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Zusammenfassung

Die vorliegende Dissertation beschaftigt sich mit der Untsuchung der elektro-
nischen, magnetischen und strukturellen Eigenschaften wdJbergangsmetalloxid-
verbindungen unter hohen Driicken. Dabei liegt der Schwerplt auf dem Ein uy
von Ladungsordnung, Spinzustandsiibergangen, magnetisctOrdnung und Struk-
tur auf den elektrischen Transport bzw. den Metall-Isolato (Ml) Ubergang. An-
hand ausgewahlter Modellsysteme (Selten Erd (R) Nickelgt&NiO3; und Kobaltate
(La,Sr)Co0xs) sollten die Hochdruckuntersuchungen zu einem tieferen Mt&ndnis
der Verkntpfung zwischen den Ordnungsphdnomenen und dem dflanismus des
MI Ubergangs beitragen.

Als Meymethoden wurde an allen Verbindungen druckabhangigMessungen des
elektrischen Widerstands im Druckbereich bis 25 GPa und biau tiefen Tempera-
turen (T 4.2 K) durchgefiihrt. Ergdnzend dazu wurden fir einige Verbdungen
verschiedene weitere Hochdruckexperimente durchgeftthiRontgendi raktometrie,
151Fu nukleare kernresonante Streuung von Synchrotronstralrg (EuNiOs), Mag-
netisierungsmessungen (LUNi@und Lag.g,Sro:18C00s3), Neutronenstreuung (LUNiG;)
und K Rontgen-Emissionsspektroskopie (lgg,Sro.18C00s).

Die Besonderheit von RNiQ-Verbindungen mit Perowskit-Struktur ist, day sie im
Gegensatz zu den Manganaten eine sehr kleine Energieliicke .1 eV) besitzen,
so day der MI Ubergang allein durch Anderung der Temperatunduziert werden
kann. Dabei spielt die Groye des R -lons eine entscheidende Rolle fiir die Ml Uber-
gangstemperatur Ty, ), welche mit abnehmender Groye der lonenradius zunimmt
(Twi = 138 bis 599 K fir R = Pr bis Lu), wobei fir R = La das System bis zu
tiefen Temperaturen metallisch und unmagnetisch ist. Es wde beobachtet, day der
MI Ubergang in RNiO; (R = Nd bis Lu) mit einem strukturellen Phaseniibergang
(orthorhombisch monoklin) bzw. einer Verzerrung verbunen ist, bei der Ladungs-
ordnung auftritt (2Ni 3* ! Ni®* + Ni® ). Dariiberhinaus zeigen alle Verbindungen
bei tiefen Temperaturen T = Ty) eine komplexe antiferromagnetische Ordnung,
wobei Ty nicht fur alle Verbindungen mit Ty, zusammenfallt Ty Twi fur R
= Pr, Nd und Ty Tyw fur R = Sm bis Lu). Die genauen Ursachen fir die
Verknipfungen zwischen Struktur, Ladungsordnung und magtische Ordnung sind
bislang noch vollig unverstanden. Vor allem die Frage, ineweit die Ladungsor-
dnung und die magnetische Ordnung den Mechanismus des MI Wgangs beein-
ussen, ist ungeklart.

Die in der vorliegenden Arbeit durchgefuhrten temperatudahdngigen elektrischen
WiderstandsmessungeR(p; T) unter hohem Druck zeigen, day in allen untersuchten



RNiO3 (R = Sm, Eu, Y und Lu) Verbindungen ein druckinduzierter Isohtor-Metall
(IM) Ubergang in einem Druckbereich zwischen 5 und 7 GPa auift. Day dieser IM
Ubergang nicht mit einem strukturellen Phaseniibergang (nmoklin orthorhombisch)
verbunden ist, belegen Hochdruck-Rdntgendi raktometrientersuchungen. Jedoch
zeigen neueste druckabhangige Messungen der Gitterparaenéen SmNiO3; bei etwa
3 GPa und 300 K eine geringfiigige aber abrupte Abnahme desitterparameters
( 0.08 %) und gleichzeitige Zunahme des Ni-O-Ni Bindungswiels, die als Ur-
sache fur die beobachtete Abnahme vofy,, mit zunehmenden Druck in SmNIiQ
angesehen werden kann. In YNi©und LuNiOz ndet man keine Anzeichen fir
eine Gitteranomalie unter Druck. Dadurch stellt sich die Fage: wie tritt der
metallische Zustand in der monoklinen Phase auf, in der Ladgsordnung von Ni-
lonen vorherrscht? Die Antwort auf diese Frage liefert eingenaue Untersuchung
der druckinduzierten Anderung der Ni1l@ und Ni2Og Oktaeder in LUNiOz mittels
hochau 6sender Neutronen-Di raktometrie. Hierbei stelt man fest, day bei einem
Druck von 6 GPa die Ni1-O1 Bindungslange entlang derAchse um etwa 2 % abn-
immt, wahrend diejenige von Ni2-O1 unverandert bleibt. Didnalyse zeigt, day sich
diese Bindungslangen bei 6 GPa etwa angleichen, wohingegka Bindungslangen
in a; bRichtung (Ni1-O2, Ni1-O3, Ni2-O2 und Ni2-0O3) gleich starkabnehmen. Dies
fuhrt zu einem partiellen Schmelzen der Ladungsordnung dabg der c-Richtung,
die den IM Ubergang unter Druck bewirkt. Dieser Mechanismusinnte auch in den
groyeren RNIGQ, (R =Y ! Nd), fur die ebenfalls Ladungsordnung nachgewiesen
wurde, den druckinduzierten IM Ubergang verursachen.

Die Druckabhangigkeit der Ordnungstemperatur Ty ) in EuNiO 3 wurde durch®Eu
nukleare kernresonante Streuung von Synchrotronstrahlgnund in LuNiO3z durch
Widerstands- und Magnetisierungsmessungen untersucht.s Eeigt sich dabei, day
in EuNiO3 bei etwa 9 GPa, d.h. im metallischen Zustand, magnetische @ung
existiert (Ty 120 K) und bei etwa 14 GPa verschwindet. Weiterhin ndet man
bei der Analyse vorR(p; T) in dem Druckbereich um 14 GPa (11.5 p < 15.9 GPa)
ein Nicht-Fermi Ussigkeitsverhalten ( R/ T%) und fur p > 15.9 GPa ein Fermi-
ussigkeitsverhalten ( R / T2). In LuNiO; wurde eine Zunahme vorTy durch
Magnetisierungsmessungen b@ = 1.5 GPa festgestellt. Ein qualitativer Verlauf
von Ty bei hohen Driicken wurde durch das Maximum iR(p; T)-Kurven (Tmax ) €r-
mittelt. Demnach sollte ebenfalls der metallische Zustanchagnetisch geordnet sein.
Schlieylich werden(p; T)-Phasendiagramme fir EuNiQ und LuNiO3 vorgeschlagen.

Einen neuen Aspekt beziglich des Mechanismus des MI Ubergarbietet die Reihe
der verzerrten perowskitartigen Verbindungen La 4 Sr,CoQ;, die sich durch einen
zusatzlichen Freiheitsgrad (C&' -Spinzustand) von den RNiQ-Verbindungen un-
terscheidet. Im Gegensatz zu herkdmmlichen Mott-Isolaten ist das undotierte
isolierende System (LaCo@ Co*) im Grundzustand unmagnetisch und im Low-
Spin (LS) Zustand (5,€); S = 0). Bei Erhdhung der Temperatur ndet man jedoch



bei etwa 100 K einen Ubergang zu einem Intermediate-Spin JI&ustand (t3,€}; S
= 1). Mit zunehmender SP*-Dotierung (Co** ! Co*, Lécherdotierung) geht
das System, ausgehend von einer Spinglas-Phase<(& < 0.18), in einen ferro-
magnetisch ordnenden Zustandx( 0.18) Uber. Gleichzeitig nimmt die elektrische
Leitfahigkeit mit der Dotierung zu und fir x 0.2 zeigt das System metallische Leit-
fahigkeit. Es wird angenommen, day die ferromagnetische @ung im metallischen
Zustand durch den Doppelaustausch zwischen €o(LS) Zustand und Cc* (IS)
hervorgerufen wird. Noch ungeklart ist die Frage nach der Ylentpfung zwischen
Spin- und Ladungszustanden in der Nahe des MI-Ubergangshd.inwieweit diese
Spinzustande den MI-Ubergang beein ussen.
Die Hochdruckuntersuchungen wurden an einer einkristatien ferromagnetischen
Probe La, ,Sr,CoOs (x = 0.18) in der Nahe des MI-Ubergangs durchgefihrt. Die
temperaturabhangigen Messungen des elektrischen Widenstls unter hohen Dricken
zeigen eine dramatische Erhéhung des spezi schen Widerstis um etwa 4 Gréyenord-
nungen, was auf eine starke Unterdriickung des Elektronemppings hinweist. Ferner
stellt man mit zunehmendem Druck beip = 1.9 GPa eine Verschiebung VO ya«
(Tc) um etwa 8 K zu tieferen Temperaturen fest. Diese unerwarteh Ergeb-
nisse stehen im Gegensatz zu jenen in anderen Ubergangstimtalen, wie z.B.
La; xSrkMnOj3; oder La, «SrFeOs. Dort ndet man, day mit steigendem Druck das
Elektronen-Hopping zunimmt, was den ferromagnetischen nadlischen Zustand sta-
bilisiert und zu einer Zunahme vonT¢ flihrt. Die Druckabhangigkeit der Gitterpa-
rameter (und des Volumens) zeigen innerhalb der Meygenaksit keinen Hinweis auf
einen strukturellen Phaseniibergang. Andererseits zeigstmukturelle Untersuchun-
gen an LaCoQ eine Zunahme des Co-O-Co Bindungswinkels mit zunehmenden
Druck, was zu einer deutlichen Erhéhung des Elektronen-Hpmg filhren wirde.
Eine strukturelle Anderung kann daher als Ursache fiir den dekinduzierten isolieren-
den Zustand in Lay.g,Sro.18C00; ausgeschlossen werden.
Aufgrund folgender Tatsachen wird ein druckinduzierter Spibergang von einem
magnetischen IS C# -Zustand in einen unmagnetischen LS Gb-Zustand als Ur-
sache fur dieses Verhalten angenommen: (a) der lonenradias LS Co* (0.545 A)
ist kleiner als der von HS/IS C&* (0.61 A) und (b) die Energie der Kristallfeld-
aufspaltung cf in LaCoOs; nimmt mit zunehmendem Druck deutlich zu. Eine
Vergroyerung von cg flhrt zu einer Entvolkerung des IS C&" Zustands und
gleichzeitigen Besetzung des LS €o Zustands. Daraus folgt, day das starke,
Elektronen-Hopping zwischen C& und Cad** blockiert wird. Die Konsequenz da-
raus ist eine Abnahme des CG6 magnetischen Moments (c,), was in der Tat auch
die Magnetisierungsmessung unter Druck bestétigt. Man nek eine Abnahme von
co (beiT=5Kund B =2T) von etwa 5.4 % bei 1 GPa, was einem Wert von
mehr als 30 % bei 5.7 GPa entspricht.
Den mikroskopischen Beweis flur einen druckinduzierten $yibergang liefert die
druckabhangige Untersuchung (bis 14 GPa) an ka,Sro.18C00; mittels inelastischer
resonanter Réntgenemission-Spektroskopie an der Co K-Kan Die Intensitat des
Satelliten-Peaks, der die Starke der®B3d Austauschwechselwirkung und somit des
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3d magnetischen Momentes widerspiegelt, nimmt mit zunehmeenoh Druck stetig
ab, d.h. es ndet ein gradueller druckinduzierter Spintibeyang von IS (oder HS) zu
einem LS Zustand statt. Das ist ein klarer Beweis daflr, dayed druckinduzierte
IM Ubergang in Lay.g»Sr.18C00; von einem Spinubergang getrieben wird.
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Chapter 1

Introduction

One of the long-standing issues associated with stronglyroelated 3d transition
metal oxides (e.g. RMQ?) is the microscopic origin of the metal insulator (MI)
transition and the nature of the ground state. This is relatd to the fact, that in
this class of materials the MI transition is driven by strongcorrelation e ects associ-
ated with the electron-electron interaction and the interjay between charge, orbital
and spin degrees of freedom. The MI transition can be inducdy varying the car-
rier concentration, temperature, magnetic eld and interral or external pressure [1].
Thus, studying such an interplay is a fundamental issue for letter understanding
of the nature of the MI transition.

In this view, external pressure provides a unique tool to tumelectronic and magnetic
properties of these systems, by modifying the e ective bamddth (W) of the tran-
sition metal by changing the M O bond length dy o) and/or the M O M bond
angle (). In manganese perovskites R,A,MnO3; (A = Ca, Sr, Ba), for example,
it has been shown that increasing pressure decreasks o and increases. Both
variations lead to an increase o¥V and thereby stabilize the ferromagnetic metallic
state [2, 3, 4].

Another example, which demonstrates the e ect of pressurenadhe charge degree
of freedom, is the recent observation in $xLa;-3FeO; of a pressure-induced transi-
tion from the charge ordered antiferromagnetic insulatingtate to a charge-uniform
ferromagnetic metallic state [5].

The aim of this thesis is to investigate the e ect of pressuren the transport, mag-
netic and structural properties of RNiG; and (La,Sr)CoGQ; perovskites, that recently
attracted considerable interest due to their unique eleabnic and magnetic proper-
ties.

Unlike manganites, RNiQ oxides are placed at the boundary separating low-
metals ( is the charge transfer energy) and the charge transfer instibrs. An

1R = rare earth ion, M = transition metal ion



2 Chapter 1. Introduction

exciting consequence of this is that the occurrence of the takinsulator transition

in RNiO3 series requires neither electron nor hole doping. The MI tngition can
be induced as a function of temperature and the transition taperature (Ty, ) in-
creases with decreasing size of theé'Rions (Ty, = 130 K (Pr),..., 600 K (Lu)). For

R = La the system remains metallic down to lowest temperatue whereas for R6

La electron localization occurs. The temperature-inducel transition in RNiO 3
series has been ascribed to the opening of a small charge $fan gap atT < Ty,

[6, 7] which is intimately connected with a structural phaseransition (distortion)

from orthorhombic P bnm to monoclinic P2,=n [8]. The transition to a monoclinic
symmetry upon crossingTy, to the insulating state implies the formation of two
di erent Ni-sites and the presence of a charge ordering (2Ni! Ni®* + Ni® )
[8, 9].

Another interesting aspect of RNiQ is that for larger R** ions (R = Pr, Nd) the MI
transition is accompanied by an antiferromagnetic (AF) ordring of the Ni sublattice
(i,e. Ty Twi ), whereas for smaller R (R=Sm ! Lu) Ty is much smaller than
Twi (e.g. for EUNiIOs; Ty = 220 K and Ty, = 463 K). According to the magnetic
phase diagram RNiQ exhibit a crossover from antiferromagnetic insulator (Ré
La) to nonmagnetic metal (R = La) through a quantum critical point (QCP) [10].
As external pressure is expected to close the small chargarisfer gap in RNIQ, it
should result in a pressure-induced insulator to metal (IMyransition. High pressure
studies should therefore provide valuable information orhe driving mechanism of
the MI transition. In particular, the interplay between charge ordering and local
structure as well as the crossover from the antiferromagnetinsulating state to the
metallic nonmagnetic state.

High pressure experiments have been performed on RNi@ith R = Sm, Eu, Y
and Lu using di erent experimental techniques (electricalesistivity, x-ray di rac-
tion and complementary magnetization**Eu nuclear forward scattering using syn-
chrotron radiation and high resolution neutron diraction). The results of these
measurements are presented and discussed in chapter 4.

The new aspect that distinguishes (La,Sr)Co®from RNiO3; and other RMO; ox-
ides is that the C@* ions possess in addition to the usual degrees of freedom an
extra degree of freedom, namely the possibility to change éhspin-state of Cd" -
ions. This can occur if the crystal- eld energy cr and the intraatomic exchange
energyJex (Hund's rule coupling) are comparable. Such a delicate balee leads to
spin-state transitions which can be induced by changing theemperature or com-
position [11, 12, 13]. The rhombohedral perovskite La,Sr,CoO; (0 x 0.5)
represents an exemplary series in which, contrary to contemal Mott insulators,
the ground state of the undoped insulating system (LaCof)is nonmagnetic with a
low spin (LS, S = 0) state which can be thermally excited to either high spin IS, S
= 2) or an intermediate spin (IS,S = 1) stateat T 100 K [14, 15, 16]. At higher



temperatures around 500 K the system undergoes a MI trangin. However, by
doping with Sr**, the ground state becomes ferromagnetic for  0.18 (through a
spin-glass-like region between € x < 0.18; at the same time the electrical conduc-
tivity increases with increasingx and forx ' 0.2 the system undergoes a transition
to a metallic state [17, 18, 19, 20, 21]. It is generally acdeg, that replacing La®*
by Sr?* creates formally C4* ions and the double exchange between €oand the
remaining Cc* leads to a ferromagnetic coupling [19, 22]. Little is knowrnowever,
about the correlation between the spin and charge degree oéddom near the M
transition, i.e. whether and to what extent these spin-sta¢ transitions a ect the Ml
transition. To provide an answer to the above given questian high pressure experi-
ments using di erent experimental techniques have been dermed on single crystal
of conducting, ferromagnetic Lag,Sry.18C00; located near the boundary of the Ml
transition. Electrical resistivity, x-ray di raction, ma gnetization and inelastic x-ray
emission spectroscopy measurements have been used. Thelteare presented and
discussed in chapter 5. Conclusions of the thesis and an autk for future work are
given in chapter 6.






Chapter 2

Theoretical background

2.1 Electronic states of transition metal ions in crys-
tals

The degeneracy ofl levels of a single transition metal (TM) ion ( = 2) is vefold

(21 +1). In a crystal, the spherical symmetry of the ion will be reluced due to
the strong anisotropic crystal eld (CF) and the vefold orbital degeneracy is lifted.
This leads to a splitting of the energy levels and is called ¢crystal eld splitting

( cF).

Figure 2.1 claries why the ve d-levels in a crystal with octahedral symmetry
become non-degenerate. The crystal eld here particularlis determined by the
Coulomb repulsion of the oxygen octahedra which surround ¢hTM ions. In the
schematic illustration the positions of the oxygen ions (wbh are calledligands) are
located on the coordinate axesx{y; z).

If the orbital of a TM d-electron is adjusted directly towards the oxygem-orbital
(Figure 2.1(a)), it experiences a higher energy due to the Glmmb repulsion than
an electron in an orbital which is aligned between the ligandrbitals (Figure 2.1(b).
Thus, the d,> - and d,. orbitals which are considered as they-orbitals and point
directly to the oxygen are higher in energy than electrons dhe d,, dy, and dy,
orbitals with lobes between the orbitals of the ligand. Theyave a small probability
density in the p-orbitals and thus are lower in energy. They are considered d@he
tog-orbitals and as well as theg,-orbitals degenerated in an octahedral symmetry
(Figure 2.1(c)).

This crystal eld splitting between the t,4 and the g, levels is often de ned as 1Dq.
Typical values for the magnitude of the crystal eld splitting are ¢ 1 -2 eV.

According to the above discussed Coulomb repulsion of loiz&ld electrons, one ob-
tains an additional contribution to the crystal eld splitt ing in the case of hybridiza-

5
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Figure 2.1: (a) The orbitals of the two ey levels (d,2 y2 and d,2) are directed towards
the p-orbitals of the ligand, whereas thetyg-orbitals (dyy, dy, and dy,) are
directed between thep-orbitals (b). Sign of the wave function: + = red;
= blue. (c) Crystal- eld splitting of a vefold orbitally de generate 3l level
of an isolated ion in an octahedral crystal eld.

tion betweenp and d-electrons of the oxygen and the TM ion. Sincey orbitals have
a large overlap with oxygen orbitals, a strong hybridizatino results which leads to
the so-called -bonds (Figure 2.2 (a,b)). As a result, such hybridization shifts he
€y levels to higher energy by a contribution of
t2

Ee, (2.1)
where t,q is the hopping matrix element betweerg; and p orbitals and is the
primarily energy di erence between thep- and d-levels. This result can be estimated
by second order perturbation theory, assuming thpd-hybridization - which can be
described by the hopping matrix elementyy between theey- and p-orbital - is smalll
in comparison to the energy di erence of the p- and d-states. It should also be
mentioned, that the crystal eld splitting induced by hybridization ( 2;) is always
much larger than that induced by the Coulomb repulsion of twadjacent ions ( 2
> cF).
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Figure 2.2: The hybridization of d-levels of a TM ion with the p-orbital of a ligand leads
to a splitting of the ey4- and tog-levels. (a,b) strong overlap and hybridization
of the d,> y2- and d,.-orbitals with the corresponding px- and p;-orbitals
of the oxygen ( -orbital of the ligand). (c) Overlap and hybridization of
the dy, -orbital (one of the tog-orbitals) with corresponding p,-orbital of the
oxygen ( -hybridization). (d) Scheme of energy levels modi ed by thehy-
bridization. Note, that 2- > cg. Sign of wave functions: + = red; =
blue.

Furthermore, tyq also depends on the TM-O-TM bond angle, which can be describe
in a rst approximation by

t 2
tag = M COoS; (2.2)

wheretqyq is the electron hopping between two bend-states in a pervoskite structure
across a -bondedp-orbital.

It is possible to make these considerations for thigg-orbitals as well. As shown
in Figure 2.1, the tyyg-orbitals are orthogonal to the p-orbitals and therefore, the
lobes ofd-orbitals are orientated to the adjacent TM ion and not to theoxygen.
For further discussion, it is important to note the signs of he d wave functions,
which are illustrated in di erent colors in Figure 2.1 and 22. These are irrelevant
for the Coulomb interaction with the ligands, giving a pointcharge contribution to
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the CF, but play an important role further on. Because of symmtry reasons, the
overlap between thep - and tyy-orbitals disappears - this is clear since the overlap
with opposite sign is equal. The remaining overlap is shown iFigure 2.2(c) and
known as the -hybridization. Generally, this overlap is allowed by symmetry but
it is much weaker than the overlap ofey-orbitals with oxygen p . Therefore, the
energy shift of thet,g-states, due to the {oq p)-hybridization, is signi cantly less.
In Figure 2.2(d) the modi ed energy scheme is presented. @y to see, that due to
the pd-hybridization the t,y set together with the g; set are shifted to much higher
energy and the degenerateg-levels are decreased in energy.
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2.2 Ordering phenomena in transition metal oxides

2.2.1 Spin state transition

If we now consider the ground state of a TM ion and distribute laits d-electrons

according to Hund's rule, we can put as many electrons with hsame spin con gu-
ration in the CF-split levels as possible. Fod? - d® systems we furthermore have to
take care of the electron-electron interactions; but to siplify matters they should

be neglected here exceptionally. ld' - d® systems, Hund's rule predicts that the
electrons will not pair and occupy the wholéy, levels. In comparison to that, ind*

electron systems for example exist two possibilities: Theeslectrons can occupy the
tog levels and one thegy level, so that the electrons do not pair. This situation is
called the high spin (HS) state. Or all electrons occupy the,, levels and therefore
are partially paired. This is the so-calledow spin (LS) state. Both cases are illus-

trated in Figure 2.3.
/:p €y /: €y
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Figure 2.3: Spin states of ad* transition metal ion: (a) high-spin (HS) state; (b) low-spin
(LS) state
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The question of which state will be realized, either HS or LSs determined by the
ratio of g and the Hund's coupling energydy. For both HS and LS states, it
is possible to compute the CF coupling energy as a function mfimber of electrons
and strength of the CF.

If for instance c¢ > 3Jy (which is shown in Figure 2.3(b)), then a LS state will

be favored and the spins will occupy the lowest CF levels at¢hexpense of Hund's

rule exchange. In the opposite case the HS state will be faedr In other words,
cr=Jy in LS states is larger than cg=Jy in HS states.

Another important fact due to the realization of either HS orLS is, that the ionic
radius of TM ions in HS is di erent than the ionic radius in LS.For example the HS
ionic radius of C* is 0.61 A in contrast to 0.545 A in the LS state [23]. A related
situation occurs in F€* systems where the HS ionic radius of Fe is 0.645 A in
comparison to 0.55 A in the LS state [23]. This may lead to seds consequences if
a system, e.g. CaF¥ O3, which is presented in HS state and external pressure will
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be applied. Then pressure leads to a reduction of the volumadathe ionic radius,
respectively which results in a H3 LS phase transition. This has been observed
for pressuresp 30 GPa [24]. A more extensive discussion about the in uencé o
pressure on the properties of TM ions will be given in chaptds and 6.

In the huge eld of TM oxides most of them such as e.g. M¥ (d* in LaMnO3)
occupy HS state as ground state, comparable to the situation Figure 2.3(a). Here
the large splitting has a crucial consequence: whereas thede electrons in thety,
levels arelocalizedto the ion, the singleey electron can move free through the crys-
tal. It is itinerant and provides the metallic conductivity. Furthermore, it caries
its spin through the whole crystal and adjusts the spins of #t,y electrons. This
also in uences the magnetism in LaMn@.

