)
05  P2/n 5.5979(1) 5.6251(1) 7.9112(1) 90.004(5)
1.0  P2/n 5.6121(9) 5.6015(6) 7.9182(4) 89.96(1)
15  P2/n 5.5933(2) 5.5549(3) 7.9117(3) 89.98(1)
15  12/m 5.5564(3) 5.5456(2) 7.8022(3) 90.24(1)
20  P2/n 5.5611(3) 5.5351(3) 7.7920(2) 89.70(1)
20  I2/m 5.5940(1) 5.5560(1) 7.7208(1) 89.93(1)

While theP2,/n phase for LgColrOs (x=0) remains stable up to 1173 K, a substitutibn
25% La by Sr (x=0.5) is sufficient for a temperatimduced phase transition from th2,/n

phase into a two-phase coexistence region abovek923further increase of the Sr-content

reduces the transition temperature into the twasehagion, for x=1 down to 750 K and for

higher Sr-contents down to the lowest temperatures. x=1.5 and x=2 three successive

phase transitions are observed during heating: ftben two-phase region the primitive

monoclinic phase disappears, for x=2 already at RaGilow room temperature. The phase
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transition fromP2y/n into 12/mis of first order, with a broad coexistence rangboth phases.
This particular phase transition is discussed itaitlater. At elevated temperature a further
phase transitiot2/m < 14/m takes place at around 973 K for x=1.5 and at at@2b K for
x=2. This phase transition is of second order withdiscontinuity in volume (Fig. 5.7).
However, both Howard [69] and Gateshki [70] deseribis phase transition to be of first
order, whereas the only known double perovskiteicwlundergoes a second order phase
transition12/m—l4/m is BgCaWQ; [116]. This tetragonal body-centered phase hag anl
rather small stability window, and at higher tengperes a further phase transition of second
order froml4/m < Fm-3mis observed at around 1073 K for x=1.5 and 70@KxE2. The
temperature dependences of lattice parametershasensin Fig. 5.8(a)-5.8(c) for selected
compounds over characteristic temperature rangesn Ehe phase diagram (fig. 5.6) it
becomes evident that the symmetry of the crystatsire increases with increasing average
size of the A-site cations at constant temperatureagreement with other systems with
double perovskite structure [72]. Depending on terafure and composition the following
sequence of phase transitions is obser?@gn — P2/n + 12/m < 12/m < 14/m < Fm-3m.
This sequence of structural phase transitions \Wweaady reported for SMnTeQs;, where the
first order nature of the phase transit®#/n < 12/m was confirmed by the existence of a
thermal hysteresis in DSC measurements [117]. Hewthe coexistence region of the two
monoclinic phases in case of,®MNTeG; is only 50 K between 250 K and 300K, thus the
coexistence does not extend to lower temperatiges the case for x=1.5 and x=2. Such a
coexistence of two monoclinic phases at lower teatpees is found in the double perovskite
system Cg5n.,FeRe@ for 1<x<2 (some authors argue that the coexistence ran@&is<2
[3]). But in that case both of the monoclinic plaselong to the same space gr&f/n
[118-119]. Furthermore the factors that influendes tparticular phase transition with
coexistence of two monoclinic phases are also réiffiefor both of the systems. Whereas for
x=1.5 of La.,SColrOs below room temperature, the phase coexistencas{tian) is
accompanied by a sudden increase in the oxidataia ef Co in thd2/m phase due to hole
doping through A-site cation, the A-site cationGgSr..xFeReQ@ (1<x<2) has only the size
degree of freedom, therefore the phase coexist@rangsition) is accompanied by a charge
transfer within the B- and 'Bsites induced by structural distortions [119]. Terystal
structures corresponding to the different phase&u@olrOs are shown in Fig. 5.9 for a view

along the monoclinic b-axes.
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Fig 5.9: Unit cells of the modifications of &olIrQg in different space group®2,/n (aac')
(top left), 12/m (a°b'b) (top right), 14/m (&a’c) (bottom left) andFm-3m (&4a%°) (bottom
right).

5.2 Temperature and field dependence of magnetizations

The temperature dependence of magnetization of312C0IrOs in an external field of 0.05 T
reveals magnetic order below 100 K for all composg, see Fig. 5.10, but the specific
magnetization is reduced about almost two ordemhadnitude with increasing substitution
of La by Sr. The differences between magnetization§eld-cooled (FC) and zero-field
cooled mode (ZFC) indicate the presence of ferroraag components, confirmed by the
hysteresis loops in Fig. 5.11 (a), obtained atKLi@ external magnetic fields up to 7 Tesla.
The spontaneous magnetization, determined by liredrapolation of the high-field
dependence of magnetization to zero field (Tab#g, vhich is a measure for the available
ferromagnetic component, is also reduced about sllmwo orders of magnitude with
increasing substitution of La by Sr. The largestdmagnetic component is observed for

La,ColrGs, and has a value around Qg f.u. As the spin polarization of iridium is exped
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to be weak, cobalt may have significant contributio the ferromagnetic component for x=0
and 0.5. But as this component is almost reducéd®ug for x=1, it can be concluded that

this small amount (forxl) results from iridium or even from impurities.
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Fig. 5.10: Temperature dependence of magnetiz&tioina, ,Sr,ColrOs
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Fig. 5.11: (a) Field dependence of magnetizationla..SrColrOs and (b) Temperature

dependence of magnetization for,CalrOs at different external magnetic fields.

Curie-temperatures are determined using the liegaapolation method and decrease from
90 K for x=0-1.5to 70 K for x = 2 (Table 5.5). Tharamagnetic Curie-Weiss temperatures
determined from the Curie-Weiss fits, are negataleng the whole series, indicating
dominant antiferromagnetic interactions, which lmeostronger with increasing Sr content
(Table 5.5). The low values for the ferromagnetiomponents and the strong
antiferromagnetic interactions indicate non-cokinemagnetism (NCM) with ferro- and
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antiferromagnetic components of the ordered magmedments (canted antiferromagnetism).
Magnetizations are not saturated at 7 T, furth@petting the proposed NCM for the whole
series. Another characteristic feature of the hlngsie loops for x = 0 and x=1 is their shape,
which might reflect an external-field induced magme@hase transition as already found in
many compounds with NCM due to magnetic anisotregych results in minima in the angle
(of the magnetic moments) dependent energy cumetafnagnetic state) [120]. This can also
be concluded from the different temperature depeceleof the magnetization at different
external fields below the ordering temperature shanwfig 5.11 (b). Regarding the double
perovskites, investigations on such magnetic plrasesitions are rare and known only for a
few compounds such as £aReQ [119], SeNiReO; [121] and SIRuGdQ [6], but the
specific conditions for this transition are is ditnt. For C#eReQ@, mainly a metal-insulator
transition from metallic FM to an insulating FM f{aally coexisting below the transition
temperature) induces the spin-reorientation [122Jere the insulating FM transits gradually
to the metallic FM at higher external magneticdgebelow the transition temperature [119].
For SeNiReQ; and SsRuGdQ the external-field induced magnetic phase tramsitakes
place in the AFM phase with a small ferromagnetimponent. The field induced magnetic
phase transition in L&0oIrOs and La sSrp sColrOs can be therefore similar to 8liReQ; and
SKLRuUGdQ. The effective magnetic momenisy were calculated from the Curie constants
and are compared with the spin-only values of Gmel on the assumption of HSZCéor
x=0 and HS-C¥ for x=2. The experimentally determined values fgf are always larger
than the calculated spin-only values especiallyttfier CG* case (Table. 5.5), consistent with
other double perovskites containing 2€d121]. This discrepancy indicates significant

contributions to the paramagnetic moments frormét/ar orbital momentum.

Table 5.5: Ferromagnetic Curie-temperatugg paramagnetic Curie-Weiss temperat@re
spontaneous magnetizationsMexperimentally determined and calculated effectivagnetic

momenties anduex(Co-spin only)

X et (us/f. U.)  pes(Co-spin only) 0 (K) Mg (us / f. u.) Tc (K) (linear

(us /1. u.) extrapolation)
0 4.7(1) 3.88 (CO) -13.8(6) 0.7 95
0.5 5.0(1) -55.1(8) 0.15 91
1 5.1(0) -94.9(1) 0.03 89
1.5 5.0(0) -103.0(5)  0.015 91
2 5.1(1) 4.90 (CY) -138.8(0) 0.005 70
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5.3 Magnetic structures of La, SryColrOg

Magnetic superstructure Bragg reflections were odesk in neutron powder diffraction
(NPD) patterns recorded at temperatures below 10nkig. 5.12 — fig. 5.18 the NPD
patterns are shown for all the compositions atéh at RT for comparison.
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Fig. 5.12: Observed, calculated and difference lamgle region Rietveld profiles for
La,ColrOs and LasSrhsColrOs at 3 K, where prominent magnetic superstructuraggr
reflections were present. Reflection markers cpoed to the positions of Bragg reflections
of structural (top) and magnetic (bottom) contribns. As a comparison the same region is

shown for 300 K also.

99



7500

LaSrColrO _ at 300 K

OAWMMWWW
9 18 27
26 (°)
7500 7500

9 18 27
26 ()

Fig. 5.13: Observed, calculated and difference lamgle region Rietveld profiles for
LaSrColrQy at 3 K, where prominent magnetic superstructurggBrreflections are present.
Shown are the calculated profiles for k=(0,1/2,185M structure with two different
orientations of the AFM component. Reflection maskeorrespond to the positions of Bragg
reflections of structural (top) and magnetic (botjaontributions. As a comparison the same

region is shown for 300 K also.
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Fig. 5.14: Observed, calculated and difference lamgle region Rietveld profiles for
LaSrColrQy at 3 K, where prominent magnetic superstructuggmeflections were present.
Shown are the calculated profiles for k=(1/2,0,185M structure with two different

orientations of the AFM component. Reflection maskeorrespond to the positions of Bragg

reflections of structural (top) and magnetic (botjcontributions.

100



7500 .
La,Sr, .ColrOg at 300 K
[72]
€
>
[@]
O 01 I I
I |
9 18 27
20 (9
7500 T 7500 :
La,Sr, .ColrO at 3K LaO.SSrLSCoIrO6 at3kK
k=(0,121/2) } k=(0,112,1/2) |
|-1=(|1Xsovl-lz) |.1=(0,|.1 ,0) ‘
ﬂ Yy
c
P21/n H | 3 P21/n I I \
0 12/m | I O 0y 12/m I I
| | Il | | I
9 18 27 9 18 27
20 (9

Fig. 5.15: Observed, calculated and differencedogle region Rietveld profiles for b.g5r s
ColrGs at 3 K, where prominent magnetic superstructuraggrreflections were present.
Shown are the calculated profiles for k=(0,1/2,185M structure with two different
orientations of the AFM component. Reflection maskeorrespond to the positions of Bragg
reflections of structural (top) and magnetic (botjaontributions. As a comparison the same

region is shown for 300 K also.
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Fig. 5.16: Observed, calculated and differencedogle region Rietveld profiles for b.g5n s
ColrGs at 3 K, where prominent magnetic superstructuraggrreflections were present.
Shown are the calculated profiles for k=(1/2,0,185M structure with two different
orientations of the AFM component. Reflection maskeorrespond to the positions of Bragg

reflections of structural (top) and magnetic (botjcontributions.
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Fig. 5.17: Observed, calculated and difference lamgle region Rietveld profiles for
SrColrQs at 3 K, where prominent magnetic superstructur@gBrreflections were present.
Shown are the calculated profiles for k=(0,1/2,185M structure with two different
orientations of the AFM component. Reflection maskeorrespond to the positions of Bragg
reflections of structural (top) and magnetic (botjaontributions. As a comparison the same

region is shown for 300 K also.
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Fig. 5.18: Observed, calculated and difference lamgle region Rietveld profiles for
SrColrQs at 3 K, where prominent magnetic superstructur@gBrreflections were present.
Shown are the calculated profiles for k=(1/2,0,185M structure with two different
orientations of the AFM component. Reflection maskeorrespond to the positions of Bragg

reflections of structural (top) and magnetic (botjcontributions.
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This reveals long-range antiferromagnetic ordetanSrColrOs. But the positions of the
magnetic reflections depend on composition and uwetexed as explained in the following.
Four ambiguities remain in the derivation procedufréhe magnetic structures from NPD: 1.
The ferromagnetic component (FM) could not be exée quantitatively from NPD, because
the corresponding intensities are too low in consoar with the dominant nuclear
contributions. Nevertheless, the direction of tihd éomponent is determined by the analysis
of magnetic symmetries in this section. 2. Any cbution from ordered magnetic moments
on the Ir-site is too small to be detected. Themstig moments were therefore refined only at
Co-sites. 3. As the Co-sublattices are almost idahin the coexisting primitive and I-
centered monoclinic modifications, the magnetictgbations for x=1.5 and x=2 cannot be
assigned to one of these phases distinctly, butrthgnetic arrangement (see Fig. 5.20 and
fig. 5.21) is unambiguous. 4. A further ambiguiglated to the propagation vector k is
discussed in the next paragraphs.

The magnetic Bragg reflections are indexed by thaioe of different magnetic translation
vectors or the propagation vectors k dependinghencomposition. Furthermore in order to
obtain a good agreement with the diffraction patiarterms of the intensity (of the magnetic
Bragg reflections), the direction of the AFM companh (or generally the direction of the
magnetic moment) is necessary or in other wordsrthgnetic space group in needed. There
are six magnetic space groups that can be derined the crystallographic space group
P12/n1[123108]. In order to short list them, the behaviof a magnetic momeit=(uy, py,

uz) under the symmetry operations of the magneticcespgroups are investigated and
compared with the (crystallographically) equivalgmsitions of Co under the symmetry
operations in the conventional unit cell. They sttewn in table 5.6. Note that the positions of
the symmetry elements are selected in agreemehnttiet “cell choice 2” in the international
tables for crystallography, whereas the “cell cbdi¢ is used in [123].
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Table 5.6: Magnetic symmetry operations on a magmabment within the six possible

magnetic space groups.