However, there are notable exceptions in which not HS as gradistate is realized.
For instance, the ionic states of C& (d°), Ni®* (d’) and Ru** (d* are often LS
states. Also by changing the parameters such as temperatumessure and compo-
sition of the material, di erent spin states may appear, eve real phase transitions
as the material crosses over from one state to another may accThis may be the
situation in LaCoOs [25] for which even a more complicated situation may exist,
with the stabilization of an intermedidate spin(IS) state [14], see Figure 2.4(b).

/ T fA €y
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\- ' i
. EE e b
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Figure 2.4. Possible electronic con gurations of C* and Fe* both with (d® con g-
uration): (a) low-spin (LS) state; (b) intermediate spin (I S) state and (c)
high-spin (HS) state.

The existence of an IS state is also discussed in doped LaGoO®he series La 4 Sr,CoOs
suppresses rapidly the non-magnetic ground state and leadsa ferromagnetic order
with increasing Sr-doping, whereas the resistivity decreas and leads to a metallic
conductivity [21].
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2.2.2 Jahn-Teller e ect and orbital ordering

The Jahn-Teller theorem [26, 27] states that a system of im&cting electrons and
nuclei in a degenerated electronic state is unstable, besauthe system can always
reduce its energy by distorting in such a way as to remove theegeneracy [28].
The linear reduction in energy due to the removal of degenanawill ultimately be
balanced by the initial quadratic increase in elastic eneyd29] and a new position of
equilibrium will be reached with a permanent distortion of he system. This means
that e.g. a regular octahedra may be deformed into a tetragahdistortion to lift
the cubic symmetry, see Figure 2.5(a). The energy gain as antion of a distortion
can then be described by perturbation theory as

2

_ B
E()= A+ (2.3)

Here the rst term denotes the splitting of the degenerate leels due to a pertur-
bation whereas the second term denotes an elastic defornoatienergy. A can be
considered as the electron-phonon couplin@® describes the bulk modulus. As a
result, one obtains a minimum in energy at some nite , see Figure 2.5(b).

For the cubic Mn®* -ion in LaMnO; for instance, a possible distortion consists of an
elongation of the oxygen octahedron by the value of 2n z-direction and a common
compression of in x- and y-direction. The splitting of the energy levels caused by
the Jahn-Teller e ect (see Figure 2.5(c)) can be understood a similar way like the
crystal eld. Elongation in z-direction reduces the Coulomb repulsion between the
ligands and the electrons in thel,.-orbital. This leads to an energy reduction of the
d,2-orbital. In contrast to this, a compression of the octahedmn in xy-plane yields
to a stronger Coulomb repulsion for an electron in thel. y2-orbital, and results in
an increase of energy. This means, that the,.-orbital will be energetically lower
than the dy2 .

The neighbors of TM ions in perovskites experience the defoation forces and in-
teract with a corresponding deformation since they have canon oxygen ligands.
This leads to a reduction of the crystal symmetry, i.e. a stretural phase transition.
This e ect is called the cooperative Jahn-Teller e ector orbital ordering. Orbital

ordering means a xed pattern of orbital occupations at evgr atomic site in the
crystal.

If all the Og-octahedra are elongated in one direction, one speaks of adeistortion
or ferroorbital ordering, like in Mn3O,4 or in Mn ferrites. Even in some cases (e.g.
LaMnOg, see Figure 2.6) these orbitals are aligned perpendicular €¢ach other due
to the distortion and this leads to a con guration which is krown as theantiferro-
orbital ordering.
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(b) £ i

(c) 3d4 31,0 €'
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Figure 2.5: Tetragonal deformation of Os-octahedra stabilizing one particular orbital:
(a) Elongation: stabilizing d,2-orbital (and vice versa a compression: sta-
bilizing dy2 y2-orbital). (b) A perturbation reducing the symmetry: a
linear term which represents the splitting of the degeneratd levels (energy
gain) and a quadratic term representing the energy loss. (cpplitting of the
energy levels of thed-orbitals of a Mn3* -ion due to the crystal eld and the
Jahn-Teller e ect. Taken from [30].

Orbital ordering due to the cooperative Jahn-Teller e ect @curs in many compounds
containing typical Jahn-Teller active ions like M* (d*), Cr?* (d*), LS Ni®* (d), or
Cu?* (d°). Since the strong hybridization of TM ion andp-orbital of the ligand, the
splitting of the e,-level together with an energetical shift from the adjacenbxygen
is rather strong, which gives rise to a strong Jahn-Teller cpling.
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Figure 2.6: Orbital structure and shifts of oxygen ions in LaMnOs: Antiferroorbital
ordering with locally elongated octahedra packed so that tke long axes al-
ternate in the basal plane. The distortion helps to minimizethe total strain
of the crystal.
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2.2.3 Charge ordering

The phenomenon ofcharge orderingin transition metal oxides is very important
with respect to the electric and structural properties of tle system. lons of a par-
ticular class of compounds can suddenly change from a homiogeus intermediate
valence state to charge disproportionated valence state which the charge orders
in a periodic way. This often leads to a metal-to-insulator ransition. The origin
of charge ordering is the Coulomb repulsiod between the carriers. IfU exceeds
a certain value, the charge carriers arrange themselves imay that they have the
largest possible distance from each other. Neverthelesketelectron-lattice interac-
tions can often play a crucial role too, since the charge c#&rs in an ionic crystal
are often accompanied by a distortion of the surrounding lands. For example,
the system La ,SrFeO; with x  2/3 shows below 210 K a disproportionation
of the F&** valence into 2Fé" | Fe** + Fe®" and an antiferromagnetic spin or-
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Figure 2.7: Spontaneous magnetization §s), electric resistivity ( ) and magnetic sus-
ceptibility () for Lag.33Srp.67FeO3 as a function of temperature [34].
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dering [31, 32, 33]. Whereas LaFeQs an antiferromagnetic insulator (3°, S =

5/2, Ty = 738 K), on the other end SrFeQ is an antiferromagnetic metal with
Ty = 134 K [34]. Figure 2.7 shows that belowTy the electric resistivity of

La; xSrFeOs increases dramatically about more than 6 orders in magnited indi-

cating the appearance of a rst-order phase transition. THs is the charge-ordering
(CO) phase transition with simultaneous antiferromagnet spin ordering and was
rst observed in this compound by Mdssbauer spectroscopylBand con rmed by

neutron-scattering measurements [33]. This electronic pke transition proved to be
the simultaneous charge and spin ordering in a superlatticgructure is presented
in Figure 2.8. Here, the disproportionated charges are comased within the (1 1 1)
plane in the cubic perovskite structure.

<111>,
4

i

et

Fett

.:_/' .k: ---------- Y Fgs+

Fe? (3.61 1)
Fei* (2.72 £ 5)

Figure 2.8: Schematic structure of the charge- and spin-ordered state ith charge dis-
proportionation in La; xSrkFeOz with x  0.67



16 Chapter 2. Theoretical background

2.3 Exchange interactions in magnetic oxides

Up to now we mainly have considered the electronic propersi®f isolated TM ions in
crystals (charge, spin, orbital ordering and Jahn-Teller ect) with their properties
arising from an interaction between the ions. The magnetimieractions in such
systems are of special interest, since they cause long-rangagnetic ordering as
well as the possibility of electron transfer from one site tanother [35]. The easiest
model describing the interplay between localization and lo@ formation in a solid
is the one-band Hubbard model [36].

2.3.1 The Hubbard model

According to the discussion of electronic structure of dopemanganites in the pre-
vious section, we have neglected the spin interactions. Bthese interactions are
of fundamental importance since they are responsible for gn@etic ordering states
which are observed in experiments. Now we will also includedse relevant magnetic
interactions in doped manganites into discussion. Thesermderations can also be
used for the most other TM oxides. The magnetic dipole-dipelinteraction between
spins of adjacent Mn-ions generally is rather weak and plays role. In contrast

to this, exchange processes are of fundamental importanagedo the realization of

a long-range ordered magnetic ground-state. In such proses electrons (and with
them their spins) have a certain probability to hop to their rext neighbor's site and
reduce the energy of the system hereby. This hopping of elexts is important for

the magnetic interactions as well as for the electric trangpt.

Finally, we are looking for a highly oversimplied model forelectrons in a solid
which interact with each other through extremely short-raged repulsive (Coulomb)
interaction [37, 38]. Origin of the discussion should be attece, where a single
electron with spin S = 1/2 (either with " or #) sits on each lattice site and has
exactly one level of disposal. That electron could be for exgple the e;-electron of

LaMnOj. This scenario can be well described by the Hubbard model:

H = H+ Hy (2.4)

The rst term of the Hamiltonian expresses the quantum mechacal hopping of
electrons in a conduction band of widthW, thus the kinetic energy.

X
Hi= t (dg +da): (2.5)

hj i;

The operators’ and¢ are standard fermionic creation and annihilation operatar
for an electron with spin  ( either" or #) at site i and |, respectively. The matrix
element t; determines the nature of this hopping. In most cases only hping

between adjacent neighborsi; | i with a hopping amplitude t is considered. The
amplitude of the hopping is negative in order to emphasize ¢hgain in kinetic energy
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of the system due to the hopping. The second term considersettiocal Coulomb
interaction U between the electrons.
X
HU =U NNy (26)
i
The operatorn; counts the electrons with spin at sitei. For U t the Hamil-

tonian describes a metallic state
X
H, = "o/ ¢ with ", = 2t(cosk +cosk, +cosk,): (2.7)

Hereby we assume the simplest tight-binding approximatiofor the band dispersion
with hopping only between next neighbors in a simple cubic tigce.

In the case ofU t, the contribution of Hy governs in the Hubbard model. An
electron which hops to its neighbor site of course gains someergyt, but it has to
overbear the much larger energy. Thus, the energetically most favorable state is
that without manifold occupation, i.e. single occupied. Tls is a localized state and
describes the Mott-Hubbard insulator which will be discuss later.

SinceHy alone contains no linkages of di erent lattice sites, the exrgy of that with
Hy linked state does not depend on the orientation of the surrowling other spins.
As a result, a magnetically ordered state can not be realizeith Hy alone. But
this will change soon, if hopping between the sites is allodieThe electrons can now
gain kinetic energy (H:i < 0), but have to bring up the potential energy (Hyi).
These excited states can now be added to the ground state, $@t a reduction of
the energy may occur. (This formally conforms a covalent bdimg.) The energy
gain can be determined in second order perturbation theory=U 1) and is of
order t?=U [39].

Additionally a tendency of antiferromagnetic spin orderig occurs, which can be
easily understood by the following consideration: If two ettrons on adjacent lattice
sites have the same spin, hopping is forbidden due to Paulégclusion principle. Do
they have opposite spins, hopping is allowed. This is schetcally demonstrated in
Figure 2.9 with two d,z-orbitals. One electron hops to its neighbor and back with
matrix elementt. According to second order perturbation theory this resuft in an
energy gain of E = -2t?=U. The contribution H, in equation (2.4) comes twice,
from where thet? in the counter results from. In the denominator the energy dahe
virtual intermediate state is written and the factor of 2 cones from the fact that the
left spin can hop to the right and the right to the left. As a resilt a con guration
with antiparallel spins is preferred relative to the one wit the parallel spins and thus
an antiferromagnetic ground state. This can be described as e ective exchange
interaction:
X 42
Hex = Jex  (§5)) with  Jg = U: (2.8)
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Figure 2.9: Two neighboring d,2 orbital with (a) parallel and (b) antiparallel spin. The
energy gain due to the virtual hopping of an electron to a neigboring site
is shown.

In other words, the virtual hopping of electrons leads to aantiferromagnetic Heisen-
berg exchange interactionvhich is usually known as thekinetic exchangeor superex-
changé (see section 2.6). Thus, Pauli's principle obviously has &ysi cant fraction
of the antiferromagnetic correlations of the electrons inhie lattice, since two elec-
trons may not occupy the same level.

LStrictly speaking, this expression stands for an analog irgraction of magnetic ions via a dia-
magnetic ion.
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2.4 Charge-transfer and Mott-Hubbard insulators

In our discussion up to now, we have assumed that the electrbopping from one site
to another is straightforward. But this is not the case in reaTM oxides like LaMnOs.
The hopping between the Mn-sites occurs via the intermedi@toxygen ion. But in
many cases this detail is not very important. Thus, we can sapat neighboring ions
(e.g. Mn**) still interact, if one electron in an orbital at a particular lattice position
has a certain probability density in the orbital of its neighbor - whatever hopping
is directly from orbital to orbital or via intermediate orbitals. This is the main
essence of the above introduced hopping between lattice pisi with the transfer
integral Jex in (2.8). If the orbitals do not overlap, t is equal zero. Therefore, the
hoppingt nally is an indicator for the degree of hybridization betwen two adjacent
orbitals. Obviously, it is su cient to consider only the outer ionic orbitals, i.e. the
3d orbital of the TM ion and the 2p orbital of the oxygen ligand, since the overlap
to energetically lower orbitals is clearly less.

However, if we take thed-electrons of the TM ion as well as the-electrons of the
oxygen into account, the Hamiltonian can be described in th®llowing form:

X
H = "ddiy d + "ppjy Pt tpd(diy p o+ h:C:)+ U ngi Ngi#: (29)

Here the operatorsd’ and d; as well asp’ and p; are the creation and annihilation
operators for an electron at the TM ion site and the oxygen st respectively. ",
and "4 are the energies of the 2 and 3d-states, whereag,q describes the hopping
between thep- and d-orbitals. Responsible for the hopping betweend3orbitals via
the oxygen 2-orbitals is the energy di erence between the 2orbitals to the 3d's.
This energy gap := "4 ", is known as thecharge-transfer energy

Now it is possible to distinguish two cases, depending on tlobarge-transfer excita-
tion energy and the Coulomb repulsionU. This situation is schematically shown
in Figure 2.10.

() =U 1, the Mott-Hubbard insulator:

If the oxygen 2Z-orbitals are low in energy (Figure 2.10 (a)), will be much larger
than U, then the lowest charged excited states are those which cespond to the
transfer of ad-electron from one TM site to another:d” + d" ! d" 1+ d"*1. This
process costs the energy. As we have seen above, we obtain an insulating ground
state forU W (W denotes the bandwidth), which is known as &ott-Hubbard
insulator. Certainly, this hopping does not happen directly from one W ion to the
next, but via the oxygen p-states. With some support of perturbation calculations
it is possible to introduce an e ectived d hopping matrix element

t2
t teg= 2 (2.10)
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(a) Mott-Hubbard insulator: (b) Charge-transfer insulator:
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Figure 2.10: Schematic view of a Mott-Hubbard insulator and charge-trarsfer insulator,
reproduced from [1]. In the case of ignored hybridization bveen p- and
d-bands and multiple e ects, the magnitude of the energy gaEq in Mott-
Hubbard insulators can be written asEg = Ugg Wg=U 2zt=U
and for charge-transfer insulators asEgy = w where W, and
Wy is the bandwidth of the p- and d-band, respectively andz denotes the

coordination number of the ligand.

which can be taken into account of the simple Hamiltionian (3).
(i) =U 1, the charge-transfer insulator:

If on the other hand the 2-orbitals are close to the @-levels (Figure 2.10(b)),
becomes much smaller thakl and the lowest charged excited states are those where
an electron of a p-level will be transferred into a 3-level of an adjacent TM ion.
Therefore results in ahole at the oxygen site. For one electron per TM ion and
=t 1, we obtain again an insulating ground state, which is de rek as charge-
transfer insulator. In the simplest case, such a state will be antiferromagnetiwith
the only di erence being in the exchange integraley (2.8) which will be expressed
now as
_2Ath=) 2 2

= = : 2.11
Jex 2+ Uy 2+ Uy (2.11)

Here, it is necessary to take the e ective hopping matrix etaent t from eq. (2.10)
and the energy (2+ Upyp) of the virtual intermediate state, whereasU,, describes
the Coulomb repulsion of two holes at the oxygen lattice site

Thus, from the point of view of magnetic properties, there isi0 signi cant dif-

ference between charge-transfer insulators and Mott-Hubkd insulators. However,
di erences appear in their excitation spectra as well as irheir transport properties.
Further e ects are discussed in detail in [40, 41] and usedrfthe description of some
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real materials, e.g. CrQ in [42].

According to this two limiting cases,Zaanen, Sawatzky and Allef43] suggested the
following phase diagram:

Charge-transfer p=y
U/W insulator
E,u D
g Mott-Hubbarc
c insulator
1
metal
1 DIW

Figure 2.11: General Zaanen-Sawatzky-Allen phase diagram which sepdes Mott-
Hubbard insulators from charge-transfer insulators.

For U=W > =W the band gap is ofp d type and the anion or ligandp-band is lo-
cated between the lower and upper Hubbard bands. This gap islarge-transfer gap
and the corresponding compounds (NiO, FeO, LaMn{) etc.) are charge-transfer
insulators. In this case, the band gap is proportional to .

If U=W < =W, the band gap is ofd d type and thus a Mott-Hubbard insulator.

They have a band gap of the magnitudéJ. The straight line U = separates
the Mott-Hubbard and the charge-transfer regimes. The diagm also contains a
metallic region near the =W-axis (d-metals as TiO, YTiO3) or near the U=W-

axis (p-metal as \,0O3). This classi cation scheme is very useful for oxide mateais

science. More examples can be found in a review article of ldaa[1].
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2.5 Goodenough-Kanamori-Anderson rules

In the discussion of the magnetic exchange interaction incdens 2.3 & 2.4 we have
examined only the simplest case of an electron in a non-degeatte or twofold de-
generated-orbital. In fact, this consideration for real materials ofen is too simple
and has to be extended by the structure of the orbitals. Sindée details of orbital
structure determine e.g. the overlap with the oxygenstates and possible orbital
degeneracy. Thus, the consideration of magnetic interaotis can be very complex.
Goodenough, Kanamori and Anderson [25, 44] formulated eamyles in order to
predict in the most cases the right magnetic exchange intesons. In the follow-
ing the Goodenough-Kanamori-AndersoffGKA) rules will be discussed on LaMnQ.

As we have seen above, thee d overlap occurs via bridging of the oxygep-electrons.
Because of this, one has to regard the geometry of the relevambitals which are
schematically illustrated in Figure 2.12. Here, the oxygep-orbital is occupied by
two electrons and directed towards or overlap with the Mn-io. The electrons of the
Mn (3d*) ion will be distributed in a di cult way: three electrons wi Il occupy the
tog-levels and generate a so-callembre spinof S = 3/2, i.e. these electrons will stay
at the Mn-atomic site and create a local spin. The fourth el¢én instead will oc-
cupy the energetically most favorable,-level, due to the bene t of the Jahn-Teller
e ect. In octahedral elongated systems it favors thel,.-orbital and can hop. The
three arrows in Figure 2.12 denotes the core spin of the thrég, electrons. Here
in this example, thed,--orbitals are directed towards the oxygen ions. As a result,
one obtains three di erent options how to occupy these orkéils which nally lead
to the three GKA-rules.

The rst GKA-rule says, thatthe 180-exchange between lled or empty orbitals
is relatively strong and antiferromagnetic The conclusion of this is illustrated in
Figure 2.12(a,b). Both Mn ions have one (or none) electron iopponent adjusted
d,2-orbitals, so that sometimes one speaks of the 188xchange between half- lled
orbitals, having in mind that there is one electron at each dtal, and not two!

If the electrons in both Mn-O bonds hop like in a single levehttice, the itinerant
spins of the adjacent Mn ions in thed,z-orbitals will align antiparallel. Since of
the strong intraatomic Hund's coupling, the core spins havéo be parallel to the
according itinerant spins: i.e. the interaction between th magnetic moments of the
Mn-sites nally is antiferromagnetically.

The second GKA-rule says, that when the 180-exchange is due to an overlap be-
tween an occupied and an empty orbital, the resulting exclggnis ferromagnetic and
relatively weak This rule is illustrated in Figure 2.12(c). The di erence b (a) is that
the bond of the oxygen and the Mn ion on the left and right handide is di erent.
On the left hand side the bond is analog to (a), but on the righside thed,--orbital

of the Mn ion is unoccupied and the corresponding orthogoneéyj. y--orbital is oc-
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Figure 2.12: To clarify the Goodenough-Kanamori-Anderson rules, thed, y2- (shad-
owed), and thed,z-orbitals (to the left and right) as well as the p,-orbitals
in the center of a Mn-O-Mn bonding are schematically illustated. The
small arrows in the orbitals describe the itinerant electras, the three ar-
rows outside the orbital denote the total core spinS = 3/2 of the three
not shown tyy orbitals. According to the realized occupation, either an
antiferromagnetic (AF) (a,b) or a ferromagnetic (FM) (c,d) coupling will
be established. [30].

cupied. Thus, thep-electron of the oxygen can hop into the empty,.-orbital. The
energetically most favorable con guration is reached whethe electron will be build
in with parallel spin, according to Hund's rst rule. Instead of this, the p-electron
on the left hand side prefers an antiferromagnetic orderingAs a result, the Mn
spins order ferromagnetically.

The third GKA-rule says,the 90 -exchange between (half-) lled orbitals is ferro-
magnetic and relatively weakFigure 2.12(d) shows the 90exchange between lled
orbitals. Here, the hopping happens between @ -orbital and the left Mn ion and
between apy-orbital and the right Mn ion. This means, that two holes reman in the
oxygen in the virtual intermediate state. Due to the orientéion of the Mn spins, the
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two remaining electrons on the oxygen site have either a pdlel or an antiparallel

spin orientation.

Since the energy of the intermediate state is commonly wréh in the denominator of
the corresponding energy, the state with the lowest energyilitoe favored. According
to Hund's rst rule, this is the state with parallel spin con guration of the electrons
(or holes) at the oxygen site. Thus, the spins of the two Mn-its are parallel, too.
Then the energy di erence between the parallel and antipati@l con guration is

given by:

25 1 1 tha Jn

JI
2 2+ U, Jy 2+ U, 2+ Uy @2+ Uy

(2.12)

whereJy means the Hund's coupling energy and, the Coulomb repulsion between
the two p-orbitals.

Together with these considerations it is now possible to ebgin the magnetic order-
ing of LaMnOQOsg, if we assume orbital odering in that way which is already sk in
Figure 2.6. For more clearness the oxygen and unoccupigd ,. orbitals are not
drawn. As we can see easily, in the horizontal plane an hallled orbital is directed
towards an unoccupied orbital, which means that the layersrder ferromagnetically.
Between the planes always empty orbitals overlap and thisdds to an antiferromag-
netically ordering.
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2.6 Superexchange and double exchange interactions

In the following section we want to describe two important eects on which the pre-
vious introduced GKA-rules are based. Since magnetic digetlipole interactions
between spins of adjacent Mn-ions generally are rather weakkchange processes to
establish a long range magnetic ordered ground states wik lascribed an important
role. In such processes electrons and their related sping able to hop from site to
site and hereby reduce the energy of the system.

Exchange interaction between degenerated levels:

Considering a situation where one electron is taken at eachttice site. The new
aspect now is that two energetically degenerated levels dree to be occupied. This
is of high relevance for real crystals since at the latticetes are ions with multiple
degenerated levels, e.g. the, levels of LaMnQ without Jahn-Teller distortion. If
one electron occupies one of these levels, another electaodi erent level, we, thus,
declare in this model, that electrons occupy di erent sing particle states. In this
case, two electrons at the same lattice site may have the saspn without violating
Pauli's exclusion principle. Figure 2.13 presents the foyossible con gurations of
two adjacent sites 'left' and 'right' with the two degeneraed levelsd,. and dy2 2.
The arrows represent the spins of the electrons in their c@sponding orbitals. In
the following it is necessary to replace by t; in H; of equation (2.5). To simplify
matter we assume thatt; = tfori = j andt; =0if i 6 j. This is a good ap-
proximation if the two considered orbitals are orthogonald each other, so that the
overlap and therefore the hopping between the orthogonallmtals vanishes.

In Figure 2.13(a) Pauli's principle forbits a transfer of tle electron, which leads to
no change in energy (E = 0). In case (b) and (c) the gain in energy is similar to
the above in section 2.3.1 discussed and/is2’.

If in the case of Figure 2.13(d) the electron hops from left taght, it has to bring
up the Coulomb energyU, but wins the Hund's coupling energyJy (in manganite
compounds 1.5 eV). Because of Hund's coupling energy, con guration )ds the
energetically most favorable state. From the orientation fothe spins in (d) one
can immediately conclude, that ferromagnetic correlatianof the spins of adjacent
Mn-ions exist, in contrast to the one-level lattice in the pevious section 2.3.1.
Simultaneously the occurrence of an orbital ordering will é& favored. To transfer
this result on LaMnO; two small di culties appear. Firstable, a Mn-ion has more
than only one electron in its 3i-shell and second, between the Mn-ions are?Gions,
so that primary these Mn-spins can not interact directly. Istead of this, an inter-
action via the diamagnetic ionwill be realized.

2This means, that the electrons can not hop into the shadowed rbital (see Figure 2.13).
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Figure 2.13: Schematic illustration of the superexchange in case of twéeld degenera-
tion with respect of Hund's coupling for opposite directedd,2- and related
dy> y2-orbitals (shadowed). The most favorable con guration leals to fer-
romagnetic correlations [40].
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As a result, an energy di erence between antiparallel (b,cand parallel (d) spin
con guration can be evaluated, according to equation (2.8an e ective exchange
constant Jgx Which is

2t_2 22 2t2Jy , 2t_2 Jn
Uu U Jy U2 Jy U UU’
Here we have taken into account, that commonlyJ  Jy. As one can see, one gets
a ferromagnetic exchange which is rather weak due gy =U 1.