Symmetry 1 2(1/4,y,1/4) -1 n(x,1/4,z)
operations
General position  Xx,y,z -X+1/2,y+1/2,- -X,-y,-Z x+1/2,-
z+1/2 y+1/2,z+1/2
Position of Co 0,1/2,0 1/2,0,1/2 0,1/2,0 1/2,0,1/2
P2in (o by ) Chx by 1) (ki) (hx by H2)
AFM component in the xz plane and FM componenheyt direction
P2n1 Cho Hy 1) (o Hy ) Chx By H2) (o By )
AFM component in tkeeplane and FM component in the y direction
P2/n (o by ) (o by b)) Chx by 2 Gl by )
P2,/n (o By, 12) (b, My, -Mz) (-bix, My, -Hz) (bx, My, Hz)
P2/n” (o by b2) (o by b) (o By b2) (oo by b))

AFM component in the y direction and FM componenthie xz plane

P2a24/n (-Hxs ~Hy, ~Hz) (b ~Hy, Hz) (-hix, My, -Hz) (i, -y, Hz)
AFM component in the xz plane and FM componenh@yt direction

It is evident from table 5.6, that there are twpety of orientation of the magnetic moments
that are possible for the AFM and FM componentsCof In the first type, the AFM
component is in the xz plane and the FM componeni ithe y direction, whereas in the
second type, the AFM component is in the y directamd the FM component is on the xz
plane. For the underlying magnetic Bragg reflediohthe different compositions, this means
that for any propagation vector k, two differenieatations of the AFM components should
be tested to find the best agreement with theadiffon pattern. They ar@, 0, n,) and (O,uy,

0). The different types of the magnetic structesdiscussed in the following.

For LaColrOs (x=0) the magnetic superstructure Bragg reflectiane indexed with the

propagation vectors k=(0, 0, 0). As shown in fidZ Only the z component of the magnetic
moment is not enough to reproduce the intensitthefmagnetic Bragg reflections (although
the positions are correctly predicted), thereftwe x component is also additionally refined,
thus reproducing the intensity successfully. Fol X5 and 2 the magnetic Bragg reflections
should be described by a propagation vector otter k=(0,0,0). For x=1 the magnetic Bragg

reflections are indexed with the propagation vedte(O, Y2, %2). But refining only the z
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component does not reproduce the intensity of tagnetic Bragg reflections. Additionally
refining the x component does not improve thenigti but refining only the y component
improves the fitting better than the previous caskéernatively an indexing with the
propagation vector k=(1/2,0,1/2) is also done.hat tcase refining the x and z components
give the best agreement even better than k=(0/2)2vlith refined y component. Therefore
the k=(1/2,0,1/2) magnetic structure with AFM coments in the xz plane is preferred
against the other three models. For x=1.5 the batpeeement with the intensity is reached for
k=(1/2,0,1/2) with the refinement of the xz componef the magnetic moment or for
k=(0,1/2,1/2) with the refinement of the y companenly. In both cases the width of the
magnetic reflections are not reproduced exactly thy refinement, indicating smaller
magnetic domains. Note that this is the stoichioyethere the phase transition between the
two monoclinic phases first appears with a suddeange in the oxidation state of Co. For
x=2 the best agreement with the magnetic Braggctfins are obtained for either indexing
with the propagation vector k=(0,1/2,1/2) with tte#inement of the x and z components or
indexing with k=(1/2,0,1/2) with the refinement thie x and z components. From the above
discussion it could be concluded for x=1 the k=(A/P/2) magnetic structure can be preferred
against the k=(0,1/2,1/2) one, whereas for x=1.8 2rthere is no clear preference can be
made between k=(0,1/2,1/2) and k=(1/2,0,1/2) magrsttuctures thus resulting in a further
ambiguity. For x=0.5 only very weak magnetic refilees (especially the one around 18°) are
observed that could not be indexed unambiguouslis domposition lies in the middle of the
transition between the k=(0,0,0) and k=(1/2,0,kE0,1/2,1/2) magnetic structures. The

refined anti-ferromagnetic moments at the Co-sitedisted in table 5.7.

Table 5.7: Refined magnetic moments of Co ipSxColrOs.

X Propagation vector k Magnetic moment of eg=(ux, Ly 1z) (1s) ol (us)

0 (0,0,0) (-0.7(2),0,1.5(2)) 1.7(1)

0.5 - - -

1.0 (1/2,0,1/2)* (1.2(2),0,2.3(2)) 2.6(1)
(0,1/2,1/2) (0,2.6(2),0) 2.6(2)

1.5 (0,1/2,1/2) (0,2.5(2),0) 2.5(2)
(1/2,0,1/2) (2.8(2),0,0) 2.8(1)

2.0 (0,1/2,1/2) (1.6(2),0,2.1(2)) 2.6(1)
(1/2,0,1/2) (0,0,2.6(2)) 2.6(2)

*preferred magnetic structure for x=1
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It is evident from table 5.7 that for x=1 and 2lbthe k vectors give the same absolute value
for Juco, the only difference being the different AFM camnpnts, whereas there is a
difference of 0.3us between both the propagation vectors for x=1.5t Bsl already
mentioned, the width of the magnetic reflectionsildonot be fitted perfectly for this
particular composition. The derived three typeamti-ferromagnetic structures are shown in

fig. 5.19 — fig. 5.21 in different perspectives.
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Fig. 5.19: Magnetic structure with k=(0, 0, 0) #otO viewed along the b axis (left) and along
the a axis in order to show the ferromagnetic camepb (shown exaggeratedly) in the b
direction (right). Magnetic unit cell (black) andet distorted face-centered lattice of Co

(green) are also shown.
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Fig. 5.20: Magnetic structure with k=(1/2,0,1/2) =1 viewed along the b axis (left) and

along the a axis. The magnetic unit cell is shawhlack colour.

Fig. 5.21: The magnetic structure with k=(0,1/2) X x=2 viewed along the a axis (left) and

along the b axis. Magnetic unit cell is shown iadil colour.

In both magnetic structures alternating ferromagngtianes exist, but they are different in

both structures. A qualitative explanation is basea the magnetic superexchange

interactions. The geometries of the underlying exgje paths deviate from those in idealized
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intersecting fcc sublattices of the Co and Ir i@hge to the monoclinic distortions. The
corresponding face-centered pseudo-cell for Cohmwva in Fig. 5.19. As mentioned in
section 2.5, the k=(0,0,0) magnetic structure tssiubm a strong nearest neighbour (NN)
antiferromagnetic Co-O-O-Co interaction within t@® sublattice in competition with the
180° antiferromagnetic next nearest neighbour (NNNCo-O-Ir-O-Co interaction between
the Co sublattices through the vacapombitals of Ir. However, in this case, the Co-Gahgle

is only 152.5° due to the distorted crystal streetand, therefore, the 180° interaction is
weaker. This scenario is almost realized inQ@rOs, except for the small ferromagnetic
component along the b-direction, resulting from t®0° (152.5° in this case) Co-O-Ir
ferromagnetic interaction (Ir has % electrons) [87] between the Co and Ir sublattiedsch

is frustrated and probably responsible for a Dzslalaski-Moriya interaction. Similar
interactions are proposed for iL#Za.xCoRuQ, where both B- and B’-sites are occupied
with magnetic ions [81]. The nature of this aboigcdssed NN Co-O-O-Co interaction is in
most cases of type and the ordering temperatures are also tpuiteBut for LgColrOs apart
from ther type interaction, due to the distorted bond anghéso contributions frons type
interactions are expected and a quite high ordetémgperature of around 100 K can be
explained with this scenario. For increasing x@weO-Ir bond angle along the 186To-O-
Ir-O-Co path increases up to 166.3° Rity/n and 167.5° fot2/m for x=2, and this coupling
becomes dominant for x=1 and x=2, resulting inkh@, Y2, ¥2)/k=(1/2,0,1/2) type magnetic
structures. The difference between k=(0,1/2,1/2) lex(1/2,0,1/2) on the other hand depends
as mentioned in section 2.5 on the secondary egehgraths of 90° Co-O-Ir-O-Co.
Considering the symmetry operations apart fromdihbling of the magnetic unit cell in the
c direction for both k=(0,1/2,1/2) and k=(1/2,0 1 /r the former a doubling of the magnetic
unit call takes place in the b direction paralielthe 2 screw axis and for the latter the
doubling takes place in the a direction perpendictb the 2 screw axis. The magnetic
behaviour of x=0.5 can be explained as followsx#0.5, strongly competing NN Co-O-0O-
Co and NNN 180° Co-O-Ir-O-Co interactions are atfor transition zone of the weights of
the strengths of the NN and NNN interactions) amdaaconsequence this composition is
frustrated. Finally the phase diagram containirgdtiferent magnetic phases is shown in fig.
5.22.
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Fig. 5.22: Composition and temperature dependemtilee phase diagram of 1 &rColrOs
together with the three different types of magnstiactures at low temperature. The symbols
denote the experimentally obtained data.
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5.4 Specific heat capacity

Changes in the physical degrees of freedom suchaggetic ordering should be reflected in
the measured specific heat capacity. The temperapendence of the specific heat capacity
is is shown in fig. 5.23 for three different compiosis, x=0 (top left), which undergoes the
k=(0,0,0) AFM structure, 0.5 (bottom left), which frustrated and 1.5 (bottom right), which
undergoes the k=(0,1/2,1/2) or k=(1/2,0,1/2) AFKusture.
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Fig. 5.23: Specific heat capacity of x=0 (top lefth x=0.5 (bottom left) and of x=1.5 (bottom
right). On the top right side the magnetic conttidnu of x=0 is shown, which is extracted

from the total specific heat capacity by subtragtime phononic contribution.

Anomalies can be seen around 90 K for x=0 and 1@6rk=1.5, where the most pronounced
is for x=0. These are in good agreement with NPD @ragnetization measurement results,
regarding the ordering temperature. However theraties are very weak, as at 100 K the
contributions from phonons are already quite domtin&or x=0, for which the anomaly is

quite pronounced, the magnetic contribution,ugy is extracted from the total gCby
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subtracting the phononic contribution. As no isaxstural nonmagnetic compound related to
the present series could be found, the phononitribation is approximated by a theoretical
model. For this purpose the Debye model is emplayetithe Debye integral is approximated
by the Simpsons method with n=4. For a simple Dehbgedel with single phonon spectrum, a
large discrepancy between the experimental datarentheoretical values is observed. This
is attributed to the fact that in the unit cellxsfO there are both heavier atoms such as La, Co
and Ir as well as lighter oxygen atoms. This mayepway for more than one phonon
spectrum. Therefore a two phonon Debye model id@yed and a reasonable fit is obtained.
This is shown in fig.5.23 (top right) and has a maxm around 90 K. But the contribution is
actually a broad cusp, indicating the concurrericeritical region short range order in this
compound. From the magnetic contributiop \ag the thermal evolution of the magnetic
entropy Smag(T) is calculated by using the following integraidsit is shown in fig. 5.24.

TCualT')
Suag(T) = deT (5.1)
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Fig. 5.24: Thermal evolution of the magnetic enyraalculated for x=0 from the magnetic

contribution on the specific heat capacity. Initeet the integrand of (5.1) is shown.

These values are compared with the theoreticakvaltwained by the following expression for
different spin systems and they are shown in tatge
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S, =RIn@2S+1) (5.2)

Mag

Table 5.8: Comparison of the magnetic entropy oletifor different spin systems from eq
5.2 with the one obtained from the magnetic contrdn of the specific heat capacity.

System Rag(J/K mol)
S=1(S&~1) 9.13

S=3/2 (25=3/2 HS or 3~1,5,=1/2) 11.52

S=2 (£~3/2 HS,%=1/2) 13.38
Experimental (at 120 K) 10.78

The best agreement between the theoretical valdethan experimental value of 10.78 J/K
mol at 120 K is achieved for S=3/2 system with 21J& mol. The cobalt ion may be either
in C* HS state or in a Gbintermediate state with a S=1/2 LS contributioonirIf**. For
x=0.5 no anomaly is found over the whole measuesdperature range, indicating the
frustrated nature of the magnetic interaction iat tharticular composition. The values of
specific heat capacity £Cof the compositions are comparable to the valoesd in other
double perovskite systems containing cobalt, faaneple all three compounds have a C
around 40 J/K mol at 50 K comparable with otherldelperovskites, which contain cobalt
such as SCoTeQ [124] or BaCoUQG; [125], which has a value in the range of 40-50 J/K

mol.

5.5 Transport properties of La,4SryColrQOg

Resistivity measurements reveal a non-metal likeabieour for the whole series of samples,
but the resistivity is reduced by up to three osd#frmagnitude at room temperature when La
is replaced by Sr on the A-site. Three differenpresentations of the temperature
dependences of resistivity are shown in fig. 5.2b(€) to discuss the underlying transport

mechanism.
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Fig. 5.25 (b): Ing) vs 1/T . A linear fit describes the high-temparatbehaviour for x1.5,

but fails for x=2.
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linear dependence is well obeyed.

A linear dependence of Ip vs. 1/T indicates a simple thermal activation &fctonic
transport in contrast to a characteristic linegoetfielence of Ip vs. 1/ for a variable-
range hopping (VRH) model (d=3 case) as introdumgdVott for disordered systems [33]
and the mechanisms are explained in section2.4 Batdels are inadequate to describe the
temperature dependence over the whole investigategerature range, but appear suitable
either in the lower or higher temperature regimeeréfore, a combination of both behaviours

was applied to describe the experimental data invewhole temperature range:

1.1 faw), 2 A3
P Po Po2

The non-linear regression curves for x=0-x=2.0sli@wvn together with the experimental data

in fig. 5.26.
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Fig. 5.26: The non-linear regression curves for-x=2.0 together with the experimental data.

> describes the goodness of a fit. Larger valuegfonean larger discrepancy between the

non-linear regression and the experimental data.

Accordingly, the activated (band) gaps & the low-temperature regions vary from 0.26 eV
for x=0 and x=0.5 over 0.12 eV for x=1 to 0.05 &V x=1.5 (Table 5.9). For x=2 the VRH-
mechanism dominates up to about 100 K, but tharthkeactivation model does not give a
proper fit at higher temperatures. This peculitwmation might be caused by the high degree
of B/B’-site cation disorder of 15% for £&0IrOs. Assuming a band gap in accordance with
the trend of this systemgEQ0.05 eV is expected for x=2 and means that theildigton width

of localized states within the gap approaches tredlgap and this will result in a different
mechanism for electron activation [126]. Either toem temperature modificatioi2/m in
case of an ideal charge ordering of the B ahdit®s (zero site disorder) is metallic with a
“V” shaped quasi gap, from which due to the hige slisorder localized states are created or
it has a very narrow band gap in which the localigtates due to site disorder exist. In both
of the cases the thermal activation of the carraes strongly coupled with the hopping
between the localized states and result in a noipisi activation like dependence.

The substitution of La by Sr has mainly two effeots the transport properties, which are

closely related to the two degrees of freedom meet in the introduction: On one hand the
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number of electrons at the B-site is reduced (kolging) which affects the band filling and
reduces the electron-electron Coulomb repulsionthie P2;/n space group &1.5), in
agreement with the bond valence analysis, the rakesntroduced predominantly in thg t
bands of Ir (If": 5tzg—>lr5+: 419, whereas in thd2/m space group 1.5) they are
predominantly introduced in the 3d bands of Co.tl@nother hand the average Co-O-Ir bond
angle, determined from Rietveld refinements, insesafrom 152.5° for x = 0 to 166.3°
(P2y/n) for x=2 at 3K (Table 5.9) and means a broadewingpe bandwidth. The same trend
can also be observed at RT (Table 5.9). Both effeesult in an increase of the electronic
conductivity as observed. The temperature depemrdehresistivity was also measured in an
external magnetic field of B=1 T. No significant gmetoresistance effect was detected nor
any anomalies at the magnetic ordering temperat&ieslar systematic investigations of the
influence of the A-site cation on the transportgaies of double perovskites are reported for
La;+xSnhxCoRuQ (-0.5x<0.25) [128] (LaxSKCoRuQ (0<x<2) [127]) and La.Ca-
xCOoRUQ (-0.25x<0.25) [81]. But in contrast to an increase in tohaductivity throughout
the series as in the present case by Sr substifuhe conductivity is increased first by the
hole doping into Ru 4§. However beyond a critical ratio as the ratio of &4 increases, the
conductivity decreases and has a minimum for LaBi® (or LaCaCoRug) with Ru 3bgq
configuration. Note that this minimum of the contiuity is independent of the size degree of
freedom of the A-site cation (Faand C&" have almost the same ionic radius). Further
doping introduces holes intgybands of Co and the conductivity increases onegadlote
that below RT the introduction of holes to the Zhtts of Co, changing its oxidation state

does not induce a phase transition (phase separasan the case of L&SKColrOs.

Table 5.9: Band gaps together with the average @o{idond angles at 3 K and at room

temperature.
X Average bond angleAverage bond angleBand gap E(eV)
at 3K (°) at RT (°)
0 152.46 152.74 0.26
0.5 154.69 158.65 0.26
1.0 157.54 158.64 0.12
1.5 P2/n 159.10 159.54 0.05
12/m 166.12 166.48
2.0 P2/n 166.29
12/m 167.47 167.96
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5.6 Characterization of La,ColrOg single crystals

Compared to polycrystalline samples, single crgsh@ve many advantages such as no inter-
grain effects or most importantly anisotropic pntjgs can be investigated on a single crystal.
As already assumed in the introduction and confirnhgy magnetization measurements,
La,ColrOs undergoes NCM ordering and shows spin reorientdtiansition in an external
magnetic field. Therefore it is interesting to findt how does the magnetic moment react to
an external magnetic field applied in differentedtions or to investigate anisotropies in the
spin reorientation transition. Note that the s@arrentation transition need not be a spin flip
transition. Moreover it may land on a local enengynimum and such transitions are known

as metamagnetic transitions.

In order to investigate such features, magnetinaiod heat capacity measurements are
carried out for a single crystal with a mass of34r8g. The experimental procedure is
discussed in sections 3.2 and 3.3. The heat cgpaeiasurement is only used to confirm the

ordering temperature.
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Fig. 5.27: Temperature dependence of magnetizédioba,ColrOs in [-1 0 0], [0 1 0] and in
[0 O 1] directions.
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In fig. 5.27 the temperature dependence of the etagation (measured at 0.05 T) at the
range 1.8-350 K is shown for the field directiors @ O], [0 1 O] and [0 O 1]. The ordering
temperatures d are obtained using the linear extrapolation metfdey are 77.2 K, 77.6 k
and 76.8 K for [-1 0 0], [0 1 O] and [0 O 1] direxts, respectively, and therefore they are
almost identical. Furthermore this ordering tempegis also confirmed by the anomaly in
the temperature dependence of the specific heaictgpwhich is shown in fig. 5.28. The
temperature dependence of the specific heat cgpabiws also another weak anomaly

around 30 K, The origin of this anomaly is unknown.
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Fig. 5.28: Specific heat capacity of JGolrOs single crystal.

But discrepancy between the ordering temperatur@5oK obtained for the polycrystalline
sample and for the single crystal by means of m@aten measurements is quite large,
almost 20 K. Other than that, the FC and ZFC in[theD O] differ from the other two and
especially the ZFC of [-1 0 0] has a negative vatmwer temperatures. This may be due to
the fact, that the ferromagnetic component, whgcimithe [0 1 0] (b) direction according to
magnetic symmetry analysis has to overcome batrinetise angle dependence of the energy
surfaces, which may differ in the [-1 0 0] and [D](directions (a measurement in the [1,0,0]
direction may look similar to [0 1 0] and [0 O 13ses). In fig. 5.29 the field dependence of

the magnetizations for the same field directiores sirown and additionally in fig. 5.30 only
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the virgin curves are shown. In all three direcsidrysteresis loops are obtained and as in the
case of the polycrystalline sample, which are atursted even at 7 T. Shape anomalies could
be seen as in the case of polycrystalline samplethiey only exist in measurements in the [-1
0 0] and [0 1 0] directions and no anomalies cdagdseen in the [0 O 1] direction. For the
measurement in the [0 1 0] direction anomaliehetiysteresis could be seen at 0 Tesla and
3 Tesla, whereas for the [-1,0,0] case it is omgmsat 3 Tesla. Another striking difference
between the hysteresis of the single crystal aadotilycrystalline sample is the value of the
coercitivity field. Whereas for the polycrystallimample it is around 2 T, it is 3 T for the
single crystal in all three measured directionsotder to obtain more information of the
anomalies in the field dependence of the magnaiizathe virgin curves are enlarged and
shown in fig. 5.30. In all three directions sudglemps in the magnetization values could be
seen. These are usually attributed to field indspedreorientation transitions, due to the
barriers in the energy surface. This is alreadgubsed in section 5.2 together with examples
in the class of double perovskites. This is furttiiscussed in section 5.7.2, where results of
the calculations based on the non collinear arnamege of the magnetic moments
areaddressed. The spin reorientation jumps in itiggnvcurves could be categorized into two
types. For the [-1 0 0] and [0 1 O] directions, jilmap starts at around 2 T and its magnitude is
around 0.2%.g, whereas for the [0 O 1] direction it starts afuard 2.5 T and has a magnitude
around 0.6ug. Apart from small differences the evolution of thagnetization for [-1 O O]
and [0 1 0] are similar. This may be attributedhe fact that the topologies are similar for the
magnetization in a and b directions. Note thatupper part of the virgin curve for [-1 0 0]
and [0 1 O] is characteristic for domain wall dynesn consisting of wall movement and
rotation. In fig. 5.31 the virgin curves at diffateaemperatures are shown for [-1 0 0] and [0 O
1]. With increasing temperature at first the speorientation is eased by thermal energy,
however for higher temperatures the magnetizatiecrehses due to the destruction of the

domains by the thermal energy.
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Fig. 5.30: Virgin curves of L&olrOs in [-1 0 0], [0 1 0] and in [0 O 1] directions.
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5.7 Electronic structures

5.7.1 Collinear calculations

The electronic structure calculations for collinearangement of the magnetic moments are
discussed in four parts, addressing (i) the derdditytates (DOS), (ii) a comparison of total
energies for different configurations of x=0, (iifje oxidation state of Co and Ir and (iv) the

magnetic moments.

() The calculated DOS for x=0 of the experimentdibund k=(0,0,0) AFM structure is
shown in fig. 5.32 for the GGA case. It is evidémm the total DOS and the calculated
occupancies of the d-bands, that x=0 has a metaiiond state with predominant HSZo
and LS-If* in contrast to the experimental finding of an iasor with a band gap of 0.26 eV.
Additionally the |-decomposed partial DOS of Co(&b2) and Ir 5d (Ir2) for x=0, projected
on the local coordinate system along the BIBbond direction in the oxygen octahedra are
also shown in fig. 5.32(b) — 5.32(c). From the @aDOS of Co 3d and Ir 5d it is evident that
the three 4; bands of Co-3d are similarly occupied (neglectimg additional break down of
the by degeneracy due to the monoclinic distortiog, d,; and d,) by the two spin-down
electrons per Co-atom and the thrggbtinds of Ir-5d are filled by 2.5 spin-up/down &lecs
per Ir-atom and thus a metallic state is obtaifiéxd experimental non-metal behaviour with a
band gap should be attributed to strong electrentedn onsite Coulomb repulsion that is
badly described within the LDA/GGA approximation.cdmparison of band width W with
typical onsite Coulomb energies U is necessaryake this effect adequately into account.
The approximate width W of the d bands could bereded to 1.5 eV for Ca4, 0.7 eV for
Co g, 2 eV for Ir bgand 2.7 eV for Ir g(from the partial DOS). Therefore, the bandwidth W
of both Co- and Ir-d bands are small compared tan(¢he case of Ir gat most equal with)
the typical onsite Coulomb repulsion energies UicWlare around 5.44 eV (0.4 Ry) and 2.72
eV (0.2) Ry for Co and Ir, respectively [129]. Téfare, an onsite Coulomb repulsion U has
been included for the d bands together with excbapgrameters J(C0)=0.918 eV and
J(Ir)=0.544 eV via the fully localized limit (FLUnethod as implemented in WIEN2k and
described in [64] and [65].
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Fig. 5.32: (a) Total DOS of AFM for x=0 within GGAGA+SOC and GGA+SOC+U (top).
(b) Partial DOS of Co 3d bands and (c) Ir 5d bad$GGA (middle). (d) Partial DOS of Co
3d bands and (e) Ir 5d bands for GGA+SOC+U (bottddote that for x=0 there are two

independent sites for Co and Ir, each with oppasaignetic moments. Partial DOS in (b), (d)
and (c), (e) correspond to only one Co (Co 2) amallo(Ir 2).
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The total DOS x=0 AFM for GGA+SOC and GGA+SOC+U (@ud Ir) are also shown in
fig. 5.32(a). It can be seen that there is not mdiffierence in the total DOS between GGA
and GGA+SOC. But as soon as U for both Co and tewaeded, a band gap opens up at the
Fermi level which is around 0.2 eV in fairly googreement with the experimental finding.
This is also valid for the total DOS of the FM cigiiration (not shown). The inclusion of U
shifts the two occupied spin-dowggt orbitals around — (U-J)/2 and the one unoccupiegl
orbital around + (U-J)/2 in case of 3d of a Coc#éise of 5d of an Ir a fairly empty spin-down
“tog" orbital is obtained by the + (U-J)/2 shift witm additional enhancement of the spin
polarization are obtained for the above reasons $piitting in the “4," bands of Co 3d and Ir
5d results in a band gap at the Fermi-level. Howé&aetional occupancies were obtained for
all the mentioned %" bands as a result of the competing hybridizatad SOC as shown in
fig. 5.32(d)-(e). The “¢ (dz, tko.y2) bands also undergo the above mentioned shiftshieyt

are not relevant to the changes of the electrdnictire at the Fermi-level.
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Fig. 5.33: Total (spin up) DOS of (a) x=1 k=(1/2/2), (b) k=(0,1/2,1/2), (c) x=2P@4/n)
k=(0,1/2,1/2) and (d) x=21Z/m) k=(0,1/2,1/2) AFM configurations for the GGA (eathd
GGA+SOC+U(C0)=0.4Ry+U(Ir)=0.2Ry (blue) cases. Ominor differences between GGA
and GGA+SOC with respect to the DOS around the Fewel and thus the latter are not

shown for x=1 and x=2.
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The total DOS for x=1 and x=2 with the experimegtédund k=(1/2,0,1/2) and k=(0,1/2,1/2)
AFM structures are shown in fig. 5.33. As a comgam the DOS for x=1 with the
k=(0,1/2,1/2) AFM structure is also shown in fig38. For x=1 a band gap of around 0.1 eV
can be seen from fig. 5.33 as soon as U was indludthe calculation, almost independent of
the experimentally found k=(1/2,0,1/2) and the matferred k=(0,1/2,1/2) AFM structure. For
x=2 the total DOS is shown for the two modificaBocoexisting at temperatures below 220
K. Whereas the low temperature modificati®2/n is a non-metal with a band gap around
0.05 eV, the high temperature modificatiliim is metallic with a rather small DOS at the
Fermi level even after the inclusion of U. In castr to theory, resistivity measurements
reveal x=2 to be non-metallic over the whole meaduemperature range. However, the
investigated SColrOs sample has a high degree of B/B’-site disorderiarzktter described
as S$(Copsdro.1s)(Iro.ssC.1506. The non-activation like temperature dependence of
resistivity and the apparent band gap insteadaairtinuous band could result from localized
states at the Fermi level due to this site disoftgd, 131]. For thé2,/n phase the calculated
band gaps decrease from 0.2 eV for x=0 to 0.05@\k£2 in agreement with the observed

reduction of f at least for 8x<1.5.

(i) As the magnitude of FM (from the magnetizatioreasurement) and the k=(0,0,0) AFM
components are similar for x=0, the total energiethese magnetic structures together with
the k=(0,1/2,1/2) AFM are compared for the GGA+S@Cgase as shown in the second
column of Table 5.10. All the atomic positions aa&en from the structure model, refined
based on NPD (experiment). For the k=(0,1/2,1/2)MAEonfiguration the same atomic
positions are taken and supercells have been Bié.FM configuration has a total energy
0.25 mRy/ f.u. lower than the observed k=(0,0,0)VA€onfiguration, whereas for the GGA
case (not shown) the total energy of the AFM canfgjon is lower than the FM
configuration. As the inclusion of U resulted instropic occupancies of the d orbitals, this
increases the total forces (certain componentsxgfjen are around 100 mRy/a.u. (a.u.:
atomic unit)) acting on atoms and such occupatiwosld couple to the lattice and move
atoms in general positions (especially oxygen).ré&toee for all three configurations, the
internal atomic positions are relaxed till the ®scare below 5 mRy/ a.u., and these total
energies are compared (Table 5.10, third columme ®=(0,0,0) AFM configuration is
energetically more favoured than the FM (+3.1 mRy)fone. This small difference in the

total energies of the two configurations is an @gation for a strong competition between
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ferromagnetic and antiferromagnetic interactionsd apin-orbit coupling together with
electron correlations play the key role for theaylied non-collinear magnetism for x=0. Note
that in both cases the k=(0,1/2,1/2) AFM configiomais energetically clearly unfavourable.