Jex ' (2.13)

The double exchange interactions

In 1951 Zener [45] o ered an explanation for the behavior ohe indirect magnetic
exchange between®atoms. He considered that the intraatomic Hund rule excharg
was strong and that the carriers do not change their spin omgation when hopping
from one ion to the next, so they can only hop if the spins of thewo ions are
parallel. On minimizing the total free energy of the systemZener found that ferro-
magnetic interactions are favored when the magnetic atomseafairly well separated
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and conduction electrons are present. The theory was appligo the manganese per-
ovskites [45] with the aim of explaining the strong correl&n between conductivity
and ferromagnetism, and the value of the zero-temperaturatsiration magnetiza-
tion which corresponds to the sum of all the unpaired electnospins. Starting from
the insulating antiferromagnetic LaMnG; end member where electrons are localized
on the atomic orbitals, Zener showed how the system shouldagiually become more
ferromagnetic upon hole doping (introduction of Mfi"). He considered the problem
of the exchange between Mi and Mn** ions via an oxygen ion and introduced the
concept of simultaneous transfer of an electron from the Mh to the oxygen and
from the oxygen to the neighboring MA*, which is schematically shown in Figure
2.14. Such a transfer is calledouble exchange

Mn3+ 2p ligand Mn#*
S=3/2
Mn4+ n3+

Figure 2.14: lllustration of the double exchange mechanism.

In the case of magnetic atoms, the con gurations M -O? -Mn*" and Mn*" -O? -
Mn3" are degenerate if the spins of the twal shells are parallel, and the lowest
energy of the system at low temperature corresponds to paell alignment of the
spins of the two adjacent cations. Double exchange is alwaiggromagnetic, unlike
superexchange which involves virtual electron transfer dnis frequently antiferro-
magnetic. If the manganese spins are not parallel or if the M@-Mn bond is bent,
the electron transfer becomes more complicate and thus theobility decreases. It
follows that there is a direct connection between conducity and ferromagnetism.






Chapter 3

Experimental details

3.1 Techniques for high pressure

3.1.1 The diamond anvil cell

The beginning of the 20th century signi es the beginning oftte high pressure era.
In the Bridgman era (1910 - 1950) the basics of high pressure cells were set with
pressures up to 10 GPa These cells were used for conductivity as well as for com-
pressibility measurements [46]. For his big e orts in that ratter, P.W. Bridgman
was honored with the Nobel price in 1946.

The basic principle of high pressure cells are two oppositevéls which will be pressed
together. One of the most powerful high pressure cells nove is thediamond anvil
cell (DAC) which is schematically illustrated in Figure 3.1 [4748, 49, 50, 51]. The
DAC's used in this thesis are modi ed high pressure cells folving the example of
Merrill-Bassett [52]. They work on basis of the Bridgman-pnciple [46]. The reason
why taking diamonds as anvils is simple: Diamonds are the tdgst material on
earth which make them t perfectly for the use under high presure conditions.

The DAC in general consists of two opposite diamond anvils win press on a piece
of sample by applying external force. In order to prevent a taral ow out of the
sample by applying pressure, both anvils are supported by aetallic ring, which
is called the gasketand generally consists of a very hard alldy In the center of
this gasket a small drilled hole ( 150 - 350 m) de nes the sample chamber and
contains the sample, a pressure media and a pressure markéhe pressure media
IS necessary in order to achieve hydrostatic or quasi-hydtatic conditions and can
be either liquid nitrogen, liquid helium, oil or epoxy. The pessure marker is to

11 GPa = 10 kbar.

2For all high pressure experiments with the DAC, we used Incoel 750 (Fe-Co alloy) as gasket
material, except for the measurement of the Co spin-state irsection 3.9 where we used an alloy of
TagoW]_o.

29
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Hole for x-rays

Diamond

Sample chamber - ) Cuge

- Gasket cylinder

Epoxy - =

Figure 3.1: Simple schematic sketch of a Diamond Anvil Cell (DAC) used fo the high
pressure experiments. Due to their small sizes (22 mm in diaeter and
14 mm in height) the DAC is suitable for most measuring apparéus.

determine the internal pressure and consists of small rubghips.

Typical diameter of the diamond anvil surface, which is cad the culet, di ers in
our research group between 0.2 and 1.3 mm. Pressures up to @ppnately 100
GPa can be achieved according to the pressure range requivith a culet of 0.2
mm.

As shown in Figure 3.1, this design is suitable for spectraguc measurements like
x-ray di raction or Mdssbauer spectroscopy under high presire. A detailed descrip-
tion about the preparation of the DAC for spectroscopic as Wleas for resistivity
measurements is given elsewhere [53]. In order to perforneatfic resistivity mea-
surements under high pressures, the preparation of the célas to be modi ed.
Electrical conductors - at least 12 m tiny gold wires - have to be inserted into
the sample chamber and contact the sample. Before, the mdialgasket has to be
insulated in order to protect the sample against short-cingt. For this purpose, the
imprint of the diamonds in the gasket will be covered by a smiapiece of captori
foil. The glue for this consists of a mixture of epoxy (Uhu Enfést 300) and A}O3
and serves as pressure medium to provide quasi-hydrostatenditions. Afterwards,
a small hole ( 100 - 250 m) will be drilled in the center of the capton which
de nes the sample chamber. Then, ve attened gold wires wilbe taped on the
facet side of the lower diamond. Their sharpened end will benked on the culet,
so that their top reach in the center of the sample chamber. Rally, the other end
of these wires will be soldered to ve 100m Cu wires, which conduct the signals to
the measuring apparatus. The last step is to Il the powder saple into the sample

3Ruby = Corundum = Al ,03 doped with Cr3* .

4Capton is a very special kind of insulating foil made of Polyimid and used in space technology
e.g. for satellites for more than 30 years. It is electricalchemical and mechanical stable also under
extreme conditions.
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Figure 3.2: Schematic view of the preparation of the DAC for high pressue electrical
resistance measurements.

chamber, together with some ruby chips for the pressure deteination (see below).
Then the cell can be closed and looks like in Figure 3.2.

One nal comment for the reason why taking ve wires instead bfour, since we
are doing a four-point measurement: Due to the mechanicalrain on the delicate
wires, during closing the cell and applying pressure, it uoftunately belongs to the
business that sometimes gold wires remove from their initiposition and contact
other wires which leads to a short-circuit. Also very unplesant after closing the
cell are breakages of the wires at the sharp edge of the cul&hus, we use the fth
wire just for safety reasons.

Pressure determination of the DAC:

An elegant way to determine the pressure inside a DAC possesshe ruby uores-
cence method. Through the transparent diamonds, a laser bmaexcites the ruby
chips to emit uorescence light. In principle, this uores@nce spectrum consists of
two lines (R; and R;) which have a wave length of 692.70 nm and 694.25 nm at
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ambient pressure, respectively. By increasing pressurénese lines shift to higher
wavelengths. According to their higher intensity, the R-line is taken as reference
line to determine the pressure by following equation:

5

(nm)
= : - + . .
p(GPa) = 380:8 59425 1 1 GPa (3.2)
whereas = owith o= (p=0GPa)=694.25 nm. This conforms the drawn

through line in Figure 3.3(a) which is the result of x-ray diraction measurements
on Ag, Cu, Mo and Pd [54]. For pressures below 30 GPa one can ke more
simple equation, assuming the following linear apporoxinian [49, 50]:

p(GPa) = 2:746 (nm)GPa (3.2

Here it should be mentioned, that one big disadvantage of thimethod is that the
pressure can not be measured in-situ. Pressure can only caa @letermined at
room-temperature and outside the measuring apparatus. Hewer, due to di erent
thermal expansion coe cients of various parts of the cell, ppssure can increase at
low temperatures. Thus, the pressure was determined befcaad after each mea-
surement. According to references [55] and [56], tempereguncreases the pressure
by less than 10 % between 25 and 300 K.

@) (b)
fiber optic cabel h monochromator

40 ——— =
laser ‘ | A )
-~ »! 1
linear i | N\ ' P
sor approximation 7 <" | X ' )
T f sie : microscope | ' lattice
= <, z Ty T T !
= 20t P . ! 7
< P high pressure cell A )
< 7 1 photomultiplier ~ mirror
10+
calibration
oint 1 PC i -
[ el polt lattice analog-digital-
0 20 40 60 80 100 drive converter
p (GPa) control

Figure 3.3: (a) Relative change of wavelength of the R-ruby uorescence line under
pressure. The drawn through line conforms eq. (3.1), the dd=d line con-
forms the linear approximation eq. (3.2) [54]. (b) Technic# setup for the
pressure determination [57].

The experimental equipment to determine the pressure is samatically illustrated
in Figure 3.3(b). A powerful blue laser inducts its light inb the optical path of a
microscope and excites the ruby chips to emit uorescencalit. This light will be
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collected by several lenses and transmitted via a ber opticwire to the monochro-
mator, which reads out the interesting wavelengths suppatl by a rotating lattice.
A photomultiplier behind the monochromator absorbs all thdight and ampli es the
signal. This signal will be sent to an analog-digital convér which prepares the
signal for the PC, where the spectrum will be presented and¢hpressure calculated.

3.1.2 Large volume cell

The large volume high pressure ceWas used for measurements of the electric resis-
tivity on La ¢.82Srp.18C00s. This type of high pressure cell is made of Titanium alldy
which is extremely hard and possess a very small thermal exjgon coe cient =
9.3 10 °® to guarantee stable pressures at low temperatures. The cilspecially
made for direction dependent measurements of the conduétywof single crystals as
well as for sintered sample pieces. With this type of cell, gssures up top 30
GPa can be achieved.

The anvils consist of sintered diamond powder induced into @ matrix. This is
called ablack diamondand their hardness is comparable to that of natural diamond.
The used anvils, with a culet of 4 mm, are covered by TungsteDarbide (WC)
and pressed into a Cu-Be support ring which hold the anvils @nenables a safe
and vertical guidance inside the cell body in order to protéche anvils against
misalignment and destroying (see Figure 3.4).

In order to prepare the high pressure cell for resistivity nasurements, a pyrophyllit
ring with the diameter of the culet and 300 m in height was glued on top of
the lower anvil. This ring prevents a lateral ow-out of the @ample. The inner part
of this ring (2 mm) de nes the sample chamber. In order to protect the samgl
against short-circuit from the anvils, a piece of capton fobwas xed on the lower
anvil. Above the capton a 100 m thick piece of steatité was placed which is
considered as pressure medium and provides quasi-hydréistazonditions. On top
of the steatite, the samplé (100 25 300 m in size) and a small piece of le&d
(to determine the pressure) were contacted, each with fou21l m Au wires for a
4-point resistivity measurement, as shown on the right handide of Figure 3.4. By
measuring the temperature dependence Bi(T) of Pb, one can follow the transition
temperature T¢ of the pressure dependent superconducting state with inagng
pressure [59].

In the following the Au wires were contacted to larger and bimger Cu wires which
led the signals out of the high pressure cell. On top of the s@he another piece of
steatite and capton foil was taken to cover the upper anvil agnst short-circuit and

54 % Vanadium, 6 % Aluminium and 90 %Titanium

Svery soft mineral

“lower piece in the sample chamber shown on the photo on the rig of Figure 3.4
8upper piece in the sample chamber shown on the photo on the rig of Figure 3.4
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to provide quasi-hydrostatic conditions. Under pressurdghe Au wires were pressed
on the surface of the sample and guaranteed hereby a good #lecontact. This is
called the press contact methodA more detailed description of preparing this large

volume high pressure cell can be found elsewhere [58].

capton foil
R .
Pb-manometer Q sample lead (Pb) Cu-wires
steatite ———— . (100um)
capton foil s —

pyrophyllit
ring

=

sintered diamond
anvil

support ring

1mm steatite

wcC .
(pressure medium)

Figure 3.4: Schematic order of preparation (left) and photo of the prepaed high pressure
clamp for resistivity measurements just before pressurizeon. One can see
the single crystal sample and a piece of lead to determine thgressure.

3.2 High pressure experimental methods

3.2.1 Electrical resistivity

All temperature dependent electric resistivity measurenms have been performed in
a standard*He-bath cryostat. In this cryostat it is possible to measuréemperatures
between 1.5 and 600 K. For the temperature dependent measuoents of the electric
resistivity R(T) a high pressure cell was mounted into the massive Cu pot at the
bottom of an insert (see Figure 3.5). This insert has been inserted into the Ham
chamber of the cryostat. Since we have performed measurentseat low as well
as high temperatures, we have used two di erent but in their @anstruction similar
inserts: one for temperatures from 1.5 to 300 K (Figure 3.5)nd the second for
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steel wires
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-

temperature probe heating wires
high pressure cell
massive Cu pot

Figure 3.5: Schematic sketch of the low temperature insert for the*He cryostat.

temperatures between 200 and 600 K (Figure 3.6). In principal both inserts
consists of a massive Cu pot with a groove in their centre wheethe cell and a
temperature probe tin perfectly. Outside the Cu pot of thelow temperature insert
wires are winded which work as a heater to warm up the system.t £he bottom
of the high temperature inserta strong ceramic heating element (Mica) (see Figure
3.6) has been mounted which heats up the whole Cu pot up to atast 600 K.

steel wires

< DAC

. Cu pot

temperature

probe
power

@ Mica heating element
AN insulating ceramic paper

@ < metallic clamping plate

fixing
) screw

Figure 3.6: Schematic view of the high temperature insert with the Mica feating element
mounted below the Cu pot.
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Both Cu pots hang on steel wires which are connected with thep of the cryostat.

To provide the cell, thermometer probe and heating with cuent, a couple of small
wires lead along the catenary wires from the pot upwards to addum-sealed con-
nector in the ange. On the outer side of this ange another cale conducts all the
signals to an interface and then to the PC.

3.2.2 Magnetization

In collaboration with Dr. S.S. Saxena from the high pressumgroup of the Cavendish
Laboratory at University of Cambridge, we performed measements of the pressure
dependence of the magnetization in a pressure cell [60], 1.0 GPa and down to
2 K by means of a superconducting quantum interferometer dee (SQUID) mag-

netometer.

The high pressure cell is a cylindrical hydrostatic pressercell based on a single
walled-design. The materials composing the cell are spdljisselected to give the

lowest magnetic background possible and maintaining higheunhanical strength in

order to withstand thermal and pressure cycles. The overalimensions of the pres-
sure cell have been optimised to give the maximum of samplease whilst still tting

in the sample space of the SQUID.

The overall length of the pressure cell is 60 mm with an outer diameter of 8.5 mm.
The available sample space is typically 1.9 mm diameter an® nm maximum long.
The total weight of the pressure cell assembled and ready tee bnounted is 17 g.
The recommended maximum sample size is of 1.51.5 5 mm, which is within

the acceptable limit to give a reasonable dipole response thre SQUID for most
magnetic measurements.

With this cell, measurements of samples with magnetic momesnas low as 510 ©
to 10 > g are possible. Figure 3.7 presents a view of used the high pa® cell.

In order to apply pressure, a hydraulic pressure ram has beesed which was ca-
pable of generating at least 1.5 ton of force. Indeed, due tbéd relative small size

of the cell it was essential to ensure the vertical alignmermtf all components during

the pressurisation process. Otherwise, irreversible dages could be caused to the
pressure cell.

For pressure determination, the shift of diamagnetic sigh&rom the superconducting
transition temperature of a standard Sn [59] sample has used
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Figure 3.7: Schematic view of the Cambridge SQUID cell.

3.2.3 Energy dispersive x-ray di raction

x-ray diraction is an established tool to determine the adjistment of atoms in a
crystal. This provides informations about the lattice paraneters of the examining
sample. The principle of this method is based on Bragg's law e ection:

n =2d sin; (3.3)

whereasn is the order of di raction, the wave length,d the distance between suc-
cessive grating elements, called the grating spacing andhe half di raction angle.
Constructive interference occurs only then, when the ino@ht x-ray beam strikes
the grating elements under the above mentioned di raction ragle .

There are di erent kind of methods to perform x-ray di raction measurements un-
der high pressure. Commonly thédebye-Scherrer methodvill be used, since it is
su cient to analyze powder samples. Other methods requireirggle crystals which
are not easy to produce and often will be destroyed by appldnpressure. So, for
examining crystal structures under pressure, two di erenpossibilities are available:

The rst one is the angle dispersive x-raydi raction. Here a monochromatic x-ray
beam strikes the powder sample which consists of many stdittslly distributed crys-
tallites. For some parts of these crystallites, Bragg's lavg satis ed and constructive
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interference occurs. Hereby every grating plane producesje to the statistic dis-
tribution of the crystallites, an own di raction cone (Debye-Scherrer ring) with an
aperture angle which is typical for each grating plane. Togasuch a Debye-Scherrer
ring will be detected either with a rotating detector or an inage plate. The reso-
lution of this method is quite better than that of the method described hereafter.
Furthermore, the angle dispersive diraction shows no uoescence lines and can
reduce texture e ects to a minimum.

A second method to investigate the crystal structure is thenergy dispersivex-ray
di raction using synchrotron radiation, which was used to gamine the lattice pa-
rameters of the samples under pressure. Behind the sample emergy dispersive
detector is mounted in a xed angle to collect all di raction lines from many grating
planes of the sample which strike the detector under the diaction angle . These
di erent angles correspond to di erent energies and can bevaluated in the PC. In
comparision to the angle dispersive method, the resolutioof this method is a bit
lower. Frequently the texture leads to troubles in spectraisce only a part of the
whole Debye-Scherrer ring is measured. Additionally uoseence peaks can appear
which can overlap with some diraction peaks. On the other had, this method
has also some advantages: All diraction patterns can be mesared at the same
time and visualized immediately on the monitor. This makeshanges in the spectra
apparent quite fast. Moreover, the time to measure a spectmis much less than
for the angle dispersive x-ray di raction.

The diraction lines appear at speci c energieskE, which are related to the corre-
sponding interplanar spacingsgd, by the Bragg-equation (3.3):

h ¢ _ 6:1993keVA

Ed = — = -
2 sin sin
with h = Planck constant, c = speed of light. This equation shows the relationship

between the incident energ\E and the d values.

(3.4)
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Equation of state

The energy dispersive x-ray di raction measurements wereepformed in order to
determine the lattice parameters, the elastic bulk modulu8 as well as to study
possible structural phase transitions under high pressiwge The bulk modulus in
units of pressure is an important parameter relating the chaye of volume with
pressure.B is de ned as
V@IO ;
@V T
whereasV stands for the volume of the unit cell andp the applied pressure at
constant temperature. GenerallyB increases when the crystal is compressed. The
actual state for solids under strong compression can be delsed by severalequations
of state (EOS) [61]. For samples examined in this thesis, it is su ciet to assume a
linear pressure dependence &° due to a small change of the volume, according to
the propose of Murnaghan [62, 63]. TheB reduces to:

B = (3.5)

B =Bo+ B p: (3.6)
Then the EOS can be obtained by integration as following:

zvﬂ_zp@_zp o

vo V0B ,BetBIp 3.7)
0 0 =y
In Voo im Bo* By P _ In Bot+ Bg p ®5. (3.8)
V B¢ Bo Bo
Vo B G B 87
v - 1+ B, p ) V(p)=Vo 1+ B, p (3.9)

whereas\, is the value of the unit cell atp = 0 GPa. The Murnaghan EOS is valid
for changes in the volume up tov=\§ > 0.85. For larger volume changes one has
to introduce additional parameters as shown in [64], whicle&dd e.g. to theBirch-
Murnaghan equation of state [65].

Swhich generally can be developed in a power serie® = Bo+ B p+ BJ® p?+ ...
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Beamline F3 at Hasylab
All measurements determining the lattice parameters unddrigh pressure were per-
formed at room temperature with energy dispersive x-ray draction spectroscopy

using synchrotron radiation (SR) at beamline F3 of Hasylabni Hamburg (Figure
3.8).

ST
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o HERA

LINAC 1T

Figure 3.8: Schematic sketch of the di erent accelerators at DESY (Deusches Elektro-
nen Synchrotron) in Hamburg. The linear accelerator (LINAC) and the
synchrotron (DESY) accelerate electrons and positrons, spectively before
they are pipelined into the storage ring (DORIS). The abbrevations EMBL
and Hasylab are di erent experimental halls.

This beamline receives the "white!® SR beam from a bending magnet of the storage
ring DORIS and is optimized for energy-dispersive powder daction. It is espe-
cially geared for work with high pressure diamond anvil call Because of the small
sample sizes involved in this work, the equipment has beentwpized for background
suppression and generation of small and well-de ned beamaes down to 20 20 m.

For energy-dispersive x-ray diraction, there is a Ge detdor (with a resolution of
about 1%) for scattered radiation in the horizontal plane atangles up to 2 = 30 .
An adjustable double-slit system serves to reduce the Congst scattering from the

0"white" means that the beam contains continuous (multichromatic) light.
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diamonds and improves the resolution. This system rotatesitiv the detector and
allows rapid changes in the diraction angle. A Huber di radcometer serves for
sample translation, rotation and tilting, and for detectoralignment (angle changes)
in the energy-dispersive mode. The precision of the transilans is below 1 m, that
of the rotations and tilts 0.5 millidegrees.

A PC coupled to the multi-channel analyzer is used for data dection and storage
in the energy-dispersive experiments [66, 67, 68].

Further instrumentation speci cations:

Source: 4.5 GeV by bending magnek. = 16 keV

Beam characteristics: white beam

Beam size:< 200 m adjustable; vertical electron beam divergence 0.11 mrad
FWHM

Detector: Ge semiconductor (solid state)

Angular range: 0< 2 < 30 (horizontal only)

Energy resolution: d=d=10 10 3 above 26 keV
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3.2.4 K Xx-ray emission spectroscopy

At the inelastic'? x-ray scattering beamline ID16 at ESRF, x-ray emission sp&a
of radiative decays can be measured to get information abotlte spin-state in TM
ions. For this purpose, a method discovered in the early 20tentury is used. This
method is the K x-ray emission spectroscopy (XES) [69, 70].

The main ambition to measure the K x-ray emission is to use the K decay (3!
1s) as an internally referenced spin detector, which allows iavestigate spin-resolved
x-ray absorption experiments [71]. It is also found out thathe K emission spec-
troscopy is very sensitive to the spin-state in TM ions sincéhe 3p-3d exchange
interaction is very strong (about 15 eV [72]) which makes itery attractive to verify
theoretical calculations as well as to deduce results fronther experimental meth-
ods. In the following we brie y want to introduce into this technique.

The main principle of XES is that one excites an atom and obsess the radiative
decay of its excited state. In our case, we excited the Co atsmof La, Sr,CoOs (x

= 0.18) with an energy of 13 keV, which is far from resonance and larger than the
emission energy of around 7.65 keV. As a result, this 13 ke\tident beam kicks o
the 1s electron of the K-shell and induces a hole which will be redid by an electron
from the higher J shell as schematically shown in Figure 3.9. Due to the deca¥ o
the 3p electron a characteristic radiation will be emitted whichs directly connected
to the exchange interaction between the@Bcore hole and electrons of the partially
lled 3 d shell, since these two states are very close to each other.

Kb emission process

Figure 3.9: Schematic picture of the K inelastic x-ray emission spectroscopy (XES).
The incident beam kicks o the 1s-electron of the K-shell. Asa result, an
electron of the 3 shell of the TM ion decays into the K-shell and generates
the characteristic K spectra which provides informations about the spin-
state of the system.

1To consider the procesdnelastic is due to the fact, that one pumps more energy inside than
one gets out.
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In particular, the exchange interaction between the core @ and the local moment
leads to a splitting of the K  spectrum mainly into HS (satellite peak, K ©
3p"3d") and LS (main peak, K 1.3, 3p#3d") nal states (see Figure 3.10).
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Figure 3.10: Typical K emission spectra of Co based compounds wit8 = 0 (LS), S
=1, S=3/2and S = 2 (HS). The 3p-3d-interaction is responsible for
the grow of a satellite peak on the low energy side of the emism line. Its
intensity and separation from the main peak mainly correlaes with the net
spin S [73]. Spectra of Cé* (S = 0), Co?* (S = 1), Co?* (S = 3/2) and
Co®** (S =2) [74].

The energy separation between these two peaks can be dessiby E = J(2S
+ 1), where J denotes the exchange integral an® the total spin of the 3d shell,
while their intensity ratio can be calculated asS/( S + 1) [75]. When con guration
interactions are taken into account, both the energy splithg as well as the intensity
ratio will be modi ed [76]. These calculations show that the3p #3d " nal state
is characterized by a single peak that constitutes most of ¢hintensity of the main
emission line (K 1.3), whereas the p"3d " nal state appears as a very small satel-
lite component at lower energy. However, the simpli ed piaire does not point out
the qualitative changes expected for the Belectrons going from HS to LS states,
namely, smaller energy splitting between the main peak andh¢ satellite as well as
a reduction in the satellite to main peak intensity ratio.
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In the following we brie y describe the experimental setup obeamline ID16 where
the high pressure measurements on b.gSry.18C00O3 have been carried out (see Fig-
ure 3.11). The operating status of the storage ring during #h measurements was
the 2 1/3 lling mode, i.e. 2 times one third of the storage ring is lled. The 2
one thirds are separated by an empty gap of 1/6th of the ring. fie maximum inten-
sity was 200 mA. After the bending magnet the SR beam passegdb undulators
(type U35) which enhanced the beam's energy. Behind the unidtors the energy
is rather widespread but still has some structure in its sp&cim (s. bottom of Fig-
ure 3.11) due to the interference e ects as the beam passesaiigh (undulates).
The undulated beam then passes a lead enclosed vacuum tubdiferbeam trans-
fer line) to the high-heat load silicon (1 1 1) monochromatorThe monochromator

Detector
monochro-
DAC
matic beam
PN S\
\ - 4\ 4
s white beam
Analyzer’ : Monochromator
Undulator source
L ~10m | 70m |
Top view Side view

<«——— Spectra after undulator

Flux x 10 14 I's

O b N W A OO N ® ©

0 2 4 6 8 10 12 14 16 18 20

Energy (keV)

Figure 3.11: Schematic overview of the experimental setup of beamline I1D6 at ESRF.
The SR light comes from the storage ring and passes the undutas (spec-
trum after undulators see below). Then, the beam will be monohromized
and guided through a mirror which focus the beam. Finally the beam
goes through the sample and enters the XES spectrometer (alyaer and
detector).
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slice a thin energy band in the undulator spectrum of 1.7 eV bandwidth centered
at 13 keV for instance. The monochromatic x-ray beam was themansferred via
the monochromatic-beam transfer line to the focusing mirrovhere the beam was
focused to a size of 100 200 m.

For the high pressure experiments with the DAC, we used theansmission geometry
to measure the K emission spectra. The typical count rate at the K main line in
the pressure cell was 500 counts/s. The analyzer was placed in a small angle of
2 =12 directly behind the cell. The setup of the XES spectrometer lch was
of Rowland circle geometry type with a 1 m diameter consistd a spherically bent
Si analyzer (wafer) which works in Bragg re ection and a Peier-cooled Si diode as
detector. The Rowland circle geometry imposes the analyzbending radius corre-
sponding to the spectrometer diameter. The x-ray emissiompactra were recorded
by scanning the analyzer Bragg angle while, at the same tim#ée detector was
translated perpendicularly to the analyzer direction, fdbwing the displacement of
the x-ray spot. All the motors and electronics could be contdled in the control
cabin outside of the experimental hutch where also the PC'eif the data analysis
were placed.

Figure 3.12: Photos made at the beamline. (a) High pressure cell mountedrothe cold
nger of the cryostat. SR comes from the right, the spectromeer is situated
behind the pressure cell. The button on the pressure cell ihe temperature
probe; (b) Transmission geometry of measurement: the beamomes from
the right hand side. The high pressure cell now covered by a eaum sealed
Aluminium pot with slits for the beam which are coated with capton foil.
The spectrometer is on the left hand side.
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3.2.5 Nuclear forward scattering of synchrotron radiation

Nuclear Forward Scattering (NFS) of synchrotron radiationis a technique related
to the Mdssbauer e ect; thus, similar microscopic informaon to that inferred from
conventional MAssbauer spectroscopy can be obtained. Oraaneasure the shifts
and splittings of the energy levels which are caused by the gr ne interaction of
the nuclear moments with electric charge distributions anthagnetic moments of the
investigated sample. In this way, both electronic and magtie properties of a given
system can be investigated. The NFS technique is very e cigrfor high pressure
experiments performed on very small diameter (200m) in a DAC due to the very
high intensity and excellent collimation of SR.

In a NFS experiment the time dependence of the nuclear de-éation following
the excitation by an x-ray is studied. The half lifeT,;-, of the rst excited state
of nuclei is typically of the order of some ns to somes (for exampleT,-, = 10
ns for 1°'Eu). Consequently, the time interval between synchrotron gises should
be longer or comparable tol,-,. For this purpose, the ESRF provides a special
"16-bunch mode", with 16 equally spaced bunches per revoioh period. Then the
SR pulses are emitted in intervals of 176 ns. Thanks to this [Bed time structure
of the synchrotron radiation, the time-resolved detectiorof the quanta of the nu-
clear de-excitation is possible by discriminating this "dayed" radiation from the
"prompt" electronic scattering, which occurs almost instataneously within the SR
pulses of 100 ps (see Figure 3.13).

I(t)

Figure 3.13: Time structure of the 16-bunch mode at ESRF. Between two SR pues
(vertical lines) is a time window of about 176 ns which can be sed for the
detection of the delayed photons of nuclear scattering pragsses.
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After the ™Eu nuclei in the sample are excited resonantly by a SR pulsehey
decay back to the ground state. The radiation in the forward idection is emitted
coherently by the nuclei, and the detector measures the degceurve I(t) and stores
the data in a multichannel analyzer as a function | of time frm the excitation by
the SR pulse. From the shape of the I(t) curve the hyper ne ireraction parameters
can be determined.

(@) I(t) t

-t
excited state -

4 e decay constant

ground state b

*t
no hyperfine interactions radiative decay
(b)
_— 10 1 [~e™ cos’(Awt)
excited state  ———7 2
o, " Aw =0, - o,
—_—

ground state

-t
hyperfine interactions quantum beats

Figure 3.14: Schematic presentation of the NFS spectra in the absence (@nd presence
(b) of hyper ne interactions. Quantum beats appear as osclhtions in the
time dependent spectrum.

As shown in Figure 3.14, the I(t) curve exhibits in the presese of hyper ne inter-

actions periodical oscillations which are callequantum beats The period of these
beats is inversely proportional to the strength of the hypene interactions at the

151Fu nuclei, and it therefore allows one to follow their evolibn with temperature

and/or pressure.

The setup for the!®'Eu studies is shown in Figure 3.15. The beam delivered by the
undulator is rst premonochromatized by a high heat-load mnochromator using a



48 Chapter 3. Experimental details

double Si(111) re ection, which provides an energy bandwid of about 2.8 eV at
21.542 keV [77]. The resulting radiation is further monoclematized in a second step
by a high-resolution monochromator to a bandwidth of about .B meV. The beam
is successively focused to a size of about 15060 m?, passes the sample in the
DAC and arrives at the detector system, where the photons ohé prompt electronic
scattering and of the delayed nuclear scattering from the s#le will be recorded by
a fast avalanche photodiode. For the temperature dependengve used a cryostat
with a superconducting solenoid which delivered simultaoesly low temperatures.

High resolution  Sample in
monochromator DAC (200um)
Eo+ meV

e
Undulator \
Eo+ 100 eV N Detector
—

(11
I
Premonochromator

i Eo + eV
Storage ring

Figure 3.15: Typical experimental setup for nuclear NFS experiments. Tl incident SR
beam comes from the left hand side.
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3.2.6 High resolution neutron di raction

The time-of ight powder diraction data were collected at the high resolution
powder di ractometer (HRPD) of beamline S8, at ISIS (Rutheford Appleton Lab-
oratory, England). The time-of- ight di ractometer, such as the HRPD, utilises a
polychromatic neutron beam and therefore data were recomdédy xed-angle de-
tectors (engery dispersive). The neutron wavelengths wedscriminated by their
time of arrival sincet/ 1=v,/ ,/ d, wheret is the the time of ight, v, is the
neutron velocity, , is the neutron wavelength andd is the d spacing of a particu-
lar Bragg re ection. The HRPD o ers three detector arrays atbackscatteringh2 i
=168, 90 and 30. For constrained sample environments, such the present eas
with a high pressure cell, 90scattering is optimal since with suitable collimation a
di raction data may be obtained without contamination from the cell components
(see Figure 3.16). For the present experiment recorded ugithe 90 detectors, the
time-of- ight ranges used was 15 to 115 ms corresponding todaspacing range of
between 0.43 to 3.33 A and wavelength range = 0.61 to 4.71 A. Under these
experimental settings the di raction data have an approxinately constant resolution
of d=d=2 10 3.

Callimation N Scattered beam
/ Fressure cell
i L
Incident beam — il
J Sample

Encapsulated gasket

T

Type W3b

Paris-Edinburgh Cell Standard gasket

Standard anwvil &
Gasket configuration

Figure 3.16: Above: Experimental setup of the HRPD. The incident neutron beam
comes from the left-hand side. Below: Schematic sketch of thParis-
Edinburgh high pressure cell and the used encapsulated gastk
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The pressure cell used for the experiment is shown on the bath of Figure 3.16.
It is a so-called Paris-Edinburgh high pressure cell in whica powder sample is
compressed between two opposite tungsten carbide anvilshé con nement of the
sample was achieved by means of null-scattering (TiZr-ajlp gasket which was lo-
cated between the anvils. Instead of a standard gasket, weadisa modi ed designed
gasket, consisting of two anged hemispherical shells ensing the sample. This
encapsulated gasket (see Figure 3.16 bottom right) ts pegttly in corresponding
grooves of the anvils. A detailed description of this cell cabe found in Ref. [78].
The pressure transmitting media inside the capsule was a 4xiixture of methanol-
ethanol. Pressure was applied by an in-situ hydraulic ram, wvereas the pressure was
determined by the pressure dependence of the lattice paratmes as well as of the
volume of LuNiO; from Ref. [79].
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High pressure studies on RNIO 3

4.1 Basic properties of RNiO 3 at ambient pressure

4.1.1 Structural aspects

According to chemical literature of crystallography [80]the series of rare-earth nicke-
lates (RNiO;3) crystallize in an orthorhombically distorted perovskitestructure. The
aristotype of this structural family is the mineral CaTiOs;, whose general chemical
formula can be written as AMX; and which shows a perfect perovskite structure
above 900C, see Figure 4.1. AMX compounds consists of corner-shared MXcta-
hedra (M = cation), located at the edges of a simple cubic laitte and with a larger
A cation in the body centre of the unit cell. This A cation VH'”_'[ perfectly inside
this ideal perovskite structure if the conditiondy x = dv x 2 is satis ed, where
d means the bond length between two ions. To assure electriggdutrality the X
atom is an anion which is the oxygen in the RNi@ series.

Figure 4.1: Two di erent views of the ideal cubic AMX 3 perovskite structure.

In the RNiO; serie$ the criterion for a perfect perovskite structure is not sati ed

1R =rare earth ions: La,..., Lu and Y.

51
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since the A cation in the centre is too small. As a result, the i®¢ octahedra, which
have been found to remain practically undistorted along thseries, are tilted to |l

extra interstitial space. These rotations cause the unit deto be smaller and more
distorted than the ideal cubic cell. From geometry it is posbkle to derive a relation
of distortion between the relative distancesly, x = dyi o anddas x = dr o. This

can be discussed in terms of thiolerance factort [81] which is de ned as

dAX

t p—X (4.1)

rare earth ion R oxygen O

N
iﬁ@ -

Figure 4.2: Schematic view of the distortion of a perovskite structure. The t is the
tolerance factor de ned in the text and the Ni-O-Ni bond angle.

It can be calculated from the equilibrium (A-X) and (M-X) bond lengths for ambient
conditions from the sums of the ionic radii which are listedni tables [23] from x-
ray data at room-temperature and ambient pressure. Experiemtally, it is observed
that when t is slightly less than 1 unity, the NiQ; octahedra are rotated around
the (1 1 1) cubic axis (see Figure 4.2) [82]. I even smaller, than a tilt of the
octahedra around the (1 1 0) and (0 O 1) cubic axes is observethigh results in
the orthorhombic GdFe(Q;-structure [83] and for much smallett < 0.7 other, non-
perovskite structures are preferred [80].

Figure 4.3 shows the variation of the lattice parameters asfanction of the tolerance
factor. One can deduce from this picture, that the orthorhomic distortion, which
becomes even more important with decreasing®Rradius, is stable fromt  0.932
(Lu) to t  0.975 (Pr). For LaNiOs the high value oft = 0.986 allows to stabilize
the less distorted rhombohedral structure. The boundary lieeen these two phases
has been localized at = 0.980 [85].
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Figure 4.3: Variation of lattice parameters as a function of the tolerarce factort in
the RNiO3 series. The value oft have been calculated by using a constant
distance ofdy; o for all nickelates and the R-O distances given in [84] for
trivalent rare earth ions in coordination 12.

An interesting trend in the whole series of nickelates is thpractical invariance of
the average Ni-O distance. Thus, the Ni@octahedra can approximately be seen as
rigid bodies.

For AMX 3 perovskites with P bnm orthorhombic symmetry the volumeV can be
described in the following way:

V = abc=32 [3co¥ (4.2)

wherea; b; care the unit-cell lattice parameters| the bond length M-X, and is the
angle of rotation of the octahedra about the threefold axis8p]. It is important to
distinguish the angle of rotation from the tilting angle ! of the MX¢ octahedra.

Usually, ! is de ned as

with  being the M-X-M superexchange angle doond angle Thus, two distinct
values of can be de ned forPbnm symmetry: ; = M-X ;-M and , = M-X ,-M
with X ; and X, being the anions occupying the 2 apical and 4 basal positiookthe
MX ¢ octahedra, respectively. For RNiQ perovskites (R = Pr, Nd), ; and , dier
only in a few tenth of degree [7]. As a result, one often talkdbaut an average bond
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angle
hoi= 222 (4.4)
3
and an average tilting angle
. ( hi)
| ly) = 7-
I hli I (4.5)

A useful schematic draw of thé> bnmsymmetry, with the importantangles; 1; »;!:
and! , is given in Figure 4.4.

Figure 4.4: Schematic sketch of the distortedP bnm perovskite structure showing the
1; 2311 and! ; angles; taken from [87].

3

Alternatively, the structural parameters of AMX; in the setting of aP nma symme-
try can be expressed in terms of th&M-Xi bond length| and the angle of rotation
about the three-fold axes [88]:

a= If8(2+cos )=3g'?; b= If48=(1+2sed )g*?; c= |p§cos: (4.6)
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The tilting angle can be deduced from the volume (4.2) and the lattice paramete
by r ! !

- p _
= arccos v =arccos —— 4.7)
3283 ab '
The connection to the angled ; and! , is then given by
S
3cog
cosl ;= ———— 4.8
> (2 +cos? ) (4.8)
and r _
| +2cos?
cos! ; = %: (4.9)

With some geometrical derivatives, one obtains for following useful expression [89]:

= 2l = 2 arccoset2IO 2=b9: (4.10)

4.1.2 Electronic properties

The RNiO3 family provides an interesting window to study the evolutio of elec-
tronic features of oxides which show metallic conductivityOne reason why they are
SO exciting to study is their perfect oxygen stoichiometry tich allows to discover
electronic changes, such as the MI transition, very easily icontrast to the family

of cuprates or manganites where the non-stoichiometry is e¢hbasic tool to achieve
physical properties like superconductivity or giant-magetoresistance.

The nominal valence of Ni (8) in RNiO3 is 3+ with d-electron con guration t3,
g and S = 1/2 (LS) as ground state. Like e.g. Mr* in LaMnO3 (3d*), Ni®* in
RNiO3 is Jahn-Teller active too, but there has been observed no nsmable in-
uence on the properties of RNiQ as in comparison in the manganite compounds
[90]. The NiO; octahedra seems to be very regular in the whole RN§@amily [9, 91].

Except LaNiOs; which has the largest one-electron bandwidth and is metatlidown
to low temperatures, the whole series of RNi©has an insulating ground state, i.e.
they have a small charge-transfer gap between »2nd the Ni-3d upper Hubbard
band and can be regarded as a self-doped Mott-insulator [, 94]. RNiG; exhibits
a thermally driven metal-insulator transition at Ty, and a further transition to a
long-range antiferromagnetic order aly, Ty, . These latter two very interesting
aspects will be discussed in detail in the subsequent seaso Here, we want to focus
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rstable on the electronic ground state properties.

Deduced from x-ray absorption (XAS) and photoemission spia on RNiO3, the
established image of a purely ionic ground state was suddgnincertain. Due to
the unusually high valency of Ni* a strong hybridization was discovered and used
to describe a new realistic model for the ground state [95, 987]:

j S i = j3d2p®i + j3dBLi (4.11)

covalent

where L represents an anion (ligand) hole, 2+ 2 =1 and usually > . The
values of and in principle can be deduced from the x-ray spectra. At the O
1s K edge, and by allowing only intra-atomic XAS transition matrix elements, the
intensity of the pre-peak is proportional to 2 and it is a measure of the covalency
in the ground state. Thus, the electronic structure of rare &th nickelates can be
described by a mixture of their 8" 2p® (Ni®* O? ) ionic character and a 8L (Ni?*
O ) con guration including covalency, indicating a weight range between 30 and
70%.

Typical values for the energy gapkg) in RNiOz are. 100 meV ( <U, with the
charge-transfer energy) and listed for some compounds inbla 2. In principal, these
values are 1-2 orders in magnitude less than for typical Metiiubbard insulators or
those reported for other Ni oxides e.g. NiO and L&iO4 (Eg 4 €V) [98]. Due to
the strong hybridization it is therefore easy to induce eitlr an insulating or metallic
state just by changing the temperature.

Table 4.1: Thermal energieskg Ty, for RNiO3 perovskites, taken from [90].

ke Tmi (meV)
LaNiO3 metallic
PrNiO3 11.2
NdNiO; 17.2
SmMNIO; 34.4

EuNIiO; 41.4
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4.2 Temperature-induced metal-insulator transition

4.2.1 RNIO 3 phase diagram

The detailed behavior of the structural, electronic and maggtic phase transitions

can be described best in the mapped out RNgphase diagram (Figure 4.5).
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Figure 4.5: Modied phase diagram of the RNiO3 series from [6]. Transition tempera-
ture as a function of the R®* ionic radius and tolerance factor. The large
open circles between LaNi@Q and NdNiO3 are di erent solid solutions of
Nd; xLayxNiO3, those between NdNiQ and SmNiO; are solid solutions of
Smy xNdyNiO3. According to [92] and [101], the structure of NdNiQ below
Twmi is monoclinic (P 2,:=n).

The phase diagram shows the transition temperature as a fuman of the ionic size
of the R®* transition metal ions and the related tolerance factot, which has been
introduced in section 4.1.1.
In RNiO 3 with R = La, the largest rare earth ion, the system shows a Pauparamag-
netic metallic state down to lowest temperatures and crystiizes in a rhombohedral

(R3c) perovskite symmetry. By substitution of La with smaller B* ions (Pr!

Lu),
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the series immediately becomes insulating by opening of aahtharge-transfer gap.
Above the MI transition temperature (Ty, ) all members of the RNiQ familiy (R 6
La) crystallize in an orthorhombic (P bnm) paramagnetic structure, which is sym-
bolized by the blue color in the phase diagram.

Structural anomalies at the MI transition

For PrNiO 3 and NdNiO; the MI transition is accompanied by an antiferromagnetic
(AF) ordering at Ty of the Ni sublattice, i.e. Ty, coincidence withTy. For the
smaller R* ions (Sm! Lu) they separate andTy is always much lower thanTy,
(e.g. SmNIG;: Ty, =400 K [85], Ty =225 K [6], EUNiIO3: Ty, =463 K [99], Ty =
205 K [6, 100], YNiQ: Ty, =582 K[101, 8], Ty =138 K[101] and LUNiO;: Ty, =
599 K [8], Ty = 130 K [89]), suggesting that the MI transition is not conneted with
the onset of AF ordering. BelowTy the system shows an AF insulating behavior,
whereas abovd one observes a Curie-Weiss-like paramagnetic behavior.

For R = Pr, Nd, Sm and Eu no change of the lattice symmetry P bnm) has been
observed on going from the metallic to the insulating state.But there has been
observed some subtle structural anomalies in the volume dfd unit cell at the Ml

transition which results in a slight increase of the Ni-O boah length (Figure 4.6(a))
and a simultaneous decrease of the Ni-O-Ni bond anglgFigure 4.6(b)) [99, 7].
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Figure 4.6: (a) Variation of the dyi o bond lenght which shows the anomalies of the
structure at the MI transition both for PrNiO 3 and NdNiO3. Bold dotted
lines show the Ml transition. (b) Jump of the Ni-O-Ni bond angles at transi-
tion temperature Ty, in PrNiO 3 which govern the transfer integral between
the Ni 3d and O 2Zp orbitals. Both gures taken from neutron measurements

[71.

In fact, the value of Ty;, has been found to be related to the steric e ect induced by
the size of the R* ion across the change afy; o and which determines the degree
of overlapping of Ni(3l) and O(2p) orbitals and hence the electronic bandwidth.
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Figure 4.7: Dierential scanning calorimetry (DSC) measurements acres the metal-
insulator transition recorded by heating and by cooling (se arrows) for the
two series of nickelates 0 and 180). The sharp maximum/minimum indi-
cates the occurrence of the MI transition in all cases [102].

On the other hand, the observation of very largé®0 80 isotope shifts (see Figure
4.7) of Ty, in RNiO3 (R = Pr, Nd, Sm and Eu) demonstrates the importance of
a strong electron-lattice coupling in these systems [102This is also con rmed by
neutron di raction measurements on PrNiQ where a clear shift ofTy;;, has been
found [102]. It should be mentioned, that the orthorhombi¢ rhombohedral struc-
tural phase transition observed at much higher temperatueeis not a ected at all
by the mass of the oxygen isotope, thus indicating that the derved isotope shift is
a speci ¢ feature of Ml transition [102].

Lattice dynamics at the MI transition

To explain the evolution of Ty, along the series, a simple model, based on the
existence of Jahn-Teller polarons [103] has been used. Tharge uctuations in the
metallic regime (T > Ty, ) are expected to correspond to electron transfers between
Ni and O sites (NF*O? $ Ni?* O ). However, since Ni* ions are not Jahn-Teller
active, Jahn-Teller polarons will appear as a consequencktioe suppression of the
Jahn-Teller distortion when an electron moves from an © to a Ni**. Conduction
electrons will then move through the lattice destroying thelahn-Teller distortion at
the Ni sites in a similar way asey electrons in Mn hole doped perovskites do. Hereby
the main e ect of Jahn-Teller polarons in the transport progerties is to reduce the
bandwidth. A reduction of the bandwidth W occurs by increasing the mass of the
O isotope, which leads to a raise ofy, and that is exactly that what is observed
in Figure 4.7.
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Structural phase transition and charge ordering

A di erent situation was found for RNiO; with much smaller R** ionic radius (R
= Ho ! Lu). X-ray and neutron diraction measurements on HoNiQ, YNiO3,
ErNiO3; and LUNiO3; show a clear change of the lattice parameters ai,, [8]. They
indicate a thermal induced structural phase transition fron monoclinic (P 2,=n) to
orthorhombic (P bnm) (Figure 4.8).
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Figure 4.8: Structural parameters for YNiO3 (left) and LUNiO 3 (right) as well as their
related monoclinic angle and unit cell volume V as a function of tem-
perature. Measurements from high resolution neutron and agle resolved
synchrotron x-ray powder di raction [8].

The analysis of high resolution synchrotron powder di radon measurements re-
vealed that the strongly distorted members of the RNi@ series, e.g. YNIQ and
LuNiz, have a charge ordered ground state, which is also calleldiarge dispropor-
tionation [9, 99, 104].

The interpretation of charge disporportionation in RNiG; is based on the observed
symmetry lowering to monoclinicP 2,=n crystal structure ( = 90.08) in the in-
sulating phase, which breaks up the single Ni site in the mdliz phase into two
non-equivalent crystallographic sites when the chargeéansfer gap opens. One Nil
octahedra with expanded Ni-O bond length (1.994(3) A) and a i® octahedra with
contracted Ni-O bonds (1.923(3) A), respectively. Figure.8 presents the octahedral
oxygen coordination around the Nil and Ni2 atoms. They sighéwo di erent charge
states which alternate around the three crystallographicx@es. The most remark-
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- YNiO 3
*1901  Insulating

\

Figure 4.9: Oxygen coordination for Nil and Ni2 in monoclinic (insulating phase) YNiOz
measured by neutron di raction spectroscopy [9]. Each NilQ shares corners
with six Ni20 g octahedra, and vice versa.

able nding is that the monoclinic symmetry is a consequencef very signi cant
di erences in the average size of both kind of octahedra.

Based on the fact of these two distinct octahedra, Alonso et.g9] suggested a Ni
charge disproportionation as following: Nit + Ni® °! 2Ni3*, with 0.3e,
wherej j j .

An evidence for a charge ordered state in the insulating phas RNiO; compounds
with larger lanthanides (Dy! Pr) has recently presented by de la Cruz et al. by
phonon spectroscopy [101] and Staub et al. by resonant x-r&@gattering on an
epitaxial thin Im of NdNIO 3 [92]. As a result, de la Cruz et al. observed in in-
frared transmission and re ectivity measurements on NdNig@ SmNiOs;, EuNiOg,
HoNiOz and YNiIO3 between 77 and 700 K, that below,, a lower symmetry than
orthorhombic lattice distortion has taken place and againhe signature of the mon-
oclinic distortion has been found. Their measurements cléda show a disappearing
of phonon frequencies abov&,, which are associated with a structural phase tran-
sition.

In Figure 4.10 the nickelate phonon bands at 77 K are shown adunction of the
R3* radius, sequencing the degree of structural distortion. Ae see, the octahedral
breathing modes at 600 cm ! are the vibrations that are being more a ected by the
octahedral tilting and shape, i.e. the O(R)-Ni(3d) hybridization. With increasing
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Figure 4.10: Lattice absorption spectra of di erent RNiO 3 at 77 K [101]. The arrow at
600 cm ! indicates the splitting of the phonon band which is related b a

monoclinic structure that correlates well with charge dispoportionation as

a more subtle monoclinic distortion in RNiO3 with large R3* ionic radius.