Table 5.10: Total energy differenca&, relatively to the experimentally (NPD) observed
k=(0,0,0) AFM, in mRy/f.u. for FM, k=(0,0,0) AFM ank=(0,1/2,1/2) AFM configurations
for the GGA+SOC+U case. The total energy differerfoe the relaxed structure calculations
are shown in the third column, again relativelyttie total energy of the relaxed k=(0,0,0)
AFM structure.

x=0 AE (Experimental internal positions)AE (Relaxed internal positions)
FM -0.25 +3.10
AFM k=(0,0,0) 0.00 0.00
AFM k=(0,1/2,1/2) +36.07 +40.70

(i) Table 5.11 shows the occupation of the d [sadl Co 2 and Ir 2 for the GGA and
GGA+U+SOC cases. The striking difference betweentio is that for GGA+SOC+U the
difference between the occupations of x=0 and s4arger than in GGA. The GGA+SOC+U
results are interpreted as follows: For x=0, seg $i32(d)-(e), it is evident that the spin-up d-
bands for Co 3d are almost fully occupied, while #pin-down DOS for they€d;o, to-y2)
bands are almost completely unoccupied. This good agreement with the assumed high-
spin state of C8 and the low-spin state for’frin the simple ionic picture, neglecting
hybridization effects and residual electron deasitat interstitials. The proposed tendency
towards HS-C8/Ir°* with increasing Sr-content is also supported bg ttalculated
occupation of the d bands for x=1 and x=2. The pation of the Co 3d bands changes
significantly only for x>1, whereas changes in tiezupation of the Ir 5d bands are only
significant for x<1. This is in good agreement with the successiaagés of the Co-O and Ir-

O bond lengths, see fig. 5.5.
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Table 5.11: Calculated occupations of the Co 3dIiabd bands for the experimentally found

AFM structures in units of d-electrons per atom.

X Co GGA Co GGA+SOC+U Ir GGA Ir GGA+SOC+U

up down total up down total up down total up down total

0 463 211 6.74469 203 6.72 264 211 47270 2.26 4.96
1 461 205 6.664.67 202 6.69 273 211 48277 2.00 4.77
2(P2/n) 456 189 645468 165 6.33 275 189 464.72 191 4.63
2(2/m) 458 191 649467 168 6.35 2.73 193 4.6@.76 192 4.68

(iv) The calculated magnetic moment contributidren spin and orbital momentum are
compared for Co and Ir in Table 5.12 within GGA+SQL The calculated spin moment of
Co for x=0 is 2.68ug per Co-ion (2.53.5 per Co-ion for GGA) and much larger than the
observed magnetic moment qf|41.7 ug per Co-ion (NPD). As different 3d orbital
occupancies for Co are possible within the samelatixin state and lattice parameters in
LDA/GGA+U [17], such an orbital occupancy for 3d @othe vicinity of the desired AFM
moment of 1.7ug/Co was forced with the FLL method. Apart from tH& state discussed
above another LS state (also’Qowith zero magnetic moment could be stabilized &ut
solution for the desired occupation did not coneergherefore, another variant of the
GGA+U approximation was used, namely the “arouncaméeld” method (AMF) [64],
known to reduce the magnetic moment of the resgeadin in certain cases [132]. With this
method a convergent solution could be found withA&M moment of 1.84.5/Co (orbital
moment: 0.17us/Co) with U(Ir)=2.72 eV as above, but with a rediide for Co of 3.4 eV
(0.25 Ry). However, the magnetic moments of Ir @igned antiparallel in contrast to the
FLL results, where the alignment of the magnetiaomants of Co und Ir become parallel,
independent on the initial spin configuration (T&ll.12). Higher U values with the AMF
method resulted either in larger magnetic momdotsifital spin moments of Co larger than
2.6 ug) or in smaller magnetic moments belowud/Co (for initial spin moments of Co
smaller than 2.4 with a small stability window for 1S). In all caséhe oxidation state of Co
tends to be +2. The dependence of the spin stateedd(Co) is shown in fig. 5.34.
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Fig. 5.34: Spin moment (state) of Co within GGA+SKMLAMF) depending on the input

spin moment and U(Co).

For x=1 and x=2 the calculated magnetic moments) @1SCo with the FLL method agree
well with the NPD results, taking the effect ofifentemperature (3K) and the site disorder
[133] on the B/B’-sites into account. In case oDxhe non-collinearity could also contribute
to a further reduction of the magnetic moments.hvén increasing degree of La substitution
by Sr also a possible transition between the inteiete and high spin state takes place for
Co, in addition to the obvious increase of the Qaation state. Note that spin and orbital
contributions to the magnetic moments have alwhgssame sign for both Co- and Ir-ions
along the whole series. This is a remarkable diffee to double perovskites with
ferromagnetic ordering having high Curie-tempemdufabove room temperature) like the
Re-based compoundsBReQ; with A=Ca, Sr or Ba and B=Fe or Cr, where spin ariatal
contributions on the Re-site have always diffeseghs [134].
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Table 5.12: Calculated spin gnand orbital moments (i for x=0, 1 and 2 for the
experimentally found AFM structures within GGA+SOC+

X 0 1 2 (P2/n) 2 (2/m)
FLL AMF
ms(Co) (ug/atom) 2.68  1.84 2.67 3.05 2.99
m.(Co) @s/atom)  0.17  0.17 0.16 0.11 0.10
ms(Ir) (pg /atom) 0.44 -0.10 0.77 0.80 0.85
m(Ir) (us /atom) 043 -0.01 0.29 0.16 0.17

5.7.2 Non collinear calculations (NCM calculations)

As already mentioned, non-collinear calculations performed for LgColrOs with the FM
component of Co being in the b direction and ordy the U(Co0)=0.4 Ry/0.3 Ry and
U(Ir)=0.2 Ry cases in FLL limit (with SOC). At firthe AFM component of Co is aligned in
the ¢ direction and tilted towards the b directioreating a FM component. The results are
shown in fig. 5.35 and fig. 5.36 for the above d¢gumfations for the U(Co0)=0.4 Ry, U(Ir)=0.2
Ry and U(Co0)=0.3 Ry, U(Ir)=0.2 Ry cases. In botkesalocal minima are found below 10°,
which indicates that the canting of the Co moméasswithin this range. Further tilting of the
Co moments towards the b axis needs to overcomeyermrriers, which is somewhat
different for different U(Co) values. Overcomingchuenergy barriers may reflect the spin

reorientation transitions, observed in virgin ceé the LaColrQs single crystals.
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Fig. 5.35: Angular dependence of the total enerfijiethe U(C0)=0.4 Ry,
The Co moments are tilted from [0,0,1] and [0,0Otelyards the b axis.
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Fig. 5.36: Angular dependence of the total enerfjiethe U(C0)=0.3 Ry, U(Ir)=0.2 Ry case.
The Co moments are tilted from [0 O 1] and [O Otelyards the b axis.
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In order to find even more information on this pterenon, NCM calculations are performed
for the experimentally found AFM arrangement of @othe [-1 O 2] direction (AFM
component of Co from the NPD is in the ac plandywit(-0.7,0,1.5)ug). From this direction
the magnetic moment of Co is slowly tilted towatks b axis and calculations are performed
for different angles. The total energies are shawfig. 5.37 (a) and (b) for the U(C0)=0.4
Ry, U(Ir)=0.2 Ry and U(C0)=0.3 Ry, U(Ir)=0.2 Ry eas
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Fig. 5.37 (a): Angular dependence of the total giesrfor the U(C0)=0.4 Ry, U(Ir)=0.2 Ry

case. The Co moments are tilted from the experiatigribund [-1 0 2] towards the b axis.
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Fig. 5.37 (b): Angular dependence of the total gmsrfor the U(C0)=0.3 Ry, U(Ir)=0.2 Ry

case. The Co moments are tilted from the experiatigribund [-1 0 2] towards the b axis.

For both U(Co) values there is an energy barrighatlow angle region, which follows an
energy minimum. In the following any calculation tput values corresponding to the
U(Co0)=0.3 Ry case will be given within bracketsr FHoe U(Co)= 0.4 Ry (0.3Ry) case the
energy barrier is at 8° (10°), which follows an gyeminimum at 7° (9°). This barrier is
more pronounced than in the other cases discuss®a dor the [0 0 1] AFM orientation of
Co and it has a magnitude of 2 mRy (1mRy). Overognthis barrier may shift the tilting
from 8° (10°) directly to 90° (55°) as one may extpom the angle dependence of the
energy. But at 30° and at 50° there are two limasvd vertically. These correspond to angles
where the Ir moments flip their relative orientatito Co and they are further 1.6 mRy
(1.6mRy) and 1.2 mRy (1.1mRy) energetically higthem the energy value at 90°, therefore
not shown in fig. 5.37 (a) and (b). The barrier nm@y be overcome by laboratory magnetic
fields and it can be assumed that as soon as thierbat 8° (10°) is crossed, the
ferromagnetic component of Co would reach a valasecto the one at 25°. This may explain
the sudden increase during the spin reorientatemsition in the virgin curves especially in
the b direction. In this context an energy baraeimRy at 10° for U (C0)=0.3 Ry seems to
be more reasonable value from an experimental pbdiwiew than 2 mRy at 8° for U(C0)=0.4

Ry. But as already mentioned the GGA+U in the Finhitl produces the HS state of Co (spin
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moment of 2.7 in average), in contrary to the NPD result of 1g7 The possible IS of Co
could not be stabilized with the AMF method asha tase of collinear calculations. But still
the relative change in the total ferromagnetic congmt between the transitions can be

analysed. The total ferromagnetic component foirtigortant angles is shown in table 5.13.

Table 5.13: Total ferromagnetic component for sam@ortant tilt angles.

0 (°) 0 0 7 9 8 10 25 25

U(Co) (Ry) 0.4 0.3 0.4 0.3 0.4 0.3 0.4 0.3

Net m(total) @) 0.64 063 081 071 083 0.88 1.12 1.24
Net m (total) (1ig) 0.38 0.37 039 038 040 040 040 0.0
Net m(total) ;g) 1.02 1.00 1.20 1.09 1.23 1.28 152 164

According to the angular dependence of the enerdlya b direction, the magnetic moment of
Co would be at 7° (9°) without any external magndield. This corresponds to a total
ferromagnetic component of 1.Q3 (1.00 ug) which is not far away from the spontaneous
magnetization of 0.7z determined from the hysteresis of,CalrOs at 1.8 K. Considering
the finite temperature and the site disorder thigven a reasonable agreement. For further
discussion, fig. 5 30 is considered. The changd®fmagnetic moment of Co from 7° to 8°
(from 9° to 10°) invokes a change in the total deragnetic component of 0.Q@ (0.19ug),
whereas in the virgin curve this corresponds tthvange of slightly larger than Ok. Now
overcoming the barrier at 8° (10°) changes thd feteomagnetic component around 0429
(0.36 ug), whereas the spin reorientation transition chartbe magnetization around 0.25

in the virgin curve. Therefore the changes in thrgin curve are in fairly good agreement
with the calculations. Nevertheless, to furtherccelate the dynamics of the spin reorientation
completely, at least additional calculations fdrestdirections are necessary. Finally the band
gaps for different angles are compared and theglaoen in fig. 5.38 for 30° and 80° tilting
for U(C0)=0.3 Ry and U(C0)=0.4 Ry (in both case#)30.2 Ry).
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Fig. 5.38: Calculated band gaps for differentrigti

The band gaps differ slightly from one another 0e¥/-0.32 eV) and are larger than for the
collinear case with the same U(Co) value. Neveewlthey are comparable with the

experimentally obtained band gap of around 0.26 eV.
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5.8 The L a,.,Ca,ColrOg (0<x<0.75) system

As already mentioned the size degree of freedaglingnated in this system, leaving only the
band filling degree of freedom. Therefore, thistegsserves to the investigation of the effects
of hole doping into Co and Ir sites. The resultd lae compared with LaSrColrQs, where
apart from the hole doping the effects of the siegree of freedom also exist. In the present
work the crystal structure, magnetic propertieansgport properties and electronic structure

are investigated for x=0.5 and 0.75.
5.8.1 Crystal structuresat room temperature and at 4K

Rietveld refinements of structural parameters @@gormed, based on x-ray and neutron
diffraction data simultaneously, using the progrdmllProf [92]. As an example the
diffraction patterns of LgsCa sColrOgs obtained from neutron diffraction and x-ray difftian
together with the calculated ones are shown in5189 and fig. 5.40. It is evident that single
phase samples are obtained for the mentioned conopass The diffraction patterns with the

calculated intensities of LasCa 75ColrOg are shown in appendix 1.
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Fig. 5.39: Room temperature neutron powder diffeac{NPD) pattern of LgsCa sColrOs

with the calculated pattern.
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Fig. 5.40: Room temperature x-ray diffraction (XRpattern of LasCa sColrOs with the

calculated pattern.

Both of the compounds x=0.5 and x=0.75 crystallidh a monoclinic symmetry at room
temperature and at 4K in the space gre@gn as in the case of x=0 (k@0IrOs). No phase
transition takes place up ta<&.75. For both x=0.5 and 0.75 the tolerance fatisrclearly
less than 0.97 and thus fulfils this empirical réde monoclinic symmetry. The structural
parameters together with the space groups andataerfactors are listed in Table 5.14. The
atomic coordinates of the two different composisi@re given in appendix 2. In contrast to
the La.xSColrOs system a clear trend of monotonic decreasingcéatbarameters is seen
with increasing Ca substitution. This is most plapalue to the fact that this system has only
the band filling degree of freedom due to hole dgpn contrast to the LaSr system, which
has an additional degree of freedom through the sffect (A site), thus the resulting lattice

parameters are a consequence of the two correlatgées of freedom in the LaSr system.
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Table 5.14: Space groups and structural parametd®.,Ca.ColrOs at room temperature.