R3* ionic radius this peak becomes smaller and vanishes appahgfor PrNiO ;. But
also in PrNiOs; (where only a main band asymmetry and not an explicite phonon
splitting has been observed) charge ordering is in accordanwith the measurements
of Piamonteze et al. [105, 106, 107].

Furthermore, Staub et al. recently observed charge ordegmat the metal insulator
transition in NdNiO 3 epitactical Ims by using resonant x-ray scattering. They
report that the MI phase transition is associated with strutural and vibrational
changes atTy, described by aPbnm to P2;=n lattice phase transition. Their
ndings show that the MI transition in NdNiO 3 can be understood on the basis of
charge order [92].

In conclusion, many recent publications suggest that the vate series of RNIi@ (R

6 La) share a common triggering mechanism of the temperatuneduced MI phase
transition, which is related to octahedral tilting and distortion. They support the
idea that charge order may occur in all RNi@ [92, 108].
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Magnetic properties and magnetic structure of RNiO 3

For LaNiO3 neither susceptibility nor neutron di raction measuremeis found mag-
netic ordering down to lowest temperatures. The temperater dependence of the
magnetic susceptiblity was found to be consistent with a Pdiyparamagnetic behav-
ior. Magnetic susceptibility measurements on other RNi©compounds (R6 La)
found a Curie-Weiss behavior and a sudden increase of! which was interpreted
as the onset of cooperative ordering of the Ni magnetic montsn

In fact, all RNiO ;3 with R 6 La, show above the magnetic ordering temperaturdy)
a paramagnetic behavior, whereas belolyy an unusual magnetic ordering with a
propagation vectork = (1;0;1) with respect to the orthorhombic unit cell was
determined [7, 100, 90]. This corresponds to an up-up-dowlown stacking of fer-
romagnetic planes along the pseudocubic [111] directions #he twofold degenerate
orbital gy is singly occupied, one may expect a signi cant Jahn-Tellalistortion and
associated orbital ordering in the insulating state of the RiO3; compounds [100].
Such a formation of an orbital superlattice could indeed eX@n the unusual mag-
netic ordering. However, thus far, no evidence for a Jahn-ller distortion has been
found. Moreover, it was argued that the orbital ordered sta has a relatively high
energy, suggesting that it is not responsible for the magnetstructure [109, 110].
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Figure 4.11: Detail of the main magnetic re ections (shadowed) re ned at 1.5 K. Inset:
Type of magnetic ordering described in the text [9].

Figure 4.11 depicts the main magnetic re ections of YNi@at 1.5 K [9]. The mag-
netic moments are situated in theac plane, deviated around 45 10) from the
z-axis. As a result of this t, one obtains two unequal moment &lues of 1.4(1) g
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and 0.7(1) g for Nil and Ni2, respectively [9]. This implies an accumulan of
extra electrons at the Nil site at expenses of inducing charglefects at the adjacent
Ni2 sites. This suggests that the observed charges (Nil: 3)-and (Ni2: 3+ ) in
YNiO3 correspond to = 0.35.

As a result, the data provide evidence for the stabilizationof an uncompleted charge
disproportionation, 2Ni¥* | Ni?* (S =1) + Ni #* (S = 0), which is associated with
the MI transition. Altogether, these ndings represent an mportant advance for the
understanding of the charge localization in transition metl oxides with orbitally de-
generated electrons.

4.3 Previous high pressure work on RNiO 3

In the following we brie y summarize previous high pressuressults on RNiG;.
R(p; T) on PrNiO 3 and NdNiO j:

The rst measurements of the electrical resistivity under fgh pressure of RNIQ
have been performed by Obradors [111] and Can eld [112] onN#O3; and NdNiO3
in the early 90th, showing a sharp pressure-induced Ml trait®n above 1.3 GPa
for PrNiO; and at 2.5 GPa for NdNiQ; under linear approximation [112], see Figure
4.12(a,b). They report of a strong shift ofTy,, with increasing pressure up to 1.5
GPa at a rate of @T; =@p= 42 K/GPa and 76 K/GPa, whereas this rate is
for the same compounds, see Figure 4.12(c). This discrepane related to di erent
cooling and rating rates used in both cases [87]. Whereas @btors et al. report of a
linear dependence ofy, (p), Can eld's data t better to an approximately quadratic

(b) (c)

T 300

T T T T
—®—Pr (Obradors et al.
250 —C—Nd (Obradors et al.
-#-Pr (Canfield et al.
-<"Nd (Canfield et al.
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Figure 4.12: Pressure dependence of(T) for (a) PrNiO 3 and (b) NdNiO3 for0 p
1.5 GPa. With increasing pressure the MI transition shifts © lower tem-
peratures. (c) Tm; as a function of pressure in PrNi@ and NdNiO3. Both
taken from [112, 111].
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function. Both are the opinion, that @7, =@@ppears to be the same for PrNi®
and NdNiOs;. This means that a common structural parameter is controltig the
development ofTy, (p). In the author's point of view, this is related to the Ni-O-Ni
bond angle .

Furthermore, strong hysteresis in the resistance was founearying the temperature
across the rst-order Ml transition. Moreover, reentrant netallic and thermal his-
tory e ects were observed in transport measurements due tadgomplete relaxation
processes [112, 111, 87].

Neutrons and x-ray diraction measurements of the structur al parame-
ters on RNIiO 3 under pressure:

The investigation of the crystal structure by neutron diraction on PrNiO3z under
pressure up to 0.5 GPa exhibited that the main structural chages consist of a small
diminution of the Ni-O bond length (dvi o) and the simultaneous increase of the
Ni-O-Ni bond angle (), see Figure 4.13(a,b) [87].

Moreover, the authors show, that the symmetry of the unit cé&lin PrNiO ; and
NdNiO3; changes fromP bnm to R3c above 4 GPa. The evolution of the structure
under external pressure is then qualitatively similar to tle observations made by
substitution of rare earth ions with di erent ionic radius (chemical pressure). This
leads to a less distorted framework together with an enhantenetallic conductivity.
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Figure 4.13: Pressure dependence of (a) the average Ni-O distancl; o and (b) the
Ni-O-Ni bond angle of PrNiO3 as a function of temperature at ambient
pressure and 0.47 GPa. The dotted lines are guide to the eye7B

A structural phase transition (orthorhombic! rhombohedral) has also been ob-
served by Amboage [79] by angle-resolved x-ray di raction @asurements but atp
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= 11 and 6 GPa for NdNiO; and PrNiOs, respectively.

Certain structural anomalies in the lattice parameter havealso been observed in
SmNIiO; [113] by means of x-ray powder di raction measurements witangle-resolved
synchrotron radiation. They found that around 2.5 GPa the cik parameter b un-
dergoes a small abrupt contraction (see Figure 4.14 and itswhich in the authors
sense is related to the beginning of the expected pressundiiced metallization at
room-temperature [113]. Together with this contraction, hey found a strong in-
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Figure 4.14: Pressure dependence of the SmNiJattice parameters. The inset shows a
zoomed view of theb lattice parameter as a function of pressure [113].

crease of the Ni-O-Ni bond angle with increasing pressure. enlarges from 153.4
at ambient pressure about 3 to more than 156 at 3 GPa. Furthermore, they
observed a structural phase transition from the orthorhomib (P bnm) to the less
distorted rhombohedral R3c) perovskite structure forp 26 GPa [113].

In constrast to the observations made on the large RNi¥Dcoumpounds (R = Pr,
Nd and Sm), angle resolved high resolution x-ray di ractiormeasurements on the
smaller RNiO; compounds (R = Lu and Y) brought no indication for such a small
anomaly of the local structure under pressure. Instead of i (see Figure 4.15(a)),
LUNiO3 undergoes a real structural phase transition (monoclini¢P2,=n) ! or-
thorhombic (Pbnm)) at p 16 GPa which can be seen best in thelattice parame-
ter [79]. Similar observations have also been made for YNjQFigure 4.15(b)). The
a-cell parameter shows no appreciable change through the gleatransition. The
behavior of the b- and c-parameters is di erent: they undergo an abrupt change
through the transition, b expanding andc contracting. Here the structural phase
transition (monoclinic ! orthorhombic) could already be found at 14 GPa [108].
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Figure 4.15: Pressure dependence of (a) the-lattice parameter in LUNiO3 [79] and
(b) of the a;b;clattice parameters in YNiO3 [108]. The change of the
structural phase transition in LUNiO 3 and YNiO3 can be best viewed in
the c-cell parameter.

4.4 Motivation for high pressure studies on RNiO 3

As mentioned before, the temperature-induced MI transitio in RNiO3 series is
connected with structural changes and simultaneous chargedering. However, a
common physical picture for the driving mechanism of the thienally-induced Ml
transition is still far from being fully understood.

As it was shown in NdNiQ; and PrNiO3z, external pressure was able to suppress
the transition temperature Ty, of the MI transition, stabilizing the metallic state
to lowest temperatures [111, 112]. Thus, a promising apprdafor a better under-
standing of the driving mechanism of the MI transition is to nvestigate the e ect of
pressure on the transport, magnetic and structural propeigs of RNiO; with smaller
R, i.e. R = Sm,..,, Lu. Such a study allows one to explore the #fowing interesting
aspects:

(i) the pressure-induced insulator metal (IM) transition and its possible connection
with the structural phase transition and in particular charge ordering; both are
observed at the temperature-induced Ml transition.

(i) The crossover from antiferromagnetic insulator to a nomagnetic metal through
a quantum critical point (QCP) (see Figure 4.16, where the saple under investi-
gation (R = Sm,.., Lu) are located at di erent distances fromthe QCP. Here, the
central issue is whether the expected metallic state at higbressure is magnetic or
nonmagnetic. And the next question will be what is the naturef ground state near
the QCP?
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Figure 4.16: RNiO3 phase diagram with the investigated samples under high presire.

To give an answer to the above given questions, we have invgated the transport,
magnetic and structural properties of selected RNiQcompounds (R = Sm, Eu, Y
and Lu) under high pressure using di erent experimental métods. We mainly have
used the electrical resistance to account for the occurrenof the pressure-induced
insulator metal (IM) transition in all RNiO 3 samples, while x-ray di raction and
151Eu nuclear forward scattering of synchrotron radiation wex used for structural
and magnetical studies in EuNiQ, respectively. In the case of LUNi@ we have
performed magnetization as well as high resolution neutrat raction experiments.
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4.5 Experimental Results on RNiO 3

This chapter presents the experimental results performeddhe selected rare earth
nickelate compounds. For simplicity, we treat the results ltained from our mea-
surements on RNiQ compounds in two categories, according to the size of their
ionic radius: (a) LUNiOs and YNIiO3 represent the smaller rare earth nickelates and
(b) EuNIO 3 and SmNIG; represent those with larger rare earth ions which are closer
to the crossover localized itinerant.

All RNIO 3 samples used in this thesis were prepared by Dr. J. A. Alonso &l.
(Instituto de Ciencia de Materiales de Madrid, CSIC, Cantolanco, Madrid, Spain)
by solid state reactions as polycrystalline powders. Thepreparation is described
elsewhere [99].

The rst part of this section is dedicated to the electrical esistance measurements
under high pressure. Then we consider the structural staltyf of the selected
compounds under high pressure and discuss possible mech@si for the pressure-
induced insulator to metal (IM) transition in the large and snall RNiOs.
Subsequently, we present and discuss our investigation dfet e ect of pressure on
Ty in selected samples as obtained from electrical resistiimagnetization and nu-
clear forward scattering measurements under high pressur€inally we discuss the
magnetic phase diagram of LuNi@and EuNiOs.

4.5.1 The pressure-induced insulator metal transition
45.1.1 Electrical resistivity measurements on LuNiO 3 and YNIO j:

At room-temperature LUNiO3; and YNiO3; are paramagnetic insulators with an an-
tiferromagnetic ordering temperature ofTy = 130 and 138 K and a MI transition
temperature of Ty, = 599 and 582 K at ambient pressure, respectively. In the
whole series of RNi@ perovskites, LUNiQ; is the most distorted one, since it has
the smallest ionic radius r(L¢*) = 0.848 A followed by YNiO; with r(Y 3*) = 0.9 A.

LUNiO j:

In the following we present the results of the high pressurdeetric resistivity mea-
surements on LUNiQ. Figure 4.17 (a) shows the pressure dependence of the elec-
trical resistance of LUNIG; between 4.2 and 300 K at di erent pressures up to 23
GPa. Since the value ofTy;, for LUNiO3 at ambient pressure is much higher than
room temperature, one observes an insulating behavior,.i.dR/dT < Oatp=1.2
GPa. With increasing pressure (1.X p < 5.8 GPa) we observe a strong reduction
of R(T) and a gradual decrease of the magnitude oRdd T. For p 2.7 GPa one
observes the evolution of a small anomaly with a maximuni{,, ) in R(p; T) around
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(@)

(b)

Figure 4.17: (a) Pressure dependence of the electrical resistance of LiD§ under high
pressure. The pressure of the curves betwegn= 6.2 GPa and p = 23.0
GPa are 7.0, 8.0, 9.5, 10.4, 11.8, 14,4, 16.2, 18.9 GPa. (BYp;T) for p
= 5.1 and 5.8 GPa. The change of the signum irdR=dT indicates the IM
transition.

150 K which shifts to higher temperatures with increasing gssure. We attribute
this anomaly to be correlated with the magnetic ordering teerature Ty in the
sample which will be discussed later in chapter 4.6.2. The athincrease of the
resistivity below 10 K is found to be pressure independent dns probably due to a
small impurity phase in the sample. This will be not further @scussed.

As shown in Figure 4.17(b) atp = 5.1 GPa and belowT.x 175 K, the resistance
decreases to about 110 K and then increases down to 4.2 K, cating a semicon-
ductor like behavior. In contrast to this, the resistivity a p = 5.8 GPa shows a
continuous decrease below,,x at 220 K down to lowest temperatures. Here,
the value of R(T) at 4.2 K is found to be lower thanR(T) at room-temperature
(see Figure 4.17(b)). This signals a metallic like behaviqdR/d T > 0) or a phase
transition from the insulating to a metallic state. It has to be mentioned here, that
above 5.8 GPa, we nd a further decrease d®(T) with increasing pressure. This
e ect is due to the existence of grain boundaries in the usedwder samples and is
found to be of di erent size in di erent RNiO 3 samples.

From the geometry of the contacted sample inside the sampleamber of the DAC,
we roughly estimate the speci ¢ resistance § of LUNiO of the order of 103 cm
for p=5.8 GPa at 4.2 Kand 10 ° cm for p = 23.0 GPa at 4.2 K. These val-
ues are higher than those typical for metallic systems, butomparable with those
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reported for other members of the RNi@ series. For example, the value of in
the metallic state of PrNiO; and NdNiO3; amounts to 0.4and 1.3 10 ® cm at
300 K, respectively [114, 115]. This is a common feature fdf mvestigated RNiO;
samples in the metallic state (s. below).

In Figure 4.18 we compare th&(p; T) curves in the high pressure range 14<4p <
23.0 GPa, i.e. across the monoclinic-orthorhombic struatal phase transition atp =
16 GPa [79]. As evident from the gure, allR(p; T) curves show metallic behavior
and no signi cant change of the shape across the structuralhpse transition is
observed.

Figure 4.18: Pressure dependence of the electrical resistance of LUNjGn the mono-
clinic structure at 14.4 GPa, at the structural phase transtion (monoclinic
I orthorhombic) at 16.2 GPa and in the orthorhombic phase at 18 and
23.0 GPa.
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YNIO 3:

Figure 4.19(a) shows the pressure dependence of the eleetriresistance of YNIQ
between 4.2 and 300 K at di erent pressures up to 12.5 GPa. Amnabient pressure
YNIO 3 is semiconducting and for pressures up to 4.6 GPa we observeircrease of
the electric resistance from room-temperature down to 4.2.ISimilar to the behavior
in LUNiO 3, we observe a strong reduction oR(T) and a gradual decrease of the
magnitude ofdR=dT with increasing pressure up t@ < 5.4 GPa. Forp 2.2 GPa
we nd, similar to LUNiO 3, an anomaly inR(T) around 175 K, which is attributed
to be related to Ty and shifts to higher temperatures with increasing pressuré his
will be discussed later in chapter 4.6.2.

@)
(b)

Figure 4.19: (a) Pressure dependence of the electrical resistance of YO§ up to 12.5
GPa. The pressure of the curves betweep = 5.4 and 12.5 GPa are 6.3,
7.7, 8.8, 10.2 and 11.5 GPa. (b) Electrical resistance of Y3 at the
pressure-induced IM transition atp; = 5.4 GPa.

In Figure 4.19(b) we present the pressure dependenceR(T) for p = 4.6 and 5.4
GPa. We nd a change in the sign ofdR=dT, indicating a pressure-induced IM
transition in YNIO ;3 at a critical pressure ofp, = 5.4 GPa.

On the other hand, all curves show around 50 K a kink which is @md to be pressure
independent. Measurements d®(T) in magnetic elds up to 15 T did not in uenced
this anomaly. Since this is observed in all the subsequentreaearth nickelates, we
do not comment it further on.
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4.5.1.2 Electrical resistivity measurements on EuNiO 3 and SmNIO j:

At room-temperature SmNIG; as well as EuNiQ are paramagnetic insulators with
an antiferromagnetic ordering temperature oy = 225 and 205 K and a MI transi-
tion temperature of Ty, =400 and 463 K at ambient pressure, respectively. EUNED
has a ionic radius of 0.947 A and belongs hereby together wiBmNiO; (0.964 A)
to the larger rare earth nickelates.

EuNiO j:

Figure 4.20 presents the pressure dependence of the elealrresistance of EUNIQ
between 4.2 and 300 K up to 22.5 GPa. Since EuNjGs insulating up to 463 K at
ambient pressure, one observes an semiconducting behavie. dR/dT < 0. By
applying pressure 0 p 5.8 GPa, we observe a strong reduction &(T) and a
gradual decrease of the magnitude @fR=dT. For p 5.8 GPa we nd a metallic-
like behavior (dR=dT > 0) in the whole temperature range and a further decrease
of R(T) with increasing pressure.

Figure 4.20: Pressure dependence of the electrical resistance of EuNj@nder high pres-
sures up to 22.5 GPa. The pressure of the curves above 3.6 GPe&.0;
4.8;5.8; 7.2; 8.5; 9.2; 10.1; 11.5; 13.2; 14.8; 15.9; 17.@1&2.5 GPa.

As shown in Figure 4.21, afT = 125 K, R(T) decreases by more than four orders
of magnitude between 0 and 5.8 GPa. This is an indication of aagual pressure-
induced insulator to metal transition atp. = 5.8 GPa.
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Figure 4.21: Zoomed view of the pressure-induced IM transition in EuNiQ at p. = 5.8
GPa.

It has to be mentioned here, that theR(p; T) curves in EuNiO; show no features
that could be assigned tol'y (p) as in the case of LUNiQ and YNIiOs.
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SmNIO 3.

Figure 4.22(a) shows the temperature dependence of the #lieal resistance on
SmMNIO; between 4.2 and 300 K and up to 6.7 GPa. Since SmNI@ insulating up
to 400 K at ambient pressure, we observe an insulating behavifor pressures up
to 6.1 GPa. In this pressure rangdR(T) strongly decreases together with a grad-
ual decrease of the magnitude afiR=dT. At p 6.2 GPa we nd a continuous
decrease oR(T) from 300 K down to lowest temperaturesdR=dT > 0) which sig-
nals a metallic like behavior. No signi cant change irR(T) is found at 6.7 GPa. As
shown in Figure 4.22(b), the critical pressure for the IM trasition is about 6.2 GPa.

Beyond that, also here in SmNi@ we nd no indication for Ty in R(T) like in
LuNiO3 and YNIOs3.

Figure 4.22: (a) Pressure dependence of the electrical resistance of SN under high
pressure up to 6.7 GPa. The pressure of the curves above 3.1 &Rre
3.7, 4.3; 5.5; 6.1; 6.2; 6.3 and 6.7 GPa. (b) Electrical resance for some
selected pressures.
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Pressure dependence of Ty, (p) in SmNIO 3:

Since Ty, in SmMNIO3 is much lower than that in EuNiOs;, YNiO3; and LuNiOg,
it was possible to determine the pressure dependencelgfi at high temperatures
without changing the oxygen content of the sample. Attemptso determine Ty, (p)
for EUNiO3 (Ty, = 463 K at ambient pressure) were not successful due to the oxy
gen loss by heating the sample above 450 K.

For this particular purpose, we prepared a completely new tdl of high pressure
cell with a body made of Titanium alloy (Ti-6Al-4V). This material is very stable
at high temperatures and prevent the cell from deformationral thereby pressure
instabilities. This setup allows one to perform electricatesistivity measurements
in the temperature-range 1.5< T < 600 K. The results for some selected pressures
are shown in Figure 4.23. The inset of Figure 4.23 shows tR€T) measurement at
ambient pressure between 200 and 500 K on a pressed SmiNgample. Here, we

Figure 4.23: Electrical resistance of SmNiQ as a function of pressure between 4.2 and
450 K. The arrows indicate Ty, . The inset showsR(T) at ambient pres-
sure.

nd a temperature-induced MI transition at Ty, 405 K, which is in very good
agreement with previous data [85]. From the curve at 2.0 GPand high tempera-

tures, one can clearly see the MI transition and determing,, at 377 K. At 3.0 GPa

the MI transition becomes broader butT;, can smoothly be determined at 353 K.
These values offy, (p) have been estimated from the rst derivative oR(T), where

@R=@% 0. All values for Ty, (p) in SmNiO; are listed in Table 4.2.
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p(GPa) | O | 203037 ] 43]55]61]62
Twi (K) | 405 | 377 | 353 | 285 280 | 225 | 192 | 0

Table 4.2: MI transition temperatures for SmNiO; at di erent pressures. Due to
the sharp derivatives we could estimate the value dfy,, within an error
of 1K, whereas the error op is around 0.2 GPa.

In Figure 4.24 we plot the pressure dependenceTj;, for SmNiO; as deduced from
our experimental data. Our results are compared with thoseeported for Ty, (p) in
PrNiO3; and NdNiO; by Can eld et al. [112] and Obradors et al. [111]. As shown
in the gure, PrNiO ; is already metallic at 1.4 GPa and NdNiQ is expected to
be metallic at 2.5 GPa. In contrast to the strong decrease i, with pressure in
PrNiO3; and NdNiOs, the change ofTy, (p) in SmNIOs is quite di erent: The rate
of decrease ofly;, increases with increasing pressure and shows a sudden desge
towards T ! 0 at 6.2 GPa. This transition is quite sharp and suggests a trder
phase transition. This can be ascribed to the more localizegharacter of SmNiIQ
with respect to PrNiO3; and NdNiOs. This point will be considered in the discussion
of the mechanism of the pressure-induced IM transition sech 4.6.1.
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Figure 4.24: Pressure dependence ofy; (p) of PrNiO3, NdNiO3 and SmNiO;. The
values for PrNiO3 and NdNiO3 are taken from [112].
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4.5.2 Structural stability of RNiO 3 at the pressure-induced
insulator metal transition

Up to now we have found, that the pressure-induced IM transiin in all examined
RNiO3; compounds takes place around 5 7 GPa. In the following seoh we want
to demonstrate that the pressure-induced insulator metakansition is not connected
with a structural phase transition.

4.5.2.1 x-ray diraction measurements on LUNiO 3 and YNIO ;

First, we want to check if the pressure-induced IM transitio for the small RNiO;
compounds is connected with a structural phase transtitioor not. As one can see
from recent angle-resolved x-ray di raction measurements Figure 4.25 [79, 108],
for LUNiO3 (a) and YNIOj3 (b), there is neither an indication for a structural phase

@ (b)
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Figure 4.25: Pressure dependence of the lattice parameters and the volwerin LUNiO3
(@ and YNiO3 (b) at 300 K. The monoclinic orthorhombic structural
phase transitions takes place at 16 and 14 GPa, respectivelyr9, 108].
The critical pressures for the pressure-induced IM transibn are indicated
by dashed lines at 5.8 and 5.4 GPa, respectively.
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transition nor structural anomalies in the lattice parameers as well as in the vol-
ume at the pressure-induced IM transition. As introduced isection 4.3, a structural
phase transition (monoclinict  orthorhombic) in both compounds has been found at
16 and 14 GPa, respectively. But these phase transitions t&lplace at much higher
pressures and apparently have nothing to do with the obsemgressure-induced IM
transition which we nd in our measurements. As a result, wean conclude that
the pressure-induced IM transition in LUNiQ and YNIiO3 is not connected with a
structural phase transition.

45.2.2 x-ray diraction measurements on EuNiO 3 and SmNIO ;

We now consider the pressure dependence of the lattice paeters @; band c) and
the volume of the orthorhombic unit cell in EuNiIO; as obtained from our energy
dispersive x-ray (EDX) diraction measurements at 300 K at leamline F3 at Ha-
sylab (Hamburg). Figure 4.26 presents the x-ray di ractionpatterns of EuNiO; as
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Figure 4.26: Energy dispersive x-ray diraction patterns of EuNiO 3 between ambient
pressure and 47 GPa. Above 30 GPa the symmetry changes from am-
thorhombic (P bnm) to a rhombohedral (R3c) structure. All patterns are
re ned with the program EDXPowd.
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a function of energy for some selected pressures between @ 4i.02 GPa. The
most important peaks are labeled by their (hkl). Forp  30.5 GPa the patterns
are described in an orthorhombic R bnm) symmetry and above in a rhombohedral
(R3c) symmetry. Due to the tiny sample chamber ( 150 m) one additionally
observes some Bragg re ections of the Inconel gasket in therdction patterns.
These characteristic peaks are labeled with Inc. One can alsee very clearly the
K 1 and K , uorescence peaks of Eu around 41 and 42 keV. They are pressur
independent and can be seen through the whole experiment up highest pressures
at the same energy.

The most interesting feature is the splitting of the huge 11peak at 35 keV with
increasing pressure. At 30.5 GPa this peak becomes de nitdbroader and as one
can clearly see in the spectra at 38.13 GPa, it splits into twpeaks, indicating a
structural phase transition (orthorhombic (Pbnm) ! rhombohedral R3c)).

In Figure 4.27 we show the pressure dependence of the lattg@&rametersa; b and
c of EuNiO3z at room-temperature up to 47.02 GPa. With increasing pressel b
decreases more rapidly tham and c, and the value ofc seems to saturate around
20 GPa. Such a change af; band c indicates a gradual decrease of the orthorhom-
bic distortion of the unit cell with increasing pressure. Tle saturation behavior
of the lattice parameter c around 20 GPa can be considered as a rst indication
that the orthorhombic structure is approaching a structurd phase transition with
higher symmetry. Indeed, our measurements indicate a striwecal phase transition
above 30 GPa from orthorhombic to rhombohedral symmetry agss a mixed phase
between 25 and 30 GPa. Up to 25 GPa the lattice parameters cae lvell described
in an orthorhombic symmetry, whereas above 25 30 GPa the glig of the ts
become poor, indicating a coexistence of the two phases. myacase, above 32 GPa
we nd a clear rhombohedral structure. This orthorhombic! rhombohedral phase
transition has also been observed in PrNi§) NdNiO; and SmNIG; at 6; 12 and
above 28 GPa, respectively [79].

To be able to compare the cell parameters of cell with di erdrsymmetry, they have

been reduced to their equivaleﬁt_cubic values. Thus, we noatized the orthorhom-

bic a- and b-cell parameters by 2 and the c-cell parameter was divided by a factor
of 2. The rhombohedral cell par?meters are referred to the Xmgonal setting, the

a-cell paramstgr is normalized by 2, while the rhombohedralc-cell parameter was
divided by 2 3. The dashed lines in Figure 4.27 display the zone in which bot
structures can coexist.

We have also determined the pressure dependence of the umill wolume (see inset
of Figure 4.27) up to 20 GPa (in the orthorhombic phase) whichve tted to the
Birch-Murnaghan equation of state. The values of the bulk naulus B, and its

p-
2The volume of the hexagonal unit cell can be calculated a¥ = 73 a’c.
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Figure 4.27: Pressure dependence of the lattice parameters of EuNias obtained from
high pressure energy dispersive synchrotron x-ray di radbn measurements
at 300 K. At the critical pressure for the pressure-induced M transition
(pc = 5.8 GPa) we nd no indication for a structural phase transition.
Inset: Pressure dependence of the volume of EuNiOtted to the Birch-
Murnaghan equation of state in the orthorhombic structure.

derivative BJ are 161.8 GPa and 5.8, respectively. These are comparabletie
values found in SmNIQ (B = 167 GPa, B§ = 4.3)[113].

Thus, within the accuracy of the measurement, we nd no disetinuity in the pres-
sure dependence of the lattice parametees band c (and the volume), showing any
indication of a structural anomaly or phase transition at ttke pressure-induced IM
transition around p. = 5.8 GPa. Therefore, the above mentioned high pressure re-
sults clearly show that the transition from the insulating sate to a metallic state
at 5.8 GPa is not connected with a change of the symmetry of therthorhombic
structure.

Also in SmNIO; (see Figure 4.28), no indication for a structural phase trasition
at the pressure-induced IM transition p = 6.2 GPa) could be found. However,
as shown in the inset of Figure 4.28, the authors found strustal anomalies in
the b lattice parameter at 300 K and 2.5 GPa as already mentioned isection
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Figure 4.28: Change of local structure at 2.5 GPa and room-temperature irBmNiO3z as
obtained from angle resolved x-ray di raction measuremens [113].

4.3. According to this they observed a large anomaly in the MD-Ni bond angle.
They explain this behavior with a beginning of metallizatio without calling this
pressure-induced state above 2.5 GPa "metallic". Apart fra such small structural
anomalies in SmNIiQ, no structural phase transition could be found to explain th
pressure-induced IM transition atp, = 6.2 GPa. In chapter 4.6.1.1 we will discuss
the possible connection of the structural anomalies in thielattice parameter to the
pressure-induced IM transition.

In summary, from our structural considerations on RNi@s under high pressure
we can now conclude that the symmetry of the monoclinic andfoorthorhombic
structure does not change at the pressure-induced insulatm metal transition. For
the RNiO; with small R3* ionic radius no further indication could be detected,
whereas for the larger RNiQ (SmNiOz, NdNiO3; and PrNiO3) subtle changes of the
local structure have been observed with increasing pressurThis latter point will
be discussed in the following section 4.6.1.1.
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4.6 Discussion

4.6.1 Possible mechanism of the pressure-induced insulato r
metal transition in RNIO 3

Now we want to discuss the possible mechanism which could lesponsible for the
pressure-induced IM transition in all RNiG; compounds. As mentioned in section
4.5.2, the pressure-induced IM transition in RNi@ compounds is not connected
with a structural phase transition. In the following we woutl like to investigate its
connection to changes of structural parameters e.dni o bond length and ni o i
bond angle.

4.6.1.1 Change of structural parameters

From angle resolved x-ray di raction measurements on SmN#under pressure by
Amboage et al. [113], we know that the abrupt decrease of thecell parameter
is directly connected with an anomaly in the Ni-O-Ni bond anlg (see Figure
4.29(a)). The authors explain this behavior at 2.5 GPa and 30K, by the beginning
of metallization, without calling this state metallic.

If we compare their results with our ndings from the resistwity measurements on
SmNIO; under pressure and at room-temperature, we can correlateettobserved
structural anomaly with the drop of the room-temperature rsistivity to values typ-

ical for metals. This is shown in Figure 4.29(b) which disples the change of the
absolute resistance with pressure in SmNgat 290 K. With increasing pressure, the

(a) (b)

Figure 4.29: (a) Pressure dependence the average bond anglg; o ni of SmNiIOg
[113]. (b) Pressure dependence of the room-temperature etdcal resis-
tivity of SmNIO 3.
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absolute resistance strongly decreases from 10at p 1 GPa to about 20 m at
3 GPa ( 10 cm) and remains nearly unchanged at higher pressures. Alsw f
EuNiO; careful angle resolved x-ray di raction measurements ugjnsynchrotron ra-
diation show a very small contraction of theb-cell parameter around 4.5 GPa [116].
This again correlates with our resistivity data on EuNiIQ (see Figure 4.20). Thus,
our observation of a metallic conductivity at room-tempertaure in SmNiO; indicates
that the transition temperature Ty, decreases from 400 K at ambient pressure to
300 K above 3 GPa, which is supported by our results of the psege dependence
of Ty; In SMNIO3 (see Figure 4.24). A similar but much larger reduction oty
with pressure has been observed in NdNiand PrNiO3 [112] (see Figure 4.24). It
has been explained by a gradual decrease of the aver&lyeOi bond lengthdy; o
and a simultaneous increase of the averagili-O-Nii bond angle with increasing
pressure [112, 90]. Both changes dyi of andh i o nil result in an increase of
the e ective bandwidth (W cos!=d3? o, with ! =2 , [117]) and thereby
closing the small charge transfer gap.
However, we would like to comment on the change d¢f i o nil With increasing
pressure regarding the observed pressure-induced IM triie in the RNIO 3 se-
ries. Figure 4.30 shows the change bfyi o nil caused by external pressure and
due to change of R size (internal pressure). According to the phase diagram of

Figure 4.30: The e ect of internal and external pressure on the average bud angle
in RNiO3. Above . all systems are metallic forT ! 0 K and ambient
pressure. The arrows indicate the values of the critical presuresp, for the
pressure-induced IM transition in NdNiO3z, SmNiO3 and LuNiO3 at 2.5,
6.2 and 5.8 GPa, respectively.
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RNiO3 series (see Figure 4.5), the crossover between the insulgtiand metallic
state at ambient pressure andl ! 0 is de ned by a tolerance factort  0.98,
which corresponds to a critical bond angle of, 162 K. This is also indicated in
Figure 4.30. This gure clearly demonstrates that the incrase of , necessary for a
crossover from the insulating to the metallic state by exteral and internal pressure,
is quite di erent: While internal pressure causes a very lge decrease of (e.g.
for LUNiO3 ( 144), which is about 18 smaller than . ( 162)), the e ect of
external pressure is an order of magnitude smaller (e.g. increases by 1 2 at
the pressure-induced IM transition of NdNiQ and SmNIG;, respectively). Conse-
qguently, the metallic state can be achieved at values ofwhich are much lower than
. Indeed, as we will show later in the case of LUNK)we nearly nd no change of
with pressure at the pressure-induced IM transition. Fromtis we can conclude
that the pressure-induced IM transition in RNiG; is dominated by a decrease of the
MNi-Oi bond length rather than by an increase of the average bond dag. This
last point will be discussed in the case of LUNiQin the next section 4.6.1.2.

In the following we compare the pressure dependencel@f, for SmNiIO; with that
for NdNiO3; and PrNiO3;. Figure 4.31(a,b) shows the comparison of the volume
dependence ofy, for SmNIO; as obtained from our high pressure resistivity data
and that reported for PrNiO3z and NdNiOs; [112, 111], by using the values of the
bulk modulus for PrNiO3 (Bg = 148 GPa), NdNiO3 (B = 163 GPa) and SmNiG;
(Bo = 167 GPa) [79]. Two essential di erences are evident from ¢ gure:
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Figure 4.31: (a) Comparision of the volume dependence ofy; of SmNiOz with PrNiO 3
and NdNiO3. (b) Normalized Ty, (p) as a function of volume reduction.
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() the initial decrease ofTy;, with decreasing volume for SmNi@ is much smaller
than that for PrNiO 3 and NdNiOs; and (ii) the sharp drop of Ty, at the critical
pressure suggests that the pressure-induced insulator raktransition in SmNiO; is
of a rst order.

The reason for such di erences could be related to the facthat in SmNiOs pres-
sure acts on a charge ordered state that is strongly coupled the lattice, whereas
in PrNiO 3 it mainly acts on the antiferromagnetic state (probably sp density wave
like). In addition, PrNiO 3 is closer to the crossover to a nonmagnetic state (i.e.
quantum critical point [10]) than SmNiOs. Thus, the di erent nature of the insu-
lating states in PrNiO; and SmNIiQ; can strongly a ect the pressure dependence of
Twm . For a better understanding of this mechanism, further sysmatic studies of
Tw (p) in smaller RNiOs are highly desired.

4.6.1.2 Inuence of charge ordering

In the previous section we have discussed the pressure-iodd IM transition in
EuNiO3; and SmNIQ; and its possible connection with small changes of the struc-
tural parameterdy; o and ni o ni- In the case of LUNIQ and YNIiOg, high pres-
sure angle resolved x-ray di raction studies reveal no anaaies of the structural
parameter at the critical pressure of the pressure-inducdi transition at 5.8 and
5.4 GPa, respectively (see Figure 4.25(a,b)). The puzzleahremains to be solved
is the observation of a pressure-induced metallic state Wwita monoclinic structure
in which a charge ordered state exists. One has to recognizet the structural
phase transitions (monoclinid orthorhombic) have been observed at much higher
pressures of 16 and 14 GPa for LUNikand YNIOg3, respectively [79, 108].

In order to understand the interplay between the charge ordieg, local structure
and the evolution of the metallic state in RNiQ series, we have performed room-
temperature high resolution neutron powder di raction meaurements on LUNiIQ
at the Rutherford Appleton Laboratory (ISIS, Oxford) at ambient pressure and 6
GPa in the pressure cell. A Paris-Edinburgh high pressure lteith an encapsulated
gasket for nearly hydrostatic pressure condition has beersed. The setup and the
pressure cell are described in chapter 3.6.2.

The neutron powder di raction patterns (NDP) (0 and 6 GPa) at 300 K are shown in
Figure 4.32(a,b). The re nement of the NDP was performed bytte Rietveld method
implemented by the program GSAS (Larsen and Von Dreele) in é&imonoclinic space
group (P2,=n) [118]. The measurement at ambient pressure was performedthe
high pressure cell for a period of 560Ah (ca. 17.3 h), whereas the data set at 6
GPa was recorded of 740Ah (ca. 22.9 h). The values of the structural parameters
at ambient pressuredyii oj and nii o) nik (With i,k =1,2 (i 6 k)andj =1, 2, 3)
are in a very good agreement with those previously reportedd4].

The values of the structural parameters evaluated at ambiémpressure and 6 GPa
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Figure 4.32: Neutron di raction patterns on LUNIiO 3 at 300 K at (a) p 0 GPa and
(b) p = 6 GPa measured at ISIS (Oxford).

bond length d | ambient pressure 6 GPa d=d (%)
2 Nil1o1 1.955(14) A 1.913(23) A 2.15
2 Ni1 02 2.039(15) A 2.014(23) A 1.2
2 Ni10s3 2.005(13) A 1.985(19) A 1.0
2 Ni201 1.902(15) A 1.903(24) A 0
2 Ni202 1.904(13) A 1.889(21) A 0.8
2 Ni203 1.935(14) A 1.914(22) A 1.1
bond angle ambient pressure 6 GPa = (%)
Ni1 O1 Ni2 144.3(4) 144.9(6) 0.42
Ni1 O2 Ni2 144.4(9) 144.7(13) 0.21
Ni1 O3 Ni2 144.6(8) 145.1(13) 0.35

Table 4.3: Structural parameters @ni o bond length and i o ni bond angle) as
obtained from the analysis of high resolution neutron powadeli raction
measurements on LUNi@ at ambient pressure and 6 GPa.

for the two Ni-sites (Nil and Ni2) which form the NilQ and Ni20Os octahedra,
respectively are given in Table 4.3. Comparing the change tifie bond lengths
with increasing pressure in the two octahedra, we obtain thillowing interesting
results: The bond lengths of Ni1-O2 and Ni1-O3 decrease byanky the same amount
( d=d 1 %) as those of Ni2-O2 and Ni2-O3. In contrast to this, the N+#D1 bond
length decreases by more than 2 %, while that of Ni2-O1 remaiunchanged (see
Figure 4.33). At 6 GPa, the values oflyi; o1 amounts to 1.913(23) A and become
nearly equal to that of dyi» o1 (1.903(24) A). Such an anisotropic response of the
apex Ni-Ol1 bond length of the two Ni-sites destroys the alternatingong-short
bond length periodicity along thec-axis. This leads to a pressure-induced partial
melting of the charge ordering of Ni" ions which results in a metallic conductivity
along the c-axis and thereby triggers the insulator metal transition wth increasing
pressure. Here, it is important to mention that in such a metic state the NilOg
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Figure 4.33: Pressure dependence of Nil-O1 and Ni2-O1 bond length of Lu®j at
ambient pressure and 6 GPa as obtained from high resolution eutron
di raction spectroscopy.

and Ni20s octahedra are still di erent in size along thea; b-plane and thec-direction
and alternate in all 3 crystallographic directions. This eglains the coexistence of the
metallic state with partially melted charge ordered staten the monoclinic structure
under pressure.

It has to be mentioned here, that a smaller monoclinic disttion below Ty, has
been recently observed in larger RNi©(R = Eu, Sm) and extends to NdNiO; using
infrared spectroscopy [101], Raman-scattering [119] andsonant x-ray scattering
[92]. We, thus, feel that our observation of a partial meltig of charge ordering in
LUNiO 3 provides a common physical picture for the pressure-indwtesulator-metal
transition in RNIO ; series.
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4.6.2 Pressure dependence of Ty in RNIO 3

The next aspect which we want to consider is the pressure deence ofTy in
some selected RNi@samples. As mentioned in section 4.5.1.1, the pressure depe
dence ofTy can be followed from the anomaly (maximum) observed in the(p; T)
data (Tmax) for LUNiO 3 and YNiO3, while this anomaly has not been observed in
EuNiO3; and SmNIG;. In this section we present the pressure dependenceT@faxy
in LUNiO 3 and YNIiO3 as deduced from ouR(p; T) measurements. In addition, we
have directly determined the initial change offy with pressure from magnetization
measurements up to 1.5 GPa in LUNi@ In the case of EuNiQ, we have obtained
information on the pressure dependence @% using high pressure!>Eu nuclear
forward scattering (NFS) of synchrotron radiation. All of these results will be pre-
sented and discussed below.

4.6.2.1 LuNiO 3 and YNIO j:

From our high pressure resistance measurements on LuNi®ee Figure 4.17), we
nd a pronounced maximum (Thax) in R(p; T) for p 2.7 GPa, which we assume
that it is related to Ty. The value of T at 2.7 GPa is estimated to be 152.5 K
which is higher than the value ofTy = 128 K at ambient pressure [79]. Following the
assumption that Tr,a« is related to Ty, this value of Ty« indicates an increase oty
with increasing pressure (see Figure 4.34), which would bepected for a localized
3d state in the insulating state of LUNiQ;. In order to support our assumption, we
have performed DC magnetization measurements on LuNjQunder pressure (1.5
GPa). These magnetization measurements have been done itlatmoration with
Dr. Andrew Podlesnyak from the Paul-Scherrer-Institut (Vlligen, Switzerland) and
were performed by using a Quantum Design PPMS (Physical Prepgy Measurement
System). The used high pressure cell is similar to that deslwed in section 3.2.2. In
Figure 4.35(a,b) we show the temperature dependence of timyerse magnetization
(1/M) at ambient pressure and at 1.5 GPa. The results clearly shoan increase of
Ty from 125 K (ambient pressure) to 131 K (1.5 GPa). This is a strg support
that the increase ofTax With increasing pressure is correlated to an increase Ty .

A quantitative analysis of the initial change ofTy with pressure results in a value of
%%ﬂp = 3.3 10 2GPa * which corresponds to a volume dependence8f Sk =
6.2. This value is very similar to that very recently obtaine for SmNiO; (= 6.1)
[120]. Thus, the positive coe cient (@ =@p >0) found in LUNiOz and SmNiG;
con rms the localized character of the @-states of RNiG; (R = Sm,..,Lu) in the

insulating state.

3We determined Tmax (p) by the rst derivative of @Rys(T)=@T= 0 and de ned the zero point
to be Trax -
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Figure 4.34: Normalized resistance of LUNiQ for 2.7 < p < 8.0 GPa. The diagram
shows the shift of Tax to higher temperatures with increasing pressure.
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Figure 4.35: Temperature dependence of the inverse magnetization on LU®3 at am-
bient pressure and 1.5 GPa. Under pressuré&y increases from 125 to 131
K. (a) Total view of the measurements (b) zoomed interestingregion of

Tn(P)-

We now discuss the pressure dependenceTgfy in LUNIO 3 which re ects at least
gualitatively the pressure dependence dffy. The values ofT,.x as deduced from
R(p; T)-data up to 23 GPa are shown in Figure 4.36 together with the \Wa@es of
Ty obtained from the magnetization measurements at 0 and 1.5 @P As evident
from the gure, the pressure-induced increase Gk« (Tn) IS larger in the insulating
state (p 5.8 GPa) than that in the metallic state (5.8< p < 11 GPa). In the
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Figure 4.36: Ty (p) as deduced from magnetization measurement (gi = 0 and 1.5 GPa)
under pressure andlmax (p) derived from the pressure dependent maximum
in R(p; T).

pressure range across the structural phase transition at T&Pa, we nd within the
accuracy of determiningTnhax NO signi cant change. The di erent pressure depen-
dence ofTax Observed in the insulating and metallic states is due to thea€t that
the nature of the magnetic ground state in these two phasesessentially di erent:
while magnetism in the insulating state is determined by swgrexchange interactions
between localized 8 electrons, it is governed in the metallic state by itinerant3d
electrons, e.g. by a spin density wave-like state. Accordjly, the large increase
of Thax With pressure in the insulating state can be explained by thencrease of

the e ective hopping (tyq / ﬁ , = 3.5) which results in an increase of the

e ective exchange interaction (e, / tgd) and a large increase ofy. On the other
hand, it is di cult to predict the strength of the pressure dependence ofTy in the
pressure-induced metallic state. In the case of the metallstate the dependence
of Ty on pressure is more complex, as pressure can a ect the congliconstant,
band width and the shape of the Fermi surface [121]. Such colefty may lead to
a weaker pressure dependence i as observed in LUNiQ (see Figure 4.36).

In the case of YNIQ, we obtain similar results which are shown in Figure 4.37:
The increase ofTha (p) in the insulating state (p 5.4 GPa) is stronger than that
for the metallic state (p > 5.4 GPa). Also, the rate of increase of hax (p) in the
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Figure 4.37: Pressure dependence Ofnax of YNIO3.

insulating state (@ Fax =@ 16 K GPa 1) is quite similar and can be explained in
the same way as in the case of LUNKJ)see above).

4.6.2.2 EUNIO j:

As we can not nd any indication for Ty from our resistivity data in the case of
EuNiO3, we have performed high pressure measurements usifigcu nuclear forward
scattering (NFS) spectroscopy of synchrotron radiation oEuNiO3. This method
has been introduced in section 3.2.5. It allows one to probéd magnetic state
of the Ni sublattice under high pressure via the induced maegtic hyper ne (hf)
eld Bi,g at the Eu nuclei, which results from the ordered Ni (8) moments.
Bing Originates from the Ni Eu exchange eld due to the admixture of the excited
Eu®* states (e.g.’F;) into the nonmagnetic ground state (Fo) [122]. Some selected
151Ey NFS spectra of EuNIQ collected atT = 3 K for di erent pressures (0; 9.4 and
14.4 GPa) are shown in Figure 4.38. The temperature depenaenof NFS spectra
measured at 9.4 GPa is displayed in Figure 4.38(b)

4The ts to these spectra were performed using the program pakage CONUSS [123] by incor-
porating the full dynamical theory of nuclear resonance sctering, including the diagonalization
of the complete hyper ne Hamiltonian.
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Figure 4.38: S'Eu NFS spectra of EuNiO; (a) measured atT = 3 K and at pressures
of 0; 9.4 and 14.4 GPa; and (b) measured at 9.4 GPa and at tempatures
of 300, 150 and 50 K. The curves through the data points are tqsee the
text).

At ambient pressure and atT = 3 K (see gure 4.38(a)), i.e. in the insulating
state, the spectrum can be best tted by assuming an inducedfheld Bj,g = 1.4(2)
T combined with a small quadrupole interaction ( Eq = eQ;V,;, = 6.0(4) mm/s),
which is due to the orthorhombic point symmetry of the Eu lattce sites. The induced
hf eld is due to the Ni Eu exchange eld of the four parallel spins surrounding the
Eu atoms as reported by neutron di raction data on EuNiQ [100]. At 9.4 GPa and
T =3 K, i.e. in the metallic state, we nd within the accuracy of measurements no
signi cant change of the values oBj,y and eQ\,,. This clearly indicates that the
metallic state atp = 9.4 GPa is magnetically ordered ail =3 K. At14.4GPa (T =3
K) no induced magnetic hf eld could be detected, and only a cadrupole splitting
is left, suggesting the disappearance of magnetic orderimgtween 9.4 and 14.4
GPa. In order to have an estimate of the transition temperatte of the magnetically
ordered state at 9.4 GPa, we have measured NFS spectra at diemt temperatures
between 300 and 3 K (see gure 4.38(b)). The NFS spectra at 3@dd 150 K could
be tted by assuming a pure quadrupole splitting, indicatirg a paramagnetic state.
In contrast, for the analysis of the spectrum at 50 K we had tossume a combined
quadrupole and magnetic hf interaction. We obtain values fEq = 6.4(4) and Bjng

= 1.3(3) T, which are similar to those found at 3 K (see above).This indicates
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that at 50 K the magnetically ordered state is nearly saturad. The analysis of
the temperature dependence of the spectra at 9.4 GPa showsatlthe transition
temperature is around 120 K, which is considerably lower tmathat at ambient
pressure Ty = 220 K).

4.6.2.3 Pressure-temperature phase diagram of LuNiO 3 and EuNiO ;

Now we want to discuss the pressure-temperature phase diagr in RNiO; com-
pounds. Exemplary for this, we illustrate our data for LUNiQ and EuNiOz; as
representative for the small and large RNig) respectively.

(@) LUNioO s:

Figure 4.39 displays the §§; T) phase diagram of LUNiQ. Beside Tmax (p); Tn (P)
and Ty, (p), we plot the pressure dependence of the transition tempetae (Ts) at
which the high temperature orthorhombic phase transformsotthe monoclinic one.
These data are taken from high pressure - high temperature gle resolved x-ray
studies by Amboage [79].

As evident from the gure, Ty, and Ts have rather di erent pressure dependencies.