X Space group  f a(A) b (A) c (A B ()

0  P2/n 0.8682  5.5819(1) 5.6576(1)  7.9078(2)  89.98(1)
0.5 P2/n 0.8748  5.5459(1)  5.6108(1)  7.8580(1)  89.987(9)
0.75 P2i/n 0.8781  5.5330(1) 5.5872(1)  7.8374(2)  89.99(1)

In fig. 5.41 the average bond lengths of Co-O ar@® lare shown, which were calculated
using the software Diamond [113]. As a comparisenliond lengths of the LaSr system are
also shown. From fig. 5.41 it is evident that bsistems differ in their behaviour upon
doping. Whereas as already seen in section 5Helhdles are predominantly introduced to
the d bands of Ir upon Sr substitution up 1.6 in theP2/n phase, for the LaCa case up to
x<0.5 holes are introduced to the d bands of Ir,fotther Ca substitution introduces holes
predominantly to the d bands of €oThis partial oxidation of C3 is reflected in the sudden
decrease of the Co-O bond length for x=0.75. Thrsalso be seen from the calculated bond
valence sums (BVS) for the LaCa system shown ifetdh15, where a significant change to
the BVS of Ir can be seen for x=&=0.5 but for x=0.5-x=0.75 only the BVS of Co

changes significantly.
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Fig 5.41: Composition dependence of Co-O and Ire@dblengths of La,CaColrOs. As a

comparison the bond lengths of;L&rColrOs are also shown.
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Table 5.15: Bond valence sums calculated from Can@® Ir-O at room temperature forja
xCaColrGes.

X BVS BVS BVS BVS
[ro(CO’*-0%)] [ro(C0™*-0%)] [ro(Ir**-0%)] [ro(Ir°*-0%)]

0 2.22 2.26 3.98 4.52

05 2.22 2.26 4.34 4.92

0.75 2.34 2.39 4.35 4.93

5.8.2 Magnetic properties of La,Ca,ColrOg

The temperature dependence of magnetization pf@&ColrOs in an external field of 0.05
T reveals that the magnetic ordering temperatureredses from around 100K for x=0
(polycrystalline sample) to a value around 50 KxXe0.5 and 0.75, as shown in fig. 5.42. The
specific magnetization is reduced more than oneeromf magnitude with increasing
substitution of La by Ca. Differences between mégagons in field-cooled (FC) and zero-
field cooled mode (ZFC) are also observed for x=#n8l 0.75, indicating the presence of
ferromagnetic components, confirmed by the hysieldesps in fig. 5.43, obtained at 5 K in
external magnetic fields up to 6 T. The spontanemagnetization, determined by linear
extrapolation of the high-field dependence of maigagon to zero field (Table 5.5), is also
reduced more than one order of magnitude with asing substitution of La by Ca

Nevertheless, the spontaneous magnetization obxs@f the same magnitude as x=0.
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Fig. 5.42: Temperature dependence of magnetizdtioiha,..CaCColrOs. The dotted curve
belongs to LgColrOs.
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Fig. 5.43: Field dependence of magnetization fop.[LaColrOs. The dotted hysteresis
belongs to LgColrGs.

Curie-temperatures are determined using the liegapolation method and they decrease
from 95 K for x=0 (polycrystalline) to 70 K for xZ®and 61 K for x=0.75 with increasing Ca
substitution (table 5.16). The Ca substituted cammps have somewhat smaller Curie-
temperatures than the Sr substituted ones. The dggeee of freedom that controls the
bandwidth through the bond angles, which is adddily varied in the Sr substituted
compounds, may be the reason for this differenche Pparamagnetic Curie-Weiss
temperatured®, determined from the Curie-Weiss fits, are negatior x=0.5 and 0.75,
indicating dominant antiferromagnetic interactionghich does not change significantly
between x=0.5 and 0.75 (table 5.16). The low vafoeshe ferromagnetic components and
the strong antiferromagnetic interactions are adication for non-collinear magnetism
(NCM). Magnetizations are not saturated at 6 Tthiem supporting the proposed NCM. The
compound with x=0.5 also shows the typical forntha&f hysteresis, which is attributed to spin
reorientation transition as in the case 0fQalrGs, although the effect is less significant. The
compound with x=0.75 does not show this behavidbe effective magnetic moments; of
x=0.5 and 0.75 were calculated from the Curie amistand are compared with the value
obtained for x=0. With increasing Ca substitutipg; increases from 4.4z / f. u. for x=0 to
5.3ug / f. u. for x=0.5 and to 5.jig / f. u. for x=0.75. As in the case of L&rColrGs, the

139



experimentally determined values fpgs are larger than the calculated spin-only values
(table. 5.16), indicating significant contributiottsthe paramagnetic moments from Ir and/or

orbital momentum.

Table 5.16: Ferromagnetic Curie-temperatuge @aramagnetic Curie-Weiss temperataye
spontaneous magnetizationsMexperimentally determined and calculated effectivagnetic

momentSiess andper(Co-spin only)

X tet (us / f. U.)  pes(Co-spin only) 0 (K) Ms(us/f. u)  Tc(K) (linear

(us /. u.) extrapolation)
0 4.7(1) 3.88 (C0) -13.8(6) 0.70 95
0.5 5.3(1) -70.2(1) 0.23 70
0.75 5.1(0) -76.5(1) 0.01 61

In order to investigate the underlying magneticeoirtty, neutron powder diffraction patterns
are recorded for x=0.5 and 0.75 at 4 K and at reemperature. They are shown in fig. 5.44
(a)-(d). It should be mentioned that the first tarabiguities discussed in section 5.3 are valid
in the present system too.
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Fig. 5.44: Observed, calculated and difference émgle region Rietveld profiles for x=0.5
and 0.75 at room temperature (a), (c) and at 4 K (@), where prominent magnetic
superstructure Bragg reflections were present.eRedin markers correspond to the positions

of Bragg reflections of structural (top) and magmébottom) contributions.

For the x=0.5 case no magnetic Bragg reflectioesf@und at 4 K, whereas for x=0.75 weak
magnetic Bragg reflections are found, that couldimdexed by the propagation vector
k=(1/2,0,1/2). Furthermore, the best agreement with diffraction pattern in terms of the
intensity (of the magnetic Bragg reflections) istaabed for the refinement of x and z
components of the AFM moment of Co. The (AFM) motmehCo isp=(1.5(1),0,0.5(1))
us/Co with 1|=1.6(1) ug for x=0.75. As in the case of L#rColrOs, there is a magnetic
phase transition from the k=(0,0,0) AFM structufex®0 to the k=(1/2,0,1/2) AFM structure
of x=0.75. In the compound x=0.5 competing NN ard\Ninteractions lead to a frustration,
thus no magnetic Bragg reflections are found. Beerthe x=0.75 case, assuming a partially
oxidated C6" state (see fig. 5.41), there should be three wegalectrons resulting in a
magnetic moment of 8g. Even considering hybridization effects, the magnmoment at
the Co site should be larger tharug Therefore, the obtained AFM moment of L.Gor

x=0.75 is also due to a frustration. The compositiependent magnetic phase transition from
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the k=(0,0,0) AFM structure to the k=(1/2,0,1/2) MFstructure with a totally frustrated
transition zone (x=0.5 in both cases) seems to benanon feature of both L&SrColrOg
and La.xCaColrOs systems. As the band filling degree of freedoracdsve in both systems,
this can be attributed to the hole doping.

5. 8. 3. Transport properties of La,Ca,ColrOg

It is evident from fig. 5.45 (a) that all samplesthis system show a non-metal like behaviour
similar to the La,SKColrOs system. But the resistivity is reduced by alntesi orders of
magnitude at room temperature, when La is substitbyy Ca on the A-site in contrast to the
Sr substitution. In order to understand the undeglyransport mechanism, nvs 1/™* and

In p vs 1/T plots are made and they are shown in f&p ).
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Fig. 5.45(a): Temperature dependence of resistivitx=0, 0.5 and 0.75 in logarithmic scale

(x=0.5 of the LaSr system is also shown).
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high temperature behaviour, respectively. The asravark the maximum temperature, up to

which a linear dependence is well obeyed.

Similar to the La,SKColrOs system, a combination of the thermal activation &RH
behaviour is needed to describe the experimenta deer the whole temperature range,
where the high temperature range is better desthigethe former and the low temperature
range is better described by the latter. The aett/@band) gaps & which were determined
by the non-linear regression and the average bogles, are shown in table 5.17.

Table 5.17: Band gaps together with the averag®©@iobond angles at 4 (3 K for x=0) K

and at room temperature.

X Average bond angleAverage bond angleBand gap E(eV)
at4 (3) K (°) at RT (°)

0 152.46 152.74 0.26

0.5 152.75 153.15 0.29

0.75 153.66 154.03 0.27

As the size degree of freedom is eliminated inltbg,CaColrOs system, a change in the

averaged Co-O-Ir bond angles is negligible withréasing Ca substitution and accounts for
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only around 1° for x=6>x=0.75 (table 5.17). In the L&SrColrOs system such an amount of
substitution results in an increase of around gheCo-O-Ir bond angle (table 5.9). But the
interesting aspect concerns the substitution degerydof the band gap. Although holes are
introduced to the B sites with increasing Ca sttsbin, the band gap, which in this system is
a consequence of electron-electron repulsion, nwsi constant or even increases slightly
from 0.26 eV for x=0 to 0.27 eV for x=0.75. Thisimscontrast to the Sr substitution, where
the band gap has decreased from 0.26 eV for x=@ 1?2 eV for x=1. The reason for this
difference lies within the additional size degrek fieedom in La,SrColrQs, which
influences the bond angles, which in turn deterntime band width of Co and Ir. With
increasing Sr substitution the deviation of thedangles from 180° becomes smaller, thus it
favours delocalization, which is manifested in thend width. Although the hole doping
would reduce the electron-electron repulsion esgigciat lower (hole) doping levels,
provided that the size degree of freedom with sicgmt effects exists, this would dominate
over the band filling degree of freedom. At lowewvél of hole doping in LaCaColrOs,
although the number of electrons are reduced, @mstant distortion of the bond angles
(especially in lower symmetry crystal structuresrathe present case) will limit the size of
the band width, which in turn would enhance thetetm-electron repulsion and the splitting
of the bands.
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6. Summary

The series LaSrColrQOg is a suitable model system to investigate theceffé structural and
chemical degrees of freedom on the resulting phlgicoperties of double perovskites.
Depending on the temperature and composition th@wfimg sequence of phase transitions is
observed in this serieB2;/n < P2;/n + 12/m < 12/m < 14/m <~ Fm-3m. Whereas the phase
transition between the monoclinic phases is oft fogler, the phase transitions between
monoclinic (2/m) and tetragonal and between tetragonal and ciizisgs are of second order
in nature. Changes in the oxidation states of Batlirom CS* to C&* and Ir from If* to IP*
are concluded from the variation of the Co-O an@ Ibond lengths, trends within the Bader
charges, bond valence sums (BVS) and atomic sphergration. Whereas ‘ft—Ir°* takes
place gradually within th&2;/n phase and does not change significantly inlBie phase,
the CG*—Co’ takes place abruptly in th&/m phase at the phase boundaryal/n/I2/m at
x=1.5. Concerning the magnetic structures, thréferdnt types of them are discussed with
respect to electronic structure calculations. Wiitliereasing Sr substitution, there is a
transition from a stronger nearest neighbour (NNPVAexchange interaction for x=1 to a
stronger next nearest neighbour (NNN) AFM exchamgeraction for 1. Competing
interactions lead to NCM, most pronounced in,@alrOs. With increasing Sr-content,
however, the ferromagnetic components are conditleneeduced, so that the collinear
approximations become more and more appropriate intreasing x. A reduction of the
band gap is established with increasing Sr-corfremh 0.26 eV for x=0 to 0.05 for x=1.5,
and a significant influence of B/B’-site cation alider on the electronic transport properties is
proposed based on the results fos(Soy sdro.15(Iro.s5C.150s (X=2). These gaps are the
consequence of strongly correlated motion of treetedbns due to strong onsite electron-
electron Coulomb repulsion, which is confirmed b fact that the band gap in the DOS
could only be realized by applying an additionddital dependent potential term U for the
correlated 3d and 5d orbitals. Special attentiordiigerted towards L#&olrOs. For this
composition electronic structure calculations wgrerformed for both AFM and FM
configurations, which gave very similar total enesgand thus support NCM by a sensitive
preference of one of the possible states. Spiniem@ation transition are found in single
crystals of LaColrOgs, which could be attributed to local minima in #regular dependence of
the total energy, calculated from the non collin@aangement of the magnetic moments of
cobalt using the software code WIENNCM. The bangsgand d-band occupations are almost

similar to the reported ones for collinear confagions. The above results are compared with
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the system La,CaColrOs, which has only the band filling degree of freeddue to similar
ionic radii of L&" and C&". But single phase samples were obtained only @ 35. The
most significant similarity between the systemsthe magnetic phase transition from
dominant NN AFM interaction to NNN AFM interactioBut they differ in the change of the
oxidation states of Co and Ir upon Sr/Ca substitutEspecially the reduction of the band gap
upon Sr substitution is attributed to the size degof freedom, which influences the
bandwidth of 3d Co and 5d Ir, whereas the bandhgagly changes through low level hole
doping upon Ca substitution. The low level holeidgpseems to be not enough the reduce the
electron-electron repulsion significantly, as thendwidth is limited by the eliminated size
degree of freedom in the LaCa system (which is atngonstant as the Co-O-Ir bond angles

are almost constant) upon Ca substitution.

In another work the oxygen deficiency oh,SolrOs s is varied in argon flow. These results
can be compared with the results of the most laxygen deficiency system SoMoOs ;.

On one hand $€olrOss undergoes a structural phase transition fri@im—I14/m upon
oxygen removal at room temperature (as prepargdlobtoQ; crystallizes in4/m) and on the
other hand electrons are pumped into the B sites opygen removal. For £0MoQOs.s this
would slowly fill the empty d bands of Mb This leads to a delocalized ferromagnetic
interaction. For SColrOss however there are already four 5d electrons betoeeoxygen
removal und more electrons through this removal ldiancrease the electron-electron

interaction, thus the AFM structure is retained.
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7. Outlook

Even after the thorough experimental and theoretical investigation of the system, a few open
guestions remain: The most important one is about the spin state of Co in LaColrOs.
Whereas a magnetic moment of 1.7 ug is obtained from NPD, the GGA and GGA+U(FLL)
tend to prefer a HS state for Co. In collinear calculations, a IS state for Co could be stabilized
with the AMF flavour of GGA+U, whereas in NCM calculations this IS state could not be
realized. Even the derivation of the spin state of Co from magnetic entropy contribution,
which isin turn determined from the magnetic contribution to the specific heat capacity, gives
two options: IS or HS state for Co. Neutron diffraction on single crystals should be carried out
in order to compare the AFM component with the results from NPD. Furthermore,
spectroscopic methods such as XES should also be applied to obtain more information on the
spin state of Co. Another challenge encountered is the magnitude of the magnetic moment of
Ir, which is too small to be detected from NPD. Methods such as XMCD should be therefore
applied to determine the magnetic moment of Ir, which could be compared with the magnetic
moments predicted by DFT calculations.
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8. Appendix

Appendix 1: X-ray and neutron diffraction patterns with calculated

Intensities
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A 1.1: X-ray Diffraction pattern of La,ColrOg at room temperature.
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A 1.2: Neutron diffraction pattern of LaColrOg at room temperature. Reflection markers
correspond to the positions of Bragg reflections of the compound (top) and IrO, impurity
(bottom) contributions
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A 1.3: Neutron diffraction pattern of La,ColrOg at 3K. Reflection markers correspond to the

positions of Bragg reflections of the compound (top), IrO, impurity (middle) and the magnetic

(bottom) contributions.
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A 1.4: X-ray Diffraction pattern of La; 5Sro5ColrOg at room temperature.
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A 1.5: Neutron diffraction pattern of Lay 5SrosColrOg at room temperature.
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A 1.6: Neutron diffraction pattern of Lay 5SrosColrO6 at 3K.
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A 1.7: X-ray Diffraction pattern of LaSrColrOg at room temperature.
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A 1.8: Neutron diffraction pattern of LaSrColrOg at room temperature.
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A 1.9: Neutron diffraction pattern of LaSrColrOg at 3K. Reflection markers correspond to the

positions of Bragg reflections of the structural (top) and the magnetic (bottom) contributions.
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A 1.10: X-ray Diffraction pattern of LaysSr;sColrOg at room temperature. Reflection markers

correspond to the positions of Bragg reflections of the P2;/n (top) and the 12/m (bottom)

phases.
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A 1.11: Neutron diffraction pattern of LaysSr;sColrOgs at room temperature. Reflection
markers correspond to the positions of Bragg reflections of the P2;/n (top) and the 12/m
(bottom) phases.
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A 1.12: Neutron diffraction pattern of LagsSr15ColrOg at 3K. Reflection markers correspond
to the positions of Bragg reflections of the P2,/n (top) phase, the 12/m (middle) phase and the

magnetic contribution (bottom).
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A 1.13: Neutron diffraction pattern of Sr,ColrOg at 3K. Reflection markers correspond to the
positions of Bragg reflections of the P2:/n (top) phase, the 12/m (middle) phase and the
magnetic contribution (bottom).

isoo00+———-—7——+—+—+—+——7—
Observed Sr,ColrO at 900 K
| — Calculated ]
[%) —— Difference NPD Fm-3m
c .
3 90000-
@)

L C ittt 1 |Fm-3m
| Y T R R Im-Bm (Ta)

25 50 75 100 125 150
26 (°)
A 1.14: Neutron diffraction pattern of Sr, ColrOg at 900K. Reflection markers correspond to
the positions of Bragg reflections of the structural (top) and Ta capsule (bottom)

contributions.
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A 1.15: Neutron diffraction pattern of La; 5CaysColrO6 at 4K.
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A 1.16: X-ray Diffraction pattern of Lay sCaysColrOg at room temperature.
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A 1.17: Neutron diffraction pattern of La; 25Cag75ColrO6 at room temperature..
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A 1.18: Neutron diffraction pattern of Lay2sCa7sColrOs at 4K. Reflection markers

correspond to the positions of Bragg reflections of the structural (top) and the magnetic

(bottom) contributions.
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Appendix 2: Atomic positions at room temper ature

A2.1: Atomic positions of La,ColrOg (P2,/n) at room temperature.

Atom X y Z
La 0.50984 0.54757 0.25341
Co 0 05 0
Ir 0.5 0 0
o1 0.19994 0.19929 0.95675
02 0.29182 0.71525 0.95980
03 0.41617 0.98396 0.24639

A2.2: Atomic positions of Lay 5Srgs5ColrOg (P2:/n) at room temperature.

Atom X y Z
La/Sr 0.50873 0.53401 0.24889
Co 0 0.5 0
Ir 0.5 0 0
01 0.20605 0.20074 0.96438
02 0.27924 0.72427 0.95972
03 0.41887 0.99127 0.24055

A2.3: Atomic positions of LaSrColrOg (P2:/n) at room temperature.

Atom X y Z
La/Sr 0.50511 0.52091 0.24830
Co 0 05 0
Ir 0.5 0 0
o1 0.21052 0.20794 0.96881
02 0.27513 0.73782 0.97234
03 0.42852 1.00594 0.24249
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A2.4. Atomic positions of LagsSr;sColrOg (P21/n) at room temperature.

Atom X y Z
La/Sr 0.50835 0.52507 0.24646
Co 0 0.5 0
Ir 0.5 0 0
01 0.21122 0.20718 0.96593
02 0.27557 0.73573 0.97089
03 0.42501 0.99948 0.24330

A2.5: Atomic positions of LagsSr;sColrOg (12/m) at room temperature.

Atom X y Z

La/Sr 0.49829 0.00000 0.25516
Co 0 0 05

Ir 0 0 0

01 0.25901 0.24105 0.02308
02 -0.05553 0.00000 0.24461
A2.6: Atomic positions of SroColrOg (I12/m) at room temperature.

Atom X y Z

Sr 0.50336 0.00000 0.25000
Co 0 0 0.5

Ir 0 0 0

01 0.23727 0.25899 0.03267
02 0.01448 0.00000 0.24654

A2.8: Atomic positions of Lay 5CaysColrOg (P2:/n) at room temperature.

Atom X y Z
La/Ca 0.50756 0.54319 0.25192
Co 0 05 0
Ir 0.5 0 0
o1 0.20480 0.19701 0.95963
02 0.29070 0.71851 0.95794
03 0.41585 0.98620 0.24477
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A2.8: Atomic positions of Lay 25Cag75C0lrOg (P2:/n) a room temperature.

Atom X y Z
La/Ca 0.50881 0.54248 0.24867
Co 0 0.5 0
Ir 0.5 0 0
01 0.21683 0.19831 0.96368
02 0.29794 0.71764 0.95389
03 0.41927 0.98183 0.24864

159



Appendix 3: Self-consistant procedure (SCF) flow chart and important
input filesfor WIEN2K and WIENNCM for La,ColrOg

A3.1 A more sophisticated SCF flow chart of WIEN2K and WIENNCM

—
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Hyr = Eni\y
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A. 3.2 Input for generating the potential: case.inO

TOT 13 (5...CA-LDA, 13...PBE-GGA, 11...WC-GGA)
NR2V  IFFT  (R2V)
45 45 60 2.00 min IFFT-parameters, enhanc

ement factor

A. 3.3 Input for generating eigenvalues and eigenvectors: case.inl

WFFIL (WFPRI, SUPWF)
6.50 10 4 (R-MT*K-MAX; MAX L IN WF, V-NM
0.30 50 (GLOBAL E-PARAMETER WITH n OTHE
APW/LAPW)
0 -255 0.002CONT1
0 0.30 0.000CONT1
1 -1.29 0.002 CONT1
1 030 0.000CONT1
2 030 0.005CONT1
030 50 (GLOBAL E-PARAMETER WITH n OTHE
APW/LAPW)
0 -255 0.002CONT1
0 0.30 0.000CONT1
1 -1.29 0.002CONT1
1 0.30 0.000CONT1
2 0.30 0.005CONT1
030 40 (GLOBAL E-PARAMETER WITH n OTHE
APW/LAPW)
1 030 0.000CONT1
1 -457 0.001STOP1
2 0.60 0.005CONT1
0 0.30 0.000CONT1
030 70 (GLOBAL E-PARAMETER WITH n OTHE
APW/LAPW)
0.30 0.000 CONT 1
-6.88 0.001 STOP 1
0.30 0.000 CONT 1
-3.45 0.001 STOP 1
0.30 0.000 CONT 1
-4.14  0.001 STOP 1
0.30 0.005CONT 1
030 30 (GLOBAL E-PARAMETER WITH n OTHE
APW/LAPW)
0 -1.46 0.002 CONT1
0 0.30 0.000CONT1
1 0.30 0.000CONT1
030 30 (GLOBAL E-PARAMETER WITH n OTHE
APW/LAPW)
0 -1.46 0.002 CONT 1
0 0.30 0.000CONT1
1 0.30 0.000CONT1
030 3 0 (GLOBAL E-PARAMETER WITH n OTHE
APW/LAPW)
0 -1.46 0.002 CONT1
0 0.30 0.000CONT1
1 0.30 0.000CONT1
030 3 0 (GLOBAL E-PARAMETER WITH n OTHE
APW/LAPW)
0 -1.46 0.002 CONT1
0 0.30 0.000CONT1
1 0.30 0.000CONT1
030 3 0 (GLOBAL E-PARAMETER WITH n OTHE
APW/LAPW)
0 -1.46 0.002 CONT1
0 0.30 0.000CONT1

NWWkFEPFOO

T
R CHOICES, global

R CHOICES, global

R CHOICES, global

R CHOICES, global

R CHOICES, global

R CHOICES, global

R CHOICES, global

R CHOICES, global

R CHOICES, global
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1 0.30 0.000CONT1
030 3 0 (GLOBAL E-PARAMETER WITH n OTHE
APW/LAPW)
0 -1.46 0.002 CONT1
0 0.30 0.000CONT1
1 030 0.000CONT1
030 40 (GLOBAL E-PARAMETER WITH n OTHE
APW/LAPW)
1 030 0.000CONT1
1 -434 0.001STOP1
2 060 0.005CONT1
0 0.30 0.000CONT1
030 70 (GLOBAL E-PARAMETER WITH n OTHE
APW/LAPW)
0 0.30 0.000CONT1
0 -6.85 0.001STOP1
1 0.30 0.000CONT1
1 -341 0.001STOP1
3 0.30 0.000CONT1
3 -413 0.001 STOP1
2 030 0.005CONT1
K-VECTORS FROM UNIT:4 -10.2 2.0 244 emin

R CHOICES, global

R CHOICES, global

R CHOICES, global

/emax/nband

A. 3.4 Input for generating the valence charge density expansion: case.in2

TOT (TOT,FOR,QTL,EFG,FERMI)
-10.2  208.0 0.50 0.05 EMIN,
TETRA 0.000 (GAUSS,ROOT, TEMP, TETRA,ALL

001011-112021-2122-22 30
-334041-4142-42 43-43 44-44
53-5354-5455556061-6162-6
65-65 66-66
001011-112021-2122-22 30
-:334041-4142-42 43-43 44-44
53-5354-5455556061-6162-6
65-6566-66
002021-2122-224041-41 42
6061-6162-6263-6364-6465-6
002021-2122-224041-41 42
60616162-6263-6364-6465-6
001011-112021-2122-22 30
-:334041-4142-42 43-43 44-44
53-5354-5455-556061-6162-6
65-65 66-66
001011-112021-2122-22 30
-334041-4142-42 43-43 44-44
53-5354-5455-556061-6162-6
65-65 66-66
001011-112021-2122-22 30
-334041-4142-42 43-43 44-44
53-5354-5455556061-6162-6
65-65 66-66
001011-112021-2122-22 30
-:334041-4142-42 43-43 44-44
53-5354-5455556061-6162-6
65-6566-66
001011-112021-2122-22 30
-:334041-4142-42 43-43 44-44
53-5354-5455-556061-6162-6
65-6566-66
001011-112021-2122-22 30
-:334041-4142-42 43-43 44-44
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NE, ESEPERMIN, ESEPERO

eval)
31-3132-32 33
5051-5152-52
263-6364-64

31-3132-32 33
5051-5152-52
263636464

42 43-43 44-44
566-66

42 43-43 44-44
566-66
31-3132-3233
5051-5152-52
263-6364-64

31-3132-3233
5051515252
263-6364-64

31-3132-32 33
5051515252
263636464

31-3132-32 33
5051-5152-52
263636464

31-3132-32 33
5051-5152-52
263-6364-64

31-3132-3233
5051-5152-52



53-5354-5455556061-6162-6 263636464
65-65 66-66

002021-2122-224041-41 42 42 43-43 44-44
60616162-6263-6364-6465-6 566-66
002021-2122-224041-4142 -42 43-43 44-44
60616162-6263-6364-6465-6 566-66

12.00 GMAX
NOFILE FILE/NOFILE write recprlist

A. 3. 5 Input for calculating the density matrix: case.indm

-9. Emin cutoff energy

4 number of atoms for which density matrix is calculated
312 index of 1st atom, number of L’s, L1

412 index of 1st atom, number of L’s, L1

1112 index of 1st atom, number of L’s, L1

1212 index of 1st atom, number of L's, L1

00 r-index, (I,s)-index

A. 3. 6 Input for calculating the orbital dependent potential: case.inorb

140 nmod, natorb, ipr
PRATT, 1.0 mixmod, amix
312 iatom nlorb, lorb
412 iatom nlorb, lorb
1112 iatom nlorb, lorb
1212 iatom nlorb, lorb
1 nsic (LDA+U(SIC) used)
0.40.0675 UJ

0.20.04 UJ

0.40.0675 UJ

02004 UJ

A. 3. 7 Input for calculating spin-orbit coupling: case.inso

WFFIL
510 lImax,ipr,kpot
-10.0000 1.50000 emin,emax (output ene rgy window)

0. 0. 1. direction of magnetiz ation (lattice vectors)
0 number of atoms for wh ich RLO is added
65678910 number of atoms for which SO is switch
off; atoms

A. 3. 8 Master input file with the structural information: case.struct

s-0 calc. M|| O. 00 0.00 1.00
P 12
RELA
10.522755 10.696610 14.920528 90.000000 89.961200 90.000000
ATOM -1: X=0.50980000 Y=0.54750000 Z=0.25340000
MULT=2 ISPLIT=8
-1: X=0.49020000 Y=0.45250000 Z=0.74660000
Lal NPT= 781 R0=.000010000 RMT= 2.38000 Z: 57.00000