Figure 4.39: Proposed magnetic phase diagram for LuUNi@ as deduced from our mea-
surements.
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This means that their intimate connection at ambient presste does not hold at
high pressures, with the consequence that the metallic seexists in the monoclinic
phase in which charge order exists. As shown from our neutrdnraction measure-
ments on LUNiQO; (section 4.5.3.2), the pressure-induced IM transition isriben by

a partial melting of the charge ordering along the-axis, while LUNiO; preserves its
monoclinic structure.

As we mentioned in section 4.5.4.1, the pressure dependentd,.x which can be
correlated to that of Ty can be divided into three regions. A large increase with pres
sure in the insulating phase (& p < 5.8 GPa), a moderate increase through a weak
maximum in the metallic phase (5.8< p < 16 GPa), and a very weak change above
16 GPa after the monoclinic-orthorhombic structural phasdransition. Assuming
that the antiferromagnetic ordering remains unchanged inhie insulating and metal-
lic states, one can qualitatively explain the di erent behaior of Ty (p) to be due
to di erent magnetic ground states in the insulating and meallic phase: exchange
interactions of superexchange type in the insulating statand itinerant magnetism
(e.g. spin density wave like) in the metallic phase [91]. Atigher pressuresf 16
GPa), one would expect a delocalization of the magnetic momtedue to increasing
the e ective bandwidth of the Ni 3d states in LUNIOz as observed in EuNIQ at the
QCP (see section 4.5.4.2). However, the occurrence of a stiral phase transition
at 16 GPa seems to help magnetism to survive up to 23 GPa.

(b) EUNIO 3;

Figure 4.40 shows a preliminary(p; T)-phase diagram for EuNiQ. The pressure
dependence ofly, indicates the boarderline between the insulating and metal
state. The vertical part of the dotted line is located at the dtical pressure
= 5.8 GPa), above which the sample is in a metallic state at 4.K up to 300 K.
The decrease ofly;, with pressure at temperatures above 300 K is assumed to be
gualitatively similar to that measured in SmNIO; (see Figure 4.24).

Regarding the pressure dependencet (as obtained from our NFS measurements,
see section 4.5.4.2) we hardly can say anything about thetiai change of Ty with
pressure in the insulating phase. However, it is obvious thanagnetic ordering
exists in the metallic state (9.4 GPa) and that magnetism deppears at 14.4 GPa.
This implies that the value of critical pressure corresporgidto a QCP which is higher
than 9.4 GPa, with an upper limit of 14.4 GPa. In this respectywe want to discuss
the non-Fermi-liquid (NFL) behavior in EuNiO3; near a QCP, i.e. in the pressure
range 11.5< p < 17.9 GPa as obtained from ouR(p; T) data at low temperatures.

To analyze the data, we used the power-law tting toR(p; T) of EUNiIOs in the tem-
perature range between 10 and 45 K witR(T) T", wheren = 2 for Fermi-liquid
(FL) and 1 < n < 2 for NFL. As shown in Figure 4.41(a) the power-law withn
= 1.6 ts the experimental data extremely well forp = 11.5; 13.2 and 14.8 GPa,
whereas for 15.9 GPa the curve slightly deviates from the ttalow temperatures.
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Figure 4.40: Preliminary (p; T) phase diagram for EuNiQ;

This indicates that an other exponentn should be used fop 14.8 GPa. In Figure

4.41(b) we used the power-law tting forp = 15.9 and 17.6 GPa and the best tting

is obtained with n = 2 (T?2-t), suggesting a FL behavior, expected in the nonmag-
netic state. Thus, these ndings coincident with our obsemtions of a nonmagnetic
state at 14.4 GPa from the NFS measurements.

In the following we want to compare our results with those verrecently reported

on PrNiO3 [10]. Zhou et al. [10] show that the suppression of the instilag state

of PrNiO3; above 1.3 GPa is accompanied by a transformation to a (NFL) pise
in which the resistivity varies proportional to T" with n = 1.33 and 1.6 over a
broad pressure range. They claim, that although a percoladeNFL metallic phase
may exist in the pressure range 0.8 p < 1.3 GPa, a bulk NFL phase may exist at
higher pressures. Moreover, the step in the exponentfrom 1.33 to 1.6 at 2.0 GPa
remains a novel feature which needs theoretical attention.

Our nding of a NFL behavior in EuNiO 3 with n = 1.6 is consistent with that
reported by Zhou et al. [10]. Since our QCP in EuNi®is not precisely located, we
can not check the possibility of such a step in the exponent However, in contrast
to the observation of an extended NFL in PrNiQ, we nd a clear FL behavior in
EuNiO3 with orthorhombic symmetry already at pressures above the QP (p
15.9 GPa). This last nding does not support the authors' sugestion [10] that a
FL metallic phase can be only found in a perovskite structurgvith rhombohedral
symmetry.
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Figure 4.41: Electrical resistance of EUNIQ; tted with the power-law R(T)/ T" be-
tween 10 and 45 K. (a) Fit with n = 1.6 between 11.5 and 15.9 GPa. (b)
Fit with n =2 at 15.9 and 17.6 GPa.






Chapter 5

High pressure studies on
Lagg25r0:16C003

5.1 Basic properties of La ; «SryCoO3; at ambient
pressure

In the following we want to present the physical propertiesfahe undoped perovskite-
type LaCoO; which can also be described in an AMXstructure like the RNiO3 per-
ovskite compounds in chapter 4 (see Figure 4.1). All structal x-ray and neutron
di raction investigations on LaCoOj3; suggest a rhombohedralR3c) symmetry [124].

Considerable interest in LaCoQ@ originates from the puzzling nature of two tran-
sitions in this compound and the vicinity to a metal insulate transition. The
existence of di erent spin-states in C&" which change with temperature is known
since more than 50 years [125, 126]. These transitions carcurcif the crystal- eld
energy cr and the intraatomic exchange energyex (Hund's rule coupling) are
comparable. The ground state of LaCo®is nonmagnetic and insulating and no
long-range magnetic order exists at all temperatures. At Vo temperatures {T
100 K) LaCoG; changes to a paramagnetic insulator and at 500 K it undergoes a
temperature-induced semiconductor-metal transition. IrFigure 5.1 we present the
magnetic susceptibility (T) of LaCoO; as a function of temperature. The suscepti-
bility shows a maximum at around 100 K and decreases Curiddi for temperatures
100< T < 500 K. Between 500 and 600 K, (T) shows a temperature-independent
plateau which is ascribed to the insulator metal transitionand above 600 K the
measurement shows again a Curie-like decrease. The incesa$ the susceptibility
below 30 K is attributed to magnetic impurities and/or oxygen nonstoichiometry
[16].

Initially, the maximum of (T) at 100 K was attributed to a LS (t3,€]; S = 0) to HS

(t3,€5: S = 2) transition [127, 17, 128, 129], in order to explain the isulating phase

99
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Figure 5.1: The black dotted line is the total, the open circles are Curiesusceptibility
( ©(T)) of LaCoOs;. The maximum around 100 K signals the spin-state
transition of the Co3* ions. The increase of (T) below 30 K is probably
due to magnetic impurities and/or oxygen nonstoichiometry The solid line
isa tof C(T) up to 400 K for a LS/IS scenario. Modi ed from [16].

up to 500 K (IM transition), whereas in more recent publicatbns the scenario of
an IS state ¢3,e5; S = 1) instead of HS has been proposed [130, 15, 131, 132, 133].
Also LDA+U calculations [14] favor the stabilization of thelS state due to large hy-
bridization between Coegy and O-2p levels. This leads to a Jahn-Teller (JT) active

IS state, caused by the partially lled g, level. The degeneracy of the, orbitals

of Co® ions in the LS state is then expected to be lifted in the IS statby a JT
distortion. Within this scenario the existence of orbital edering and its melting
have been proposed to explain the insulating nature below & and the IM tran-
sition, respectively [14]. However, the nature of these tngitions is still unclear and
controversial discussed.

Another aspect of cobaltates which is controversially disssed is the e ect of charge-
carrier doping. This can be achieved by substitution of L33 by R?* rare earth ions,
with e.g. R = Ba, Ca or Sr. It is generally accepted that for exaple replacing
of La®* by Sr** creates formally C4* ions and that the double exchange between
Co* and the remaining C3* leads to a ferromagnetic coupling [19, 22].

In the following we want to consider the properties of LaCo©by doping with Sr?*
ions. It has been found in La ,Sr,CoOs that with increasing x the LS ground state

is rapidly suppressed. For smalk a spin-glass like behavior has been observed at
low temperatures, whereas fok  0.18 a ferromagnetic order has been found (see
Figure 5.2) [17, 134]. On the other hand, the electrical resivity decreases with
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Figure 5.2: Magnetic phase diagram of La xSr,CoOs. PM, FM and SG are the abbre-
viations for paramagnetic, ferromagnetic and spin-glass lpase. Taken from
[21].

increasing Sf* content and forx  0.20 the samples show a metallic temperature
dependence of the resistivity over the entire temperaturenge [18, 19, 20, 21]. For
=0.18, 0.25 and 0.3 (T) shows a distinct anomaly near the critical temperatures of
ferromagnetic order. This is illustrated in Figure 5.3 for &< x < 0.3. Furthermore,
the rhombohedral distortion decreases with increasing and at aboutx 0.5 the
structure becomes nearly cubic.

Figure 5.3: Electrical resistivity as a function of temperature for La; xSrxCoOj3 for dif-
ferent SP* concentrations. Taken from [21].
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Figure 5.4: Magnetization curves of La xSrkCoOs vs. magnetic eld for x = 0.125;
0.18 and 0.25 at 4 K. Inset: zoomed view of the low eld regionshowing
that the hysteresis forx = 0.18 and 0.25 is very small. Taken from [21].

In Figure 5.4 we present the magnetization measurement on L.aSr,CoO; at 4 K
for x = 0.125; 0.18 and 0.25 as a function of applied magnetic eldThe shape
of the curve changes as a function of 8r doping. Whereas the sample with the
lowest Sr concentration shows a broad hysteresis, the hyssis forx = 0.18 and 0.25
decreases with increasing. The inset of Figure 5.4 displays the tiny hysteresis for
x = 0.18 and 0.25. Furthermore, the latter two concentrationshow a steep change
of M (B) around the coercive eld. Beyond that, the sample withx = 0.25 seems to
be saturated in a eld of 6 T with a value of 1.65 g/Co-atom. However, it is not
clear which spin-states are present and whether or not spstate transitions take
place as a function of temperature in the Sr-doped systems3f, 136, 137]. Only
the magnetization measurementdM (T) on La; ,Sr,CoO; with very low doping
(x < 0.01) provide information about a change of the spin-stateyhereas for larger
doping the M (T) curves will be dominated by the occurrence of spin-glass and
ferromagnetically ordered phases [21].

From the measured value of 1.65g/Co of the saturation magnetization in the fer-
romagnetic phase X = 0.25) the authors were able to t their value best to the
expected average spin-only valueSfg) of 1.75 g/Co assuming Cd* LS (t3,€))
and Co™ IS (t3,e;) states. This value has been obtained by using a simple model
to calculate the average spin-stafein La; ,Sr,CoO; assuming: (a) a spin-only be-
havior of the sample, (b) an homogeneous distribution of b and Cd* ions (i.e.
no generation of spin clusters) and (c) linear dependencesiin and concentration

1l.e. for La; xSr,CoO;5 with x = 0.25 Sr concentration one obtains: with g =2 Savg ) Savg
=(S% + x(S* S3)), with S =Co% IS (S =1)and S* = Co* LS (S = 1/2) one obtains:
(1 +0.25(1/2 - 1)) =0.875 ) s = 2 Sayg = 1.75 g =Co-atom which close to the 1.65 g=Co
deduced from the magnetization measurement.
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X. The con guration of these spin-states (C& IS and Cd" LS) realizes the im-
portance of the double exchange mechanism and the similaeg to the manganites
since the spin-states di er only by two additional down-spi electrons in thet, level
from the corresponding HS state of Mt (t3,€]) and Mn®*" (t3,e}). However, little
is known about the correlation between the spin- and chargesgree of freedom near
the MI transition, i.e. whether and to what extent these spinstate transitions a ect

the MI transition.

To clarify these open questions we have investigated the etof pressure on the
electronic, magnetic, and structural properties of a conaiing, ferromagnetic single
crystal of Lay «Sr,CoO; with x = 0.18, which is located near the boundary of the
MI transition. For that purpose, we performed electrical rsistivity, x-ray di rac-
tion, magnetization and inelastic x-ray emission spectroepy measurements under
high pressure. All results are presented and discussed iretfollowing section of this
chapter.

5.2 Results on La 0:829r:18C00 3

5.2.1 Pressure-induced metal insulator transition

This chapter presents the experimental results on La,Sr,CoOs; (x = 0.18) single
crystal perovskite compound. The crystals were created by. Torenz et al. (Il
Physikalisches Institut, University of Cologne), their peparation is described else-
where [21]. In the following we rst consider the electricatesistance.

5.2.1.1 Pressure dependence of the electrical resistivity

We measured the pressure dependence of the electrical testg of a 25 140
280 m?® single crystal Lay.g,Sro.16C00; up to 14 GPa by conventional four-terminal
method between 4.2 K T 300 K in a Bridgman-type high pressure cell (large
volume high pressure cell) which has been described in chaip8.2.

In Figure 5.5(a) we display (p;T) at di erent pressures up to 5.7 GPa. With in-
creasing pressure the electrical resistivity increasesaainatically by about 4 orders of
magnitude, indicating a strong reduction of electron hoppig with increasing pres-
sure (e.g. at 4.2 K increases from 0.2 mcm (p = 0 GPa) to 4.6 cm (p =5.7
GPa)). No further increase of (T) for pressures above 5.7 GPa was observed; in-
stead of this, we nd a decrease of(T) by about 30% at 14 GPa andl = 4.2 K
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(a) (b)

Figure 5.5: Temperature dependence of the electrical resistivity of La xSryCoOz with
x =0.18. (a) (p;T) for pressures up to 5.7 GPa. The inset presents the shift
of the maximum in (T) which is related to Tc. (b) (p;T) for pressures
between 5.7 and 14 GPa. The inset shows the values ofp) at T = 4.2 K
as a function of pressure in the whole pressure range.

compared with the corresponding value at 5.7 GPa (Figure §5). The inset of

Figure 5.5(b) shows the two regions of the pressure dependernof (p) at 4.2 K

between 0 and 14 GPa. In the rst range up to 5.7 GPa, (p) strongly increases
whereas in the second one above 5.7 GPa the resistance seensaturate, indicating

two di erent scattering mechanisms (see below).

As shown in the inset of Figure 5.5(a), the (T)-curve at ambient pressure shows
a local maximum at a temperatureT.x 138 K which is slightly below the tran-
sition temperature T¢ to a ferromagnetic staté. We nd that under pressure the
maximum of (T) (Tmax), Which is correlated to T, shifts to lower temperatures.
We obtain a decrease ol of about 8 K betweenp = 0 and 1.9 GP&. Un-
der the assumption that this decrease of . is equal to that of T, we estimate
a pressure-induced relative decrease ©¢ which amounts to@Tc=@p 2.6

10 2 GPa L.

The observation of a strong increase of the electrical resty (i.e., suppression
of electron hopping), and the reduction ofT¢ with increasing pressure is unex-
pected and opposite to results reported on related transitn metal oxides, e.g.
La; xSikMnO3 [3] and La SrFeOs [5]. For example, in La.gsSro.1sMnO3 (see
Figure 5.6) one nds an enhancement of electron hopping witimcreasing pressure

2Tc 157 K (at ambient pressure) as deduced from magnetization masurements [21].
3By estimating the rst derivative of (T), where @ (T)=@T= 0.
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that stabilizes the ferromagnetic metallic state via dould exchange. The relative
increase ofT¢ with pressure in this system amounts ta@n Tc=@p + 6.4 10 2
GPa 1.

Figure 5.6: Pressure dependence ofc(p) in La; xSrkMnO3 as deduced from [3] and
La; xSrCoO3z with x = 0.18 (present work). Note the opposite pressure
dependence off¢ in La; xSrkCoO3 (x = 0.18).
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5.2.1.2 Crystal structure under pressure

In the following we want to nd out if the pressure-induced MItransition is con-
nected with a structural phase transition. For this purposgwe have performed high
pressure energy dispersive x-ray di raction measurement® Lag.goSro.18C00; using
synchrotron radiation at beamline F3 at Hasylab (Hamburg).

In Figure 5.7(a) we present the pressure dependence of thditee parameters @; ¢
of the hexagonal unit cell at 300 K up to 25.5 GPa. Within the eor bars, we nd
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Figure 5.7: (a) Pressure dependence of theafc)-lattice parameters of Lag xSrCoOs3
(x = 0.18) at room-temperature as obtained from our energy disprsive
synchrotron x-ray di raction measurements. (b) Fit to the v olume of the
Birch-Murnaghan equation of state. The errors for the presste in (a) and
(b) are about  0.25 GPa for each measurement.

no discontinuity in the lattice parameters or in the volume Figure 5.7(b)); thus, no

indication of a structural phase transition.

We also tted the volume to the Birch-Murnaghan equation of tate and obtained

for the bulk modulus By, = 158(9) GPa and its derivative BY = 4.6(0.8). These
values are close to those found for LaCa@B, = 150(2), BJ = 4) [138]. This result

indicates that the pressure-induced Ml transition is not cased by a structural phase
transition.
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5.3 Discussion: Mechanism of the pressure-induced
metal insulator transition

In the following we want to nd an explanation for the suppresion of the electron
hopping and the reduction ofTc. Two possible explanations for this unusual behav-
ior will be discussed: 1. a pressure-induced unusual chargfethe Co-O-Co bond
angle and Co-O bond length or 2. a change of the €ospin-state under pressure.

5.3.1 Change of structural parameters under pressure

Unfortunately, it was not possible from our x-ray di raction measurement to deduce
any information about the Co-O bond length as well as of the CG®-Co bond an-
gle. For these information we have to regard high resolutioangle dispersive x-ray
di raction measurements on LaCoQ under pressure in Figure 5.8 (a,b) [138]. In
their paper the authors show that with increasing pressurej the Co-O bond length
decreases more rapidly than that of La-O which results (b) ian huge opening of the
Co-0O-Co bond angle from 166to 177 at 4 GPa. Such an increase of the bond angle
with increasing pressure is the usual structural responsé wansition metal oxides
with perovskite structure and results in an enhanced eledn hopping and stabiliz-
ing of the metallic state. But we nd in Lag.g>Sro.18C00s; under pressure exactly the
opposite behavior. Therefore, one has to discuss anothepknation which is not
based on structural changes, namely the possibility of a msure-induced spin-state
transition from the magnetic IS CG* state to a nonmagnetic LS state.

This is based on two experimental facts: (i) the ionic radiusf LS Co** (0.545 A)
is smaller than that of HS/IS Co** (0.61 A) [23], (i) the crystal eld splitting  c¢

(@) (b)

Figure 5.8: Pressure dependence of (a) the normalized La-O and Co-O borength and
(b) of the Co-O-Co bond angle on LaCoQ@. Both gures deduced from [138].
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of LaCoG; is found to increase remarkably with increasing pressure3d]. This is
clearly seen in Figure 5.9 which shows the temperature dememce of the suscep-
tibility of LaCoO 3 as a function of pressure up to 1.8 GPa [139]. The increase of
the spin-state transition temperature with increasing presure is evident and reveals
a large increase of the energy gap between the LS ground stated the excited
magnetic IS(HS) state. This means that pressure causes a tionous population of
the LS state at the expense of depopulation the IS state. A ceequence of such a
depopulation of the magnetic IS state to a nonmagnetic LS d@would be a reduc-
tion of the Co magnetic moment with increasing pressure. Irhe following we will
discuss our experimental results which provide evidence @ pressure-induced spin
transition.

Figure 5.9: Susceptibility of LaCoOs under pressure. With increasing pressure the en-
ergy gap between LS and IS increases [139]. Thus, the IS wilelwepopulated
under pressure and LS state will be more populated.
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5.3.2 Change of Co 3* spin-state under pressure
5.3.2.1 E ect of pressure on the Co magnetic moment

To verify that pressure suppresses the magnetic IS state tonmnmagnetic LS state,
we have performed measurements of the saturation magnetioa of Co ( ¢o) in
Lap:g2Sro:18C00s in an external magnetic eld of 2 T at ambient pressure and 1.0
GPa as shown in Figure 5.11 by using the pressure cell desedin chapter 3.4. We
experimentally nd a decrease of ¢, of 5.4(2) % at lowest temperatures between
ambient pressure and 1.0 GPa. Under the assumption thatc, decreases linearly,
this reduction from 1.11(1) g at p=0 GPa to 1.05(1) g at 1.0 GPa signies a
reduction of at least 30 % at 5.7 GPa.

Figure 5.10: Temperature dependence of the Co magnetic moment of ka,Srp.18C003
in an external magnetic eld of 2 T at ambient pressure and 1.0GPa as
deduced from magnetization measurements.

Additionally, we nd a reduction of T¢ of 4 K/GPa. This is in accordance to
that value, obtained from our resistivity data above. Thusthe decrease o with
increasing pressure is a consequence of the suppressiom®f@o magnetic moment.
These ndings strongly support our suggestion of a pressumeduced change of the
Co spin-state (from magnetic IS to nonmagnetic LS in Lg,Sro.15C003).

Since these measurements onkupport our interpretation of the pressure-induced

spin-state transition, we further apply a spectroscopic ntieod which can give a

clear microscopic evidence of our statement. This eviden(see section 5.3.2.2) was
brought by the inelastic x-ray emission spectroscopy, inbiduced in chapter 3.2.5.
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5.3.2.2 Microscopic evidence for a pressure-induced spin- state transition

The aim of the experiment was the investigation of the Co spistate as a function of
pressure in La.g,Sro.18C00s in order to explore the mechanism behind the pressure-
induced metal-insulator (MI) transition. The investigations were carried out using
inelastic x-ray emission spectroscopy (XES) at the Co K (3p! 1s) line. The
experiment was performed at beamline ID16 at ESRF as desceibin chapter 3.2.4.

Figure 5.11 shows the Co K x-ray emission spectra of Lgg,Sry.18C00; for pressures
between 0 and 14.4 GPa at 300 K. All spectra are normalized thé transmitted
intensity and also shifted so that the peak of the Co K ;.3 main emission line is set
to 7.65 keV. As mentioned in chapter 3.2.4, the magnetic stabf Co is characterized
by the appearance of the satellite emission peak (K) located at the lower energy
region of the main emission peak (K 1.3), which is a result of the ! 3d core-hole
exchange interaction in the nal state of the emission pross. As shown in Figure
5.11, we nd a gradual decrease of intensity of the satellitpeak with increasing
pressure, i.e. a transfer of spectral weight from the satiédl to the main peak. This

indicates a gradual reduction of the spin moment with presse, reaching nearly a
LS at 14.4 GPa.
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Figure 5.11: K emission spectra of Lgg>Sro:18C003 at 300 K as a function of pressure.
The curves below the XES spectra are the di erence spectra wh respect
to the spectrum at 14.4 GPa. The inset shows the gradual decase of the

intensity of the satellite peak with increasing pressure de to IS/HS! LS
transition.
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To extract quantitative information from the XES data, the emission spectra were
analyzed with the help of the empirical "sum-rule" that was ecently derived [140,
141]. The sum-rule relates the integrated absolute di ere@ (IAD) signal to the
spin-state of the transitiozn-metal atom, according to

IAD = Ixes(T;p;~!) Ixes (To; Po; ~! )d~!; (5.1)

where the di erence is taken between a reference spectruges (denoted with the
0 subscript) and another spectrum at a given temperaturé and pressurep.

Figure 5.12 presents the IAD analysis for Lg,Sr.13C00; at T = 300 K. The y-
scale indicates the IAD value, which does not refer directlfo the spin state. A
guantitative analysis compares these values with model cpmunds and calculations
in a second step [140, 141]. Our aim is to qualitatively shownat the application of
pressure on Lag,Sr:18C00; results in a pressure-induced IS/HS$ LS transition.

Figure 5.12: 1AD signal of Lag.g2Srp:18C003 at T = 300 K as a function of pressure.

We nd between 0 and 14.4 GPa a decrease of the IAD signal fron085to  0.008.
The gradual decrease of the IAD signal corresponds to a gradyopulation of the
LS state at the expense of the IS/HS state, due to the increasé the crystal- eld
splitting. As a result, under pressure the LS state will be f@red. The conse-
guence of this transition to the LS state has been observed aur resistivity data
on Lag.gxSr:18C00; (see Figure 5.5(a)), where a strong suppression of the elect
hopping is observed under pressure.