LOCAL ROT MATRIX: 1.0000000 0.0000000 0.0000000
0.0000000 1.0000000 0.0000000
0.0000000 0.0000000 1.0000000

ATOM -2: X=0.99020000 Y=0.04750000 Z=0.24660000

MULT= 2 ISPLIT=8
-2: X=0.00980000 Y=0.95250000 Z=0.75340000
La2 NPT= 781 R0=.000010000 RMT= 2.38000 Z: 57.00000
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LOCAL ROT MATRIX: 1.0000000 0.0000000 0.0000000
0.0000000 1.0000000 0.0000000
0.0000000 0.0000000 1.0000000
ATOM -3: X=0.50000000 Y=0.00000000 Z=0.50000000
MULT=1 ISPLIT=8
Co3 NPT= 781 R0=.000050000 RMT= 2.04000
LOCAL ROT MATRIX: 1.0000000 0.0000000 0.0000000
0.0000000 1.0000000 0.0000000
0.0000000 0.0000000 1.0000000
ATOM -4: X=0.00000000 Y=0.50000000 Z=0.50000000
MULT=1 ISPLIT=8
Ird4 NPT= 781 R0=.000005000 RMT= 1.98000
LOCAL ROT MATRIX: 1.0000000 0.0000000 0.0000000
0.0000000 1.0000000 0.0000000
0.0000000 0.0000000 1.0000000
ATOM -5: X=0.20820000 Y=0.19840000 Z=0.95650000
MULT= 2 ISPLIT=8
-5: X=0.79180000 Y=0.80160000 Z=0.04350000
05 NPT= 781 R0=.000100000 RMT= 1.76000
LOCAL ROT MATRIX: 1.0000000 0.0000000 0.0000000
0.0000000 1.0000000 0.0000000
0.0000000 0.0000000 1.0000000
ATOM -6: X=0.29180000 Y=0.69840000 Z=0.54350000
MULT= 2 ISPLIT=8
-6: X=0.70820000 Y=0.30160000 Z=0.45650000
06 NPT= 781 R0=.000100000 RMT= 1.76000
LOCAL ROT MATRIX: 1.0000000 0.0000000 0.0000000
0.0000000 1.0000000 0.0000000
0.0000000 0.0000000 1.0000000
ATOM -7: X=0.29740000 Y=0.71630000 Z=0.95660000
MULT= 2 ISPLIT=8
-7: X=0.70260000 Y=0.28370000 Z=0.04340000
o7 NPT= 781 R0=.000100000 RMT= 1.76000
LOCAL ROT MATRIX: 1.0000000 0.0000000 0.0000000
0.0000000 1.0000000 0.0000000
0.0000000 0.0000000 1.0000000
ATOM -8: X=0.20260000 Y=0.21630000 Z=0.54340000
MULT= 2 ISPLIT=8
-8: X=0.79740000 Y=0.78370000 Z=0.45660000
08 NPT= 781 R0=.000100000 RMT= 1.76000
LOCAL ROT MATRIX: 1.0000000 0.0000000 0.0000000
0.0000000 1.0000000 0.0000000
0.0000000 0.0000000 1.0000000
ATOM -9: X=0.41540000 Y=0.98260000 Z=0.24770000
MULT= 2 ISPLIT=8
-9: X=0.58460000 Y=0.01740000 Z=0.75230000
09 NPT= 781 R0=.000100000 RMT= 1.76000
LOCAL ROT MATRIX: 1.0000000 0.0000000 0.0000000
0.0000000 1.0000000 0.0000000
0.0000000 0.0000000 1.0000000
ATOM -10: X=0.08460000 Y=0.48260000 Z=0.25230000
MULT= 2 ISPLIT=8
-10: X=0.91540000 Y=0.51740000 Z=0.74770000
010 NPT= 781 R0=.000100000 RMT= 1.76000
LOCAL ROT MATRIX: 1.0000000 0.0000000 0.0000000
0.0000000 1.0000000 0.0000000
0.0000000 0.0000000 1.0000000
ATOM -11: X=0.00000000 Y=0.50000000 Z=0.00000000
MULT=1 ISPLIT=5
Coll NPT= 781 R0=.000050000 RMT= 2.04000
LOCAL ROT MATRIX: 0.5604300 0.8189400 0.2735100
-0.820860 0.5658700 -0.068991
-0.110060 -0.095588 0.9593900
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ATOM -12: X=0.50000000 Y=0.00000000 Z=0.00000000
MULT=1 ISPLIT=5
Ir12 NPT= 781 R0=.000005000 RMT= 1.98000
LOCAL ROT MATRIX: 0.7955600 0.5872400 0.3053900
-0.596740 0.7999800 0.0682800
0.1048200 0.1232200 -0.949780
2 NUMBER OF SYMMETRY OPERATIONS
1 0 0 0.0000000
0 1 0 0.0000000
0 01 0.0000000
1 A 1so.oper. type orig. index
-1 0 0 0.0000000
0-1 0 0.0000000
0 0-1 0.0000000
2 A2

A. 3.9 Input for the direction of the magnetic momentsin WIENNCM: case.inncm

FULL

0.000000 0.000000 0.000000

176.00000 26.87600 O

3.99850 153.12000 O

74.25768 72.65000 1 0.077355 0.269959
105.74232 107.35000 1  -0.077355 0.269959
73.28599 90.29727 1 0.000808 0.002646
73.28599 90.29727 1 0.000808 0.002646
106.71401 89.70273 -0.000808 0.002646
106.71401 89.70273 -0.000808 0.002646
121.01861 44.01606 -0.010386 0.016992
121.01861 44.01606 -0.010386 0.016992
58.98139 135.98394 0.010386 0.016992
58.98139 135.98394 0.010386 0.016992
79.38998 53.86080 1 0.006678 0.035067
79.38998 53.86080 1 0.006678 0.035067
100.61002 126.13920 1  -0.006678 0.035067
100.61002 126.13920 1 -0.006678 0.035067
46.17174 127.12790 0.012127 0.012428
46.17174 127.12790 0.012127 0.012428
133.82826 52.87210 -0.012127 0.012428
133.82826 52.87210 -0.012127 0.012428
0.50000

RPRRRRR

PR R

Z: 77.00000

0.062784
-0.062784
-0.000011
-0.000011

0.000011

0.000011

0.014716

0.014716
-0.014716
-0.014716

0.018675

0.018675
-0.018675
-0.018675
-0.009356
-0.009356

0.009356

0.009356

165



9. Bibliography

[1] K.-I. Kobayashi, T. Kimura, H. Sawada, K. Teua&, and Y. Tokura, Naturgds, 677
(1998).

[2] H. Kato, T. Okuda, Y. Okimoto, Y. Tomioka, Y.akenoya, A. Ohkubo, M. Kawasaki,
and Y. Tokura, Appl. Phys. Le®l, 328 (2002).

[3] H. Kato, T. Okuda, Y. Okimoto, Y. Tomioka, K.ikdwa, T. Kamiyama, and Y. Tokura,
Phys. Rev. B55, 144404 (2002).

[4] Q. Zhou, B. J. Kennedy, and M. M. Elcombe, dli6State Cheml80, 541 (2007).

[5] Y. Krockenberger, K. Mogare, M. Reehuis, M. BoyM. Jansen, G. Vaitheeswaran, V.
Kanchana, F. Bultmark, A. Delin, F. Wilhelm, A. Radgv, A. Winkler, and L. Alff, Phys.
Rev. B75, 020404 (2007).

[6] Z. H. Han, H. E. Mohottala, J. I. Budnick, W. Nines, P. W. Klamut, B. Dabrowski, and
M. Maxwell, J. Phys: Condens. MattE8, 2273 (2006).

[7] F. Galasso and W. Darby, Inorg. Chen71 (1965).

[8] G. Blasse, J. Inorg. Nucl. Chev, 993 (1965).

[9] A. V. Powell, J. G. Gore, and P. D. BattleAlloys Compound£01, 73 (1993).

[10] M. Uhl, S. Matar, and B. Siberchicot, J. Magfagn. Mater187, 201 (1998).

[11] R. C. Currie, J. F. Vente, E. Frikkee, andJDW. ljdo, J. Solid State Cheril6, 199
(1995).

[12] L. Bufaical,L. Mendonca Ferreira, R. Lora-Serrano, O. Aguerdptriani, E. Granado,
P. G. Pagliuso, A. Caytuero, and E. Baggio-Saitowic Appl. Phys103, 07F716 (2008).

[13] G. Demazeau, B. Siberchicot, S. Matar, C. Gaged A. Largeteau, J. Appl. Phy&,
4617 (1994).

[14] K. Okuda, S. Kawamata, K.Nakahigashi, I. Istsbi, M. Hayashi, H. Ohta, H. Nojiri and
[15] M. T. Czyzyk, R. Potze, and G. A. Sawatzkyy®RevB 46, 3729 (1992).

[16] R. H. Potze, G. A. Sawatzky, and M. Abbatey$?liRev.B 51, 11501 (1995).

M. Motokawa, J. Magn. Magn. Matek77-181, 1375 (1998).

[17] H. Wu and T.Burnus, Phys. Rdé¥ 80, 081105(R) (2009).

[18] G. Maris, Y. Ren, V.Volotchaev, C. Zobel, Torenz, and T. T. M. Palstra, Phys. RBv.
67, 224423 (2003).

[19] J.-W. G. Bos and J. P. Attfield, Phys. RBVZ0, 174434 (2004).

[20] M. C. Viola, M. J. Martinez-Lope, J. A. Alons®. Velasco, J. L. Martinez, J. C.
Pedregosa, R. E. Carbonio, and M. T. Fernandez;Qilagm. Materl4, 812 (2002).

166



[21] J. W. G. Bos and J. P. Attfield, J. Mater. @hé&5, 715 (2005).

[22] M. C. Viola, M. J. Martinez-Lope, J. A. Alonsd. L. Martinez, J. M. De Paoli, S.agola,
J. C. Pedregosa, M. T. Fernandez-Diaz, and R. ébo@ie, Chem. Mater5, 1655 (2003).
[23] H. Kato, T. Okuda, Y. Okimoto, Y. Tomioka, Kikawa, T. Kamiyama, and Y. Tokura,
Phys. RevB 69, 184412 (2004).

[24] J. B. Philipp, P. Majewski, L. Alff, A. Erb, RGross, T. Graf, M. S. Brandt, J. Simon, T.
Walther, W. Mader, D. Topwal, and D. D. Sarma, PRev.B 68, 144431 (2003).

[25] M. Baer,Beyond Born-Oppenheimer (Wiley, 2006).

[26] N. D. Lang and W. Kohn, Phys. Rev1B4555 (1970).

[27] D. R. Hartree, Proc. Cambridge Phil. Soc.(B%8).

[28] F. Fock. Zs. f. Phys., 126 (1930).

[29] J. C. Slater, Phys. Re®1 Nr. 3, 385 (1951).

[30] C. Coulson, Rev. Mod. Phy&2 Nr.2, 170 (1960).

[31] E. Fermi, Rend. Accad. Naz. Lincei. 6, 60247p

[32] L. H. Thomas, Proc. Camb. Phil. S@8, 542 (1927).

[33] P. Dirac, Proc. Camb. Phil. S&8&, 376 (1930).

[34] W. Kohn, Rev. Mod. Phyg§1, 1253 (1999).

[35] P. Hohenberg and W.Kohn, Phys. RE}6(3B), 864 (1964).

[36] W. Kohn and L. J. Sham, Phys. R&#0(4A), 1133 (1965).

[37] J. F. Janak, Phys. Re®.18, 7165 (1978).

[38] J. P. Perdew, K. Burke, and M. Ernzerhof, PiRav. Lett.77, 3865 (1996).

[39] P. E. Blochl, O. Jepsen, and O. K. AndersdrysPRevB 49, 16223 (1994).

[40] M. Methfessel, C. O. Rodriguez, and O. K. Arsda, Phys. ReB 40, 2009 (1989).
[41] N. Papanikolaou, R. Zeller, and P. H. Dedesjch Phys.; Condens. Matté4, 2799
(2002).

[42] W. E. Pickett,Pseudopotential Methods in Condensed Matter Applications (North-
Holland, 1989).

[43] K. Koepernik and H. Eschrig, Phys. R&/59, 1743 (1999).

[44] J. C. Slater, Phys. Revl1, 846 (1937).

[45] K. H. Schwarz, P. Blaha, and G. K. H. Madseéomput. Phys. Commui47, 71 (2002).
[46] O. K. Andersen, Phys. ReB.12, 3060 (1975).

[47] D. J. Singh, Phys. ReB.43, 6388 (1991).

[48] E. Sjostedt, L. Nordstrom, and D.J. Singh,i&8itate Comm114, 15 (2000).

[49] J. J. Sakuraidvanced Quantum Mechanics (Addison-Wesley, 1967).

167



[50] A. H. McDonald, W. E. Pickett, and D. D. Koelling,Rhys. C: Solid State Phyk3,
2675 (1980).

[51] F. Tran, P. Blaha, and K. Schwarz, Phys. Bev4, 155108 (2006).

[52] N. Mott, Rev. Mod. Phys10, 677 (1968).

[53] W. Kohn, Phys. Rev. Letl9, 789 (1967).

[54] J. Hubbard, Proc. Roy. So&.281, 401 (1964).

[55] P. W. Anderson, Phys Reldl5, 2 (1959).

[56] S. Chadov, J. Minar, M. |. Katsnelson, H. Bbé&r. Kédderitzsch, and A. I. Lichtenstein,
Europhys. Lett82, 37001 (2008).

[57] J. Perdew, R. Parr, M. Levy, and J. Balduzy/?Rev. Lett49, 1691 (1982).

[58] J. Perdew and M. Levy, Phys. Rev. L&ft, 1884 (1983).

[59] M. Cococcioni and S. de Gironcoli, Phys. RBw/1, 035105 (2005).

[60] O. Gunnarsson and K. Schénhammer, Phys. Rett.36, 1968 (1986).

[61] A. I. Liechtenstein, V. I. Anisimov, and J, &aen, Phys. Re® 52, R5467 (1995).
[62] I. V. Solovyev, P. H. Dederichs, and V. I. Amhov, Phys. Re\B 50, 16861 (1994).
[63] V. I. Anisimov, J. Zaanen, and O. K. AndersBhys. RevB 44, 943 (1991).

[64] M. T. Czyzyk and G. A. Sawatzky, Phys RBW9, 14211 (1994).

[65] V. I. Anisimov, I. V. Solovyev, M. A. KorotinM. T. Czyzyk, and G. A.

Sawatzkyl, Phys. Re® 48, 16929 (1993).

[66] V.M. Goldschmidt, Naturwissenschaftéh, 477 (1926).

[67] A. M. Glazer, Acta Crystallogr., Se@&: Struct. Crystallogr. Cryst. Cher23, 3384
(1972).

[68] M. T. Anderson, K. B. Greenwood, G. A. Tayland K. R. Poeppelmeier, Prog. Soli
State Chenm22, 197 (1993).

[69] C.J. Howard, H.T. Stokes, Acta CryBt54, 782 (1998).

[70] M. Gateshki, J. M. Igartua, and E. Hernandexd@hegra, J. Phys. Condens. Matéy.
6199 (2003).

[71] G. Popov, M. Greenblatt, and M. Croft, Phys. R&é7, 024406 (2003).

[72] D Serrate, J. M. De Teresa, and M R IbarraPldys.. Condens. Mattel9, 023201
(2007).

[73] I. D. Brown, and D. Altermatt, Acta Cry$.41, 244 (1985).

[74] R. F. W. BaderAtoms in Molecules - A Quantum Theory (Clarendon Press, Oxford,
U.K., 1990).

168



[75] R. Vidya, P.Ravindran, K. Knizek, A. Kjekshumd H. Fjellvag, Inorg. Chem7, 6608
(2008).

[76] M.Kaveh and N. Wiser, J. Phys. F: Metal Piyis.1749 (1981).

[77] E. Abrahams, Phys. Re®5, 839 (1954).

[78] E. M. Ramos, |. Alvarez, M. L. Viega, and Gc®, J Mater. Sci. Lettl4, 1577 (1995).
[79] S. J. Moon, H. Jin, K. W. Kim, W. S. Choi, %. Lee, J. Yu, G. Cao, A. Sumi, H.
Funakubo, C. Bernhard, and T. W. Noh, Phys. Reit. 104, 226402 (2008).

[80] N. F. Mott, Phil. Mag19:160, 835 (1969).

[81] J.-W. G. Bos, and J. P. Attfield, Phys. RBW9, 094434 (2004).

[82] R. Saez-Puche, E. Climent-Pascual, R. Ruizd& . A. Alario-Franco, and M. T.
Fernandez-Diaz, Prog. Solid State Ch&#.211 (2007).

[83] J. B. Phillip, P. Majewski, D. Reisinger, Se@éags, M. Opel, A. Erb, L. Alff, and R.
Gross, Acta Phys. PoA 105, 7 (2004).

[84] P. Sanyal, H. Das, and T. Saha-Dasgupta, Phys By 224412 (2009).

[85] T. Aharen, J. E. Greedan, C. A. Bridges, AA&zel, J. Rodriguez, G. MacDougall

G. M. Luke, V. K. Michaelis, S. Kroeker, C. R. WeebH. Zhou, and L. M. D. Cranswick,
Phys. RevB 81, 064436 (2010).

[86] S. Di Matteo, G. Jackeli, and N. B. Perkinky®. RevB 67, 184427 (2003).

[87] J. B. GoodenougtVlagnetism and the Chemical Bond (John Wiley, New York-London,
1963), p. 177, Table XIl.

[88] P. D. Battle, J. B. Goodenough, and R. Prc&olid State Chemb, 234 (1983).

[89] M. Knapp, C. Baehtz, H. Ehrenberg, and H.45u& Synchrotron Rad.1, 328 (2004).
[90] M. Knapp, V. Joco, C.Baehtz, H. H. Brecht,Berghaeuser, H. Ehrenberg, H. von
Seggern, and H. Fuess, Nucl. Instrum. Methods HRgs. A521, 565 (2004).

[91] J. Ihringer and A. Kuster, J. Appl. Cry26, 135 (1993).

[92] J. Rodriguez-Carvajal, Physi&al92, 55 (1993).

[93] M. Holzel, A. Senyshyn, R. Gilles, H. Boysen, and ke$s, Neutron New48, 23
(2007).

[94] R. A. Young,The Rietveld Method (Oxford Univ. Press, 1995).

[95] S. Riesner: private communication.

[96] N. Narayanamiplomarbeit, TU Darmstadt (2007).

[97] J. Diederichs, S. Spagna, and R. E. Sagercl@atovak J. Phys16, 2803 (Suppl. S5)
(1996).

[98] Quantum Design, MPMS: Hardware Reference Manua

169



[99] PPMS, Quantum Design brochure.

[100] Quantum Design, PPMS: Resistivity Option Usédanual, Part Number 1076-100A
(1999).

[101] L. J. van der Pauw, Philips Tech. R, 220 (1958).

[102] Quantum Design, Application Note 1076-304.

[103] Quantum Design, PPMS: Heat Capacity OptiomridsManual, Part Number 1085-
150,J0 (2007).

[104] Quantum Design, Application Note 1085-152.

Seggern, and H. Fuess, Nucl. Instrum. Méts21, 565 (2004).

[105] P. Blaha, K. H. Schwarz, G. Madsen, D. Kvasnickag &.Luitz, WIEN2k, An
Augmented Plane wave plus Local Orbitals ProgramClalculating Crystal Properties (TU
Wien Austria, 2001).

[106] J. Kunes§, P. Novak, M. Divi§, and P. M. Oppen Phys. ReB 63, 205111 (2001).
[107] R. Laskowski, G. K. H. Madsen, P. Blaha, a0dH. Schwarz, Phys. Re\B 69,
140408(R) (2004).

[108] D. J. SinghPlane waves, pseudopotentials and the LAPW method (Kluwer Academic,
Dordrecht, 1994).

[109] F. Galasso and W. Darby, Inorg. Chem71 (1965).

[110] J. W. Nielsen, J. Appl. Phy&1 (Supl), 51S (1960).

[111] J. P. Remeika, J. Am. Chem. S@8, 4259 (1956).

[112] P. M. Woodward, Acta Crystallogr., SeBt25, 32 (1997).

[113] W. T. PenningtorDIAMOND - Visual Crystal Structure Information Sgsh, J. Appl.
Cryst. 32, 1028 (1999).

[114] I. D. Brown, Accumulated table of bond valengarameters, bvparm2006.cif (2006)
[115] R. D. Shannon, Acta. Cry#t.32, 751 (1976).

[116] K. Yamamura, M. Wakeshima, and Y. Hinatsiu6dlid State Cheni79, 605 (2006).
[117] L. Ortega-SanMartin, J. P. Chapman, E. HedearBocanegra, M. Insausti, M. I.
Arriortua,and T. Rojo, J. Phys.: Condens. Mal&r3879 (2004).

[118] D Serrate, J. M. De Teresa, P. A. AlgarabBelGalibert, C. Ritter, J. Blasco, and M R
Ibarra, Phys. Rev. B5, 165109 (2007).

[119] M. Sikora, O. Mathon, P. Van der Linden, J. Michalik, J. M. De Teresa, Cz.
Kapusta, and S. Pascarelli, Phys. R&Vv9, 220402(R) (2009).

[120] V. Y. Irkhin, J. Magn. Magn. Mate258-259, 228 (2003).

170



[121] M. Retuerto, M. J. Martinez-Lope, M. Garciatdandez, M. T. Fernandez-Diaz, and J.
A. Alonso, Eur. J. Inorg. Che2008, 588 (2008).

[122] K. Oikawa, T. Kamiyama, H. Kato, and Y. To&aud. Phys. Soc. Jpi2, 1411 (2003).
[123] D. B. Litvin, Magnetic Space Group Types (Penn State Berks, 2010).

[124] L. Ortega-San Martin, J. P. Chapman, L. Lezam8adchez-Marcos, J. Rodriguez-
Fernandez, M. I. Arriortua, and T. Rojo, J. Maténem.15, 183 (2005).

[125] Y. Hinatsu and Y. Doi, J. Solid State Chev9, 2079 (2006).

[126] C. Michel, S. D. Baranovskii, P. J. Klar, aRdThomas, Appl. Phys. LeR9, 112116
(2006).

[127] P.Tomes, J. Hejtmanek, and K. Knizek, Soliat& Sci.10, 486 (2008).

[128] J.-W. G. Bos and J. P. Attfield, Chem. Maifi;,. 1822 (2004).

[129] I. V. Solovyev, P. H. Dederichs, and V. I. i8imov, Phys. RevB 50, 16861 (1994).
[130] C. Michel, S. D. Baranovskii, P. J. Klar, aRdThomas, Appl. Phys. Lett. 89, 112116
(2006).

[131] D. Niebieskikwiat, R. D. Sanchez, A. Caneito,Morales, M. Vasques-Mansilla, F.
Rivadulla, and L. E. Hueso, Phys. RBv62, 3340 (2000).

[132] E. R. Ylvisaker, W. E. Pickett, and K. Koepi&;, Phys. RevB 79, 035103 (2009).

[133] L. Balcells, J. Navarro, M. Bibes, A. Roig, Bartinez, and J. Fontcuberta, Appl. Phys.
Lett. 78, 781 (2001).

[134] A. Winkler, N. Narayanan, D. Mikhailova, K..ramnik,.H. Ehrenberg, H. Fuess, G.
Vaitheeswaran, V. Kanchana, F. Wilhelm, A. Rogal&vKolchinskaya, and L. Alff, New
Journal of Physic$1, 073047 (2009).

171



Physikalische Eigenschaften der Doppelperowskite La, ,SryCol rOg (0<x<2)

Zusammenfassung

Im letzten Jahrzehnt wurden DoppelperowskitBBOs mit Ubergangsmetallen am BB
Platz aufgrund interessanter physikalischen Eideafsen wie Metall-Isolator-Ubergang,
kolossaler Magnetowiderstand und strukturelle uraymetische Phasenibergénge intensiv
untersucht. Wahrend sich die meisten Untersuchubgeiiglich der 3d/5d Ubergangsmetall-
Kombination auf W, Re und Os basierte Systeme ateht wurden die Ir basierten
Doppelperowskite kaum untersucht. In diesem Systerspricht der Einfluss einer grol3en
Spin-Orbit-Kopplung in Kombination mit der Elektmkorrelation auf die ausgedehnte
Wellenfunktion (verglichen mit 3d) interessante ekte. Anderseits kann Co in einer
bestimmten Oxidationsstufe abhangig von der Veunngd in verschiedenen Spin-Zustanden
vorliegen. Daher wird bei einem Doppelperowskit M6 und Ir am B bzw. BPlatz

interessante physikalische Eigenschaften erwartet.

Im Rahmen dieser Arbeit wurde die Verbindung@alrOgs hinsichtlich ihrer Kristallstruktur,
magnetischen Eigenschaften und elektronischen t8truktersucht. Diese Verbindung weist
nicht-kollinearen  Magnetismus und im externen Maighed einen  Spin-
Reorientierungstibergang auf. Dariiber hinaus wuigl@ldktronische Struktur am BBlatz
durch die Substitution des A-Kations beeinflusstl wie dadurch adndernden physikalischen
Eigenschaften untersucht. Wahrend in, }3xColrQs sowohl der Freiheitsgrad der A-
KationengroRe als auch der Freiheitsgrad der Bdéndfii vorhanden sind, ist der
Freiheitsgrad der A-Kationengrol3e in,L&aColrOs ausgeschaltet (gleiche Kationenradien
von La und Ca). Abhangig von der Temperatur undafusensetzung, weist das,La
«SKColrQs System die folgenden strukturellen Phasentbergaofé2;/n <« P2;/n + 12/m

> 12/m < 14/m < Fm-3m Die mit Ca substituierten Zusammensetzungen hewgegigen
keine strukturellen Phasentbergange. Bezuglichntegnetischen Ordnung weisen sowohl
das La.SrColrOs System als auch das1,&£8,ColrOs System den folgenden magnetischen
Phaseniibergang auf, was auf einen Ubergang vom ndateh N&chstnachbar-
Wechselwirkung zum dominanten Ubernachstnachbarhgédwirkung schlieRen lasst: AFM
k=(0,0,0)»k=(1/2,0,1/2). Widerstandsmessungen ergaben, dag3oltOs ein Isolator ist,
und die Bandlicke durch die Sr-Substitution kleimérd. Diese Ergebnisse wurden auch
durch theoretische Berechnungen im Rahmen der &ighittionaltheorie (DFT) mit GGA+U
(mit Ausnahme von $€oIrOs) bestétigt. Darliber hinaus liefern sie als Erkigamodell

eine starkere Elektronen-Elektronen-Wechselwirkun@ei  SpColrQs ist  eine



Bandluckenbestimmung (aus Widerstandsmessungenjruawaf der starken Kopplung
zwischen der thermischen Aktivierung und dem Vded®ange-Hopping nicht mdglich. Bei
der Ca-Substitution konnte keine Anderung der Bicidi festgestellt werden, was auf den

nahezu konstanten Co-O-Ir Bindungswinkel zurtckiatgi ist.



Lebenslauf

Personliche Daten

Name
Vorname
Nationalitit
Geburtsdatum
Geburtsort

Familienstand

Schulausbildung

1985-1997

1997-1998

1998-2001

2001

Hochschulausbildung

2001-2007

2006/07

2007

Promotion

2007-2010

Narayanan
Narendirakumar
Deutsch

28. November 1978
Colombo, Sri Lanka

ledig

Primary-, Middle- und Upper-School im St. Joseph’s College in
Colombo, Sri Lanka

Eingliederung in die Berufs- uns Arbeitswelt (EBA) an der
Beruflichen Schule in Bensheim

Oberstufe an der Geschwister-Scholl-Schule in Bensheim

Erlangung der allgemeinen Hochschulreife (Abitur)

Studium der Materialwissenschaften an der Technischen Universitét
Darmstadt

Diplomarbeit im Fachgebiet Diinne Schichten unter der Betreuung
von Prof. Dr. Lambert Alff

Abschluss: Diplom-Ingenieur

Wissenschaftlicher Mitarbeiter an der Technischen Universitat



Darmstadt im Fachbereich Material- und Geowissenschaften,

Fachgebiet Strukturforschung

2007-2010 Promotion im Fachgebiet Strukturforschung unter der Leitung von
Priv.-Doz. Dr. Helmut Ehrenberg

Physical properties of double perovskites Las..SrColrOs (0<x<2)

10-12/2008 Forschungsaufenthalt an der TU Wien

Praktische Titigkeiten

11-12/2005 Industriepraktikum bei der Vacuumschmelze GmbH & Co. KG,

Hanau



Eidesstattliche Erklarung

Hiermit erklare ich an Eides Statt, dass ich m&issertation selbststédndig und nur mit den
angegebenen Hilfsmitteln angefertigt habe.

Narendirakumar Narayanan