Thus, we nd for the rst time a microscopic evidence for a spi-state transition in
Lag:g2Sr0:18C00; from IS/HS ! LS with increasing pressure which is apparently the
driving mechanism of the pressure-induced MI transition.
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5.3.2.3 Qualitative model: E ect of the spin-state transit ion on electron
hopping

In the following we briey introduce a qualitative model expaining why such a
spin-state transition results in a suppression of electramopping. If we assume, that
at ambient pressure the Lgg,Sry.18C00; ground state is a mixture of IS Cé" and
LS Cd** ions, the conduction occurs predominantly by hopping of ag, electron
from Co* (t3,€;) to Co** (t5,€]). This transport process can also account for the
magnetic coupling of the localized,y electrons (double exchange), which results in
a ferromagnetic conducting state. This is schematicallylustrated in Figure 5.13.
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Figure 5.13: Schematic representation of the interplay between spin-stte and electron
hopping in Lag.g2Srp.18C003: at ambient pressure conductivity occurs by
hopping of an gy electron from IS Co* to LS Co*. With increasing
pressure, the crystal- eld splitting cr of IS Ca®" increases ( 2 >  ¢F)
[139]. Consequently, the IS C&" will be gradually depopulated and the
ground state of C&* is then predominantly a LS state. As a result, the
strong ey hopping between Cé* and Cd** is strongly suppressed and only
a weaktyg hopping remains.

The increasing energy of the crystal- eld splitting due to he increase of external
pressure, leads to a gradual depopulation of the IS €ostate and its crossover to the
LS Co** state. At su ciently high pressures, e.g. p = 5.7 GPa, the IS state will be
mostly depopulated and a large part of the C8 ground state shows predominantly
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a LS (t5,€)) con guration. As a result, the strong Cc* to Co*" hopping of ane
electron would be strongly suppressed and consequently,yoa weak t,g hopping
from LS Co* to LS Co** would remain. Thus, the gradual depopulation of the IS
Co®* state with increasing pressure can explain the observed gupssion of electron
hopping in Lag.g2Sro:18C00s.

It has to be mentioned here, that the e ect of the pressure-gluced IS to LS transi-
tion on the electron hopping prevails over the opposite e ¢of an increase of the Co-
O-Co bond angle with increasing pressure [138]. This cleaghows that the strong
correlation between the spin-state and charge degrees addom in La.g,Sr:15C005
dominates the pressure-induced Ml transition.

Finally, we give an explanation for the reduction of (p; T) in Lag.g,Sro.18C00s for
pressures 5.7 p 14 GPa which has been shown in Figure 5.5(b). As mentioned
above, (p;T) decreases by about 30 % at lowest temperatures which can be ex
plained in the following way: above 5.7 GPa the majority of ta Cc** is already
transformed from IS to the LS state, so that this mechanism isot e cient anymore
and the usual way due to broadening of the e ective bandwidtlwith increasing
pressure prevails. This leads to the usual decrease of theattical resistivity with
increasing pressure.






Chapter 6

Summary and Outlook

This thesis describes the e ect of external pressure on thdeetronic, magnetic
and structural properties of two novel types of transition netal oxides (RNiO; and
(La,Sr)Co0xs). Special emphasis was given to the investigation of the inence of
charge ordering, spin-state transition, magnetic ordergmand structure on the elec-
trical transport and in particular on the mechanism of the m&l insulator (Ml)
transition.

RNiO3 (R = rare earth) perovskites o er an excellent opportunity to investigate the
MI transition, as being stoichiometric (undoped) Mott-insulators. The transition
temperature (Ty, ) of the thermally-induced MI transition increases with dereasing
size of the R* ions (Ty; = 130 K (Pr), ..., 600 K (Lu)); for R = La the system
remains metallic down to lowest temperatures. The transitin from the metallic to
the insulating state is connected with a structural phase ansition (orthorhombic
I monoclinic), which implies the presence of charge orderimg the Ni** ions in
the monoclinic insulating phase. Another interesting aspe is the evolution of the
magnetism from enhanced Pauli paramagnetism in LaNgXto Curie-Weiss param-
agnetism with decreasing size of R; where the compounds with R = Sm! Lu
exhibit antiferromagnetic ordering with a Néel temperatue Ty < Ty, . This indi-
cates a crossover from antiferromagnetic insulator (B La) to nonmagnetic metal
(R = La) through a quantum critical point (QCP).

In order to shed light on the interplay between charge orderg, local structure,
magnetic ordering and the evolution of the metallic state ilRNiO3 series, we inves-
tigated the e ect of pressure on the transport, magnetic andtructural properties of
selected RNiQ compounds (R = Sm, Eu, Y and Lu) using di erent pressure exper
mental methods. Pressure dependent electrical resistarmoeasurements reveal in all
these RNIQ; compounds a pressure-induced insulator metal (IM) transan between
5 and 7 GPa. High pressure x-ray di raction measurements orhése compounds
show that the IM transition is not connected with a structurd phase transition
(monoclinic! orthorhombic). To solve the puzzle of the observed presstireduced
metallic state in a monoclinic structure, in which a charge rolered state exists, we
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have performed high resolution neutron di raction measumaents on LuNiO; under
high pressure. Analysis of the bond length of the two Ni-sige(Nil and Ni2) which
form the NilOg and Ni2Og octahedra, respectively, reveals that the bond lengths
along the c-axis (dni1 o1 and dyi2 o1) become nearly equal at 6 GPa. This results
in a partial melting of the charge ordering along thec-axis and triggers the IM
transition with increasing pressure.

Since charge ordering has been also observed in larger RNf®mpounds (R =Y

I Nd), this mechanism could be responsible for the observedegsure-induced IM
transition in these compounds as well. However, further higpressure neutron stud-
ies are required to check if this mechanism holds for the RNiGeries.

On the other hand, we have investigated the e ect of pressuie the magnetic state
of EuNiO3 (Ty =220 K and Ty, = 463 K) using '*'Eu nuclear resonance scattering
of synchrotron radiation. We show that the pressure-inducemetallic state exhibits
magnetic ordering, which disappears between 9.4 and 14.4 &PAnalysis of the
temperature dependence of the electrical resistance in shpressure region reveals
non-Fermi-liquid behavior for 11.5 p 14.8 GPa and Fermi-liquid behavior for
p > 15.9 GPa re ecting the proximity of the system to a magnetic @P. Finally,
pressure-temperature phase diagrams for EuN§@ind LuNiO3 are proposed.

It is highly desired to investigate the pressure dependenacd Ty in the insulating
and metallic phases of these compounds and to determine théical pressure at the
magnetic QCP in EuNiO; and other RNiO; compounds. Also information on the
magnetic structure of the pressure-induced metallic stateould be of great interest.
Such studies are presently in progress.

The second investigated system, (La,Sr)CoQbelongs to the transition metal oxides
containing Co** ions, which possess, in addition to the usual charge, orbiiand spin
(up/down) degrees of freedom, the possibility to change thpin-state of the C3*
ion. The ground state of the undoped, insulating system La@ is the low-spin
con guration (LS), S = 0 and this can be thermally excited to either a high-spin
(HS), S = 2 or an intermediate spin-state(IS), S = 1. The addition of charge
carriers establishes a ferromagnetic, metallic state by 0.18. The conductivity
and ferromagnetic coupling are suggested to be related toetllouble exchange of LS
Co** and IS Co* ions in the doped samples. However, the correlation betwetre
spin and charge degrees of freedom near the Ml transition & ffrom being clear.

In order to explore whether and to what extend the spin degreef freedom a ects
the MI transition, we have performed high pressure experimes on a single crystal
of conducting, ferromagnetic Lgg,Sro.18C00; sample located near the boundary of
the MI transition. High pressure electrical resistivity am x-ray di raction measure-
mentsp 5.7 GPa reveal a quite unusual e ect: a transition from the aaducting
to an insulating state and a reduction of the magnetic ordeng temperature (T¢)
with increasing pressure, while the lattice structure remas unchanged up to
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25 GPa. This rather unique e ect is opposite to that observedh other related sys-
tems (Lay xSrkMnOs3, La; 4SrkFeOs; and RNiO3) and is apparently connected with
a di erent physical mechanism. To provide an explanation fothe pressure-induced
insulating state, we have considered the possibility of a @ssure-induced spin-state
transition from the magnetic IS C&* state to a nonmagnetic LS state which can
be driven by an increased crystal eld splitting at high presure. To verify this
explanation we rst investigated the e ect of pressure on tke Co saturation moment
( co) In Lag:g2Sre:18C00; using magnetization measurements up to 1 GPa. We nd
a decrease of ¢, of about 6 % which corresponds to a decrease of, by more
than 30 % at 5.7 GPa, supporting our suggestion of a pressurgluced IS to LS
transition in Lag.52Sr0:18C00;.

To obtain microscopic evidence for the pressure-induced IS LS transition, we have
directly investigated the change of the spin-state with prssure up to 14 GPa in
Lag:goSrp:18C00; using x-ray emission spectroscopy (Co K emission spectrum).
The analysis of the K emission spectra on Lgg,Sry.18C00; clearly shows a grad-
ual change of the spin-state from IS or HS state to a LS state.uh a microscopic
evidence for a spin-state transition in Lgg,Sro.18C00s indicates that the observed
pressure-induced Ml transition is driven by a simultaneouspin-state transition.

Beyond that, it would be interesting to investigate the in uence of spin-state transi-
tions on the electrical transport in other classes of Co-bed transition metal oxides
such as La 4Sr,CoO, and RBaCg0Os5: with (0 0.5). The application of in-
elastic x-ray emission spectroscopy would give direct infoation on such spin-state
transitions.
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Kurzzusammenfassung

Das Ziel dieser Arbeit war es, den Ein uy auyeren Druckes aufie elektronischen,
magnetischen und strukturellen Eigenschaften einiger agswahlter Ubergangsme-
talloxid-Verbindungen (RNiO3 und (La,Sr)CoQs) zu untersuchen. Hauptaugenmerk
galt hierbei dem Ein uy der Ladungsordnung, Spin-Zustandaderung, magneti-
schen Ordnung und Struktur auf den elektrischen Transportnd insbesondere den
Mechanismus des Metall-Isolator (MI)-Ubergangs zu unteushen. Zu diesem Zweck
wurden an diesen Verbindungen elektrische Widerstandsnsesgen, Rontgen-Di rak-
tometrie, kernresonante Streuung afP'Eu, Magnetisierungsmessungen, Neutronen-
Di raktometrie und K RdOntgenemissionsmessungen durchgefihrt.

Der Schwerpunkt dieser Arbeit lag in der Untersuchung der R®3; (R = Sm, Eu,
Y und Lu) Serie, in welcher der temperatur-induzierte MI-Ulergang (bei einer Tem-
peratur Ty, ) verknupft ist mit einem strukturellen Phasenibergang (ahorhombisch-
monoklin) und gleichzeitig auftretender Ladungsordnunget Ni** lonen. Dariiber-
hinaus zeigen alle Verbindungen unterhal,,, antiferromagnetische Ordnung.

Es zeigte sich bei den untersuchten Systemen ein druckinderzer Isolator-Metall
(IM) Ubergang (5 7 GPa), der nicht mit einem strukturellen Phasentibergang
verknupft ist. Das Réatsel, day ein metallischer Zustand inieer monoklinen Struktur
auftritt, in der Ladungsordnung existiert, wurde mittels hochau 6sender Neutronen-
Di raktometrie an LUNiO 3 gel6st: Die Analyse der (Ni-O) Bindungslange der zwei
NiOg Oktaeder (NilQs und Ni20g) zeigt, day sich die Bindungslangen beider Ok-
taeder entlang derc-Achse unter Druck angleichen, was zu einem partiellen Sckiren
der Ladungsordnung fuihrt und den IM-Ubergang bewirkt.

Der zweite Teil dieser Arbeit beschaftigt sich mit Hochdruantersuchungen der
Verbindungsreihe La »Sr,CoOs, die den Freiheitsgrad der Spin-Zustandsanderung
von Co* lonen hat. Im Grundzustand liegt das undodierte System im Lw-Spin
(LS, S = 0) Zustand vor. Bei Dotierung mit Sr>* lonen (x  0.2) wird angenommen,
day das Einsetzen der metallischen Leitfahigkeit und femeagnetischen Kopplung
durch den Doppelaustausch zwischen €o(LS) und Co®" Intermediate-Spin (IS,S

= 1) lonen hervorgerufen wird.

Bei der Hochdruckuntersuchung an einem metallischen, femagnetischen Einkristall
Lag.g2Srp:18C003, wurde ein Ubergang von einem leitenden in einen isolieresrd
Zustand sowie eine Reduzierung der magnetischen Ordnurgsiperatur Tc mit
zunehmenden Druck festgestellt, wobei die Kristallstruktr unverandert bleibt. Die
Ergebnisse stehen im Gegensatz zu Beobachtungen an verwandUbergangsme-
talloxiden. Die Beobachtung des druckinduzierten isolienden Zustands wird durch
eine graduelle Anderung des Cb Spin-Zustands von einem magnetischen IS- zu
einem unmagnetischen LS-Zustand erklart. Den mikroskoisen Beweis fur einen
druckinduzierten Spintubergang liefert die druckabhangeUntersuchung mittels Co
K RoOntgenemission-Spektroskopie.






Abstract

The e ect of external pressure on the electronic, magnetiand structural properties
of two novel types of transition metal oxides (RNiQ and (La,Sr)CoG;) that allows
one to investigate the in uence of charge ordering, spinate transition, magnetic
ordering and structure on the electrical transport and in pdicular the mechanism of
the metal insulator (MI) transition. The applied experimertal methods were electri-
cal resistance, x-ray di raction, ' Eu nuclear resonance scattering, magnetization,
neutron di raction and K x-ray emission spectroscopy.

The major part of this thesis was devoted to the high pressurmvestigation of
the RNiO3 series (R = Sm, Eu, Y and Lu), in which the temperature-induce Mi
transition (at a temperature Ty, ) is connected with an orthorhombic-monoclinic
structural phase transition and simultaneous charge ordiaig of the Ni** ions. At
temperatures lower thanTy, , all these compounds undergo antiferromagnetic order-
ing. In all investigated compounds we nd a pressure-indudeinsulator metal (IM)
transition for 5.4 p 6.2 GPa, which is in contrast to the temperature-induced
MI transition, is not connected with a structural phase trarsition. The puzzle of the
observation of the pressure-induced metallic state in a moalinic symmetry, where
a charge ordered state exists has been unraveled by perfamgmhigh resolution neu-
tron di raction measurements on LUNiO; under high pressure. The analysis of the
(Ni-O) bond length of the two Ni-sites (Nil1 and Ni2) in LuNiOs reveals that the
bond lengths along thec-axis become nearly equal at 6 GPa which leads to a partial
melting of the charge ordering that triggers the IM transiton.

The second part of this thesis describes the high pressureidy on La; Sr,CoOs in
which the C@®* ions exhibit the possibility to change their spin-state. Tle ground
state of the undoped insulating system is the low-spin (LSS = 0) con guration.
For doped samples (x 0.2) the conductivity and ferromagnetic coupling are sug-
gested to be related to the double exchange of LS €oand intermediate-spin (IS,
S = 1) Co3" states. We have investigated the e ect of pressure on the eteonic,
magnetic and structural properties on a single crystal sang of conducting, fer-
romagnetic La.g>Srp:18C00;. Contrary to the results reported on related systems,
we nd a transition from the conducting to an insulating state and a reduction of
the magnetic ordering temperatureTc with increasing pressure while the lattice
structure remains unchanged. The investigation of the e ¢of pressure on the Co
magnetic moment both by magnetization measurements and Co Kx-ray emission
spectroscopy prove that the pressure-induced metal insta transition is driven by
a gradual change of the spin-state of Gt ions from magnetic IS to nonmagnetic
LS state.






Personliche Daten:

Name, Vorname
Geburtsdatum
Geburtsort
Nationalitat

Studium:

Januar 2003

Januar 2003

Marz 2002 - Januar 2003

Juli 1999

Oktober 1992

Schulbildung:

1987 1992

1983 1987
1982 1983
1978 1982

Lebenslauf

Lengsdorf, Roman Georg
24.05.1972

Leverkusen
deutsch

Beginn der Promotion am Lehrstuhl fir Angewandt
Physik, Universitat zu Koéln

Diplom in Physik

Diplomarbeit am Lehrstuhl fir Angewalte Physik,
Universitat zu Koln; Thema: Untersuchungen der elek-
trischen, magnetischen und strukturellen Eigenschaften
von La; ,Sr,CoOs unter hohem Druck
Vordiplom in Physik

Beginn des Studiums der Physik an der Univer&tt zu
Koln

Stadt. Gymnasium Genovevastr., Kaln,
Abschluy mit allgemeiner Hochschulreife
Stadt. Realschule Gorresstr., Leverkusen
Stadt. Hauptschule, Dhinnberg, Leverkusen
Kath. Grundschule, Dhiinnberg, Leverkusen



Weitere Aktivitaten:

2004

seit 01.2003

03.2002 - 12.2002

01.1999 - 12.2002

08.1999 - 05.2000

1993 - 1998

1992

Konferenzsekretar des Il. internationalen Symposigm
Physics of Solids Under High Pressure Using Nuclear
Probes (HPNP'04) , 20-24 July, KdIn

wissenschaftlicher Mitarbeiter am 1l. Physaltischen In-
stitut der Universitat zu Koln

studentische Hilfskraft am II. Physikatthen Institut der
Universitat zu Koln

studentische Hilfskraft, Heilpadagodie Fakultat der
Universitat zu Koln

IT-Systemadministrator am 1SO-Institutkoln-Nippes

Werkstudent bei der AGFA-Gevaert AG, Leverkusen
(jeweils in den Semesterferien)

zweimonatiges Betriebspraktikum bei der Bayer AG,
Leverkusen



Acknowledgment / Danksagung

Danken mochte ich an erster Stelle ganz herzlich meinem Do@tvater Herrn Professor
Dr. M.M. Abd-Elmeguid. Er hat mir diese Dissertation ermdéglicht und mich in jeder
Phase meiner Arbeit vorbildlich unterstitzt. Seine Fasziration von Physik, begeisterte
mich schon zu Studien- und Diplomzeiten so sehr, mehr von defrotik der Physik wissen
und verstehen zu wollen. Seiner Art zu lehren und motiviererverdanke ich das Verstandnis
fur komplizierte Vorgénge in der Festkdrperphysik.

Ich danke ihm auch fir das Vertrauen und die Chance die er mir la Konferenz-Sekretar
fur das Il. Internationale " Symposium on Physics of Solids Under High Pressure Using
Nuclear Probes (HPNP 04)" gegeben hat, fiur viele Teile dieser groyen und erfolgreiem
wissenschaftlichen Veranstaltung verantwortlich gewesesein zu durfen.

Insbesondere danke ich auch Herrn Professor Dr. M. Braden underrn Professor Dr. L.
Bohaty, day sie sich bereit erklart haben, die Aufgabe des zwien Referenten bzw. des
Prifungsvorsitzenden zu tbernehmen.

I have to thank very much Professor Dr. D.l. Khomskii for fruitful discussions.
| thank also Professor Dr. M. Mostovoy for fruitful discussions and critical reading of some
parts of the Thesis.

Herrn Prof. Dr. H. Micklitz danke ich flr sein groyes Interese und die vielen Diskussionen,
aus denen gute Anregungen hervorgegangen sind.

Furthermore, | want also thank Professor Dr. L.H. Tjeng for the collaboration with our
proposal at ESRF and for fruitful discussions.

In particular, | want to thank Dr. J.A. Alonso and Dr. M.J. Mar tinez-Lope (Instituto
de Ciencia de Materialies de Madrid, Cantoblanco, Spain) fopreparing and providing us
with the RNiO 3 samples. | also thank Dr. Alonso for the good scienti ¢ collé#oration and
numerous discussions.

Special thanks also to Dr. M. Amboage (ESRF) for providing uswith some high pressure
structural data using high resolution angle resolved x-raydi raction prior to publication.

For the magnetization measurements on RNiQ@ under high pressure | have to thank Dr.
A. Podlesnyak from the Paul-Scherrer-Institute (PSI) in Switzerland. Thank you also for
your e orts during our stay at PSI concerning the neutron measurements.

I thank Dr. S.S. Saxena (Montu) from the Cavendish Laborator (University of Cambridge)
and Dr. M. Ellerby from the Department of Physics and Astronomy (University College of
London), for the measurements of the saturation magnetizabn on Lag.g>Sro:18C003 under
pressure. Furthermore, | thank Montu for his assistance in lhe lab, teaching me to prepare
tiny samples for resistivity measurements and a lot of funnystu .



Dr. Alessandro Barla | have to thank for his tireless employmat during the measurements
at the ESRF beamline, for perfect spectra and analysis of thelata; not only on EuNiOs3.
Thank you also for your e orts.

Many thanks also to Dr. J.-P. Rue and Dr. G. Vank6 who introdu ced me into the K
emission spectroscopy. Thank you for your kind help in Grenlole and via e-mail from
Cologne. Thanks also to the technician who helped us duringus measurements at ID 16.

For the assistance and collaboration of the high resolutiomeutron di raction measure-
ments on LuNiOs under high pressure, | thank Dr. R. Ibberson and his team of bamline
S8 at ISIS (Oxford).

Herrn Dr. B. Roden danke ich besonders fiir die Arbeit des Protkollfihrers wahrend
der Disputation, fir die Hilfe bei blrokratischen Angeleg@heiten sowie bei Problemen im
Umgang mit Helium (z.B. Riesenballon) im Labor.

Herrn Dr. C. Schiyler-Langeheine danke ich fur die spontandiilfe bei sowohl physi-
kalischen als auch technischen Fragen.

Fir die Gastfreundschaft bei den zahlreichen Einladungemis ESRF nach Grenoble danke
ich auch Herrn Dr. R. Rl er und seinem Team von ID 18/22.

Many thanks also to Dr. J.-P. Sanchez from the Commissariat Energie Atomique (CEA)
in Grenoble. Thank you for your interest in my work and the discussions in Grenoble and
Cologne.

Ein Dankeschtn geht auch an Herrn Dr. T. Lorenz fir die zur Vefligung gestellten
(La,Sr)Co0O3 Proben, zahlreiche kritische und damit auch fruchtbare Dikussionen sowie
die Bereitstellung von Mann und Maschine fur Messungen im Maggetfeld.

Ferner mochte ich auch Herrn Dr. U. Ponkratz fur seine freunéiche und hilfsbereite Art
danken, day er uns bei den Messungen im Hasylab unterstitztat sowie flr zahlreiche
und hilfreiche Diskussionen.

Herrn Dr. H. Kierspel danke ich flr die Bereitstellung von Ussigem Helium, ohne die die
Durchfiihrung der Messungen nicht mdglich gewesen ware. D@perhinaus danke ich ihm
fur die Zuteilung von meistens "gescheiten" Praktikanten.

Ein Dankeschén geht auch an die Mechanik-Werkstatt (insbesndere an Herrn J. Towara),
die an der Weiterentwicklung der Hochdruckzellen maygebth beteiligt war und oft in
schneller und unbirokratischer Weise mechanische Hilfe bpstet haben. Herrn Menz und
der Elektronik-Werkstatt danke ich ebenfalls fir die schndle Reparatur elektrischer Geréte,
sowie die Bescha ung und Empfehlung von elektrischen Apparan.

Herrn Dr. R. Miller danke ich fur die Bereitstellung und einfache Bestellung von chemi-



schen Substanzen und Laborgeréten.

Herrn Dipl.-Phys. K. Berggold und Dipl.-Phys. K. Kordonis danke ich fur die Messungen
im Magnetfeld bis 15 T sowie die freundliche Unterstitzung lei den Messungen bei hohen
Temperaturen. Herrn Dipl.-Phys. P. Ste ens danke ich fir die gute Zusammenarbeit bei
den Messungen am Hasylab und in Kéln sowie das Tischtennisnd Fuyballkickerspielen.
Herrn Dr. H. Zare-Kolsaraki danke ich fur die gute und kollegale Zusammenarbeit in
unserem Blro und die lustigen Geschichten wahrend der Frihfastagungen.

Herrn J. Weinen danke ich fiir die Hilfestellung bei Problema mit Soft- und Hardware
wahrend des Schreibens und davor.

Our new Ph.D. student M. Ahmida and our new diploma-student Martin Forthaus | wish
good luck in the lab and many phase transitions without brealing too much diamonds.

Besonders méchte ich jenen danken, die mir die Hochdrucktenfk beigebracht haben:
Herrn Dr. B. Ni und Herrn Dr. J. Plessel. Ebenso Danke fiir den gten Kontakt und die
Unterstltzung bei Problemen im Labor.

Ein ganz herzliches Dankeschon gilt auch meinen Eltern, dimich in den vergangen Wochen
und Monaten wahrend des Zusammenschreibens ganz besondergerstiitzt und mir den
Rucken frei gehalten haben. Ohne ihre Hilfe ware diese Arbtenicht so schnell mdglich
gewesen.

Zu endlosem Dank verp ichtet bin ich insbesondere meiner wanderbaren Verlobten Tanja
S. ligner, die mit ihrer Firsorge und ihrem Verstandnis, sowe ihrer groyherzigen und
galaktischen Liebe zu einem erfolgreichen Gelingen diesgroyen Arbeit beigetragen hat.
Dafur danke ich ihr unendlich.

Alle diejenigen, die ich bisher noch nicht genannt habe, dean aber Dank zusteht, méchte
ich an dieser Stelle fur ihre Unterstutzung und ihren Beitragzu meiner Arbeit danken.

und zum Schluy méchte ich mich auch bei allen Verantwortlicken des SFB-608 (Komplexe
Ubergangsmetallverbindungen mit Spin- und Ladungsfreihiésgraden) bedanken, day ich
im Rahmen dieses Sonderforschungsbereichs meine Diss@da anfertigen durfte und mir
die Moglichkeiten und Mittel fur die Arbeit zur Verfligung gestellt wurden.



